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ABSTRACT Recombinant murine Y interferon (rMuIFN-
y) was found to bind reversibly to a specific high-affinity sur-
face receptor on L929 cells; neither murine a or fi nor human
y IFN competed for receptor binding. Encapsulation of the
rMuIFN-y in either negatively or positively charged liposomes
reduced its immediate ability to bind to this surface receptor.
Disruption of liposome integrity with detergent resulted in full
ability of the rMuIFN-y to bind to the membrane receptor.
Incubation of the liposomal IFN in serum-containing medium
resulted in significant leakage so that the IFN was able to bind
to its surface receptor. Assessment of the biological activity of
the rMuIFN-ypreparations revealed that full antiviral activity
was observed in vitro with the liposomal IFN preparations
without their prior disruption by detergent. The antiviral ac-
tivity observed with either free or liposomal IFN was neutral-
ized completely by antibodies against rMuIFN-y. Both free
and liposomal rMuIFN-'y, in conjunction with bacterial lipo-
polysaccharide, were also able to activate murine peritoneal
macrophages to the tumoricidal state. Again, this activity of
both free and liposomal IFN could be neutralized completely
by antibody. These results indicate that although rMuIFN-y
can be effectively incorporated into liposomes, it must ulti-
mately leak out of the liposome in order to mediate its biologi-
cal effects; these effects are triggered after the IFN binds to its
cell surface receptors.

Human a, P, and y and murine a and P3 interferons (IFNs)
have been shown to interact with specific receptors at the
surface of target cells (refs. 1-4, reviewed in ref. 5). High-
affinity binding of the polypeptides to the cell membrane re-
ceptors is the first step leading to their antiviral and antipro-
liferative effects. IFN-y has been found to stimulate macro-
phages with respect to intracellular cytocidal reactions (6, 7)
and tumoricidal activity (8-13) in addition to exerting antivi-
ral and antiproliferative properties on mesenchymal cells (re-
viewed in ref. 14). A cell surface receptor for murine IFN-y
has recently been found on macrophages and is involved in
the initiation of the cellular priming effect of macrophage-
mediated tumoricidal activity (15).
Liposome encapsulation of polypeptides, including a and

18 IFNs, can protect against inactivation by proteases such as
trypsin (16-18). Liposomes are therefore viewed as potential
carrier systems for the in vivo administration of IFNs. The
use of liposomal-IFN preparations has resulted in altered
pharmacokinetics and tissue distribution of IFN in vivo
when compared to systemic administration of free IFN (17,
19). When these preparations were assayed for antiviral ac-
tivity in vitro, partial to full bioactivity of IFN was obtained
surprisingly without the need for prior disruption of the lipo-
some (16-19). These observations prompted us to determine
whether or not this bioactivity is caused by IFN that bypass-

es an initial interaction with the target cell surface. We were
particularly interested in studying IFN-y and its interaction
with cells in free or liposomal form in the light of reports of
the superior ability of liposome-encapsulated macrophage
activating factor (MAF) (20, 21) and, more recently, IFN-y
(22) to prime macrophages for cytolytic effects on target
cells. We report that although recombinant murine IFN-y
(rMuIFN-y) can be efficiently encapsulated in liposomes, it
ultimately leaks out of the liposotne in order to trigger its
biological effects, which in all likelihood are mediated subse-
quent to binding of the IFN to its cell-surface receptor.

MATERIALS AND METHODS

Chemicals. Synthetic L-a-lecithins (1,2-diacyl-sn-glycero-
3-phosphocholine) of compositions dioleoylphosphatidyl-
choline (DOPC), dioleoylphosphatidylglycerol (DOPG), and
I-palmitoyl-2-oleoylphosphatidylcholine (POPC) were from
Avanti Biochemicals; stearylamine (SA) was from Sigma;
Enzymobeads were from Bio-Rad; Limulus amebocyte ly-
sate was from Mallinckrodt; lipopolysaccharide (LPS; Esch-
erichia coli 0111:B4) was from Difco; Wright staining system
(Diff-Quick) was from American Scientific Products
(McGaw Park, IL); carrier-free Na125I and 5-[1251]iododeox-
yuridine (2200 Ci/mmol; 1 Ci = 37 GBq) were from New
England Nuclear; rMuIFN-y [specific activity (s.a.) of dif-
ferent lots ranged from 0.6-1.9 x 107 units (U)/mg], recom-
binant human IFN-y (rHuIFN-y; s.a. = 1.2-3.4 x 107
U/mg), and rabbit antiserum to rMuIFN-'y were from Gen-
entech (South San Francisco). Natural murine IFN-a (s.a. =
1.7 x 106 U/mg) and natural murine IFN-p (s.a. = 2 x 108
U/mg) were obtained from Lee Biomolecular Laboratories
(San Diego, CA).

