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Vectors derived from lentiviruses provide a promising gene delivery system. We examined the in vivo gene
transfer efficiency and tissue or cell tropism of a feline immunodeficiency virus (FIV)-based lentiviral vector
pseudotyped with the glycoproteins from Ross River Virus (RRV). RRV glycoproteins were efficiently incor-
porated into FIV virions, generating preparations of FIV vector, which after concentration attain titers up to
1.5 � 108 TU/ml. After systemic administration, RRV-pseudotyped FIV vectors (RRV/FIV) predominantly
transduced the liver of recipient mice. Transduction efficiency in the liver with the RRV/FIV was ca. 20-fold
higher than that achieved with the vesicular stomatitis virus G protein (VSV-G) pseudotype. Moreover, in
comparison to VSV-G, the RRV glycoproteins caused less cytotoxicity, as determined from the levels of
glutamic pyruvic transaminase and glutamic oxalacetic transaminase in serum. Although hepatocytes were the
main liver cell type transduced, nonhepatocytes (mainly Kupffer cells) were also transduced. The percentages
of the transduced nonhepatocytes were comparable between RRV and VSV-G pseudotypes and did not correlate
with the production of antibody against the transgene product. After injection into brain, RRV/FIV preferen-
tially transduced neuroglial cells (astrocytes and oligodendrocytes). In contrast to the VSV-G protein that
targets predominantly neurons, <10% of the brain cells transduced with the RRV pseudotyped vector were
neurons. Finally, the gene transfer efficiencies of RRV/FIV after direct application to skeletal muscle or airway
were also examined and, although transgene-expressing cells were detected, their proportions were low. Our
data support the utility of RRV glycoprotein-pseudotyped FIV lentiviral vectors for hepatocyte- and neuroglia-
related disease applications.

Gene transfer provides a potentially powerful tool for the
treatment of a wide variety of diseases. Viral vectors derived
from lentiviruses, such as human immunodeficiency virus
(HIV) (25, 31, 36), feline immunodeficiency virus (FIV) (24,
37, 51), and others (3, 33) have been developed and utilized in
vitro and in vivo to transfer genes of interest to somatic cells.
Lentivirus-based vectors are attractive gene delivery vehicles
because they can transduce both dividing and nondividing
cells, resulting in stable integration and long-term expression
of the transgene.

Lentivirus-mediated gene transfer begins with the attach-
ment of the virion to a specific cell surface receptor, followed
by virus-cell fusion and penetration of the nucleocapsid into
the cell, reverse transcription of the viral RNA genome, inte-
gration of the viral DNA, and ultimately expression of the
transgene (10). The attachment of the virion to the host cell
receptor is the first step in the entire gene delivery process and

a crucial factor in determining vector tropism and the range of
target tissues or cell types. This viral attachment is mediated by
specific interactions between the envelope glycoprotein (Env)
on the virion and one or more surface receptor molecules on
the target cell. If this receptor molecule is absent (as when its
expression is specific for certain cell types) or is variant in the
binding region (such as in species other than the natural host),
gene transfer cannot occur (10). By replacing the original Env
protein with other viral glycoproteins, a process termed
“pseudotyping,” one can alter the host range of the vectors,
which may result in increased transduction efficiency of target
cells.

Many examples of pseudotyping exist in the literature (7, 14,
18, 27–29, 40, 41, 44). Vesicular stomatitis virus G protein
(VSV-G) and the amphotropic envelope protein are the two
most commonly used viral glycoproteins in current lentivirus-
based gene transfer. However, both Env glycoproteins have
limitations for potential clinical use. For example, VSV-G is
cytotoxic (35) and may be inactivated by human serum (13),
and the amphotropic envelope is fragile and does not tolerate
centrifugation concentration methods as well as does VSV-G
(7). Moreover, receptor abundance or localization may further
limit the utility of these two Env glycoproteins (47, 50, 51).

In an effort to increase the in vivo gene transfer efficiency of
lentiviral vectors in specific target cells/tissues, we pseudotyped
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the FIV-based nonprimate lentiviral vector with the glycopro-
teins from Ross River Virus (RRV). RRV is an arthropod-
borne alphavirus and causes epidemic polyarthritis, myalgia,
arthralgia, and lethargy in humans (46). RRV infects both
invertebrates and vertebrates, including mosquitoes, reptiles,
birds, and mammals. The virus can replicate within neurons
and glial cells, striated and smooth muscle cells, cells of lym-
phoid origin, synovial cells, and many others (46). Given the
extremely broad host or cell ranges of the wild-type RRV, we
reasoned that pseudotyping the FIV vector with RRV glycop-
roteins would result in improved gene transfer to target cells
and extend the range of tissues that can be transduced.

In the current study, we examined the in vivo gene transfer
efficiency and cell-tissue tropism of the RRV-pseudotyped FIV
vector in mice. The RRV/FIV vector encoding a �-galactosi-
dase reporter gene was (i) injected intravenously for systemic
gene delivery, (ii) injected into brain parenchyma, (iii) injected
intramuscularly, and (iv) instilled into the lung for gene deliv-
ery to airway epithelial cells. Our data indicate that the RRV
pseudotyped FIV vector transduces hepatocytes more effi-
ciently than the VSV-G Env with less hepatotoxicity. More-
over, the RRV glycoproteins exhibit cell tropism in the central
nervous system that is distinct from the VSV-G pseudotype.
These findings demonstrate potential applications of using
RRV pseudotyped FIV vectors for disease therapies.

MATERIALS AND METHODS

FIV vector constructs and particle production. RRV- or VSV-G-pseudotyped
FIV vector (VSV-G/FIV) particles were produced by using a three-plasmid
expression system as described previously (24, 42, 43). The packaging plasmid,
pCFIV�orf�vif, contains a deletion in the env gene and mutations in vif and orf2.
The 5� and 3� long terminal repeats were replaced with the cytomegalovirus
(CMV) promoter-enhancer and the simian virus 40 polyadenylation signal, re-
spectively. The vector plasmid is based on the pVETL backbone, which contains
the CMV promoter-enhancer in place of the 5� U3, a truncated gag, and a
multiple cloning site. An expression cassette containing the cDNA for cytoplasm-
localized �-galactosidase or eGFP, directed by the CMV promoter-enhancer,
was ligated into the multiple cloning site of pVETL. The VSV-G envelope
plasmid, pCMV-G, encodes the VSV envelope glycoprotein. The pRRV-E2E1
plasmid encodes the full-length RRV envelope glycoprotein, E3-E2-6K-E1,
which is processed proteolytically into the individual subunits (41).

