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Immunity to human immunodeficiency virus virion-like structures or a polyprotein has been examined after
DNA immunization with Rev-independent expression vectors. A Gag-Pol fusion protein stimulated cytotoxic T
lymphocyte and antibody responses to Gag and Pol, while a Gag-Pol pseudoparticle did not elicit substantial
Pol responses. This fusion protein may be useful for AIDS vaccines.

The development of a cytotoxic T-lymphocyte (CTL) re-
sponse to viruses is often crucial to the outcome of infections.
Lysis of infected cells prior to the production of progeny viri-
ons may limit virus burst size (27), and human immunodefi-
ciency virus (HIV)-specific CD8" CTLs have been shown to be
important in viral clearance and in the control of initial HIV
type 1 (HIV-1) spread (1, 11). CTL responses specific to HIV
also contribute to reduction in viral load during acute and
asymptomatic infection (10, 14) and may be involved in pro-
tection against the establishment of persistent HIV infections
(19, 20), thus representing a desirable response in an HIV-1
vaccine. Early studies of DNA vaccination against HIV in mice
required the inclusion of Rev in their expression vectors (13,
16, 25), but modification of INS has been shown to facilitate
Rev-independent expression of HIV-1 Gag (18, 29), allowing
detectable humoral and CTL responses against this protein
(18). These modified HIV-1 Gag genes produced virus-like
particles of the expected density and morphology and induced
an immune response to HIV-1 Gag after DNA immunization
in mice (29). We prepared synthetic HIV-1 clade B Gag and
Pol expression vectors that are based on human (h) codon
usage. These vectors encode hGag-Pol and its derivatives,
hGag, hPol, and an hGag-Pol fusion protein. The synthetic
Gag-Pol genes show little nucleotide homology to those of
HIV-1, but the sequences of the associated proteins are the
same. Here, the immunogenicities of these different forms of
Gag in plasmid expression vectors were compared.

