
JOURNAL OF VIROLOGY, Feb. 2003, p. 2607–2614 Vol. 77, No. 4
0022-538X/03/$08.00�0 DOI: 10.1128/JVI.77.4.2607–2614.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Pseudotyped Lentivirus Vectors Derived from Simian
Immunodeficiency Virus SIVagm with Envelope

Glycoproteins from Paramyxovirus
Masanori Kobayashi, Akihiro Iida,* Yasuji Ueda, and Mamoru Hasegawa

DNAVEC Research Inc., Tsukuba, Ibaraki 305-0856, Japan

Received 26 July 2002/Accepted 14 November 2002

We describe the development of novel lentivirus vectors based on simian immunodeficiency virus from
African green monkey (SIVagm) pseudotyped with Sendai virus (SeV) envelope glycoproteins. SeV fusion (F)
and hemagglutinin-neuraminidase (HN) proteins were successfully incorporated into the SIVagm-based vector
by truncation of the cytoplasmic tail of the F protein and by addition of the cytoplasmic tail of SIVagm
transmembrane envelope protein to the N terminus of the HN protein. As with the vesicular stomatitis virus
G glycoprotein-pseudotyped vector, the mutant SeV F- and HN-pseudotyped SIVagm vector was able to
transduce various types of animal and human cell lines. Furthermore, the vector was able to transduce an
enhanced green fluorescent protein reporter gene into polarized epithelial cells of rat trachea from the apical
and basolateral sides. Therefore, SeV F- and HN-pseudotyped SIVagm vectors have considerable potential for
effective use in gene therapy for various therapies, including respiratory diseases.

Replication-defective lentivirus vectors are useful tools in
the field of gene therapy due to their ability to transduce a
foreign gene in a cell cycle-independent manner, as most of the
cells in normal tissues in humans are differentiated and ar-
rested. In this feature, matrix (MA) protein, Vpr, and integrase
have been shown to play important roles (2, 10, 23, 24). The
efficiency of transduction of lentivirus vectors is highly depen-
dent on the initial interaction between the envelope and the
receptors on the cell surface. Therefore, pseudotyping lentivi-
rus vectors is a highly effective system for changing their cell
tropism and expanding their use in gene therapy.

Currently, vesicular stomatitis virus G glycoprotein (VSV-
G) is widely used as an envelope glycoprotein for pseudotyped
lentivirus vectors because the vectors are easily concentrated
by centrifugation and transduce a wide range of cell types in
animals. However, VSV-G-pseudotyped lentivirus vectors are
unable to transduce airway epithelium without causing injury
(11), and VSV-G is known to be cytotoxic to some cell types
(12, 27). Sendai virus (SeV) is enveloped with fusion (F) and
hemagglutinin-neuraminidase (HN) proteins, and recombi-
nant SeV vectors have been shown to transfer a foreign gene to
a wide spectrum of cells and tissues, including airway epithelia,
where it is then expressed (14, 28). Therefore, SeV glycopro-
tein-pseudotyped vectors are expected to show expanded cell
tropism, making them ideal tools for gene therapy, including
therapy for respiratory diseases.

Incorporation of heterologous envelope proteins into the
virus particles is an important factor for production of func-
tional pseudotyped lentivirus vectors. The key role of the cy-
toplasmic tail of the transmembrane protein (TMP) in the
process of envelope incorporation into the virions has been
shown in a number of studies with homologous TMP, but these

results are conflicting. TMPs with truncated cytoplasmic tails
have been reported to be efficiently incorporated into virus
particles (9, 25, 26, 31). In contrast, the cytoplasmic tail of
TMP interacts with the Gag protein, making it essential for
efficient envelope incorporation into virions (3, 5, 6, 18, 22). It
is not clear what modifications in the cytoplasmic tail of the
TMP are preferable for the generation of infectious pseudo-
typed vectors.