Cells and Viruses. Murine L929 cells were obtained from
American Type Culture Collection, (ATCC CCL1). Enceph-
alomyocarditis virus (EMCV) was obtained from Interferon
Laboratories, Sloan-Kettering Institute. Murine B16-F1O
melanoma cells were from Mason Tumor Bank, Worcester,
MA.

Liposomes. Lyophilization multilamellar vesicles (MLVs)
were prepared by drying lipids (from CHC13 solution) to a
film under N2, followed by vacuum desiccation for 30 min.
Dried lipids (10 gmol) were dissolved in 1 ml of cyclohexane,
frozen, and lyophilized. Aqueous phase was then added to
the lyophilized lipids, which readily formed liposomes. For
receptor-binding and antiviral studies, DOPC/DOPG and
POPC/SA (7:3 molar ratio; 10 umol of lipid/ml of aqueous

Abbreviations: IFN, interferon; rMuIFN-y, recombinant murine
IFN-y; rHuIFN-y, recombinant human IFN-y; DOPC, dioleoyl-
phosphatidylcholine; DOPG, dioleoylphosphatidylglycerol; POPC,
1-palmitoyl-2-oleoylphosphatidylcholine; SA, stearylamine; MLV,
multilamellar vesicle; LPS, bacterial lipopolysaccharide; MAF,
macrophage-activating factor; EMCV, encephalomyocarditis virus;
U, units.
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phase) lyophilization MLVs were prepared with rMuIFN-y
at 106 or 5 x 104 U/ml, in 0.2 M glycine*HCl (pH 3.5)
(DOPC/DOPG preparations) or in phosphate-buffered saline
(pH 8.0) in 80% 2H20 as indicated (POPC/SA preparations).
The pH 3.5 buffer was chosen for the negatively charged
liposomes to maximize interactions between positively
charged rMuIFN-y and negatively charged lipids. Converse-
ly, pH 8.0 buffer was employed for preparation of positively
charged liposomes to reduce the charge repulsion between
lipids and IFN. The pH 3.5 buffer did not inactivate
rMuIFN-y during the assays. SA-containing liposomes
caused cellular toxicity at high concentration (-20 iLM), as
reported (18, 23, 24). '251-labeled rMuIFN-y (40,000 cpm)
was added to the aqueous phase before liposome preparation
to quantitate liposomal IFN for binding studies. Vesicles
were separated from unencapsulated solute by centrifuga-
tion, with 2 or 3 buffer washes, at 100,000 x g for 30 min in a
Beckman Airfuge and were resuspended in buffer. DOPC/
DOPG liposomes sedimented, whereas POPC/SA liposomes
floated. For POPC/SA preparations used in receptor-bind-
ing studies, separation was enhanced by the use of 2H20 in-
stead of H20.
Liposomal and free IFN aliquots were treated with tryp-

sin, soybean trypsin inhibitor, and 0.1% Triton X-100 as de-
scribed (18). Samples were assayed directly for antiviral ac-
tivity, as well as after centrifugation to separate liposomes
from free solutes for testing in antiviral and binding studies.
Serum-induced liposome leakage was determined by moni-
toring liposomal vs. free radioactivity after incubation of li-
posomal IFN, spiked with 125I-labeled rMuIFN-y, for 24 hr
at 37°C in medium containing 10% fetal calf serum; serum-
treated liposomes were then tested directly in binding stud-
ies.
Antibody Neutralization of Antiviral Activity. Liposomal or

