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Mixed infection of cells with both Moloney murine leukemia virus (MoMLV) and related or heterologous
viruses produces progeny pseudotype virions bearing the MoMLV genome encapsulated by the envelope of the
other virus. In this study, pseudotype formation between MoMLV and the prototype parainfluenza virus Sendai
virus (SV) was investigated. We report for the first time that SV infection of MoMLV producer cells results in
the formation of MoMLV(SV) pseudotypes, which display a largely extended host range compared to that of
MoMLV particles. This could be associated with SV hemagglutinin-neuraminidase (SV-HN) glycoprotein
incorporation into MoMLV envelopes. In contrast, solitary incorporation of the other SV glycoprotein, SV
fusion protein (SV-F), resulted in a distinct and narrow extension of the MoMLV host range to asialoglyco-
protein receptor (ASGP-R)-positive cells (e.g., cultured human hepatoma cells). Since stably ASGP-R cDNA-
transfected MDCK cells, but not parental ASGP-R-negative MDCK cells, were found to be transduced by
MoMLV(SV-F) pseudotypes and transduction of ASGP-R-expressing cells was found to be inhibited by
ASGP-R antiserum, a direct proof for the ASGP-R-restricted tropism of MoMLV(SV-F) pseudotypes was
provided. Cultivation of ASGP-R-positive HepG2 hepatoma cells on Transwell-COL membranes led to a
significant enhancement of MoMLV(SV-F) titers in subsequent flowthrough transduction experiments, thereby
suggesting the importance of ASGP-R accessibility at the basolateral domain for MoMLV(SV-F) pseudotype
transduction. The availability of such ASGP-R-restricted MoMLV(SV-F)-pseudotyped vectors opens up new
perspectives for future liver-restricted therapeutic gene transfer applications.

Formation of viral pseudotypes is a well-known natural phe-
nomenon frequently occurring during a dual infection by
different enveloped viruses (38). Based on this principle, re-
combinant technology allows a deliberate and systematic mod-
ification of the natural tropism of a large variety of viruses and
virus-based vector systems (2, 9, 21, 26, 35). Several investiga-
tors have described retroviral pseudotypes based on Moloney
murine leukemia virus (MoMLV) vectors whose host cell
range has been altered by substitution of envelope proteins
from related and heterologous viruses (4, 9, 17, 23, 28). How-
ever, employment of the pseudotype technology for the target-
ing of MoMLV pseudotype virions to the hepatocyte-specific
asialoglycoprotein receptor (ASGP-R) has not been described
so far.

The ASGP-R functions as an uptake system for desialylated
glycoproteins (32), and its ligand specificity is defined by the
recognition of terminal galactose residues in defined bianten-
nary, triantennary, and tetra-antennary oligosaccharide struc-
tures (13). Interestingly, Sendai virus (SV), a paramyxovirus,
has been found to interact with the ASGP-R (19). Usually, the
host cell tropism of wild-type SV is determined by its two
surface glycoproteins: SV hemagglutinin-neuraminidase (SV-
HN) binds to sialic acid-containing ganglioside receptors
(SA-R) ubiquitously expressed on the surface of virtually all
eucaryotic cells (20), followed by SV fusion glycoprotein (SV-
F)-mediated fusion of the viral envelope with the cell mem-
brane (16). Infection studies after enzymatic destruction of
conventional SV SA-R revealed that only ASGP-R-expressing

cells are still infectable by SV (3). Interestingly, SV infection
via ASGP-R was found to be nearly as efficient as infection via
conventional SA-R. It was concluded that SV-F—beyond its
well-characterized membrane fusion property—also functions
as a ligand for the hepatocyte-specific ASGP-R (3, 19), since it
exhibits suitable carbohydrate structures for the interaction
with the ASGP-R. A potential pseudotype formation between
MoMLV and SV has not been investigated yet. However, for-
mation of stable pseudotypes between vesicular stomatitis virus
(VSV) and SV (15) or the closely related SV5 (6) was dem-
onstrated a long time ago. Since pseudotype formation be-
tween MoMLV and VSV (35) as well as between VSV and SV
has been documented, it was tempting to speculate that
pseudotype formation between MoMLV and SV could also
take place.

In this study, formation of MoMLV(SV) pseudotypes was
investigated both by SV infection and expression of recombi-
nant SV-F in ecotropic MoMLV packaging cells. Our results
demonstrate that MoMLV-based retroviral vectors can be
pseudotyped with both SV envelope glycoproteins, SV-HN and
SV-F, and that MoMLV(SV-F) pseudotypes are targeted spe-
cifically to ASGP-R-expressing cells.