In this report, we investigated the incorporation of SeV F
and HN glycoproteins with various modifications and showed
successful generation of novel lentivirus vectors pseudotyped
with the SeV F and HN proteins. Analysis of functional vector
titer and incorporation of these proteins into the virions indi-
cates that F protein with a truncated cytoplasmic tail was more
efficiently incorporated. In contrast, HN protein was incorpo-
rated only after the addition of the cytoplasmic tail of simian
immunodeficiency virus of African green monkey (SIVagm)
TMP to its N terminus. One of the SeV mutant F- and HN-
pseudotyped SIVagm vectors showed tropism for a wide range
of cells, similar to the VSV-G-pseudotyped vector. In addition,
the vector efficiently transduced polarized epithelial cells of rat
trachea. SeV F- and HN-pseudotyped SIVagm vectors will be
useful for various therapies, including respiratory diseases.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney 293T, African green monkey fibroblast
COS-7, and human rhabdomyosarcoma TE671 cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). BEAS-2B cells, a normal human bronchial epithelial cell line, were
maintained in DMEM mixed with RPMI 1640 medium in a 1:1 ratio, supple-
mented with 10% FBS, 100 U of penicillin G/ml, and 100 �g of streptomycin
sulfate/ml (Gibco-BRL). Human cervical carcinoma HeLa cells and rhesus mon-
key kidney LLC-MK2 cells were maintained in minimal essential medium
(MEM) supplemented with 10% FBS. Human hepatocellular carcinoma HepG2
cells were maintained in MEM supplemented with nonessential amino acids,
sodium pyruvate, and 10% FBS.

Isolation and culture of RTE cells. Rat tracheal epithelial (RTE) cells were
isolated and cultured based on the methods of Matsui et al. (16). Male Fisher
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344/N Slc rats (Japan SLC, Inc.) were euthanized by ethylether inhalation. The
tracheas were cannulated, filled with a 1% solution of protease type 14 (Sigma)
in Ham’s F12 medium (Gibco-BRL), excised, and incubated for 24 h at 4°C.
Epithelial cells were removed from the trachea by flushing with medium,
counted, and plated onto the apical surface of Transwell-Col tissue culture
inserts (Corning). The RTE cells were maintained in DMEM/Ham’s F12 me-
dium mixture in a 1:1 ratio, supplemented with insulin (10 �g/ml), hydrocorti-
sone (0.1 �g/ml), transferrin (5 �g/ml), epidermal growth factor (25 ng/ml),
bovine pituitary extract (1%), retinoic acid (5 � 10�8 M), gentamicin (50 �g/ml),
and bovine serum albumin (3 mg/ml). All the animal studies were performed in
accordance with recommendations for the proper care and use of laboratory
animals.

Plasmid constructs. (i) Chimeric HN expression plasmids. Plasmid SIVct/HN
contains the gene encoding the cytoplasmic tail of SIVagm TMP fused to the
ectodomain and transmembrane regions of SeV HN protein. Three oligonucle-
otide pairs were synthesized: pair 1, 5�-TCGAGATGTGGTCTGAGTTAAAA
ATCAGGAGCAACGACGGAGGTGAAGGACCAGACGCCAACGACC
C-3� and 5�-CCGGGGGTCGTTGGCGTCTGGTCCTTCACCTCCGTCGTTG
CTCCTGATTTTTAACTCAGACCACATC-3�; pair 2, 5�-CCGGGGAAAGG
GGGTGCAACACATCCATATCCAGCCATCTCTACCTGTTTATGGACA
GA-3� and 5�-ACCCTCTGTCCATAAACAGGTAGAGATGGCTGGATATG
GATGTGTTGCACCCCTTTCC-3�; and pair 3, 5�-GGGTTAGGTGGTTGCT
GATTCTCTCATTCACCCAGTGGG-3� and 5�-GATCCCCACTGGGTGA
ATGAGAGAATCAGCAACCACCTA-3�. These oligonucleotide pairs were
annealed and cloned into the XhoI and BamHI sites of pBluescript KS� (Strat-
agene) to yield pKS�SIVct. pCAGGS-SIVct/HN was constructed by cloning the
160-bp XhoI-DraIII fragment from pKS�SIVct and a 1.5-kbp DraIII-Bsu36I
fragment from pCAGGS-HN, which carries the wild-type HN gene (HNwt), in
the XhoI site of pCAGGS (20) vector, into the XhoI and Bsu36I sites of
pCAGGS. This plasmid was constructed so that the cytoplasmic tail of the HN
protein was replaced with the cytoplasmic tail of SIVagm TMP (Fig. 1A).

For construction of pCAGGS-SIVct�HN, the genes encoding the cytoplasmic
tail of SIVagm TMP and the N terminus of HN protein were first amplified by
PCR from pCAGGS-SIVct/HN with the primer pair 5�-GAGACTCGAGATG
TGGTCTGAGTTAAAAATCAGG-3� and 5�-AGAGGTAGACCAGTACGA
GTCACGTTTGCCCCTATCACCATCCCTAACCCTCTGTCATAAAC-3�.
The resulting PCR fragment was cloned into the XhoI and AccI sites of pKS�
SIVct to generate pKS�SIVct-H. Then a XhoI-DraIII fragment from pKS�
SIVct-H and a DraIII-Bsu36I fragment from pCAGGS-HN were cloned into the
XhoI and Bsu36I sites of pCAGGS to yield pCAGGS-SIVct�HN (Fig. 1A).

