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Human immunodeficiency virus (HIV)-specific cytotoxic T lymphocytes (CTL) are an important parameter
of host defenses that limit viral replication after infection. Induction of effective CTL against conserved viral
proteins such as Gag may be essential to the development of a safe and effective HIV type 1 (HIV-1) vaccine.
DNA vaccination represents a novel strategy for inducing potent CD81 CTL responses in vivo. However,
expression of HIV-1 structural proteins by DNA vectors has been hampered by a stringent requirement for
coexpression with other viral components, such as Rev and RRE. Furthermore, even with Rev and RRE
present, the level of expression of HIV-1 Gag, Pol, or Env is very low in murine cells. These problems have
limited our ability to address the key issue of how to generate effective CTL responses to Gag in a mouse model.
To overcome this problem, we compared several novel DNA expression vectors for HIV-1 Gag protein expres-
sion in primate and mouse cells and for generating immune responses in mice after DNA vaccination. A DNA
vector containing wild type HIV-1 gag coding sequences did not induce detectable Gag expression in any of the
cells tested. Attempts to increase nuclear export of Gag expression RNA by adding the constitutive transport
element yielded only a moderate increase in Gag expression in monkey-derived COS cells and an even lower
increase in Gag expression in HeLa cells or several mouse cell lines. In contrast, silent-site mutations in the
HIV-1 gag coding sequences significantly increased Gag expression levels in all cells tested. Furthermore, this
construct induced both Gag-specific antibody and CTL responses in mice after DNA vaccination. Using this
construct, we achieved stable expression of HIV-1 Gag in the mouse cell line p815, which can now be used as
a target cell for measuring HIV-1 Gag-specific CTL responses in immunized mice. The DNA vectors described
in this study should make it possible to systematically evaluate the approaches for maximizing the induction
of CTL responses against HIV-1 Gag in mouse and other animal systems.

There is increasing evidence that CD81 cytotoxic T lympho-
cytes (CTL) may play an important role in controlling human
immunodeficiency virus type 1 (HIV-1) infection. Contain-
ment of primary HIV-1 infection in infected individuals corre-
lates with the emergence of virus-specific CTL responses (3,
12, 22). In chronically infected individuals, a high-frequency
CTL response against HIV-1 is also correlated with low viral
load and slow disease progression (19, 20). An HIV-1-specific
CTL response has also been demonstrated in certain highly
exposed seronegative individuals (2, 13, 28). Broad, cross-clade
CTL responses recognizing conserved epitopes in HIV-1 Gag
have been detected in HIV-1-infected individuals (7, 18). It is
therefore reasonable to hypothesize that induction of an effec-
tive CTL response against conserved internal virion proteins of
HIV-1 such as Gag is essential for the development of a safe
and effective HIV-1 vaccine.

In order to generate an efficient major histocompatibility

complex (MHC) class I-restricted cellular immune response to
a vaccine, viral proteins must be synthesized endogenously.
Efficient production of CTL responses requires endogenous
antigen synthesis, usually achieved by using a live, attenuated
virus or recombinant virus vectors. Concerns about using a live,
attenuated virus vaccine for HIV-1 include potential patho-
genic replication and disease development over a longer period
of time as well as potential adverse effects of integrated viral
DNA. Using recombinant virus-based vectors, it is difficult to
achieve repeated boosting because of the strong immune re-
sponse generated against the viral proteins of the virus vector.
Certain virus vectors, such as vaccinia virus, may also inhibit
class I MHC-restricted CTL responses (32).

Recently, a new approach (DNA vaccination) has been used
to express antigens in vivo for the generation of both humoral
and cellular immune responses (6). Several groups have used
the DNA vaccination approach against HIV-1 (10, 17, 21, 34).
Unfortunately, expression of HIV-1 Gag, Pol, and Env pro-
teins by DNA vectors has been hampered by the presence of
multiple inhibitory sequences (INS) in the structural genes
encoding Gag, Pol, and Env proteins of HIV-1. This makes
expression of the structural HIV-1 proteins dependent on the
viral regulatory protein Rev, which is responsible for the nu-
clear export and efficient expression of unspliced HIV-1
mRNAs (5, 8, 23, 24). Rev binds specifically to an RNA site
within HIV-1 mRNA named RRE. In the absence of func-
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tional Rev/RRE, mRNAs containing INS are either retained in
the nucleus or degraded rapidly; therefore, little protein can be
expressed from these mRNAs. Furthermore, even with Rev
and RRE, expression of HIV-1 Gag, Pol, or Env is very low in
certain murine cell lines (10, 33), limiting our ability to study
the DNA vaccine-induced immune response against Gag or
Pol using a mouse model.