Vector particles were generated by transient transfection of 293T cells with
packaging, envelope, and vector plasmids, followed by the collection of super-
natants and particle concentration by centrifugation. For each preparation, we
routinely centrifuge 750 ml of culture supernatant overnight at 7,400 � g and
resuspend in 3 ml of lactose buffer (42, 50). Transduction titers before and after
concentration were determined by measurement of X-Gal (5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside)-positive cells in transduced HT-1080 target cells
and were expressed as transducing units (TU)/milliliter. �-Galactosidase activi-
ties in concentrated vector preparations were measured by the Galacto-Light
chemiluminescent reporter assay (Tropix, Bedford, Mass.). Immunological de-
tection of RRV E2 and E1 glycoproteins in the FIV vector preparations was
performed as described previously (41). The viral p24 levels in the vector prep-
arations used for our in vivo studies were assayed by enzyme-linked immunosor-
bent assay (ELISA) (24, 48). The capture antibody was PAK1-2B2, and the
detecting antibody was bioinylated PAK3-2C1 (Custom Monoclonal Antibodies
International, West Sacramento, Calif.). An FIV preparation with a known p24
concentration was used as a standard.

In vivo gene transfer protocols. All mice used in the present study were housed
at the University of Iowa Animal Care Facilities, and all animal procedures were
approved by the Animal Care and Use Review Committee at the University of
Iowa. Adult (5 to 8 weeks old) C57BL/6 or BALB/c mice (Jackson Laboratories,
Bar Harbor, Maine) were used. For intravenous gene transfer experiments,
C57BL/6 mice with factor VIII deficiency were used (43).

For systemic vector delivery, mice received either the RRV/FIV vector or
VSV-G/FIV vector intravenously via the tail vein. Both vectors were delivered as

a single bolus in two experiments, and in a third experiment injections were
repeated the next day to double the volume of administered vector. The volume
of each injection was 0.4 ml, and the administered vector doses are indicated in
the text. On days 1 and 7 postinjection, we obtained blood samples from the
retro-orbital plexus and assayed serum samples for the levels of glutamic oxala-
cetic transaminase (SGOT) and glutamic pyruvic transaminase (SGPT). At 3
weeks postinjection, we collected blood samples for measurement of antibody
production against viral p24 antigen and �-galactosidase. The mice were then
sacrificed and perfused with cold phosphate-buffered saline (PBS). Samples of
liver, spleen, kidney, lung, heart, and skeletal muscles (triceps) were harvested
for X-Gal staining, Galacto-Light �-galactosidase enzyme activity assay, and
immunohistochemistry as described below.

For vector delivery to the brain, 6- to 8-week-old adult male C57BL/6 mice
were used. Direct injections of vector were performed as previously described
(19). Mice were anesthetized with ketamine-xylazine (ketamine, 100 mg/kg;
xylazine, 10 mg/kg). A total of 5 �l of RRV-pseudotyped vector containing 5 �
105 TU was stereotactically injected into the striatum at coordinates �2 mm
lateral and 0.4 mm rostral to the bregma and 3 mm deep by using a 26-gauge
Hamilton syringe driven by a microinjector (Micro 1; World Precision Instru-
ments, Sarasota, Fla.) at 0.5 �l per min. At 3 weeks postinjection, mice were
sacrificed and perfused with 2% paraformaldehyde in PBS. The brains were
postfixed overnight at 4°C and cryoprotected in 30% sucrose–PBS for 48 h at 4°C.
The hemispheres were separated and blocked in O.C.T. (Sakura Finetek USA,
Torrance, Calif.) by freezing in a dry ice-ethanol bath. Parasagittal cryosections
(10 �m) were cut and placed on slides. Slides were stained histochemically for
�-galactosidase activity (i.e., X-Gal staining) and counterstained with neutral red
or were dually stained with antibodies for immunofluorescent confocal analysis.

For direct injections into the quadriceps skeletal muscle, mice were anesthe-
tized with ketamine-xylazine and the surgical area was shaved and prepped with
iodine. A small incision was made through the skin over the quadriceps, and 30
�l of RRV (9 � 105 TU)- or VSV-G (2.7 � 107 TU)-pseudotyped vector was
injected into the muscle, the needle was slowly withdrawn, and the incision was
sutured with 4-0 nylon. Mice received vector bilaterally, and at 3 weeks postin-
jection the quadriceps were dissected. The right quadriceps were frozen at
�80°C until use in the Galacto-Light assay. The left quadriceps were covered in
O.C.T. and frozen in liquid N2-cooled isopentane. Cross sections (10 �m) were
cut and placed on slides. Slides were brought to room temperature, fixed for 10
min in 0.5% glutaraldehyde–PBS, washed in PBS, stained histochemically for
�-galactosidase activity (X-Gal staining), and counterstained with neutral red.

For in vivo pulmonary gene delivery, mice received instillation of vector
preparations, as described previously (39). Briefly, mice were lightly anesthetized
by halothane inhalation. Fifty microliters (�2.5 � 107 TU) of viral vector was
instilled dropwise intranasally and allowed to be inhaled into the lungs of five
C57BL/6 mice. An additional 50 �l of vector was instilled into each mouse the
following day. At 2 weeks after vector instillation, mice were euthanized and
perfused through the right ventricle with 2% paraformaldehyde–PBS. The lungs
were then removed and assayed for �-galactosidase expression.

