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Control of the worldwide AIDS pandemic may require not only preventive but also therapeutic immunization
strategies. To meet this challenge, the next generation of human immunodeficiency virus type 1 (HIV-1)
vaccines must stimulate broad and durable cellular immune responses to multiple HIV antigens. Results of
both natural history studies and virus challenge studies with macaques indicate that responses to both Gag
and Pol antigens are important for the control of viremia. Previously, we reported increased Rev-independent
expression and improved immunogenicity of DNA vaccines encoding sequence-modified Gag derived from the
HIV-1SF2 strain (J. zur Megede, M. C. Chen, B. Doe, M. Schaefer, C. E. Greer, M. Selby, G. R. Otten, and S. W.
Barnett, J. Virol. 74: 2628-2635, 2000). Here we describe results of expression and immunogenicity studies
conducted with novel sequence-modified HIV-1SF2 GagPol and Pol vaccine antigens. These Pol antigens contain
deletions in the integrase coding region and were mutated in the reverse transcriptase (RT) coding region to
remove potentially deleterious enzymatic activities. The resulting Pol sequences were used alone or in combi-
nation with sequence-modified Gag. In the latter, the natural translational frameshift between the Gag and Pol
coding sequences was either retained or removed. Smaller, in-frame fusion gene cassettes expressing Gag plus
RT or protease plus RT also were evaluated. Expression of Gag and Pol from GagPol fusion gene cassettes
appeared to be reduced when the HIV protease was active. Therefore, additional constructs were evaluated in
which mutations were introduced to attenuate or inactivate the protease activity. Nevertheless, when these
constructs were delivered to mice as DNA vaccines, similar levels of CD8� T-cell responses to Gag and Pol
epitopes were observed regardless of the level of protease activity. Overall, the cellular immune responses
against Gag induced in mice immunized with multigenic gagpol plasmids were similar to those observed in mice
immunized with the plasmid encoding Gag alone. Furthermore, all of the sequence-modified pol and gagpol
plasmids expressed high levels of Pol-specific antigens in a Rev-independent fashion and were able to induce
potent Pol-specific T- and B-cell responses in mice. These results support the inclusion of a gagpol in-frame
fusion gene in future HIV vaccine approaches.

The AIDS pandemic caused by human immunodeficiency
virus type 1 (HIV-1) is believed to have cost 3.1 million lives in
the year 2002 alone, with over 42 million people believed to be
infected worldwide (http://www.unaids.org/worldaidsday/2002/
press/Epiupdate.html). At present, 20 years after the discovery
of HIV/AIDS, no effective HIV vaccine has been identified
and few candidates have advanced beyond early-phase clinical
trials (20). While effective drug therapy is available in devel-
oped parts of the world, it is financially out of reach for most
of the world’s population of infected individuals. It is thus
widely believed that an efficacious prophylactic vaccine is crit-
ical for the control of the global spread of HIV/AIDS. Fur-
thermore, therapeutic vaccine approaches in combination with
drug therapy, which allow patients to be off drugs for extended
periods of time, also hold great promise for those already
infected (18, 45).

While the primary focus for first-generation HIV vaccines
was the induction of neutralizing antibodies using HIV enve-

lope (Env)-based approaches, more recently, the focus has
extended to the induction of CD8� cytotoxic T-lymphocyte
(CTL) responses against conserved internal viral antigens such
as Gag and Pol (17). This shift was a result of studies of natural
infections, long-term nonprogressors, and exposed uninfected
individuals that have, in multiple studies, demonstrated an
inverse correlation between the potency and breadth of CD4�

and CD8� T-cell responses and HIV disease progression (7, 8,
14, 29, 31, 33, 44, 46). Moreover, vaccine approaches specifi-
cally designed to induce strong cellular immunity recently have
shown promising results in nonhuman primate vaccine chal-
lenge models (2, 5, 49). In these studies, the induction of strong
CD8� T-cell responses against Gag in vaccinated macaques
appeared to result in decreased viremia, morbidity, and mor-
tality when animals were subsequently challenged with patho-
genic simian/human immunodeficiency viruses. Nevertheless,
this strategy of using gene-based vaccines alone to induce
CD8� T-cell responses does not appear to protect monkeys
from infection and the challenge virus was able to eventually
escape immune control, resulting in increased viremia and its
sequelae (4, 24).

Interestingly, the use of prime-boost immunization strate-
gies, including those that use Env antigens as the protein in
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several of these CTL-based vaccines, has repeatedly been
shown to improve the degree of protection observed (23, 36,
37, 42, 43). Whether this is due to the priming of protective B-
or T-cell responses has not been elucidated in these studies. In
addition to the use of prime-boost strategies, the use of mul-
tiple genes in the vaccine to increase the number of potential
T-cell epitopes has also improved the outcome after a virus
challenge over that achieved with a single- or double-gene
vaccine (2, 30). Therefore, the overall goal of our program has
been to achieve the greatest breadth of cellular immunity di-
rected to multiple HIV antigens in combination with broad
neutralizing antibody responses, an approach that may be
more successful at blocking infection than has been previously
observed.

