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We have assessed the potential of reconstituted Sendai viral envelopes containing only the fusion protein (F-virosomes) as 
biological carriers for the delivery of drugs and macromolecules. [125I]lysozyme entrapped in F-virosome is used to study its 
distribution in various organs of Balb/c mouse in vivo as a function of dose and time. F-virosomes injected intravenously are 
rapidly cleared from circulation. A major percentage (55-60%) of vesicle contents is delivered to liver at 15 min after injection, 
showing thereby the liver to be the major site for the accumulation of vesicles. Uptake of virosomes by liver is found to reach a 
near saturation level at a dose of 0.5 mg F-protein associated with virosomes. In competition studies, the inhibitory effect of 
asialofetuin on the uptake of F-virosomes suggests the involvement of asialoglycoprotein receptor in its recognition by hepatic 
parenchymal cells. Incorporation of asialoganglioside-GM 1 in the F-virosomes enhanced the uptake by about 1.6-fold. The 
observed specific interaction of hepatic receptor with F-protein containing a terminal galactose moiety is further supported by 
degalactosylation of F-virosomes with hard-shelled clam exoglycosidase. The uptake of degalactosylated F-virosomes by liver is 
found to be significantly reduced. The subcellular radioactivity profile in liver cells exhibits a considerable decrease in cytosolic 
localisation of the degalactosylated F-virosomal contents with a concomitant increase in their accumulation in lysosomal/mito- 
chondrial fraction as compared to the untreated virosomes. Trypsinized and heat-treated F-virosomes also reflect similar 
subcellular distribtuion profile as that of degalactosylated virosomes. Moreover, F-virosomes are able to interact and deliver 
[a25I]lysozyme to the HepG2 cells in culture in the presence of a potent inhibitor of endocytotic process. These results indicate 
the involvement of specific binding of F-proteins with hepatic receptors followed by their fusion with the membrane of liver cells 
in the delivery of [125I]lysozyme. The findings reported here open up the possibility of using F-virosomes with defined specificity 
as fusogenic vehicles for efficient delivery of drugs and biologically active macromolecules both in vivo and in vitro. 

Introduction 

In  recent  years, there have been  many at tempts  to 
in t roduce impermean t  molecules into living cells using 
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l iposomes both in vivo and in vitro [1]. Numerous  
studies have been  carr ied out  with the inclusion of  a 
suitable l igand-receptor  in the vesicle m e m b r a n e  to 
achieve target  specificity [2]. In  particular, l iposomes 
carrying terminal galactose moieties have been  shown 
to be directed to hepatic  parenchymal  cells containing 
the galactose-specific asialoglycoprotein receptor  in 
vivo [3]. A galactose-specific receptor  on Kupffer  cells 
has also been  character ized [4]. Liposomes with galac- 
tose-containing structures on their surface are taken up 
by both  types of  liver cells in vivo th rough  receptor-  
media ted  endocytosis [5]. 

The  efficiency of  l iposomes as biological carriers in 
vivo depends  to a large extent on the recipient cells to 
internalize loaded l iposomes via endocytosis and the 
ability of  lysosomal enzymes to disrupt the liposomal 
m e m b r a n e  for releasing its contents  [6]. However,  this 
mode  of  drug delivery has the disadvantage arising 
f rom excessive inactivation or degradat ion  of  targeted  
macromolecules  by various hydrolases of  the lysosome 
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at low pH. This route of liposome internalization is 
beneficial for targeting its contents to lysosomes in case 
of lysosomal storage diseases [7]. Liposomal drug deliv- 
ery can also be useful in designing a targeting approach 
for chemotherapeutic agents against certain parasitic 
infections where the parasites reside within the lyso- 
somes of the host cells [8]. However, delivery of bio- 
logically active molecules to extralysosomal sites de- 
mands the construction of delivery vehicles that can 
bypass the lysosomal route. 

It is therefore conceivable that the vehicles of choice 
for this purpose would be the fusogenic vesicles whose 
contents can be delivered directly into the cytosol. 
Cytoplasmic delivery of encapsulated macromolecules 
has been reported using pH-sensitive liposomes. Al- 
though there has been some success, there is a need to 
improve the efficiency of liposome-cell fusion [1]. The 
reconstituted Sendai virus envelopes (virosomes) on 
the other hand have been successfully used to achieve 
this goal of cytosolic delivery to various cells in culture 
[9]. Sendai virus, an enveloped animal virus contains 
two glycoproteins (HN, hemagglutinin-neuraminidase 
and F, fusion factor) in the outer leaflet of the lipid 
bilayer [10]. Hemagglutinin-neuraminidase binds to the 
sialic acid residues of the membrane sialoglycoproteins 
and sialoglycolipids followed by the F-protein-media- 
ted fusion of the viral envelope with the host cell 
plasma membrane at neutral pH [11]. As a result, the 
viral nucleocapsid gets transferred to the cytosol of the 
target cell. The behaviour of virosomes is similar to 
that of the intact virus in reference to their binding and 
fusion with the target cells [12]. In the targeting of 
virosomal contents to desired cell types in vitro, the 
envelope has been modified by replacing the HN medi- 
ated binding with specific antibodies or ligands against 
cell surface antigens or receptors, respectively [9]. 
These engineered virosomes are also effective in bind- 
ing and fusing with respective target cells in vitro. 
Recently, it has been clearly demonstrated that HN- 
mediated binding can be replaced by suitable attach- 
ment factors [13,14]. The F protein is a glycoprotein 
and has terminal biantennary galactose moieties [15] 
which can bind specifically to the asialoglycoprotein 
receptor on the membrane of HepG2 (human liver 
hepatoblastoma) cells in culture [13]. The biantennary 
disposition of galactose moieties is also known to pro- 
mote clustering leading to a pronounced increase in 
the affinity towards cell-surface receptors [16]. More- 
ever, a temperature sensitive mutant (ts271) of Sendai 
virus lacking the HN protein has been reported to 
promote binding and fusion of HepG2 cells [13]. Re- 
cently, we have also confirmed that F-virosomes (de- 
void of HN protein) prepared from intact Sendai virus 
can efficiently bind and fuse with HepG2 cells though 
the presence of HN enhances only the initial rate of 
virosomes-cell fusion [17]. 