Generation of MoMLV(SV) pseudotypes. The interaction
between SV glycoproteins SV-HN and SV-F and the MoMLV
envelope was studied by introducing the neor gene as a select-
able marker with the postulated pseudotype populations into
cells capable or incapable of supporting MoMLV transduction.
Since hamster cells are not susceptible to infection with
MoMLV-based retroviruses because of the absence of retro-
virus-specific cell surface receptors (12), but are susceptible to
infection with SV (25), potential MoMLV(SV) pseudotypes
were assayed on BHK-21 hamster cells. For generation of
MoMLV(SV) pseudotypes, ecotropic PE501 packaging cells
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Medizinische Universitätsklinik Tübingen, Otfried-Müller-Str. 10,
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(24) (5 3 105 cells per 60-mm-diameter petri dish) were tran-
siently transfected with the retroviral vector pLXSN (22) con-
taining the neor gene under the control of the simian virus 40
(SV40) enhancer and promoter (Fig. 1) and additionally in-
fected with SV 24 h following transfection by incubation with
SV (diluted in serum-free Dulbecco’s modified Eagle’s me-
dium [DMEM] at a multiplicity of infection of 10) for 1 h. The
SV-containing medium was then replaced by DMEM supple-
mented with 1% Nutridoma SR, which was employed as serum
replacement, since serum-free conditions were required for
subsequent SV-F0 precursor activation by acetylated trypsin.
Twelve hours later, the virus medium potentially containing
pseudotype particles as well as wild-type SV was harvested, and
conversion of F0 precursor protein molecules into the fusion-
active F1-F2 form was performed by treatment with acetylated
trypsin (1 mg/ml) for 30 min at 37°C. Since this activation was
performed only once prior to transduction, a continuous
spreading out of the SV wild type in the target cell monolayers
could not take place (30). Therefore, destruction of the target

cell monolayers was avoided, enabling the detection of putative
MoMLV(SV) pseudotype particles. The activated virus sus-
pension was used for Polybrene-enhanced (5 mg/ml) transduc-
tion of both BHK-21 cells and mouse NIH 3T3 fibroblasts, a
cell line susceptible to MoMLV infection. Supernatants ob-
tained with serum-free DMEM containing 1% Nutridoma SR
medium yielded 3.8 3 103 CFU/ml (Table 1) on NIH 3T3 cells.
Interestingly, BHK-21 cells lacking the ecotropic receptor were
also found to be able to survive G418 selection at a titer of
2.0 3 103 CFU/ml (Table 1). In contrast, BHK-21 control
cultures either infected with SV (Table 1) or transduced with
ecotropic retrovirus (pLXSN) did not (Table 1). In a further
control experiment, it was not possible to transduce BHK-21
cells with a mixture of recombinant ecotropic retrovirus and
SV (data not shown), which demonstrates that SV by itself is
not able to facilitate the entry of ecotropic MoMLV into re-
cipient cells lacking the ecotropic receptor. Taken together,
these results indicate that MoMLV(SV) pseudotype particles
have been generated following SV infection of ecotropic ret-
rovirus-producing packaging cells, which exhibit an extended
host range compared to MoMLV virions. This extended host
cell tropism of MoMLV(SV) pseudotypes is determined by the
receptor binding properties of the incorporated SV-HN glyco-
protein, which binds to ubiquitously expressed sialic acid-con-
taining receptors (20). Therefore, recombinant MoMLV(SV-
[HN1F]) pseudotypes are supposed to exhibit a largely
extended host cell tropism [covering virtually all eucaryotic cell
types and tissues and thereby resembling MoMLV(VSV-G)
pseudotype properties (4, 9)]. In contrast, a hepatocyte-re-
stricted pattern is expected for MoMLV(SV-F) pseudotypes as
a consequence of SV-F’s function as a specific ligand for the
hepatocyte-specific ASGP-R (3, 19). Since MoMLV
pseudotype vectors restricted to a solid human organ have not
been described so far, we next focused on the generation of
recombinant MoMLV(SV-F) pseudotypes.

Generation of recombinant MoMLV(SV-F) pseudotypes.
Retroviral vector pLXSN and surface glycoprotein expression
vectors pcDNA3-F (SV-F [Fig. 1]) or pcDNA3-G (VSV-G,
positive control [Fig. 1]) were transiently cotransfected into
ecotropic packaging cell line PE501. Subsequently, the pro-
duced supernatant was employed for transduction of ASGP-
R-negative BHK-21 and NIH 3T3 cells as well as ASGP-R-
positive HepG2 human hepatoma cells. As expected, viral
supernatant generated by pLXSN–pcDNA3-G cotransfec-
tion of PE501 packaging cells (positive control) was found
to transduce both tested target cell lines, NIH 3T3 and
BHK-21 (Table 2), serving as an internal standard for the
feasibility of this completely transient approach of generating
functional MoMLV pseudotypes.