Measurement of SGOT and SGPT levels and p24 and �-galactosidase anti-
body production. SGOT and SGPT levels were measured by using a transami-
nase assay kit (505-0P; Sigma, St. Louis, Mo.) according to the manufacturer’s
instructions and with a minor modification. The volumes of serum, reagents, and
standard solution were scaled down by 40-fold. The normal ranges of SGOT and
SGPT in mice are 	28 U/ml (borderline range, 28 to 40 U/ml) and 	21 U/ml
(borderline range, 21 to 35 U/ml), respectively. We determined serum p24/ml-
specific or �-galactosidase-specific immunoglobulin G (IgG) and IgM responses
by ELISA. Briefly, the ELISA plates were coated with 5 �g of recombinant p24
(IDEXX Laboratories, Inc., Westbrook, Maine) or 10 �g of �-galactosidase
(Sigma)/ml. After incubation with mouse sera, the plates were probed with
alkaline phosphatase-conjugated goat anti-mouse IgG and IgM (Southern Bio-
technology Associates, Inc., Birmingham, Ala.) as secondary reagents. Antibody
titers were established by CA-Cricket Graph software as the serum dilution that
reached preinjection absorbance levels (A405 � 0.134), assuming linear extrap-
olation.

Determination of �-galactosidase expression. For X-Gal staining of liver after
intravenous vector injection, lobes were fixed in 2% paraformaldehyde–PBS
overnight and then stained with X-Gal overnight at 4°C. The overall expression
of �-galactosidase was first examined by stereo microscopy. The X-Gal-stained
tissue was then embedded in paraffin, and 5-�m sections were cut at 50-�m
intervals and counterstained with nuclear fast red or hematoxylin and eosin for
quantification and histological examination (51). For X-Gal staining of brain and
muscle sections, 10-�m sections on slides were incubated in X-Gal for 6 h at
37°C, washed in PBS, and counterstained with neutral red. For X-Gal staining of
lung, the lungs were removed, inflated with and submersed in 2% paraformal-
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dehyde–PBS, and allowed to fix for 4 h at 4°C. After fixation, the lungs were
washed with PBS and inflated with X-Gal solution. The lungs were submersed in
additional X-Gal and incubated overnight at 37°C. After X-Gal staining, the
lungs were washed with PBS and paraffin embedded by a standard protocol, and
10-�m sections were collected. Sections were counterstained with nuclear fast
red.

The Galacto-Light chemiluminescent reporter assay was used to quantify
�-galactosidase activity in tissues and in the vector preparations. Briefly, tissues
were homogenized, and endogenous tissue �-galactosidase was eliminated by
heat inactivation in conjunction with protease inhibitors according to the man-
ufacturer’s instructions. Tissue extracts were then assayed for �-galactosidase
activities as well as for total protein concentrations. For the measurement of
�-galactosidase activity in the vector preparations, 18 �l of lysis buffer (included
in the assay kit) was added to 2 �l of vector sample and the whole lysate was used
for the assay. �-Galactosidase concentrations were determined by interpolation
off a standard curve established from twofold serial dilutions of purified �-ga-
lactosidase (Sigma). The levels of �-galactosidase expression are represented as
nanograms of �-galactosidase per milligram of protein (after intravenous vector
injection) or as total picograms of �-galactosidase (after injection into the quad-
riceps).

Immunostaining. To assess the extent of Kupffer cell transduction in the liver
by RRV- or VSV-G-pseudotyped FIV vectors, colocalization of �-galactosidase
and Kupffer cell-specific marker (Ly-71) was performed on frozen mouse liver
sections, as described previously (57). Briefly, 5-�m sections were incubated with
biotin-conjugated rat monoclonal antibody to mouse F4/80 (1/100; macrophage
Ly-71; Caltag Laboratories, Burlingame, Calif.), followed by incubation with
Texas red-conjugated avidin (1/150; Caltag Laboratories). After three washes in
1.5% rabbit serum–PBS, the slides were stained with fluorescein isothiocyanate-
conjugated rabbit anti-�-galactosidase antibody (1/100) (Research Diagnostics,
Inc., Flanders, N.J.). Sections were then visualized by fluorescent microscopy
under Texas red- and fluorescein isothiocyanate-specific filters. Colocalization
was assessed as with brain, described below.

To determine the cell types transduced after intrastriatal injections of RRV
pseudotyped FIV, 10-�m brain sections were dually stained for �-galactosidase
and glial fibrillary acidic protein (GFAP, a type II astrocyte-specific intermediate
filament), for �-galactosidase and NeuN (a nuclear antigen common to most
neurons), or for �-galactosidase and 2�,3�-cyclic nucleotide 3�-phosphodiesterase
(CNPase; an oligodendrocyte-myelin specific marker) and analyzed by confocal
fluorescence microscopy. The antibodies used were polyclonal rabbit anti-�-
galactosidase (Biodesign International, Saco, Maine), Cy3-conjugated mouse
monoclonal anti-GFAP (Sigma), mouse monoclonal anti-NeuN (Chemicon In-
ternational, Temecula, Calif.), mouse monoclonal anti-CNPase (Sigma), Alexa
488-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, Oreg.), and
lissamine-rhodamine-conjugated goat anti-mouse IgG (Jackson ImmunoRe-
search, West Grove, Pa.). Sections (10 �m) were stained as previously described
(42). Briefly, sections were blocked with 10% normal goat serum and 0.1%
Triton X-100 in PBS for 1 h at room temperature and then incubated with
primary antibodies overnight at 4°C in PBS with 3% bovine serum albumin and
0.1% Triton X-100. The sections were then washed, incubated with secondary
antibodies for 2 h at room temperature, washed, and coverslipped with gel
mount. Using confocal microscopy, images from 0.3-�m-thick Z series were
collected. Red and green channel images were merged, and areas of colocaliza-
tion of �-galactosidase signal (green) and cell type-specific marker (red) appear
yellow.