The goal of the present study was to evaluate the expression
and immunogenicity of novel vaccine antigens based on por-
tions of the HIV-1 Pol polyprotein administered alone or in
combination with Gag. Pol is a conserved protein of HIV-1,
and cross-clade CTL responses against Pol epitopes have been
detected in both HIV-infected and exposed but uninfected
individuals (6, 7, 47). The inclusion of the pol gene in the form
of the gagpol precursor in earlier vaccine trials with humans
and nonhuman primates was most likely suboptimal with re-
gard to inefficient expression of the Pol antigen. The expres-
sion levels of the Pol protein generally are low during natural
infection because of the frameshift required for translation of
pol coding sequences. This mode of Pol expression results in an
up to 95% reduction in Pol protein compared to Gag (27, 53).
To increase Pol expression, the frameshift between gag and pol
can be removed, resulting in equimolar or nearly equimolar
expression of Gag and Pol whereas the secretion of virus-like
particles (VLP) is impaired (28, 40). To evaluate the potential
antigenic competition between Gag and Pol if they are en-
coded in one expression cassette, various expression cassettes
were designed and tested with the antigens encoded on single
or multigenic expression plasmids. Another consideration was
the possible cytotoxic effect of the active viral protease and
possible effects of the active protease on Gag and Pol antigen
expression levels. Therefore, mutations known to attenuate or
inactivate HIV-1 protease (32) were introduced. Additional
safety features introduced into the pol expression cassette in-
cluded the removal of integrase and the mutation of the re-
verse transcriptase (RT) to remove these potentially deleteri-
ous enzymatic activities.

Plasmid DNA vaccines encoding these sequence-modified
gag, pol, and gagpol genes were evaluated for expression in
vitro after transient transfection of 293 cells and subsequently
in dose titration immunogenicity studies performed with mice.
Overall, the cellular immune responses against Gag induced by
the various multigenic Gag- and Pol-expressing plasmids were
similar to those induced by the plasmid encoding Gag alone.
All of the sequence-modified pol and gagpol plasmids ex-
pressed high levels of Pol-specific antigens in a Rev-indepen-
dent fashion and were able to induce potent Pol-specific T-cell
responses in mice. Moreover, removal of the frameshift be-
tween gag and pol resulted in increased expression of Pol and
increased RT-specific immune responses, as expected. Lastly,
while the activity of protease appeared to have an inhibitory
effect on the expression of Gag and Pol antigens in vitro, the
immunogenicities of constructs encoding active protease did

not appear to be reduced in mice. The CD8� T-cell responses
against Gag- and RT-specific epitopes, as measured by flow
cytometric analysis of gamma interferon (IFN-�)-producing
cells, were comparable for all constructs regardless of the level
of protease activity. These results support the inclusion of a
sequence-modified in-frame gagpol fusion cassette in future
HIV vaccine approaches.

MATERIALS AND METHODS

Plasmid DNA cassettes. A panel of expression cassettes based on the amino
acid sequences of HIV-1SF2 subtype B Gag and Pol antigens was designed with
sequence modifications as described previously (22, 56). All gene cassettes were
cloned into eukaryotic expression vector pCMVKm2, which contained the cyto-
megalovirus immediate-early enhancer-promoter and the bGH terminator (Chi-
ron Corporation, Emeryville, Calif.) (12). To further enhance the translation
efficiency of all expression cassettes, an optimal “Kozak” consensus sequence
(GCCACC) for initiation of translation was inserted (34). gag-only plasmid
pCMVKm2.GagMod.SF2 (GenBank accession no. AF201927) and gagprotease
cassettes GP1 and GP2 (pCMVKm2.GagProt.SF2; GenBank accession no.
AF202464 and AF202465) have been described previously (56).

The entire integrase coding sequence in pol was deleted for safety reasons, and
the catalytic triad and primer grip regions of the RT coding sequences were
deleted to inactivate these enzymatic activities (39, 41). The construct gagFSpol
was based on the GP2 cassette but was extended for pol up to the RNase H
coding sequences. For the gagpol and gag-complete-pol (gagCpol) cassettes, the
frameshift region was removed by insertion of an extra T nucleotide at the p1
“slippery sequence” (TTTTTTA) in order to express the gag and pol genes in
frame. The pol region included p1p6Pol coding sequences up to RNase H for
gagpol. To include p1p6Gag and for optimal processing of Gag and Pol by the
protease, the p2p7p1p6 fragment was added to get gagCpol (see Fig. 1). The
constructs gagRT and gagprotInaRT expressed fusion proteins of p55Gag and
either p66RT or p10protease plus p66RT. Furthermore, gene cassettes for the
expression of p66RT alone and proteaseRT and p2p7Gag plus p1p6Pol (p2pol)
were also included. When indicated, the protease in some constructs was either
attenuated (Att) or inactivated (Ina) by the introduction of specific point muta-
tions (32) with the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, Calif.).