FIG. 1. Retroviral vectors and virus surface protein expression vectors. Ret-
roviral vector pLXSN (22) contains the neomycin phosphotransferase reporter
gene (neor) under the control of the SV40 enhancer and early promoter. In order
to generate retroviral vector pLXSP, which transduces the puromycin resistance
gene (pac [i.e., puromycin acetyltransferase]), pLXSN was digested with NcoI,
followed by ligation of the resulting 5,146-bp pLXSN fragment to the 848-bp
fragment of NcoI-digested plasmid pBSpacDP (8) containing the 39-end of the
SV40 early promoter together with the entire pac gene. Retroviral double-
reporter vector pLZ12 (29) contains the neor gene under the control of the
MoMLV long terminal repeat (LTR) promoter and enhancer and the b-galac-
tosidase reporter gene attached to a nuclear location signal (nlslacZ) under the
control of a truncated Rous sarcoma virus (RSV) LTR. VSV-G expression
vector pcDNA3-G was constructed by inserting the 1.6-kb VSV-G cDNA XhoI-
XhoI fragment of plasmid pSVGL1 (27) into the XhoI site of mammalian ex-
pression vector pcDNA3 (Invitrogen, Leek, The Netherlands). SV-F expression
vector pcDNA3-F was constructed by ligation of the 1.7-kb SV-F cDNA EcoRI-
XhoI fragment of pUC29-F (14) with EcoRI-XhoI-digested plasmid pcDNA3.
Transient and stable transfections of all plasmids were carried out with 3 mg of
DNA and 20 ml of Lipofectamine (Life Technologies, Eggenstein, Germany) per
5 3 105 packaging cells according the manufacturer’s instructions. 59 LTR,
Moloney murine sarcoma virus LTR; 39 LTR-pA, MoMLV LTR; RSV, trun-
cated RSV LTR; c1, extended packaging signal; CMV, human cytomegalovirus
immediate-early promoter; SV40, SV40 early promoter and enhancer; SV-pA,
SV40 polyadenylation site; BGH-pA, bovine growth hormone polyadenylation
site. The figure is not drawn to scale.

TABLE 1. Pseudotyping of MoMLV particles with envelope
proteins SV-HN and SV-Fa

Retroviral
vector

SV
infection

Viral titer (103 CFU/ml)
on cells

NIH 3T3 BHK-21

pLXSN 2 3.8 0.0
pLXSN 1 2.4 2.0
pUC18 1 0.0 0.0

a Ecotropic packaging cells PE501 were transfected with retroviral vector
pLXSN or mock plasmid pUC18. Twenty-four hours later, cells were infected
with SV (1) or transfection medium was replaced with fresh medium (2).
Thirty-six hours after transfection, supernatants were used to transduce NIH 3T3
and BHK-21 cells, followed by G418 selection with 600 mg of G418 per ml for
both cell lines.
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Transduction with supernatant generated by pLXSN–
pcDNA3-F cotransfection resulted in a titer of 1.0 3 102

CFU/ml on ASGP-R-positive HepG2 cells, whereas ASGP-R-
negative BHK-21 target cells were found not to be transduced
at all (Table 2). Supernatant generated by pLXSN–pcDNA3
cotransfection of PE501 packaging cells (negative control) was
only able to transduce NIH 3T3 target cells, but failed to
transduce the cell lines BHK-21 and HepG2 (Table 2). These
results demonstrate that recombinant MoMLV(SV-F)
pseudotypes have been generated, which, as a consequence of
the specific SV-F–ASGP-R interaction, are able to transduce
only ASGP-R-positive cells (e.g., ASGP-R-positive human
hepatoma cell line HepG2). The decreased efficiency of NIH
3T3 target cell transduction with MoMLV(SV-F) pseudotypes
(2.4 3 102 versus 3.8 3 103 CFU/ml when ecotropic MoMLV
particles are used [Table 2]) might reflect a direct inhibition of
REV env receptor binding and/or target cell fusion function by
SV-F. Alternatively, incorporation of SV-F into the MoM-
LV(SV-F) envelope might diminish the absolute number of
incorporated REV env molecules, thereby reducing virion af-
finity to the ecotropic receptor.

Generally, for efficient pseudotyping of MoMLV virions,
packaging cell lines exhibiting a stable expression of the het-
erologous glycoprotein are required. However, the efficient
expression of viral glycoproteins can be toxic to mammalian
cells, as demonstrated for VSV-G (4). Concerning SV-F, effi-
cient accumulation on the surface of packaging cells poten-
tially could lead to syncytium formation, which is a prominent
feature of the cytopathic effect produced by parainfluenza vi-
ruses in cell culture (30). To directly address potential side
effects of stable SV-F expression on MoMLV packaging cells,
we therefore first aimed at the generation of stable monotrans-
fected pseudotype packaging cells (additionally expressing only
the SV-F cDNA).

Generation of stable SV-F expressing pseudotype packaging
cell line FE21. Cell line PE501 was stably transfected with
SV-F expression vector pcDNA3-F. Following G418 selection
(with 600 mg of G418 per ml), resistant clones were picked and
expanded. Subsequently, individual clones were analyzed for
their transduction capability following transient transfection
with retroviral vector pLXSN. Of all 59 clones tested, the
supernatant of clone FE21 demonstrated the highest virus
titers on HepG2 recipient cells (data not shown). Therefore,
FE21 pseudotype packaging cells were characterized in detail
for SV-F mRNA transcription (reverse transcription-PCR
[RT-PCR]) and SV-F protein expression (Western blotting).

