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Previously we designed novel pseudotyped high-titer replication defective human immunodeficiency virus type 1
(HIV-1) vectors to deliver genes into nondividing cells (J. Reiser, G. Harmison, S. Kluepfel-Stahl, R. O. Brady,
S. Karlsson, and M. Schubert, Proc. Natl. Acad. Sci. USA 93:15266-15271, 1996). Since then we have made
several improvements with respect to the safety, flexibility, and efficiency of the vector system. A three-plasmid
expression system is used to generate pseudotyped HIV-1 particles by transient transfection of human em-
bryonic kidney 293T cells with a defective packaging construct, a plasmid coding for a heterologous envelope
(Env) protein, and a vector construct harboring a reporter gene such as neo, ShlacZ (encoding a phleomycin
resistance/3-galactosidase fusion protein), HSA (encoding mouse heat-stable antigen), or EGFP (encoding
enhanced green fluorescent protein). The packaging constructs lack functional Vif, Vpr, and Vpu proteins
and/or a large portion of the Env coding region as well as the 5’ and 3’ long terminal repeats, the Nef function,
and the presumed packaging signal. Using G418 selection, we routinely obtained vector particles pseudotyped
with the vesicular stomatitis virus G glycoprotein (VSV-G) with titers of up to 8 X 107 CFU/p.g of p24, provided
that a functional Tat coding region was present in the vector. Vector constructs lacking a functional Tat protein
yielded titers of around 4 x 10° to 8 X 10° CFU/jg of p24. Packaging constructs with a mutation within the
integrase (IN) core domain profoundly affected colony formation and expression of the reporter genes,
indicating that a functional IN protein is required for efficient transduction. We explored the abilities of other
Env proteins to allow formation of pseudotyped HIV-1 particles. The rabies virus and Mokola virus G proteins
yielded high-titer infectious pseudotypes, while the human foamy virus Env protein did not. Using the improved
vector system, we successfully transduced contact-inhibited primary human skin fibroblasts and postmitotic

rat cerebellar neurons and cardiac myocytes, a process not affected by the lack of the accessory proteins.

Vectors based on oncoretroviruses such as Moloney murine
leukemia virus (MoMLYV) are useful to deliver therapeutic genes
into primary cells in vitro and have also been applied in a num-
ber of gene marking and gene therapy trials with humans (13,
62). The principal advantages of retroviral vectors include the
high efficiency of gene delivery, integration into the host cell
genome, and high level of gene expression. One drawback of
oncoretroviruses is their dependence on cell proliferation for
completion of the life cycle (35, 56). Breakdown of the nuclear
envelope that accompanies mitosis appears to be essential for
the import of the viral preintegration complex into the nucleus
and its integration into the genome of the host cell (26, 27, 51).
In contrast, lentiviruses, including human immunodeficiency
virus type 1 (HIV-1), differ fundamentally from oncoretro-
viruses in that they are independent of cell division for com-
pletion of their replicative cycle (58). This is an attractive
feature in view of the need for vectors for nondividing cells
such as neurons (14, 25). In common with all replication-
competent retroviruses, the HIV-1 genome contains the gag,
pol, and env coding regions, which encode the core proteins,
the virion-associated enzymes, and the envelope (Env) glyco-
protein, respectively, flanked by the long terminal repeats
(LTRs). The LTRs include cis-acting sequences required for
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integration, transcription, and polyadenylation. HIV-1 also
possesses regulatory functions encoded by the tat and rev genes
as well as accessory genes that include vif, vpr, vpu, and nef,
many of which are not required for virus replication in vitro
(17).

Another advantage of HIV-1 and other retroviruses is the
fact that they can be pseudotyped by the incorporation of
heterologous glycoproteins, allowing an extension of the host
range of such vectors beyond cells expressing CD4. Several
studies have demonstrated that HIV-1 produced in cells in-
fected with xenotropic murine leukemia virus (6, 30), ampho-
tropic murine leukemia virus (9, 55), or herpes simplex virus
(64) gave rise to phenotypically mixed virions with an ex-
panded host range, suggesting that pseudotyped virions had
formed. Additionally, phenotypic mixing of viral envelopes was
shown to occur between HIV-1 and vesicular stomatitis virus
(VSV) in coinfected cell cultures (64). Page et al. (40) showed
that expression of amphotropic or ecotropic MoMLV Env
glycoproteins in cells transfected with an HIV-1 vector con-
struct produced virus capable of infecting both human and
murine cells, and Landau et al. (23) demonstrated that HIV-1
efficiently incorporated the human T-cell leukemia virus type 1
Env. These observations were confirmed and extended by re-
sults showing that the VSV G glycoprotein (VSV-G) was effi-
ciently incorporated into HIV-1 virions, with pseudotyped viral
titers reaching 107 CFU/ml or higher (2, 38, 49).