In this report, we have exploited the Sendai viral 
fusion protein/asialoglycoprotein receptor interaction 
in targeting [125I]lysozyme (entrapped in F-virosomes) 
to liver ceils of Balb/c mouse in vivo. Our work 
demonstrates the feasibility of constructing targeted 
fusogenic lipid vesicles for cytosolic delivery of en- 
trapped material in vivo using only the F protein of 
Sendai virus. To our knowledge this is the first system- 
atic study on the use of viral fusion protein in the 
delivery of a model drug under in vivo conditions. 

Materials and Methods 

Reagents 
Asialofetuin, asialoganglioside-GM1, lysozyme 

(chicken egg white), dithiothreitol, wheat-germ agglu- 
tinin (WGA), phenylmethylsulfonyl fluoride (PMSF), 
sodium azide, EDTA, Mannan (Saccharomyces cere- 
visiae) and diaminobenzidine were purchased from 
Sigma (St. Louis, MO, USA). Bio-Beads (SM-2) and 
Protein A-HRP conjugate were obtained from Bio-Rad 
(Richmond, CA, USA). Triton X-100 was procured 
from Aldrich (Milwaukee, WI, USA). Exoglycosidase 
(M. mercenaria, hard-shelled clam) was a kind gift 
from Prof. Subhash C. Basu (Notre Dame, IN, USA). 
RCA 1 and anti-ricin antibody were available from Ms 
V.M. Vasandani and Dr. V.K. Chaudhary, respectively, 
of our department. Anti-lysozyme antibody was raised 
in rabbit. Uranyl acetate was obtained from E.M. Sci- 
ences. Carrier-free Na~25I was supplied by BARC 
(Bombay, India). Balb/c mice were purchased from 
NIN (Hyderabad, India). [14C]Dipalmitoylphospha- 
tidylcholine and 3H-labelled Txl00 came from NEN. 
DMEM, DPBS, Fetal bovine serum and Penicillin/ 
Streptomycin were obtained from Gibco (Grand Is- 
land, NY, USA). All other reagents used were of 
analytical grade. 

Virus 
Sendai virus was grown in the allantoic sac of 10- 

11-day-old embryonated chicken eggs. The virus was 
harvested and purified according to the published pro- 
cedure [11]. Purified virus was resuspended in PBS (10 
mM Na2HPO 4, 150 mM NaCI (pH 7.4)). The viral 
yield was estimated in terms of protein by the method 
of Markwell et al. [18] and its activity was checked by 
agglutination and lysis of mouse red blood ceils [9]. 
Aliquots of virus were stored at - 70°C. 

Cells 
HepG2 cells (Human hepatoblastoma cell line) were 

obtained from ATCC (Rockville, MD, USA) and were 
grown at 37°C, 5% CO 2 in DMEM containing 4 mM 
L-glutamine, 25 mM Hepes, 110 mg/1 sodium pyruvate, 
10% fetal bovine serum, 100 U / m l  penicillin and 100 
~ g / m l  streptomycin sulfate in 75-cm 2 plastic bottles 
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(Coster, MA, USA). Single-cell suspensions were ob- 
tained by treatment of the cell monolayer with 5 mM 
EDTA in DPBS [19]. Fresh red blood cells were pre- 
pared from healthy Swiss albino mice stock (University 
of Delhi South Campus). 

Radioiodination of lysozyme 
Lysozyme was radiolabelled using the chloramine-T 

method, using Na125I as a source of iodine [20]. The 
iodinated protein was separated from free iodine by gel 
filtration through a Sephadex G-25 column, pre-equi- 
librated with PBS. The specific activity of labelled 
protein was calculated from TCA-precipitable counts 
and expressed as c p m / m g  protein. 

Preparation of fusogenic F-virosomes 
Reconstituted Sendai virus envelopes containing 

only the F protein (F-virosomes) were prepared as 
reported by Tomasi and Loyter [21] with minor modifi- 
cations [17]. A pellet of Sendai virus particles (20 mg 
protein) was suspended in 4 ml of buffer A (150 mM 
NaCI, 20 mM Tris-HC1 (pH 8.4)) containing 3 mM 
DT1 ~ and was incubated at 37°C for 4 h. It was fol- 
lowed by dialysis at 4°C for 16 h against three changes 
of 2 litre of buffer B (150 mM NaC1, 10 mM Tris-HCl 
(pH 7.4), 2 mM Ca 2÷, 2 mM Mg2+). The viral suspen- 
sion was centrifuged at 100 000 × g for 1 h at 4°C and 
the pellet obtained was resuspended in 2 ml buffer B 
containing 40 mg Txl00. After incubating at 20°C for 1 
h, the suspension was centrifuged to remove detergent 
insoluble substances (reduced HN protein and nucleo- 
capsid). From the clear supernatant, detergent was 
removed by stepwise addition of SM2 Bio-Beads with 
constant rocking. Initially the supernatant was incu- 
bated with 320 mg methanol washed SM2 Bio-Beads at 
4°C. After 2 h, an additional 320 mg SM2 Bio-Beads 
were added and incubation continued at 20°C for 2 h. 
To the mixture 320 mg SM2 Bio-Beads were further 
added and incubation terminated after 2 h at 20°C. 
The turbid suspension was separated from Bio-Beads 
using a 26-gauge needle and centrifuged at 100 000 x g 
for 1 h at 4°C. Protein concentration in virosome 
sample was determined by the method of Markwell et 
al. [18]. The pellet containing F-virosomes (0.8-1 mg F 
protein) was resuspended in 1 ml of buffer B and 
stored at 4°C. The total phospholipids in the virosomes 
were calculated from the lipid phosphorous analysis by 
the modified method of Fiske and SubbaRow [22]. 
[14C]Dipalmitoylphosphatidylcholine and 3H-labelled 
Txl00 were used to determine the phospholipid recov- 
ery and presence of residual detergent in the F-viro- 
somal preparation, respectively [23]. Before use, the 
virosomes were passed through a 26-gauge needle 20- 
times and filtered through 0.22 /.LM Millipore type 
Millex GV filter to remove large aggregates. SDS- 
PAGE was used to check the purity of the F-virosomes 

[24]. Heat-treated virosomes were prepared by incubat- 
ing F-virosomes at 56°C for 20 min [25]. F-virosomes 
were stained with 1% aqueous solution of uranyl ac- 
etate and viewed under an electron microscope [26]. 

