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The ability to elicit an immune response to a spectrum of human immunodeficiency virus type 1 (HIV-1) gene
products from divergent strains is a desirable feature of an AIDS vaccine. In this study, we examined
combinations of plasmids expressing multiple HIV-1 genes from different clades for their ability to elicit
humoral and cellular immune responses in mice. Immunization with a modified Env, gp145�CFI, in combi-
nation with a Gag-Pol-Nef fusion protein plasmid elicited similar CD4� and CD8� cellular responses to
immunization with either vector alone. Further, when mice were immunized with a mixture of Env from three
clades, A, B, and C, together with Gag-Pol-Nef, the overall potency and balance of CD4�- and CD8�-T-cell
responses to all viral antigens were similar, with only minor differences noted. In addition, plasmid mixtures
elicited antibody responses comparable to those from individual inoculations. These findings suggest that a
multigene and multiclade vaccine, including components from A, B, and C Env and Gag-Pol-Nef, can broaden
antiviral immune responses without immune interference. Such combinations of immunogens may help to
address concerns about viral genetic diversity for a prospective HIV-1 vaccine.

The genetic variation of human immunodeficiency virus type
1 (HIV-1) has created challenges for the development of a
preventive AIDS vaccine (39). Not only would such a vaccine
be expected to be safe and immunogenic, but it must also
induce immune recognition of a broad spectrum of HIV iso-
lates to prove highly effective (21). Though progress has been
made with subtype-specific and Gag- or Env-based HIV vac-
cines (4, 8, 38), an alternative approach involves the utilization
of multiple viral proteins from different clades that can maxi-
mize the breadth and potency of the antiviral immune re-
sponse. An unresolved question for the development of such a
multivalent HIV vaccine is whether this approach can elicit
strong immune responses against individual gene products
without cross-interference. In previous HIV vaccine studies,
some multivalent DNA vaccine approaches induced subopti-
mal immune responses, likely due to interference among dif-
ferent viral antigens (15, 28). In this study, we have addressed
this question by using gene-based vaccination techniques pre-
viously used in a variety of different vaccine studies (5, 25, 29,
32).

Env is a major target of both humoral and cellular immunity,
while the viral genes for Gag, Pol, and Nef are potential targets
of the CD8� immune response. A modified form of HIV-1
envelope (Env), gp145�CFI, has been shown to improve anti-
body responses while maintaining its ability to induce cytotox-
ic-T-lymphocyte (CTL) responses (7). A fusion protein of Gag
and Pol has also been developed that generates a protein from

a single open reading frame that can be processed to present
linear epitopes from at least four viral gene products: Gag,
protease (PR), reverse transcriptase (RT), and integrase (IN)
(11). To ensure that the pol region did not function in vivo,
three point mutations were introduced, in PR, RT and IN,
termed Pol(�PR �RT �IN). An additional viral protein, Nef,
was included to expand its breadth, and representatives of
clades A, B, and C were also generated.

The present study evaluated the immunogenicity of Env and
Gag-Pol-Nef vaccine candidates alone or in combination. In
addition, the ability to combine these immunogens from dif-
ferent clade isolates was also evaluated. The combination of
Gag-Pol-Nef with Env elicited strong CD8 immunity to Env
without compromising the CD4 or antibody response. In ad-
dition, combinations of Env from multiple clades help to ex-
pand the immune response to these alternative clades. The
combination of multiple HIV genes from different clades may
facilitate the generation of immune responses to diverse HIV
strains.

MATERIALS AND METHODS

Gag-Pol-Nef immunogens. Plasmids expressing HIV genes were synthesized
by reverse translation (Genetics Computer Group, Inc., Madison, Wis.) of pub-
lished sequences using codons expected for human cells. The methods used to
make DNA plasmids expressing HIV-1 Gag-Pol-Nef polyproteins from different
clades were similar to those previously described for Gag-Pol (11). To further
inactivate viral proteins, additional inactivating mutations were inserted into PR,
RT, and IN. The amino acid sequence of the Nef protein was not modified, but
the NH2-terminal myristylation site required for its functional activity was not
available, as it is synthesized as a fusion protein. The clade A, B, and C Gag-
Pol-Nef plasmids were 9783, 9790, and 9786 nucleotides in length, respectively,
and the clade A, B, and C Env plasmids are 6836, 6869, and 6829 nucleotides.