A number of replication-defective HIV-1 vector systems
have been described. With the original transient two-plasmid
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expression system (23, 40), titers of up to 2 X 10> CFU/ml were
obtained on human osteosarcoma (HOS) cells. Several groups
have designed transient three-component HIV-1 expression
systems consisting of a packaging construct, a plasmid bearing
the gene encoding gp160, and an expression vector carrying a
reporter gene (5, 41, 42, 45, 50, 53, 59), thus reducing the
likelihood of generating replication-competent virus. In gen-
eral, these systems were quite inefficient, with titers of around
10* CFU/ml or below. A number of studies have dealt with the
design of HIV-1-based packaging cell lines. While the initial
vector titers were quite low (7), recent improvements which
involve tetracycline-controlled HIV-1-based packaging con-
structs (63), different molecular clones (11, 44), or Rev-inde-
pendent cell lines (57) suggest that the generation of high-titer
HIV-1-based packaging cell lines will eventually be feasible.
Improved three-component split packaging systems were re-
cently described by Naldini et al. (38) and Kim et al. (21). In
these systems, the viral particles were pseudotyped with the
envelope of VSV. Titers of up to 9 X 10° transducing units per
ml were obtained. In this report, we describe an improved and
versatile high-titer three-plasmid-based packaging system and
demonstrate its applicability for the efficient transduction of
nondividing cells, including growth-arrested HOS cells, conflu-
ent primary human skin fibroblasts (HSFs), and postmitotic rat
cardiac myocytes and cerebellar neurons.

MATERIALS AND METHODS

Plasmid constructs. The following plasmids were obtained through the AIDS
Research and Reference Reagents Program, Division of AIDS, National Insti-
tute of Allergy and Infectious Diseases (NIAID), Bethesda, Md.: pHIVgpt and
pHXB2-env from Kathleen Page and Dan Littman (40); pNL4-3 from Malcom
Martin (1); and p210-13, p210-19, and p210-25 from Ronald Desrosiers (17). All
nucleotides are numbered according to the work of Myers et al. (37). The
HIV-neoA vector constructs were derived from the HXB2 molecular clone (48).
They harbor deletions from the Spel site (nucleotide 1506) to the EcoRI (nu-
cleotide 5742), Sall (nucleotide 5784), and Ndel (nucleotide 6399) sites. The
plasmids are referred to here as pHIV-neoAE, pHIV-neoAS, and pHIV-neoAN,
respectively. All three plasmids contain a truncated gp160 coding region with the
sequences from the Ndel site at position 6399 to the Bgl/II site at position 7611
deleted. They also contain a 168-bp fragment carrying the simian virus 40 (SV40)
origin of replication (49). Plasmid HIV-neoATat (—) contains two consecutive
termination codons after amino acid 10 within the 5’ tat exon. It is based on
pTat(—)GV/4GSTm (19), which was kindly provided by K.-T. Jeang (NIAID).
Plasmid NL-neo is based on the NL4-3 molecular clone and carries a deletion
from the Nisil site (position 1246) to the Bgl/II site at position 7611. A 1,169-bp
fragment carrying the neo gene sequence and the SV40 early promoter derived
from pBK-CMV (Stratagene) was inserted between the BamHI site (nucleotide
8464) and Xhol site (nucleotide 8886). Plasmid HIV-HSAAE was derived from
pHIV-HSA (49) by deleting the sequences between the Spel (nucleotide 1506)
and EcoRI (nucleotide 5742) sites. Plasmids HIV-ShlacZAE and HIV-EGFPAE
are based on HIV-HSAAE. The HSA (which encodes mouse heat-stable antigen)
coding region was replaced with the ShlacZ sequence derived from pUTS535
(CAYLA, Toulouse, France), which codes a for a bifunctional phleomycin/B-
galactosidase fusion protein (3), or EGFP (which encodes enhanced green flu-
orescent protein) sequences derived from pEGFP-C1 (Clontech). All Env-en-
coding plasmids except pHXB2-env are based on pLTR-G (49). Plasmids
encoding the rabies virus and Mokola virus G proteins (33) were kindly provided
by Karl-Klaus Conzelmann (Federal Research Centre for Virus Disease of An-
imals, Tiibingen, Germany). The human foamy virus (HFV) env coding region
(16) was kindly provided by Axel Rethwilm (University of Wiirzburg, Wiirzburg,
Germany), and the MoMLV 4070A Env-encoding plasmid (39) was from Alan
Rein (National Cancer Institute, Frederick, Md.). In the C-Help packaging
construct, the 5" LTR was replaced with the human cytomegalovirus (CMV)
immediate-early promoter (4). HIV-1 sequences from nucleotide 675 up to the
Apal site (nucleotide 2005) and sequences from the Sa/l site (nucleotide 5784) to
the Xhol site (nucleotide 8886) were derived from the BH10 molecular clone
(46). All other sequences were from the NL4-3 molecular clone. Plasmid C-Help
carries a 1,212-bp env deletion (nucleotides 6399 to 7611) and an SV40 origin of
replication (49). A 33-bp deletion harboring the putative packaging signal from
nucleotides 756 to 789 between the 5" major splice donor site and the beginning
of the gag coding region was introduced. Sequences distal to the Xhol site
(position 8886) were removed and replaced with the bovine growth hormone
polyadenylation site. A helper construct with a mutated vpr coding region was
made by Klenow fill-in of EcoRI-digested C-Help plasmid DNA. A helper
plasmid encoding a defective IN (integrase) protein was designed by replacing
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FIG. 1. Components of the HIV-1 packaging system. (A) Helper constructs.
The open triangle symbolizes a 33-bp deletion affecting the packaging signal
between the 5’ splice donor site and the beginning of the gag sequence. Boxes
interrupted by jagged lines contain partial deletions. (B) Transducing vector
constructs. Top, vectors with expression cassette 5’ of the RRE; bottom, vectors
with expression cassette 3’ of the RRE. (C) Env expression constructs.

the Apal-Sall fragment (nucleotides 2005 to 5784) with the corresponding frag-
ment from the D116N/7 molecular clone (15) (kindly provided by George En-
glund, NIAID). The C-Help Avpr plasmid was constructed by replacing the
Apal-Sall fragment with the corresponding fragment from plasmid p210-19 (17).
C-Help AvifAvprAvpu harbors sequences from p210-25 (Apal-Sall fragment)
and p210-13 (Sall-Ndel fragment) (17).