(ii) Truncated F expression plasmids. Three cytoplasmic tail truncation mu-
tants of the SeV F protein were generated by PCR by introducing a stop TGA
codon into the cytoplasmic tail gene. F mutants truncated to 27, 14, and 4 amino
acids of the cytoplasmic tail were amplified by PCR with the primer pairs
5�-CCGCTCGAGCATGACAGCATA TATCCAGAGA and 5�-ATAGTTTAG
CGGCCGCTCATCTGATCTTCGGCTCTAATGT-3� (Fct27) or 5�-ATAGTT
TAGCGGCCGCTCAACGGTCATCTGGATTACCCAT-3� (Fct14) or 5�-ATA
GTTTAGCGGCCGCTCACCTTCTGAGTCTATAAAGCAC-3� (Fct4). The
resulting PCR fragments were cloned into the XhoI and NotI sites of pCAGGS
to yield pCAGGS-Fct27, pCAGGS-Fct14, and pCAGGS-Fct4, respectively (Fig.
1B).

Protein expression. (i) Immunofluorescence analysis. Various truncated F and
chimeric HN expression plasmids were transfected into 293T cells with Lipo-
fectamine Plus reagent (Gibco-BRL). For detection of the SeV glycoproteins on
the cell surface, transfected 293T cells were collected and incubated with mono-
clonal anti-F (�-236) (21) or anti-HN (HN-2) (17) antibody. After washing and
incubation with fluorescein-labeled anti-mouse immunoglobulin G (Alexa 488;
Nakarai Tesque), the labeled cells were suspended in phosphate-buffered saline
(PBS)-2% FBS for flow cytometric analysis with an Epics Elite EPS (Coulter).

(ii) Erythrocyte binding assay. To investigate the functional expression of
chimeric HN genes, we performed the erythrocyte binding assay by the following
method. A 1% mixture of chicken erythrocyte in PBS was added to 293T cells
transfected with various HN expression plasmids. The plates were incubated at
4°C for 45 min and then washed five times with PBS.

(iii) Cell fusion assay. LLC-MK2 cells were cotransfected with a series of F
and HN expression plasmids. After incubation at 37°C for 24 h, 7.5 �g of trypsin
per ml was added to the medium. Cell fusion was examined 48 h after transfec-
tion.

Preparation of pseudotyped lentivirus vectors. For vector preparation, the
four-plasmid system was used. 293T cells were grown on six-well tissue culture
plates. The medium was replaced with 0.8 ml of DMEM supplemented with 1%
bovine serum albumin (BSA), and cells were cotransfected with 1.2 �g of
pGL3C/CMVL.U3G2/RREc/s/CMVF EGFP/3LTR�U3, which is a self-inacti-

vating gene transfer vector containing the enhanced green fluorescent protein
(EGFP) gene under the control of a cytomegalovirus early promoter (19), 0.36
�g of packaging vector pCAGGS/SIVagm Gag-Tat/Rev with a deletion in the
long terminal repeat, the nef gene, and a packaging signal (19), and 0.24 �g each
of SeV HN and F expression plasmids with Lipofectamine Plus reagent (Gibco-
BRL).

Production of the Moloney murine leukemia virus-based vector was done with
pMSCV-GFP, in which the EGFP gene was cloned into the pMSCVneo vector
(Clontech) as a gene transfer vector. 293T cells were transfected with 1 �g of
gene transfer vector, 0.3 �g of packaging vector (pVPack-GP [Stratagene]), and
0.2 �g each of SeV HN and F expression plasmids. After transfection, 1 ml of
DMEM containing 1% BSA and 15 �g of trypsin per ml was added, and the cells
were incubated. Sixteen hours after transfection, the medium was replaced with
2 ml of DMEM supplemented with 1% BSA and 7.5 �g of trypsin per ml, and the
cells were further incubated. Twenty-four hours after replacing the medium, the
vector-containing medium was collected after filtration through 0.45-�m filter.