Entrapment of 12SI-labelled lysozyme in F-uirosomes 
Following removal of detergent insoluble viral com- 

ponents, as described above, ~25I-labelled lysozyme (200 
/zg, 4 .107 c p m / m g  protein) was added to the deter- 
gent soluble fraction. The subsequent steps and re- 
moval of Txl00 were exactly as described above for 
reconstitution of unloaded Sendai viral envelopes. The 
unentrapped protein was separated by repeated cen- 
trifugation at 100000 × g for 1 h at 4°C. Radioactivity 
associated with virosomes was estimated using a gamma 
counter (1275, Minigamma counter, LKB, Wallac). En- 
trapment was calculated as the amount of [125I]lyso- 
zyme associated per mg of F protein. Membrane inter- 
calation of lysozyme was checked by treating the viro- 
somes with trypsin [27]. Stability of the loaded viro- 
somes was assessed by measuring the leakage of en- 
trapped [125I]lysozyme both at 37°C and 4°C for 8 h 
and 7 days, respectively. Leakage was also examined in 
the presence of fresh mouse plasma at 37°C for various 
time periods. The entrapped [125I]lysozyme served as 
virosomal aqueous marker in this study. 

Incorporation of asialoganglioside-GM 1 in F-uirosomes 
Asialoganglioside-GM 1 was solubilised in chloro- 

f o r m /  methanol (2 : 1 (v/v)). An aliquot was taken in a 
glass test tube and the solvent evaporated under N 2 
gas to make a thin film. The film was dessicated under 
vacuum for 1 h. To this thin film, a detergent-soluble 
extract of DTT-reduced Sendai virus (as described in 
the preparation of F-virosomes) was added and incu- 
bated at 20°C for 1 h. The rest of the steps were exactly 
the same as described for the preparation of F-viro- 
somes. Activity of the asialoGMl-containing F-viro- 
somes was estimated in terms of hemolysis of mouse 
red blood cells in the presence of WGA as described 
[17,21]. 

Degalactosylation of F-uirosomes 
Virosomes were treated with exoglycosidase having 

both a- and /3-galactosidase activity [28]. To a 1-mg 
virosome suspension in 0.15 M sodium acetate buffer 
(pH 5.0), 200/zg of exoglycosidase was added followed 
by an incubation for 5 h at 37°C. Virosomes were 
washed by centrifugation as described above and sus- 
pended in buffer B. Virosomes loaded with [125I]lyso- 
zyme were also treated in the same way without any 
significant loss of radioactivity. Fusogenicity of these 
treated virosomes (degalactosylated virosomes) were 
checked as described earlier [17]. Degalactosylation of 
F protein in virosomes was examined by Western blot- 
ting [29]. Both treated and control virosomes were run 
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on 10% SDS-PAGE and subsequently transferred by 
electroblotting onto a nitrocellulose membrane. After 
treating with 0.05% Tween-20 in PBS, the membrane 
was incubated with RCA1, which is known to bind to 
terminal galactose residues of glycoproteins [30]. Ex- 
cess RCA 1 was removed by washing and further pro- 
cessed sequentially with anti-ricin antibody, protein 
A-HRP conjugate, diaminobenzidine and H 2 0  z to vi- 
sualize the protein bands. 

Animal experiments 
Throughout this study male Ba lb /c  mice (30-35 g 

body weight) were used. Virosomes loaded with 
[125I]lysozyme were injected into the tail vein of mouse 
in a volume of 0.2 ml buffer B (0.2 mg F protein). With 
each 0.2 ml virosomes injected the amount of 
[125I]lysozyme-associated radioactivity was (8-10) .  10 4 
cpm. Blood and organ samples from a group of three 
mice were collected at various time points after injec- 
tion to study the distribution profile of the virosomes. 
As a control, free [125I]lysozyme (8" 104 cpm) alone 
and mixed with virosomes (0.2 mg) were injected. 
Trypsin treated, degalactosylated and heat-treated vi- 
rosomes were also used as the controls. In the competi- 
tion experiments, asialofetuin alone (3.5 mg/0 .2  ml 
Buffer B) and mannan, either alone (3.5 mg/0 .2  ml 
buffer B), or together were injected intravenously about 
2 min prior to the injection of virosomes. At the 
desired time, mice were anaesthesized with chloro- 
form, dissected and blood was collected with heparin 
from heart. The total radioactivity in the blood was 
estimated by considering that the total volume of blood 
was 7.3% of the body weight [31]. The entire liver, 
kidneys, lungs and spleen of each mouse were digested 
in 2-5 ml 30% KOH overnight. Aliquots of the di- 
gested samples were counted for radioactivity. 

Subcellular fractiontion of liver 
Subcellular fractionation was carried out according 

to a published procedure [32]. After removal the liver 
from each mouse was washed thoroughly with 0.9% 
NaC1 solution and blotted with filter paper. The whole 
liver was placed in 10 ml 0.01 M Tris-HC1 buffer (pH 
7.4), containing 0.25 M sucrose and then dispersed in a 
homogeniser of the Potter-Elvehjem type at 4°C with 
15 up and down strokes. The separation of nuclear, 
lysosomal/mitochondrial  and plasma membrane frac- 
tions were carried out by differential centrifugation at 
600 xg,  15000 × g  and 1 0 0 0 0 0 × g  at 4°C for 10, 30 
and 60 rain, respectively. The nuclear fraction was 
washed twice with the isotonic homogenising buffer 
and washings were added to the original supernatant 
before separation of the lysosomal/mitochondrial  frac- 
tion. After the separation of plasma membrane, the 
cytosolic fraction was obtained. The fractions were 
further characterized by marker enzyme analysis [33]. 

