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DNA vaccines have been successful in eliciting potent immune responses in mice. Their efficiency, however,
is restricted in larger animals. One reason for the limited performance of the DNA vaccines is the lack of
molecular strategies to enhance immune responses. Additionally, genes directly cloned from pathogenic
organisms may not be efficiently translated in a heterologous host expression system as a consequence of codon
bias. To evaluate the influence of codon optimization on the immune response, we elected to use the Tat
antigens of human immunodeficiency virus type 1 (HIV-1) (subtype C) and HIV-2, as these viral antigens are
poorly immunogenic in natural infection and in experimental immunization and they are functionally impor-
tant in viral infectivity and pathogenesis. Substituting codons that are optimally used in the mammalian
system, we synthetically assembled Tat genes and compared them with the wild-type counterparts in two
different mouse strains. Codon-optimized Tat genes induced qualitatively and quantitatively superior immune
responses as measured in a T-cell proliferation assay, enzyme-linked immunospot assay, and chromium release
assay. Importantly, while the wild-type genes promoted a mixed Th1-Th2-type cytokine profile, the codon-
optimized genes induced a predominantly Th1 profile. Using a pepscan strategy, we mapped an immunodom-
inant T-helper epitope to the core and basic domains of HIV-1 Tat. We also identified cross-clade immune
responses between HIV-1 subtype B and C Tat proteins mapped to this T-helper epitope. Developing molecular
strategies to optimize the immunogenicity of DNA vaccines is critical for inducing strong immune responses,
especially to antigens like Tat. Our identification of a highly conserved T-helper epitope in the first exon of
HIV-1 Tat of subtype C and the demonstration of a cross-clade immune response between subtypes B and C
are important for a more rational design of an HIV vaccine.

DNA vaccine technology has emerged as a novel mode of
vaccination where a naked DNA construct, encoding one or
more foreign proteins or epitopes, is used for immunization.
When injected into a host, the DNA vector elicits a cellular or
humoral immune response or both against the encoded anti-
gen. Nucleic acid immunization offers several technical advan-
tages over other formats of vaccination at the level of immu-
nological outcome (25, 40). When administered intramuscularly,
DNA vaccines elicit a predominantly T-helper cell Th1-type
immune response, which is believed to be critical for confer-
ring protection against several pathogens, especially viruses.
Application of DNA vaccines, however, is limited, as they are
usually unsuccessful in inducing strong immune responses in
larger animals (60, 97). Various molecular approaches have
been explored to elicit potent immune responses through ge-
netic immunization. These approaches include coadministra-
tion of cytokines, such as interleukin-2 (IL-2), IL-15, gamma
interferon (IFN-�), RANTES, and IL-18 (8, 49, 103, 104);
coexpression of costimulatory molecules such as CD40L,
CD86, and CTLA-4 (44, 48, 93); engineering CpG motifs into

the plasmid vectors (51, 52); expression of antigens as fusion
proteins with molecular adjuvants, such as ubiquitin (34, 79),
heat shock proteins (19), L-selectine (29), Flt3 ligand (84), and
C3d (39, 80); adaptation of the prime-boost immunization
strategies involving other vaccine formats in combination with
DNA (41, 57); and many others (21, 85). Codon optimization
of the antigen-encoding gene is a powerful strategy to maxi-
mize protein expression in a heterologous expression system
that consequently leads to enhanced immune response (20, 94,
107).

Selective use of specific codons for protein translation is a
characteristic feature of several species, a phenomenon called
codon bias (87). Direct cloning of pathogen-derived genes into
expression cassettes often leads to suboptimal expression of
the wild-type genes in a heterologous system and may fail to
stimulate strong immune responses. In a natural infection,
codon bias of the wild-type genes may help reduce the magni-
tude of the immune surveillance due to suboptimal antigen
expression in a host system, thus circumventing the induction
of strong immune responses against the pathogenic organism.
Immunization strategies using genetic vaccines, therefore,
must replace these suboptimal codons with those more fre-
quently used in the host system to elicit strong immune re-
sponses (20, 23, 91, 107).

Immunization with codon-optimized env (6) and gag (27,
107) genes of human immunodeficiency virus type 1 (HIV-1)
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led to enhanced expression of the genes and improved immune
responses against the antigens. Similar studies conducted with
a variety of other pathogenic organisms, such as Listeria (65),
bacteria producing tetanus toxin (91), Plasmodium (65), hu-
man papillomavirus (20, 59), and others (40), ascertained the
potential of codon optimization to enhance the efficiency of
the DNA vaccines. The foreign genes or epitopes used in
several of these studies were inherently immunodominant, thus
possibly underestimating the outcome of codon optimization
on the immune responses generated.

In an attempt to evaluate the influence of codon optimiza-
tion on the immune response, we sought to use an inherently
nonimmunodominant antigen in our studies. We opted for the
transactivator protein (Tat) of HIV, as this viral antigen offers
several technical advantages. Most important, the Tat proteins
of HIV-1 and HIV-2 are small molecules consisting of 101 and
130 amino acids, respectively. The first exon of HIV-1 Tat
(Tat-1), consisting of 72 amino acids, is functionally competent
for viral transactivation and a wide variety of other functions
ascribed to this protein (98). The small size of the Tat protein
offers a practical advantage of uncomplicated chemical synthe-
sis of the expression cassette essential for codon optimization.
Tat is expressed early in the viral life cycle and is functionally
important for its infectivity and pathogenicity (47). In addition
to regulating viral gene expression, Tat modulates expression
of various genes of the host. Additionally, Tat is secreted
extracellularly, and the extracellular Tat governs viral latency
and contributes to disease progression (66). Despite the func-
tional importance of Tat for the virus, this antigen is not
immunodominant either in natural infection (53, 56, 58, 78,
101) or in experimental immunization, especially when deliv-
ered as a genetic vaccine (8, 15). Inducing cellular and humoral

immune responses against Tat is critical because of its early
expression in the viral life cycle and its extracellular secretion
(37, 82). At the genetic level, the Tat gene is conserved to a
greater extent than that of the env gene, thus permitting in-
duction of cross-clade immune responses (54). Last, as a con-
sequence of its pleiotropic biological functions, a variety of
functional assays are available for Tat to study the inhibitory
effect of immune components on its biological functions.

The overall genetic content of HIV is AT-rich, suggesting
suboptimal codon usage of its genes in the human host. The
AT content of Tat-1 is approximately 54.3%, while that of
HIV-2 Tat (Tat-2) is 51.8%. This is in contrast to the relatively
low AT content (30 to 40%) in the coding regions of the host
human genome (86). To enhance the translational efficacy and
immunogenicity of HIV-1 and HIV-2 Tat proteins, we synthet-
ically assembled the gene expression cassettes. We employed
an amplification-based approach to generate codon-optimized
Tat constructs. While designing the expression cassettes,
codons frequently used in the mammalian system were substi-
tuted for the original AT-rich codons. The synthetic Tat con-
structs were evaluated in the mouse model for the generation
of immune responses.

MATERIALS AND METHODS

Assembly of codon-optimized Tat-1 and Tat-2 genes. The synthetic and codon-
optimized HIV-1 Tat (Tat-1co) gene, corresponding to the first exon of the
consensus HIV-1 subtype C sequence, was assembled in a single-step PCR using
overlapping oligonucleotides (Fig. 1A). The oligonucleotides (Table 1) were
designed to replace the AT-rich codons of the wild-type gene with the synony-
mous GC-rich codons that corresponded to the most frequently used mammalian
(human) codons. A total of 29 of the 72 codons were replaced in the Tat-1 gene.
The oligonucleotides spanning the length of exon 1 of the Tat-1 gene were mostly
45 nucleotides long with a 25-bp overlap with the corresponding reverse oligo-

FIG. 1. Assembly of synthetic Tat-1 and Tat-2 genes. (A) Assembly of Tat-1co. Exon 1 of HIV-1 C-Tat was assembled in a single-step PCR using
different concentrations of Mg2� as shown. The amplicon of 3 mM Mg2� reaction was cloned into pDV2 vector under the control of a CMV
promoter. The white and solid black horizontal arrows represent the sense and antisense oligonucleotides that constitute exon 1, respectively. The
hatched arrows represent primers for amplification. A stop codon was introduced in the reverse primer. (B) Assembly of Tat-2co. HIV-2 Tat was
synthesized using a sequential assembly approach. The oligonucleotides used in each PCR overlap with each other by 12 bp. Horizontal arrows
mark the amplicons of desired length, and vertical arrows indicate the template combinations for subsequent PCRs. Lanes M, 100-bp DNA
molecular size standards (MBI Fermentas).
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nucleotide (Fig. 1A, schematic). The amplification reaction mixture of 100 �l
contained 25 nM concentrations of each oligonucleotide and 250 nM concen-
trations of each primer (forward N298 [5�-CGG TAA GGT ACC GCC GCC
GCC ATG GAG CCA GTA GAT CCT AAC CT] and reverse N180 [5�-TTT
TCT AGA CTA TTG CTT TGA TAT AAG ATT TTG ATG]). The reaction
mixture also contained 100 �M (each) deoxynucleoside triphosphates (dNTPs),
1.25 U of Taq DNA polymerase, and 3.0 mM Mg2�. Amplification was per-
formed using the following cycling conditions: (i) 2 min at 94°C; (ii) 2 cycles, with
1 cycle consisting of 30 s at 42°C and 30 s at 72°C, followed by 2 min at 94°C; (iii)
2 cycles, with 1 cycle consisting of 30 s at 50°C and 30 s at 72°C, followed by 30 s
at 94°C; (iv) 35 cycles, with 1 cycle consisting of 30 s at 56°C and 30 s at 72°C. The
amplified product was purified using a column commercial kit (Qiagen), cloned
directionally between KpnI and XbaI into pDV2, a mammalian expression vector
containing a cytomegalovirus (CMV) promoter.

