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In a previous report we demonstrated that three injections of an rt-deleted noninfectious genome of the
simian-human immunodeficiency virus SHIVKU2 induced protection against AIDS in macaques (D. K. Singh,
Z. Liu, D. Sheffer, G. A. Mackay, M. Smith, S. Dhillon, R. Hegde, F. Jia, I. Adany, and O. Narayan, J. Virol
79:3419–3428, 2005). To make this DNA safer, we deleted two more genes, the integrase gene and vif, along with
the 3� long terminal repeat. We also replaced the gag, pro, and nef genes (SIVmac239 origin) with those of
human immunodeficiency virus (HIV) type 1 strain SF2. The resultant construct, designated �4SHIVKU2 DNA,
was used in this study to evaluate gene expression and immunogenicity in BALB/c mice. DNA-transfected
human embryonic kidney epithelial cells (HEK 293) produced all of the major viral proteins and released p24
in the supernatant for 12 days. Inoculation of the vaccine DNA into the gastrocnemius muscles resulted in
intense mononuclear cell infiltration at the inoculated sites and the production of viral p24 in myocytes, in
infiltrating mononuclear cells, and in cells in the spleen and draining lymph nodes between 3 and 10 days
postinoculation. Expression of p24 in the muscle cells peaked at day 7 and became undetectable after day 12.
The same 12-day period of expression of p24 was observed in mice that were given a second injection 4 weeks
after the first. Evaluation of immune responses in BALB/c mice revealed that the DNA induced enzyme-linked
immunospot and antigen-specific proliferative cell-mediated immunity responses. The responses were stronger
in mice that were coinjected with a second plasmid expressing granulocyte-macrophage colony-stimulating
factor. Since new waves of viral antigen production could be induced with each boosting injection of the vaccine
DNA, this DNA could be a safe and efficient agent to induce long-term protection against HIV.

An effective and safe vaccine against human immunodefi-
ciency virus (HIV)/AIDS still remains elusive even after more
than a decade of intense research. Although live vaccines are
highly effective in preventing AIDS in macaques, they are not
acceptable for use in humans because of concerns about re-
version to pathogenicity by mutation or recombination. An
alternative strategy using recombinant viral envelope glyco-
protein was not effective in clinical trials. Further alternative
strategies using viral DNA as a vaccine were therefore
adopted. Initial clinical trials of certain of the DNA vaccines in
humans have demonstrated only a limited degree of immuno-
genicity thus far (for a review, see reference 20), necessitating
further improvement in DNA vaccine construction strategies.
Attempts to improve the efficiency of DNA vaccines have been
made either by optimization of HIV genes for codon usage in
mammalian cells (4, 7, 18, 44, 45) or by modifying RNA struc-
tures through nucleotide changes facilitating high antigen ex-
pression in a Rev-independent manner (32). Other strategies
tried to potentiate DNA vaccines by modulating and enhanc-
ing host immune response with the help of cytokine/chemokine
adjuvants and T-cell costimulatory molecules (9, 10, 14, 32) or

by different enhancers/promoters such as cytomegalovirus (37)
or �-actin or muscle-specific desmin promoter (13) to obtain
high expression of one or two fused genes of HIV (26). The use
of these DNA moieties was followed by boosting injections
with viral proteins expressed by various vector systems such as
recombinant pox virus (31), modified vaccinia virus Ankara (2,
5, 16), and adenovirus (12, 24).

Two potential problems with current DNA approaches are
that (i) it is still not known which of the viral proteins are
essential for inducing optimum protection, since claims of ef-
ficacy using gag (8, 15), env (19, 25, 43), and tat (11, 21, 22) have
been raised, and (ii) viral strategies that plan for the use of
vectors expressing viral proteins will be cumbersome to apply
in underdeveloped countries. To overcome the necessity for
using a protein boost and yet achieve efficacy with a DNA
vaccine, we adopted a new approach by using the DNA of the
simian-human immunodeficiency virus SHIVKU2, which ex-
presses all of the viral proteins with high efficiency but from
which we deleted the rt gene to render the DNA noninfectious.
The first prototype of this DNA, rtSHIVKU2, was used in an
earlier study in which three injections of the DNA elicited
protection of macaques against AIDS caused by heterologous
SHIV 89.6P (35). The perceived advantage of this approach is
to include all major genes of HIV in the vaccine in order to
generate an optimal immune response that can suppress viral
replication and provide efficient protection. We chose to use
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the simian immunodeficiency virus (SIV) promoter in the 5�
long terminal repeat (LTR) to drive viral genes because of its
high efficiency of expression. Following up on this study, we
deleted two more genes from rtSHIVKU2, the integrase gene
(int) and vif, along with the 3� LTR in order to minimize the
integration potential of the DNA and to guarantee its lack
of infectivity. We also replaced the gag, pro, and nef genes
(SIVmac239 origin) of rtSHIVKU2 with those of HIV type 1
(HIV-1) (strain SF2) in order to make the DNA relevant as a
vaccine against HIV. The resulting construct, designated
�4SHIVKU2 DNA, was used in the pilot study described in this
report to evaluate antigen expression and its immunogenicity
in BALB/c mice. Transfection of 293 cell culture revealed high
expression of all of the encoded viral proteins for approxi-
mately 12 days. Intramuscular injection of the DNA into mice
resulted in transient high expression of p24 in skeletal muscle
and in mononuclear cells infiltrating the injection site. This
resulted in induction of cell-mediated immunity (CMI) re-
sponses that were further enhanced when mice were injected
with a second plasmid expressing granulocyte-macrophage col-
ony-stimulating factor (GM-CSF). This new DNA vaccine
strategy could prove to be useful as a prophylactic as well as a
therapeutic vaccine against AIDS.