RESULTS

RRV envelope glycoproteins incorporate efficiently into re-
combinant FIV virions, generating high titers of FIV viral
particles. To generate RRV glycoprotein-pseudotyped recom-
binant FIV, 293T cells were transiently transfected with
pCFIV�orf�vif packaging plasmid, pVETLCMV-�-Gal vector
plasmid, and pRRV-E2E1 envelope plasmid. Recombinant
FIV particles present in the supernatant medium of the trans-
fected cells were harvested at 12, 24, and 48 h posttransfection
and concentrated by centrifugation, and the titers were deter-
mined on HT1080 cells. Prior to concentration, supernatants
had titers of 5 � 104 to 5 � 105 TU/ml on HT1080 target cells.
We found that RRV/FIV was very stable, with almost no loss
in transduction units after concentration (vector recovery rang-

ing from 85 to 100%), indicating that the RRV envelope with-
stands centrifugation. With this centrifugation method, we pro-
duced concentrated preparations of RRV/FIV with titers
ranging from 2 � 107 to 1.5 � 108 TU/ml. The titer of con-
centrated RRV-pseudotyped FIV particles is comparable to
titers typically obtained by using the VSV-G Env (24, 43, 51).

Immunoblotting with antibodies against the RRV glycopro-
teins E2 and E1 confirmed the expression of both glycopro-
teins in the recombinant FIV particles (Fig. 1). Both proteins
showed mobility identical to the mature E2 and E1 glycopro-
teins found in the wild-type RRV viruses. These data demon-
strate that the RRV envelope glycoproteins are efficiently in-
corporated into FIV virions and generate titers sufficient for in
vivo gene transfer.

RRV-pseudotyped FIV vectors transduce hepatocytes more
efficiently than VSV-G pseudotype with reduced side effects.
To determine the in vivo gene transfer efficiency of RRV
glycoprotein-pseudotyped FIV vector, as well as its tissue tro-
pism, mice were intravenously injected with lactose buffer con-
trol or RRV/FIV. At 3 weeks postinfusion, the recipient mice
were sacrificed, and samples of liver, spleen, kidney, lung,
heart, and skeletal muscle were harvested and assayed for
�-galactosidase activity. As shown in Table 1, the predominant
tissue transduced after intravenous injection of RRV-
pseudotyped FIV vector was the liver. The �-galactosidase
levels, represented as nanograms of enzyme activity per milli-
gram of total protein, were more than 100 times higher in the
liver than in other tissues.

To address the possibility that �-galactosidase activity in the

FIG. 1. Immunoblot analysis of RRV E2E1-pseudotyped FIV. Pu-
rified wild-type RRV, RRV/FIV�-gal, and RRV/FIVeGFP were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and immunoblotted with polycolonal rabbit antibodies to RRV E2
(pAbE2) and RRV E1 (pAbE1). Immunoblotting was conducted as
described previously (41).
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liver could be due to pseudotransduction (protein transfer)
rather than transgene expression, we measured �-galactosidase
levels in the concentrated RRV/FIV vector preparations (2.12

 0.05 �g/ml) and quantified the total protein content in a
whole liver extracts (366.24 
 26.21 mg). We injected 0.4 ml of
RRV/FIV, which contained a total of �0.85 �g of �-galacto-
sidase activity. However, at 3 weeks postinjection the total
�-galactosidase activity in the liver was �4.8 �g. These data
suggest that if all of the �-galactosidase present in the vector
preparation reached the liver and remained stable for 3 weeks,
it could only account for 18% of the activity detected in the
liver. Thus, �80% of the �-galactosidase activity in the liver
results from transgene expression.

Similar to RRV/FIV, intravenous injection of VSV-G-
pseudotyped FIV predominantly transduces the liver (43; un-
published data). We therefore wished to examine and compare
the liver gene transfer efficiency after systemic administration
of RRV/FIV or VSV-G/FIV vectors. Mice were injected via
the tail vein with lactose buffer, RRV/FIV vector, or VSV-G/
FIV vector. Overall tissue expression of �-galactosidase in the
X-Gal-stained liver was first examined by stereo microscopy.
All mice receiving the RRV/FIV vector expressed significant
levels of �-galactosidase (12 mice in total). In contrast, 11 of 14
mice receiving VSV-G/FIV vector expressed �-galactosidase.
Moreover, as shown in Fig. 2A to C, the liver was transduced
to a much greater extent in the mice receiving the RRV/FIV
vector than in those receiving equivalent or higher titers of
VSV-G-pseudotyped vector. The �-galactosidase expression
was uniformly distributed throughout the liver in the mice
receiving the RRV/FIV vector.

We next quantified the number of �-galactosidase-positive
cells in the livers of mice receiving either RRV/FIV or VSV-
G/FIV vector. The X-Gal-stained liver tissues were embedded
in paraffin. Serial sections were cut every 50 �m, counter-
stained with nuclear fast red, and examined for �-galactosi-
dase-positive cells. At least 20 representative fields were ex-
amined (at a magnification of �20) per animal to determine
the total frequency of �-galactosidase-positive cells. The levels
of expression are represented as �-galactosidase-positive cells
per �20 field. Each �20 field has a total cell number of 429 

10 (mean 
 the standard error, n � 253 �20 fields). Our best

transduction level for RRV/FIV (dose of 1.0 � 108 TU) was 26
�-galactosidase-positive cells/20� field (6% of total liver cells),
whereas our best transduction level for VSV-G/FIV (dose of
6.8 � 108 TU) was 15 positive cells/20� field (3.5% of the total
liver cells).

Both the RRV- and VSV-G-pseudotyped vectors trans-
duced the liver in a dose-dependent manner. However, as
shown in Fig. 2D and E, RRV/FIV transduced the liver better
than VSV-G/FIV, with an approximately 20-fold-higher effi-
ciency. For example, the mice receiving 3 � 107 TU of RRV/
FIV vector had a mean �-galactosidase expression level of 8.4

 2.4 cells per �20 field. It required injection of at least 65 �
107 TU of VSV-G/FIV vector in order to achieve similar ex-
pression levels. Another way of analyzing the data is to con-
sider the amount of liver cell transduction in relation to the
multiplicity of infection (MOI). If we assume the majority of
the particles injected went to the liver and we estimate the
mouse liver to have 108 cells and then use an MOI of 0.3 (0.3
TU/cell), RRV/FIV transduced an average of 2% of the liver
cells. In contrast, at a much higher MOI (i.e., 3.5), VSV-G/FIV
transduced only 0.5% of the liver cells.