Synthetic and codon-optimized HIV-2 Tat (Tat-2co) corresponding to the
full-length sequence of an Indian HIV-2 isolate was assembled using six pairs of
codon-optimized oligonucleotides (Table 2). To assemble the Tat-2 gene, we
used a sequential amplification strategy. The complementary oligonucleotides of
each pair overlapped with each other by 12 bp. Six individual amplification
reactions were performed to amplify as many regions of Tat-2 (Fig. 1B). The
adjoining amplification products also overlapped with each other by 12 bp. The
six first-round PCR products served as templates for three second-round ampli-
fications. Each of the second-round amplification mixtures contained two adja-
cent first-round amplicons and the two terminal oligonucleotides for primers.
One-microliter portions from each of the first-round reaction mixtures were used
as templates for the second-round reactions. Further rounds of amplification
were performed until the full-length Tat-2 product was obtained (Fig. 1B). A
total of 81 of the 130 codons of the wild-type Tat-2 gene (Tat-2wt) were substi-
tuted in the Tat-2co gene. A proofreading polymerase, Elongase (Gibco), was

used to ensure the fidelity of amplification. The reaction conditions were as
follows: preamplification denaturation (30 s at 94°C), followed by 40 cycles, with
1 cycle consisting of 30 s at 94°C, 30 s at 20°C, and 30 s at 68°C. A 50-�l reaction
mixture contained 1 �l of Elongase enzyme mixture (Gibco), 25 nM concentra-
tion of each oligonucleotide, 100 �M dNTPs, and 1.8 mM Mg2�. The resulting
amplicons from each step served as templates for the subsequent reactions. The
final 420-bp amplicon was cloned directionally between KpnI and XbaI sites on
pDV2. The authenticity of the assembled expression cassettes was confirmed by
restriction digestion analysis and sequencing.

Histidine (His)-tagged subtype C Tat-1 (C-Tat-1) was amplified from a pri-
mary Indian HIV isolate and cloned into the bacterial expression vector
pET28A. Glutathione S-transferase (GST)-tagged Tat-2 (GST-Tat-2) expression
vector was obtained from the National Institutes of Health AIDS Research and
Reference Reagent Program. The wild-type HIV-2 gene was a gift from Robin
Mukhopadhyaya.

SEAP assay. 293 cells were cotransfected with HIV secreted alkaline phos-
phatase (SEAP) (a gift from Bryan Cullen) and HIV-1 Tat expression vectors by
the CaCl2 method (18). The culture supernatant (200 �l) was sampled at regular
intervals and stored at �20°C until use. The reporter SEAP activity was mea-
sured using 4-nitrophenyl phosphate as the substrate (24). In all transfections, we
used CMV-�-galactosidase reporter vector as an internal standard for normal-
ization. �-Galactosidase activity in cell extracts was measured by a colorimetric
assay (90).

Western blot analysis. 293 cells were transiently transfected with Tat expres-
sion vectors, and the cells were harvested 48 h after transfection. The cells were
lysed in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis sample
buffer, cell extract was resolved on an SDS–12% polyacrylamide gel, and the
protein was transferred to a polyvinylidene difluoride (PVDF) membrane (Im-
mun-Blot PVDF; Bio-Rad) using a semidry transfer apparatus (Trans-Blot SD;

TABLE 1. Sequences of oligonucleotides used to assemble exon 1 of C-Tat-1

Oligonucleotide Sequence (5� to 3�)

Sense
N223.................................................................................................CATGGAGCCAGTAGATCCTAACCTGGAGCCCTGGAACCACCCTGGC
N224.................................................................................................AGCCAGCCCAAGACCGCCTGCAACAACTGCTACTGCAAGCACTGC
N225.................................................................................................AGCTACCACTGCCTGGTGTGCTTCCAGACCAAGGGCCTGGGCATC
N226.................................................................................................AGCTACGGCCGGAAGAAGCGGCGCCAGCGCCGGAGCGCTCCTCCA
N227.................................................................................................AGCAGCGAGGACCACCAAAATCTTATATCAAAGCAGTAAT

Antisensea

N228.................................................................................................CTAGATTACTGCTTTGATATAAGAT
N229.................................................................................................TTTGGTGGTCCTCGCTGCTTGGAGGAGCGCTCCGGCGCTGGC
N230.................................................................................................GCCGCTTCTTCCGGCCGTAGCTGATGCCCAGGCCCTTGGTCTGGA
N231.................................................................................................AGCACACCAGGCAGTGGTAGCTGCAGTGCTTGCAGTAGCAGTTGTT
N232.................................................................................................GCAGGCGGTCTTGGGCTGGCTGCCAGGGTGGTTCCAGGGCT
N233.................................................................................................CCAGGTTAGGATCTACTGGCTCCATGGTAC

a The antisense oligonucleotides are presented as the sequences complementary to the sense oligonucleotides.

TABLE 2. Sequences of oligonucleotides used to assemble Tat-2

Oligonucleotide Sequence (5� to 3�)

Sense
N267.................................................................................AGATCTGGTACCATGGAGACCCCCCTGAAGGCCCCCGAGAGCAGCCTGGA
N269.................................................................................CCAGCGAGCAGGACGTCGCCACCCAGGGCAGCGCTAGCCAGGGCGAGGAG
N270.................................................................................GAGGCCTGCGCCTGCGCCAGCACCTGCTACTGCAAGCTGTGCTGCTACCA
N271.................................................................................GCCTGGGCATCTGCTACGAGCGGAAGGGCCGGCGGCGGCGGACCCCCAAG
N272.................................................................................GTCCGACAAGAGCATCAGCACCCGGACCTGGAACAGCCAGCCCGAGAAGG
N273.................................................................................GGAGGCCACCGTGGAGACCGACACCGGCCCCGGCCG

Antisensea

N275.................................................................................CCTGCTCGCTGGTGTGGCTGAAGGGCTCGTTGCAGCTCTCCAGGCTGCTC
N276.................................................................................GGCGCAGGCCTCCAGGGGCCGGTACAGCTGGCTCAGGATCTCCTCGCCCT
N277.................................................................................AGATGCCCAGGCCCTTCTGCAGGAAGCAGAGCTGGCAGTGGTAGCAGCAC
N278.................................................................................CTCTTGTCGGACGTCAACGTTGGGTGGGTCTTGGTCTTCTTGGGGGTCCG
N279.................................................................................ACGGTGGCCTCCACGGGCTTCTTCTGCTCCTTCTCGGGCT
N280.................................................................................GGATCCTCTAGATCACCGGCCGGGGCCG

a The antisense oligonucleotides are presented as the sequences complementary to the sense oligonucleotides.
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Bio-Rad) at 25 V for 90 min. The cell extract was independently probed for
�-actin (Oncogene), following the manufacturer’s instructions, to serve as a
loading control. HIV-1 Tat was detected using a monoclonal antibody (2D1.1;
catalog no. 4138, National Institutes of Health AIDS Research and Reference
Reagent Program) raised against the N-terminal 15 amino acid residues of the
antigen (28). The membranes were incubated overnight at 4°C in 5 ml of mono-
clonal antibody diluted 10,000 times in 0.5% skim milk powder solution in
phosphate-buffered saline (PBS). HIV-2 Tat was detected using a mouse anti-
serum raised against the full-length protein in our laboratory. After the mem-
branes were washed three times with Tris-buffered saline (pH 8.0), they were
incubated with 5 ml of anti-mouse horseradish peroxidase conjugate (BD Pharm-
ingen) (diluted 1:1,000) for 1 h at room temperature. The blots were developed
by chemiluminescence reaction using a commercial kit (ECL�plus; Amersham).