Radioactivity in each fraction was expressed as percent 
of total radioactivity present in the liver homogenate 
before differential centrifugation. 

Kinetics of fusion-mediated delivery of [125I]lysozyme 
into HepG2 cells: effect of heat treatment and metabolic 
inhibitor 

Single-cell suspensions of HepG2 cells were made as 
described earlier [17,19] and resuspended in DPBS 
containing 2 mM Ca 2÷ and 2 mM Mg 2÷ to obtain 
1.5.106 cel ls /ml.  HepG2 cells (1.5.106) were incu- 
bated with loaded F-virosomes (200 /zg F protein) at 
37°C for various time periods. The virosome-cell mix- 
tures were washed three times with cold DPBS and 
finally incubated for 2 min at 4°C in DPBS containing 5 
mM EDTA (EDTA stripping). EDTA stripping could 
completely remove the cell surface bound (unfused) 
virosomes [19]. The cell pellet after ED TA stripping 
was solubilized in extraction buffer (10 mM Tris-HC1, 
150 mM NaCI (pH 7.4) containing 1% Txl00 and 1 
mM PMSF) and the internalized radioactivity was de- 
termined by a gamma counter. Sodium azide is known 
to be an efficient inhibitor of endocytotic process [19]. 
Fusion-mediated delivery of [125I]lysozyme by F- and 
heat-treated F-virosomes to HepG2 cells was also stud- 
ied in the presence of 20 mM azide. 

Results 

Characterization of F-virosomes 
Based on SDS-PAGE analysis in the presence of 

/3-mercaptoethanol, the F-virosomes were found to be 
free of any detectable contamination by other proteins 
(Fig. 1). The F 2 fragment could not be distinguished 
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Fig. 1. Electrophoretic analysis of the F-virosomes. Molecular weight 
markers (Bio-Rad, low-molecular-weight range, 10 ~g, lane 1), F- 
virosomes (20 ~g, lane 2), F,HN-virosomes (40 ~g, lane 3) and 
Sendai virus (60 /zg, lane 4) were visualized by staining with 
Coomassie blue after separation by SDS-PAGE on a 10% (w/v) 
polyacrylamide gel. Protein samples were prepared in the buffer 

containing 1% SDS and 5%/3-mercaptoethanol. 



from the bromophenol blue marker dye in a 10% 
polyacrylamide separating gel [23]. F-virosomes were 
expressed throughout this study in terms of amount of 
F protein. About 2-3  /zg of [125I]lysozyme per 0.2 mg 
of F protein was found to be entrapped inside F-viro- 
somes. From each mg of intact virus particles about 50 
/zg of F proteins were recovered, which is consistent 
with that reported earlier [14,21]. The phospholipid to 
protein ratio was estimated to be 2.1 (w/w) from the 
analysis of protein and lipid phosphate. Using [14C]di- 
palmitoylphosphatidylcholine more than 95% of the 
total lipid was recovered after the reconstitution proce- 
dure. The amount of detergent left in the F-virosome 
preparation was very low, only 0.005% (w/v)  as deter- 
mined from the recovery of 3H-labelled Txl00. The 
entrapped lysozyme was found to be retained inside 
F-virosomes for a period of 60 min at 37°C in the 
presence of fresh mouse plasma without any significant 
leakage. During heat treatment of F-virosomes, no 
leakage was noticed. Moreover, the F-virosome-associ- 
ated [125I]lysozyme was completely trypsin resistant, 
thereby indicating that it was trapped inside rather 
than adsorbed or intercalated within the virosomal 
membrane. F-virosomes preparation with entrapped 
lysozyme could also be stored at 4°C for about 10 days 
without any considerable leakage and loss of fusogenic- 
ity. The F glycoprotein contains Gal/31 ~ 4 ( F u c a l  --* 
3)GIcNAc residues in the exposed terminal position of 
the complex type sugar chains [15]. This terminal galac- 
tose can be recognised by Ricinus communis agglutinin 
[30]. An exoglycosidase from a hard-shelled clam has 
recently been characterized which can cleave the ter- 
minal galactose residues from a glycoprotein substrate 
[28]. The F-virosomes were digested with exoglycosi- 
dase with a view to prepare its degalactosylated coun- 
terpart. Western blot analysis using RCA1 and anti- 
ricin antibody confirmed the removal of substantial 
amount of terminal galactose from the F protein by the 
/3-galactosidase present in the exoglycosidase (Fig. 2). 
The degalactosylated F-virosomes and asialoGM 1 con- 
taining virosomes were found to be active in hemolysing 
red blood cells in presence of WGA. Heat-treated 
F-virosomes were earlier reported to be fusion inactive, 
but retained the galactose-specific binding to HepG2 
cells [17]. It is established that hemolytic property of F 
protein in F-virosomes is directly related to its mem- 
brane fusion potential [23]. Electron microscopy of a 
negatively stained preparation of F-virosomes revealed 
their spherical shape with size varying between 100 nm 
and 200 nm in diameter (Fig. 3). 

Homing of F-virosomes in various tissues 
The distribution profile of [125I]lysozyme-entrapped 

F-virosomes in various organs and tissues was studied 
(Table I). Within an hour of injection through the tail 
vein the F-virosomes were found to be rapidly cleared 
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Fig. 2. Western blot of F-virosomes and degalactosylated F-viro- 
somes. Virosomes were treated with exoglycosidase for 5 h (as 
described in text). 200 ng of treated (lane 1) and untreated (lane 2) 
virosome samples were first separated on a 10% (w/v) polyacryl- 
amide gel as described in Fig. 1 and then transferred onto a nitro- 
cellulose membrane by electroblotting. The blot was developed as 
described in Materials and Methods. Under these conditions the F 2 
fragment was found to be completely degalactosylated (absence of F 2 

band in lane 1). 