Testing for in vitro expression. Human kidney 293 cells (no. 45504; American
Type Tissue Collection, Manassas, Va.) were plated 1 day prior to transfection at
a density of 5 � 105 cells per 35-mm-diameter well (Corning, Acton, Mass.) and
transfected with endotoxin-free purified plasmid DNA (Qiagen, Valencia, Cal-
if.). For the transfections, 2 �g of each plasmid DNA was mixed with Mirus
TransIT-LT1 Polyamine transfection reagent (PanVera, Madison, Wis.). The
cells were incubated with 2 ml of 10% Iscove’s modified Dulbecco’s medium
(Invitrogen, Carlsbad, Calif.) per well for 48 and 72 h, and the supernatants and
lysates were then harvested for further analysis. Quantitation of p24Gag protein
in cell supernatants and lysates was performed with the Coulter p24 Antigen
Capture enzyme-linked immunosorbent assay (ELISA; Coulter Corporation,
Miami, Fla.). The Western blot assay for Gag and Pol expression analysis was
done by using 4 to 12% Bis-Tris sodium dodecyl sulfate-polyacrylamide gels
(Invitrogen) and then transfer onto 0.2-�m-pore-size nitrocellulose (Invitrogen).
Prestained full-range rainbow marker (Amersham, Piscataway, N.J.) and recom-
binant HIV-1 p24Gag, p55Gag (Chiron), and p66RT (Protein Sciences, Meriden,
Conn.) proteins were used as the size standard and positive controls, respectively.
For detection of Gag proteins by immunostaining, membranes were incubated
with HIV-1-positive human serum at a dilution of 1:400. For Pol proteins, an
anti-p66RT monoclonal antibody (MAb; 1:200; Fitzgerald, Concord, Mass.) and
pooled mouse serum (1:400) against p66RT (Chiron) were used. Secondary
antibodies (1:20,000) were anti-human or anti-mouse immunoglobulin G (IgG)
conjugated to horseradish peroxidase (Pierce, Rockford, Ill.). Detection was
performed by using the enhanced chemiluminescence substrate (Amersham).
The predicted molecular weights of the various expression cassettes tested were
calculated from the predicted amino acid sequences by using MacVector soft-
ware (Oxford Molecular Ltd.).

Immunization of mice. To evaluate the relative potencies of the immune
responses induced by the different constructs, female CB6F1 or C3H/HeN mice,
6 to 8 weeks old, were immunized bilaterally in the tibialis anterior muscles with
100-�l volumes of endotoxin-free plasmid DNA in isotonic saline (50 �l per site).
The DNA concentrations of the test plasmids were adjusted to provide equal
molar quantities of Gag or Pol at a given DNA dose. Furthermore, all DNA of
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�10 �g were adjusted to 10 �g by using noncoding vector pCMVKm2 as carrier
DNA to avoid possible negative effects on immune potency that have been
observed at low DNA doses (G. R. Otten, unpublished results). Table 1 contains
a summary of the mouse studies performed and the immunization regimens
used.

Measurements of antibody responses to p24Gag. Plates (96 wells; Corning)
were coated with 100 �l of recombinant HIV-1SF2 p24Gag antigen (Chiron) at a
concentration of 2 �g/ml in 50 mM borate buffer, pH 9. Sera were diluted 1:25
and then serially diluted threefold in dilution buffer containing 1% casein as a
blocking reagent. Pooled anti-p24Gag antibody-positive mouse sera served as
both positive controls and assay standards. All sera were incubated for 1 h at
37°C, washed, and incubated with a 1:20,000 dilution of goat anti-mouse IgG plus
IgM peroxidase conjugate (Pierce) for 1 h at 37°C. After washing of the plates,
the tetramethylbenzidine substrate (Pierce) was added to each well and the
reaction was stopped after 30 min by addition of 1 M H3PO4. The plates were
read on an ELISA reader (312e; Bio-Tek Instruments, Inc., Winooski, Vt.) at 450
nm with a reference wavelength of 600 nm. The calculated titers are the recip-
rocal of the dilution of serum at a cutoff optical density of 0.4.

Challenge of immunized mice with recombinant vaccinia viruses (rVVs) ex-
pressing Gag or Pol. Challenge of gag DNA-primed mice with rVV expressing
HIV-1SF2 GagPol (with frameshift) (B. Doe and C. Walker, Letter, AIDS 10:
793-794, 1996) can enhance humoral and cellular immune responses to Gag
compared to those observed after DNA immunization alone (Otten, unpub-
lished). Thus, the rVVgagpol challenge model can provide a useful means by
which to obtain quantitative measurements of antigen-specific CD8� T-cell func-
tion (Otten, unpublished). Mice were challenged 28 days postimmunization with
an intraperitoneal injection of 107 PFU of rVV. Spleens were removed 5 days
later, and spleen cells were isolated for further evaluation in an intracellular
cytokine-staining (ICS) assay (described below). An rVV expressing HIV-1SF2

Pol was constructed to allow application of this challenge model for the mea-
surement of Pol-specific T-cell responses. Because of the frameshift in gagpol, the
expression of Pol was insufficient if rVVgagpol was used. The complete codon-
optimized pol sequence, with the exception of integrase, was used. Protease and
RT were left functional. The gene was cloned into the shuttle vector pSC11 (11)
via XmaC1 and HindIII sites, and rVV expressing Pol was generated as described
for rVVgagpol.

ICS for Gag- and Pol-specific IFN-�-producing CD8� lymphocytes. Stimula-
tion and staining of isolated spleen cells were done as described previously (56).
Briefly, spleens were harvested 2 weeks post second DNA immunization or 5
days post rVV challenge and single-cell suspensions were prepared. Nucleated
spleen cells (106) were cultured in duplicate at 37°C in the presence or absence
of 10 �g of p7g peptide per ml (Doe and Walker, letter) for Gag or by using the
RT39-47SF2 peptide TEMEKGEKI (35) for the stimulation of Pol-specific CD8�

cells. Unstimulated cells plus spleen cells from naive mice were used as back-
ground and negative controls. The background values were generally very low,
between 0.01 and 0.1% of IFN-�-secreting CD8� cells. After 5 h, cells were
washed, incubated with anti-CD16/32 (Pharmingen, San Diego, Calif.) to block
Fc� receptors, fixed in 1% (wt/vol) paraformaldehyde, and stored overnight at
4°C. On the following day, cells were stained with fluorescein isothiocyanate-
conjugated CD8 MAb (Pharmingen), washed, treated with 0.5% (wt/vol) saponin
(Sigma), and then incubated with phycoerythrin-conjugated mouse IFN-� MAb
(Pharmingen) in the presence of 0.1% (wt/vol) saponin. Cells were then washed

and analyzed on a FACScalibur flow cytometer (Becton Dickinson Immunocy-
tometry Systems, San Jose, Calif.).