Expression of synthetic HIV-1 clade B Gag and Pol genes.
Synthetic HIV-1 Gag and/or Pol expression vectors for hGag-
Pol, hGag-PolAFsAPr, hPol, and hGag were prepared (Fig.
1A). Gag (amino acids 1 to 432) from HXB2 (GenBank ac-
cession no. K03455) and Pol (amino acids 3 to 1003) from
NL4-3 (GenBank accession no. M19921) were reverse trans-
lated (Genetics Computer Group, Inc., Madison, Wis.) using
codons expected for human cells. Eighty-six oligonucleotides
of 75 bp with 25 nucleotides of overlap covering 4,325 DNA bp
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with 5’ Sall and 3" EcoRI sites were synthesized. hGag-Pol was
assembled by PCR with Pwo (Boehringer Mannheim) and
Turbo Pfu (Stratagene) high-fidelity DNA polymerase, cloned
into Sall-blunted Bg/1I-digested pNGVL-3 (28), and confirmed
by DNA sequencing. A 226-bp fragment spanning the frame-
shift site and the overlapping region of the two reading frames
from NL4-3 was retained to allow expression of Gag and Gag-
Pol precursor polyproteins. Three additional constructs were
derived from the hGag-Pol gene. Five thymidines (Ts) in the
frameshift site of the hGag-Pol gene were deleted (AFS), and
the protease was inactivated by replacing AGG in the protease
coding sequence with GGC (R42G) to create hGag-
PolAFSAPr (8, 12). Codons for 432 amino acids of the NH,
terminal of hGag-Pol were deleted and an ATG start codon
was added to create the hPol gene. Codons for 925 amino acids
of the COOH terminal of hGag-Pol were deleted to create the
hGag gene. pCMVAS.2, a kind gift from Inder Verma, ex-
pressed viral Gag-Pol (15). To confirm expression, the syn-
thetic or viral Gag-Pol genes were transiently transfected into
293T cells, a human kidney-derived cell line. The expression of
Gag precursor proteins from codon-altered vectors was 10- to
100-fold higher than that of viral Gag-Pol (Fig. 1B and C), as
determined by quantitative phosphorimaging. When cell ly-
sates were analyzed by immunoblotting with human anti-
HIV-1 immunoglobulin G (IgG) (Fig. 1B), monoclonal anti-
p24 (Fig. 1C), and rabbit anti-reverse transcriptase (RT) (Fig.
1D), Gag p55, Pol p110, and Gag-Pol p160 precursor proteins
were detected in hGag, hPol, and hGag-Pol fusion plasmid-
transfected 293T cells, as was expected. Mature virion proteins
p24 and RT p66 were detected in the hGag-Pol gene-trans-
fected cells (Fig. 1B to D). This processing might result from
activation of intracellular protease(s) by high-level expression
of Gag and Gag-Pol (9). Virus-like particles were detected by
transmission electron microscopy from the hGag and hGag-
Pol gene-transfected cells but not hGag-PolAFsAPr or hPol
gene-transfected cells (data not shown). Stable expression of
HIV-1 Gag and Pol proteins from codon-optimized genes in
mouse CT26 and BH10ME cells was also observed (Fig. 1E),
and no major differences in antibody reactivity compared to
human cells were observed.
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FIG. 1. Schematic representation of HIV-1 Gag-Pol expression constructs and expression in transfected 293T cells and stably transfected CT26
and BC10ME cells. (A) The protein sequences of Gag (amino acids 1 to 432) from HXB2 (GenBank accession no. K03455) and Pol (amino acids
3 to 1003) from NL4-3 (GenBank accession no. M19921) were used to create a synthetic version of hGag-Pol using codons found in human cells.
Cell lysates from 293T cells transfected with pPCMVARS.2 containing the coding sequences for viral Gag-Pol (vGag-Pol) (15), pPNGVL-hGag, hPol,
hGag-PolAFSAPr, and hGag-Pol were separated by sodium dodecyl sulfate-4 to 15% gradient polyacrylamide gel electrophoresis (SDS-4 to 15%
PAGE), transferred to nitrocellulose filters, and analyzed by immunoblotting with human anti HIV-1-IgG (B), monoclonal anti-p24 (C), and rabbit
anti-RT (D). (E) Cell lysates from CT26 and BCI0OME cells stably transduced with either hGag or hPol were analyzed with human anti-HIV-1 IgG.
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Induction of HIV-1 Gag and Pol CTL responses in mice by
DNA vaccination. To evaluate the cellular immune response to
HIV-1 Gag and Pol proteins, 6- to 8-week-old BALB/c female
mice were injected intramuscularly four times at 2-week inter-
vals (200 pl of 0.5-mg/ml DNA in saline). Two weeks after the
final vaccination, CTL responses specific to HIV-1 Gag and/or
Pol were analyzed using Gag or Pol peptide-pulsed BCIOME
cells or mouse fibrosarcoma cell lines derived from B/C-N cells
(3) after in vitro sensitization for 1 week. Immunization with
hGag, hGag-PolAFSAPr, or hGag-Pol genes induced compa-
rable responses specific to Gag (Fig. 2A); however, after im-
munization with hPol, hGag-PolAFSAPr, or hGag-Pol genes,
only fusion protein hGag-PolAFSAPr, and hPol to a lesser
extent, elicited a marked CTL response to Pol (Fig. 2B). To
confirm that the specific killing in the CTL assays was induced
by CD8* CTLs, CD4" or CD8" cells were depleted from
sensitized splenocytes by Dynal beads (Dynal, Inc., Lake Suc-
cess, N.Y.). Depletion of CD8™ cells abolished the specific lysis
in the hGag-PolAFSAPr gene-immunized mice, while deple-
tion of CD4 had little effect on lysis (Fig. 2C).