HAU and vector titer. The hemagglutination assay was performed as described
by Condit (4). Briefly, after serial twofold dilutions of 50 �l of the culture
supernatants with PBS in 96-well plates, 50 �l of a 0.5% suspension of chicken
erythrocytes in PBS was added to the diluted samples. The plate was incubated
for 1 h at 4°C, and hemagglutination units (HAU) were determined by observing
the highest dilution at which agglutination occurred. The vector titer was deter-
mined on 293T cells by the following method. Vector-containing medium was
used to infect 293T cells in six-well plates. After 3 h of infection, 1 ml of DMEM

FIG. 1. Organization of SeV wild-type (wt) and mutant F and HN
proteins. (A) HN expression vectors. Schematic representation of HN
protein and the amino acid sequence of the cytoplasmic tail (CT) of
SIVagm TMP are shown. The numbers represent amino acids derived
from SIVagm TMP. term, terminus. (B) F expression vectors. The
amino acid sequences of part of the transmembrane domain and the
cytoplasmic tail are shown. The plasmid names (Fct4, Fct14, and
Fct27) indicate the number of residues in the cytoplasmic tail of the F
protein.
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supplemented with 20% FBS was added, and the cells were incubated for 3 days
at 37°C. Vector titer was determined by counting the number of EGFP-express-
ing cells by fluorescence microscopy and calculation of EGFP transduction units
(T.U.).

Western blot analysis of viral pellets. The supernatants of transfected pro-
ducer cells were centrifuged at 16,000 � g for 1 h to pellet the viruses. The pellets
were suspended in sample buffer (0.25 M Tris-HCl [pH 6.8], 1% sodium dodecyl
sulfate, 5% �-mercaptoethanol, 15% glycerol, 0.005% bromophenol blue) and
boiled for 10 min. The protein samples were subjected to 10% to 20% gradient
SDS-polyacrylamide gel electrophoresis. The separated virus proteins were
transferred to a polyvinylidene difluoride membrane (Amersham-Pharmacia)
with a semidry blotter. Monoclonal anti-HN (HN-2) or monospecific anti-F1
antibody was used for specific binding. The protein bands were detected with
either anti-mouse IgG (Cappel) or anti-rabbit IgG (ICN) antibody labeled with
horseradish peroxidase with the ECL Plus Western blotting detection system
(Amersham-Pharmacia).

RESULTS

Expression of chimeric SeV HN and F proteins with trun-
cated cytoplasmic tails. We constructed chimeric SeV HN
proteins and F proteins with cytoplasmic tail truncations to
incorporate into the vector particles. To investigate the expres-
sion of these envelope glycoproteins, 293T cells transfected
with expression plasmids were stained with a monoclonal an-
tibody specific for the F or HN protein, followed by flow
cytometric analysis. As shown in Fig. 2, chimeric HN protein
and F mutant protein with truncated cytoplasmic tails were
expressed at the cell surface, and the amounts of these proteins
were equivalent to those of the wild-type HN and F proteins.

To determine whether the mutant proteins retained biolog-
ical activity, an erythrocyte binding assay and cell fusion assay
were performed after cotransfection of 293T or LLC-MK2 cells
with the F and HN expression plasmids. Erythrocytes were
tightly bound to the transfected 293T cells (data not shown),
and cell fusion was observed in LLC-MK2 cells (Table 1). In
cells transfected with either the F or HN expression plasmid
alone, no cell fusion was observed. These results demonstrated
that chimeric HN and truncated F proteins not only were

efficiently expressed on the cell surface but also retained their
biological activities.

Preparation of SeV F- and HN-pseudotyped SIVagm vector.
The four-plasmid system was employed for preparation of SeV
F- and HN-pseudotyped SIVagm vectors. To generate vector
particles, envelope plasmids encoding chimeric HN protein
and the truncated F mutant were transfected into 293T cells
with a gene transfer vector carrying the EGFP reporter gene
and a packaging vector containing viral components. Transfec-
tion of F and HN expression plasmids did not induce visible
syncytia, as it did in LLC-MK2 cells.

Forty-eight hours after the transfection, the culture medium
was harvested and assayed to measure the degree of incorpo-
ration of HN protein into the vector particles. The HAU of
culture supernatants transfected with SIVct�HN, which car-
ries the cytoplasmic tail of SIVagm TMP in the N terminus of
wild-type HN, in combination with any wild-type F or mutant
F protein showed the highest levels, and the lowest were ob-
tained in the case of wild-type HN (Table 2). These results
suggested that mutant HN proteins including the cytoplasmic
tail of SIVagm TMP (SIVct/HN and SIVct�HN) were incor-

FIG. 2. Flow cytometric analysis of cell surface expression of SeV wild-type (wt) and mutant F or HN protein. 293T cells were transfected as
described in Materials and Methods. At 24 h after transfection, cells were immunostained with a specific monoclonal antibody against F or HN
protein and reacted with fluorescein-labeled anti-mouse immunoglobulin G. The solid area of each histogram indicates positive cells.