Of important note, intravenous injection of RRV/FIV vector
did not cause an elevation of SGOT and SGPT levels in the
recipient mice, in contrast to intravenous delivery of VSV-G/
FIV (Fig. 2F). These elevations of SGOT and SGPT are in-
dicative of tissue damage, as seen with myocardial infarction,
liver necrosis, or hepatitis. Since similar amounts of p24 were
injected (p24, 42.2 
 18 �g/ml for VSV-G/FIV; p24, 42.7 

13.9 �g/ml for RRV/FIV), the rise in SGOT and SGPT was
most likely an effect of the VSV-G rather than the particle
load. The results suggest that the RRV Env glycoproteins may
have a better safety profile than VSV-G when used intrave-
nously. However, because our preparations were cell culture
supernatant concentrates and not purified vector particles, ad-
ditional studies are required.

We also characterized the cell types expressing �-galactosi-
dase in the liver. Hepatocytes were the most abundant cell type
transduced. However, a significant proportion of the X-Gal-
positive cells in the livers from mice receiving either the
VSV-G- or RRV-pseudotyped vector morphologically resem-
bled Kupffer cells (Fig. 3A). These �-galactosidase-positive,
nonhepatocyte cells lined or were located in the liver sinusoi-
dal spaces and had sparse cytoplasm and a single nucleus,
characteristic of Kupffer cells. Transduced liver cells of other
types, such as endothelial cells, were not observed. Immuno-
staining was performed to assess colocalization of �-galactosi-
dase with a Kupffer cell-specific marker, Ly-71. As shown in
Fig. 3B, �-galactosidase and Ly-71 doubly positive cells were
readily apparent. The percentages of Kupffer cells among the
transduced cells were not significantly different between RRV
and VSV-G glycoproteins (Fig. 3C). Moreover, the frequency
of Kupffer cell transduction with the RRV- or VSV-G
pseudotyped vectors was dose independent (Fig. 3C).

We observed the production of antibody responses against
�-galactosidase in �50% of all of the recipient mice (Fig. 4A).
The levels of antibody production were comparable in the
groups of mice receiving either the RRV pseudotype or the
VSV-G pseudotype (Fig. 4B). The generation of anti-�-galac-
tosidase antibodies appeared unrelated to the number of in-
jections, since antibody production was observed in mice re-

TABLE 1. �-Galactosidase activities in tissue lysatesa

Tissue
�-Galactosidase level (ng/mg of protein)

Control RRV/FIV

Liver 0.05 
 0.02 13.1 
 5.52
Spleen NDb 0.10 
 0.05
Kidney 0.05 
 0.01 0.10 
 0.03
Lung ND 0.12 
 0.10
Heart ND 0.12 
 0.04
Muscle ND 0.11 
 0.08

a Systemic administration of RRV/FIV predominantly transduces the liver.
Mice were intravenously injected via tail vein with lactose buffer control (n � 5)
or 3 � 107 TU of RRV/FIV vector (n � 5). At 3 weeks postinjection, the mice
were sacrificed, and the liver, spleen, kidney, lung, heart, and muscle were
harvested and assayed for �-galactosidase activities using Galacto-Light. A
whole-liver extract has a total of 366.24 
 26.21 mg of protein, as measured by
Lowry assay. Each mouse received 0.4 ml of RRV/FIV vector preparation con-
taining �-galactosidase activity at 2.12 
 0.05 �g/ml.

b ND, not detected (below limits of sensitivity of assay).
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FIG. 2. RRV/FIV transduces the liver more efficiently than VSV-G/FIV with reduced cytotoxicity. Mice were intravenously injected via the tail
vein with a single bolus of control lactose buffer (A), 10 � 107 TU of RRV/FIV vector (B), or 35 � 107 TU of VSV-G/FIV vector (C). At 24 h
postinjection, the mice were bled, and the blood samples were collected and assayed for SGOT and SGPT (four mice per treatment group). At
3 weeks postinjection, the mice were sacrificed and the liver was stained with X-Gal and examined under stereo microscopy (A to C). (D) Summary
of �-galactosidase expression levels in mice receiving two different doses of RRV-pseudotyped FIV vector (3 � 107 TU/mouse, n � 5; 10 � 107

TU/mouse, n � 7). (E) Summary of �-galactosidase expression levels in mice receiving three different doses of VSV-G-pseudotyped FIV vector
(7.2 � 107 TU/mouse, n � 3; 35 � 107 TU/mouse, n � 8; 68 � 107 TU/mouse, n � 3). (F) SGOT (left) and SGPT (right) levels from recipient
mice on day 1 postinjection. The levels of SGOT and SGPT from the recipient mice of RRV/FIV vector were not different from those of buffer
control recipients and were within the normal range. In contrast, the mice receiving the VSV-G/FIV vector had significantly higher levels of SGOT
and SGPT than both control mice and RRV/FIV recipient mice on day 1 postinjection (❋ , P 	 0.05 [two-tailed Student t test]). On day 7, the levels
of SGOT and SGPT in these mice returned to normal range. The results of one of three representative experiments is shown, with a total of �12
mice per treatment group.
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ceiving either a single bolus of injection or two consecutive
injections. Furthermore, the relative extent of Kupffer cell
transduction did not appear to be related to the generation of
anti-�-galactosidase antibodies (Fig. 4A). The antibody pro-
duction against viral p24 protein was minimal in all animals in
both RRV and VSV-G groups (	1/800).

Pseudotyping FIV vector with the RRV envelope glycopro-
teins directs transgene expression in neuroglia. Due to the
brain-blood barrier, FIV vectors administered intravenously
rarely reach the central nervous system in sufficient quantity to
cause significant gene expression. Central nervous system tis-
sue consists of two cell types: neurons and neuroglia. Neuro-
glial cells include astrocytes, oligodendrocytes, and microglia.
Whereas neurons are involved in information transmisson,
neuroglia support and protect neurons and participate in neu-
ral activity, neural nutrition, and the defense processes of the
central nervous system.