For detection of SV-F mRNA by RT-PCR, total cellular
RNA was extracted by the method of Chomczynski and Sacchi
(5). First-strand cDNA was synthesized by Super Script II

reverse transcriptase (Life Technologies, Eggenstein, Ger-
many) from 2 mg of total RNA using 25 ng of oligo(dT)12–18
primer per ml and 200 U of Super Script II per reaction. Primer
sequences for SV-F (forward primer, 59TTGTGTTGAGTCC
AGATTGACC39; reverse primer, 59ATATGTGTCCCTCGG
TATACGG39) and murine histone 3.3a (forward primer, 59C
CACTGAACTTCTGATCCGC39; reverse primer, 59GCGTG
CTAGCTGGATATCTT39) were designed by retrieving
published sequence information for the SV-F gene (SV strain
Fushimi; sequence identification [ID], PAMSNDFP) and mu-
rine histone 3.3a gene (sequence ID, MMZ85979) from the
EMBL databases (European Molecular Biology Laboratories,
Heidelberg, Germany). Samples of the RT reaction mixture
were employed for PCR with 0.2 mM SV-F- or histone 3.3a-
specific primers and 2 U of Taq DNA polymerase (Qiagen,
Hilden, Germany). RT-PCR of FE21 total RNA employing
SV-F-specific primers generated an expected SV-F-specific
fragment of 619 bp (Fig. 2A, lane 2). Subsequent digests of this
SV-F-specific PCR product by HaeIII and MunI gave rise to
the calculated SV-F fragment patterns (HaeIII, 418 and 201
bp; MunI, 354 and 265 bp; Fig. 2B, lanes 4 and 8). In contrast,
RT-PCR of PE501 total RNA with SV-F-specific primers pro-
duced no PCR product at all (Fig. 2B, lanes 1 and 2), whereas
a control amplification of either PE501 or FE21 total RNA
with histone 3.3a-specific primers yielded equal amounts of a
215-bp histone 3.3a PCR product (Fig. 2A, lanes 1 and 2).
These results demonstrate that FE21 pseudotype packaging
cells specifically transcribe the stably transfected SV-F cDNA,
although the transcription level is low: 44 amplification cycles
were required to generate easily detectable amounts of SV-F
PCR product, whereas 26 amplification cycles were sufficient
to generate comparable amounts of the histone 3.3a PCR
product (Fig. 2A).

Next, FE21 pseudotype packaging cells were investigated for
SV-F glycoprotein expression. Western blotting analysis em-
ploying both an SV-F-specific monoclonal antibody (MAb)
and an SV-F-specific polyclonal antiserum resulted only in the
detection of a very faint band 63 kDa in size, which specifically
represents the SV-F precursor protein (F0) not cleaved by
protease with trypsin specificity (data not shown). Similar re-
sults were obtained with all other stably SV-F-expressing
pseudotype packaging cell lines generated in parallel. This
finding suggests that ecotropic PE501 packaging cells only tol-
erate expression of very small amounts of SV-F, thus allowing
the outgrowth of low-SV-F-expressing G418-resistant PE501
clones only.

To increase the sensitivity of SV-F glycoprotein detection,
the following modifications were introduced. First, FE21 cell
lysate aliquots containing 2 mg of total protein were immuno-
precipitated. For this purpose, protein G-Sepharose beads
(Pharmacia Biotech, Freiburg im Breisgau, Germany) were
incubated with hybridoma supernatants (diluted 1:5 in phos-
phate-buffered saline) containing SV-F MAb 48-F (34) for 1 h
at 4°C and subsequently added to cell lysates. The mixtures
were further incubated for 1 h at 4°C, and then the tertiary
protein G-antigen-antibody complexes were collected by cen-
trifugation and washed three times with a mixture of 20 mM
HEPES (pH 7.4), 150 mM NaCl, 10% glycerol, and 1% Non-
idet P-40. Second, protein G-Sepharose-bound SV-F glyco-
protein was deglycosylated, since SV-F is known to be ex-
pressed in different glycosylation patterns (reference 37 and
our unpublished observation of SV-F glycosylation patterns
following PE501 infection by SV); thereby, all glycosylation
forms of SV-F are summed up in a single band of 60 kDa.
Samples were deglycosylated with 2,500 New England Biolabs
units of PNGase F per sample according the manufacturer’s