These genes were synthesized by preparation of oligonucleotides of 75 bp
overlapping by 25 or of 60 bp overlapping by 20 and assembled by Pwo (Boehr-
inger Mannheim) and Turbo Pfu (Stratagene) as described previously (7, 11).
The cDNAs were cloned into the expression vector pVR1012 (7, 40). The protein
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sequence of each Gag polyprotein from the appropriate HIV-1 clade was used to
create a synthetic version of the gag gene (gag/h) using codons preferred for
expression in human cells. The synthetic gag/h gene contained sequences for all
mature Gag proteins except for p1 and p6 (amino acids [aa] 433 to 500). The
synthetic gag/h gene from clade A, B, or C was ligated in frame with codon-
modified pol (pol/h), encoding aa 3 to 1003 from NL4-3 (GenBank accession
number M19921). To inactivate the fusion proteins further, a PR mutation (Arg
to Gly) was inserted at aa 553, an RT mutation (Asp to His) at aa 771, and an
IN mutation (Asp to Ala) at aa 1209. A synthetic nef gene (nef/h) based on aa 1
to 206 from NL4-3 was fused to the 3� end of pol/h by PCR to generate the
appropriate Gag-Pol-Nef expression vector.

For the clade A Gag-Pol-Nef fusion protein, aa 1 to 432 from a CCR5-tropic
clade A (GenBank accession number AF004885) were used and fused to the
pol/h gene described above. In all three Gag-Pol-Nef plasmids, the same pol
sequence was inserted, as this viral gene product is more than 90% conserved at
the amino acid level among disparate clades. To add a matched Nef open reading
frame, the stop codon in pol was removed, and synthetic clade A nef/h (GenBank
accession number: AF069670) was fused to the 3� end of pol/h by PCR to
generate the clade A plasmid pVRC-4313. For the clade B Gag-Pol-Nef fusion
protein, sequence encoding aa 1 to 432 from a CCR5-tropic clade B protein
(GenBank accession number K03455) was used and fused to the pol/h described
above. To add a clade B Nef protein, the stop codon from the Pol gene was
removed and fused to a clade B synthetic Nef/h gene (aa 1 to 206) from HIV-1
PV22 (GenBank accession number K02083) to generate the clade B plasmid,
pVRC-4306. For the clade C Gag-Pol-Nef fusion protein, aa 1 to 432 from a
CCR5-tropic clade C (GenBank accession number U52953) were used and fused
to the pol/h gene described above. The Pol stop codon was removed and fused to
synthetic clade C Nef/h (aa 1 to 206) (GenBank accession number: U52953),
designated pVRC-4311.

Alternative clade Env plasmid DNAs. The sequences used to create the DNA
plasmids encoding Env are derived from three HIV-1 CCR5-tropic strains of
virus that have been modified to reduce potential cellular toxicity and increase
immunogenicity by deletion of the fusion domain, the cleavage domains, and also
by shortening of the interspace between heptad 1 (H1) and heptad 2 (H2), as
described previously for clade B isolates (7). The synthetic protein sequence for
the clade A Env polyprotein (gp160) was derived from 92rw020 (R5-tropic,
GenBank accession number U51283) and designated clade A gp145�CFI/h. An
XbaI site was inserted 18 nucleotides upstream from the ATG, together with a
known Kozak sequence, and a BamHI site was created 1,912 nt downstream of
the ATG for all Env expression vectors. This fragment was cloned into the
XbaI-to-BamHI sites of pVR1012x/s sites. The fusion and cleavage domains from
aa 486 to 519 and the interspace between H1 and H2 from aa 576 to 604 were
deleted. The protein sequence of the clade B Env glycoprotein (gp160) from
HXB2 (X4-tropic, GenBank accession number K03455) was used to create a
synthetic version of the gene (X4gp160/h) by alteration of codons for better
expression in human cells. The nucleotide sequence X4gp160/h shows little
homology to the HXB2 gene, but the protein encoded is the same with the
following aa substitutions: (aa 53, Phe3Leu; aa 94, Asn3Asp; aa 192, Lys3Ser;
aa 215, Ile3Asn; aa 224, Ala3Thr; aa 346, Ala3Asp; and aa 470, Pro3Leu).
To produce an R5-tropic version of the envelope glycoprotein (R5gp160/h), the
region encoding HIV-1 envelope glycoprotein aa 205 to 361 from X4gp160/h was
replaced with the corresponding region from the BaL strain of HIV-1 (GenBank
accession number M68893, again using human-preferred codons). The full-
length CCR5-tropic version of the envelope gene from pR5gp160/h was termi-
nated after the codon for aa 704 to generate gp145/h. The fusion and cleavage
domains from aa 503 to 536 and the interspace between H1 and H2 from aa 593
to 620 were then deleted. The protein sequence of the clade C Env polyprotein
(gp145�CFI) from 97ZA012 (R5-tropic, GenBank accession number AF286227)
was used to create a synthetic version of the gene (clade C gp145�CFI/h) with
deletion of the fusion and cleavage domains from aa 487 to 520 and the in-
terspace between H1 and H2 from aa 577 to 605.