Previously, by using direct injection into brain, we and others
demonstrated that lentiviral vectors pseudotyped with VSV-G
mainly transduced neurons (1, 2, 4, 6, 17, 26). Wild-type RRV,

although predominantly associated with arthritis, has been
shown to cause encephalitis (46), suggesting that the RRV
envelope glycoproteins may similarly direct neuronal tropism.
To examine this possibility, 12 adult C57BL/6 mice underwent
striatal injections of 5 � 105 TU of RRV/FIV. At 3 weeks
postinjection, X-Gal staining of parasagittal sections revealed
�-galactosidase-positive cells distributed in the striatum (Fig.
5A and B), in the corticospinal tract, beneath the corpus cal-
losum, and in the proximal rostral migratory stream (not
shown). We did not observe any inflammation at the injection
site. This is similar to reports of little inflammation after brain
injection with VSV-G-pseudotyped lentiviruses (1, 2, 4, 6, 17,
26, 31). To characterize the cell types transduced, dual immu-
nofluorescent staining was performed for �-galactosidase and
NeuN (neurons), �-galactosidase and GFAP (astrocytes), and
�-galactosidase and CNPase (oligodendrocytes). While trans-
gene-expressing cells of all three types were detected (Fig.
5C-E), only 7.0% 
 6.5% of �-galactosidase-positive cells were
neurons, whereas 56.5% 
 17.2% were astrocytes and 26.6%
were oligodendrocytes. This is in striking contrast to the neu-

FIG. 3. RRV/FIV vector transduces both hepatocytes and Kupffer cells. (A) The X-Gal-stained liver harvested 3 weeks after injection of 3 �
107 TU of RRV/FIV vector was sectioned and counterstained with nuclear fast red. Blue cells represent the �-galactosidase-expressing cells. The
arrow indicates cells morphologically resembling Kupffer cells. (B) Immunostaining was performed to colocalize �-galactosidase expression and
the Kupffer cell specific marker, Ly-71 (F4/80). Cells of colocalized �-galactosidase expression (green) and Kupffer cell-specific marker (red)
appear yellow in the third merged images. (C) Summary of the percentages of Kupffer cells among the transduced cells in mice receiving various
dosages of either RRV/FIV vector or VSV-G/FIV vector. The numbers in the x axis represent the vector doses injected per mouse (107 TU).
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ronal tropism observed with VSV-G-pseudotyped FIV or HIV
vectors (6, 4, 31) where, after striatum injection, the majority of
the transduced cells were neurons (89% NeuN positive). These
results indicate that pseudotyping with the RRV Env glycop-
roteins imparts glial cell tropism to FIV.

Pseudotyping FIV vector with the RRV envelope glycopro-
teins directs minimal transgene expression in skeletal muscle.
VSV-G/FIV effectively transduces hamster skeletal muscle af-
ter direct injection (24). However, we found that VSV-G/FIV
vector transduces murine muscle very poorly in comparison to
the hamster (C. S. Stein et al., unpublished results). Here we
tested whether the RRV glycoproteins might allow for en-
hanced transduction of murine skeletal muscle. Nine adult
mice received bilateral quadriceps injections with 9 � 105 TU
of RRV/FIV encoding �-galactosidase. A separate group of
four mice similarly received 2.7 � 107 TU of VSV-G-
pseudotyped vector. At 3 weeks postinjection, X-Gal staining

of cross sections of the left quadriceps indicated that five of
seven mice were positive for transgene-expressing myocytes
after RRV-pseudotyped vector injection. The total number of
transduced myocytes varied between animals and ranged from
1 to 15. This level of transduction was similar to that observed
after injection of VSV-G-pseudotyped vector, where four of
the four animals were positive, with from 1 to 12 transgene-
expressing myocytes detected. Representative images from
positive mice are shown in Fig. 6A (RRV) and B (VSV-G).
Quantification of enzyme activity in lysates of the right quad-
riceps (Fig. 6B) corresponded with the histochemical analysis.
Six of the nine mice that had received RRV/FIV vector exhib-
ited significant �-galactosidase activity (�2-fold greater than
the background level), ranging from 2.5- to 5.6-fold over back-
ground, whereas three of the four mice that had received
VSV-G/FIV vector exhibited significant �-galactosidase levels
(2.3-, 3.5-, and 6.4-fold greater than the background level).
Inasmuch as a 30-fold-lower TU of RRV/FIV was introduced
into the muscle, these results suggest that RRV-pseudotyped
FIV vector transduces murine skeletal muscle more efficiently
than VSV-G-pseudotyped FIV vector, albeit poorly relative to
other vector systems.

RRV-pseudotyped FIV vectors transduce airway epithelial
cells inefficiently. The potential of using FIV vector
pseudotyped with the RRV envelope glycoproteins for gene
transfer to the airways was examined with in vitro and in vivo
models. In vitro gene delivery of RRV-pseudotyped FIV vec-
tor was tested on the following airway epithelial cell lines: IB3
(56), HBE (11), H441 (ATCC HTB-174), A549 (ATCC CCL-
185), and primary cultures of well-differentiated human airway
epithelia (51, 55). A549 and H441 cell lines are derived from
human lung carcinomas, and IB3 and HBE cell lines are trans-
formed human airway cells. Gene transfer efficiency was as-
sessed by applying the viral vector to the cells at limiting dilu-
tions, followed by X-Gal staining after 4 days, as previously
described (51). As shown in Table 2, the RRV-pseudotyped
vector efficiently transduced the fibroblast-derived HT1080
cells; however, when applied to the airway cell lines, only
low-level transduction was detected. In addition, when RRV/
FIV was applied to either the apical or the basolateral surface
of primary cultures of well-differentiated human airway epi-
thelia, little transduction was observed (data not shown).