TABLE 2. Pseudotyping of MoMLV particles with recombinant
SV-F or VSV-Ga

Surface protein
expression vector

Viral titer (102 CFU/ml) on cells

NIH 3T3 BHK-21 HepG2

pcDNA3 19.0 0.0 0.0
pcDNA3-G 6.0 1.8 NDb

pcDNA3-F 2.4 0.0 1.0

a Ecotropic packaging cells PE501 were cotransfected with retroviral vector
pLXSN and a surface protein expression vector (pcDNA3-F or pcDNA3-G) or
parental plasmid pcDNA3. Forty-eight hours after transfection, activated super-
natants were used to transduce NIH 3T3, BHK-21 and HepG2 cells, followed by
G418 selection (with 600 mg of G418 per ml for NIH 3T3 and BHK-21 cells and
1,000 mg of G418 per ml for HepG2 cells).

b ND, not determined.
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instructions (New England Biolabs, Schwalbach, Germany).
Deglycosylated samples were separated on a discontinuous
sodium dodecyl sulfate-polyacrylamide gel (stacking gel, 5%
acrylamide-bisacrylamide [29:1]; resolving gel, 10% acrylamide-
bisacrylamide [29:1]). Protein transfer on polyvinylidene difluo-
ride membrane and enhanced chemiluminescence (ECL)-West-
ern blotting were performed according to the manufacturer’s
instructions (Amersham Buchler, Braunschweig, Germany) with
a 1:20 dilution of primary SV-F MAb 48-F and a 1:4,000 dilution
of a secondary horseradish peroxidase-labeled antimouse anti-
body. In SV-infected PE501 cells (positive control [Fig. 3, lane 2])
the modifications used led to the detection of an intense band of
60 kDa representative for deglycosylated SV-F protein. Lysates of
FE21 pseudotype packaging cells exhibited a band of the same
size of much less intensity (Fig. 3, lane 3), which corresponds to
the low-SV-F-expressing status of stable PE501 clones generated
by G418 selection. Uninfected, untransfected PE501 cells (nega-
tive control [Fig. 3, lane 3]) were not found to express SV-F. Since
SV-F MAb 48-F was used for both immunoprecipitation and for
Western blotting, MAb 48-F was detected in all samples (Fig. 3,
lanes 2 to 4). Unexpectedly, immunoprecipitated, deglycosylated
lysates of SV-infected PE501 cells gave rise to an additional band
of approximately 50 kDa (Fig. 3, lane 2). While this band corre-

sponds to the deglycosylated F1 fragment size of cleaved SV-F0
precursor proteins, a clear-cut explanation for SV-F1 generation
could not be provided, since samples had not been treated with
trypsin.

Taken together, RT-PCR and Western blotting confirmed
that FE21 packaging cells indeed express the SV-F glycopro-
tein, albeit in very small amounts. However, when the standard
cytomegalovirus immediate-early promoter-based mammalian
expression vector (pcDNA3) which was used for SV-F expres-
sion throughout this study (pcDNA3-F) was employed for the
expression of an nlslacZ reporter cassette (pcDNA3-nlslacZ)
in control transfection experiments, high levels of b-galactosi-
dase reporter gene expression were observed (data not shown).
Therefore, a potential cytotoxic effect of high-level, constitu-
tive SV-F expression cannot be ruled out. This concern is
underlined by the observation of a total loss of expression of
measles virus fusion protein (MV-F, which is related to SV-F)
after only three passages when expressed by a recombinant
VSV/MV-F virus (31), suggesting a strong selective pressure
for the elimination of MV-F protein expression. On the other
hand, the inclusion efficiency of heterologous membrane pro-
teins, which is known to be heavily dependent on high-level
expression of these proteins at the cell surface budding site,
was found to be a major determinant concerning MoMLV
pseudotype transduction efficiencies (33). It can be concluded
from this finding that an inducible SV-F expression system
might be required for the generation of stable, high-level SV-
F-expressing, high-titer MoMLV(SV-F) producer cell lines.

As a consequence of low SV-F expression as well as low virus
titers, it was not possible to detect SV-F directly as an integral
component of MoMLV(SV-F) pseudotypes employing con-
centrated supernatants of FE21 cells transiently transfected
with retroviral vector pLXSN (data not shown). Nevertheless,
supernatants of pLXSN-transfected FE21 cells were able to
transduce ASGP-R-positive HepG2 cells (Table 3), indicating
the incorporation of SV-F in the retroviral envelope at a func-
tional level.

To further investigate the transduction specificity of retro-
viral particles generated with cell line FE21, packaging cells