MATERIALS AND METHODS

Construction of �4SHIVKU2 plasmid DNA. The procedures for construction
of SHIVKU2 plasmid DNA have been described earlier (27). The insert se-
quences were derived from SHIVKU2 (GenBank accession no. AY751799) and
HIV-1SF2. To replace the SIV gag, pol, and vif genes with those of HIV-1SF2,
PCR site-directed mutagenesis was performed using forward 5�-GGTCACCAT
GTCAGATCCCAGGGAGAG-3� and reverse 5�-GCATGAAGAGCGCTC
GTTGGAGG-3� primers to generate a BstEII site upstream of the ATG start
codon of the SHIVKU2 vpx gene. Similarly, a BstEII site was created by PCR
site-directed mutagenesis using forward 5�-AATCTCTAGCAGTGGCGCCCG
AAC-3� and reverse 5�-GCTGGTGACCCTTTCCATCCCTG-3� primers at po-
sition 3007 downstream of protease-coding sequences. The 3.2-kb NarI-BstEII
fragment (positions 831 to 4084 in SHIVKU2) was removed and replaced with the
corresponding sequences in a 2.4-kb NarI-BstEII fragment from HIV-1SF2.
(These positions are with reference to GenBank database accession no. K02007.)
To replace SIV nef with that of HIV-1SF2, a series of PCR and standard molec-
ular cloning steps were used. Briefly, an intermediate clone containing part of
SHIVKU2 gp41 was made using the forward 5�-GTGAACGGATCCTTGGCA

C-3� (containing a BamHI site) and reverse 5�-GATATCTTATAGCAAAAT
CCTTTCC-3� (containing a EcoRV site) primers. The HIV-1SF2 nef was ampli-
fied by PCR in a 1.4-kb fragment containing a SalI site at the 5� end and a NotI
site at the 3� end of the HIV-1SF2 nef, using the forward 5�-GTCGACATGGGT
GGCAAGTGGTC-3� and reverse 5�-CGCCGGCGTCAGCAGTCTTTGTAG
TAC-3� primers. The resulting PCR fragment was cloned into pGEM-T (Pro-
mega). The HIV-1SF2 nef was then fused at the end of the SHIVKU2 gp41 gene.
The 1-kb BamHI-SalI fragment of this clone was used to replace that of
�1SHIVKU2 (Fig. 1). The resultant construct, named �4SHIVKU2, carries the
vpx and vpr genes of SIVmac239 and the gag, pro, partial rt, vpu, tat, rev, env,
and nef genes of HIV-1 under control of the SIVmac239 5� LTR. The reverse
transcriptase gene was truncated, and int, vif, and the 3� LTR were deleted
from SHIVKU2.

The sequences for the vector were derived from plasmids pET-9a (Novagen)
and pCMV-Tag2 (Stratagene) The 1.8-kb BamHI-XmmI fragment of pET-9a
was replaced by the 547-bp BamHI-SspI fragment, and the recombinant plasmid
was then cut with SalI-EcoRI, which resulted a 2.5-kb SalI-EcoRI fragment
having simian virus 40 (SV40) polyadenylation signal sequences that was used as
vector to make the final clone (Fig. 1).

Transfection of HEK 293 cells. Transfection of �4SHIVKU2 DNA into HEK
293 cells was carried out using a cationic polymer polyethylenimine, ExGen 500,
and the protocols provided by the manufacturer (catalog no. RO511; MBI
Fermentas) for adherent cells. Approximately 1 �105 to 3 �105 cells/well in
six-well plates were transfected with 4.75 �g of vaccine DNA and 15.5 �l of
ExGen 500. Culture supernatant fluids were assayed on days 1, 2, 4, 6, 8, 10, 12,
and 14 to assess the kinetics of synthesis and duration of production of Gag p24.
Another set of transfected cultures was used for immunoprecipitation of differ-
ent viral proteins.