free rMuIFN-y ( 104 U/ml) or antibody to rMuIFN-y (-104
neutralizing U/ml) were titrated by 3-fold serial dilutions
against a constant amount of antibody (=103 or 102 neutral-
izing U/ml) or rMuIFN-y (-102 U/ml) in 96-well microtiter
dishes: after incubation for 1 hr at 370, cells were added. Re-
maining IFN activity was determined after addition of virus.
Binding Assays. rMuIFN-y was iodinated by using Enzy-

mobeads (immobilized glucose oxidase/lactoperoxidase sys-
tem) and purified by sequential gel filtration over Sephadex
G-25 and G-75 columns presaturated with gelatin. Bovine se-
rum albumin (1 mg/ml) was added to the radioactive peak
fractions. The specific activity was 1-1.5 x 105 cpm/ng of
protein, with full retention of antiviral activity. Confluent
monolayers of L929 cells in 24-well Costar dishes were
washed twice with medium containing bovine serum albumin
(1 mg/ml) and 50 mM Hepes (pH 7.4). Cells were incubated
with '25I-labeled rMuIFN-y at either 4°C or 37°C for 1 hr in a
final volume of 200 Al, washed three times with cold medi-
um, and lysed with 0.1 M NaOH, and the cell-associated ra-
dioactivity was determined. Protein concentration was de-
termined with the Bio-Rad protein assay to standardize re-
sults. Nonspecific binding was assessed in the presence of a
200-fold excess of unlabeled rMuIFN- y and was c20% of the
total binding. In displacement experiments, radiolabeled
MuIFN-y and inhibitor were incubated together with the
cells.
Macrophage-Activation Studies. Peritoneal exudate cells

were harvested from 6- to 8-week-old C57BL/6 mice basical-
ly as described by Fidler et al. (25), except that resident rath-
er than elicited cells were used. Viability was .95% as deter-
mined by trypan blue exclusion; -70% of the cells were
macrophages (Wright staining system). Cells were seeded at
105 macrophages per well in Costar 96-well plates, allowed
to adhere for 3 hr at 370C before washing to remove nonad-
herent cells, and then incubated with samples for 24 hr. Li-
posomal samples contained 250 nmol of phospholipid/ml (fi-

nal concentration). Antibody (when included) was added im-
mediately before addition of IFN. All reagents contained
s0.025 ng of endotoxin/ml, as determined in a Limulus ame-
bocyte lysate test. Tumoricidal activity of the macrophages
was determined against syngeneic B16-F1O melanoma cells
(26) that had been labeled by 24-hr incubation in exponential
growth phase with [1251]iododeoxyuridine (0.2 ,uCi/ml).
Macrophage cultures were washed three times, target cells
were added at a 1:15 target/effector ratio, and the cocultures
were incubated for 72 hr (refed after 24 hr). Radioactivity of
cell supernatants was determined after harvesting onto Ska-
tron filters. Spontaneous release, determined from the radio-
activity released into the medium from B16-F1O cells seeded
with nonactivated macrophages, was =6% of total. The re-
maining adherent B16-F1O cells were lysed with 0.1 M
NaOH to determine total target cell counts. Percent specific
release was calculated as follows:

experimental cpm - spontaneous-release cpm x 100.

total cpm - spontaneous-release cpm

Interferon Assay. Antiviral activity was determined in du-
plicate with a microtiter inhibition-of-cytopathic-effect assay
against EMCV on monolayers of L929 cells (27). Titers are
reported as antiviral units (U), based on National Institutes
ofHealth murine IFN (a, f8) reference reagent G002-904-511.

RESULTS

Antiviral Activity of rMuIFN-y Liposome Preparations.
The antiviral activity of rMuIFN-y associated with lipo-
somes is shown in Table 1. The negatively charged DOPC/
DOPG preparations resulted in association of about 50% of
the IFN activity with the liposomal pellet (also quantitated
by spiking with 1251-labeled rMuIFN-y), yet this activity was
destroyed to the same extent (-95%) as that of free IFN by
trypsin treatment. Addition of trypsin inhibitor before tryp-
sin completely prevented inactivation of the free IFN (data
not shown). Treatment of liposomes with a detergent (Triton
X-100) to disrupt liposome integrity did not result in any de-
tectable increase in antiviral activity. However, binding
studies (Fig. 3, described below) indicated that most of the
IFN associated with this MLV pellet was encapsulated in
that it was unavailable for binding to cell-surface receptors
unless the liposome integrity was disrupted.