HLM1 transfection and p24 ELISA. HLM1 cells, which contain a Tat-defec-
tive provirus, were transfected with HIV-1 Tat constructs using a cationic lipid
(Geneporter; Gene Therapy Systems). The culture supernatant was sampled at
regular intervals and stored at �20°C until use. Empigen was added to each
sample to a final concentration of 1%, and the samples were incubated at 56°C
for 30 min to inactivate the virus and to release the p24 antigen from the viral
particles. The quantity of p24 in the samples was measured using an in-house
capture enzyme-linked immunosorbent assay (ELISA). Briefly, 0.5 �g of capture
antibody (ADP 410; National Institute for Biological Standards and Control) in
100 �l of carbonate buffer was added to each well of a 96-well plate (Greiner),
and the plates were incubated overnight at room temperature. The plates were
blocked with 5% skim milk powder in PBS for 1 h at room temperature. Solu-
tions containing the antigen were added to each well (100 �l/well), and the plates
were incubated for 4 h at 37°C. A biotinylated monoclonal antibody (ARP 454;
National Institute for Biological Standards and Control) specific for p24 was
diluted to a final concentration of 1 �g/ml using a buffer containing Tris (10
mM), Empigen (0.1%), Tween 20 (0.05%), and sheep serum (5%). Wells con-
taining 100 �l of the detection antibody were incubated at 37°C for 1 h. A
streptavidin peroxidase conjugate (Sigma) was added to each well at a dilution of
1:1,000 and incubated for 1 h. One hundred microliters of the substrate solution
containing o-phenylenediamine was added to each well, plates were incubated
for 15 min at room temperature, and 50 �l of 1 N HCl was added to each well
to stop the enzyme reaction. The optical density was measured at 490 nm using
an ELISA reader (Molecular Dynamics).

Semiquantitative RT-PCR. Reverse transcriptase PCR (RT-PCR) was per-
formed using random hexamers for reverse transcription and specific primers for
DNA PCR. Total RNA was isolated using TRIzol reagent (Gibco) from 293 cells
transiently transfected with the Tat expression vectors. For amplification, total
RNA was used as a template at three different concentrations, 1.0, 0.33, and 0.11
�g per reaction mixture. Reverse transcription was performed using 1 �M
concentrations of random hexamers, 1 mM dNTPs, 3 mM Mg2�, Moloney
murine leukemia virus RT (Promega), and 100 U of RNase inhibitor (Promega)
in a volume of 20 �l. The RT reaction conditions were 35 min at 42°C and 5 min
at 94°C. Five-microliter portions of the RT reaction contents were transferred to
the DNA PCR mixture of 50 �l. DNA PCR was performed with the primer pair
N177 and N180 using 1.25 U of Taq DNA polymerase by hot start PCR. The
PCR mixture contained 100 �M dNTPs, 250 nM concentrations of primers, and
1.8 mM Mg2�. The following reaction conditions were used for amplification: (i)
1 min at 94°C; (ii) 35 cycles, with 1 cycle consisting of 30 s at 56°C and 1 min at
72°C. �-Actin transcript amplification was used as a positive control employing
the primers 139F (5�-GTG GGG CGC CCC AGG CAC CA) and 139R (5�-CTC
CTT AAT GTC ACG CAC GAT TTC).

DNA immunization. The plasmid DNA intended for immunization was pre-
pared using Qiagen endotoxin-free Giga kits and resuspended in endotoxin-free
PBS (Manukirti Biogems, Bangalore, India; �0.06 endotoxin unit). The endo-
toxin concentration was quantitated in a standard Limulus amebocyte lysate
assay (QCL-1000; Biowhittaker) and found to be within recommended limits
(�0.1 endotoxin unit/�g of DNA). One hundred micrograms of the DNA was
injected into the tibialis anterior muscle of mice that were 8 to 12 weeks old.
Each immunization consisted of four or five mice per group. The immunization
schedule involved one primary immunization, followed by one or three booster
immunizations spaced 2 weeks apart. Animals were housed and maintained in a
facility adhering to the recommendations of the Committee for the Purpose of
Control and Supervision of Experiments on Animals in India.

Lymphoproliferation assay. Splenocytes (5 � 106) from immunized mice were
incubated with 5 �g of recombinantly expressed antigen per ml for 5 days. Tat-1
was purified using the His tag by Ni-nitrilotriacetic acid (Qiagen) affinity chro-
matography, and Tat-2 was purified using the GST tag by glutathione-Sepharose
(Amersham) affinity chromatography. The purity of the proteins was confirmed
using SDS-polyacrylamide gel electrophoresis. Control proteins containing iden-

tical tags (His-p24 and GST-PC4) were also purified by similar means and used
in the assays as controls for nonspecific proliferation. After incubation, the extent
of cell proliferation was measured by adding [3H]thymidine (5 �Ci/ml)
(NET520A; Perkin Elmer Life Sciences) to the wells, and the cultures were
incubated for 3 h at 37°C for incorporation of the label. The cells were harvested,
washed, resuspended in 50 �l of PBS, and deposited onto filter paper disks
(Whatman no. 3 filter paper). After thorough washing, the filters were dried, and
radioactivity counts were determined using a �-scintillation counter (Wallac
1409). Concanavalin A (ConA) was used as a positive control for cell prolifer-
ation at a final concentration of 5 �g/ml.

Cytotoxicity assay. Splenocytes harvested from immunized mice were incu-
bated with irradiated syngeneic stimulators (P815 cells expressing Tat and EL-4
cells expressing Tat for BALB/c and C57BL/6 mice, respectively) for 5 days in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). After in
vitro stimulation, the effector cells were incubated with 51Cr-labeled syngeneic
target cells (104 cells/200 �l) at different effector-to-target cell ratios. Nontrans-
fected parental cell lines (P815 or EL-4) served as controls. The effector and
target cells were coincubated for 5 h at 37°C, and 100 �l of the supernatant was
assayed using a gamma counter (LKB Rack gamma; Wallac). Counts from
spontaneous lysis usually remained below 30% of the maximal lysis. Values for
maximal lysis were obtained by incubating the labeled target cells in the presence
of 2% Triton X-100. Percent specific lysis was calculated by the following for-
mula: percent specific lysis 	 (experimental lysis � spontaneous lysis)/(maximal
lysis � spontaneous lysis).

ELISPOT assay. Enzyme-linked immunospot (ELISPOT) assays were per-
formed for the Th1 cytokine IFN-� (m IFN� Eli-spot; DIACLONE Research)
and the Th2 cytokine IL-4 (mouse IL-4 ELISPOT set; BD Pharmingen) before
and after in vitro stimulation. Briefly, the cytokine-specific capture antibody (1
�g/100 �l of PBS) was adsorbed onto the PVDF-backed 96-well plates by
incubating the antibody solution overnight at 4°C. The plates were blocked, and
the primed splenocytes (0.5 � 106 cells) were added along with the stimulator
cells (at a 1:3 ratio) in a final volume of 200 �l to the wells and incubated for 24
to 36 h. The cells were then lysed, cell debris was removed by extensive washing,
and the wells were incubated with a biotinylated anticytokine antibody (0.5
�g/ml) for 2 h. The plates were washed extensively, and the wells were incubated
with enzyme-conjugated avidin (HRP for IL-4 and alkaline phosphatase for
IFN-�) for 1 h. Spots were developed using the appropriate substrate (3-amino-
9-ethylcarbazole and nitroblue tetrazolium–5-bromo-4-chloro-3-indolylphos-
phate, respectively) and incubating the plates for 20 min at room temperature.
ConA (5 �g/ml) was used as a positive control for IL-4 secretion, and phorbol
myristate acetate (1 �g/ml) plus ionomycin (0.5 �g/ml) were used as a positive
control for IFN-� secretion. The spots were enumerated using a stereomicro-
scope (MZ6; Leica) at a magnification of �16.

Tat-1 epitope mapping. Six 20-mer peptides spanning exon 1 of HIV-1 Tat
were synthesized (Peptron, Daejeon, Korea); these peptides overlapped each
other by 10 amino acids. The peptides represented the consensus sequence of
HIV-1 C-Tat. The peptides were used at a final concentration of 2 �g/ml.
Pepscan analysis for IFN-� ELISPOT assay was performed by incubating the
peptides with 5 � 105 splenocytes from immunized BALB/c mice per well for
36 h at 37°C. The controls were normalized for dimethyl sulfoxide concentration.
Eventually, additional peptides were designed for fine mapping of the identified
epitope (see Fig. 7).

Complement-mediated cell depletion of T-cell subsets. Splenocytes (40 � 106

cells) from three or more immunized BALB/c mice were pooled, and the pooled
cells were incubated in 0.5 ml of culture supernatant of anti-mouse CD4 (GK1.5)
or CD8 (3.155) hybridoma cell line for 1 h at 4°C. Serum samples collected from
4-week-old rabbits were added to the cells as a source of complement to a final
1:5 or 1:20 dilution and incubated for 30 min at 37°C. The cells were washed with
RPMI 1640 medium containing 5% FBS. Lymphocytes were passed through a
Ficoll gradient (Histopaque-1083; Sigma) to isolate viable cells. The cells were
collected in 15-ml tubes (Corning), washed three times with 5 ml of RPMI 1640
medium supplemented with 5% FBS, and used for IFN-� ELISPOT assay.