TABLE 1. Cell fusion activity of LLC-MK2 cells with
SeV wild-type and mutant F and HN proteinsa

Protein
Cell fusionb

No transfection Wild-type HN SIVct/HN SIVct�HN

None ND ND ND ND
F (wild type) ND � 2� 3�
Fct4 ND 3� � 4�
Fct14 ND 5� 7� 5�
Fct27 ND � � 3�

a LLC-MK2 cells were cotransfected with wild-type and mutant F and HN
expression plasmids. At 24 h after transfection, trypsin (7.5 �g/ml) was added to
the medium. Cell fusion activity was examined at 48 h.

b Each plus sign represents 10 syncytia/field. ND, not detected.
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porated into the vector particles more efficiently than wild-type
HN, and incorporation was independent of F proteins.

To investigate the generation of functional vectors, culture
supernatants containing vector particles were used to trans-
duce 293T cells, and the titer was measured by counting
EGFP-expressing cells. As shown in Table 2, virus titers from
SIVct�HN in combination with wild-type F, Fct4, and Fct14
proteins were higher than that from SIV/HN or wild-type HN,
a tendency similar to the result for HAU. This suggests that the
efficiency of incorporation of HN protein is what determines
the functional titer. However, even the best combination,
SIVct�HN and Fct4, the titer of the vector in 293T cells was
20- to 40-fold less than that of the VSV-G-pseudotyped vector.

Incorporation of chimeric HN and F proteins with truncated
cytoplasmic tails into SIVagm vectors. Generation of pseudo-
typed SIVagm vectors with different chimeric HN proteins and
truncated F mutants from 293T cells showed different degrees
of efficiency. To determine whether these proteins were indeed
incorporated into SIVagm vectors, supernatants from 293T
cells transiently transfected with a gene transfer vector, a pack-
aging vector, and wild-type or mutant F and HN protein ex-
pression vectors were pelleted by ultracentrifugation. The pel-
lets were then lysed and analyzed by Western blotting. As
shown in Fig. 3, SIVct�HN protein was detected in all com-
binations by a panel of F proteins, and SIVct/HN protein was
detected in small amounts in the presence of wild-type F pro-
tein or Fct4 protein. In contrast, wild-type HN protein was not
found in the presence of wild-type F protein or any truncated
F mutant proteins. In F proteins, wild-type F, Fct4 and Fct14
were detected in combination with any wild-type HN or mutant
HN proteins. Fct27 was not detected in the pseudotyped viri-
ons. These results demonstrated that the incorporation of chi-
meric HN proteins and truncated F mutant proteins was not
due to the level of expression of these proteins on the surface
of the producer cells.

We next investigated whether SeV mutant F and HN pro-
teins were individually incorporated into vector particles. The
Fct4 or SIVct�HN expression plasmid was cotransfected with
a gene transfer vector and a packaging vector into 293T cells,

and virus pellets were subjected to Western blot analysis. Fct4
and SIVct�HN proteins were efficiently incorporated into vec-
tor particles, but 293T cells were not transduced by these
vectors (Fig. 4).

Inhibition of gene transfer of SeV mutant F- and HN-pseu-
dotyped SIVagm vector by neutral antibody to SeV. Pseudo-
typed vectors adopt the adsorption and entry characteristics of
the incorporated envelope. It is likely that SeV HN protein
binds to its receptor, sialic acid, and fusion of the viral enve-
lope with the cell plasma membrane proceeds. To investigate
this interaction further, transduction experiments were carried
out in the presence of a neutralizing antibody specific to SeV.
Fct4- and SIVct�HN- or VSV-G-pseudotyped vectors were
incubated with anti-SeV-HN (HN-2), which inhibits cell-to-cell
fusion. Anti-VSV-G (I-1 [13]), which neutralizes the infectivity
of VSV, was used as a control. These mixtures were then used
to transduce 293T cells. HN-2 completely inhibited transduc-
tion by the Fct4- and SIVct�HN-pseudotyped vector but had
no effect on the titer of the VSV-G-pseudotyped vector. On
the other hand, the titer of the Fct4- and SIVct�HN-pseu-
dotyped vector was not changed in either the presence or ab-
sence of the anti-VSV-G antibody in the medium (Fig. 5).
These results showed that the Fct4- and SIVct�HN-pseudo-

FIG. 3. Western blot analysis of incorporation of SeV wild-type
and mutant F and HN proteins into SIVagm vectors. Virion lysates of
SeV wild-type (wt) and mutant F- and HN-pseudotyped vectors were
prepared from pellets of supernatants of producer cells by ultracen-
trifugation. Samples were transferred to a polyvinylidene difluoride
membrane and blotted with the anti-HN antibody HN-2 (A) or the
anti-F1 antibody (B). SeV virion lysates were used as the positive
control for each protein.