The responses were further analyzed and confirmed with
CT26 and BC10ME cell lines stably expressing hGag or hPol.
Responses to Gag in the mice immunized with hGag, hGag-
PolAFSAPr, or hGag-Pol genes were similar to responses to
peptide-pulsed targets (Fig. 3A). Mice immunized with the
fusion protein hGag-PolARTAPr gene generated the highest
specific response to HIV-1 Pol on BCIOME cell lines stably
expressing Pol as target cells (Fig. 3B), comparable to the
response to hPol alone. These stably transfected cell lines were
therefore more sensitive as target cells than peptide-pulsed
cells in the Pol CTL assays.

Antibody response in the immunized mice. Sera from mice
immunized with different plasmids were analyzed with a p24
enzyme-linked immunosorbent assay (ELISA). hGag-immu-
nized mice demonstrated the highest p24 antibody titers (Fig.
4A). Unexpectedly, hGag-Pol virus-like particles elicited the
lowest levels of p24 antibody. Subtype analysis of anti-p24
antibodies revealed that IgG2a was the predominant isotype in
mice immunized with hGag-PolARTAPr, indicating a possible
Th1 response (Fig. 4A). Similar results were observed by West-
ern blotting to p24 Gag with pooled sera, but Pol antibodies
were not detected with a commercial Western blotting kit (Fig.
4B). In contrast, antibodies to Pol were detected in mice im-
munized with hPol and hGag-PolAFSAPr by immunoprecipi-
tation and Western blotting (Fig. 4C). Presumably, this assay is
more sensitive and better able to detect native conformational
epitopes. Though both the hGag-Pol and hGag-Pol fusion pro-
teins elicited similar Gag responses, the hGag-Pol fusion pro-
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FIG. 2. Gag- or Pol-specific CTL response mediated by CD8-pos-
itive cells in immunized mice. Two weeks after mice were immunized
with a control vector, hGag, hPol, hGag-PolAFSAPr, and hGag-Pol,
splenic cells were harvested and sensitized with naive mouse splenic
cells pulsed with Gag or Pol peptides. One week later, effector cells
were tested for cytolytic activity in a 5-h !Cr release assay using
5!Cr-labeled BC1OME target cells that were pulsed for 2 h with either
HIV-1 Gag peptides (A) or HIV-1 Pol peptides (B). (C) CD4" or
CD8" lymphocytes were depleted from splenic cells of immunized
mice with anti-mouse CD4" or CD8" Dynal beads according to the
manufacturer’s instructions. The peptides used for sensitizing cells are
as follows: two from the Gag protein, P17(88-115) (VHQRIEIKDT
KEALDKIEEEQNKSKKKA) and p24(62-76) (HOQAAMQMLKET
INEE), and seven peptides from Pol, P66(175-189) (NPDIVIYQYM
DDLYV), P66(179-193) (VIYQYMDDLYVGSDL), P66(183-197)
(YMDDLYVGSDLEIGQ), P66(187-201) (LYVGSDLEIGQHRTK),
P66(223-237) (KEPPFLWMGYELHPD), P66(227-241) (FLWMG
YELHPDKWTYV), and P66(367-381) (QLTEAVQKIATESIV). The
standard errors were =5% in these CTL assays and highly statistically
significant.

tein was more effective in the stimulation of CTL and antibody
responses to Pol.

In this study, the immunogenicities of different Gag and Pol
expression vectors were compared. Particularly, we sought to
compare the immune responses to Gag alone, a Gag-Pol fusion
protein, and a naturally frameshifted Gag-Pol expression vec-