FIG. 2. (A) RT-PCR detection of SV-F cDNA transcription in cell line FE21 stably transfected with SV-F expression plasmid pcDNA3-F. Five microliters of SV-F
amplification product and 2 ml of histone 3.3a amplification product were loaded together per lane and separated in a 1.5% agarose gel. Lanes: 1, RT and amplification
of PE501 total RNA; 2, RT and amplification of FE21 total RNA; 3, 100-bp DNA ladder; 4, amplification of PE501 total RNA without preceding RT; 5, amplification
of FE21 total RNA without preceding RT. Amplifications without RT were carried out to confirm the absence of contaminating DNA in total RNA preparations. (B)
Restriction analysis of amplified SV-F product (expected fragment sizes: HaeIII digest of SV-F PCR product, 418 and 201 bp; MunI digest of SV-F PCR product, 354
and 265 bp). Fifteen microliters of SV-F amplification products (total amount, 100 ml) was subjected to restriction digests with HaeIII or MunI, and the whole samples
were separated on a 3.5% agarose gel. For undigested controls, 7.5 ml of amplification products was loaded per lane. Lanes: 1, RT and amplification of PE501 total
RNA; 2, HaeIII digest of PE501 amplification product; 3, RT and amplification of FE21 total RNA; 4, HaeIII digest of FE21 amplification product; 5, same as lane
1; 6, MunI digest of PE501 amplification product; 7, same as lane 3; 8, MunI digest of FE21 amplification product; 9, 100-bp DNA ladder.

FIG. 3. Detection of SV-F expression after stable transfection of PE501 cells
with SV-F expression vector pcDNA3-F by immunoprecipitation and Western
blotting. Lanes: 1, protein molecular mass marker; 2, PE501 cells infected by SV
(positive control); 3, clone FE21 stably transfected with pcDNA3-F; 4, PE501
cells, neither infected nor transfected (negative control).
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were transfected with retroviral vector pLXSN or double-re-
porter retroviral vector pLZ12 (11) (Fig. 1), which transduces
not only the neor gene but also an nlslacZ gene (Fig. 1), thereby
enabling a rapid histochemical detection of transgene expres-
sion within 48 h after transduction (30). Incubation of pro-
duced supernatants with ASGP-R-expressing human hepa-
toma HepG2 recipient cells generated both G418-resistant
clones and b-galactosidase-positive cells (Table 3), there-
by demonstrating the formation of recombinant MoMLV
(SV-F) pseudotypes. Similar results were obtained for a second
ASGP-R-positive human hepatoma cell line, HuH-7 (data not
shown). Incubation with ASGP-R-negative recipient cells of
nonmouse, nonrat origin (BHK-21 cells) did not exhibit any
transduction events (Table 3), again indicating an ASGP-R-
restricted tropism of MoMLV(SV-F) pseudotypes. MoMLV
(SV-F) pseudotype titers obtained with stable SV-F-express-
ing pseudotype packaging cell line FE21 and retroviral vector
pLXSN were found to be only slightly increased compared to
those obtained by cotransfection of PE501 cells with retroviral
vector pLXSN and SV-F expression plasmid pcDNA3-F (4.1 3
102 CFU/ml versus 1.0 3 102 CFU/ml on ASGP-R-positive
HepG2 cells). Therefore, we investigated whether low acces-
sibility of ASGP-R molecules was at least in part responsible
for the low titers obtained by the standard static transduction
procedure.

Improved access to the ASGP-R on the basolateral cell do-
main enhances MoMLV(SV-F) pseudotype transduction effi-
ciency. HepG2 cells plated out on petri dishes are known to
express the ASGP-R in a polarized manner, where most of the
receptor molecules are located on the basolateral domain (13,
32). This feature is similar to the in vivo situation of normal
hepatocytes which express the ASGP-R almost exclusively on
the sinusoidal (i.e., basolateral) plasma membrane (13). There-
fore, the ASGP-R molecules are supposed not to be presented
to pseudotype particles moving in Brownian motion on top of
the HepG2 cell monolayer. In order to improve the accessibil-
ity of the ASGP-R for MoMLV(SV-F) pseudotype transduc-
tion, target cells were plated out and cultivated on collagen-
coated Transwell-COL cell culture membrane inserts, which
display an estimated porosity of 50%, thereby potentially im-
proving access to basolaterally located ASGP-R molecules.
For flowthrough transduction (7), medium was completely re-
moved from the Transwell-COL insert as well as from the
outer chamber. Subsequently, 3 ml of virus-containing medium
produced after transient transfection of cell line FE21 with
retroviral vector pLZ12 was applied to the Transwell-COL
insert, thereby inducing a flowthrough by gravity. Every 45 min,
medium was removed from the outer chamber and transferred
again to the Transwell-COL insert. After 3 h, the virus medium
was completely removed from both chambers and replaced
by regular growth medium. This procedure resulted in a
MoMLV(SV-F) titer of 17.5 3 102 focus-forming units (FFU)/

ml on HepG2 cells (Table 3), which represents an almost
ninefold increase in titer in comparison to static (i.e., conven-
tional) MoMLV(SV-F) pseudotype transduction (2.0 3 102

FFU/ml [Table 3]). Furthermore, BHK-21 cells (negative con-
trol) were again found not to be transduced (Table 3). Since
flowthrough transduction of NIH 3T3 cells (positive control)
only resulted in a fourfold increase in titer (3.3 3 102 versus
12.8 3 102 FFU/ml [Table 3]), the stronger enhancement of
MoMLV(SV-F) titers on HepG2 cells could be due to im-
proved accessibility of ASGP-R receptor molecules under flow-
through conditions and not only to enhanced transduction
rates obtained by the flowthrough procedure itself (7). To our
knowledge, the MoMLV flowthrough transduction procedure
has been applied for the first time to a cell surface receptor
specifically sorted to the basolateral domain, and our results
provide evidence that an efficient SV-F–ASGP-R ligand-recep-
tor interaction is of major importance for the efficiency of the
ASGP-R-restricted MoMLV(SV-F) pseudotype transduction.