It has been reported that type D retroviruses contain a
cis-acting posttranscriptional control element (CTE) that can
replace the Rev and RRE regulation of HIV-1 (4, 36). When
a CTE is inserted into an HIV-1 Rev2/RRE2 clone, replica-
tion of the CTE-containing clone can approach that of the
wild-type HIV-1 clone in cell lines (4, 36). The CTEs of dif-
ferent type D retroviruses are approximately 200 nucleotides in
length and form extensive RNA stem-loop structures. They
contain binding sites for cellular factors that contain nuclear
export signals (9). CTEs function in a wide spectrum of cell
types and species (31) and have been identified in both type D
simian retroviruses (4, 36) and murine intracisternal-A parti-
cles (31).

A current hypothesis about the function of INS is that they
are binding sites for cellular factors that contribute to mRNA
instability (1). Recently, it has been demonstrated that substi-
tutions of AT-rich regions in HIV-1 gag, mostly in third-site
positions, without changing the amino acid sequence of the
produced Gag protein can result in efficient expression of Gag
in a Rev- and RRE-independent fashion (29, 30). In the
present study, we have constructed a series of HIV-1 Gag
DNA expression vectors and compared the influence of the
constitutive transport element (CTE) or of silent-site muta-
tions within HIV-1 gag on Gag expression in a variety of cells
of human, simian, and mouse origin. We found that silent-site
mutations in HIV-1 gag allowed efficient Gag expression in a
species-independent fashion and induced both humoral and
CTL responses after naked DNA vaccination in mice. On the
other hand, CTE only increased Gag expression moderately in
monkey-derived COS cells and negligibly in HeLa (human) or
several mouse cell lines. A DNA vaccine containing wild-type
gag coding sequence plus CTE did not induce any detectable
humoral or CTL response in mice. In contrast, mutated gag not
containing INS induced detectable humoral and CTL re-
sponses. We have also achieved stable expression of HIV-1
Gag protein in mouse p815 cells and shown that these cells can
be used as CTL target cells. Reagents described in this study
should facilitate the development and evaluation of HIV-1
DNA vaccine strategies against conserved viral Gag protein in
animal models.

MATERIALS AND METHODS

Construction of HIV-1 Gag expression vectors. The HIV-1 gag coding region
from HXB2 (25) was amplified by PCR, using primers Gag-for (59GCTAGAA
GGTCTAGAATGGGTGCGAGAGCG39, with the XbaI site underlined) and
Gag-rev (59AGTTGCCCCCGAATTCTTATTGTGACGAGG39, with the
EcoRI site underlined). The PCR products were digested with XbaI and EcoRI
and cloned into pcDNA3.1(2) (Invitrogen, San Diego, Calif.) downstream from
the human cytomegalovirus (CMV) immediate-early promoter (Pcmv) sequence,
using XbaI and EcoRI sites to generate pGAG (Fig. 1). To generate pGAGCTE,
the CTE from simian retrovirus type 1 (SRV-1) (36) was obtained as a BamHI-
KpnI restriction fragment from plasmid pS12 (31) and inserted into pGAG
downstream from the gag coding sequences and upstream from the bovine
growth hormone polyadenylation (BGHpA) signal (Fig. 1). pGAGINS was gen-
erated by PCR amplification of INS mutant gag coding sequences from
p55M1-10 (29), using primers Gag-for and Gag-rev. The PCR products were
digested with XbaI and EcoRI and cloned into pcDNA3.1(2) to generate
pGAGINS (Fig. 1). The CTE from SRV-1 as a BamHI-KpnI restriction fragment
from plasmid pS12 was inserted into pGAGINS downstream from the gag coding
sequences but upstream from the BGHpA signal by using the BamHI and KpnI
sites to generate pGAGINSCTE (Fig. 1). These plasmids were transformed into

Dh5a bacteria, cultured in Luria broth, and purified with the QIAGEN Max-
iprep kit (QIAGEN, Chatsworth, Calif.).