293T cells were transfected with 10 pg of pCMVdRS.2 plasmid (containing the viral Gag-Pol gene) or 5 wg of pVR1012s (containing the
codon-altered genes) in a 10-cm-diameter dish using calcium phosphate (2). Three days after transfection, cell lysates were prepared with
radioimmunoprecipitation assay buffer (Boehringer Mannheim), separated by SDS—4 to 15% gradient PAGE, and then transferred onto an
Immobilon P membrane (Millipore). Membranes were then incubated with anti-HIV-1 IgG (AIDS Research and Reference Reagent Program,
Rockville, Md.), monoclonal anti-p24 (ICN), or rabbit anti-RT (Intracel, Rockville, Md.). Bands were visualized using the ECL Western blotting
detection reagent (Amersham Pharmacia Biotech, Piscataway, N.J.), as described by the manufacturer. Expression levels were determined using
a phosphorimager. hGag-PolAFSAPr was made by modification of the frameshift site and inactivation of protease (see the text). For hPol, 432
amino acids were deleted from the NH,-terminal region of hGag-Pol and an ATG codon was added to the associated coding sequence. hGag was
made by deletion of 925 amino acids from the COOH-terminal region of hGag-Pol. hGag-Pol, hGag-PolAFSAPr, hPol, and hGag are expressed

from the pNGVL-3 vector backbone.
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FIG. 3. Gag- or Pol-specific CTL response mediated by CD8-pos-
itive cells in immunized mice using stable expressing cell lines as target
cells. Two weeks after immunization in mice, splenic cells were har-
vested and sensitized with naive mouse splenic cells pulsed with Gag or
Pol peptides. One week later, effector cells were tested for cytolytic
activity in a 5-h >1Cr release assay using *'Cr-labeled BCIOME target
cells expressing either HIV-1 Gag (A) or Pol protein (B). To prepare
target cell lines, hGag and hPol genes were individually subcloned into
the Xhol and EcoRI sites of retroviral vector pPGS-CITE-Neo. Three
plasmids were used to produce recombinant retroviruses containing
the hGag or hPol genes (28). The supernatants were collected 48 h
after transfection to transduce CT26 and BCIOME (3), which are
syngeneic to BALB/c mice, and selected in 0.8 mg of G418/ml 2 days
after infection. The positive clones were screened and confirmed by
Western blotting and maintained in 10% fetal calf serum-supple-
mented RPMI (GIBCO-BRL) with 0.5 mg of G418/ml.

tor in which pseudoparticles were generated. A significant Pol
response was elicited only in mice immunized with hGag-
PolAFSAPr or Pol alone. Because immunization with the
hGag-Pol gene failed to induce detectable cellular or humoral
responses to the HIV-1 Pol protein, these findings suggest that
the Gag-Pol fusion protein induces a range of responses and
allows delivery of an immunogen with a larger number of
epitopes than the native protein, encoded by a single contin-
uous open reading frame. During viral replication, viral gag-pol
produces the Gag precursor protein and the Gag-Pol fusion
protein by frameshifting in a 20:1 ratio (26). The deletion of a
frameshift site in hGag-PolAFSAPr results in production of
only the Gag-Pol fusion protein. Expression of Gag-Pol pro-
teins alone in human cells is not adequate to form releasable
viral particles because HIV-1 viral assembly requires Gag pre-
cursor proteins (17, 23). The ability of hGag-PolAFsAPr to
elicit strong Gag- and Pol-specific CTL responses in mice may
be explained by high-level expression of the Gag-Pol fusion
protein and its retention within cells, not normally seen during
normal viral replication, which could provide more protein for
antigen presentation. Moreover, mutation of viral protease
prevents the viral protein from causing intracellular damage
and increasing cellular toxicity. Overexpression of this polypro-
tein is also likely to affect its intracellular localization and
transport and may improve antigen presentation.

