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Vaccination against AIDS is hampered by great diversity between human immunodeficiency virus (HIV)
strains. Heterologous B-subtype-based simian-human immunodeficiency virus (SHIV) DNA prime and poxvirus boost vaccine regimens can induce partial, T-cell-mediated, protective immunity in macaques. We analyzed
a set of DNA, recombinant fowlpox viruses (FPV), and vaccinia viruses (VV) expressing subtype AE HIV type
1 (HIV-1) Tat, Rev, and Env proteins and SIV Gag/Pol in 30 pigtail macaques. SIV Gag-specific CD4 and CD8
T-cell responses were induced by sequential DNA/FPV vaccination, although lower FPV doses, VV/FPV vaccination, and DNA vaccines alone were not as consistently immunogenic. The SHIV AE DNA prime, FPV boost
regimens were significantly less immunogenic than comparable B-subtype SHIV vaccination. Peak viral load
was modestly (0.4 log10 copies/ml) lower among the AE subtype SHIV-immunized animals compared to
controls following the virulent B subtype SHIV challenge. Protection from persistent high levels of viremia and
CD4 T-cell depletion was less in AE subtype compared to B subtype SHIV-vaccinated macaques. Gag was
highly immunodominant over the other AE subtype SHIV vaccine proteins after vaccination, and this immunodominance was exacerbated after challenge. Interestingly, the lower level of priming of immune responses
did not blunt postchallenge Gag-specific recall responses, despite more modest protection. These studies
suggest priming of T-cell immunity to prevent AIDS in humans is possible, but differences in the immunogenicity of various subtype vaccines and broad cross-subtype protection are substantial hurdles.
The global HIV type 1 (HIV-1) epidemic consists primarily
of non-B-subtype group M HIV-1 strains. Despite this, the
majority of vaccines evaluated in preclinical and clinical trials
are based on subtype B forms present in developed countries
within Europe, North America, and Australia. The circulating
recombinant subtype AE is common in many Southeast Asian
countries, including Thailand, although no preclinical efficacy
studies or clinical trials with subtype AE vaccines have been
reported. We previously demonstrated the safety and immunogenicity of subtype AE HIV-1 DNA and FPV vaccines in
macaques (12), modeled on our previous macaque and human
work with subtype B HIV-1 and SHIV vaccines (8, 9, 18–20).
In this study we analyzed a set of subtype AE SHIV vaccines
expressing SIV Gag and Pol and HIV-1 subtype AE Env, Tat,
and Rev for immunogenicity and efficacy in pigtail macaques.
A disadvantage of prime/boost vaccination strategies in the
field is the requirement for multiple vaccinations and the relatively poor priming of immune responses with DNA vaccination alone. Recent studies suggest that dual poxvirus regimens,
such as vaccinia virus (VV) priming and FPV boosting, are
highly immunogenic (4, 23). Since both are live vector vaccines,
a single immunization of each component may suffice. In addition, it is possible, based on suboptimal results from recent
human studies, that increased doses of DNA and/or FPV vaccines could improve immunogenicity and efficacy (13).
In efforts to improve and further understand the limitations
of DNA/poxvirus prime/boost regimens, we studied multigenic
subtype AE SHIV DNA, vaccinia virus, and fowlpox virus

The efficiency of T-cell-mediated clearance of human immunodeficiency virus (HIV)-infected cells by candidate prophylactic vaccines is currently being assessed (22). Vaccine-induced T-cell responses correlate with partial protection from
disease in macaques following various virulent primate lentivirus challenge experiments (5). Heterologous prime and boost
HIV vaccine strategies involving priming by DNA vaccination
and boosting with recombinant attenuated poxvirus vectors
(such as fowlpox virus [FPV]) encoding common HIV or simian immunodeficiency virus (SIV) antigens reliably induce Tcell immune responses in outbred nonhuman primates. Reductions in viral levels and retention of CD4 T cells in macaques
challenged with SHIV strains closely related to the vaccine
antigens have been reported (3, 5, 10). Some but not all SIV
vaccination studies using similar heterologous prime/boost vaccine modalities have also shown positive results using challenge strains closely matched to vaccine antigens (17, 27).
Heterologous prime/boost regimens have to date had mixed
success in human studies (3, 16, 17, 21). The ability of T-cellbased vaccine regimens to protect macaques or humans from
more diverse primate lentivirus strains remains to be defined.
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TABLE 1. Vaccination and challenge regimens
Vaccine
regimen

Subtype AE SHIV immunization at:

n

Animal nos.a

Control

6

6167, 6352, 5350,
6264, 5620, 6376

Control pHIS-empty
(1 mg, i.m.)