Genetic proof for the ASGP-R restriction of MoMLV(SV-F)
pseudotypes. To further specify the tropism of MoMLV(SV-F)
pseudotypes restricted to ASGP-R-positive target cells, a pair
of cell lines known to differ only with respect to ASGP-R ex-
pression was required. For this purpose, cell line MDCK (Ma-
din-Darby canine kidney cells, which cannot be transduced by
ecotropic retrovirus) and a derivative cell line stably trans-
fected with the ASGP-R cDNA—thereby constituting new cell
line M12 (10)—were used in further transduction experiments.
Since M12 cells constitutively express both the histidinol (hisD)
and the neomycin resistance (neor) genes as a result of the
stable transfection procedure, retroviral vector pLXSP, which
transduces the puromycin resistance gene (pac), was employed
for the transient transfection of stable SV-F-expressing cell
line FE21. Subsequently, the produced pseudotype superna-
tants were incubated on cell lines MDCK, M12, and NIH 3T3
(positive control), followed by continuous selection with puro-
mycin (2 mg/ml for MDCK and M12 cells, 5 mg/ml for NIH 3T3
cells). Parental cell line MDCK did not exhibit any transduc-
tion event at all, whereas cell line M12 constitutively expressing
the ASGP-R predominantly at the basolateral domain (10)
exhibited 7.2 3 102 CFU/ml. Transduction of NIH 3T3 cells
(i.e., transduction via the ecotropic receptor) resulted in a titer
of 5.5 3 102 CFU/ml, indicating a similar efficiency for eco-
tropic receptor-mediated and ASGP-R-mediated transduc-
tions. These results provide direct genetic proof for the ASGP-
R-restricted tropism of MoMLV(SV-F) pseudotypes.

MoMLV(SV-F)-mediated transduction of ASGP-R-positive
cells is blocked by ASGP-R antiserum. To investigate whether
MoMLV(SV-F) transduction via the ASGP-R can be blocked
by a receptor-specific antibody, M12 cells were incubated with
polyclonal ASGP-R antiserum prior to transduction and dur-
ing incubation of cells with pseudotype virus. To prevent in-
ternalization and recirculation of ASGP-R molecules, all steps

TABLE 3. Generation of MoMLV(SV-F) pseudotypes by stable SV-F-expressing packaging cellsa

Retroviral
vector

Transduction
method Detection method

Viral titer (102 CFU/ml or FFU/ml) on cellsb

NIH 3T3
(A2/E1)

BHK-21
(A2/E2)

HepG2
(A1/E2)

pLXSN Static G418 selection 5.0 0.0 4.1
pLZ12 Static b-Galactosidase assay 3.3 0.0 2.0
pLZ12 Flowthrough b-Galactosidase assay 12.8 0.0 17.5

a Ecotropic packaging FE21 cells stably expressing SV-F protein were transfected with retroviral vector. Forty-eight hours after transfection, activated supernatants
were used to transduce NIH 3T3, BHK-21, and HepG2 cells, followed by G418 selection or direct histochemical staining for b-galactosidase expression.

b A1, ASGP-R positive; A2, ASGP-R negative; E1, ecotropic receptor positive; E2, ecotropic receptor negative.
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had to be carried out at 4°C (13). Antiserum was diluted in
serum-free DMEM, and cells were incubated with diluted an-
tibody for 60 min prior to transduction. Subsequently, the
antiserum solution was removed from the cells and replaced by
antiserum-supplemented virus supernatants, and transduction
was carried out for 60 min at 4°C. Following transduction, the
virus-antiserum mixture was removed, and cells were washed
two times with complete growth medium and incubated for
24 h at 37°C. In the absence of ASGP-R-specific antiserum,
MoMLV(SV-F) transduction at 4°C yielded a titer of 5.4 3 102

CFU/ml on M12 cells, whereas in the presence of antiserum (at
a concentration of 2 mg of protein/ml), transduction resulted in
a titer of 1.2 3 102 CFU/ml, which represents a decrease of
almost 80%. Since increasing antiserum concentrations did not
increase inhibition of transduction, the remaining transduction
rate may represent the proportion of recycled ASGP-R mole-
cules [newly accessible for MoMLV(SV-F) pseudotypes] fol-
lowing uptake and internalization of ASGP-R–antibody com-
plexes (despite the fact that this process should be minimized
at 4°C). Interestingly, transduction of NIH 3T3 cells was com-
pletely blocked at 4°C, independent of the presence or absence
of antiserum, whereas transduction at 37°C was not affected in
the presence of the ASGP-R antiserum.