Antibodies and synthetic peptide. An HIV-1-positive human serum was ob-
tained from an HIV-1-infected subject in Baltimore, Md. Rabbit anti-p24 anti-
body and sheep anti-p17 antibody were obtained from the AIDS Research and
Reference Reagents Program, NIH, Bethesda, Md. The anti-p6Gag antiserum
has been described previously (35). The anti-p7 monoclonal antibody was ob-
tained from Larry Arthur. Alkaline phosphatase (AP)-conjugated goat anti-
human immunoglobulin G (IgG) and AP-conjugated goat anti-mouse IgG were
purchased from Jackson ImmunoResearch Laboratories, Inc. HIV-1 Gag p24
peptide Gag199-207 (AMQMLKETI) was synthesized on an Applied Biosystems
model 433A peptide synthesizer (Berkley, Calif.). Peptide stock solutions were
prepared in phosphate-buffered saline (PBS) and diluted in culture medium to
the appropriate concentration.

Cell lines and transfections. COS-7, NIH 3T3, and HeLa cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum–100 U of penicillin/ml–100 mg of streptomycin/ml and passaged
upon confluence. p815 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 15% fetal bovine serum–100 U of penicillin/ml–100
mg of streptomycin/ml (complete medium). HeLa cells are human cervical epi-
thelial carcinoma cells. NIH 3T3 cells are mouse fibroblasts. p815 cells were
derived from a mouse mastocytoma with an H-2d MHC background. Cell culture
reagents were obtained from Life Technologies, Gaithersburg, Md. COS-7 cells
were transiently transfected by the DEAE-dextran method as previously de-
scribed (15). NIH 3T3, p815, and HeLa cells were transfected by the lipofectin
method as suggested by the manufacturer (Life Technologies). At 24 h after
transfection, the transfected p815 cells were washed once with complete medium
and selected with the antibiotic G418 (1.2 mg/ml) for 2 to 3 weeks. The estab-
lished p815 cell lines were maintained in complete medium and 0.4 mg of
G418/ml.

Immunoblotting and p24 assay. Three days after transfection, cell lysates were
prepared as previously described (14). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out by using standard methods.
Proteins were transferred to nitrocellulose (Schleicher & Schuell) by washing the
gel and nitrocellulose in transfer buffer (50 mM NaCl, 1.8 mM EDTA, 10 mM
Tris, pH 7.0) and making a sandwich of nitrocellulose sheets with the gel in the
middle, wrapping with plastic wrap, and incubating overnight between two glass
plates with a 2-kg weight on top, at 4°C (2a, 14–16, 35). The blots were stained
with HIV-1-positive human serum in a PBS solution with 3% nonfat dried milk.
Secondary antibodies were AP-conjugated anti-human (Jackson Immunore-
search, Inc., West Grove, Pa.) and staining was with BCIP and NBT solutions
prepared from chemicals obtained from Sigma. Cell culture supernatants were
collected 3 days after transfection and clarified by centrifugation at 3,000 3 g for
10 min, and p24 antigen capture enzyme-linked immunosorbent assays (ELISAs)
were performed as specified by the manufacturer (DuPont, Wilmington, Del.).

DNA vaccination of mice. Plasmid DNAs for vaccinations were prepared using
QIAGEN plasmid purification kits. DNA was dissolved in saline at a concentra-
tion of 1 mg/ml. Female BALB/c mice, 6 to 8 weeks old, purchased from Charles
River Laboratories (Wilmington, Mass.), were immunized by intramuscular in-
jection with 0.05 ml of plasmid DNA to a separate site on each side of the

FIG. 1. Schematic representation of HIV-1 Gag expression vectors. The
CMV promoter and BGHpA signal flank wild-type (25) or INS mutant (29)
HIV-1 gag coding sequences. The CTE from SRV-1 (36) was inserted down-
stream from either the wild-type HIV-1 gag coding sequences or the INS mutant
HIV-1 gag coding sequences.
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quadriceps muscle, followed by two booster vaccinations at 2-week intervals as
previously described (6). All animals used in this study were maintained at the
Johns Hopkins University, Baltimore, Md., under the supervision of University
Laboratory Animal Resources.

Assay for anti-Gag antibodies. BALB/c mice were intramuscularly injected
three times with 100 mg of plasmid DNA each at 0, 2, and 4 weeks. Anti-Gag
antibodies were measured at week 6. Sera were collected from each mouse group
injected with the various DNA constructs, pooled, and analyzed by immunoblot-
ting, using purified immature viral particles containing unprocessed Gag p55 or
mature HIV-1 virions from H9 cells (16).