Statistical analysis of Gag- and Pol-specific IFN-�-producing CD8� T-cell
responses. For analysis of the relative CD8� T-cell responses in the mouse
immunogenicity studies, a regression analysis was performed. Each regression
analysis began with a single regression model incorporating indicator variables to
allow for individual intercepts and slopes specifically for each treatment. The
model is Yi � �0 � �0i�i � �1x � �1i�Ix � 	, where i � 1. . .no. of treatments.
Here Yi is the log10 background-corrected percentage of cells showing a positive
CD8 IFN-� response for peptide treatment group i and HIV DNA vaccine dose
level x. The intercept for each treatment is the overall intercept, �0, plus an
additional term, �0i, for treatment i. The slope for each treatment is �1x plus an
additional term, �1i�ix. The �i values are indicator variables that equal 1 for
treatment i and are 0 otherwise. The model was iteratively reduced by removing
first nonsignificant slope terms, those with P 
 0.05, and then nonsignificant
intercept terms, those with P 
 0.05, in the reduced-slope model. The result was
a final regression model with only the significant slope and intercept terms, those
with P � 0.05. This model-building process was repeated for each of seven
experiments, corresponding to Fig. 4, 5A and B, and 7A to D. Scatter plots for
each figure including the significant regression model equations for each treat-
ment were plotted by using SPlus 2000.

RESULTS

Construction of novel gag- and pol-derived expression cas-
settes. Previously, we reported on the construction and char-
acterization of a sequence-modified Gag plasmid that was
found in several studies to be a potent inducer of Gag-specific
immune responses (38, 56). In the present work, we sought to
broaden the spectrum of viral epitopes represented in our
DNA vaccine approach (without introducing a reduction of
Gag-specific immune responses) through the addition of Pol
coding sequences. For this purpose, we designed and evaluated
several novel gag and pol expression cassettes. A summary of
the sequence-modified gene cassettes evaluated here is shown
in Fig. 1. The constructs GagMod (gag), GP1, and GP2 were
described and characterized previously but are included for
comparison (56). The gene cassette gagFSpol was based on
GP2 with an extension of Pol including the p66RT coding
region but without the integrase coding sequences. The inte-
grase was excluded from all of the constructs described here to
avoid possible integration of vaccine sequences into the host
genome. To improve Pol expression, the frameshift region
between the gag and pol genes was mutated by single-base
insertion to create gagpol with both the Gag and Pol coding
sequences in the same open reading frame. Creation of this

TABLE 1. Overview of mouse studies

Expt no. Fig. no. Mouse strain Vaccinesa Immunization (day[s]) rVV challenge (day) Blood collection (days)

1 4 CB6F1 a, b, c 0 28 0, 28, 33

2 5A, 6B CB6F1 a, d, f, g, h 0 28 0, 28, 33
3 5B CB6F1 a, d, f, g, h 0, 28 None 0, 28, 42

4 6A CB6F1 a, b, c 0, 28 None 0, 28, 42

5 7A C3H/HeN e, f, g, i, k 0 28 0, 28, 33
6 7C C3H/HeN e, f, g, i, k 0, 28 None 0, 28, 42

7 7B C3H/HeN d, f, g, h, l 0 28 0, 28, 33
8 7D C3H/HeN d, f, g, h, l 0, 28 None 0, 28, 42

a Vaccines: a, gag; b, GP1; c, GP2; d, gagFSpol; e, gagRT; f, gagprotInaRT; g, gagCpolIna; h, gagCpol; i, RT; k, protInaRT; l, p2polIna.
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construct resulted in the loss of p1p6Gag because of the muta-
tion introduced to remove the frameshift. Because the p6 por-
tion of Gag was shown to be important for the efficient release
of Gag VLP (19), the cassette gagCpol was designed to include
a repeat of p2p7p1p6 to restore p1p6Gag expression. More-
over, the p2p7Gag repeat was introduced to improve the secre-
tion and autoprocessing of gagCpol by the protease (1, 57).
Also, to enhance possible processing requirements for efficient
expression, a pol cassette was designed to include p2p7gag
(p2pol and p2pol). Because of concerns regarding potential
cytotoxic properties of the functional viral protease (32) that
could affect both antigen expression and immunogenicity, the
protease gene was either attenuated (Att) or rendered inactive
(Ina) in the designated constructs (Fig. 1). Fusion cassettes
expressing Gag plus RT (gagRT) and Gag plus protease plus
RT (gagprotInaRT) were also constructed and compared to
gagCpol.

In vitro characterization of expression cassettes. To evalu-
ate the expression patterns of the various Gag- and Pol-con-
taining constructs, 293 cells were transiently transfected and
supernatants and cell lysates were analyzed by p24Gag antigen

capture ELISA and immunoblotting. Because the p24Gag an-
tigen capture ELISA preferentially recognizes processed forms
of Gag (48, 56), comparative expression analyses were prob-
lematic to perform for all constructs. However, comparison of
very similar constructs allowed us to test for differences in Gag
expression.