Different results were obtained with positively charged
vesicles. With unfractionated POPC/SA preparations, 50%

Table 1. Antiviral activity of rMuIFN-y--liposome preparations
treated with trypsin and/or Triton X-100

Antiviral activity, logl0 U/ml

Triton,
then

Sample Untreated Trypsin Triton trypsin*
DOPC/DOPG-IFN

Total 4.1 ± 0.2 2.7 ± 0.2 4.2 ± 0.1 -2.8 ± 0.2
MLV Fraction 3.7 ± 0.2 2.5 ± 0.3 3.4 ± 0.5 -2.8 ± 0.2

POPC/SA-IFN
Total 4.6 ± 0.1 4.3 ± 0.2 4.6 ± 0.1 c2.7 ± 0.0
MLV Fraction 3.6 ± 0.1 3.0 ± 0.3 3.6 ± 0.1 c2.7 ± 0.0

Free IFN 4.3 ± 0.3 2.6 ± 0.5 4.4 ± 0.4 -2.6 ± 0.4

Antiviral activity of rMuIFN-y preparations was determined on
L929 cells challenged with EMCV. Liposomes were prepared with 5
x 104 U of rMuIFN-y per ml per 10 mM lipid. Results are the mean
± SD of four (liposome preparations) or eight (free IFN) experi-
ments.
*Due to cellular toxicity of the Triton, titers in the presence of Triton
could only be determined to c the value indicated.
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of the IFN antiviral activity remained after trypsin treatment
that destroyed >95% of the activity of free IFN. The amount
of IFN initially associated with these positively charged
MLVs was difficult to quantitate due to their flotation prop-
erties, which prevented complete recovery of the liposomal
fraction if contamination by the undernatant solution was to
be avoided. However, as 50% of the IFN activity of the un-
fractionated liposome preparation was protected from tryp-
sin digestion, -50% of the original IFN apparently had been
encapsulated. Receptor binding studies confirmed that the
availability of rMuIFN-y in SA-containing liposomes to bind
to cell-surface receptors was only fully achieved after dis-
ruption of the liposomes (see below). Thus trypsinization ap-
pears to be a valid method of determination of encapsulation
of rMuIFN-y in the positively charged liposomes but not in
the negatively charged ones.
As with the negatively charged liposomes, treatment of

the positively charged vesicles with Triton did not result in
significant increase in IFN antiviral activity. However, after
treatment with Triton, the IFN of the SA preparations be-
came fully susceptible to trypsin digestion (Table 1). These
results suggested that IFN was leaking out of the liposome
preparation before establishment of the antiviral state. To
test this hypothesis, antibody neutralization studies were
conducted. As shown in Fig. 1, the antiviral activity of free
rMuIFN-y was neutralized by the specific antibodies in a
dose-dependent fashion. The antiviral activity of the two li-
posomal IFN preparations was also neutralized by antibod-
ies to approximately the same extent as the free IFN activi-
ty.
Macrophage Activation. The results of a representative as-

say (of four independent experiments) of macrophage tumor-
icidal activity are shown in Table 2. rMuIFN-'y by itself or in
liposomal formulation showed little ability to activate macro-
phages, although some activation was obtained at the higher
(100-1000 U/ml) concentrations of IFN. Similarly, LPS
alone did not result in macrophage activation. In conjunction
with LPS, however, preparations either of free or of lipo-
some-encapsulated rMuIFN-y resulted in a concentration-
dependent activation of macrophages to the tumoricidal
state; less activation of macrophages was obtained with lipo-
somal than with free rMuIFN-y. When antibody to rMuIFN-
'y was included, the macrophages were not activated to the
tumoricidal state either by free or liposomal IFN, whether
alone or in combination with LPS. Excess antibody (defined
by antiviral neutralization units) was needed for full neutral-

-I I-

104 -

103 -

E

r
2
0

r_

Pa" 102

10

0 10 102 103
Antibody, neutralizing U/ml

FIG. 1. Neutralization of antiviral activity ofrMuIFN-y prepara-
tions by specific antibodies. The titer ofrMuIFN-y preparations was
determined, in the presence of a constant amount of antibodies to
rMuIFN-y (102 or 103 neutralizing U/ml), on L929 cells challenged
with EMCV. e, Free IFN; A, DOPC/DOPG-IFN; o, POPC/SA-
IFN. Results shown are the mean SD of at least two independent
experiments performed in triplicate.