from the blood circulation (Fig. 4). The amount of 
degalactosylated F-virosomes retained in the circula- 
tion was found to be 1.8-fold higher than that of 
F-virosomes at 15 min (Fig. 4). More than 80% of the 
injected virosomes were cleared from the circulation 
within 5 min after the injection as compared to 70% 
removal of degalactosylated virosomes during the same 
period. The rate of uptake of F-virosomes by the liver 
paralleled its clearance from the plasma. The radioac- 
tivity associated with the liver was found to be maxi- 
mum (more than 50%) at 15 min after injection and 
subsequently declined (Fig. 5). Spleen and kidneys did 
not show any marked uptake. However, a significant 
uptake by lungs (about 10%) was observed at 15 min 
post-injection (Table I). 
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Fig. 4. Clearance of F-viTosomes and degalactosylated F-virosomes 
from blood. Balb/c mice (30-35 g body weight) were injected 
intravenously with virosomes (0.2 mg F protein in 0.2 ml buffer B) 
containing uSI-labelled lysozyme (2-3 p.g lysozymes, (8-10)-104 
cpm). At various time points, radioactivity was measured in the blood 
and was expressed as percent of total injected radioacitivity per total 
volume of blood. Each point represents the mean value (±S.D.) 
from three animals. F-virosomes (e); degalactosylated F-viro- 

somes ( ,7 ). 

Fig. 3. Electron micrograph of F-virosomes. About 25 /zl of the 
F-virosome suspension was put onto a carbon-coated grid (400 mesh) 
and allowed to adsorb for about 2 min. Excess suspension was 
drained out using a 25-/zl capillary tube. The samples were stained 
with 1% aqueous uranyl acetate solution for 2 min for negative 
staining. The micrographs were taken in Philips EM 410 transmission 
electron microscope operated at 60 kV (×45500). Bar equals 

100 nm. 

Dynamics of uptake of [125I]lysozyme-entrapped F-uiro- 
somes by liuer 

Dose-dependent uptake of F-virosomes by liver 
reached a saturation level at 0.5 mg F-virosomes. AI- 

TABLE I 

Kinetics of uptake of F-virosomes by various tissues 

Balb/c mice were injected into tail vein with [lzSI]lysozyme (2-3/~g 
lysozyme, (8-10).104 cpm) entrapped in F-virosomes (0.2 mg F 
protein in 0.2 ml buffer B). Groups of three animals were killed at 
each time point and tissue samples were taken to measure the 
radioactivity. Results are expressed as the mean percent of the 
administered radioactivity in three animals ± S.D. 

% of administered radioactivity ± S.D. at various 
time points post-injection 

Tissue 5min 15min 30min 60min 

Lung 9.3±0.6 10.4±0.8 6.7±1.1 6.3±0.3 
Spleen 1.4±0.1 1.0±0.1 1.2±0.5 1.0±0.0 
~dney  1.2±0.2 1.4±0.1 1.9±0.2 0.8±0.0 
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Fig. 5. Rate of uptake of F-virosomes and degalactosylated F-viro- 
somes by liver. Virosome preparations (0.2 mg F protein in 0.2 ml 
buffer B containing [uSI]lysozyme, (8-10).104 cpm) were injected 
intravenously. At various time points the livers were removed and 
washed thoroughly with PBS. After blotting with filter paper, the 
livers were digested in 5 ml of 30% KOH overnight. An aliquot was 
taken to measure the radioactivity. The results were expressed as 
percent of total injected radioactivity associated with total liver. Each 
point represents the mean from three animals (± S.D.). As a control, 
free [125I]lysozyme (8-104 cpm) mixed with F-virosomes (0.2 mg in 
0.2 ml buffer B) was injected and treated in the same way as above. 
F-virosomes (e); degalactosylated F-virosomes (,7); [nSI]lysozyme + 

F-virosomes ( • ). 



most half of the maximum uptake was obtained with 
0.2 mg of F-virosomes. A dose of 0.2 mg of F-virosomes 
was used throughout these studies. The kinetics of 
uptake of virosomes by liver is shown in Fig. 5. At 15 
min post-injection of F-virosomes, about 55% of the 
injected radioactivity was associated with liver, which 
gradually declined to nearly 20% after 60 min of injec- 
tion. Only 35% of the injected radioactivity was associ- 
ated with liver after 15 min of the injection of degalac- 
tosylated F-virosomes. A significant inhibition (about 
41%) of the uptake by liver was noticed in case of 
degalactosylated virosomes (Table II). The influence of 
terminal galactose residues of F protein in determining 
the rapid uptake of virosomes was further confirmed 
by competition experiments with asialofetuin. When 
asialofetuin was injected prior to the introduction of 
F-virosomes, about 34% inhibition in the uptake was 
observed (Table II). Furthermore, asialofetuin could 
also inhibit the uptake of heat-treated virosomes. Max- 
imum inhibition (62%) of uptake was observed in case 
of trypsin-treated F-virosomes thereby indicating the 
role of intact F protein in targeting the virosomes to 
liver cells. Trypsin treatment of intact Sendai virus and 
F,HN-virosomes is known to cleave the F protein and 
subsequently abolish the fusion activity [9,17]. On the 
other hand, mannan (a homo-polymer of a-mannose) 
completely failed to inhibit the uptake of virosomes by 
the liver. When asialofetuin was injected prior to the 
introduction of degalactosylated virosomes, the extent 
of inhibition was found to be further increased by 

TABLE II 

Effect of  various treatments on the uptake of  F-virosomes by liver 15 
rain post-injection 

Balb /c  mice were injected with 3.5 mg asialofetuin or asialofetuin 
and mannan  together (3.5 mg each) in 0.2 ml buffer B, 2 min before 
the injection of F-virosomes (0.2 mg F protein in 0.2 ml buffer B) 
containing [125I]lysozyme ((8-10).  104 cpm) through tail vein. Effect 
of prior injection of asialofetuin (3.5 mg) on the uptake of degalacto- 
sylated virosomes and heat- treated virosomes, both containing 0.2 
mg F protein in 0.2 ml buffer B was checked. The liver-associated 
radioactivity in each case was measured  as described in Fig. 5. 
Percent  inhibition is calculated considering uptake of untreated 
F-virosomes as 100%. 