Control pHIS-empty
(1 mg, i.m.)

Control FPV-M3 (3 & 108
PFU, i.m.)

Two-DNA/FPV-hi

6

5396, 5616, 6279,
5085, 5912, 5396

DNA pHIS-SHIV-AE
(1 mg, i.m.)

DNA (1 mg) pHIS-SHIV-AE

FPV-SHIV-AE (3 & 108
PFU, i.m.)

Two-DNA/FPV

6

6276, 6370, 5023,
6284, 6263, 6353

DNA pHIS-SHIV-AE
(1 mg, i.m.)

DNA pHIS-SHIV-AE
(1 mg, i.m.)

FPV-SHIV-AE (5 & 107
PFU, i.m.)

Three-DNA

6

5614, 6351, 5618,
6364, 6173, 6371

DNA pHIS-SHIV-AE
(1 mg, i.m.)

DNA pHIS-SHIV-AE
(1 mg, i.m.)

DNA pHIS-SHIV-AE
(1 mg, i.m.)

VV/FPV

6

6349, 6377, 6259,
6363, 6262, 6388

VV-SIV Gag/Pol, VV-HIV-1AE
Env, VV-HIV-1AE Tat/Rev
(each, 108 PFU, i.m.)

FPV-SHIV-AE (3 & 108
PFU, i.m.)

a

Week 0

Week 4

Week 8

Week 22 (all groups)

SHIVmn229 (subtype B)
challenge (105
TCID50, intrarectal)

Animal numbers in bold indicate those that expressed the Mane-A*10 allele and were studied with the Mane-A*10/KP9 tetramer.

vaccines for immunogenicity and protective efficacy in 30 pigtail macaques. Comparator regimens included DNA vaccination alone, a higher dose of the FPV booster vaccines, and a
VV/FPV prime/boost regimen. The macaques were subsequently mucosally challenged with a heterologous B subtype
SHIV. The macaques were stratified for the presence of the
Mane-A*10 major histocompatibility complex (MHC) allele
(the first such study in pigtail macaques), and CD8 T-cell
immunogenicity in the subset of animals with this allele was
followed using an MHC tetramer.
MATERIALS AND METHODS
Monkeys. Juvenile Macaca nemestrina monkeys were free from HIV-1/SIV/
simian retrovirus infection and anesthetized with ketamine (10 mg/kg of body
weight, intramuscular [i.m.]) prior to procedures. All experiments were performed according to National Institutes of Health guidelines on the care and use
of laboratory animals and were approved by the University of Melbourne and
CSIRO Livestock Industries Animal Experimentation and Ethics committees.
DNA vaccinations. The DNA vaccine, pHIS-SHIV-AE, was based on the
previously described pHIS-HIV-AE. pHIS-SHIV-AE encodes full-length unmutated SIVmac239 Gag and Pol, HIV-193TH253 Tat, Rev, and Vpu, and the 5"- and
3"-thirds of HIV-193TH253 Env. Genes were inserted into the vector pHIS-64
(Coley Pharmaceutical Group, Wellesley, MA) behind the human cytomegalovirus immediate-early promoter. Plasmid vector pHIS-64 has kanamycin resistance, a bovine growth hormone poly(A) termination signal, and 64 CpG motifs
in addition to those naturally present that are primate optimized. Empty vector
plasmid DNA, pHIS, served as a control vaccine. Plasmid pHIS-SHIV-AE for
immunization was prepared by QIAGEN (Hilden, Germany), and control DNA
vaccine pHIS was prepared using the EndoFree plasmid Giga kit (QIAGEN).
Plasmid DNA in normal saline was injected i.m. at 1 mg/ml at weeks 0 and 4
(Table 1).
Recombinant fowlpox virus and vaccinia virus vaccines. Construction of the
FPV and VV vaccines has been described previously (7). A single FPVSHIV-AE was constructed, modeled on an FPV-HIV-1-AE vaccine, which expressed almost all the antigens expressed by the pHIS-SHIV-AE DNA vaccine:
SIV Gag/Pol from the F6,7,9 site, an HIV-193TH253 Tat/Rev fusion product from
the REV site, and HIV-193TH253 Env, mutated to remove the middle third of the
gene. Three separate VV recombinants were constructed encoding either wildtype SIV gag/pol, an HIV-193TH253 Tat/Rev fusion product, or the mutated
HIV-193TH253 Env (Table 1).
Intracellular IFN-! staining (ICS). Induction of antigen-specific intracellular
gamma interferon (IFN-#) expression in CD3! CD8! or CD3! CD4! T lymphocytes was assessed by flow cytometry as previously described (11, 21). Briefly,
200 $l whole blood was incubated with 1 $g/ml overlapping 15-mer peptide pools
in dimethyl sulfoxide or dimethyl sulfoxide alone and the costimulatory antibodies anti-CD28 and anti-CD49d (BD Biosciences Pharmingen [BD], San Diego,
CA) for 7 h. Brefeldin A (10 $g/ml; Sigma) was included during the last 5 h of
the incubation. Anti-CD3–phycoerythin, anti-CD4–fluorescein isothiocyanate,