Immunizations. Mice received two 100-�l injections intramuscularly in each
thigh at days 0, 14, and 42. Ten days after the final injection, mice were bled and
sera were collected. Then the mice were sacrificed, spleens were removed, and
the spleen cells were analyzed by intracellular cytokine flow cytometry (ICC) for
CD4� and CD8� T-cell responses.

Flow-cytometric analysis of intracellular cytokines. CD4�- and CD8�-T-cell
responses were evaluated by using ICC for gamma interferon (IFN-�) and tumor
necrosis factor alpha (TNF-�). This sensitive assay was developed to study
immune responses to HIV-1 (9, 10, 20, 23, 30). The assay was performed by
removal of spleens, gentle homogenization to single-cell suspension, erythrocyte
lysis with PharMLyse (BD-Pharmingen), washing with medium, and stimulation
(107 cells/ml) at 37°C for 1 h with peptide pools (2.5 �g/ml for each peptide). All

peptides used in this report were 15-mers overlapping by 11 amino acids that
spanned the complete sequence of the HIV or negative control proteins tested.
Anti-CD28 and anti-CD49d antibodies (BD-Pharmingen 553294 and 553153,
respectively) were added (1 �g/ml) to the medium for costimulation. After an
hour, brefeldin A (Sigma) was added to the medium (10 �g/ml) for an additional
5 h. After a total of 6 h, cells were washed and incubated with FC block
(BD-Pharmingen) for 15 min on ice, fixed, and permeabilized with Cytofix/
Cytoperm (BD-Pharmingen) according to the manufacturer’s instructions. The
cells were washed with phosphate-buffered saline (PBS) with 0.1% saponin
(Sigma) followed by staining with the indicated fluorescence-labeled monoclonal
antibodies against CD3, CD4, CD8, IFN-�, and TNF-� (BD-Pharmingen) for 20
min on ice. After washing with PBS with 0.1% saponin, the cells were analyzed
by fluorescence-activated cell sorting (FACS) to detect the IFN-�- and TNF-�-
positive cells in the CD4� and CD8� cell populations and analyzed with the
program FlowJo (Tree Star, Inc.).

ELISAs. To detect antibodies against Env proteins of different clades, enzyme-
linked immunosorbent assay (ELISA) plates were coated with 100 �l of Galan-
thus nivalis lectin (10 �g/ml) overnight at 4°C. The lectin solution was removed
from the wells and blocked with 200 �l of PBS containing 10% fetal bovine
serum for 2 h at room temperature. The plates were washed twice with PBS
containing 0.2% Tween 20 (PBS-T), and then 100 �l of supernatant from cells
transfected with pVRC5304 (R5 gp140�CFI-Clade-A), pVRC2801 (R5
gp140�CFI-Clade-B), or pVRC5308 (R5 gp140�CFI-Clade-C) was added to
each well, and wells were incubated for an hour at room temperature. The plates
were washed with PBS-T five times, and then the sera from immunized mice
from different groups were added with threefold dilutions for 1 h. The plates
were washed with PBS-T five times, and then 100 �l of 1:5,000-diluted secondary
antibody-conjugated horseradish peroxidase was added, and mixtures were in-
cubated for 1 h and washed with PBS-T five times. Then 100 �l of substrate
(Sigma Fast o-phenylenediamine dihydrochloride; catalog no. P-9187) was added
to each well for 30 min. The reaction was then stopped by adding 100 �l of 1 N
H2SO4, and the optical density (OD) reading was taken at 450 nm.