Figure 2 illustrates the relative Gag expression levels. The
cassette gagFSpol was designed to extend the Pol region and at
the same time maintain the natural processing and frameshift
translation of the expressed GagPol precursor polyprotein. In
cell lysates, the expression level of Gag from this construct was
about the same as that of Gag expressed by GP2 (Fig. 2B) but
about fourfold less p24Gag was detected in the culture super-
natant compared to that of GP2 (Fig. 2A). In the gagpol and
gagCpol constructs, the frameshift sequences were altered so
that Gag and Pol could be expressed by the same reading
frame in order to increase the expression of Pol without af-
fecting Gag expression. In alternative versions of these con-
structs, the protease gene was either mutated to produce atten-
uated (gagpolAtt, gagCpolAtt) or inactivated (gagpolIna,
gagCpolIna) protease. As shown in Fig. 2C, no differences in

FIG. 1. Overview of HIV-1 gag and pol expression cassettes. All sequences are based on the HIV-1SF2 isolate (GenBank accession no. K02007)
and were optimized for human codon usage. The coding sequence for RT was mutated for all affected constructs to yield a nonfunctional protein.
The various versions of constructs with mutations to eliminate the frameshift (FS) and protease (Prot) activity are shown.
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p24Gag levels were observed in culture supernatants when sim-
ilar versions of gagpol and gagCpol were compared. The same
results were also obtained with the cell lysates (data not
shown). Thus, the additional insertion of the p2p7p1p6 frag-
ment appeared to have no influence on p24Gag expression
levels as measured here.

Western blot analysis was performed with all of the expres-
sion cassettes described in Fig. 1 by using Gag-specific, HIV-
positive human antisera (Fig. 3A and B). Clear differences
were observed between plasmids expressing processed and un-
processed forms of the Gag and GagPol polyproteins. The
highest level of Gag-specific reactivity appeared to be found in
supernatants (Fig. 3A) and lysates (Fig. 3B) of cultures of cells
transfected with gag, followed by GP2 and gagFSpol (data not
shown). GP2 and gagFSpol process the Gag polyprotein by
using a protease that is underexpressed with the natural frame-
shift intact, and the bands observed included unprocessed
p55Gag and processed forms of Gag. As would be expected in
the absence of protease, very little or no processed p24Gag was
seen in lysates of cells expressing Gag alone; nevertheless, the
small amount of processing observed in the supernatants of
these cells was likely due to the presence of nonspecific cellular
protease activity. In transfections with two of the constructs
expressing Gag and Pol in the same reading frame, gagCpol
and gagCpolAtt, the band corresponding to p55Gag was not
detectable in the cell supernatants or lysates and reduced

amounts of p24Gag were seen in supernatants and lysates (Fig.
3A and B). For gagCpolIna with the nonfunctional protease,
no Gag-specific bands were detected in cell supernatants (Fig.
3A) and a high-molecular-mass band corresponding to the
unprocessed GagCPol polyprotein (149 kDa) was observed to
migrate as expected in the cell lysate (Fig. 3B). Additional
bands expressed from gagCpolIna included small amounts of
p55Gag and p41Gag, but no p24Gag could be detected. Accord-
ingly, when cells transfected with gagCpolIna, gagCpol, and
gag were examined by electron microscopy, very few VLP were
detected for gagCpolIna and no particles were detected for
gagCpol, indicating impaired secretion of VLP compared to
that achieved with gag (data not shown). The cassettes gagRT
(121 kDa) and gagprotInaRT (131 kDa) showed levels of Gag
comparable to those observed for gagCpolIna (data not
shown).

The expression of Pol in cell lysates from transfected 293
cells was also analyzed by Western blotting with RT-specific
antisera (Fig. 3C). In general, both the single-gene cassettes in
the absence of Gag (RT, proteaseRT, and p2polIna) and the
gagpol fusion cassettes (gagRT, gagprotInaRT, gagCpolIna,
and gagpolIna) appeared to be expressed well as long as the
protease gene was absent or nonfunctional. The RT (66 kDa)
and protInaRT (75 kDa) cassettes appeared to be expressed at
the highest levels, followed by the p2polIna (93 kDa), gagRT
(121 kDa), and gagprotInaRT (131 kDa) cassettes, followed by
the gagCpolIna (149 kDa) and gagpolIna (132 kDa) cassettes.
The latter two constructs exhibited high-molecular-weight
bands of the expected relative mobilities (and slightly faster,
respectively) of similar intensities indicative of comparable
levels of expression. In constructs expressing the func-
tional and attenuated HIV protease, p2pol, gagCpol, and
gagCpolAtt, reduced expression of RT-specific bands was ob-
served compared to the levels expressed by the p2polIna and
gagCpolIna constructs. In summary, the addition of gag se-
quences to pol appeared to have very little influence on Pol-
specific expression levels and vice versa but the addition of a
functional protease gene resulted in reduced expression of
Gag- and RT-specific bands.

Design of mouse immunogenicity studies. The relative im-
munogenicities of the DNA plasmids encoding the various
gene cassettes were evaluated in mice that were intramuscu-
larly immunized with doses of plasmid DNA ranging from
0.002 to 20 �g (Table 1 contains a summary of the studies
performed). This afforded a determination of the dose depen-
dency for each plasmid. In each experiment, groups of 4 to 10
mice were immunized per dose of a given plasmid. One set of
mice was immunized twice, at weeks 0 and 4, with spleen
removal and analysis at week 6, and another set was immu-
nized once with DNA and then challenged after 4 weeks with
rVV expressing GagPol or Pol. Spleens were removed 5 days
later, and cells were harvested for ICS to measure Gag- and
Pol-specific IFN-�-producing CD8� lymphocytes. Because
boosting with rVV enhanced specific immune responses to
these antigens, T-cell responses could be evaluated after a
single DNA prime even at the lowest DNA dose.