TABLE 2. Generation of SeV wild-type and mutant F- and
HN-pseudotyped SIVagm vectora

Virus envelope proteins
HAU Virus titer on 293T

cells (T.U./ml)F HN

Wild type Wild type 1 ND
SIVct/HN 4 5.1 � 102

SIVct�HN 16 1.4 � 103

Fct4 Wild type 	1 8.5 � 102

SIVct/HN 2 9.2 � 103

SIVct�HN 16 6.3 � 104

Fct14 Wild type 	1 ND
SIVct/HN 2 3.4 � 102

SIVct�HN 16 3.2 � 103

Fct27 Wild type 	1 ND
SIVct/HN 4 ND
SIVct�HN 16 ND

a 293T cells were transfected with a gene transfer vector, a packaging vector,
SeV wild-type or mutant F-expressing plasmids, and wild-type or mutant HN-
expressing plasmids. The vector yields, HAU, and T.U. were determined as
described in Materials and Methods. The HAV assay was performed 2 days after
transfection. ND, not detected.
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typed vector carries the Fct4 and SIVct�HN proteins on its
surface and these proteins mediate cell adsorption and fusion.

Cell tropism of SeV mutant F- and HN-pseudotyped
SIVagm vector. The virus adsorbs to the cell through the in-
teraction of the envelope protein and cell receptor. The recep-
tor of VSV is expressed on various cells, resulting in wide
tropism of virus infection. To investigate the cell tropism of an
SeV F- and HN-pseudotyped vector, several cell lines derived
from animal and human organs were transduced with an Fct4-
and SIVct�HN-pseudotyped SIVagm vector for comparison
with a VSV-G-pseudotyped vector. Titers of Fct4/SIVct�HN-
and VSV-G-pseudotyped SIVagm vectors in 293 T cells were
1 � 105 T.U./ml and 2 � 106 T.U./ml, respectively. The results
demonstrated that the SeV mutant F- and HN-pseudotyped
vector showed expanded cell tropism similar to that of VSV-G

pseudotyped vectors, including fibroblasts and epithelial cells.
However, the SeV Fct4- and SIVct�HN-pseudotyped vector
displayed 5- to 70-fold less infectivity than the VSV-G-pseu-
dotyped vector when the same volume of vector solution was
applied (Fig. 6).

SeV mutant F- and HN-pseudotyped SIVagm vector-medi-
ated gene transfer to rat airway epithelial cells. To investigate
the transduction of different vectors into polarized airway ep-
ithelial cells, they were applied to RTE cells from the apical or
basolateral surface. Transepithelial resistance of cultured RTE
cells at 7 days after isolation was measured with a Millicell-
ERS (Millipore) and confirmed to be more than 1,500 
/cm2.
A VSV-G-pseudotyped SIVagm vector was able to effectively
transduce the EGFP reporter gene from the basolateral sur-
face but not the apical surface of RTE cells only when the
vector was concentrated more than 200-fold (4.9 � 105 T.U
to 1.2 � 108 T.U). In contrast, an SeV mutant Fct4- and
SIVct�HN-pseudotyped SIVagm vector was able to transduce
the EGFP reporter gene from both the basolateral and apical
surfaces without any concentration (1.2 � 104 T.U.) (Fig. 7). In
the case of a Moloney murine leukemia virus-based SeV Fct4-
and SIVct�HN-pseudotyped vector, no transduction was ob-
served after application from either the apical or basolateral
surface when the vector was used at about the same amount as
the SIVagm-based vector (1.7 � 104 T.U.). These data dem-
onstrated that the SIVagm vector pseudotyped with SeV mu-
tant F and HN proteins would be suitable for application to
polarized epithelial cells.