Radioimmunoprecipitation assay. We analyzed transfected cultures by a stan-
dard radioimmunoprecipitation method to assess and document expression of
viral proteins encoded by �4SHIVKU2. Briefly, transfected cells were washed and
starved in serum-, cystine-, and methionine-free medium for 2 h and labeled
overnight by supplementing the medium with100 �Ci/ml [35S]methionine (MP
Biomedical Inc., Irvine, CA). Proteins from cell lysates and culture supernatants
were precipitated using protein A-Sepharose (catalog no. 17-0780-01; Amersham
Bioscience AB, Sweden), and sera from uninfected and HIV-infected persons or
monoclonal antibodies (MAbs) against Nef or Vpu were used to precipitate
various viral proteins. Immunoprecipitated samples were washed thrice in 1�

radioimmunoprecipitation assay buffer, boiled in 2� sample reducing buffer, and
separated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels. Gels were
fixed in 30:10 methanol-acetic acid fixative, treated with Amplify reagent (catalog
no. NAMP100; Amersham Biosciences), mounted on a filter paper, and dried in
a gel dryer. Dried gels were exposed to X-ray film, incubated at �80°C, and
developed in an automated X-ray film developer. Autoradiographs were ana-
lyzed for the presence of different bands corresponding to Nef; Vpu; Env gp160,
gp120, and gp41; and Gag p55 and p24.

FIG. 1. Schematic representation of the �4SHIVKU2 plasmid used in this study. This plasmid has tat, rev, env, and vpu genes from HIV-1 strain
HXB2 and gag, pro, and nef from HIV-1 strain SF2. The 5� LTR, vpr, and vpx are from SIVmac 239. Sequences from the rt, int, and vif genes and
the 3� LTR were deleted to make this plasmid noninfectious, and poly(A) sequences from SV40 were added.
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Quantitation of p24 in the supernatant fraction of �4SHIVKU2 DNA-trans-
fected cultures. Supernatant fluids from transfected HEK 293 cells were analyzed
with a capture enzyme-linked immunosorbent assay (ELISA) kit (Coulter Lab-
oratories, Hialeah, FL) for quantity and duration of secretion of HIV p24 Gag
protein. A standard curve was prepared for each assay as per the manufacturer’s
instructions. p24 concentrations were determined from the optical density at 450
nm plotted against a standard curve by linear regression analysis.

Localization of p24 in transfected cells. HIV p24 was localized in transfected
HEK 293 cells by indirect immunofluorescence using mouse anti-HIV p24 mono-
clonal antibody (catalog no. 13-112-100; Advanced Biotechnologies Inc., Colum-
bia, MD) and goat anti-mouse immunoglobulin G (IgG) conjugate (AlexaFluor
488) (catalog no. A-11017; Molecular Probes, Oregon). Briefly, HEK cells were
grown on coverslips, transfected with �4SHIVKU2, and then incubated at 37°C.
Two days later, the cells were fixed with 1% paraformaldehyde for 15 min,
washed and permeabilized in 80% methanol at �20°C for 1 h, and incubated
with primary and secondary antibodies at 1:200 dilutions at room temperature
for 1 h each. Stained coverslip preparations were mounted on clean glass slides,
and images were collected using a Nikon TE300 fluorescence microscope and
Spot imaging system.

Inoculation of mice. BALB/c mice were injected intramuscularly with the
plasmid DNA at concentrations of between 1 and 2 �g/�l. DNA solutions were
prepared in phosphate-buffered saline (PBS) (0.1 M, pH 7.4). Each mouse was
injected with a total of 100 �l of DNA solution, with 50 �l in each gastrocnemius
muscle. Control mice for each protocol received saline instead of DNA in
gastrocnemius muscles.

Histology and immunohistochemistry. Injected mice were exsanguinated and
perfused with saline, followed by perfusion with 4% paraformaldehyde. Gastroc-
nemius muscles, spleens, and draining lymph nodes were collected in 4% para-
formaldehyde and processed for histological and immunohistological analyses by
paraffin embedding. Approximately 5-�m-thick sections were stained with he-
matoxylin and eosin. Adjacent tissue sections were also stained with MAb against

HIV Gag p24 to localize viral protein, using an immunoperoxidase technique.
Other sections were reacted with antibodies against macrophages (F4/80) (anti-
murine rat F4/80 pan macrophage monoclonal antibody; catalog no. RDI-
T2006x, clone BM-8 RDI; Research Diagnostics Inc., NJ), dendritic cells
(CD11c) (anti-mouse CD11c antibody; catalog no. RDI-MCD11C-HL; Research
Diagnostics Inc., NJ), and T cells (CD3) (anti-mouse rat monoclonal antibody;
catalog no. CBL 1302; Cymbus Biotechnologies Ltd., Chandlers Ford, Hants).
Sections were viewed under a Nikon TE300 microscope, and images were col-
lected using a Spot imaging system.

Processing of spleens for splenocytes. Spleens of mice were aseptically col-
lected and pressed between glass slides to harvest splenocytes. Cells were col-
lected in Hanks-EDTA solution, erythrocytes were lysed using BD lysis solution,
and mononuclear cells were counted in a hemocytometer. A portion of the
splenocytes were used to isolate CD4� or CD8� T cells for use in enzyme
immunospot (ELISPOT) assays, and another portion were used in antigen-
specific proliferation assays. The fractions of splenocytes containing either CD4�

or CD8� T cells were negatively isolated using MACS high-gradient magnetic
separation columns of type LS (Miltenyi Biotech, Auburn, CA) and BD Image
anti-human CD4� and CD8� MSC magnetic particles (BD Biosciences-Phar-
Mingen) according to the manufacturer’s instructions.