To test the hypothesis that RRV/FIV may transduce the
airways via cell types not represented by the in vitro models
selected, we delivered the vector to murine respiratory cells in
vivo. Five mouse lungs were examined 2 weeks after the instil-
lation of �5 � 107 TU of RRV/FIV (delivered over two con-
secutive days). Microscopic analysis of sectioned lung tissue
revealed occasional �-galactosidase-positive cells along the
conducting airways (Fig. 7A), as well as alveolar epithelial cells
(Fig. 7B); however, the overall gene transfer efficiency was low.
As a positive control, we intranasally instilled �-galactosidase-
expressing recombinant adenovirus (serotype 5) formulated
with 6 mM EDTA. The use of EDTA is necessary to achieve
transduction with recombinant adenovirus applied to the api-
cal surface of airway epithelia (51, 52, 55). EDTA serves to
disrupt epithelia tight junctions, allowing the adenovirus access
to the basolaterally localized CAR receptors (51, 52, 55). This
resulted in abundant �-galactosidase expression (data not
shown), thus verifying the efficacy of the intranasal delivery

FIG. 4. Antibody immune responses against �-galactosidase and
the viral protein (p24) were comparable in mice receiving RRV/FIV
vector or VSV-G/FIV vector and unrelated to the extent of Kupffer
cell transduction. (A) Summary of the relationship between the per-
centages of transduced Kupffer cells and the production of antibody
immune responses against �-galactosidase. The y axis represents the
percentages of transduced Kupffer cells. The left-hand x axis repre-
sents mice that did not have antibody immune responses against �-ga-
lactosidase. The right-hand x axis indicates mice that developed anti-
body immune responses against �-galactosidase. Each symbol
represents an individual animal. (B) Mice were intravenously injected
via the tail vein with a single bolus of control buffer, 10 � 107 TU of
RRV/FIV vector, or 35 � 107 TU of VSV-G/FIV vector. Serum sam-
ples were collected 3 weeks postinjection. �-Galactosidase-specific
(left panel) and p24-specific (right panel) IgG and IgM antibody pro-
duction were measured as described in Materials and Methods. Note
that the scale of serum dilutions for �-galactosidase-specific antibodies
is 2 logs higher than that for p24 specific antibodies.
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protocol. These data suggest that the RRV/FIV is unable to
efficiently transduce airway epithelial cells from the apical side.

DISCUSSION

Important requirements for successful gene therapy include
efficient and specific delivery of the transgene into target cells,
stable expression of the transgene, and minimal side effects for
the recipients. In the present study, we examined in vivo trans-
gene expression after gene transfer with a nonprimate FIV
lentiviral vector pseudotyped with an alphavirus, RRV, enve-
lope glycoproteins. Our data indicate that the RRV glycopro-
teins can be used to pseudotype FIV lentiviral vector. More-
over, FIV vectors pseudotyped with the RRV glycoproteins
have an improved hepatocyte transduction efficiency and lower
cytotoxicity than those pseudotyped with VSV-G, one of the
most commonly used viral glycoproteins. Furthermore, after
injection into the brain, RRV-pseudotyped FIV vectors di-
rected transgene expression predominantly in glial cells, exhib-
iting a cellular tropism in the central nervous system that is
distinct from the VSV-G pseudotype.

The cellular receptors responsible for the binding of the

RRV envelope glycoproteins are currently unknown. RRV, as
well as its alphavirus relatives Semliki Forest and Sindbis vi-
ruses, have extremely broad host ranges. They infect both
invertebrate and vertebrate animals and a wide variety of cell
types (41, 46). This feature suggests that alphaviruses might
utilize multiple receptors to gain access to the cells or tissues
or, alternatively, that these viruses use ubiquitous proteins as
cellular receptors that are well conserved among diverse spe-
cies (22, 45). Moreover, even though RRV, Semliki Forest
virus, and Sindbis virus all belong to the alphavirus family, they
appear to utilize different cellular molecules as receptors for
cell binding and/or entry. For example, the glycosaminoglycan
heparan sulfate is shown to participate in the binding of Sind-
bis virus to cells (8). Enzymatic removal of heparan sulfate or
the use of heparan sulfate-deficient cells leads to a large re-
duction in Sindbis virus binding. However, these treatments
have no effects on RRV binding, suggesting that, unlike Sind-
bis virus, RRV virus does not utilize heparan sulfate as a
cellular receptor (8). This difference in the use of cellular
receptors may explain in part the discrepancy in the cellular
tropism in the central nervous system between RRV-
pseudotyped FIV vector and Sindbis virus/Semliki Forest vi-

FIG. 5. RRV-pseudotyped FIV vector directs transgene expression predominantly in neuroglia. (A) At 3 weeks postinjection of 5 � 105 TU
of RRV/FIV vector into the striatum of adult mice, X-Gal staining of 10-�m parasagittal brain sections shows the presence of �-galactosidase-
expressing cells (ANT, anterior; SUP, superior; LAT VENT, lateral ventricle; HC, hippocampus). (B) Enlargement of the transduced area
indicated in panel A. (C to E) Confocal analysis of brain sections after dual immunofluorecent staining for �-galactosidase (green) and cell-specific
markers (red) indicates that astrocytes (C), neurons (D), and oligodendrocytes (E) were transduced. Merged red and green images are shown, and
colocalized areas appear yellow.

VOL. 76, 2002 IN VIVO GENE TRANSFER WITH RRV-PSEUDOTYPED FIV VECTOR 9385



rus-derived recombinant vectors (12, 16, 21, 49). Gwag et al.
demonstrated that recombinant replication-defective Sindbis
virus selectively infected neurons with little transduction of
glial cells (21). In contrast, our results suggest that the FIV
pseudotyped with RRV envelope glycoproteins preferentially
transduces neuroglia.

Compared to the VSV-G protein, the RRV glycoproteins
may offer several advantages for pseudotyping FIV-based len-
tiviral vectors. RRV/FIV transduces hepatocytes more effi-
ciently than VSV-G. Importantly, there was no increase in liver
enzymes suggestive of hepatotoxicity at 24 h after systemic
administration of RRV/FIV. This is in contrast to results ob-
tained by Park et al. showing elevated SGOT and SGPT levels
after administration of a VSV-G-pseudotyped HIV lentiviral
vector (34, 35). Additionally, Sharkey et al. previously reported
the generation of a stable packaging cell line for the produc-

tion of RRV-pseudotyped retroviruses (41). No toxic effects
were observed in packaging cells stably expressing the RRV
glycoproteins (41). The ability to generate stable packaging cell
lines is important since this would allow for large-scale pro-
duction of vectors for potential clinical applications.