Table 2. Macrophage priming by free or liposomal rMuIFN-y
% specific lysis (± SD, n = 6)*

+ LPS
+ LPS (1 Ag/ml)

U/ml Alone (1 pg/ml) + antibodyt
Free rMuIFN-y 0 0 0 0

10 2 ± 1 24 ± 4 0
100 12 ± 2 39 ± 5 0

1000 17 ± 3 39 ± 5 32 ± 3
DOPC/DOPG-rMuIFN-y 0 0 0 0

10 0 0 0
100 0 7±1 0

1000 2 ± 1 22 ± 5 0

Resident mouse peritoneal macrophages were incubated for 24 hr
with the samples indicated. Tumoricidal activity against ['2'I]iodo-
deoxyuridine-labeled B16-F1O melanoma cells was determined after
a 72-hr cocultivation, as described in Materials and Methods.
*Total cpm of B16-F1O targets was 3470 ± 320 cpm. Specific lysis
values shown as 0% ranged from -1 to 0 ± 1%.

tAntiviral neutralizing U/ml used: 100 for 0-10 IFN U/ml and
1000 for 100-1000 IFN U/ml.

ization of macrophage-priming activity, as evidenced by re-
sidual activity with free IFN at 1000 U/ml plus antibody at
1000 U/ml. The fact that full neutralization of the liposomal
IFN at 1000 U/ml was obtained with antibody at 1000 U/ml
suggested that not all the liposomal IFN was available to
antibody and that the IFN fraction mediating the macro-
phage-priming effect was fully available to antibody, proba-
bly corresponding to that fraction which had leaked into the
medium.

Receptor Binding Studies. Results of cell surface receptor
binding studies with free 125I-labeled rMuIFN-y and L929
cells are shown in Fig. 2. The binding was fully reversible at
4°C by addition of a 1000-fold excess of unlabeled rMuIFN-
y. At 37°C, after equilibrirm binding, some of the radiola-
beled bound IFNs could not be displaced by unlabeled IFN,
presumably reflecting receptor-mediated internalization
(data not shown). Scatchard analysis (28) of the data [Fig. 2
Upper (Inset)] indicated approximately 4200 and 4800 bind-
ing sites per cell at 4°C and 37°C, respectively, with an ap-
parent Kd of about 1 nM. Neither natural murine a or f IFN
nor rHuIFN-y significantly displaced 125I-labeled rMuIFN-
y, whereas unlabeled rMuIFN-y or anti-rMuIFN-y antibod-
ies inhibited binding in a concentration-dependent fashion
(Fig. 2 Lower).
The binding studies with DOPC/DOPG-rMuIFN-y are

shown in Fig. 3; comparable results were obtained with
POPC/SA liposomes (not shown). With both these prepara-
tions, full binding displacement by IFN was not obtained un-
less the liposomes were disrupted with Triton; they then
gave results identical to those obtained with free rMuIFN-y
plus buffer MLVs ("empty" liposomes). Preincubation of
the intact liposomes with 10% serum at 37°C for 24 hr result-
ed in more binding displacement than was obtained with the
native liposome preparations. Concomitant analysis with
125I-labeled rMuIFN-y showed that 30-40% of the IFN
leaked out of the MLV during this 24-hr incubation with se-
rum (data not shown). Treatment of the liposomal IFN prep-
arations with trypsin reduced the ability to compete with free
125I-labeled rMuIFN-y for receptor binding, in agreement
with results of the antiviral assays.