DISCUSSION

We have developed novel SIVagm vectors pseudotyped with
SeV F and HN envelope glycoproteins. SeV mutant F and HN
proteins were incorporated efficiently into SIVagm vector par-
ticles and would be applicable to an extensive range of tissues
in animals and humans, as sialic acid, which is a receptor for
SeV, is ubiquitously present in several tissues.

In lentiviruses, the mechanism of incorporation of heterol-

FIG. 4. Western blot analysis of incorporation of a SeV mutant F
or HN protein into SIVagm vectors. 293T cells were cotransfected with
the Fct4 or SIVct�HN expression plasmid in combination with gene
transfer and packaging vectors. Preparation of pseudotyped virion
lysates and Western blot analysis with the anti-F1 antibody (lanes 1 to
4) or the anti-HN antibody HN-2 (lanes 5 to 8) was performed as
described for Fig. 3. SeV virion lysates were used as the positive
control for each protein. Lanes: 1 and 5, SeV; 2 and 6, Fct4; 3 and 7,
SIVct�HN; and 4 and 8, Fct4 and SIVct�HN.

FIG. 5. Inhibition of transduction by SeV mutant F- and HN-pseudotyped SIVagm vector with a neutralizing antibody specific to SeV. The SeV
Fct4- and SIVct�HN-pseudotyped vector at 0.8 � 104 T.U. or the VSV-G-pseudotyped vector at 1.2 � 106 T.U. was incubated with the
immunoglobulin G fraction of a neutralizing antibody specific to SeV (anti-HN antibody HN-2) or VSV (anti-VSV-G antibody I-1) at 4°C for 30
min, followed by transduction of 293T cells. Seventy-two hours after the transduction, EGFP-expressing cells were detected by fluorescence
microscopy.
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ogous envelope proteins into virus particles is not well under-
stood. Results from various genetic approaches indicate that
the interactions that take place between MA and the C termi-
nus of TMP (5, 7, 29), as well as mutations in Env that affect its
incorporation into mature virions, inhibit envelope-matrix in-
teraction (5). Another study showed that the cytoplasmic do-
main of gp41 is not required for the incorporation of Env into
virions (9). Reports on Env of SIVmac indicated that trunca-
tion of the cytoplasmic domain enhances envelope incorpora-
tion into SIVmac or HIV virions (25, 31).

In the case of SIVagm, the cytoplasmic tail of TMP is shorter
than that of SIVmac (8), and there was no report on the
importance of the interaction between MA protein and Env. In
this study, when SIVagm was pseudotyped with SeV wild-type
and mutant F and HN proteins, the chimeric HN proteins
SIVct/HN and SIVct�HN were efficiently incorporated into
SIVagm particles. Although wild-type HN protein was effi-
ciently expressed at the cell surface of transfected cells, the
protein was not incorporated into pseudotyped virions. As the
cytoplasmic tail of wild-type HN was 8 amino acids shorter in
length than that of SIVct/HN (35 amino acids versus 43 amino
acids), it appears that a specific domain in the cytoplasmic tail
of TMP in SIVagm plays a major role in incorporation of HN
proteins into virions.

SIVct�HN, with a longer cytoplasmic tail (78 amino acid)
than SIVct/HN, was the most efficiently incorporated into viri-
ons and showed the highest titer. One explanation for this
phenomenon is that the N terminus of SIVct�HN is located in
close proximity to the viral matrix layer. In contrast to incor-
poration of HN proteins, chimeric F proteins carrying the
cytoplasmic tail of SIVagm TMP were not expressed in pro-
ducer cells (data not shown). There is as yet no logical expla-
nation for why these chimeric F proteins are not expressed in
the same way as chimeric HN proteins.

One report has demonstrated that a SIVmac Env glycopro-
tein with a short cytoplasmic tail is incorporated into particles
in an MA-independent manner (7). In addition, there have
been several reports of incorporation of distantly related ret-
roviral glycoproteins bearing a short cytoplasmic tail into
HIV-1 particles (15). In pseudotyping SIVagm with truncated

F mutants, the Fct4, Fct14, and Fct27 proteins were expressed
efficiently. However, the Fct27 protein was not incorporated
into SIVagm particles. These results may support the sugges-
tion that a short cytoplasmic tail in envelope glycoproteins
avoids the steric constraints imposed by virus structure, leading
to incorporation into viral particles. In the case of HN protein,
however, cytoplasmic tail-truncated mutants were not incorpo-
rated into particles in spite of expression at the cell surface
(data not shown).