Statistical analysis. Results of lymphoproliferative assays are presented as
stimulation index values as the mean 
 standard deviation of at least three
independent experiments, each of which was performed in triplicate. Results of
ELISPOT assays are expressed as the number of spots per 106 cells, means of
triplicate wells. Comparisons between the Tat constructs were made using the
Student’s t test. P values less than 0.05 were considered statistically significant.

RESULTS

Codon optimization increases the translation efficiency of
the Tat-1 and Tat-2 genes. HIV-1 and HIV-2 Tat genes were
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synthetically assembled such that the suboptimal codons were
substituted with codons frequently used in the mammalian
system. As a result of codon optimization, the AT content of
the Tat-1 and Tat-2 genes was reduced from 54.3 and 51.8% to
40.1 and 30.0%, respectively. The protein expression efficien-
cies of the synthetic genes were compared with those of the
wild-type constructs in 293 cells. Western blot results demon-
strated enhanced expression of synthetic genes, Tat-1co and
Tat-2co, at significantly higher quantities than the wild-type

genes (Tat-1wt and Tat-2wt genes, respectively) (Fig. 2A). Tat-
1co expressed four times more antigen than Tat-1wt. Especially
with Tat-2, the amount of antigen produced from the wild-type
gene was so low that we failed to detect its presence in the
Western blot. Expression of Tat-2 from this construct, how-
ever, was confirmed in a more sensitive reporter assay (results
not shown).

Transient transfection of 293 cells with Tat expression vec-
tors and HIV-1 long terminal repeat (LTR)-green fluorescent

FIG. 2. Functional analyses of Tat expression vectors. (A) Western blot analysis for Tat-1 and Tat-2. 293 cells were transfected with 10 �g of
plasmid DNA by the CaCl2 method. The cells were harvested 48 h after transfection and lysed, and the lysate was resolved on an SDS–12%
polyacrylamide gel. Tat-1 was detected using a monoclonal antibody (2D1.1; AIDS Research and Reference Reagent Program). �-Actin served
as a loading control and probed using a commercial kit (Oncogene). Tat-2 was detected using a mouse antiserum raised in the laboratory against
GST-Tat-2 protein. co, codon-optimized Tat; wt, wild-type Tat; pv, parental vector. (B) Expression of SEAP from 293 cells transiently transfected
with 1 �g of LTR-SEAP and 10 �g of Tat-1 expression vectors by the CaCl2 method. Culture supernatants were collected after different periods
of time, and a colorimetric assay was used to quantitate SEAP in culture supernatants (24). CMV-�-galactosidase vector was used in all
transfections to control for differences in the transfection efficiency. �-Galactosidase levels in the cell extracts were quantitated by a colorimetric
assay (90). Abs, absorbance. (C) Rescue of a Tat-defective provirus. HLM-1 cells, containing a single copy of a Tat-defective provirus, were
transfected with 1 �g of Tat expression vectors using a commercial lipid formulation. Spent medium was collected at different times, and p24
concentration in the samples was measured using an in-house antigen capture assay. Results are presented as means 
 1 standard deviation (error
bars) of three samples, and the data are representative of two independent experiments. CMV-SEAP (0.3 �g) was cotransfected to serve as an
internal control for normalization of the data. C, empty vector. (D) Semiquantitative RT-PCR analysis of Tat-1 constructs. 293 cells in
100-mm-diameter dishes were transfected with plasmid DNA (10 �g) by the CaCl2 method. Cells were harvested 48 h after transfection, and total
RNA was isolated using TRIzol reagent (Gibco). RNA was diluted in serial threefold dilutions starting at 1 �g, and each dilution served as a
template for Tat gene and �-actin RT-PCRs using specific primers as described in Materials and Methods. The amplicons were resolved on a 1%
agarose gel.
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protein (GFP) reporter plasmid demonstrated that the syn-
thetic Tat constructs were transcriptionally functional (data
not shown). Transfection of HOS-CD4-LTR-GFP cells with
Tat-2 expression vectors by electroporation confirmed the
functional integrity of the Tat-2 constructs (data not shown).
For a quantitative evaluation of Tat-1 expression, 293 cells
were cotransfected with different Tat vectors and a reporter
vector expressing SEAP, HIV-1 LTR-SEAP. Culture superna-
tants were collected at different periods, and the SEAP con-
centration was determined in a colorimetric assay (24). SEAP
was detected in culture medium starting from 12 h, and its
concentration gradually increased up to 72 h (Fig. 2B). At
every point of sampling, the quantity of SEAP released into the
medium was significantly higher from Tat-1co than from the
wild-type vector. Reporter expression from Tat-1co also
reached saturation earlier, suggesting higher levels of protein
synthesis. These results are in agreement with the Western blot
analysis (Fig. 2A) and illustrated the functional integrity of the
synthetic Tat constructs.

Codon-optimized Tat-1 is functional in the virological con-
text. Reporter gene analysis is useful in evaluating Tat-medi-
ated transactivation of the viral LTR. This analysis, however,
may not directly correlate with the function of Tat in the
context of the viral life cycle. We sought to examine whether
codon-optimized Tat-1 could also lead to enhanced virion pro-
duction. HLM-1 cells, which contain a single copy of a Tat-
defective provirus (83), were used in the transfection experi-
ments. Tat-1wt and Tat-1co were delivered to the cells using a
commercial lipid formulation (Geneporter; Gene Therapy Sys-
tems), and the concentration of p24 in the medium was quan-
titated using an in-house sandwich ELISA. Both Tat-1wt and
Tat-1co successfully complemented the defective provirus and
released p24 into the medium. Although synthetic Tat-1 con-
sistently released more p24 at every time point and earlier than
the wild-type gene, the difference between the two constructs
was not statistically significant (Fig. 2C). This observation in-
dicated that an intracellular concentration of the transactivator
protein above a threshold level is sufficient to drive virion
production and that expression levels of Tat above this thresh-
old need not translate to increased virion production.

Enhanced protein synthesis is not due to increased tran-
scription. To examine whether the increased level of protein
synthesis observed from synthetic Tat genes was the outcome
of gene expression regulation at the level of transcription or
translation or both, we performed a semiquantitative RT-PCR.
Total RNA was extracted from 293 cells transfected with the
Tat-1wt or Tat-1co construct. RT-PCR was performed on seri-
ally diluted RNA samples as described in Materials and Meth-
ods. As expected, the degrees of amplification of these two Tat
constructs were not significantly different (Fig. 2D). This ob-
servation, therefore, supported our premise that the increased
protein synthesis from the synthetic Tat vector was most prob-
ably a result of enhanced protein translation, not more efficient
transcription.

Immunological evaluation. We evaluated the immunogenic
potential of the wild-type and codon-optimized Tat genes in
mice. Plasmid DNA, extracted using Qiagen columns, was used
in all the immunization protocols. Mice (C57BL/6 and BALB/c
mice, four or five animals per group) were immunized intra-
muscularly using a one-prime–one-boost or one-prime–three-

boost regimen. DNA was administered at a low (10 �g/mouse)
or high (100 �g/mouse) dose to study the influence of the dose
on the immune response. After immunization, the animals
were sacrificed, and the splenocytes were used in various im-
munological analyses.

Enhanced cell proliferation in mice immunized with codon-
optimized Tat. Splenocytes harvested from mice immunized
with the wild-type or codon-optimized Tat expression vectors
or the parental plasmid were incubated in vitro with recombi-
nantly expressed antigen, and the extent of antigen-specific cell
proliferation was measured using the [3H]thymidine incorpo-
ration assay (Fig. 3). We observed antigen-specific and dose-
dependent cell proliferation in response to both Tat-1 and
Tat-2 antigens in C57BL/6 (Fig. 3) and BALB/c (data not
shown) mice. Cell proliferation was significantly higher in mice
immunized with 100 �g of DNA than in mice immunized with
10 �g of DNA with both the wild-type and codon-optimized
Tat constructs. Although cell proliferation in mice immunized
with 100 �g of Tat-1co was higher than that of Tat-1wt, this
difference was not statistically significant. Importantly, the ef-
fect of codon optimization of Tat was striking at the lower
DNA concentration. At this dose, while splenocytes of Tat-1co

immunization proliferated, splenocytes of Tat-1wt immuniza-
tion failed to respond to Tat protein, indicating a lack of
optimal antigen expression to prime an efficient immune re-
sponse (Fig. 3A). Cell proliferation was not observed in lym-
phocytes harvested from control mice injected with the paren-
tal vector or when nonspecific antigens were employed in the
experiment, demonstrating the specificity of the assay.