DISCUSSION
Human IFN-y has been shown to have a specific high-affini-
ty cell surface receptor (2) that does not crossreact with hu-
man a or ,8 IFNs (3), both of which share a common receptor
(1). Other workers have reported that murine IFN-y does not

Proc. NatL Acad ScL USA 82 (1985)
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FIG. 2. (Upper) Binding of radiolabeled rMuIFN-y to L929 fi-
broblasts. Cells were incubated with various concentrations of 1251
labeled rMuIFN-y for 1 hr at 40C (e) or 370C (o) prior to determina-
tion of cell-associated radioactivity. Shown are the mean ± SD of
three independent experiments performed in triplicate. Inset: Scat-
chard analysis of corresponding binding data. (Lower) Specificity of
rMuIFN-y binding to L929 cells. Cells were incubated with '251-la-
beled rMuIFN-y (10 ng/ml) at 40C for 1 hr in the absence or pres-
ence of unlabeled rMuIFN-y (m), murine IFN-a (A), murine 1FN-p
(A), rHuIFN-y (o), or anti-rMuIFN-y antibodies (o) prior to deter-
mination of cell-associated radioactivity.

compete with murine a or 8 IFNs for binding to the murine
a/,8 receptor (4). We now have demonstrated that rMuIFN-y
too has a high-affinity cell surface receptor on fibroblasts
and that neither murine a or IFN nor human IFN-y inter-
act with this receptor. Others have shown recently that a
receptor for MuIFN-y exists on murine macrophages and is
involved in the priming stage for macrophage activation (15).
Our results indicate that both the antiviral activity and the
priming for macrophage activation observed in vitro with li-
posome-encapsulated rMuIFN-y are mediated after libera-
tion of the IFN from the liposome and most likely subse-
quent to interaction of the IFN with this cell surface recep-
tor.
The results that led us to these conclusions are as follows:

(i) Liposomes containing a positively charged lipid (SA) en-

capsulated rMuIFN-y so that it was initially resistant to inac-
tivation by trypsin degradation. However, the IFN in these
preparations showed full bioavailability for antiviral activity
in a 2-day in vitro assay (Table 1). (ii) No increase in observ-
able antiviral activity was obtained after disruption of the
liposome with detergent. However, detergent treatment ren-
dered the liposomal IFN fully susceptible to digestion by
trypsin (Table 1). (iii) The antiviral activity of liposomal IFN
preparations was neutralized by antibody to rMuIFN-y to

x 2

1 10 102 lo3
IFN-y, ng/ml

FIG. 3. Displacement of binding of radiolabeled rMuIFN-y to
L929 cells by DOPC/DOPG liposomal preparations. Cells were in-
cubated at 40C for 1 hr with 1251-labeled rMuIFN-y (10 ng/ml) in the
absence or presence of free rMuIFN-y (r), free rMuIFN-y mixed
with empty liposomes (m) (which gave the same results as Triton X-
100-treated liposomal IFN preparations), liposome-encapsulated
rMuIFN-y (o), or liposome-encapsulated rMuIFN-y preparations
pretreated with either serum (A) or trypsin (A). Liposome prepara-
tions contained 0.43 nmol of lipid per ng of rMuIFN-y.

the same extent as that of unencapsulated IFN (Fig. 1). The
ability of free rMuIFN-y to activate macrophages to the tu-
moricidal state in conjunction with LPS (10, 12) also was
neutralized by addition of antibody (Table 2). Similarly, the
ability of liposome-encapsulated IFN-y to prime/activate
macrophages was fully neutralizable by externally added
antibody. (iv) Receptor binding studies showed that the lipo-
somal IFN was initially largely unavailable for binding with
the IFN-y receptor. However, incubation at 370C with 10o
serum (i.e., under conditions similar to those of the IFN as-
say) resulted in release of 30-40%6 of the IFN from the lipo-
some after 24 hr. This leakage of IFN from the liposome was
reflected in a proportional increase in the ability of the lipo-
somal IFN preparation to compete with 125"-labeled
rMuIFN-y for receptor binding. Finally, detergent disrup-
tion of the liposomes resulted in full ability of the IFN from
the liposomal IFN preparations to compete for receptor
binding (Fig. 3). Specific antibody to rMuIFN-y effectively
prevented the rMuIFN-y from interacting with its receptor,
which is consistent with the antibody neutralization of the
antiviral activity obtained with liposomal IFN pfeparations
(Fig. 1).
Taken together, these results indicate that the antiviral ac-