and anti-CD8–peridinin chlorophyll a protein antibodies (clones SP34, M-T477,
and SK1, respectively; BD) were added to each well and incubated for 30 min.
Red blood cells were lysed (FACS lysing solution; BD) and washed with phosphate-buffered saline, and the remaining cells were permeabilized (FACS permeabilizing solution 2; BD). Permeabilized cells were then incubated with antihuman IFN-#–allophycocyanin antibody (clone B27; BD) prior to fixing with
formaldehyde and acquisition (LSRII; BD). Acquisition data were analyzed
using Flowjo version 6.3.2 (Tree Star, Ashland, OR). The percentage of antigenspecific gated lymphocytes expressing IFN-# was assessed in both CD3! CD4!
and CD3! CD8! lymphocyte subsets. Peptides used were all 15-mers overlapping by 11 amino acids (aa) and were either obtained from the NIH AIDS
Research and Reference Reagent Program (SIV Gag and Pol) or purchased
from Auspep (HIV-193TH253 Tat, Rev, and Env).
MHC typing and Mane-A*10/KP9 tetramer analyses. Both reference strandmediated conformational analysis and sequence-specific primer–PCR were used
to identify Mane-A*10! animals capable of responding to the SIV Gag KP9
epitope as previously described (26). Briefly, the reference strand-mediated
conformation analysis method used an ABI Prism 377 DNA sequencer (Applied
Biosystems, Foster City, Calif.) to heteroduplex a 677-bp fragment of pigtail
macaque MHC class I cDNA product with labeled rhesus macaque alleles
Mamu-A*15, Mamu-A*20, and Mamu-B*60 reference strands. Mane-A*10 heteroduplexes were identified by running clones with unique mobility patterns.
Data were analyzed using DAx data acquisition and analysis software (Van
Mierlo Software, Eindhoven, The Netherlands) (26). Mane-A*10-specific primers were used to confirm the Mane-A*10 status of pigtail macaques by sequencespecific primer–PCR on peripheral blood mononuclear cell cDNA as previously
described using three separate primer sets (26). KP9-specific T-cell responses
were monitored by flow cytometry using a KP9/Mane-A*10 tetramer as previously described (1, 26). The Mane-A*10 polypeptide, human %2-microglobulin,
and KP9 peptide (GL Biochem, Shanghai, China) were complexed to form the
KP9/Mane-A*10 tetramer, which was subsequently conjugated with phycoerythrin. Fresh whole blood (200 $l) was stained with the KP9/Mane-A*10
tetramer (1:200 to 1:400 dilution) and then counterstained with anti-CD3–fluorescein isothiocyanate (clone SP34; Becton-Dickinson) and anti-CD8–allophycocyanin (clone SK1; BD). Acquisition was performed on an LSR II flow cytometer (BD) and analyzed using Flowjo version 6.3.2 (Tree Star).
SHIV challenge of macaques. To assess vaccine efficacy, all macaques were
atraumatically inoculated intrarectally with SHIVmn229 (5 & 104 50% tissue
culture infective doses [TCID50]/ml) in 0.5-ml doses over 2 days (total, 105
TCID50/ml) as previously described (11). The administered dose of 105 TCID50
represents !500 monkey infectious doses (MID). SHIV viremia was quantified
by reverse transcriptase real-time PCR on an ABI 7700 machine as described
above except a TaqMan probe was used instead of a molecular beacon to detect
fluorescence (11). Depletion of peripheral CD4 T cells was monitored by flow
cytometry as described elsewhere (6).
Power and statistical considerations. The primary end points, set prior to
starting the study, were differences in outcome of SHIV challenge (peak and set
point SHIV viremia and set point peripheral CD4 T-cell levels) between vaccinated and control groups. Based on previous studies with this challenge stock
(11), six macaques/group powered the study (80%; ' ( 0.05) to detect 0.5 log10
differences in both peak (week 2) and set point (mean of weeks 4 to 11) plasma
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SHIV RNA and 5% set point CD4 T lymphocytes between groups. Week 11 was
chosen as the end of the set point time period based on previous studies (11), as
all macaques were likely to be alive and contributing data points up to that time
but at least some control macaques were likely to be euthanized shortly thereafter. Statistical comparisons of immunogenicity and efficacy across vaccine
groups utilized a Kruskal-Wallis analysis of variance (ANOVA) test for overall
significance, with a Dunn’s multiple comparisons test between individual groups.
A nonparametric two-way ANOVA test (on ranks) was used for statistical comparisons across vaccine groups of both the T-cell responses to the various peptides and the effectiveness of the SHIV vaccination subtype (AE or B), and a
Bonferroni posttest was used to compare between individual peptides or between
subtypes within each vaccine group. For comparisons between two groups (e.g.,
all vaccinated animals versus controls), we used a Mann-Whitney test.