RRV viruses are arthropod-borne (transmitted by bites) and
therefore must be stable in the bloodstream (46). The RRV
viral glycoproteins consist of two transmembrane proteins, E1
and E2, which associate to form a trimeric spike. These spikes
produce a well-defined icosahedral structure with T�4 sym-
metry (54). This icosahedral structure is very different from
retroviruses and may be responsible for the stability of RRV-
pseudotyped vectors during the centrifugation and storage.
Importantly, E2 and E1 are involved in separate processes of
virus binding and fusion, respectively. Thus, modification of
the E2 subunit may not interfere with the virus fusion process.
Indeed, modification of the Sindbis virus E2 subunit glycopro-
tein by insertion of the staphylococcal protein A sequence has

FIG. 6. Transduction of skeletal muscle. RRV or VSV-G/FIV vec-
tors (30-�l portions) were bilaterally injected into the quadriceps of
adult mice. Few �-galactosidase-expressing myocytes were detected in
X-Gal-stained cross sections of the left quadriceps, 3 weeks after
injection with either RRV (A)- or VSV-G (B)-pseudotyped FIV.
(C) Quantification of �-galactosidase activity in the right quadriceps
indicated that six of nine mice in the RRV group and three of four
mice in the VSV-G group had �-galactosidase levels of �2-fold back-
ground (each bar represents an individual animal).

FIG. 7. RRV glycoprotein-pseudotyped FIV vector transduces air-
way cells inefficiently following pulmonary delivery. Five mice were
examined 2 weeks after nasal instillation of RRV/FIV vector. As in-
dicated by red arrows, occasional cells along the conducting airways
(A) and alveolar epithelium (B) were found to be �-Gal positive.
Tissue sections were counterstained with nuclear fast red.

TABLE 2. RRV/FIV transduction of airway epithelial cell linesa

Cell line Maximum titer n

HT1080 3.6 � 108 �6
A549 2 � 103 2
HBE 1 � 102 2
H441 3.2 � 103 2
IB3 	102 2

a Limiting dilutions of RRV/FIV were applied to HT1080 cells and airway
epithelial cell lines, and cells were X-Gal stained 4 days later.
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been reported and shows promise in targeting antibody-coated
virus to specific cell surface receptors (30, 32).

Our data demonstrate that up to 6% of liver cells were
transduced after a single intravenous administration of con-
ventionally prepared RRV/FIV. Although this may be subop-
timal for some uses, it should be noted that the recipients
receive no pretreatments such as growth factors, toxic injury,
or hepatectomy to induce cell proliferation. It is possible that
cell proliferation induced by growth factors or surgical proce-
dures can further increase the transduction efficiency with len-
tiviral vectors (5, 34). It is also very likely that the transduction
efficiency can be further enhanced by other delivery methods
designed to increase vector MOI for hepatocytes, including
catheter directed delivery to the hepatic artery or vein or direct
portal vein injection of the vector solution. The enhanced
hepatocyte transduction efficiency with the RRV pseudotype
likely reflects a greater abundance or accessibility of cellular
receptors for RRV. It remains possible, however, that the
HT1080 titering cells may have less cellular receptors for RRV
glycoproteins than do hepatocytes. Thus, we may underesti-
mate the titers of RRV pseudotyped vector preparations.
While the p24 levels have been used to estimate the delivered
dose of lentiviral vector preparations, this assay fails to distin-
guish infectious virions from noninfectious, dead particles. So
far there is no single assay that accurately reflects true viral
vector titers. Nevertheless, RRV/FIV undeniably transduces a
significant proportion of hepatocytes. This finding is very en-
couraging and indicates its potential as a gene transfer vector.

Antibody-mediated immune responses against the transgene
product were observed in approximately half of the mice re-
ceiving either the RRV- or VSV-G-pseudotyped FIV vector.
The underlying mechanisms for the production of immune
responses in some of the recipient mice but not in others are
not known. The generation of antibodies against the transgene
product was unrelated to the viral glycoproteins used, the num-
ber of injections, or the frequency of Kupffer cell transduction.
With vectors such as the first generation adenoviral vectors
that cause a large inflammatory response in the liver, Kupffer
cells may have antigen-presenting functions. Hence, these tis-
sue macrophages present an obstacle for adenovirus vector-
mediated gene transfer to internal organs (53). As reported by
Wolff et al., depletion of Kupffer cells resulted in an absolute
increase in transgene expression, and a delayed clearance of
adenovirus vector DNA and transgene expression (53). How-
ever, unlike adenoviral vectors, lentiviral vectors cause little
inflammation (25, 31). Under noninflammatory conditions,
Kupffer cells express little major histocompatibility complex
class II and are not thought to be normally involved in the
production of immune responses (23). The generation of im-
mune responses in the mice in our study may relate to the
extent of transduction of antigen-presenting cells present in
other tissues such as the spleen, which was not examined.

We also evaluated the in vivo gene transfer efficiency of the
RRV-pseudotyped FIV vector in skeletal muscle and airway
epithelial cells. Although some gene transfer was observed in
both tissues, the levels of expression were low. These results
suggest that the receptor abundance for the RRV glycoprotein
is low in these tissues. Alternatively, the receptors may be
poorly accessible or there may be inhibition of transduction at
steps postbinding (15, 20). Several other envelopes from vi-

ruses that have specific tropism for the respiratory tract, in-
cluding jaagsiekte sheep retrovirus (38) and filoviruses (9), are
currently being tested for efficacy in airway epithelial cells.

The present study demonstrates that FIV particles incorpo-
rating the RRV envelope glycoproteins can be successfully
produced at high titers sufficient for in vivo gene transfer. The
RRV-pseudotyped FIV vector shows enhanced hepatocyte
gene transfer, improved safety profile, and distinct cellular
tropism in the central nervous system. These results suggest
potential applications for using the RRV-pseudotyped FIV
vector for the correction of hepatocyte-related or neurodegen-
erative diseases.
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