CD8� T-cell responses to Gag. Gag-specific CD8� T-cell
responses were analyzed by intracellular IFN-� staining of
CD8� spleen cells that had been stimulated with Gag peptide
p7g, an H-2Kd-restricted epitope (Doe and Walker, letter). In

FIG. 2. Quantitative comparison of HIV-1 Gag expression by
p24Gag antigen capture ELISA of supernatants (sup) and lysates (lys)
of 293 cells 48 h posttransfection with gagpol constructs. Supernatants
(A) and lysates (B) of GP2 versus gagFSpol are shown. Both cassettes
express functional protease with an intact frameshift. In the experi-
ment whose results are shown in panel C, supernatants were analyzed
from different versions of in-frame gagpol versus gagCpol with func-
tional, nonfunctional, or attenuated protease. The gagCpol cassettes
included an additional p2p7p1p6gag sequence.
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the first study (Fig. 4), addition of functional protease to Gag
with a frameshift in constructs GP1 and GP2 was tested. The
CD8� T-cell responses after two DNA immunizations were
indistinguishable for all three plasmids. Thus, from these re-
sults, protease-mediated cleavage of Gag apparently did not
affect the processing and presentation of Gag in vivo. At the
lowest plasmid dose (0.02 �g), Gag-specific CD8� T cells were
only 30 to 50% below maximum. Therefore, for the next stud-
ies, the lowest DNA dose was reduced further to 0.002 �g.
Furthermore, new constructs were included and compared to
gag. The potency of all of the plasmids tested with regard to the
induction of Gag-specific CD8� T cells was indistinguishable
after a single DNA immunization followed by an rVVgagpol
challenge or after two DNA immunizations (Fig. 5A and B).

Addition of pol sequences to gag in the DNA vaccine con-
structs evaluated here did not affect the induction of Gag-
specific immune responses. Moreover, despite apparent differ-
ences between gagCpol and gagCpolIna in Gag expression as
measured in vitro (Fig. 3), the induction of Gag-specific CD8�

T-cell responses was not affected by functional protease.

Antibody responses to Gag. The measurement of Gag-spe-
cific antibody responses revealed a different pattern of re-
sponses for the various constructs compared to that observed
for the cellular responses. In the first experiment, a comparison
was drawn between gag and GP1 and GP2 (Fig. 6A) to look for
possible effects of the functional protease on the immunoge-
nicity of p55Gag when protease is expressed with the natural
frameshift. The p55Gag antibody responses at 2 weeks post
second DNA immunization demonstrated the overall weakest
responses with GP1 and better responses with GP2. The gag
DNA appeared to be more immunogenic, especially at the
lower DNA doses, but GP2 was more comparable to gag at the
highest DNA dose (20 �g). For the next experiment (Fig. 6B),
antibody responses were analyzed 5 days after a vaccinia virus
challenge. Additional cassettes expressing Gag and Pol in
frame (gagprotInaRT, gagCpol, and gagCpolIna) were evalu-
ated. In comparison to the previously described analysis (Fig.
6A), the differences between constructs were much more ap-
parent. Two patterns of antibody induction emerged. The gag
and gagFSpol cassettes induced strong humoral immune re-

FIG. 3. Immunoblots of synthetic HIV-1 gag and pol expression cassettes. 293 cells were transfected, and supernatants and lysates were
collected 48 h posttransfection, subjected to 4 to 12% Bis-Tris sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and blotted onto
nitrocellulose membranes. Immunostaining was performed with either human HIV-1 patient serum (A and B) or pooled anti-p66RT mouse serum
(C). For detection of Gag expression, supernatants (A) and lysates (B) were used. Lanes: 1, gag; 2, GP2; 3, gagCpol; 4, gagCpolAtt; 5, gagCpolIna;
6, mock transfection. For detection of Pol products, only cell lysates were analyzed (C). Lanes: 1, RT; 2, protInaRT; 3, p2pol; 4, p2polIna; 5, gagRT;
6, gagprotInaRT; 7, gagCpol; 8, gagCpolAtt; 9, gagCpolIna; 10, gagpolIna; 11, mock transfection. The values on the left are molecular sizes (M) in
kilodaltons.
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sponses post vaccinia virus challenge, while the gagprotInaRT,
gagCpol, and gagCpolIna cassettes were much less potent for
the induction of antibody titers. The observed antibody re-
sponses appear to correlate with the relative amounts of se-
creted Gag proteins observed in the in vitro analysis (Fig. 3).
The constructs that secreted the highest levels of Gag (gag and
gagFSpol) primed for the most potent antibody responses,
while those that expressed high-molecular-weight polyproteins
in the cell lysates (gagprotInaRT and gagCpolIna) or overpro-
cessed Gag (gagCpol) induced the poorest antibody responses.