Cytotoxic T-cell assays. At week 6 (2 weeks after the last inoculation), animals
were sacrificed. Spleens were removed from immunized mice and naive mice and
compressed through sterile nylon mesh with a rubber stopper, then washed twice
with RPMI 1640. Splenic mononuclear cells were isolated by centrifugation
through Ficoll-Hypaque discontinuous density gradients, and T cell enrichment
was performed with sterilized nylon wool columns. The harvested cells were
centrifuged for 10 min in a Sorval H-1000B rotor at 1,000 rpm (200 3 g) and
resuspended for the CTL assay. Cell viability was determined by trypan blue
exclusion.

The stimulator cells were splenocytes harvested from naive mice and purified
by Ficoll-Hypaque gradient. The stimulator cells (5 3 106 cells/ml) were incu-
bated for 20 min in 10 mg of psoralen/ml and then transferred to a T-25 culture
plate and exposed to UV light (365 nm) for 5 min. The cells were pelleted,
washed 4 to 5 times with RPMI medium, and pulsed with 10 mg of MHC class
I-restricted p24 peptide (199 AMQMLKETI 207)/ml for 1 h at 37°C before use.
The effector cells in 24-well plates were incubated with stimulator cells at an
effector-to-stimulus (E/S) ratio of 5/1 for 6 days in culture medium containing 15
U of interleukin-2/ml. The target cells (p815; 107 cells/ml) were incubated with
10 mg of MHC class I-restricted p24 peptide (199 AMQMLKETI 207)/ml for 30
min at 37°C and then labeled with 100 to 200 mCi of [51Cr]Na2O for 2 h and
washed three times with RPMI 1640. Stimulated splenocytes were cocultivated at
37°C for 5 h with 104 radiolabeled target cells at varied effector-to-target ratios
of 64/1, 16/1, 4/1, and 1/1. Target cell lysis was measured by liquid scintillation
counting. The percent specific lysis of labeled target cells for a given effector cell
sample was calculated as follows: specific lysis 5 (Cr release in sample 2 control
Cr release)/(maximal Cr release 2 control Cr release) 3 100. Maximal release
was determined as the average release in wells to which 1% Nonidet P-40 was
added in place of effector cells. Control release was determined as the averaged
release in control wells in the absence of effector cells, which was 15 to 25% of
maximal release. All determinations were performed in triplicate.

RESULTS

Construction of HIV-1 Gag expression vectors. The HIV-1
gag coding region from HXB2 (25) was amplified by PCR and
cloned into pcDNA3.1(2) downstream from the human CMV
immediate-early promoter (Pcmv) sequence, using XbaI and
EcoRI sites to generate pGAG (Fig. 1). To generate pGAGCTE,
the CTE from SRV-1 (36) was inserted downstream from the
gag coding sequence but upstream from the BGHpA signal,
using the BamHI and KpnI sites (Fig. 1). The CMV promoter
provides a high level of constitutive expression in a range of
mammalian cells. The BGHpA signal provides efficient tran-
scription termination and polyadenylation of mRNA. pGAGINS
was generated by PCR amplification of mutant gag coding
sequence contained in plasmid p55M1-10 (29) and cloned into
pcDNA3.1(2) downstream from the human CMV immediate-
early promoter (Pcmv) sequence, using the XbaI and EcoRI
sites (Fig. 1). The CTE from SRV-1 was inserted down-
stream from the gag coding sequence in pGAGINS to generate
pGAGINSCTE (Fig. 1).

Comparison of HIV-1 Gag expression by the various con-
structs in primate cells. We initially tested the protein expres-
sion by various HIV-1 Gag expression vectors in transfected
COS-7 cells, an African green monkey kidney-derived cell line.
When cell lysates from transfected COS-7 cells were analyzed
by immunoblotting with an HIV-1-positive human serum, Gag
p55 precursor protein was not detected in pcDNA3.1-trans-
fected COS-7 cells, as expected (Fig. 2A, lane 1, top panel).
Also, Gag p55 precursor protein was not detected in pGAG-
transfected COS-7 cells (Fig. 2A, lane 2, top panel). Gag p55
precursor protein was detected in transfected COS-7 cells with
the pGAGCTE, pGAGINS, and pGAGINSCTE constructs
(Fig. 2A, top panel). However, expression of Gag p55 by the
pGAGINS (lane 4) construct was much more efficient than
that with the pGAGCTE (lane 3) construct (Fig. 2A, top pan-