As early as 1988, CTLs specific for HIV-1 RT were found in
blood samples from HIV-1-infected individuals (7, 24). Rela-
tively strong Gag-specific CTL responses have been shown in
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FIG. 4. HIV-1 p24 antibody ELISAs, HIV-1 immunoblotting, and
immunoprecipitation (IP) Western blotting. (A) An HIV-1 p24 anti-
body ELISA was performed by coating 96-well plates with 50 pl of
purified recombinant HIV-1;;;5 p24 antigen at a concentration of 2
wg/ml in phosphate-buffered saline (PBS), pH 7.4; controls were less
than 1:100. The anti-p24 ELISA was performed in Immulon 96-well
plates (Dynex Technologies, Inc., Chantilly, Va.). The plates were
coated with 50 pl of purified recombinant HIV-1,;5 p24 antigen (In-
tracel) at 2 wg/ml in PBS buffer, pH 7.4 (GIBCO-BRL), with 0.05%
sodium azide and washed twice with PBS, and then 200 pl of blocking
buffer (containing 3% bovine serum albumin and 0.05% Tween 20)
was added to each well and incubated for 2 h. Mouse sera were serially
diluted from 1:100 to 1:12,800 in blocking buffer, added to the p24-
coated plates, and incubated overnight at 4°C. Plates were then washed
four times with PBS (0.05% Tween 20) and incubated with goat anti-
mouse IgG (1:2,000 dilution; Roche) or IgG1 (1:4,000) or IgG2a (1:
4,000) for 2 h at room temperature. Plates were washed four times, and
then ABTS [2,2-azinobis(3-ethylbenzthiazolinesulfonic acid)] peroxi-
dase substrate (100 pl; KPL, Gaithersburg, Md.) was added to each
well. The reaction was stopped after 30 min by addition of 1% SDS
(100 pl). The plates were read on an ELISA reader at 405 nm, and
titers were calculated at a cutoff optical density of 0.4. (B) Strips
produced by HIV-1 immunoblotting containing HIV-1 proteins were
incubated with pooled mouse sera at a dilution of 1:25. Bands were
visualized using the ECL Western blotting detection reagent. Strips
containing HIV-1 proteins (Immunetics, Inc., Cambridge, Mass.) were
incubated with pooled mouse sera at a dilution of 1:25. Purified human
anti-HIV IgG (AIDS Research and Reference Reagent Program) was
used as a positive control. Bands were visualized using the ECL West-
ern blotting detection reagent (Amersham Pharmacia Biotech). (C) IP
and Western blotting of hPol gene-transfected 293T cell lysates 3 days
after transfection with radioimmunoprecipitation assay buffer. The
pooled mouse serum was diluted with IP buffer. After 10 pg of the cell
lysate containing HIV-1 Pol protein was added, the reaction mixtures
were incubated overnight on a rotator at 4°C. The next day, 250 wl of
protein G- and A-Sepharose beads (10% [vol/vol] in IP buffer) was
added, and the reaction mixtures were incubated on a rotator for 2 h
at 4°C. The reaction mixtures were washed four times with IP buffer,
resuspended with 30 wl of 1X sample buffer, and then loaded onto an
SDS-polyacrylamide gel. The reaction mixtures were transferred to an
Immobilon P membrane and then incubated with anti-HIV-1 IgG.
Bands were visualized using the ECL Western blotting detection re-
agent.
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numerous nonhuman primate and human studies using DNA
vaccines or a live recombinant vector containing viral Gag-Pol
constructs (4-6, 21, 22), but fewer Pol-specific CTL responses
have been reported. The detection of significant CTL re-
sponses specific to Pol in our study may be attributed in part to
establishment of stable Pol-expressing cell lines, in which
codon alteration and inactivation of FS and PR in the Pol gene
allow high-level expression of the Pol protein without cellular
toxicity. Though it remains possible that hGag-Pol or a com-
bination of hGag and hPol may exert similar effects with ap-
propriate adjuvants or with different prime-boost regimens, the
Rev-independent Gag-Pol fusion protein stimulates HIV-1
Gag- and Pol-specific CTL responses as a DNA vaccine in
mice. Because it allows more epitopes encoded by one open
reading frame to be presented, the Gag-Pol fusion protein may
prove useful in the development of AIDS vaccines.
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Chakrabarti and Judith Stein for advice, and Cherilyn Davis and Ati
Tislerics for manuscript preparation.
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