RESULTS
Vaccine groups. Our previous work with subtype B SHIVbased DNA prime/FPV boost regimens demonstrated high
levels of T-cell immunogenicity and partial protection from
higher viral loads and CD4 T-cell depletion following a subtype
B SHIV challenge (10). To both assist evaluating the efficacy of
subtype AE regimens suitable for use in Southeast Asia and
assess protection across diverse subtypes, we studied four separate subtype AE SHIV vaccine regimens in groups of six
macaques (Table 1). We included arms with (i) higher doses on
the FPV boost vaccination (based on earlier work with FPV
doses in macaques (12), (ii) DNA vaccination only (based on
surprisingly good efficacy despite limited immunogenicity with
this arm in the previous subtype-B SHIV trial [9]), and (iii) VV
prime/FPV boost (based on our own and previous reports
demonstrating strong T-cell immunogenicity with this approach [4, 23]). The vaccine regimens are shown in Table 1.
T-cell responses to Gag postvaccination. The kinetics, magnitude, and phenotype of the cellular response induced by
vaccination were quantified by antigen-specific CD4 and CD8
T-cell expression of IFN-# by ICS assays in all 30 macaques at
multiple time points after vaccination (Fig. 1). The high-dose
DNA/FPV vaccine regimen was overall the most immunogenic, inducing a mean response to a pool of SIV Gag peptides
in CD8 T cells of 0.51% (range, 0.05 to 1.35%) and in CD4 T
cells of 0.26% (range, 0.07 to 0.46) 1.5 weeks after the final
vaccination (Fig. 1a). The mean SIV Gag-specific CD8 T-cell
responses at weeks 1.5 to 4 postvaccination in the DNA/FPV
high-dose FPV regimen were significantly greater than controls (by Kruskal-Wallis across all groups, ANOVA, P ) 0.004;
Dunn’s multiple comparison test, P ) 0.01). The mean SIV
Gag-specific CD4 T-cell responses postvaccination in both the
DNA/FPV high-dose and low-dose regimens were also significantly greater than controls (Kruskal-Wallis, P ( 0.001;
Dunn’s multiple comparison test, P ) 0.01).
Compared to the DNA/FPV group with the high dose of
FPV (DNA/FPV-hi), the other vaccination regimens induced
lower mean levels of antigen-specific T cells, although there
was significant variability between the outbred animals and
there were no statistically significant differences between the
other groups of six animals. CD8 T-cell responses 1.5 weeks
after the final vaccination in the DNA/FPV low-dose regimen
were 0.08% (*0.06% standard error [SE]; range, 0.02 to
0.15%), in the VV/FPV regimen they were 0.16% (*0.12%
SE; range, 0.00 to 0.77%), in the DNA-only regimen they were
0.01% (*0.01% SE; range, 0.00 to 0.03%), and in the controls
they were all 0.00%. Utilizing VV instead of DNA as the