FIG. 2. HIV-1 Gag expression in transfected COS cells with various DNA
constructs. (A) Cell lysates from pcDNA3.1-, pGAG-, pGAGCTE-, pGAGINS-,
and pGAGINSCTE-transfected cells were separated by SDS-PAGE, transferred
to nitrocellulose filters, and analyzed by immunoblotting with an HIV-1-positive
human serum (top panels). Virus lysates from transfected COS-7 cells were
prepared as described in Materials and Methods, separated by SDS-PAGE,
transferred to nitrocellulose filters, and analyzed by immunoblotting with an
HIV-1-positive human serum (bottom panels). (B) Cell lysates from pcDNA3.1-,
pGAGINS-, pGAGCTE-, and pGAGCTE/BS-transfected cells were separated
by SDS-PAGE, transferred to nitrocellulose filters, and analyzed by immuno-
blotting with an HIV-1-positive human serum (lanes C). Virus lysates were
analyzed by immunoblotting with an HIV-1-positive human serum (lanes V).
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el). The expression of Gag p55 by the pGAGINSCTE (lane 5)
construct was approximately twofold higher than that of the
pGAGINS (lane 4) construct (Fig. 2A, top panel).

Gag p55 in particle form was also detected in culture super-
natants of pGAGCTE (lane 3)-, pGAGINS (lane 4)-, and
pGAGINSCTE (lane 5)-transfected COS-7 cells by the HIV-
1-positive human serum (Fig. 2A, bottom panel). As expected,
no particulate form of Gag p55 was detected in culture super-
natants of pcDNA3.1 (lane 1)- or pGAG (lane 2)-transfected
COS-7 cells (Fig. 2A, bottom panel). Again, the pGAGINS-
transfected COS-7 cells produced much more Gag p55 in par-
ticle form than the pGAGCTE-transfected COS-7 cells (Fig.
2A, bottom panel). These results suggest that the mutations
eliminating the INS sequences in the HIV-1 gag coding se-
quence increase Gag expression in COS-7 cells to a greater
extent than insertion of a CTE element at the 39 untranslated
region of the wild-type gag coding sequence.

A previous study suggested that CTE can significantly in-
crease simian immunodeficiency virus SIVmac Gag expression
when placed after the wild-type SIVmac gag coding sequences
(11). A difference between the expression vectors in the two
studies is the presence of an intron between the CTE and the
polyadenylation signal in the SIVmac Gag expression vector.
We have cloned the wild-type HIV-1 gag coding sequences plus
CTE into the same location in the same DNA vector, pBK-
CMV (11) to generate pGAGCTE/BS. HIV-1 Gag expression
was again analyzed in transfected COS-7 cells. Immunoblotting
analyses using cell lysates (Fig. 2B, lanes C) and supernatant
lysates (Fig. 2B, lanes V) indicated that pGAGCTE/BS did not
induce better HIV-1 Gag expression than did the pGAGCTE

vector (Fig. 2B). Both pGAGCTE and pGAGCTE/BS induced
less HIV-1 Gag expression than did pGAGINS (Fig. 2B).
These results suggest that CTE could not significantly stimu-
late HIV-1 Gag expression, irrespective of the DNA vectors
used.

Gag p55 expression was also evaluated with the various
constructs in transfected HeLa cells. Immunoblot analysis of
cell lysates prepared from transfected HeLa cells is shown in
Fig. 3 (top panel). Transfection of the HeLa cells with
pcDNA3.1, pGAG, and pGAGCTE did not produce detect-
able levels of Gag protein by immunoblot analysis (Fig. 3, top
panel, lanes 1, 2, and 5). On the other hand, pGAGINS- and
pGAGINSCTE-transfected HeLa cells produced detectable
Gag p55 (Fig. 3). Gag p55 was also detected in the superna-
tants of pGAGINS- and pGAGINSCTE-transfected HeLa
cells (Fig. 3, bottom panel) but not to any appreciable extent
from those of pcDNA3.1-, pGAG-, and pGAGCTE-trans-
fected HeLa cells (Fig. 3, bottom panel).