Codon-optimized Tat constructs elicit stronger CTL re-
sponses. Considering the importance of Tat-specific cytotoxic
T-lymphocyte (CTL) response to disease progression (1, 4, 30,
95), we sought to evaluate the magnitude of the CTL response
generated in mice immunized with different Tat constructs.
Conventional 51Cr release assay was used to compare the CTL
responses elicited by the wild-type and codon-optimized con-
structs of Tat-1 and Tat-2 in C57BL/6 and BALB/c mice with
or without in vitro stimulation. We observed antigen-specific
and dose-dependent CTL responses in both mouse strains im-
munized with Tat-1 or Tat-2. Cell lysis was significantly higher
at the larger dose, and only data from the 100-�g immuniza-
tions are presented (Fig. 4). DNA constructs encoding the
synthetic Tat genes elicited significantly higher CTL responses
than the wild-type counterparts. The difference in the magni-
tude of CTL responses between codon-optimized and wild-
type vectors was statistically significant. No antigen-specific cell
lysis was observed in mice immunized with the parental control
vector.

Codon-optimized Tat vectors elicit optimal Th1 responses.
Immune responses skewed toward the T-helper Th1 cell type
are considered to be immunoprotective in several infections,
including HIV or AIDS (45, 50, 63). We sought to evaluate the
nature of the cytokine profile generated, Th1 versus Th2, in
mice immunized with two different doses of Tat-expressing
DNA vectors. To this end, we used the ELISPOT technique to
evaluate IFN-� and IL-4 production, which are signature cy-
tokines for Th1- and Th2-type responses, respectively. Primed
splenocytes with or without in vitro stimulation were incubated
with syngeneic target cells expressing Tat-1 or Tat-2 in a 96-
well ELISPOT format.
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Wild-type and codon-optimized expression vectors of Tat-1
and Tat-2 induced antigen-specific immune responses in both
mouse strains (C57BL/6 and BALB/c) (Fig. 5). The immune
responses were proportional to the dose of DNA injected, and
only the data from the 100-�g immunization are presented.
Although the immune responses were detected without in vitro
stimulation, antigen stimulation enhanced these responses to a
greater magnitude. Of note, while IFN-�-secreting splenocytes
were identified prior to in vitro stimulation, IL-4-secreting cells
were detected only after stimulation (Fig. 5B and D). Immu-
nization of mice with wild-type Tat vectors (one-prime–one-
boost regimen) demonstrated a mixed type of cytokine profile
in which both IFN-�- and IL-4-secreting cells were identified at
comparable frequencies (Fig. 5B and D). Importantly, immu-
nization with codon-optimized Tat vectors by the identical
immunization scheme induced a more pronounced IFN-� re-
sponse. Although IL-4 producers were still present in these
mice, there was a significant reduction in their frequency com-
pared with that of wild-type Tat immunization (Fig. 5B and D).
A switch in the cytokine profile from a mixed Th1-Th2 re-
sponse to a more pronounced Th1-type was observed in both
C57BL/6 (Fig. 5B) and BALB/c (Fig. 5D) mice. Identical re-
sults were observed with Tat-2 immunizations in both mouse
strains (Fig. 6), suggesting functional similarity between the
Tat-1 and Tat-2 antigens.

Triggering a switch in the cytokine profile by the codon-
optimized Tat vectors alluded to the possibility of larger quan-
tities of protein synthesized from these vectors that could have
caused the differential cytokine profile. Western blot results
identified enhanced levels of protein synthesis from the codon-
optimized vectors (Fig. 2). To test the hypothesis that increas-

ing the number of booster immunizations with wild-type Tat
vectors, thereby exposing the immune system to more antigen,
could also bring about a similar switch in the cytokine profile,
we immunized C57BL/6 mice with wild-type or codon-opti-
mized Tat-1 expression vectors. Groups of mice received either
one or three booster immunizations after the primary immu-
nization. All the immunizations (100 �g per mouse) were
spaced 2 weeks apart, and the splenocytes were harvested 1
week after the last booster immunization. The splenocytes
were stimulated in vitro with syngeneic cells expressing Tat-1
(EL-4/Tat-1) and tested for antigen-specific cytokine secretion.

Several important features emerged from this analysis. The
overall frequency of antigen-specific cells increased signifi-
cantly with increasing number of booster immunizations (com-
pare Fig. 5B and E). The Tat-1co construct elicited a higher
immune response by both immunization schemes. A Th1-type
immune response was observed with the synthetic Tat DNA by
both immunization schemes. In contrast, the wild-type Tat
gene elicited a mixed Th1-Th2 immune response when a single
booster dose was administered. Importantly, the immune re-
sponse was skewed toward a more desirable Th1-type immune
response when more booster doses were administered with the
wild-type Tat-1 DNA (Fig. 5E). Additional booster doses, how-
ever, could have exposed the mice not only to larger quantities
of synthesized Tat antigen but also to higher amounts of plas-
mid DNA. When delivered intramuscularly, plasmid DNA
could promote a Th1-type cytokine profile. Although our data
would not permit us to assess the relative contribution of these
two factors, we believe that it is the larger quantities of the Tat
antigen, not DNA, that tilted the cytokine profile from a mixed
Th1-Th2 immune response to a predominantly Th1-type im-

FIG. 3. Tat-specific lymphoproliferative immune response. C57BL/6 mice (four mice per group) were genetically immunized with two different
doses of Tat-1 (A) or Tat-2 (B) expression vector. The line diagram at the top of the figure depicts the immunization regimen; the white arrow
represents the primary immunization, the black arrow represents the booster immunization, and the black arrow below the line represents the time
of harvest. Splenocytes were harvested 1 week after the booster immunization. In a 24-well plate, 5 � 106 primed splenocytes were incubated with
recombinantly expressed antigen, His-Tat-1, or GST-Tat-2 at a concentration of 5 �g/ml for 5 days. Following incubation, the cells were incubated
with 5 �Ci of [3H]thymidine per ml for 3 h at 37°C. A stimulation index above 3 was considered a positive response. Results are presented as the
means of three samples 
 1 standard deviation (error bars), and the data are representative of two independent experiments. The mice had been
immunized with 10 or 100 �g of wild-type Tat (wt), codon-optimized Tat (co), or parental vector (pv). The cells were grown in the absence (-ve)
and presence of ConA as a control for cell proliferation.
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mune response. We suggest this on the basis of the observation
that a single booster immunization with the codon-optimized
Tat-1 vectors induced the optimal cytokine response.

Codon-optimized Tat vectors fail to elicit humoral immune
responses. Eliciting a humoral immune response against Tat
may be important to attenuate various pathogenic properties
ascribed to the extracellular form of this viral factor (35, 37).
DNA vaccines are intrinsically deficient in eliciting humoral
immune responses to the encoded antigen, despite stimulating
strong cellular immune responses (15, 43). Since Tat DNA
vectors elicited potent cell-mediated immune responses in our
experiments, we sought to evaluate whether the immunizations
also stimulated antibodies to Tat. Sera were collected from
mice (C57BL/6 and BALB/c) immunized with Tat-1 DNA (100
�g/immunization/mouse) using the one-prime–three-boost
regimen. Anti-Tat antibodies were quantified in an indirect

ELISA. Both the Tat constructs elicited a low-level humoral
immune response (data not shown). The response elicited by
the synthetic construct was marginally higher than that of the
wild-type DNA. This difference, however, was not statistically
significant. Unlike others who reported antibody response to a
Tat DNA vaccine in mice (17), we did not use bupivacain in
our immunizations.

Immune responses are focused on the core region of Tat-1.
Our studies with Tat-expressing DNA vectors generated po-
tent cellular immune responses in BALB/c and C57BL/6 mice.
Most of the previous studies of Tat protein immunization iden-
tified the N-terminal domain of Tat as the immunodominant
region (67). In contrast, DNA immunizations elicited a
broader immune response targeting several domains of Tat
(42). We sought to identify and characterize the domains that
are immunodominant in C-Tat. This analysis was necessary

FIG. 4. CTL responses in C57BL/6 and BALB/c mice immunized with Tat-expressing DNA vectors. Mice (four or five mice per group) were
immunized with two different quantities of DNA (10 and 100 �g/mouse); however, only data from the group immunized with 100 �g are presented.
The mice were immunized with Tat-1 (A and B) or Tat-2 (C and D). The immunization schedule is depicted in the line diagram of Fig. 3.
Splenocytes were stimulated in vitro with syngeneic cells stably expressing Tat-1 or Tat-2 antigen (EL-4 cells expressing Tat-1 or Tat-2 for C57BL/6
mice and P815 cells expressing Tat-1 or Tat-2 for BALB/c mice) at a 10:1 ratio for 5 days. Activated splenocytes were incubated with appropriate
Tat-expressing EL-4 or P815 stable transfectants as target cells (104 labeled target cells per well) at different effector-to-target cell (E:T) ratios in
a standard 5-h 51Cr release assay. Data are presented as the means of three samples, and the experiment was repeated two times. co,
codon-optimized Tat; wt, wild-type Tat; pv, parental vector. An asterisk represents a statistically significant difference in the immune responses
between the codon-optimized and corresponding wild-type Tat genes. The P values are shown.
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considering the number of natural variations identified in C-
Tat (73b). We chemically synthesized six 20-mer peptides span-
ning the entire length of exon 1 of Tat-1. The peptides over-
lapped with each other by 10 amino acid residues. A consensus
amino acid sequence of C-Tat protein, the same sequence as
that of the DNA vaccine, was used to design the peptides.
Splenocytes from BALB/c mice that were primed with wild-
type or codon-optimized Tat-1 vectors using a one-prime–one-
boost immunization regimen were analyzed for cytokine pro-
duction against individual peptides in an IFN-� ELISPOT
assay.