ASP of CD4� T cells. The antigen-specific proliferation (ASP) assay was
described previously (23). Viral antigen consisted of a live SHIV vaccine virus
stock that was UV irradiated for 30 min and heated at 56°C for 2 hours. The
antigen was mixed with freshly collected triplicate samples of splenocytes, us-
ing105 cells/well in 96-well tissue culture plates in 200 �l of R-10 medium. The
cells were cultured for 4 days at 37°C and then pulsed with 1 �Ci of [3H]thymi-
dine/well. Eighteen hours later, the cells were harvested and the [3H]thymidine
incorporation was determined by liquid scintillation counting (Packard). Stimu-
lation indices (SI) were calculated as mean counts per minute in stimulated wells
divided by mean counts per minute in control wells. An SI value of �3 was
considered significant.

ELISPOT assay. We used a quantitative ELISPOT assay that measured
gamma interferon (IFN-	) production by splenocytes responding to groups of
overlapping 15-mer peptides, with 11 amino acid overlaps, spanning the entire
molecules of selected viral proteins. We used HIV Gag (HXB2) peptide (catalog
no. 7872–7904), HIV Env (MN) peptide (catalog no. 6451), consensus HIV Tat
(catalog no. 5138), consensus HIV Rev (catalog no.6445), and consensus HIV
Nef (catalog no. 5189), all kindly provided by the AIDS Research and Reference
Reagent Program. Pools of five peptides were used in the assays. Millipore
multiscreen IP opaque hydrophobic high-protein-binding 96-well plates (0.45
�m) were coated overnight at 4°C with 50 �l/well of 10 �g/ml of anti-mouse
IFN-	 antibodies (MAb AN18; MABTECH, Stockholm, Sweden). The unbound
antibodies were removed on the following day by washing four times with PBS.
The plates were blocked for 2 h at room temperature with R10. Fifty microliters
of each peptide pool was then added to each of two wells, except for negative and
positive control wells. R10 culture medium and 0.5 �g/well of concanavalin A
were used for negative and positive controls, respectively. Fifty microliters of the
splenocyte suspension (2 � 106/ml) was added to each well and the plates
incubated for 18 h at 37°C. After unbound cells were discarded, the plates were
washed three times with PBS, followed by three more washes with PBS–0.1%
Tween 20. Fifty microliters of biotinylated anti-IFN-	 antibodies (2 �g/ml; cat-
alog no. R46A2; MABTECH, Stockholm, Sweden) was then added to each well
and the plates incubated for 3 h at room temperature. The plates were then
processed as follows: six rinses with PBS–0.1% Tween 20, addition of 50 �l/well
of Vectastain AB, incubation for 1 hour at room temperature, six more rinses,
color development by treatment with 100 �l/well of Nova-Red for 4 min at room
temperature, and a rinse in running tap water. Spots were counted with a
stereomicroscope and reported as the number of spots per 106 splenocytes.

Antibody binding assay. We analyzed sera from immunized mice for antibod-
ies against different viral proteins in binding ELISA. Briefly, 96-well plates were
coated with pools of HIV-1 HXB2 Gag, Env, Nef, Rev, and Tat peptides (ob-
tained from the NIH AIDS Research and Reference Reagent Program) at a
concentration of 5 �g/ml in PBS, pH 7.4, at 50 �l/well at 4°C overnight. The
plates were blocked with PBS containing 10% fetal calf serum for 1 h at 37°C,
washed with PBS containing 0.05% Tween 20. The serum samples, added in
serial dilutions, were incubated at 37°C for 2 h. After being washed, plates were
incubated with horseradish peroxidase-conjugated anti-mouse IgG (1:3,000 di-
lution; catalog no. AP308P; Chemicon International, Temecula, CA) for 1 h at
37°C. The plates were washed again and incubated with tetramethylbenzidine
substrate reagent (Sigma, St. Louis, MO) for 30 min. The color reaction was
stopped with 1 M H2SO4, and the plates were read at 450 nm using an ELISA
plate reader (Dynatech MR4000).

FIG. 2. Immunoprecipitation of major viral proteins in HEK 293
cells transfected with �4SHIVKU2 DNA. Viral proteins precipitated by
an HIV patient serum and by anti-Vpu and anti-Nef antibodies from
transfected HEK 293 cells at 36 h posttransfection are shown. Both
Env and Gag proteins with their precursors and Nef and Vpu were
precipitated from the cell lysate fraction. Env gp120 and gp41 and Gag
p55 and p24 were precipitated from the supernatant fluid (Sup). Con,
cell lysate from nontransfected HEK 293 control cells.
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Statistical analysis. We employed the Wilcoxon rank sum test to assess sta-
tistical significance of the CMI responses of mice immunized with different doses
of vaccine DNA or coinjected with GM-CSF DNA during priming and boosting,
using the program Statistix 8 from Analytical Software Company, Tallahassee, Fla.