Plasmids pHIT60 and pHIT111 (54) were kindly provided by Alan Kingsman,
Oxford University, Oxford, England). pCMV-G is based on pcDNA3.1/Zeo
(Invitrogen) and harbors a 1.6-kb fragment encoding VSV-G. pG1-HSA is a
MoMLV-based vector encoding mouse HSA.

Cells. Human embryonic kidney 293T cells (12) were kindly provided by
Warren Pear (Rockefeller University). HOS cells (CRL-1543), Rat-2 cells (CRL-
1764), and primary HSFs (CRL-2072) were obtained from the American Type
Culture Collection. The cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM,; Life Technologies Inc.) containing 10% heat-inactivated fetal bovine
serum (FBS). The human H9 T-cell line was obtained from Robert Gallo (31)
through the AIDS Research and Reference Reagent Program. The cells were
grown in RPMI 1640 supplemented with 2 mM L-glutamine, 50 p.g of gentamicin
per ml, and 10% FBS. Neonatal ventricular myocytes were harvested from the
hearts of 2- to 3-day-old Sprague-Dawley rats and cultured as described previ-
ously (46). Cerebellar granule cells from 8-day-old Sprague-Dawley rat pups
(Taconic Farms) were prepared and cultured as described by Taniwaki et al.
(60). The cells were plated in poly-L-lysine-coated 35-mm-diameter dishes. After
1 day in culture, cytosine arabinoside (final concentration, 10 wM) was added to
the cells.

Virus production and infection. For the preparation of HIV-1 pseudotypes,
helper plasmid DNA (5 pg), Env plasmid DNA (5 pg), and vector plasmid DNA
(5 ng) were cotransfected into subconfluent 293T cells by the calcium phosphate
precipitation method (43). Approximately 2 X 10° cells were seeded into six-well
plates 24 to 30 h prior to transfection. Chloroquine (25 wM, final concentration)
was added to the cells immediately before transfection, and the medium was
replaced with fresh DMEM-10% FBS (2 ml per well) 12 to 14 h later. MoMLV-
based virus stocks were generated by transient cotransfection of pHIT60,
pCMV-G, and pHIT111 or pG1-HSA, respectively. The virus stocks were har-
vested 60 to 65 h posttransfection and filtered through a 0.45-pm-pore-size filter,
aliquoted, and subsequently frozen at —80°C. Target cells were infected in
DMEM-10% FBS containing Polybrene (8 pg/ml) for 3 to 8 h. The medium was
subsequently replaced with fresh DMEM-10% FBS or preconditioned medium
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FIG. 2. Efficiency of HSA and EGFP reporter gene expression in HOS cells.
Cells were infected with HIV-HSAAE or HIV-EGFPAE pseudotypes and tested
for expression of the reporter genes by FACS analysis. Approximately 5 X 10°
cells were infected with 0.4 ml of a control virus supernatant for the mock
infection; for the low- and high-multiplicity infections, 0.04 or 0.4 ml, respec-
tively, of HIV-HSAAE or HIV-EGFPAE pseudotype stock were used. Infected
cells were processed for FACS analysis 3 days later.

for the cerebellar granule cells and heart ventricular myocytes. p24 assays were
performed with a commercial kit (Cellular Products Inc.).

Analysis of transduced cells. Cells expressing HSA were detached from the
plate by using phosphate-buffered saline-2 mM EDTA and stained with a fluo-
rescein isothiocyanate-labeled anti-HSA monoclonal antibody (Caltag) for 30
min on ice in Hanks’ balanced salt solution (Life Technologies) containing 2%
FBS (Hanks’-FBS). The cells were washed twice with Hanks™-FBS, resuspended
in 4% paraformaldehyde, and then subjected to fluorescence-activated cell sort-
ing (FACS) analysis. Cells expressing EGFP were collected for FACS analysis as
described above except that the paraformaldehyde step was omitted. Alterna-
tively, they were analyzed by fluorescence microscopy. Cells expressing B-galac-
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tosidase were fixed and stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside (X-Gal) as described elsewhere (22). Rat cardiac myocytes were stained
with the antimyosin monoclonal antibody MF 20 followed by rhodamine-labeled
anti-mouse immunoglobulin G. Virus titers were determined by limiting dilution.
Target cells were split into six-well plates the day prior to infection to give
approximately 50% confluence at the time of infection. Infections were per-
formed with serial dilutions of virus stock in a total of 0.5 ml of medium
containing 8 pg of Polybrene per ml. After 3 to 6 h at 37°C, 2 ml of medium was
added and the plates were incubated at 37°C for an additional 3 days. The
medium was then aspirated, and 2 ml of medium supplemented with G418 (0.35
to 0.5 mg of active drug per ml; Life Technologies) was placed into each well.
The medium was changed every 3 to 4 days, and the colonies were counted on
day 10 or 14 after staining with crystal violet (0.2% in 20% ethanol). Alterna-
tively, infected cells were trypsinized 3 days after infection and serially diluted
into DMEM-FBS containing G418, and the colonies were stained 10 days later
(23). The final yield of colonies was corrected for the increase in cell number
between the time of infection and selection.