Statistical analysis. For the simpler combination of plasmids listed in Table 1,
Kruskal-Wallis tests were performed to test for overall differences in the three
treatment groups’ CD4� and CD8� response rates within each gene and clade
combination at an � of 0.05. Within each of the two sets of tests (CD4� and
CD8� responses), the Holm procedure was used to adjust the P values for
multiple comparisons for each gene and clade combination. If the adjusted P
value from the Kruskal-Wallis test for a given response-gene-clade combination
was less than an � of 0.05, two-sided Wilcoxon tests were performed for all three
possible pairs of different combinations (control vs. ABC(�4), control vs.
ABC(�6), ABC(�4) vs. ABC(�6)). Again, the Holm procedure was used to
adjust the P values for multiple comparisons. An adjusted P value less than an �

of 0.05 was taken as evidence of a significant difference. An analogous approach
was taken to test for differences among the groups immunized with Env and
Gag-Pol-Nef plasmids (Fig. 1).

TABLE 1. Experiment schema for analysis of plasmid combinations
in micea

Vaccine Plasmid Amt (�g)

VR1012 1012 50 �g

ABC(�4) 1012-A-gp145�CFI 8.3 �g
1012-B-gp145�CFI 8.3 �g
1012-C-gp145�CFI 8.3 �g
1012-B-gag-pol-nef 25 �g

ABC(�6) 1012-A-gp145�CFI 8.3 �g
1012-B-gp145�CFI 8.3 �g
1012-C-gp145�CFI 8.3 �g
1012-A-gag-pol-nef 8.3 �g
1012-B-gag-pol-nef 8.3 �g
1012-C-gag-pol-nef 8.3 �g

a Different combinations of plasmids were tested in groups of 10 mice each.
The first, second, and third immunizations were carried out at weeks 0, 2, and 6,
and ICC was performed on spleen cells at week 7.
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RESULTS

A combination of Env and Gag-Pol-Nef plasmids elicited
CD4� and CD8� responses to Env and Gag similar to those
obtained with single plasmids alone. To examine whether
combined immunization with Env and Gag-Pol-Nef plasmids

would enhance or inhibit antigen-specific responses, the CD4,
CD8, and antibody responses to Env were analyzed. Four
groups of mice with five mice per group were immunized with
the control vector alone, Env with control vector as filler DNA,
Gag-Pol-Nef with control vector as filler DNA, or Env with

FIG. 1. Comparison of immune response of multivalent plasmids with single gene approaches. Four groups of five mice each were immunized
with the control vector alone (50 �g), Env (25 �g) with control vector (25 �g) as filler DNA, Gag-Pol-Nef (25 �g) with control vector (25 �g) as
filler DNA, or Env (25 �g) with Gag-Pol-Nef (25 �g). Ten days after the final immunization, splenic cells were harvested and sensitized with B-Env
peptide pool (158-peptide pool of clade B Env protein) and B-Gag peptide pool (122-peptide pool of clade B Gag protein). Six hours later, the
cells were fixed, stained with monoclonal antibodies, and analyzed by FACS to detect the IFN-�- and TNF-�-positive cells in the CD4-positive (A,
top) and CD8-positive (A, bottom) population. (B) Mouse sera were collected to detect antibody against Env by ELISA. ELISA plates were
prepared and coated as described in Materials and Methods with supernatant from cells transfected with pVRC2801 (R5 gp140delCFI-Clade-B)
from clade B. Mouse sera from different groups were diluted starting from 1:100 to 1:2,700 before testing. The ELISA titers are shown for the
group immunized with pVR1012 (Œ), with pVR1012-B-Gag-Pol-Nef (GPN) and filler DNA (f), with pVR1012-B-gp145�CFI and filler DNA(● ),
or with 1012-B-gp145�CFI � 1012-B-Gag-Pol-Nef (}). Each point represents the average OD reading from the five animals per group.