RESULTS

Immunoprecipitation studies. To evaluate expression and
correct orientation of all of the viral proteins encoded in this
DNA, we transfected HEK 293 cells with �4SHIVKU2 DNA
and analyzed viral proteins by immunoprecipitation assays.
The results indicated expression of envelope gp120, gp41, and
their gp160 precursor; Gag p24 and its p55 precursor; and Nef
and Vpu in the cell lysate fraction. The separation of these
proteins on 10% SDS-polyacrylamide gels indicated their re-
ported sizes, suggesting correct processing and posttransla-

tional modifications. Envelope gp120 and gp41, capsid protein
p24, and p55 were also detected in abundance in the superna-
tant fraction of the transfected culture. The SDS-polyacryl-
amide gels are shown in Fig. 2.

Transfection of HEK 293 cells with �4SHIVKU2 DNA re-
sults in the transient expression of viral p24. In order to assess
the transfection efficiency of the vaccine DNA, we examined
the cultures 2 days after transfection of cells by staining with
anti-HIV p24 monoclonal antibody and anti-mouse IgG con-
jugate. Approximately 20% of the cells were positive (data not
shown). We further tested the transfected cultures for duration
of production of the viral protein by measuring p24 concen-
trations in supernatant fluids. These fluids were collected at 4,
8, 12, 16, 20, and 24 h and every 2 days thereafter for 14 days
and were analyzed using p24 ELISA. p24 was first detected at

FIG. 3. Histological examination of muscles injected with �4SHIVKU2 DNA. The DNA elicited an intense mononuclear infiltration at the
injected sites. Cellular infiltration was concentrated mostly around the fascicles along with endomysium and in severe cases along with perimysium.
Panel A represents muscle sections from control saline-injected mice. Panel B shows initiation of mononuclear cell infiltration into the muscles
of injected mice at day 2 postinjection. Panel C shows mild mononuclear cell infiltration around blood vessels in muscles of injected mice at day
2 postinjection. Panels D to F show intense infiltration of mononuclear cells at day 5 (D), day 7 (E), and day 10 (F) in the muscle. Panels G to
I show gradual resolution of mononuclear cell infiltration at days 12, 15, and 20, respectively.
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16 h posttransfection. The cells produced p24 for 12 days, with
peak concentrations of �18 ng/ml between days 2 and 8 (data
not shown).

Intramuscular injection of �4SHIVKU2 DNA elicits local
inflammatory responses. To evaluate histological changes at
the site of injection of the DNA, we injected 24 mice with 200
�g of �4SHIVKU2 DNA into gastrocnemius muscles and killed
three animals each on days 2, 3, 5, 7, 10, 12, 15, and 20 after
inoculation. A control group of mice received injections of
saline instead of DNA. Histological examination of the muscle
sections from this group revealed that a cellular inflammatory
response started at 2 days postinjection, with peak intensity
between 5 to 12 days (Fig. 3D to G). However, mild cellular
infiltration persisted at the injection sites in the muscles for up
to 20 days. We did not see infiltration of mononuclear cells in
saline-injected muscles (Fig. 3A). Coinjection of pGM-CSF
resulted in more intense infiltration of mononuclear cells,
which caused a larger infiltrate at the injection site (Fig. 4B).

Cell phenotypes participating in the inflammatory response.
We selected serial histological sections of muscles from mice
injected with vaccine DNA with or without GM-CSF and
stained them with F4/80 to detect macrophages, anti-CD11c
antibody to detect dendritic cells, and anti-CD3 antibody to
detect lymphocytes. The results of immunostaining revealed
that the majority of the cells in the infiltrates of both groups
were macrophages (Fig. 4C), with a low percentage of den-
dritic cells (data not shown). We did not find a significant
percent increase in dendritic cells when GM-CSF was coin-
jected with vaccine.

Expression of vaccine DNA in tissues. Sections from mus-
cles, spleens, and draining lymph nodes from the mice injected
with vaccine DNA were used to evaluate expression of viral
antigen at different time intervals postimmunization. We
stained 5-�m-thick sections of these tissues with MAb against
p24. Examination of these sections showed viral antigen in the
sarcoplasmic reticulum of skeletal muscle cells and in the cy-
toplasm of a few of the mononuclear cells in cellular infiltrates.
A small quantity of viral antigen appeared in a few cells as
early as day 3 postinjection (Fig. 5A and B). By day 5, in-
creased numbers of muscle cells were expressing antigen in the
sarcoplasmic reticulum and cytoplasm of infiltrating cells (Fig.

5C and D). Increased amounts of antigen appeared to be
accumulated in the sarcoplasmic reticulum, resulting in forma-
tion of sarcoplasmic reticular sacs, by day 7 (Fig. 5E and G).
Antigen expression peaked around this time (Fig. 5E and G). By
day 12, very few cells containing viral antigen were observed (Fig.
5H). By days 15 and 20, no antigen was detected in muscles.