tivity observed with the liposomal IFN preparations was me-
diated by IFN-y that had leaked out of the liposomes into the
tissue culture medium. This IFN then bound to its specific
cell surface receptor to mediate its biological effects. Simi-
larly, the ability of liposome preparations of IFN-y to prime
macrophages for activation to the tumoricidal state was also
neutralizable by added antibody, indicating that the IFN pro-
ductively interacted with the macrophage only after it leaked
from the liposome into the medium and not after internaliza-
tion, in liposomal form, by the macrophage. That less macro-
phage priming was obtained with liposomal than with free
IFN could be the result of incomplete leakage of IFN from
the liposome into the medium during the 24-hr incubation
with the macrophages and/or phagocytic internalization of
some of the liposomal IFN by the macrophage, thereby pre-
venting IFN from interacting with the cell surface receptor.
Thus, liposome encapsulation of IFN-y apparently does not
result in its bypassing the need for receptor interaction to
mediate the establishment of the antiviral state in the cell or
the priming of macrophage activation. These results with
IFN-y are in agreement with previous studies with human
and murine a and 8 IFNs, in which IFN that did not previ-
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ously interact with the cell surface was shown to lack antivi-
ral activity. In these studies, either IFN was induced intra-
cellularly by an appropriate stimulus and antibody to IFN
was present in the tissue culture medium (29) or IFN was
microinjected into the cell (30).

Poste and co-workers (20, 21) reported greater activation
of macrophages to the tumoricidal state by liposomal than by
free crude MAF preparations. Koff et al. (22) reported the
increased ability of liposomal rHuIFN-y preparations to ac-
tivate macrophages to lyse herpes simplex virus-infected
cells. These results are difficult to evaluate both because a
mixture of lymphokines was employed in the MAF studies
and because no quantitation of the MAF preparation or IFN-
y associated with the liposomal fraction was made. The au-
thors assumed that the amount incorporated was equal to the
aqueous internal volume of the MLV (-5% of the starting
volume). As both human (31) and murine (32) y IFNs are
highly positively charged proteins at neutral pH, it is con-
ceivable that considerably more IFN-y might have been as-
sociated with the negatively charged liposomes than would
be calculated from the aqueous internal volume. We have
shown that .50%o of rMuIFN-y can be associated with both
negatively and positively charged liposomes by adjusting
conditions of preparation such as pH, lipid concentration,
and initial hydration after lyophilization.
A liposome-delivery system for IFN-y may be useful in

altering pharmacokinetics, tissue distribution, and local con-
centration of IFN-y, as was observed for IFN-a (17, 19).
However, such a system will not alter the necessity for the
interaction of IFN with its cell membrane receptor to medi-
ate direct antiviral and macrophage-priming effects. Along
these lines, we have indications that the in vivo effect of
rMuIFN-y in inhibiting systemic herpes simplex virus-2 in-
fections in mice, which appears to be mediated largely by
immunological mechanisms (33), is unchanged by incorpo-
ration of rMuIFN-y into liposomes (unpublished results). A
macrophage activator (such as IFN-'y) that mediates its ef-
fects through interation with a cell surface receptor (15) can-
not be targeted inside the macrophage to increase its activi-
ty.

We thank Drs. J. G. Moffatt and A. C. Allison for critically re-
viewing the manuscript. C. Kurahara provided excellent cell culture
support. We thank Genentech, South San Francisco, for generously
supplying rMuIFN-y, rHuIFN-y, and antibodies to rMuIFN-y. This
is contribution no. 198 from the Institute of Bio-Organic Chemistry,
Syntex Research.