Comparison of HIV-1 Gag expression by the various con-
structs in mouse cells. To compare levels of Gag expression in
mouse cells by the various HIV-1 Gag constructs, we per-
formed transient transfection experiments using mouse NIH
3T3 cells. Three days after transfection, cell lysates from trans-
fected NIH 3T3 cells were analyzed by immunoblotting for the
presence of cell-associated Gag p55 molecules (Fig. 4, top
panel). Gag p55 was detected in the cell lysates of NIH 3T3
cells transfected by pGAGINS (lane 5) and pGAGINSCTE
(lane 4) (Fig. 4, top panel). No Gag p55 was detected in the cell
lysates of pcDNA3.1-, pGAG-, and pGAGCTE-transfected
NIH 3T3 cells by HIV-1-positive serum (Fig. 4, top panel,FIG. 3. HIV-1 Gag expression in transfected HeLa cells. HeLa cells were

transfected with various DNA constructs as described in Materials and Methods.
Cell lysates were separated by SDS-PAGE, transferred to nitrocellulose filters,
and analyzed by immunoblotting with an HIV-1-positive human serum (top
panels). Soluble Gag released from transfected HeLa cells was monitored by p24
ELISA (bottom panel).

FIG. 4. HIV-1 Gag expression in transfected NIH 3T3 cells. NIH 3T3 cells
were transfected with various DNA constructs as described in Materials and
Methods. Cell lysates from transfected cells were separated by SDS-PAGE,
transferred to nitrocellulose filters, and analyzed by immunoblotting with an
HIV-1-positive human serum (top panel). Soluble Gag released from transfected
NIH 3T3 cells was monitored by p24 ELISA (bottom panel).
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lanes 1 to 3). Gag p55 was also detected in the supernatants of
pGAGINS- and pGAGINSCTE-transfected NIH 3T3 cells
(Fig. 4, bottom panel). No Gag p55 was detected in the super-
natants of pcDNA3.1-, pGAG-, and pGAGCTE-transfected
NIH 3T3 cells (Fig. 4, bottom panel).

Anti-Gag antibody responses in mice immunized with naked
DNA vaccine. BALB/c mice were intramuscularly injected with
100 mg of plasmid DNA three times at 0, 2, and 4 weeks.
Anti-Gag antibodies were measured at week 6. Sera were col-
lected from the mice injected with the different DNA con-
structs and analyzed by immunoblot using purified particle-
associated Gag p55 produced from H9 cells (16). As shown in
Fig. 5A, anti-Gag antibodies were detected in mice vaccinated
with either pGAGINS (lane 4) or pGAGINSCTE (lane 5) and
in mice infected with recombinant vaccinia virus/Gag (lane 6).
Serial dilutions of an HIV-1-positive human serum were used
as a positive control (Fig. 5A). In contrast, no anti-Gag anti-
bodies were detected in mice immunized with pcDNA3.1,
pGAG, and pGAGCTE (Fig. 5A, lanes 1 to 3).

The precursor Gag p55 is cleaved by viral protease into
MAp17, CAp24, NCp7, and p6 during viral maturation. In
HIV-1-infected individuals, CAp24 is the predominant region
involved in the generation of an anti-Gag antibody response.
To determine which region of Gag elicits the production of
anti-Gag antibody in immunized mice, we performed an im-
munoblot analysis using purified mature virions as antigens.
The positions of MAp17, CAp24, NCp7, and p6 in the blots
were identified by specific antibodies (Fig. 5B). The anti-Gag
antibodies generated in mice immunized with pGAGINS (lane
4) and pGAGINSCTE (lane 5) reacted predominantly with
CAp24 (Fig. 5B). Interestingly, the pGAGINSCTE DNA con-
struct did not induce a better anti-Gag antibody response than
did the pGAGINS construct (Fig. 5A and B), although
pGAGINSCTE seemed to induce a slightly higher level of
protein expression in vitro than did pGAGINS (Fig. 2 to 4).