To evaluate whether the viral antigen could be reexpressed
in mice receiving serial injections of the DNA, we injected
another group of 24 mice with 200 �g of vaccine DNA and
administered a second injection of 100 �g of vaccine DNA 4
weeks after the first injection. Three mice each were killed at
2, 3, 5, 7, 10, 12, 15, and 20 days after the second DNA
injection, and muscles and spleens were used to detect viral
protein by immunoperoxidase staining using MAb against p24.
We detected the same kinetics of antigen expression, with peak
production between 3 and 10 days, as we had observed in other
animals that received a single injection of the DNA. Again, p24
was not detected at the 15-day sampling time. Figure 5I shows
the intensity of antigen production at day 7. This was similar to
the result with the first injection (Fig. 5E to G).

Evaluation of sections of spleen at different time points
revealed expression of antigen with same kinetics as was ob-
served in muscles. Gag p24 was detected in the cells in the red
pulp between days 3 and 10. A few positive cells were present
at day 3 (Fig. 6A). The number of positive cells increased
during the following days, peaking at day 7 (Fig. 6C and D) and
tapering off thereafter. Sections examined at day 15 were neg-
ative for the viral antigen. Antigen was also recognized in cells
of sinuses of draining lymph nodes, with similar kinetics (data
not shown).

Analysis of CMI responses in BALB/c mice immunized with
�4SHIVKU2 DNA. We injected six mice with 200 �g of vaccine
DNA to evaluate CMI responses of mice against different viral
genes encoded in this DNA vaccine. Splenocytes from vacci-
nated and nonvaccinated control groups were stimulated with
Gag, Env, Rev, Tat, and Nef in ELISPOT assay to enumerate
viral peptide-specific IFN-	-producing cells. The result of the
ELISPOT experiment with this group showed that the animals
developed significant ELISPOT responses to Env, Gag, Tat,
Rev, and Nef. The control peptide ELISPOT count was sub-
tracted from the ELISPOT response elicited by Gag, Env, Tat,

FIG. 4. Histological examination of muscles coinjected with pGM-CSF and �4SHIVKU2 DNA. The coinjection of pGM-CSF DNA elicited
massive mononuclear infiltration at the injected sites that resulted in a larger infiltrate than was elicited by vaccine DNA alone (Fig. 3). Panel A
shows no infiltration in muscle sections from control mouse. Panel B shows a representative area of mononuclear infiltration in the muscle
coinjected with pGM-CSF DNA at day 7 postinjection. Panel C shows that the majority of the cells in the infiltrates in the muscle coinjected with
pGM-CSF and vaccine DNA were macrophages.
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Rev, and Nef presented in Fig. 7. The ELISPOT counts for
Gag peptides were highest (64 
 17 out of a total of 83 
 18
spots/106 splenocytes), indicating immunodominance of Gag
over other viral proteins (Fig. 7).

We then evaluated the immunogenicity of this DNA in
BALB/c mice at different doses. We injected one group of six
mice with 200 �g and another with 100 �g of �4SHIVKU2

DNA into gastrocnemius muscles. All animals were boosted
twice with injections of 100 �g of DNA in the same muscles at
4 and 6 weeks after the priming injection. Control mice re-
ceived injections of saline instead of DNA. All mice were killed
1 week following the last boost, and splenocytes were analyzed
for IFN-	-producing cells against Gag peptides by ELISPOT
assay. Since ELISPOT responses were mostly against Gag, we
performed ELISPOT analysis using only Gag peptides in a
further immunogenicity study. The results showed that the
animals receiving 200 �g of DNA developed significantly
higher ELISPOT responses (84.7/106 splenocytes; P � 0.02)

than those receiving 100 �g of DNA (58.3/106 splenocytes)
(Fig. 8).

Effect of GM-CSF on immunogenicity of the vaccine DNA.
We analyzed antibody responses of mice injected with vaccine
DNA with or without GM-CSF DNA. We injected 36 mice
with 200 �g vaccine and 100 �g of GM-CSF DNA in gastroc-
nemius muscles. The animals were then divided into two
groups of 18. One group was boosted with injections of 100 �g
vaccine DNA alone and the other with 100 �g of vaccine and
100 �g of GM-CSF DNA in the same muscles twice at 4 and 6
weeks, respectively, after the priming injection. A control
group of mice received injections of saline instead of DNA. Six
mice from each of the immunized groups were killed after 4, 8,
and 12 weeks following the last boost. Sera and spleens were
harvested for antibody and ELISPOT analysis. Binding anti-
body analysis revealed that the mice developed only a minimal
amount of antibodies even after two boosts. Coinjection of
pGM-CSF did not change this response