RESULTS

Design of an improved HIV-1-based vector system. Our orig-
inal two-component HIV-1-based vector system was composed
of a vector construct and an independent Env-encoding com-
ponent (49). The vector construct carried a deletion within the
env coding region and harbored a reporter gene to be trans-
ferred to the target cells. It contained all sequences necessary
for reverse transcription, vector integration, and expression of
the reporter gene. In one of the vectors, an expression cassette
consisting of the SV40 early promoter driving the bacterial neo
gene was used. An additional vector contained the mouse HSA
coding region as a reporter gene under the control of the
human CMV immediate-early promoter. The formation of
replication-competent HIV-1 was precluded because a sub-
stantial portion of the env coding region was missing in these
vectors.

We have now improved this original vector system in terms
of safety and flexibility. To minimize further the generation of
replication-competent virus, the original two-component sys-
tem was split into three components: a helper construct, a
vector component, and an Env-encoding plasmid (Fig. 1). Our
helper constructs (Fig. 1A) express the Gag, Pol, Tat, and Rev
functions and, depending on the construct, retain functional
vif, vpr, and vpu genes, but Nef is always absent. The 5’ LTR
was replaced by the human CMV immediate-early promoter,
and a heterologous polyadenylation signal was used instead of
the 3" LTR. All helper plasmids lack cis-acting sequences that
have been implicated as important for efficient HIV-1 RNA
packaging (10, 24, 32). The vector constructs (Fig. 1B) contain
a reporter gene such as neo, HSA, ShlacZ, or EGFP. They also
contain cis-acting sequences required for packaging, reverse
transcription, and integration, including the 5’ and 3" LTRs,
and env-derived sequences encompassing the Rev response
element (RRE). The expression cassette was placed either

TABLE 1. Effect of packaging construct on pseudotype formation®

Packaging construct Functions missing

Virus titer
(CFU/ug of p24)°

Relative HSA expression®
(% of C-Help level)

None NA? <10* <1
C-Help V¥, Env, Nef, 5’ LTR, 3' LTR 5.8 X 107 100
C-Help vpr™ W, Vpr, Env, Nef, 5" LTR, 3' LTR 5.0 x 107 153
C-Help Avpr W, Vpr, Env, Nef, 5 LTR, 3’ LTR 4.6 X 107 144
C-Help AvifAvprAvpu W, Vif, Vpr, Vpu, Env, Nef, 5" LTR, 3" LTR 8.5 X 107 109
C-Help IN W, Int, Env, Nef, 5' LTR, 3' LTR 5.3 x 10* <1

“ Vector constructs used were HIV-neoAE and HIV-HSAAE; the Env construct used encoded VSV-G.

? NA, not applicable.

¢ Determined by endpoint dilution (n = 3). Cells were selected in medium containing G418. The colonies were stained 10 days later.
4 <107 indicates that no colonies were obtained above the detection limit of the assay.

¢ Determined by FACS analysis (n = 3). <1 indicates signal at background level.
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FIG. 3. Influence of Tat in vector construct on efficiency of formation of G418-resistant colonies. The top portion represents the original HIV-neo vector (49). The
various deletion derivatives are shown below. The point-mutated 5’ tat exon in HIV-neoATat (—) is highlighted with dots. NL-neo carries the neo expression cassette
3" of the RRE. The efficiency of colony formation (average = standard deviation of the results of three to four independent experiments) is shown on the right for each

vector construct.

upstream or downstream of the RRE, depending on the design
of the vector. The envelope constructs (Fig. 1C) provide a
heterologous Env protein that leads to formation of HIV-1
pseudotypes. The Env proteins that were tested were those of
VSV, rabies virus, Mokola virus, MoMLV, and HFV.

The ability of the newly designed vector system to mediate
gene transfer was initially analyzed by infecting HOS cells with
pseudotyped vectors carrying the HSA or EGFP reporter gene.
Virus stocks were generated by transient cotransfection of
293T cells with a helper construct, together with the HIV-
HSAAE and HIV-EGFPAE reporter vectors and a VSV-G-
encoding plasmid. HOS cells were used primarily because they
had previously been shown to be readily infectable by pseudo-
typed vectors (23, 49). To test for expression of the reporter
genes, cells were collected 3 days after infection and processed
for quantitative FACS analysis (Fig. 2). Depending on the
multiplicity of infection used, up to 85% of the cells expressed
HSA and up to 55% of the cells were EGFP positive (Fig. 2),
indicating that the improved vector system was as efficient as
our original two-component system in delivering the HSA re-
porter gene to HOS cells (49).

Effects of accessory proteins and IN on efficiency of the
vector system. To test the influence of the various accessory
proteins and IN on the efficiency of the gene transfer system,