FIG. 1. Time course of mean cellular immune responses and standard error following vaccination. Groups of macaques were immunized with two-DNA/FPV–low-dose FPV (black circles), two-DNA/
FPV–high-dose FPV (black triangles), three-DNA (gray squares), VV/
FPV (gray triangles), or control vaccines (open circles) as shown in
Table 1. (A to D) CD4 and CD8 T-cell responses are shown in the left
and right panels, respectively, in response to stimulation with SIV Gag
15-mer peptide pool (A), SIV Pol 15-mer peptide pool (B), HIV-1
subtype AE Env 15-mer peptide pool (C), or a combined pool of
HIV-1 subtype AE Tat and Rev 15-mer peptide pools (D). (E) CD8
T-cell responses to the SIV Gag epitope KP9 were measured in the
subset of macaques that were Mane-A*10! by MHC tetramer staining.

priming vaccination prior to the FPV booster did not elevate
responses relative to the DNA/FPV-hi regimen. Three DNA
vaccinations alone without FPV boosting induced much lower
levels of SIV Gag-specific IFN-#-expressing CD4 and CD8 T
cells that were indistinguishable from controls.
T-cell responses to other antigens postvaccination. All the
DNA, VV, and FPV vaccines expressed HIV-1 subtype AE

VOL. 81, 2007

AE DNA AND FOWLPOX VIRUS PRIME/BOOST VACCINES

Env, Tat, and Rev antigens and SIVmac251 Pol. A set of 15-mer
peptides overlapping by 11 amino acids to the homologous
HIV-193TH253 Env, Tat, and Rev was constructed and used to
assess T-cell immunogenicity to these antigens. Responses to
the overlapping peptides spanning the HIV-1 Env, a combined
pool of HIV-1 Tat/Rev, and polymerase of SIV, were minimal
(Fig. 1a to d), with the CD8 T-cell responses being significantly
lower than those observed for SIV Gag (P )0.008, nonparametric two-way ANOVA). Peak CD8 or CD4 T-cell responses
after the last vaccination to Pol, Env, and Tat/Rev were only
"0.20, "0.13, and "0.23%, respectively, and were not significantly different from controls.
Responses to immunodominant KP9 epitope postvaccination. A subset of 11 of the 30 pigtail macaques expressed the
Mane-A*10 MHC class I allele as identified by reference strand
conformational analysis and sequence-specific PCR (data not
shown). The Mane-A*10 molecule presents the dominant SIV
Gag epitope KP9, and we recently developed and validated a
Mane-A*10/KP9 tetramer for use in sensitively detecting KP9specific T cells (25, 26). The Mane-A*10! macaques were randomly distributed across the five groups of vaccinated and
control macaques. The CD8 T-cell responses detected by
Mane-A*10/KP9 tetramer staining were higher than those detected by the functional production of IFN-# in response to
Gag in the ICS assay, peaking at 2.2% in one animal in the
DNA/FPV-hi regimen 1.5 weeks after the FPV boost. The
mean response across all the prime/boost groups (DNA/FPV
or VV/FPV) was 0.76% 1.5 to 4 weeks after the last vaccination, compared to a mean response in controls of 0.00% or of
macaques vaccinated with DNA only of 0.11% (P ( 0.025 by
Kruskal-Wallis; P ) 0.05 by Dunn’s multiple comparison post
test).
SHIV challenge. The HIV-1HXB2-derived SHIVmn229 challenge stock was inoculated intrarectally (105 TCID50 or !500
MID) into all 30 macaques 14 weeks after the last vaccination.
CD4 T cells and plasma SHIV RNA were followed for 20
weeks, unless macaques were euthanized to avoid AIDS-related illnesses (Fig. 2 and 3). The six control macaques receiving DNA and FPV vaccines not expressing SHIV antigens had
high peak levels of SHIV RNA (mean, 7.77 log10 copies/ml;
range, 7.29 to 8.32) following inoculation and at set point
(weeks 4 to 11; mean, 5.6 log10 copies/ml). All six control
macaques lost peripheral CD4 T cells precipitously, declining
to a mean of only 0.6% of total lymphocytes (range, 0.2 to
1.2%) 4 weeks after challenge. Four of the six macaques were
euthanized within 15 weeks of inoculation with incipient AIDS.
Effects of vaccination on viral load postchallenge. All 24
vaccinated macaques became infected, and there was very limited protection afforded by the SHIV-AE vaccine regimens
from high levels of the subtype B SHIV replication or CD4
T-cell depletion. The mean peak SHIV viral load across all 24
vaccinated macaques was significantly but modestly lower (0.41
log10 copies/ml) than in the control animals (Fig. 2 and 3) (P (
0.046, Mann-Whitney). Mean peak viral load in the control
animals was 7.77 log10 copies/ml, compared to 7.39 log10 copies/ml in the DNA/FPV, 7.36 log10 copies/ml in the DNA/FPVhi, 7.26 log10 copies/ml in the DNA only, and 7.43 log10 copies/ml in the VV/FPV group (overall range, 6.68 to 8.03). Set
point viral load was defined prior to challenge as the mean viral
load over weeks 4 to 11 following challenge, when viral load is