FIG. 5. Immunohistochemical localization of Gag p24 in muscles of mice injected with �4SHIVKU2 DNA. Gag p24 was localized in the
sarcoplasmic reticulum of skeletal muscle cells and in the cytoplasm of infiltrating mononuclear cells in the muscle. Panel A shows Gag p24 in the
cytoplasm of some of the infiltrating cells at day 3. Panel B shows Gag p24 in the sarcoplasmic reticulum of skeletal muscle cells (arrowheads).
Panels C and D show Gag p24 in the sarcoplasmic reticulum of skeletal muscle cells and in the cytoplasm of infiltrating mononuclear cells
(arrowhead) at day 5. Panels E and F show Gag p24 in the sarcoplasmic reticular sacs (closed arrowheads) and in the cytoplasm of mononuclear
cells (open arrowhead) at day 7. Panels G and H show p24 in muscles at days 10 and 12 postinjection. Panel I shows Gag p24 expression peaking
in the skeletal muscle cells at day 7 after the second injection of vaccine DNA.
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Splenocytes from these mice were analyzed for antigen-spe-
cific cell proliferation and viral peptide-specific IFN-	-produc-
ing cells by ELISPOT assays. The results showed that the
mice that were boosted with vaccine DNA alone developed
ELISPOT responses that persisted at almost equivalent titers
at all three sample periods. The mean ELISPOT titers for this
group of animals were 58, 96, and 98 per 106 splenocytes at 4,

8, and 12 weeks, respectively. In contrast, the vaccinated ani-
mals that received GM-CSF DNA in the boosting injections
showed ELISPOT titers that exceeded those caused by DNA
alone, and the titers increased with time, reaching maximum
values at the 12-week sampling point. The mean ELISPOT
titers for this group of animals were 65, 117, and 142 per 106

splenocytes at 4, 8, and 12 weeks, respectively. The ELISPOT
data are shown in Fig. 9. Examination of splenocytes for ASP
T-cell responses showed that the two immunization protocols

FIG. 6. Immunohistochemical localization of Gag p24 in vascular sinusoids of spleens of mice injected with �4SHIVKU2 DNA. Gag p24 was
localized in the cytoplasm of mononuclear cells in the red pulp area at different days postinjection. Panel A shows Gag p24 in the cytoplasm of
a few cells in the sinusoids at day 3 (arrowheads). Panel B shows Gag p24 in an increased number of cells (arrowheads) at day 5. Panels C and
D show Gag p24 in an increased number of mononuclear cells (arrowheads) at day 7. Panels E and F show Gag p24 in the cells in vascular sinusoids
at days 10 and 12, respectively.

FIG. 7. ELISPOT (E-spot) responses in BALB/c mice immunized
with single injection of �4SHIVKU2 DNA against different viral pep-
tides. The numbers of IFN-	-producing cells per million splenocytes
reacting to different viral peptides (Gag, Env, Tat, Rev, and Nef) were
counted in an ELISPOT assay. The control peptide ELISPOT count
was subtracted from the ELISPOT responses elicited by Gag, Env, Tat,
Rev, and Nef. The highest number of cells reacted to Gag peptides,
indicating immunodominance of this protein. Error bars indicate stan-
dard deviations.

FIG. 8. ELISPOT responses in BALB/c mice immunized with
�4SHIVKU2 DNA. The number of IFN-	-producing cells per million
splenocytes from groups of mice injected with different doses of DNA
was counted in an ELISPOT assay. The group receiving 200 �g DNA
had significantly higher (P � 0.05) ELISPOT counts than the group
receiving 100 �g DNA. Error bars indicate standard deviations.
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did not yield statistically different results. Both protocols elic-
ited ASP responses (SI of �3 to 23.3) that persisted through-
out the 12-week study. The stimulation indices for both groups
of animals are shown in Table 1.

Evaluation of splenocytes of immunized mice depleted of
CD4� and CD8� T cells at 8 and 12 weeks, respectively,
showed that the ELISPOT response was induced mostly by
CD8� T cells and that the ASP was induced mostly by CD4�

T cells. The ELISPOT results for both cell subsets are shown
in Fig. 10.

DISCUSSION

In the present study, we used �4SHIVKU2 DNA in BALB/c
mice to assess details of viral gene expression and host re-
sponses at tissue levels that led to development of CMI re-

sponses. This DNA is devoid of int, rt, vif, and the 3� LTR and
encodes Env, Gag, Vpu, Tat, Rev, and Nef of the virus. At least
three of these proteins, Gag, Env, and Tat, either alone or in
combination, have been claimed to be important for inducing
protection against AIDS (1, 3, 17, 27). All three of these genes
were expressed in our construct. In addition, we included nef
and vpu in the vaccine as an additional potential advantage
because of their ability to down-regulate expression of major
histocompatibility complex class I (MHC-I) (6, 30, 33, 41). This
could thus facilitate a longer duration of expression of viral
proteins in cells in the body that became transfected by the
DNA. Elicitation of high expression of viral antigen and re-
cruitment of antigen-presenting cells at injection sites have
been shown to be of great importance for induction of cellular
immune responses (28, 36). The uptake of vaccine DNA and
viral protein expression by skeletal muscle cells and mononu-
clear cells may facilitate MHC-I and MHC-II processing path-
ways that can support the development of both humoral and
cellular immune responses (14, 37, 38, 42). Transfected muscle
cells have been shown to independently activate CD8� T cells

FIG. 10. Cell phenotypes responsible for producing IFN-	 in mice injected with vaccine or with vaccine and GM-CSF DNA. Numbers of
IFN-	-producing CD4� or CD8� T cells per million splenocytes, at 8 and 12 weeks, from groups of mice that were coinjected with either vaccine
DNA or vaccine and GM-CSF DNAs during the boost are shown. The CD4� T-cell-depleted fraction had significantly higher numbers of
IFN-	-producing cells than the CD8� T cell fraction. The group that received the GM-CSF DNA boost had significantly higher (P � 0.05)
ELISPOT counts in both cell subsets than the group that received only vaccine DNA. Error bars indicate standard deviations.