CTL responses in DNA-vaccinated mice. Mice were immu-
nized with the various DNA constructs as described above. At

week 6, splenocytes from the mice in each group were har-
vested and pooled, and the CTL responses specific to HIV-1
Gag were measured following antigen restimulation. As a pos-
itive control for this experiment, mice were also vaccinated
with recombinant vaccinia virus/Gag. As expected, those plas-
mids that did not express Gag p55 in vitro, such as pcDNA3.1
and pGAGCTE, did not elicit a CTL response against HIV-1
Gag (Fig. 6). Levels of specific lysis below 5% were considered
not significant. The group of vaccinated mice that received
pGAGINS developed a slightly higher level of HIV-1 Gag-
specific lytic activity than those that received pGAGINSCTE.
These results showed that intramuscular injection of Rev-in-
dependent expression plasmids can induce both humoral and

FIG. 5. BALB/c mice were injected intramuscularly with 100 mg of plasmid DNA three times at 0, 2, and 4 weeks. Anti-Gag antibodies were measured at week 6.
Sera were collected from each mice group injected with the different DNA constructs, pooled, and analyzed by immunoblot, using purified viral particle Gag p55 (A)
or purified mature HIV-1 virions (B). Vaccinia/Gag, sera from mice infected with recombinant vaccinia virus/Gag. HIV-1-positive human serum was used as positive
control.

FIG. 6. BALB/c mice were intramuscularly injected three times with 100 mg
of plasmid DNA at 0, 2, and 4 weeks. Anti-HIV-1 Gag CTL responses were
measured at week 6. Splenocytes from the mice in each group were harvested
and pooled, and the CTL responses specific to HIV-1 p24 peptide were mea-
sured following antigen restimulation in vitro. The target cells (p815) were
pulsed with p24 peptide.
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cellular immune responses against HIV-1 Gag in a murine
model.

Stable expression of HIV-1 Gag in mouse p815 cells and as
target cells for measuring CTL responses. p815 cells were
transfected and established as described in Materials and
Methods. Cell lysates from stably transduced p815 cells were
analyzed by immunoblotting for cell-associated Gag p55 mol-
ecules (Fig. 7A). Gag p55 was only detected in the cell lysates
of pGAGINS-transduced p815 cells (Fig. 7A, lane 4). No Gag
p55 was detected with the HIV-1-positive serum in the cell
lysates of pcDNA3.1-, pGAG-, pGAGCTE-, or pGAGINS
CTE-transduced cells (Fig. 7A). Stable expression of HIV-1
Gag in mouse cell lines has not been described previously. We
can reproducibly transduce mouse p815 and obtain stable
HIV-1 Gag expression with the pGAGINS construct.

We have also examined whether HIV-1 Gag-transduced
p815 cells can serve as HIV-1 Gag-specific CTL target cells
(Fig. 7B). HIV-1 Gag-specific effector cells were obtained from
mice infected with recombinant vaccinia virus/Gag. Two weeks
after infection, splenocytes from mice infected with recombi-
nant vaccinia virus/Gag were harvested, pooled, and stimulated
with p24 peptide in vitro. CTL responses specific to HIV-1
Gag, using HIV-1 Gag-transduced p815 cells as target cells,
were measured. As expected, p815 cells transduced with con-

trol vector pcDNA3.1 did not elicit a CTL response, whereas
p815 cells transduced with pGAGINS did (Fig. 7B). These
latter cells are useful reagents for evaluating HIV-1 Gag pro-
cessing and MHC class I presentation in mouse cells and
HIV-1 Gag-specific CTL responses elicited by various vaccine
strategies in the mouse model.

DISCUSSION

In this report, we have compared several strategies using
DNA vectors to induce efficient expression of HIV-1 Gag mol-
ecules in various cell types. The presence of multiple INS in the
structural genes gag, pol, and env of HIV-1 make the expres-
sion of these structural proteins Rev and RRE dependent (24).
Consistent with previous observations (29), we did not detect
any expression of HIV-1 Gag proteins when a DNA expression
vector containing wild-type gag coding sequences was trans-
fected into human (HeLa), monkey (COS-7), or mouse (NIH
3T3) cells. Addition of the mRNA nuclear export signal CTE
from SRV-1 increased Gag expression only slightly in COS
cells and did not yield detectable levels of Gag in either HeLa
or NIH 3T3 cells. In contrast, mutations of the INS in the
wild-type gag coding sequences (29) significantly increased Gag
protein expression in all the cell lines tested, including HeLa,
COS, and NIH 3T3 cells.