virus stocks were generated by using a number of different
helper constructs, together with the HIV-neoAE or HIV-
HSAAE reporter vectors and a VSV-G-encoding plasmid. Vi-
rus stocks were harvested 60 h after transfection and subse-
quently used to infect HOS cells. Selection for growth in the
presence of G418 allowed us to quantify the infection titer of
each virus stock by counting G418-resistant colonies. The re-
sults presented in Table 1 show that pseudotype formation
with the HIV-neoAE vector was very efficient, with titers of the
unconcentrated virus reaching 8.5 X 107 G418-resistant CFU/ug
of p24. Colony formation was strictly dependent on the pres-
ence of a helper construct. In the absence of a helper construct,
the titers were below the detection limit of the assay (Table 1).
Also, a functional IN protein was necessary for efficient gene
transfer. A helper construct with a defective IN core domain
(C-Help IN) (15) yielded a G418 titer 3 orders of magnitude
below the one obtained with helper constructs encoding a
functional IN (Table 1), demonstrating that IN is required for
efficient gene transfer to occur. To test the impact of the other
accessory proteins on the formation of infectious pseudotypes,
helper constructs lacking functional vif, vpu, and/or vpr coding
regions were designed and tested. The results presented in
Table 1 show that helper constructs with a mutated vpr coding
region, carrying either a frameshift mutation at position 5743
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(C-Help vpr™) or a 115-bp deletion (C-Help Avpr), yielded
vector particles that efficiently transduced HOS cells. In addi-
tion, C-Help constructs lacking the Vif, Vpr, and Vpu acces-
sory proteins (C-Help AvifAvprAvpu) produced pseudotypes
that efficiently delivered the neo reporter gene into HOS cells.
We used quantitative FACS analysis to test in parallel the
functionality and efficiency of the various helper constructs by
monitoring the expression of the HSA reporter gene. HOS
cells were stained 3 days after infection for cell surface-ex-
pressed HSA with fluorescein isothiocyanate-labeled anti-HSA
antibody. No signal above background levels was seen with
cells that had been infected with HIV-HSAAE stocks previ-
ously prepared by using an IN-deficient helper construct (C-
Help IN) (Table 1) or in the presence of 10 wM zidovudine
(AZT) (36). The C-Help vpr , C-Help Avpr, and C-Help
AvifAvprAvpu constructs produced pseudotypes that infected
HOS cells as efficiently as virus stocks that had been prepared
by using the C-Help construct producing intact Vif, Vpr, and
Vpu, thus confirming the results obtained in assays using G418
selection. Taken together, these results indicate that Vif, Vpr,
Vpu, and Nef are dispensable for infection of proliferating
HOS cells.

The presence of a functional fat coding region in the vector
enhances pseudotype titers. With a view toward constructing
safe and efficient HIV-1-based gene transfer vectors, we de-
signed constructs with deletions of various lengths affecting the
gag, pol, vif, vpr, vpu, and 5’ tat and rev coding regions and
tested the efficiency of formation of G418-resistant colonies.
To do this, the previously described HIV-neo vector (49) was
modified. A schematic diagram of this vector and the various
deletion derivatives is shown in Fig. 3. In the HIV-neoAE
construct, sequences from the Spel site (position 1506) up to
the EcoRI site (position 5742) were deleted, thus completely
eliminating the pol and vif genes and truncating the gag and vpr
coding regions, but the 5’ fat and rev exons remain intact. In
contrast, HIV-neoATat (—) contains a mutated tat coding re-
gion carrying two consecutive stop codons after amino acid 10,
leading to a truncated version of Tat (19). However, since the
rev coding region is unaltered, functional Rev protein is pro-
duced from this vector. In the HIV-neoAS construct, the 5’ tat
and rev exons are retained but the splice acceptor site at po-
sition 5777 is missing; in plasmid HIV-neoAN, sequences up to
the Ndel site at position 6399 were removed, thereby deleting
the 5’ tat and rev exons and 178 nucleotides of the gpl60
coding region. The efficiency of each of these HIV-neo con-
structs was tested by using the C-Help construct to produce
pseudotyped virus stocks and testing the viruses on HOS cells.
The efficiency of formation of G418-resistant colonies differed
markedly among the various HIV-neo deletion constructs.
While the HIV-neoAE construct was as efficient as the original
HIV-neo construct in generating G418-resistant colonies upon
infection of HOS cells ([4.8 = 0.6] X 107 versus [3.5 = 0.7] X
107 CFU/pg of p24), the HIV-neoATat (—), HIV-neoAS, and
HIV-neoAN derivatives gave six- to ninefold-reduced yields of
G418-resistant colonies relative to that obtained with HIV-
neoAE. The NL-neo vector was constructed according to the
design of Parolin et al. (41) and Naldini et al. (38), with the
expression cassette located 3’ of the RRE. The titer obtained
with this vector was comparable with the titers obtained with
the other vector constructs lacking Tat. This finding suggests
that the presence of Tat in the vector has a marked influence
on the efficiency of formation of G418-resistant colonies.

Pseudotype formation using alternative Env glycoproteins.
The capacity of HIV-1-based vectors to form pseudotypes with
other Env proteins was investigated. The rabies virus G glyco-
protein and the G protein of a related rhabdovirus, Mokola
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FIG. 4. Pseudotype formation using alternative Env proteins. HOS cells or
Rat-2 cells were infected with HIV-neoAE pseudotypes carrying different Env
proteins. Cells were trypsinized 3 days after infection and serially diluted into
DMEM-FBS containing G418 (0.35 mg of active drug per ml). Colonies were
stained 10 to 14 days later. 4070A Env, amphotropic MOMLV Env. Error bars
represent standard deviations.

virus (Lyssavirus serotype 3), were tested, together with the
Env protein of HFV and the amphotropic MoMLV 4070A
Env, for the ability to yield infectious particles. All env coding
regions were expressed under the control of the HIV-1 LTR.
The normalized efficiency of formation of resistant colonies
following packaging of the HIV-neoAE construct and subse-
quent infection of HOS cells and Rat-2 cells was determined.
Figure 4 shows that VSV-G yielded up to 5 X 107 CFU/pg of
p24 on HOS cells and up to 8 X 10° CFU/pg of p24 on Rat-2
cells. Particles pseudotyped with the Mokola virus and rabies
virus G glycoproteins, and the MoMLV 4070A Env, yielded
infectious titers of up to 9 X 10° CFU/pg of p24 on HOS cells
and up to 2 X 10° CFU/pg of p24 on Rat-2 cells. The HFV Env
also led to formation of HIV-1 pseudotypes, but the titers
obtained (2.8 X 10°> CFU/pg of p24 on HOS cells and 2.5 X 10?
CFU/pg of p24 on Rat-2 cells) were 4 orders of magnitude
below those obtained with VSV-G. These results underscore
the flexibility of the HIV-1 vector system to form infectious
pseudotypes, but they show its limitation as far as the HFV Env
is concerned.