Results from these experiments demonstrated that the mag-
nitude of the immune response in mice immunized with the
codon-optimized vectors was higher than the response in mice
immunized with wild-type Tat-1. Immunizations with the wild-
type vector appeared to have recognized several domains of
Tat uniformly, although at a lower magnitude. Immunization

with the codon-optimized Tat, on the other hand, predomi-
nantly recognized peptides 4 (residues 31 to 50) and 5 (resi-
dues 41 to 60). The overlapping 10-amino-acid stretch between
these two peptides, encompassing the immunodominant
epitope (Fig. 7A), corresponds to the core region of Tat-1. This
result was significant, as the core region represents a motif
conserved across the viral subtypes. In addition to the core
region, immune responses of significant magnitude were also
directed against two other peptides, peptides 1 and 3, repre-
senting the amino-terminal and cysteine-rich domains of Tat,
respectively. This pattern of immune response, broader
spreading of the epitopes, is a characteristic feature of genetic
immunization (17, 42).

CD4� T cells mediate immune responses against the core
region of Tat. Since both CD4� and CD8� T cells could se-
crete IFN-� following antigenic stimulation, we wanted to
know which of the two subsets was the primary source of IFN-�

FIG. 5. ELISPOT response to Tat-1 in C57BL/6 (A, B, and E) and BALB/c (C and D) mice. Mice (four or five mice per group) were injected
with two different quantities of DNA (10 and 100 �g/mouse); however, only data from the 100-�g immunization group are presented. The
immunization schedules are shown in the line diagrams above the bar graphs; the white arrow represents the primary immunization, the black
arrows represent the booster immunizations, and the black arrow below the line represents the time of harvest. The assay was performed using
cells without stimulation or after in vitro stimulation with syngeneic cells stably expressing the Tat-1 antigen (EL-4 cells expressing Tat-1 for
C57BL/6 mice and P815 cells expressing Tat-1 for BALB/c mice). For stimulation, splenocytes were incubated with the syngeneic antigen-
presenting cells at a 10:1 ratio for 5 days. A cell pool consisting of 0.5 � 106 primed splenocytes and 0.16 � 106 syngeneic stable transfectant cells
was added to the ELISPOT wells, and the assay was performed as described in Materials and Methods. Each bar represents the mean for three
individual wells 
 1 standard deviation (error bar), and the experiment was repeated two times. co, codon-optimized Tat; wt, wild-type Tat; pv,
parental vector. (E) A switch in the Th profile due to additional booster immunizations (see the line diagram) with Tat-1wt. C57BL/6 mice (four
mice per group) were administered three booster immunizations after priming. The successive injections were spaced 2 weeks apart, and all the
injections contained 100 �g/dose. Note that the y axis is different from that of the other graphs due to elevated immune response induced as a result
of additional booster immunizations. The experiment was performed twice.
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secretion. To answer this question, we used the strategy of
complement-mediated cell depletion to remove the CD4� or
CD8� subset or both subsets from spleen cells and performed
the cytokine analysis. Immunodominant peptides 4 (residues
31 to 50) and 5 (residues 41 to 60) were used in this experi-
ment. Monoclonal antibodies specific to mouse CD4 or CD8,
in combination with rabbit complement, were used for cell
depletion, and cell depletion was confirmed by flow cytometry
analysis (data not presented). CD4� cell depletion of the
splenocytes completely eliminated IFN-�-secreting cells in re-
sponse to both the immunodominant peptides (Fig. 7B). In
contrast, CD8 cell depletion of the splenocytes did not influ-
ence the frequency of the cytokine-secreting cells. These re-
sults indicated that CD4� T cells mediated the peptide-specific
responses and that the epitope was likely to be a T-helper
epitope.

To further define the epitope encompassed by peptides 4
and 5, we designed a new set of 13-mer peptides (peptides 7
through 11) centered on the core region of Tat. Pepscan anal-
ysis of these peptides using the IFN-� ELISPOT assay identi-
fied peptide 8 (residues 39 to 51) as the one against which
maximal responses were observed, indicating that the optimal

epitope was characterized by this peptide (Fig. 7C). A 10-mer
peptide (residues 41 to 50) encompassing the amino acids
shared by peptides 4 and 5 elicited a partial immune response,
indicating that the flanking residues are important for the
optimal epitope identified.

C-Tat-1 elicits cross-clade reactive immune responses. An
ideal HIV vaccine must elicit cross-clade reactive immune re-
sponse to confer protection against a wide range of viral sub-
types and recombinants. Since C-Tat of HIV-1 shares signifi-
cant homology (76% identity in exon 1) with subtype B Tat
(B-Tat), we sought to examine the extent of cross-reactivity
between these two antigens in an IFN-� ELISPOT assay.
BALB/c mice were genetically immunized with C-Tat-1co using
the one-prime–three-boost immunization regimen. Primed
splenocytes were assayed for IFN-� secretion in response to
activation by P815 cells expressing C-Tat-1 (homologous acti-
vation) or P815 cells stably expressing B-Tat (heterologous
activation). The full-length Tat (86 amino acids) was cloned
from HXB2 molecular clone. Under these experimental con-
ditions, we identified significant levels of IFN-�-secreting cells
when C-Tat-primed splenocytes were activated with B-Tat,
although to a lesser extent than that of the C-Tat-specific
response (Fig. 7D). This observation demonstrated the consid-
erable magnitude of cross-clade reactivity between B- and C-
Tat antigens.

Given that the overall immune response to Tat in a genetic
immunization is broadly distributed across multiple epitopes
and that the difference in the magnitude of immunoreactivity
between B-Tat-1 and C-Tat-1 antigens is statistically signifi-
cant, we sought to identify the level of cross-reactivity between
these two antigens in the context of the immunodominant core
or basic region epitope. For this comparison, we used B- and
C-Tat peptides encompassing the core sequence of the T-cell
epitope (residues 37 to 51 for B-Tat and 31 to 50 for C-Tat).
Each peptide represented a consensus amino acid sequence of
the respective subtype. P815 cells pulsed with the C- or B-Tat
peptide were used in the assay as targets for the splenocytes
from mice immunized with C-Tat DNA. In this analysis, al-
though B-Tat peptide induced fewer IFN-�-secreting cells than
the C-Tat peptide did (Fig. 7E), the difference was not statis-
tically significant, suggesting a higher level of conservation of
the epitope. A greater level of cross-reactivity between B- and
C-Tat peptides, in contrast to that of antiprotein immune re-
sponse, may be a reflection of the highly conserved nature of
the T-helper epitope. The core epitope is conserved not only
between HIV subtype B and C clades but also among other
subtypes. While 17 of the 72 amino acid residues varied be-
tween the consensus C-Tat and B-Tat sequences used in this
study and 5 of the 21 residues varied between these two pep-
tides, only 2 of the 13 residues within the core epitope varied
between the two peptides (Fig. 7F). These data indicate that
the amino acid residues contributing to major histocompatibil-
ity complex (MHC) recognition and anchorage of the peptides
are possibly conserved among the subtypes and that this func-
tionally important region of Tat contained a highly conserved
and immunologically important epitope.