1. Branca, A. A. & Baglioni, C. (1981) Nature (London) 294,
768-770.

2. Anderson, P., Yip, Y. K. & Vilcek, J. (1982) J. Biol. Chem.
257, 11301-11304.

3. Orchansky, P., Novick, D., Fischer, D. G. & Rubinstein, M.
(1984) J. Interferon Res. 4, 275-282.

4. Aguet, M., Belardelli, F., Blanchard, B., Marcucci, F. &
Gresser, I. (1982) Virology 117, 541-544.

5. Zoon, K. C. & Arnheiter, H. (1984) Pharmacol. Ther. 24, 259-
278.

6. Nathan, C. F., Murray, H. W., Wiebe, M. E. & Rubin, B. Y.
(1983) J. Exp. Med. 158, 670-689.

7. Rothermel, C. D., Rubin, B. Y. & Murray, H. W. (1983) J.
Immunol. 131, 2542-2544.

8. Roberts, W. K. & Vasil, A. (1982) J. Interferon, Res. 2, 519-
532.

9. Schreiber, R. D., Pace, J. L., Russel, S. W., Altman, A. &
Katz, D. H. (1983) J. Immunol. 131, 826-832.

10. Schultz, R. M. & Kleinschmidt, W. J. (1983) Nature (London)
305, 239-240.

11. Mainnel, D. N. & Falk, W. (1983) Cell. Immunol. 79, 396-402.
12. Svedersky, L. P., Benton, C. V., Berger, W. H., Rinder-

knecht, E., Harkins, R. N. & Palladino, M. A. (1984) J. Exp.
Med. 159, 812-827.

13. Le, J., Prensky, W., Yip, Y. K., Chang, Z., Hoffman, T., Ste-
venson, H. C., Balazs, I., Sadlik, J. R. & Vilcek, J. (1983) J.
Immunol. 131, 2821-2826.

14. Vilcek, J., Gray, P. W., Rinderknecht, E. & Sevastopoulos,
C. G. (1985) in Lymphokines, ed. E. Pick (Academic, New
York), Vol. 11, in press.

15. Celada, A., Gray, P. W., Rinderknecht, E. & Schreiber, R. D.
(1984) J. Exp. Med. 160, 55-74.

16. Eppstein, D. A. & Stewart, W. E., II (1981) J. Interferon Res.
1, 495-504.

17. Eppstein, D. A. & Stewart, W. E., II (1982) J. Virol. 41, 575-
582.

18. Eppstein, D. A. & Marsh, Y. V. (1983) J. Interferon Res. 3,
161-168.

19. Eppstein, D. A. (1982) J. Interferon Res. 2, 117-125.
20. Poste, G., Kirsh, R., Fogler, W. E. & Fidler, I. J. (1979) Can-

cer Res. 39, 881-892.
21. Sone, S., Poste, G. & Fidler, I. J. (1980) J. Immunol. 124,

2197-2202.
22. Koff, W. C., Fidler, I. J., Showalter, S. D., Chakrabarty,

M. K., Hampar, B., Ceccorulli, L. M. & Kleinerman, E. S.
(1984) Science 224, 1007-1009.

23. Laurent, G., Laduron, C., Ruysschaert, J. M. & Deleers, M.
(1981) Res. Commun. Chem. Pathol. Pharmacol. 31, 515-527.

24. Panzner, E. A. & Jansons, V. K. (1979) J. Cancer Res. Clin.
Oncol. 95, 29-37.

25. Fidler, I. J., Darnell, J. H. & Badmen, M. B. (1976) J. Immu-
nol. 117, 666-673.

26. Fogler, W. E., Raz, A. & Fidler, I. J. (1980) Cell. Immunol.
53, 214-219.

27. Stewart, W. E., 11 (1979) The Interferon System, (Springer-
Verlag, New York), pp. 13-26.

28. Scatchard, G. (1949) Ann. N. Y. Acad. Sci. 51, 660-672.
29. Vengris, V. E., Stollar, B. D. & Pitha, P. M. (1975) Virology

65, 410-417.
30. Higashi, Y. & Sokawa, Y. (1982) J. Biochem. 91, 2021-2028.
31. Gray, P. W. & Goeddel, D. V. (1982) Nature (London) 298,

859-863.
32. Gray, P. W. & Goeddel, D. V. (1983) Proc. Natl. Acad. Sci.

USA 80, 5842-5846.
33. Fraser-Smith, E. B., Eppstein, D. A., Marsh, Y. V. & Mat-

thews, T. R. (1985) Antiviral Res., in press.

Proc. NatL Acad Sci. USA 82 (1985)