Assay for the generation of replication-competent virus. We
next wished to determine if replication-competent virus that
would subsequently be able to replicate in human T cells was
produced during transient transfection. Two parallel cultures
of the human H9 T-cell line (31) were infected with an HIV-
neoAE stock pseudotyped with VSV-G for 3 days and subse-
quently split 1:4. This procedure was repeated five more times
over a period of 35 days, and the supernatants were assayed for
the presence of p24. The data in Fig. 5A show that extracellular
p24 levels decreased with increasing numbers of transfer and
that final p24 concentrations reached background levels. A
similar decrease in p24 levels was observed in cultures infected
with HIV-neoAE stocks harboring the HIV-1 HXB2 Env pro-
tein (Fig. 5B). This finding indicates that there was no substan-
tial de novo production of p24-positive particles within the
detection limits of the assay. However, cultures infected with
HIV-neo stocks harboring the HIV-1 Env protein yielded ex-
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FIG. 5. Detection of replication-competent virus. (A) Duplicate cultures of
human H9 cells (0.9 X 10° to 1.2 X 10° cells per culture) were infected with 0.5
ml of HIV-neoAE pseudotype stock. The cells were split six times at a ratio of 1:4
over a period of 35 days; p24 was assayed throughout the experiment. Average
p24 levels are shown. (B) HO cells were infected with HIV-neo and HIV-neoAE
stocks containing the HIV-1 Env protein (HIV-neo/HIV-Env and HIV-neoAE/
HIV-Env, respectively). HIV-neo stocks pseudotyped with VSV-G (HIV-neo/
VSV-G) were run in parallel. The cells were split once a week, and p24 concen-
trations were determined. The p24 values observed at days 14 and 28 are shown.

tracellular p24 levels up to 80 ng/ml, and these levels remained
high after five transfers (Fig. 5B). This finding is consistent
with the view that replication-competent virus was emerging.
HIV-neo vectors pseudotyped with VSV-G yielded p24 levels
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FIG. 6. Relative infection efficiencies of dividing and nondividing cells. Non-
irradiated (A) and irradiated (B) HOS cells were infected with pseudotyped
HIV-HSAAE vector stocks and subjected to FACS analysis 3 days later. Ap-
proximately 5 X 10° cells were plated into six-well plates and infected with 0.25
ml of virus stock. Dividing (C) and contact-inhibited (nondividing) (D) HSFs
were infected with pseudotyped HIV-EGFPAE vector stocks and subjected to
FACS analysis 3 days after infection. Between 0.5 X 10° and 2.5 X 10° cells in
six-well plates were infected with 0.25 ml of virus. HIV-neoAE virus stocks were
used as mock controls. Thick lines, HIV-HSAAE- and HIV-EGFPAE-infected
cells; thin lines, mock-infected cells.
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FIG. 7. Infection of growth-arrested HOS cells. Irradiated (4,000 rads) or
nonirradiated HOS cells were infected with HIV-HSAAE vector stocks previ-
ously prepared by using different helper constructs and subjected to FACS
analysis 3 days later. Approximately 5 X 10° cells in six-well plates were infected
with 0.25 ml of VSV-G-pseudotyped virus stocks. The relative infectivity repre-
sents the percentage of nondividing (irradiated) HSA-positive cells versus the
percentage of dividing (nonirradiated) HSA-positive cells. The various helper
constructs and the MoMLV-derived G1-HSA control vector stock are indicated.
Error bars represent standard deviations.

around 500 pg/ml after the third transfer and around 300 pg/ml
after the fifth. Low but constant p24 levels were expected in
this case, as the HIV-neo vector backbone contains a func-
tional p24 coding region.

Transduction of nondividing cells. The ability of the newly
designed HIV-1 vector system to mediate gene transfer into
nondividing cells was analyzed by transducing growth-arrested
HOS cells, contact-inhibited primary HSFs, postmitotic rat
cardiac myocytes, and postmitotic rat cerebellar neurons. The
relative efficiency of gene transfer into dividing and nondivid-
ing cells was investigated first. G,-arrested HOS cells were
prepared by +y irradiation (26). Cell cycle analysis of the irra-
diated cells showed that up to 80% of the cells were in G, (36).
Such cells were subsequently infected with HIV-HSAAE
pseudotype stocks and analyzed by quantitative FACS analysis
3 days later. The numbers of HSA-positive cells were similar
for irradiated (44.6% [Fig. 6B]) and nonirradiated (45.5% [Fig.
6A]) cells. Primary HSFs were growth arrested by being al-
lowed to reach contact inhibition upon cultivation in medium
containing 10% FBS for 3 weeks. Such cells have previously
been shown to be highly enriched for populations in G, and/or
G, (49, 61). Dividing control HSFs were prepared by subcul-
tivation 2 days before infection. Dividing and nondividing
HSFs were infected with HIV-EGFPAE pseudotype stocks
and analyzed by quantitative FACS analysis 3 days later. The
fraction of EGFP-positive, dividing HSFs was 19.9% (Fig. 6C),
while 17.5% of the contact-inhibited, nondividing HSFs (Fig.
6D) were EGFP positive, indicating that infection efficiency
was independent of the proliferative status of the cells. Given
that only about 20% of the infected HSFs were EGFP positive,
a control infection was done with HOS cells in parallel. The
results revealed that over 60% of these cells were EGFP pos-
itive, indicating that there are quantitative differences in the
abilities of VSV-G-pseudotyped HIV-1-based vectors to infect
primary cells versus established cell lines.