Further analysis of the localization of these proteins and
their interaction with lipid rafts will be required. Fct14 was
more efficiently incorporated into virions than Fct4, but Fct14-
and mutant HN (SIVct/HN and SIVct�HN)-pseudotyped vec-
tors were more than 10-fold less infectious than Fct4- and
mutant HN-pseudotyped vectors. Since these truncated F pro-
teins had fusion activity, we conclude that interaction between
F and HN, which is necessary for fusion promotion, is defi-
cient, and the vector becomes less infectious in the case of the
Fct14 and mutant HN proteins on vector particles.

SeV mutant F and HN proteins were sufficiently incorpo-
rated into SIVagm virions as examined by Western blot anal-
ysis. However, even under optimal conditions, the SIVagm
vector pseudotyped with Fct4 and SIVct�HN was less infec-
tious than the VSV-G-pseudotyped vector. Two explanations
may account for this lower infectivity. First, because of the
independent incorporation of each envelope glycoprotein, Fct4
and SIVct�HN, there are mixtures of various particles (Env-
less Fct4 or SIVct�HN vector particles; noninfectious Fct4
and SIVct�HN vector particles; and infectious Fct4 and
SIVct�HN vector particles), resulting in a lower rate of func-
tional vector. Second, the ratios of the Fct4 and SIVct�HN
proteins on the virion surface are not optimum, and the inter-
action between the Fct4 and SIVct�HN proteins is inade-
quate.

To characterize this vector, we investigated the transduction
of various cell types compared to transduction with the VSV-
G-pseudotyped vector. An SeV mutant F- and HN-pseudo-
typed vector was able to transduce a panel of cell lines as
observed with the VSV-G-pseudotyped vector. These results
demonstrated that an SeV mutant F- and HN-pseudotyped
vector had expanded cell tropism compared with SIVagm with
the original envelope glycoprotein. Airway epithelial cells are
targets for gene therapy of respiratory diseases such as cystic
fibrosis. The VSV-G-pseudotyped vector, however, is unable to
transduce these cells without causing them injury. In other
reports, adeno-associated virus vector-mediated gene transfer
to the airway was inhibited by a physical barrier at the apical
surface (1) and required a high titer (30).

Localization of receptors is an important factor for virus
infection. In polarized epithelia, expression of virus receptors
on the apical or basolateral membrane was reported for several
viruses. In the case of the VSV-G receptor, a distribution or
uptake mechanism on differentiated airway cells has not been
intensively studied. In contrast, a recombinant SeV has been
reported to transduce a reporter gene to the airway epithelial
cells efficiently from the apical surface (28). The envelope
proteins derived from pneumotropic viruses are expected to
break through this barrier and to be usable as potential
pseudotypes. Indeed, our data demonstrated that an SeV mu-

FIG. 6. Cell tropism of SeV mutant F and HN vector. Cells were
replated the day before the Fct4- and SIVct�HN- or VSV-G-pseudo-
typed SIVagm vector infection. About 106 cells in six-well plates were
infected with 1 ml of the diluted vector solution. The number of
EGFP-expressing cells was counted 72 h after infection. Titers of the
vector solution measured in 293T cells were 1 � 105 T.U./ml in the
Fct4- and SIVct�HN-pseudotyped vector and 2 � 106 T.U./ml in the
VSV-G-pseudotyped vector.
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FIG. 7. Transduction of RTE cells with pseudotyped SIVagm vectors. Fluorescent images of EGFP expression on day 3 and phase contrast
microscopy of RTE cells. RTE cells were exposed to Fct4- and SIVct�HN-pseudotyped SIVagm vectors at the apical or basolateral side. The titers
of the VSV-G-pseudotyped SIVagm vector were (a) 4.9 � 105 T.U./0.1 ml and (b) 1.2 � 108 T.U./0.1 ml; the titer of the SeV Fct4- and SIVct�HN-
pseudotyped SIVagm vector was 1.2 � 104 T.U./0.1 ml; and the titer of the SeV Fct4- and SIVct�HN-pseudotyped Moloney murine leukemia virus
vector was 1.7 � 104 T.U./0.1 ml.
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tant F- and HN-pseudotyped SIVagm vector transduced rat
trachea polarized airway epithelial cells.

In conclusion, we have developed a novel pseudotyped SIV
vector that has envelope glycoproteins derived from paramyxo-
virus and shows wide cell tropism. In addition, this vector was
able to transduce polarized rat airway epithelial cells from the
apical and basolateral surfaces. SeV glycoproteins-pseudo-
typed SIVagm vectors are likely to be a powerful tool for gene
therapy of various diseases, including respiratory diseases.
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