12766 KONG ET AL. J. VIROL.



Gag-Pol-Nef. Ten days after the final DNA immunization,
animals were sacrificed, and splenocytes were incubated with
overlapping Gag peptide pools. Intracellular IFN-� and
TNF-� expression in stimulated CD4� or CD8� lymphocytes
were analyzed by flow cytometry, and positive cells were enu-
merated. Cells from mice immunized with Gag-Pol-Nef alone
and those immunized with the combination of Env and Gag-
Pol-Nef responded similarly to Gag stimulation (Fig. 1A, left).
Likewise, lymphocytes from mice vaccinated with Env alone
and those with a combination of Env and Gag-Pol-Nef re-
sponded similarly to incubation with Env peptide pools (Fig.
1A, right). Based on statistical analysis, there was no difference
in CD4 response to Gag between the Gag-Pol-Nef group and
the combined Env and Gag-Pol-Nef group (P � 0.1746). Also,
there was no difference in the CD4 response to Env between
the Env group and the combined Env and Gag-Pol-Nef group
(P value � 0.6905). In the case of CD8 responses to Gag, there
was also no statistical difference between Gag and the com-
bined Env and Gag-Pol-Nef group (P value � 1.0), and in the
case of the CD8 responses to Env, there was also no statistical
difference between Env and the combined Env and Gag-Pol-
Nef group (P value � 1.0). Similarly, antibody to Env showed
similar titers in both groups (Fig. 1B). There was no statistical
difference between Env and the combined Env and Gag-Pol-
Nef group (P 	 0.05) in antibody response to Env at all four
dilutions. This result suggested that combination plasmid vac-
cination did not cause immune interference but instead led to
expanded breadth of the immune response. To determine
whether the addition of alternative clades would prove simi-
larly immunogenic, more complex plasmid combinations were
evaluated.

Combination of Env clades and Gag-Pol-Nef vaccination
elicits immune responses similar to those obtained with sin-
gle-clade immunogens. We next determined whether the in-
clusion of multiple Env immunogens would affect the breadth
and potency of the immune response. Mice were immunized
with a negative control plasmid, combined Env and Gag-Pol-
Nef (both from clade B), or Env from clades A, B, and C with
Gag-Pol-Nef from clade B, termed ABC(�4). In the ABC(�4)
group, the three Env proteins were retained in equal propor-
tions, and the ratio of all Env proteins to all Gag-Pol-Nef
proteins was kept constant (1:1, wt/wt). Both the combined
Env and Gag-Pol-Nef group and the ABC(�4) group induced
CD4� and CD8� responses similar to those obtained with
clade B Env (Fig. 2A). Some minor variations in immune
responses were seen between groups; however, both the clade
B and the ABC(�4) groups showed comparable CD4� and
CD8� responses to clade B Env peptide stimulation by intra-
cellular flow analysis. For antibody responses, ABC(�4)
showed a measurable response to clade A Env stimulation but,
as expected, not in the clade B-immunized group, which did
not contain clade A Env. More importantly, immunization with
the clade B immunogens gave rise to titer responses to clade B
Env similar to those obtained with ABC(�4), again showing
that the mixture of clades did not inhibit the responses to a
single-clade (clade B) Env component, despite the relative
dilution of the immunogen. Neither the ABC(�4) nor the
clade C Env alone (data not shown) induced a high-titer anti-
body response, possibly because of the lack of highly reactive
epitopes in mice (Fig. 2B). These results indicated that the

addition of multiple Env proteins from alternative clades to
Gag-Pol-Nef did not interfere with T-cell or humoral immunity
and instead added breadth to the immune response.

Comparison of different multiple-clade immunogens. We
next compared different combinations of plasmids that could
elicit immune responses to multiple immunogens. Mice were
immunized with the control plasmid and two combinations of
plasmids (Table 1), including a combination of six plasmids,
designated ABC(�6), because it covered Gag, Nef, and Env
from clades A, B, and C with Pol from clade B, or the ABC
group with four components, ABC(�4), in which the Gag-Pol-
Nef fusion protein from clade B was used alone, rather than
with the Gag-Pol-Nef proteins from clades A and C. As above,
the three Env clades were retained in similar ratios and
amounts in both formulations, and the ratio of all Env proteins
to all Gag-Pol-Nef proteins was kept constant (1:1, wt/wt).

Both plasmid combination groups had similar CD8 re-
sponses to Gag, Pol, and Env from clade B but not from other
clades (Fig. 3) and Table 2. Responses to Gag from clades A
and B were significantly higher than the control (pVR1012) for
both ABC(�6) and ABC(�4), but the differences between the
response rates of the two treatment groups were not signifi-
cantly different for either of these clades. CD8� responses to
Pol-1 and Env from clade B were significantly higher than the
control (pVR1012) responses for both ABC(�6) and
ABC(�4). However, CD8� responses to Env from clade A
were higher than the control for ABC(�6) only (P � 0.0316)
(Fig. 3C and Table 2).