Experiment  % uptake % inhibition of 
by liver uptake by liver 

F-virosomes 54.2 _+ 0.3 - 
Trypsin-treated F-virosomes 20.5 _+ 1.5 62.0 
Degalactosylated F-virosomes 32.0_+ 1.1 41.0 
Heat- t reated F-virosomes 51.5 _+ 0.8 - 
F-virosomes + asialofetuin 36.2 + 1.6 33.3 
F-virosomes + 

asialofetuin + mannan  36.2 5:0.9 33.3 
Degalactosylated 

F-virosomes + asialofetuin 27.2 + 1.0 49.9 
Heat- treated 

F-virosomes + asialofetuin 30.1 + 0.8 41.7 
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Fig. 6. Effect of incorporation of asialoganglioside-GM 1 on the 
uptake of F-virosomes by liver 15 min post-injection. Mice were 
injected intravenously with F-virosomes (0.2 mg F protein in 0.2 ml 
buffer B containing l1251]lysozyme, (8-10) .  10 4 cpm) containing vari- 
ous mol% of asialoGM v Rest  of the procedure was same as de- 
scribed in Fig. 5. Values are mean  percent_+S.D, of the injected 

radioactivity. Each group contained three animals. 

about 8% (Table II). This could be probably due to an 
incomplete removal of/3-galactose residues from viro- 
somes by the clam exoglycosidase (as visualized in the 
Western blot, Fig. 2). No significant uptake by the liver 
was obtained when a mixture of virosomes and 
[125I]lysozyme were injected (Fig. 5). In order to en- 
hance the galactose-mediated uptake of F-virosomes by 
liver cells, asialoGM~ was incorporated into the viroso- 
mal membrane with various mol% of total viral phos- 
pholipids. The radioactivity associated with the liver 
was found to be related to the amount of asialoGM 1 
present in the virosomal membrane. The uptake of the 
asialoGM 1 containing F-virosomes by liver increased 
with the increasing amount of asialoGM~ and was 
found to be maximum at 6 mol% (Fig. 6). 

Subcellular localization of [125I]lysozyme in liver cells 
delivered through F-virosomes 

Table III shows the subcellular localization of viro- 
some entrapped [125I]lysozyme 15 min after injection 
under various conditions. About 30% of the total ra- 
dioactivity associated with the liver was recovered in 
lysosomal/mitochondrial fraction. The cytosolic frac- 
tion contained about 45% of the radioactivity. 9-14% 
of the radioactivity was found to be localised in the 
membrane and nuclear fractions. The ratio of 125I in 
the cytosolic and lysosomal/mitochondrial fractions 
may be viewed as an indicator of the fusion activity of 
the virosomes due to F proteins. AsialoGM 1 containing 
F-virosomes (6 mol%) and F-virosomes revealed a ratio 
of about 1.4 and 1.5, respectively. Inclusion of varying 
amounts (mol%) of asialoGM1 in the F-virosomes did 
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TABLE Ill 

Distribution pattern of radioactiuity ouer subcellular fractions of the 
liuer 15 rain post-injection of uarious types of F-uirosomes 

Mice were injected through tail vein with different virosomal prepa- 
rations (0.2 mg F protein in 0.2 ml buffer B with [125I]lysozyme 
((8-10). 104 cpm)). Subcellular fractionation was carried out as de- 
scribed in the text. Fractions were assayed for radioactivity. Percent 
recovery of radioactivity (_-t-S.D.) in each fraction is calculated taking 
total liver uptake as 100%. Each group contained three animals. 
Varying amounts of asialoGM 1 (mol%) in F-virosomes showed simi- 
lar subcellular distribution profile. 

Virosome % recovery of radioactivity +_ S.D. 

Nuclear Lysosomal/ Cytosolic Mem- 
mitochondrial brahe 

F-virosomes 13.2+_0.6 30.4+_2.9 44.4+_3.2 8.0+_0.3 
Degalactosylated 

F-virosomes 11.5_+1.0 54.4+-1.2 19.1_+1.3 9.4+-0.9 
AsialoGM I 

F-virosomes 14.2+-1.2 30.9+-0.2 41.8+-1.1 10.6+_0.9 
Heat-treated 

F-virosomes 13.2+_0.8 59.0+_0.1 12.2+_0.7 10.6+_0.6 
Trypsin-treated 

F-virosomes 12.5+_0.7 58.5+_0.2 12.0+_0.7 8.5+_0.5 

not  seem to have any effect on fusion scenario as is 
evident f rom the ratio of  radioactivity in the cytosolic 
and lysosomal /mi tochondr ia l  fractions. The  exogly- 
cosidase and heat- t reated virosomes showed a ratio of  
0.4 and 0.2, respectively. This is about  4-8- fo ld  less 
than that  with un t rea ted  virosomes. In o ther  words, 
about  57% and 72% decrease  in cytosolic radioactivity 
was observed in case of  exoglycosidase and heat - t rea ted  
F-virosomes, respectively, when compared  with the un- 
t reated virosomes. Trypsin- t reated virosomes showed a 
similar distribution pat tern  as that of  heat - t rea ted  viro- 
somes. These  findings can be explained by taking into 
considerat ion the loss of  fusion activity of  heat - t rea ted  
virosomes, lack of  a t tachment  to the target  cells in the 
case of  degalactosylated virosomes, and loss of  both  
these propert ies  in the case of  trypsinized virosomes. 
All these virosomes are supposed to be taken up by 
liver ceils by endocytos i s /phagocytos i s ,  leading to their 
localization in lysosomal fraction. It is interesting to 
note  that  in the case of  F-virosomes and as ia loGM 1 
containing F-virosomes more  than 88% of  the radioac- 
tivity in cytosolic fractions could be recovered as TCA-  
precipitable counts, thereby indicating the presence of  
intact [lzSi]lysozyme. Structural  integrity of  the 
[~25I]lysozyme is fur ther  suppor ted  by the fact that  
more  than 90% of  the cytosolic radioactivity was pre- 
cipitable by a specific ant ibody against lysozyme. On 
the o ther  hand, in case of  heat - t rea ted  virosomes (with 
and without  as ia loGM 1) negligible amount  of  radioac- 
tivity in cytosolic fractions was precipitable both by 
T C A  and the antibody. To indicate the purity of  the 
subcellular fractions we have followed the marker  en- 

TABLE IV 

Analysis of marker enzymes over subcellular fractions 

The subcellular fractions obtained in Table III were subjected to 
marker enzyme analysis. The amount of the marker enzymes were 
expressed in terms of specific activity as described earlier [33]. 