The failure to achieve significant stimulation of Gag expres-
sion by adding the CTE could not be attributed to a suboptimal
location of the CTE (26). The CTE in our DNA constructs is
located just 59 to the polyadenylation signal, a location consid-
ered to be the most efficient (26). A previous study has sug-
gested that the CTE can significantly increase SIVmac Gag
expression when placed after the wild-type SIVmac gag coding
sequences (11). Those investigators used a vector containing
an intron between the CTE and the polyadenylation signal. To
exclude the possibility that the presence of the intron is re-
sponsible for the different results, we cloned the wild-type
HIV-1 gag coding sequences plus the CTE into the same lo-
cation as the DNA vector used in the previous study
(pGAGCTE/BS). We did not observe any increased HIV-1
Gag expression relative to that with the pGAGCTE vector
(Fig. 2B). These results suggest that the CTE is not able to
significantly stimulate HIV-1 Gag expression, irrespective of
the DNA vector used. It is possible that the wild-type HIV-1
gag coding sequences behave differently than do the wild-type
SIVmac gag coding sequences when combined with the CTE.
A side-by-side comparison of the CTE in the context of the
wild-type SIVmac gag coding sequences and the INS mutant
form of SIVmac gag coding sequences will be needed to de-
termine which strategy is more efficient.

Although the CTE strategy appears to work efficiently to
induce SIVmac Gag expression in simple DNA expression
vectors (11, 27), the results obtained in the present study sug-
gest that the most efficient strategy for expressing HIV-1 Gag
via DNA vectors involves the elimination of the INS. More
importantly, we found that this latter strategy apparently al-
lowed efficient Gag protein expression in vivo after intramus-
cular DNA injection into mice and also induced efficient hu-
moral as well as cellular immune responses against HIV-1 Gag.
The precise function of the INS that limit HIV-1 Gag expres-
sion in the absence of Rev/RRE remains to be defined. It has
been proposed that INS are binding sites for cellular factors
which contribute to mRNA instability (1). Therefore, inactiva-
tion of INS in the gag coding region should increase mRNA
stability and allow efficient Gag expression.

Using the pGAGINS construct, we were also able to repro-
ducibly achieve stable expression of HIV-1 Gag in the p815

FIG. 7. p815 cells were transfected with various DNA constructs. Stable cell
lines were established by selection with G418. (A) Cell lysates from transduced
p815 cells were separated by SDS-PAGE, transferred to nitrocellulose filters,
and analyzed by immunoblotting with an HIV-1-positive human serum. Gag
expression was only detected in p815 cells transduced with the pGAGINS con-
struct. (B) Transduced p815 cells as CTL target cells. CTL effector cells were
obtained from splenocytes of BALB/c mice infected with recombinant vaccinia
virus/Gag.
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mouse cell line. However, attempts to obtain stable HIV-1 Gag
expression in another mouse cell line, NIH 3T3, with either the
pGAGINS or the pGAGINSCTE construct were unsuccessful.
Using HIV-1 Gag-transduced p815 cells, we also demonstrated
that these cells can present HIV-1 Gag antigen via MHC class
I molecules and can serve as HIV-1 Gag-specific CTL target
cells. These cells can therefore serve as useful reagents for
evaluating the HIV-1 Gag-specific CTL response to various
vaccine strategies in a mouse model system.

Although the combination of CTE and INS mutations
(pGAGINSCTE) was slightly more effective than INS muta-
tions alone (pGAGINS) in increasing in vitro Gag expression
after transient transfections, pGAGINSCTE did not induce a
better anti-Gag antibody response or anti-Gag CTL response
after DNA immunization in mice. Furthermore, pGAGINS
induced stable Gag expression in mouse p815 cells, whereas
pGAGINSCTE did not. It is possible that pGAGINS induced
more sustained protein expression than pGAGINSCTE in
mice after intramuscular injection and therefore induced
slightly better immune responses. Alternatively, stronger tran-
sient Gag expression with pGAGINSCTE but not with
pGAGINS may induce some immune tolerance. Further study
will be required to determine which of these factors is more
significant. In summary, our results suggest that a simple strat-
egy of eliminating the INS elements by mutagenesis is suffi-
cient to express HIV-1 Gag in a Rev/RRE-independent and
species-independent fashion. Such a strategy may facilitate fu-
ture systematic evaluation of approaches to maximizing the
induction of cellular immune responses, such as CTL and T-
helper responses against HIV-1 Gag in the mouse model.
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