TABLE 1. Antigen-specific T-cell proliferation

Boosted with
vaccine DNA Mouse no.

Stimulation index at indicated weeka

4 8 12

Without GM-CSF 1 3.23 4.35 2.07
2 6.67 9.40 3.00
3 6.64 5.14 1.63
4 2.96 9.20 3.14
5 9.35 3.10 3.00
6 1.65 1.93 1.92

Mean 
 SE 5.08 
 1.195 5.52 
 1.27 2.46 
 0.2695

With GM-CSF 1 6.49 4.31 3.00
2 15.05 6.00 7.48
3 3.02 4.43 13.87
4 8.41 4.72 3.00
5 6.34 5.42 1.18
6 23.31 3.05 3.00

Mean 
 SE 10.37 
 3.046 4.65 
 0.4141 5.255 
 1.92

a Stimulation indices of �3 were considered significant.

FIG. 9. Effect of coinjections of GM-CSF DNA with �4SHIVKU2
DNA on immune responses in mice. Numbers of IFN-	-producing
splenocytes per million, at 4, 8, and 12 weeks, from groups of mice that
were coinjected with either vaccine DNA or vaccine and GM-CSF
DNAs during the boost are shown. The group that received the GM-
CSF DNA boost had significantly higher (P � 0.05) ELISPOT counts
than the group receiving only the vaccine DNA. NS, not significant.
Error bars indicate standard deviations.
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to elicit strong cytotoxic T-lymphocyte responses via the
MHC-I pathway (37–39). Involvement of skeletal muscle cells,
therefore, is of utmost importance in initiation and mainte-
nance of CMI responses, as transfected skeletal muscle cells
not only may activate antiviral cytotoxic T lymphocytes directly
but also can regulate the magnitude and duration of antigen-
specific responses by serving as antigen reservoirs when
boosted at regular intervals.

Our data confirmed that the �4SHIVKU2 DNA fulfilled
these requirements in the BALB/c mice. Proof of expression of
all of the viral genes was clearly illustrated in cell culture
experiments. In mice, it was clear that the vaccine DNA was
transferred directly into skeletal muscle cells without the help
of any in vivo transfectant, use of a gene gun, or electropora-
tion (29, 34, 40). The localization of viral p24 in infiltrating
mononuclear cells in the injected gastrocnemius muscles, in
the spleens, and in the draining lymph nodes of the animals
suggested strongly that the viral protein produced in muscles
was scavenged by macrophages and conveyed to the lymph
node and spleen, where induction of immune responses was
initiated. This in effect represented cross presentation of the
viral antigen. Other studies on the site of injection of vaccine
DNA have shown that viral RNA, detectable by reverse tran-
scription-PCR, was present (45). Our study is the first report
demonstrating an abundance of viral antigen in skeletal mus-
cle, in macrophages that infiltrated the injected muscles, and in
lymphoid tissues of the animals.

We undertook this study to document in vivo events after
the inoculation of a DNA vaccine for the generation of im-
mune responses. The kinetics of antigen production in skeletal
muscle cells were similar to those observed in in vitro studies.
An interesting finding of this study was that the 12-day dura-
tion of antigen production in skeletal muscle cells was repeated
in mice that were given a second injection of the DNA. This
suggested strongly that the DNA itself, rather than viral pro-
teins, could be used as a boost for maintaining antiviral im-
mune responses. Whether the relatively long duration of anti-
gen production after the second injection was mediated by
down-regulation of expression of MHC-I in the transfected
myocytes is not known. Future studies will examine this ques-
tion. This direct injection of �4SHIVKU2 DNA into muscles
for viral antigen production along with cross presentation pos-
sibilities will presumably provide a further impetus for the
generation and enhancement of the magnitude of antiviral
cellular responses in inoculated animals. The results from
ELISPOT and antigen-specific proliferation assays, showing a
strong immune response that kept increasing in magnitude
with time, are testimony to this effect. Apart from these inher-
ent advantages of this DNA construct in viral protein expres-
sion and inducement of antiviral CMI, its potency was further
enhanced by use of a molecular adjuvant, GM-CSF DNA, with
priming and booster injections of vaccine DNA. This resulted
in increasing ELISPOT titers with time. Taken together, our
data suggest that this DNA construct could be an excellent
vaccine candidate for use in humans.
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