ABC(�6) and ABC(�4) induced similar CD4� responses,
in contrast to the control (pVR1012) plasmids in mice. Both
stimulated higher CD4� responses for Gag from clade A and
B, Pol-2 from clade B, and Env from clades A and B (Table 2).
ABC(�6) elicited significantly higher CD4� responses to clade
C Gag (P � 0.0138) than the control (pVR1012), while for Nef
and Pol-1 from clade B, only ABC(�4) provoked significantly
higher CD4� responses than the control (P � 0.0097 for Nef
and 0.0054 for Pol-1). CD4� responses to Env from clade C
were higher for ABC(�6) than ABC(�4) (P � 0.0418), al-
though the responses for both groups were significantly higher
than the control (Fig. 4 and Table 2). ABC(�4), but not
ABC(�6), showed a response to Nef from clade B (Table 2).
In summary, except for relatively minor differences in specific-
ity, it appeared that ABC(�6) and ABC(�4) elicited compa-
rable cell-mediated immune responses.

Similar antibody responses in ABC(�4)-, ABC(�6)-, and
single-clade-vaccinated mice to Env proteins from all clades.
Sera from ABC(�4), ABC(�6), or single-clade groups were
tested for antibody responses by using a lectin-capture HIV-1
Env protein ELISA system. The sera from the two test groups
showed similar responses to Env protein to all three clades
(Fig. 4B). Antibody titers against clade A Env protein from
both ABC(�4) and ABC(�6) groups were higher than the
titers of antibody against clade B and clade C Env protein;
however, there was no significant difference between the two
groups in terms of their antibody response magnitude. This
result suggested that addition of Gag and Nef immunogens
from clade A and clade C to ABC(�4) groups did not interfere
with the antibody responses against Env from clade B.
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DISCUSSION

One requirement of a highly effective AIDS vaccine is the
need to induce both neutralizing antibodies and cellular im-
munity to the many strains of HIV-1 that circulate throughout
the world. In this report, we have evaluated the ability of
plasmid DNA vaccines to elicit immune responses to multiple
gene products of HIV-1 from alternative clades of virus. The
goal was to elicit both antibody and T-cell responses against
various HIV genes from these different clades. Env, Gag, Pol,
and Nef were chosen as targets because they represent the
major expressed proteins during viral infection. A mutant Env
with deletions in the cleavage site, fusion domain, and a region
between the heptad repeats was used for its ability to elicit a
more potent humoral immune response while retaining its
ability to stimulate Env-specific CTLs (7).

A variety of previous studies have shown that CTLs contrib-
ute to the control of viremia and protect against the progres-
sion of HIV disease (6, 12, 16, 17, 26, 27, 31, 33–36). Processed

forms of Gag, Pol, Nef, and Env presented on class I major
histocompatibility complex antigens can serve as the targets of
CTLs that recognize and lyse HIV-1 infected cells, in this way
contributing to the efficacy of a preventive vaccine. It is hoped
that if the T-cell response is sufficiently robust, these cells will
kill HIV-infected cells before the virus can replicate and es-
tablish a reservoir of infection in vivo. For a globally effective
vaccine, it will be necessary to elicit CTL that react with strains
from multiple clades. Though there may be some cross-clade
reactivity after immunization with a single clade (e.g., see ref-
erence 13), there is also evidence of disparities in such immune
responses (e.g., see reference 9). It therefore appeared desir-
able to include representatives of the major classes of virus in
a DNA vaccine to induce cross-clade immunity. However, the
main concern of such a cocktail is whether it will cause inter-
ference between gene-specific immune responses. Interference
among immune responses to various viral genes has been seen
previously in murine HIV immunization studies (15, 28). Re-