The influence of the Vpr, Vif, and Vpu accessory proteins on
the efficiency of reporter gene transfer into G,-arrested HOS
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FIG. 8. Infection of contact-inhibited HSFs. (A to C) HSFs infected with HIV-EGFPAE pseudotypes. (A) vif, vpr, and vpu genes present in helper construct; (B)
all accessory protein-encoding genes absent in helper construct; (C) IN control; (D) mock infection.

cells and contact-inhibited HSFs was determined next. HOS
cells were irradiated (4,000 rads), subsequently infected with
HIV-HSAAE vector stocks, and processed for quantitative
FACS analysis 3 days later. Subconfluent HOS cells were sim-
ilarly infected and processed in parallel, and the ratios of the
percentages of HSA-positive, nondividing (irradiated) HOS
cells versus HSA-positive, dividing HOS cells were deter-
mined. These ratios varied only slightly, regardless of the C-
Help construct used (Fig. 7). The MoMLV-derived G1-HSA
vector stock served as a control. It did not transduce G-
arrested cells above background levels, indicating that the G,
block was effective. Contact-inhibited, nondividing HSFs were
infected using HIV-EGFPAE vector stocks and inspected by
fluorescence microscopy 29 days later (Fig. 8). Vector stocks
assembled from packaging constructs in which all accessory
protein-encoding regions were absent were as efficient as the
corresponding stocks assembled from wild-type constructs
(compare Fig. 8B and A). A vector stock assembled from an
IN-deficient helper was severely impaired (Fig. 8C). Taken
together, these results show that the vif, vpr, and vpu genes in
the helper construct are dispensable for infection of growth-
arrested HOS cells and contact-inhibited HSFs.

Primary neonatal rat ventricular myocytes prepared from
the hearts of 2- to 3-day-old rats were prepared and infected 5
days later with HIV-EGFPAE and HIV-ShlacZAE pseudotypes
or a pseudotyped MoMLV-lacZ control vector. The results
presented in Fig. 9A to C show that myocytes had been suc-
cessfully infected in that the EGFP-positive cells clearly over-
lapped the rhodamine-positive cells, labeled with a myosin-

specific antibody; Fig. D to F show that none of the accessory
proteins are required to generate virus that can infect such
myocytes, as judged from the X-Gal staining; Fig. 9H (IN
control) shows that the signals observed are not due to pseudo-
transduction. Moreover, the cells were no longer dividing at
the time of infection, as judged from results for the MoMLV-
lacZ virus control (Fig. 9G).

Cerebellar granule cells, also nondividing cells (60), were
prepared from 8-day-old rat pups and infected 1 day later with
HIV-ShlacZAE and HIV-ShlacZAN stocks pseudotyped with
VSV-G. The HIV-ShlacZAN vector is similar to the HIV-
neoAN vector because it lacks the 5’ tat and rev exons. Expres-
sion of the reporter gene was detected by B-galactosidase stain-
ing using the X-Gal substrate 3 days later. Up to 30% of the
granule cells were X-Gal positive after overnight incubation
(Fig. 10A and B). HIV-ShlacZAE stocks previously prepared
by using a vpr-deficient helper construct or helper constructs
lacking all accessory proteins were as efficient as the corre-
sponding stocks that had been prepared by using wild-type
helper constructs (Fig. 10C and D). There was no X-Gal stain-
ing in granule cells that were infected in the presence of 10 uM
AZT (Fig. 10F), suggesting that the staining is specific.
MoMLV-based vectors encoding -galactosidase did not pro-
duce signals above background levels (36).

DISCUSSION

We have developed an efficient three-component packaging
system to produce HIV-1 pseudotypes. The design of the sys-
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FIG. 9. Infection of postmitotic rat cardiac myocytes. (A to C) Rat cardiac myocytes infected with HIV-EGFPAE pseudotypes. (A) EGFP fluorescence; (B)
myosin-specific hodamine fluorescence; (C) combination of panels A and B. (D to I) Cardiac myocytes infected with HIV-ShlacZAE. (D) vif, vpr, and vpu genes present
in helper construct; (E) vif and vpu genes present in helper construct; (F) all accessory protein-encoding genes absent in helper construct; (G) MoMLV-lacZ vector;
(H) IN control; (I) mock infection. Approximately 2 X 10° myocytes in six-well plates were infected with 0.3 to 0.5 ml of the various virus stocks. The cells were stained

with X-Gal or processed for immunofluorescence 3 days after infection.

tem is based on the concept of split packaging systems that
have been available for oncoretroviruses for over a decade
(34). Transient three-component packaging systems that in-
clude the native HIV-1 gpl160 have been available for some
time (5, 45, 53, 50, 59), but their efficiency was generally quite
low, with titers on the order of 10° to 10* transducing units per
ml of supernatant. Naldini et al. (38) were the first to describe
an HIV-1-based three-component system that involves heter-
ologous Env proteins. Their pseudotype titers with VSV-G or
the MOMLV amphotropic Env protein ranged from 1 X 10° to
4 X 10° transducing units per ml, based on B-galactosidase
staining of transduced cells. The efficiency of our three-com-
ponent system appears to be higher. The titers obtained with
neo vectors were between 1 X 10° and 2 X 107 CFU/ml,
depending on the vector construct used. Titers above 107
CFU/ml (up to 8 X 107 CFU/ug of p24) were routinely ob-
tained provided that a functional Tat coding region was
present in the vector. Vector constructs lacking a functional
Tat protein typically yielded titers of around 10° CFU/ml (4 X
10° to 8 X 10° CFU/pg of p24).