DISCUSSION

Successful DNA immunization requires high-level expres-
sion of pathogen-derived genes in mammalian cells. One po-

FIG. 6. ELISPOT response to Tat-2 in C57BL/6 (A and B) and
BALB/c (C and D) mice. Mice (four or five mice per group) were
injected with two different quantities of DNA (10 and 100 �g/mouse);
however, only data from the 100-�g DNA immunization group are
presented. The immunization schedule used was the one-prime–one-
boost immunization regimen depicted in Fig. 5. The assay was per-
formed on cells without stimulation or after in vitro stimulation with
syngeneic cells (EL-4 cells expressing Tat-2 for C57BL/6 mice and
P815 cells expressing Tat-2 for BALB/c mice) stably expressing Tat-2.
The experimental details are provided in the legend to Fig. 5. Each bar
represents the mean of three individual wells 
 standard deviation
(error bar), and the experiment was performed two times. co, codon-
optimized Tat; wt, wild-type Tat; pv, parental vector.
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FIG. 7. Identification and characterization of a dominant T-helper epitope in Tat-1. (A) Identification of an epitope in the core and basic region
of Tat-1. The domain structure of Tat and the amino acid coordinates of the domains are illustrated in the schematic diagram at the top. N-term,
N terminus; CRD, cysteine-rich domain; CD, core domain; BD, basic domain; C-term, C terminus. Six synthetic peptides, spanning the entire
length of exon 1 of Tat, were used in the ELISPOT assay for IFN-�. The 20-mer peptides (except the last one, which is a 22-mer) overlap each
other by 10 residues. The Tat gene used for immunization and the sequence of the peptides used in the analysis represent the consensus sequence
of C-Tat. Spleen cells (5 � 106 cells/assay) collected from BALB/c mice immunized with the wild-type or codon-optimized Tat-1 (using the
one-prime–one-boost immunization regimen and 100 �g of DNA/mouse) were pulsed with the peptides (2 �g/ml) and used in the assay. Spleens
from three mice per group were pooled for the analysis. The ELISPOT assay was performed as described in Materials and Methods. Each bar
represents the mean of three independent wells 
 1 standard deviation (error bar). The experiment was performed two times. The two
immunodominant peptides, peptides 4 and 5, are shown as black bars for easy identification. co, codon-optimized Tat; wt, wild-type Tat. (B) The
core or basic region epitope is a T-helper epitope. Primed splenocytes were initially incubated with monoclonal antibodies specific to mouse CD4
(GK1.5) or CD8 (3.155) or with both antibodies. Cells were subsequently incubated with fresh rabbit serum as a source of complement, and live
cells were purified on a Histopaque gradient. Complement-treated or control splenocytes were stained with fluorescein isothiocyanate-conjugated
anti-mouse CD4 or phycoerythrin-conjugated anti-mouse CD8-PE (BD Pharmingen) and analyzed by cytometry to confirm cell depletion.
Splenocytes (0.5 � 106/assay) depleted of CD4� or CD8� cells or both subsets were incubated with peptides 4 and 5, and the ELISPOT assay was
performed as described in Materials and Methods. Each bar represents the mean of three independent wells 
 1 standard deviation (error bar).
The experiment was performed two times. (C) Identification of the core epitope. A new set of 13-mer peptides that span the core and basic domains
was used for the IFN-� ELISPOT assay. Peptide 4 (amino acid residues 31 to 50) and peptide 5 (amino acid residues 41 to 60) were included in
the same assay for comparison. Pulsing of the target cells and ELISPOT assay were performed as described above for panel A. These mice,
however, received two additional booster immunizations unlike the mice in panel A. The core epitope is shaded. (D) Cross-clade immune reactivity
between C-Tat and B-Tat antigens. Mice (n 	 4) were immunized with C-Tat DNA, and pooled splenocytes from these mice were stimulated in
vitro with P815 cells expressing C-Tat or B-Tat antigen. The ELISPOT assay for IFN-� was performed as described above for panel A. PMA,
phorbol myristate acetate (5 �g/ml). (E) Cross-clade immune response against the core or basic region T-cell epitope. Pooled splenocytes from
BALB/c mice (n 	 3) immunized with C-Tat DNA were pulsed with 2 �g of the peptide per ml, and the cells were used in the ELISPOT assay
for IFN-� as described above in panel A. Each peptide represents the consensus amino acid sequence of the respective subtype. PMA, phorbol
myristate acetate (5 �g/ml); Medium, culture medium only. (F) The core T-helper epitope is highly conserved. A pairwise alignment of exon 1
amino acid residues of subtypes B and C. Identical amino acids are indicated by the dashes. The core T-helper epitope exemplified by peptide 8
is shaded. Boxes below the sequence alignment depict the peptides used in the experiment. Except for the two amino acid residues at the
N-terminal region, the epitope is highly conserved across all the major subtypes of HIV-1.
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tential obstacle for efficient expression of a heterologous gene
in the host is the interspecies difference in codon usage (87).
Pathogens, especially viruses, are subjected to selection pres-
sures to conserve such codons that are suboptimally utilized in
the host. Direct cloning of viral genes into the mammalian
expression vectors for the purpose of genetic immunization
could limit protein synthesis in vivo and fail to stimulate strong
immune responses against the encoded antigens as a result of
codon bias. We attempted to address the problem of subopti-
mal codon usage in the context of a DNA vaccine by using the
transactivator proteins of HIV-1 and HIV-2.

Codon usage of Tat is strikingly different from that of the
human genes, making Tat protein suitable for evaluating the
influence of codon optimization on genetic immunization. Im-
portantly, Tat antigens usually do not induce strong immune
responses in a natural infection (53, 56, 58, 78, 92, 101). Ad-
ditionally, when delivered through different formats, Tat elic-
ited a limited magnitude of immune responses in humans (15)
and experimental animals (8, 73). Other factors in favor of
selecting Tat for this study are the functional importance of
this viral antigen to the infectivity of the virus (35, 47, 81, 82)
and the existence of an inverse correlation between immune
responses to Tat and disease progression (4, 75, 76, 78, 95,
106).

To increase the immunopotency of Tat, we synthetically
assembled the Tat genes and optimized the codons for mam-
malian expression. The AT content of the Tat genes of HIV-1
and HIV-2 was significantly reduced owing to codon optimi-
zation. This also led to enhanced translational efficiency in
mammalian cells without modulating the transcription rate
(Fig. 2). Having characterized the Tat expression vectors at the
functional and biochemical levels, we evaluated the antigenic
potential of the DNA vectors in a mouse model. Two different
mouse strains, two different DNA dosages, and two different
immunization regimens were evaluated in these studies.

Overall, the codon-optimized Tat-1 and Tat-2 genes elicited
significantly higher levels of cellular immune responses. Im-
portantly, the codon-optimized vectors promoted a predomi-
nantly Th1-type immune response in all the immunizations. In
contrast, wild-type Tat vectors preferentially promoted a mixed
type of cytokine profile, in a one-prime–one-boost immuniza-
tion regimen. This was unexpected, as the mode of immuniza-
tion, intramuscular administration of the DNA, has been
shown to skew the immune response predominantly toward a
Th1-type response (33, 55, 71, 99). Additionally, Tat has been
documented to function as a T-cell adjuvant with a propensity
to tilt the immune response in favor of a Th1-type profile (31,
32). In contrast, experimental evidence also suggested that Tat
could promote antigen-specific immunosuppression by directly
modulating T-cell function (22, 96, 105) or indirectly modulat-
ing T-cell function by stimulating the expression of cytokines,
such as IL-10 (9), transforming growth factor �1 (77), and
tumor necrosis factor (12), or by suppressing the expression of
cytokines, such as IL-12 (46).

These reports broadly suggested that Tat could select a
Th2-type cytokine profile in natural infection and in vaccine
immunizations. Promotion of a Th2-type cytokine profile in
intramuscular inoculation of DNA has not been documented
extensively. We ascribe the induction of a mixed Th1-Th2-type
cytokine profile in our experiments by wild-type Tat to low-

level protein expression from the wild-type expression vectors,
as demonstrated by the Western blot analysis (Fig. 2), rather
than to the quantity of DNA delivered. The observation that
administration of additional booster immunizations (one-
prime–three-boost immunization regimen) with the wild-type
vectors tilts the cytokine profile in favor of the Th1-type im-
mune response lends support to this hypothesis. On the basis
of our data, it is tempting to propose that Tat preferentially
promotes a Th1-type cytokine profile only above a certain
threshold concentration (immunizations with codon-optimized
Tat vectors) and not below this threshold (immunizations with
wild-type Tat). Of note, promotion of a mixed cytokine profile
by wild-type genes and reversal of the profile to a Th1 type by
codon-optimized genes was consistent with two independent
antigens, Tat-1 and Tat-2, validating our observation. Our re-
sults with the wild-type Tat constructs may partly explain why
a mixed type of cytokine profile is predominant in the natural
course of HIV-1 infection (7).

It is difficult to speculate what type of cytokine profile Tat
would promote in natural infections as a viral protein secreted
into the body fluids. A reliable measure of the concentrations
of Tat in the body fluids of HIV-seropositive subjects is not
available. Although in a minority of the subjects Tat was iden-
tified at a concentration as high as 1 to 40 ng/ml (100, 102), it
is not known if a correlation exists between the Th profile
observed in disease progression and Tat concentration in the
body fluids.