Cellular immune responses to Pol. For detection of cellular
immune responses to Pol, studies were done with C3H/HeN
mice. Spleen cells were stimulated with the H-2Kk-restricted
nonamer TEMEKGEKI (35) and analyzed by flow cytometry

for IFN-� synthesis. Figure 7A and C compare the RT and
protInaRT DNA vaccines with those encoding gag plus pol
sequences. In general, the magnitude of the Pol responses was
lower than that of the Gag responses. No significant differences
were observed between the different antigens, with the excep-
tion of gagFSpol, which was not as potent as expected as a
result of the low-level expression of the encoded Pol products.
Figure 7B and D show that the p2pol cassette, in which the
p2p7gag and p1p6pol sequences precede protInaRT, induced
Pol-specific CD8� T cells, even at low doses. Thus, in-frame
insertions of p2p7p1p6 and protease upstream of RT did not
seem to reduce RT-specific immunogenicity. To study this fur-
ther, the complete gag coding region was inserted upstream of
pol. As shown in Fig. 7, in-frame insertion of gag did not
suppress the induction of RT-specific CD8� T cells; however,
if the wild-type frameshift was present (gagFSpol), the vaccine
was less potent at inducing this Pol-specific response after a
vaccinia virus boost for all doses (Fig. 7B) and no response was
detectable after two DNA immunizations, even at the highest
dose (Fig. 7D). As for immune responses to Gag, the differ-
ences in Pol expression in gagCpol constructs with functional
and nonfunctional protease, as seen in vitro, did not result in
differences in the observed immune potencies of these con-
structs. The cellular immune responses to Pol, as measured
here, were not affected either by the activity of protease or by
the addition of gag sequences upstream of pol.

DISCUSSION

For the design and development of an effective HIV-1 vac-
cine, the induction of T-cell responses with a large repertoire
of specificities is essential. Inclusion of HIV-1 Pol in a vaccine
would be expected to increase this repertoire significantly (54).
Pol is well-conserved, broad CTL responses are found in the
majority of infected patients, and these responses have been
shown to be inversely correlated to the viral load (7, 21). Since
the virus-encoded pol gene is expressed at very low levels
compared to gag as a result of the translational frameshifting
mechanism by which it is expressed, increasing pol expression

FIG. 4. Quantitative analysis of Gag-specific, IFN-�-secreting
CD8� T cells. CB6F1 mice were immunized twice at weeks 0 and 4
with titrated doses of codon-optimized HIV-1SF2 gag, GP1, and GP2
plasmid DNAs. Spleens were removed 2 weeks after the second im-
munization, and the pooled spleen cells were stimulated in duplicate
for 5 h with the p7g peptide. On the following day, cells were stained
for CD8� and intracellular IFN-� and analyzed by flow cytometry.
Data were analyzed by a regression model (see Materials and Methods
for details).

FIG. 5. HIV-1SF2 Gag-specific CD8� responses of CB6F1 mice immunized with titrated DNA doses of gag or gag-plus-pol cassettes. Groups
of mice were either immunized once and challenged with rVVgagpol 4 weeks later (A) or received two immunizations with DNA at weeks 0 and
4 (B). Spleens were harvested 5 days post vaccinia virus challenge or 2 weeks post second immunization, respectively. Pooled splenocytes were
stimulated with the Gag-specific peptide p7g for 5 h. Cells were stained for CD8� and intracellular IFN-� on the next day and analyzed by flow
cytometry. Data were analyzed by a regression model (see Materials and Methods for details).
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by removal of the natural frameshift and removal of inhibitory
sequences could result in the induction of a higher frequency
of Pol-specific effector and memory CTL by pol-based DNA
vaccines. In addition, because an effective HIV-1 vaccine
would very likely be composed of at least gag and pol plus env,
cost and practicability should also be considered. A multigenic

DNA vaccine containing gag and pol on one plasmid would
therefore be an advantage. Gene cassettes encoding gagpol
have been used previously in vaccines with modest immuno-
logical outcomes with respect to the induction of Pol-specific
T-cell responses in human and nonhuman primate studies (9,
15, 16). This could be explained by the use of the gagpol gene

FIG. 6. Antibody (Ab) titers specific for HIV-1SF2 p24Gag in mice 2 weeks after two immunizations (weeks 0 and 4) with DNA (A) or 5 days
postchallenge with rVVgagpol after a single DNA immunization at week 0 (B). Collected serum samples were analyzed by p24Gag ELISA as
described in Materials and Methods. (A) The plasmid expressing only p55Gag (gag) was compared to GP1 and GP2. (B) Expression cassettes gag
and gagFSpol were compared to nonframeshifted versions of gagpol. The values shown are the geometric mean antibody titers and the standard
deviations of the midpoint antibody titers for each group.

FIG. 7. Frequencies of HIV-1SF2 RT-specific CD8� T-cell responses of C3H/HeN mice immunized with titrated DNA doses of RT, protInaRT,
p2polIna, or gag-plus-pol cassettes. Results for mice immunized once and challenged with rVVpol 4 weeks later are shown in panels A and B.
Another set of animals received two DNA immunizations at weeks 0 and 4 (C and D). Spleen harvesting and staining for flow cytometry were
performed as described in the legend to Fig. 5. Data were analyzed by a regression model (see Materials and Methods for details).
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with an intact frameshift and/or native codon usage, which
would be expected to provide lower levels of pol expression.
Casimiro et al. reported recently for the first time strong Pol-
specific cellular immune responses in nonhuman primates af-
ter immunization with synthetic pol DNA vaccines (10).