Enzyme Specific activity 
(~z mol/min per mg total protein) 

Nuclear Lysosomal/ C~to- Membrane 
mitochondrial solic 

Acid phosphatase 0.013 0.25 0.02 No activity 
Lactate No activity 0.09 2.7 No activity 

dehydrogenase 

zyme analysis (Table IV) following the method of Bij- 
sterbosch et al. [33]. 

Evidence for  cytosolic delivery o f  [tesI]lysozyme into 
HepG2 cells by F-virosomes 

It is well-known that  endocytosis (not the binding) 
of  asialoorosomucoid (a potent  ligand of  asialoglyco- 
protein receptor  of  H e p G 2  cells membrane)  by H e p G 2  
cells is totally blocked in the presence of  10-12 mM 
azide at 37°C [19]. HN-defic ient  mutants  of  Sendai 
virus (ts271) and F-virosomes have been  shown to bind 
specifically with A S G P - R  of H e p G 2  cells through the 
terminal galactose moiety of  the F protein [13,17]. This 
galactose-mediated binding of  F-virosomes leads to 
efficient fusion of  the viral envelope with H e p G 2  cells 
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Fig. 7. Kinetics of delivery of [I25I]lysozyme to HepG2 cells through 
F-virosomes. HepG2 cells (1.5.106) were incubated with F- and 
heat-treated F-virosomes (200 p.g F protein) for various times at 
37°C in the presence or absence of 20 mM azide. At the indicated 
times, cells were analyzed for cell associated [lzsI]lysozyme as de- 
scribed in the text. The figures represent the mean of duplicate 
determinations. (11), F-virosomes (-azide); (O), F-virosomes 
( + azide); ( • ), heat-treated F-virosomes ( - azide); ( zx ), heat-treated 

F-virosomes ( + azide). 
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at the plasma membrane level [17]. Thus, internaliza- 
tion of the marker due to fusion can be distinguished 
from endocytosis in the presence of azide (Fig. 7). 
About 70% of total cell associated radioactivity (EDTA 
resistant) is retained in the presence of azide, thereby 
demonstrating that introduction of lysozyme mainly 
occurs by fusion mode. The initial rate of uptake of 
lysozyme through heat-treated F-virosomes (in the ab- 
sence of azide) was found to be similar to that of 
F-virosomes both in presence and absence of azide. On 
the other hand, heat-treated F-virosomes completely 
failed to deliver lysozyme to HepG2 cells in the pres- 
ence of azide. 

Discussion 

Our objective here has been to design a targeted 
fusogenic vehicle for in vivo application using F protein 
of Sendai virus. We have used F-virosomes (recon- 
stituted Sendai virus envelopes) loaded with [125I]lyso- 
zyme as a radioactive marker for this purpose. The 
binding role of HN is shown to be replaced by the 
terminal galactose residues on F protein which are 
found to be specifically recognised by ASGP-R on the 
membrane of liver cells [34]. The salient feature of this 
work is that virosomes are found to selectively deliver 
their contents into liver cells in vivo through a mem- 
brane-fusion-mediated process. This is manifested in 
the observed localization of significant amount of the 
TCA and antibody-precipitable radioactivity in the cy- 
tosolic fraction of the liver homogenate. The fusion- 
mediated cytosolic delivery is also inferred from the 
internalization of the marker in HepG2 cells in the 
presence of azide. 

The difference in the clearance pattern observed 
between F-virosomes and degalactosylated virosomes 
(Fig. 4) is found to be less than that reported in case of 
sugar and non-sugar-coated liposomes [3]. This may be 
due to an incomplete removal of galactose residues 
from the F protein (Fig. 2) or due to the differences in 
the lipid composition of the virosomes and liposomes. 
On the other hand, more than 53% of the radioactivity 
is found to be associated with the liver (Fig. 5). This is 
consistent with an earlier report of an in vivo distribu- 
tion of 125I-labelled reconstituted Sendai virus enve- 
lope in mice [35]. This indicates towards a specific 
interaction of the F protein with the liver cells. The 
membrane composition of virosomes as manifested in 
the phospholipid/cholesterol profile is quite similar to 
that of the host cell membrane, with little or no de- 
tectable amount of gangliosides of any type [36]. In 
contrast to a negligible uptake by spleen and kidney, a 
significant uptake by lungs may be attributed to the 
presence of 14-20% phosphatidylserine out of total 
phospholipids in the virosomal membrane or to a 
unique lipid composition of the virosomes [37]. 

The kinetics of uptake of the virosomes in the liver 
(Fig. 5) is fairly comparable to that of galactosylated 
liposomes as reported earlier [3]. Furthermore, sub- 
stantial decrease in uptake of trypsinized and degalac- 
tosylated F-virosomes by liver is observed at 15 min 
after injection. Presumably this may be due to an 
interaction of the terminal galactose of F protein with 
ASGP-R of liver cells, which is a major protein on the 
blood-facing surface of the hepatocyte plasma mem- 
brane. Such an interaction is known to ensure a tight 
binding with terminal galactose of asialoglycoproteins 
and ASGP-R [38]. AsialoGM 1 containing F-virosomes 
exhibit an enhanced uptake by liver after 15 min of 
injection (Fig. 6). It is known that asialoganglioside 
liposomes are more efficiently taken up by the liver 
through the specific interaction with ASGP-R present 
on the cell surface [5]. The galactose specific binding of 
virosome to receptor (ASGP-R) on liver ceils is con- 
firmed by the inhibition of its uptake by asialofetuin 
(Table II). Mannan completely fails to inhibit uptake of 
virosomes by the liver. From these results, it seems 
reasonable to assume that the galactose moiety of F 
protein is responsible for the binding of virosomes to 
ASGP-R of liver parenchymal ceils as was also ob- 
served in vitro with HepG2 cells [13,17]. It is further 
supported by the observation that more than 80% of 
asialofetuin is taken up by ASGP-R of parenchymal 
cells in vivo [39]. Particle size of 200-250 nm in diame- 
ter are reported to pass through the fenestrations of 
the liver endothelium [40]. However, we can not rule 
out the possibility of uptake of virosomes by Kupffer 
ceils [41]. 