FIG. 2. T-cell and antibody responses in mice immunized with Gag-Pol-Nef and clade B Env compared to Gag-Pol-Nef and clade A, B, C Env
proteins. Mice (n � 3) were immunized with a total of 50 �g of control vector, Gag-Pol-Nef and clade B Env (1:1 ratio), or Gag-Pol-Nef and Env
from clades A, B, and C (1:0.33:0.33:0.33 ratio). (A) Ten days after the final immunization, splenic cells were harvested and sensitized with a B-Env
peptide pool (158 peptide pool of clade B Env protein). For controls, an Ebola glycoprotein peptide pool (22 peptides) or unstimulated cells served
as a negative control, and phorbol myristate acetate was used as the positive control (data not shown). Six hours later, the cells were fixed, stained
with monoclonal antibodies, and analyzed by FACS to detect the IFN-�- and TNF-�-positive cells in the CD4 and CD8 positive populations (A).
The symbols depict the individual results for the three mice in each group. The thin horizontal bar represents the average of the three data points,
with a standard deviation error bar. (B) Sera from the three groups of animals were collected 10 days after the third immunization, and ELISA
was performed to detect the antibody against the respective clade Env proteins as described in Materials and Methods. Mouse sera from different
groups were diluted from 1:200 to 1:800 for testing. Each bar represents the average OD reading from the three mice per group.
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cently, studies of modifications to HIV DNA vaccines, includ-
ing different combinations of viral genes, altered RNA struc-
ture or codon usage, and/or stimulatory cytokine genes, have
shown more encouraging results in mice (41). More impor-
tantly, some approaches have shown promise in challenge stud-
ies using nonhuman primates (1, 3, 14, 19, 22, 37), though
complete protection against infection has been difficult to
achieve. Additional modifications were therefore incorporated
in this study in an attempt to improve efficacy.

When the immune responses to different combinations of
Env and Gag-Pol-Nef were compared, there was no decrease
in the humoral and cellular response to clade B mutant Env
plasmid and Gag-Pol-Nef plasmids when mixed compared with

the responses to the two plasmids individually (Fig. 1). When
the complexity was increased to four components, including
gp145�CFI from three clades and Gag-Pol-Nef from clade B,
there was no interference with the humoral response to B-Env
while the immune response to other clades was enhanced.

When the complexity of the vaccine was increased to six
components, ABC(�6), containing the same Env-gp145�CFI
from different clades as in group ABC(�4) plus the Gag-Pol-
Nef fusion protein from clades A and C, minor differences in
immunogenicity were seen. Analysis of the Gag response
showed that ABC(�4) elicited CD4� and CD8� responses to
clades A and B, while ABC(�6) improved the response to
clade C Gag peptides. The lack of CD4� and CD8� responses

FIG. 3. CD8�-T-cell responses to different clade and gene combination vaccine candidates by intracellular cytokine analysis. Three groups of
mice were immunized with a control vector (VR1012), ABC(�4), or ABC(�6) as described in Table 1. Ten days after the final immunization,
splenic cells were harvested and sensitized with the following peptide pools: A-Gag (125 peptides), B-Gag (122 peptides), C-Gag (105 peptides),
A-Env (154 peptides), B-Env (158 peptides), C-Env (154 peptides), B-Pol-1 (120 peptides from the first half of clade B Pol), or B-Pol-2 (128
peptides from the second half of clade B Pol). Cells were stimulated and analyzed by FACS, with positive and negative controls as described in
the legend to Fig. 2 to detect the IFN-�- and TNF-�-positive cells in the CD8� population. The symbols show the individual results for the 10 mice
in each group. The thin horizontal bar is the average of the 10 data points, with standard deviation bars.
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to clade C Gag in ABC(�4) probably is due to the absence of
clades A and C Gag; however, ABC(�4) containing only clade
B Gag could induce both CD4� and CD8� responses to clade
A Gag even though it shares only 85% homology in amino acid
sequence. This result suggested that clades A and B Gag share

some common CD4� and CD8� epitopes but differ more sub-
stantially from clade C Gag in mice. In contrast, the CD4� and
CD8� responses against Env between ABC(�4) and
ABC(�6) were similar: both groups elicited comparable CD4�

responses against all three clades and generated similar CD8�

FIG. 4. CD4�-T-cell and antibody responses to combination gene and clade vaccine candidates by intracellular flow cytometry and ELISA.
Three groups of mice were immunized with the indicated control or combination vaccines as shown in Table 1. (A) Ten days after the final
immunization, splenic cells were harvested and sensitized with the indicated peptide pools as described in the legend to Fig. 2. Individual responses
are shown with the symbols, and the thin horizontal bar depicts the average of the 10 data points, with a standard deviation error bar. (B) Sera
from the three groups of animals were collected 10 days after the third immunization, and ELISA was performed to detect the antibody against
envelope as described in Materials and Methods. Mouse sera from different groups were diluted starting from 1:100 to 1:2,700 for testing. Each
bar represents the average OD reading from the 10 mice per group.