In this work, we analyzed immune responses to HIV-1 gag
and a variety of pol sequences in separate and combined ex-
pression cassettes. Particular attention was given to the possi-
ble negative effect of pol on gag expression and immunogenic-
ity. Immune responses to the well-characterized plasmid
pCMVKm2.GagMod.SF2 (gag) (56) served as a benchmark
for these studies. Results obtained with the sequence-modified
pol gene indicated that the expression and immunogenicity of
Gag using gagFSpol with an intact frameshift was not affected
by the pol sequence (Fig. 5 and 6B). Also, after removal of the
frameshift region from the gagpol cassettes, Pol expression was
improved dramatically. While Pol expression could not be de-
tected in Western blots of lysates and culture supernatants
from cells transfected with gagFSpol (data not shown), plas-
mids encoding an in-frame gagpol cassette with nonfunctional
protease showed high-level expression (Fig. 3C). This was also
confirmed in mice immunized with gagFSpol versus gagCpol
in-frame cassettes. Pol-specific CD8� T-cell responses could
only be detected in gagFSpol-immunized animals after an
rVVpol boost, whereas gagCpol induced strong responses after
two DNA doses (Fig. 7B and D). Interestingly, previously
described cytotoxic effects of HIV-1 protease that were shown
to affect the expression of additional genes in vivo (51) did not
diminish CD8� T-cell responses. The gagCpol (functional pro-
tease) and gagCpolIna (nonfunctional protease) DNA vac-
cines were indistinguishable in their abilities to induce cellular
immune responses to Gag or Pol (Fig. 5 and 7B and D).
However, reduced expression of the Gag and Pol proteins was
observed in Western blots of transfected cells when the pro-
tease was functional (Fig. 3). Whether this effect was directly
related to negative effects of protease or altered expression
kinetics remains to be determined.

HIV-1 Gag is a major target with respect to the induction of
CTL responses in HIV-1-infected patients, and p24Gag and
p17Gag appear to have the highest epitope density, besides Nef,
of all HIV-1 antigens (55). Recently, an important contribution
of p15Gag to the overall CTL response in HIV-1-infected sub-
jects also was reported (55). This result should be considered
in a Gag-based vaccine design. Thus, to retain important
epitopes for Gag, the gagCpol cassette, containing the com-
plete gag coding sequences in addition to pol in frame,
was designed. After removal of the frameshift by a single-
base insertion, p1p6Gag protein expression was lost, resulting
in a truncated Gag protein that was shortened by p1p6Gag

at the frameshift site. The extension of gagpol to include
p2p7p1p6Gag in the gagCpol construct had no negative influ-
ence on expression (Fig. 2C), and this cassette design was
therefore selected for use in immunogenicity studies instead of
the original gagpol construct.

Immune responses generated against Gag or Pol by using
various Gag- and Pol-expressing DNA vaccines were evaluated
by repeated experiments with either two DNA immunizations
or one immunization followed by an rVV boost. Responses
were scored by flow cytometric measurements of antigen-spe-
cific IFN-�-secreting CD8� cells with an ICS assay. Responses

to Gag were detectable after two immunizations with amounts
of DNA as small as 2 ng. No significant differences in Gag-
specific CD8� T-cell responses were found for any of the
sequence-modified expression cassettes tested here. Cellular
immune responses to Pol were analyzed by using C3H mice
(H-2k), and spleen cells were stimulated by using the 9-mer
CTL peptide described by Hosmalin et al. (25). Positive re-
sponses could be detected in the 20- to 200-ng DNA dose
range, compared to 2 ng for Gag. This could be explained by
the reduced recognition and assay sensitivity of this peptide as
recently described (10). However, solid stimulation was dem-
onstrated with this peptide epitope; up to 32% of RT-specific
CD8� cells responded after one 20-�g DNA prime and an
rVV boost (Fig. 7A and B). As expected from the expression
results, the gagFSpol DNA vaccine (i.e., Pol expressed with a
frameshift) induced significantly lower levels of Pol-specific
immune responses if DNA-primed mice were boosted with
rVV expressing Pol (Fig. 7B) and no detectable Pol-specific
responses after two DNA immunizations (Fig. 7D). As for Gag
responses, no significant differences were found among the
in-frame sequence-modified constructs with regard to the in-
duction of Pol-specific CD8� T-cell responses. Thus, it appears
that efficient secretion of Gag antigens as VLP secretion, which
is impaired in gagpol fusion constructs (28, 40), was not essen-
tial for the induction of potent Gag-specific CD8� responses.
Previous results obtained by another group using synthetic pol
and gagpol genes also demonstrated improved expression of
Pol when it was fused in frame with Gag (26). However, cel-
lular immune responses to Gag and Pol were demonstrated for
single and fusion gene cassettes when mice were immunized
four times with 100 �g of DNA. In our experiments, we titrated
the DNA doses down to 2 ng for Gag responses and 20 ng for
Pol responses, which allowed us to more fully evaluate the
relative potency of each construct. Moreover, in the present
study, several additional versions of pol and gagpol, including
those with an attenuated, functional and nonfunctional pro-
tease gene, were analyzed.

Altogether, the data presented in this study suggest that the
highly efficient expression and immunogenicity of Gag are not
impaired by Pol, and vice versa, if Gag and Pol are expressed
as a multigenic fusion protein (gagCpol) in a DNA vaccine.
Moreover, the expression and immunogenicity of the Pol an-
tigen can be enhanced through removal of the frameshift and
sequence modifications to remove inhibitory sequences and
optimize codon usage. The improved gag-plus-pol DNA vac-
cine described here, when administered by using recently de-
scribed enhanced DNA vaccine delivery technologies (38, 52),
should prove to be a potent vaccine for the induction of T-cell
immune responses. Furthermore, vaccine approaches that
combine the gagCpol DNA vaccine for the induction of cellu-
lar immune responses with improved Env antigens for the
induction of neutralizing antibodies (3, 13, 50) hold great
promise for the next generation of HIV vaccines.
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