To assess the fusion potential of liver-associated 
virosomes, we have followed the subcellular distribu- 
tion of radioactivity in total liver cells. Both the 
parenchymal and Kupffer cells are known to have 
galactose receptors on their membrane. Sendai viro- 
somes after fusing with the target ceils deliver their 
contents to cytosol [42]. Hence, the amount of radioac- 
tivity in cytosol particularly the ratio of cytosolic and 
lysosomal/mitochondrial counts offers a convenient 
parameter to assess the fusion potential of virosomes 
with liver cells. F protein loses its potential to bring 
about fusion after heat treatment at 56°C for 20 min 
[17,25]. However, it is interesting to note that even 
upon heat treatment of F-virosomes, galactose specific 
recognition is not lost [17]. This is also conceivable 
from the uptake of heat-treated F-virosomes by the 
liver and the ability of asialofetuin to inhibit it (Table 
II). In essence, heat-treated F-virosomes behave as 
proteoliposomes and are effectively endocytosed like 
other liganded liposomes [1,3]. Although 9-14% of the 
radioactivity is found to be localized in the nuclear and 
membrane fraction, a significantly higher amount of 
radioactivity is associated with cytosolic fraction in case 
of F-virosomes and asialoGM 1 containing F-virosomes. 
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The fusion mode of delivery of F-virosomes becomes 
more apparent when the ratio of radioactivity in cy- 
tosolic and lysosomal/mitochondrial  fractions is com- 
pared to that of controls (degalactosylated, heat-treated 
and trypsin-treated F-virosomes, Table liD. The TCA- 
and antibody-precipitable radioactivity in the cytosolic 
fractions is consistent with the structural integrity of 
[t25I]lysozyme, which again supports our contention 
regarding the delivery of F-virosomes by a fusion mode. 
It is important to note that in case of F-virosomes and 
asialoGM I containing F-virosomes, the amount of ra- 
dioactivity associated with lysosomal/mitochondrial  
fraction (about 30%) may be due to both receptor- 
mediated endocytotic and phagocytotic uptake by the 
liver cells without membrane fusion. Partial loss of 
fusogenicity of virosomal F proteins during reconsitu- 
tion and under in vivo conditions may also be account- 
able for this. This view is further supported by our in 
vitro studies using HepG2 cells as the target where 
more than 70% of the [125I]lysozyme is found to be 
localized in cytosolic fraction. Conversely, more than 
80% radioactivity is found to be associated with the 
lysosomal/mitochondrial  fraction following the inter- 
action of the HepG2 cells with heat-treated F-viro- 
somes (data not shown). It is also interesting to note 
here that about 70% of the internalized radioactivity 
by HepG2 cells is through fusion mode (Fig. 7). How- 
ever, heat-treated virosomes showed negligible uptake 
by HepG2 cells in the presence of 20 mM azide. 
Hence, the uptake through heat-treated virosomes is 
considered to be solely due to endocytosis. The heat- 
treated virosomes are envisaged to be taken up by liver 
cells in vivo by a combination of receptor-mediated 
endocytosis and phagocytosis while most of the 
trypsin-treated and degalactosylated virosomes are 
taken up by Kupffer cells through phagocytosis [41]. 

The fusion of Sendai virus with the target cells is 
characterized by two distinct phenomena, viz., binding 
and fusion [11]. In this particular case both the binding 
and the fusion processes are mediated by F protein in 
virosomes. The density of the F protein in the viroso- 
mal membrane therefore might be a key factor in 
controlling the fusion process. In case of Influenza 
haemagglutinin (HA) it is known that a threshold num- 
ber of envelope protein need to be expressed on the 
cell membrane to induce cell fusion [43]. Both the 
binding and fusion functions are attributed to the HA 
molecules in the Influenza envelope. We may correlate 
the molecular behaviour of HA expressed in cells and 
F in virosomes. Studies are in progress to construct 
fusogenic liposomes with varying density of F proteins 
to test this phenomenon in case of liposome cell-fu- 
sion. The fusion potential of F containing immunolipo- 
somes has been found to be highly effective in target- 
ing a cytotoxic drug (Hygromycin B) to leukemic T cells 
in culture [14]. The high trapping efficiency of lipo- 

somes combined with the fusogenic property of F pro- 
tein offers a versatile system for an efficient introduc- 
tion of biologically-active molecules into the cellular 
cytosol both in vivo and in vitro, bypassing the lysoso- 
mal degradation pathway. Using this approach, 
chimerasome and proteol iposome-mediated gene 
transfer has already been reported both in vitro and in 
vivo [44]. In other in vivo studies, ' liposome-red blood 
cell ghost-Sendai virus complexes' have been success- 
fully used to introduce and express foreign DNA into 
the nuclei of adult rat liver cells. Using this delivery 
system human insulin gene is reported to be transiently 
expressed in intact rat liver [45,46]. However, these 
highly promising in vivo studies on gene delivery lack 
cell type specificity. The 'Trojan horse' strategy of 
reconstituted Sendai virus envelope in the field of drug 
delivery and gene therapy is already in the limelight of 
modern biotechnology [47]. We are currently engaged 
in a critical evaluation of the efficieny of F-virosomes 
and fusogenic liposomes with defined specificities to 
deliver various biodegradable cytotoxic agents into se- 
lected cell types both in vitro and in vivo. 
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