TABLE 2. Summary of T-cell and antibody responses to vaccine candidates

Analysis Vaccine
Response to:

A-Gag B-Gag C-Gag A-Env B-Env C-Env B-pd-1 B-pd-2 A-Nef B-Nef C-Nef

Intracellular cytokine staininga

CD4 ABC(�4) � � 
 � � � � � 
 � 

ABC(�6) � � � � � �� 
 � 
 
 


CD8 ABC(�4) � � 
 
 � 
 � 
 
 
 

ABC(�6) � � � � � 
 � 
 
 
 


ELISAb ABC(�4) � � �
ABC(�6) � � �

a CD4�- and CD8�-T-cell responses to different vaccine candidates. When Holm-adjusted Kruskal-Wallis tests indicated overall significant differences, the data from
all possible pairs of groups were compared by Wilcoxon tests with a Holm adjustment for the multiple comparisons. 
, no statistically significant difference from the
control (P 	 0.05); �, statistically significant difference from the control only (P � 0.05); ��, statistically significant difference from both the control and all other
treatment groups (P � 0.05).

b Antibody responses to different vaccine candidates. �, the average antibody titer of the group was more than 1:1,000.
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responses against clade B Env. ABC(�6) also induced a sig-
nificant CD8� response to Env from clade A. Since both
ABC(�4) and ABC(�6) contained the same combination of
Env from clades A, B, and C, the similar CD4� and CD8�

responses against Env from the two groups were not unex-
pected.

For Pol responses, both groups demonstrated CD4� and
CD8� responses against Pol from clade B. The ABC(�4)
group elicited a CD4� response to both sets of Pol peptides,
while ABC(�6) stimulated a CD4� response only against one
of the two Pol peptide pools (Table 2). Both groups induced
CD8� responses to the first half of the clade B Pol (Fig. 3B, left
panel). For Nef, only the ABC(�4) group elicited a CD4�

response against Nef from clade B (Table 2). The poor anti-
Nef response also may be due to the inability of BALB/c mice
to recognize Nef epitopes, as other groups have reported that
Nef is highly immunogenic in other strains of mice (15).

In addition, we attempted to determine whether CD4� and
CD8� T-cell responses against multigenes would affect hu-
moral responses. There was no significant difference among
different groups in ELISA titers (summarized in Table 2). All
the groups showed similar antibody titers to Env protein from
clades A, B, and C (Fig. 4B). These data suggested that there
was no interference among different clades of Env in antibody
response. Equally importantly, there was no interference
among various viral genes between humoral and cellular re-
sponses.

In summary, the ABC(�4) vaccine regimen was able to
induce substantial and balanced CD4� and CD8� T-cell re-
sponses to the viral antigens from different clades. Though
ABC(�6) induced a comparable response, the lower complex-
ity of ABC(�4) suggests that it is a better candidate for de-
velopment for clinical production. The more complex combi-
nation, ABC(�6), could also be more variable because more
epitopes are included, and the larger number of components
could complicate production and quality control that might
also affect immune responses. These factors suggest that more
complexity does not always yield incremental immunity, as with
ABC(�6). Though there was no significant loss of immunoge-
nicity with the vaccine studied here, this complexity has been
problematic in previous studies (15, 28). For this reason, im-
mune analyses, such as those performed in this study, are
needed to address these issues and facilitate the development
of safe and effective vaccines. The results here suggest that a
multigene HIV-1 DNA vaccine is feasible because the immune
responses to individual genes do not cause interference when
combined with one another. Because mouse serum is difficult
to evaluate for neutralizing antibody activity due to its high
background in neutralization assays, future studies in other
animal species will address this issue. As the HIV-1 pandemic
continues to grow, virus variability becomes increasingly prob-
lematic. Though a few subtypes of HIV-1 predominate in dif-
ferent regions of the world, a rising number of recombinant
strains have been reported lately (18). Such viruses continually
mutate and escape (2, 24) during different stages of infection.
A multiepitope and multiclade immune response should help
to reduce the likelihood of viral escape. The data presented in
this report may therefore help to guide the development of
improved vaccines against diverse strains of HIV.
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