Trypsin-mediated activation of SV-F0 is dispensable for
MoMLV(SV-F) pseudotype transduction. Recently, we have
demonstrated that ASGP-R-mediated infections by SV require
SV-F0 precursor activation (by trypsin cleavage in vitro or by
proteases with trypsin-like specificity in vivo [3]). Following
cleavage of SV-F0 into subunits SV-F1 and SV-F2 during par-
ticle maturation, SV-F1 first binds to the ASGP-R and second
exerts fusion of cellular and viral membranes. We have now
investigated whether the ASGP-R-mediated MoMLV(SV-F)
pseudotype transduction requires the presence of fusion-active
SV-F1 subunits or whether the copresence of ecotropic retro-
viral env proteins [coincorporated into the MoMLV(SV-F)
pseudotype envelope] is sufficient for the fusion process. For
this purpose, trypsin-treated and untreated preparations of
MoMLV(SV-F) pseudotypes were generated after transient
transfection of FE21 cells with the nlslacZ gene-containing
vector pLZ12 (for HepG2 transduction) or with pac gene-
containing vector pLXSP (for M12 transduction) and com-
pared for their transduction capabilities. Interestingly, un-
treated pseudotype preparations were found to transduce as
efficiently as trypsin-activated preparations. (i) Titers for
HepG2 recipient cells were found to be 17.5 3 102 FFU/ml in
flowthrough transductions and 2.0 3 102 FFU/ml in static
transductions for both trypsin-treated and untreated prepara-
tions. (ii) Titers for M12 recipient cells in static transductions
were 7.2 3 102 CFU/ml for either approach. These results
demonstrate that for ASGP-R-mediated MoMLV(SV-F)
pseudotype transduction, the presence of fusion-active SV-F
subunits is not strictly required, and the presence of the ret-
roviral env proteins might be advantageous beyond a potential
stabilization of the pseudotyped envelope. The observation
that ASGP-R-mediated MoMLV(SV-F) pseudotype transduc-
tion does not require fusion-active (i.e., trypsin cleaved) SV-F
proteins suggests that binding is mediated by SV-F0 protein,
whereas the retroviral env protein promotes fusion of viral and
cellular membranes. As a consequence, generation of pseudo-
type particles under serum-free conditions and subsequent
SV-F0 activation might be dispensable as long as retroviral env
proteins are coexpressed in MoMLV(SV-F) pseudotype pack-
aging cells.

In this context, a crucial question currently under investiga-
tion is whether MoMLV(SV-F) pseudotypes require the addi-
tional presence of MoMLV env proteins for efficient transduc-

tion of ASGP-R-positive target cells. It is of interest that
reconstituted SV envelopes containing exclusively fusion-ac-
tive SV-F glycoproteins on their surface (denominated as F-
virosomes) were previously found to bind to and subsequently
fuse with ASGP-R-positive HepG2 cells. Following binding
and fusion, direct release of F-virosomal contents into the
cytosol was detected (1). Furthermore, we have demonstrated
that SV infection of ASGP-R-positive but SA-R-depleted tar-
get cells does take place only after the SV-F–ASGP-R ligand-
receptor interaction and cleavage of SV-F0 precursor proteins
into fusion-active subunits SV-F1 and SV-F2 (3, 18). These
data suggest that SV-F alone should be sufficient to mediate
both ASGP-R binding and fusion with cellular plasma mem-
branes in MoMLV(SV-F) pseudotypes lacking MoMLV env
proteins.

The hepatocyte-restricted expression of the ASGP-R makes
it an attractive receptor for liver-specific targeting of chemo-
therapeutic agents (1) and therapeutic genes (36). Our data
provide evidence that the ASGP-R can be exploited for a ret-
rovirus-mediated liver gene transfer by usage of MoMLV
(SV-F)-pseudotypes. Therefore, the advantages of retroviral
gene transfer (e.g., sustained gene expression) could be com-
bined with liver restriction of therapeutic gene transfer, thus
potentially facilitating a future in vivo vector delivery. Further
attempts will be made to enhance SV-F expression in retro-
virus packaging cells, which should lead to increased SV-F
incorporation into pseudotype particles, thereby improving
achievable MoMLV(SV-F) pseudotype titers.

In conclusion, our results demonstrate that (i) SV envelope
proteins HN and F can be incorporated into ecotropic
MoMLV particles, thereby leading to an extended host cell
tropism of the generated pseudotype particles; (ii) recombi-
nant MoMLV(SV-F) pseudotypes can be generated and are
able to transduce ASGP-R-positive target cells specifically (as
demonstrated by transduction of ASGP-R-positive cell lines
HepG2 and M12 and inhibition of ASGP-R-dependent trans-
duction with ASGP-R antiserum); and (iii) improved access to
ASGP-R molecules enhances the efficiency of SV-F- and
ASGP-R-mediated transductions (as evidenced by flowthrough
transduction).
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