In the present work, we employed only exon 1 of Tat-1, as
this part of the viral antigen is adequate for supporting a
plethora of the biological functions. Exon 2 of Tat-1 is not only
considered less significant for immune response but also is
genetically more heterogeneous. However, a recent study dem-
onstrated, for the first time, that exon 2 of Tat-1 could play an
important role in immune surveillance and viral escape (89). In
light of this finding, it is important to evaluate the immunoge-
nicity of the full-length Tat antigen. In our study, however, we
also used expression vectors encoding the full-length Tat-2
antigen consisting of both the exons. Importantly, both Tat-1
and the full-length Tat-2 expression vectors essentially induced
identical patterns of immune response.

Identification of immunodominant domains within Tat is of
interest for vaccine development and for the study of host
immune response. In Tat, several T-cell, B-cell, and CTL
epitopes have been identified in natural infections (10, 26, 62,
67, 68, 74) and in experimental immunizations of mice (11, 17,
42, 64) and rabbits (38). While studies of the immune response
to protein immunization with Tat primarily focused on the
N-terminal region of Tat (17, 67), Tat genetic immunizations
broadly recognized several epitopes within the amino-terminal,
cysteine-rich, and core domains of the viral antigen (17, 42).
Importantly, the core domain has been demonstrated to be
immunodominant in several studies, and overlapping B-cell,
T-cell, and CTL epitopes have been mapped to this domain in
humans and experimental animals (1, 10, 42, 68, 74). Consid-
ering the small size of Tat, it is not surprising that several of the
epitopes overlap with one another. Of the various domains, the
core and basic domains of Tat are the regions that are highly
conserved among viral clades. Most of the previous studies,
however, characterized the epitope profile of Tat antigen of
HIV subtype B origin. Although Tat is considered to be con-
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served to a greater extent, a previous analysis from our labo-
ratory identified a minimum of six natural variations within the
first exon of C-Tat (73b). One of the variations at position 39
is located in the core domain of Tat.

Given the importance of Tat for viral pathogenesis and C-
Tat containing considerable number of variations compared to
the well-studied B-Tat, we sought to characterize the immu-
nodominant epitope(s) in C-Tat using the pepscan strategy for
IFN-� secretion in an ELISPOT assay. In agreement with
previous reports (17, 42), we observed that in BALB/c mice,
multiple regions of Tat were targeted in genetic immunization,
including the amino-terminal, cysteine-rich, and the core do-
mains. Among these domains, the core region of the Tat an-
tigen elicited the strongest immune response and contained a
T-cell epitope. Complement-mediated depletion of the CD4�

cells, but not the CD8� cells, from splenocytes completely
eliminated the IFN-�-secreting cells, indicating that the puta-
tive T-cell epitope has a T-helper nature.

Further characterization of the epitope, using 13-mer pep-
tides within the core and basic region identified peptide 8,
spanning residues 39 to 51, as the one containing the core
epitope. A comparison of immune responses to peptides 7 and
8 on one hand and peptides 8 and 9 on the other hand revealed
that the optimal epitope is preferably flanked by a glutamine at
positions 39 and a lysine at 51 in C-Tat. Surprisingly, although
peptide 4 lacks lysine 51 and peptide 5 lacks glutamine 39 and
lysine 40, they still induced immune responses at levels nearly
comparable to that of the optimal peptide 8 (Fig. 7C). On the
basis of this observation, we speculate that the optimal size of
the epitope is longer than 13 amino acids and the flanking
amino acid residues play a significant role in immune recogni-
tion.

Peptides binding MHC class II molecules are usually longer
than 13 amino acids, and they are held in the groove of the
MHC molecule by a series of bonds distributed along the
length of the peptide backbone. While the peptide is immobi-
lized in this position through the interactions of the anchoring
residues within the core epitope, the two ends of the peptide
are not bound but protrude out of the groove and are of
variable length. Peptide 8 (residues 39 to 51) probably defines
the core of the T-helper epitope of the Tat core domain. Of the
13 amino acids of this T-helper epitope, 10 residues at the
N-terminal region are mapped to the core domain, while the
remaining 3 residues map to the basic domain of Tat.

Most of the amino acid residues in the T-helper epitope that
we identified here are highly conserved across the subtypes of
HIV-1 with the exception of the two N-terminal residues at
positions 39 and 40. Although several amino acids are found at
position 39 in Tat of non-subtype C origin, nearly 89% of the
strains designated as subtype C in the HIV-1 sequence data-
base contained only a glutamine at this position. However, less
than 1% of the non-subtype C strains contain a glutamine at
this location, and only the subtype A strains have a glutamine
here. Considering the terminal location of these two residues
and their highly polymorphic nature, it is possible that these
amino acids may constitute the T-cell receptor binding region
and may also determine antigen specificity.

To evaluate this possibility, we compared the cross-reactive
immune response between B-Tat and C-Tat antigens and the
corresponding peptides. We observed considerable numbers of

IFN-�-secreting cells in response to heterologous antigen ac-
tivation (C-Tat priming and B-Tat activation), either in the
context of the Tat protein (Fig. 7D) or the peptides (Fig. 7E).
The difference between homologous and heterologous antigen
activation, however, was statistically significant only in the con-
text of the protein, not the epitope-containing peptide. In
either case, we identified considerable magnitude of cross-
clade immune reactivity between B- and C-Tat antigens. It
would be interesting to see whether the cross-reactive immune
responses would be sufficient to confer cross-clade immune
protection.

Tat-1 and Tat-2 have a considerable degree of homology
(�36% in exon 1), and it is possible that the basic domain of
Tat-2 might also harbor a T-cell epitope. Since we did not have
Tat-2-expressing target cells, we tested a possible cross-reac-
tivity between Tat-1 and Tat-2 using a different experimental
format. Splenocytes isolated from mice immunized with Tat-2
were used in a CTL experiment with Tat-1-expressing target
cells. Under these experimental conditions, we did not observe
significant levels of cell lysis, suggesting that the immunodom-
inant regions of Tat-1 and Tat-2 may be different (73a). How-
ever, performing experiments with Tat-2 immunizations and
Tat-1- or Tat-2-expressing target cells is necessary to map
immunodominant regions of Tat-2 and to evaluate the extent
of cross-reactivity between these antigens.

Although the application of Tat as a potential candidate
vaccine for HIV has been explored extensively, the efficacy of
Tat vaccine in viral challenge studies is controversial. While
some studies reported complete (14, 30, 69) or partial (2, 3, 13,
70) protection, others failed to observe such protection (3, 61,
73, 88). Especially when delivered as a DNA, most of the
studies used the Tat gene directly cloned from the virus, which
may have limited the efficacy of the vaccines. Although some of
these studies reported strong immune responses, the cytokine
profile generated was not analyzed. While several DNA vac-
cine studies encoding other viral proteins, such as Env, Gag,
Pol, and Nef, used human versions of these genes (6, 23, 27, 36,
107), only one such study reported the use of codon-optimized
B-Tat (2). Despite the limited success reported by DNA vac-
cination approaches in general and Tat DNA vaccines in par-
ticular, the most promising approach thus far appears to be
priming with DNA, followed by booster immunization with
modified vaccinia virus Ankara (5). The application of the
prime-boost approach, however, may be limited because of the
safety concerns of the viral vectors on one hand and the pre-
existing immunity to viruses in the populations on the other
hand. Considering the functional importance of Tat for viral
pathogenicity (82, 98), the existence of an inverse correlation
between disease progression and anti-Tat humoral immunity
(53, 76, 78, 106) and the identification of mutations in Tat CTL
epitopes in viral escape mutants (4, 16), the potential of Tat as
a candidate vaccine cannot be undermined. Developing mo-
lecular strategies, such as the one reported here and other
approaches (8, 21, 72), is essential for DNA vaccine design to
immunopotentiate nonimmunodominant antigens like Tat.
Importantly, the demonstration that a single booster immuni-
zation with the codon-optimized Tat genes could elicit a rapid
Th1-type cytokine response is important for vaccine design.

In summary, we have demonstrated that codon optimization
of an otherwise weak viral antigen could make it immunodom-
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inant. While the wild-type Tat-1 and Tat-2 antigens induced a
mixed Th1-Th2-type immune profile, codon-optimized genes
elicited a more desirable Th1 response. We also identified an
immunodominant epitope in the core and basic region of Tat-1
that is highly conserved among the viral subtypes. Although
subtype C strains of HIV-1 cause more than 50% of the total
infections globally and more than 95% infections in India, few
studies have attempted to characterize the HLA haplotype of
the seropositive individuals and the cognate viral epitopes rec-
ognized by them. In the absence of such information, identifi-
cation of immunodominant epitopes highly conserved among
viral subtypes is useful for HIV vaccine design with broader
application. Molecular approaches that immunopotentiate
DNA vaccines are essential for optimal performance of this
technology.
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