The use of heterologous Env proteins such as VSV-G is
assumed to preclude the formation of replication-competent
HIV-1, and the separation of the helper functions from the
vector functions further adds to the safety of the system. How-
ever, there is still substantial sequence overlap between the
vector and helper constructs as far as gag sequences and se-
quences spanning the RRE are concerned. Theoretically, these
regions of overlap could lead to recombinants that could re-

constitute packageable helper constructs, and eliminating
them will be mandatory in the long run to make safe HIV-1
vectors. Rev-independent HIV-1 helper constructs as de-
scribed by Schneider et al. (52) and Srinivasakumar et al. (57)
may be helpful in this respect. They may facilitate the design of
packaging systems that lack RRE altogether, thus reducing the
likelihood of recombination.

We have previously reported that functional vpr and nef
coding regions are not required for generating high-titer
HIV-1 vector stocks and for the subsequent transduction of
proliferating and growth-arrested cells (49). The results pre-
sented here extend these findings and are consistent with the
view that the Vif, Vpr, Vpu, and Nef functions are not required
for the efficient transduction of proliferating and growth-ar-
rested HOS cells in vitro. Also, the efficiency of transduction of
postmitotic rat cardiac myocytes and cerebellar neurons was
the same regardless of whether functional Vif, Vpr, or Vpu was
present in the packaging construct. Some or all of the HIV-1
accessory proteins may be needed in other cell types to achieve
efficient transduction. Zufferey et al. (65), Kafri et al. (20), and
Kim et al. (21) recently described HIV-1 helper constructs in
which several of the genes encoding accessory proteins have
been deleted. Vector constructs packaged with these multiply
deleted helper constructs retained the ability to transduce
growth-arrested cells and monocyte-derived macrophages in
culture and could efficiently deliver genes in vivo into muscle
and adult neurons. Vpr and Vif were found to be required for
efficient gene delivery into the liver (20).
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FIG. 10. Infection of postmitotic rat cerebellar granule cells. (A, C, D, and F) Rat cerebellar granule cells infected using HIV-ShlacZAE pseudotypes; (B) rat
cerebellar granule cells infected using HIV-ShlacZAN pseudotypes; (C) vpr gene absent in helper construct; (D) all accessory protein-encoding genes absent in helper
construct; (E) mock infection; (F) cells infected in the presence of 10 puM AZT. Approximately 1.6 X 10° granule cells in 35-mm-diameter dishes were infected with

0.3 ml of virus stock and stained with X-Gal 3 days later.

In the study presented here, we compared different HIV-neo
vector constructs for the ability to yield G418-resistant colo-
nies. The HIV-neoAE vector harbors intact 5’ tat and rev
exons, while the HIV-neoATat (—) vector harbors a point-
mutated 5’ fat exon and lacks the capacity to produce func-
tional Tat. In the HIV-neoAN construct, the 5’ fat and rev
exons are missing. Compared to the HIV-neoATat (—) and
HIV-neoAN constructs, the HIV-neoAE construct exhibited

an approximately 6- to 10-fold-higher yield of G418-resistant
colonies. This is probably due to the production of functional
Tat by the HIV-neoAE vector in infected target cells and
concomitant improved neo gene expression from the Tat-reg-
ulated viral LTR, thus boosting the yield of G418-resistant
colonies. This assumption is supported by the findings of Pa-
rolin et al. (42), who showed that Tat-driven reporter gene
expression was substantially higher than expression of vectors
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that used heterologous internal promoter elements; the differ-
ence in expression was not due to improved packaging of the
vector constructs. Although Tat-driven expression is very ro-
bust, the continuous production of Tat and Rev in the target
cell may be detrimental, as Tat has been implicated in a num-
ber of effects besides its contribution to transcription, including
cytotoxicity (8). However, for certain in vitro experiments, such
as screening of cDNA expression libraries, the high efficiency
of gene transfer may be advantageous and the presence of Tat
in the vector construct may be desirable.

HIV-1 appears to be flexible in terms of forming pseudo-
types, thereby allowing the expansion of its host range. In
addition to VSV-G and the MoMLV amphotropic Env, rabies
virus and Mokola virus G proteins formed pseudotypes, al-
though the yield of G418-resistant colonies was highest with
VSV-G pseudotypes. This difference may reflect, in part, re-
ceptor levels, pseudotype stability, and efficiency of pseudotype
formation. Poor pseudotype formation involving the HFV Env
may explain the low yield of G418-resistant colonies. This
possibility is supported by the recent findings that the HFV
Env cytoplasmic domain harbors an endoplasmic reticulum
retention signal (18, 28), which may affect the proper assembly
of HIV-1 pseudotypes at the plasma membrane.

The lacZ reporter gene can lead to pseudotransduction ar-
tifacts under conditions where highly concentrated VSV-G-
pseudotyped MoMLV-derived vectors are used (29). We have
ruled out pseudotransduction by including an IN control and
by using AZT during infection. Also, because our titers are
high, there is generally no need to concentrate the virus.

The three-component HIV-1 packaging system described
here is efficient, robust, and safe. However, the design of effi-
cient packaging cell lines is mandatory. The various constructs
described here will be helpful in constructing such cell lines.
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