295

FIG. 2. Outcome of SHIVmn229 challenge. Each macaque was challenged intrarectally with a MID of !500 SHIVmn229 14 weeks postfinal immunization. Blood samples were analyzed for plasma SHIV
RNA by real-time PCR (left panel) and for peripheral CD4 T-cell loss
(right panel). (A) Mean (* SE of the mean) plasma SHIV RNA and
CD4 T cells for each vaccine group. (B to F) Plasma SHIV RNA and
CD4 T-cell responses for individual macaques grouped for each vaccine regimen.

relatively stable and all 30 animals were likely to be still alive.
Set point SHIV viral load was only marginally and not statistically significantly lower than controls in the vaccine groups
vaccinated with the DNA/FPV-hi and DNA/FPV arms (0.47
and 0.24 log10 copies/ml lower, respectively).
Effects of vaccination on CD4 T-cell depletion postchallenge. There was a nonsignificant trend towards retention of
total peripheral CD4 T cells with vaccines compared to con-
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FIG. 3. Outcome of challenge. All 24 vaccinated animals were compared to the six controls for peak viral load (VL) (A) and set point
CD4 T-cell levels (B) (mean, weeks 4 to 11). P values are for MannWhitney tests. pc, postchallenge.

trols (P ( 0.074, Mann-Whitney). Although the group immunized with the two-DNA/FPV-hi regimen had higher set point
CD4 T-cell levels between weeks 4 and 11 (mean, 6.05% CD4
T lymphocytes; range, 0.63 to 15.5%) compared to controls
(1.23%; range, 0.15 to 3.71%), there were no significant differences between any of the vaccine groups (P ( 0.3, KruskalWallis ANOVA). The retention of CD4 T cells in the twoDNA/FPV-hi group was primarily driven by three animals
(6279, 5085, 5912) (Fig. 2D) which had recovered total CD4 T
cells of 8.3, 12.8, and 17.9%, respectively, by week 11. The
mean set point levels of peripheral CD4 T cells in the twoDNA/FPV-vaccinated group (2.56%), the three-DNA group
(3.07%), and the VV/FPV group (2.04%) were not significantly different from controls (1.23%).
The 30 animals were followed for up to 20 weeks following
SHIV challenge (Fig. 2B to F). Overall, half (15 of 30) of the
animals were euthanized with incipient AIDS between weeks
11 and 20. These included four animals in control group, two
in the DNA/FPV group, three in the DNA/FPV-hi group, two
in the three-DNA group, and four in the VV/FPV group.
Immune responses to Gag following challenge. Gag-specific
CD8 T cells expressing IFN-# were dramatically boosted after
challenge in vaccinated macaques (Fig. 4a, right panel). Control macaques did not mount large Gag-specific CD8 T-cell
responses postchallenge (mean response 3 weeks after challenge was 0.2%; range, 0.0 to 0.4%). Significantly higher mean
peak Gag-specific CD8 T-cell responses postchallenge were
observed in DNA/FPV-hi- and DNA/FPV-vaccinated animals
over controls (P ( 0.003, Kruskal-Wallis ANOVA; P ) 0.05,
Dunn’s multiple comparison test) (Fig. 5a). Mean Gag-specific
CD8 T cells peaked 3 weeks following challenge at 12.2%
(range, 2.4 to 20.0%) in the DNA/FPV-hi group. The DNA/
FPV low-dose vaccine group had a similar mean postchallenge
CD8 T-cell response (10.6%; range, 5.4% to 19.8%).
A slow postchallenge increase in IFN-#-expressing Gag-specific CD4 T cells was also observed in some vaccinated macaques after SHIV challenge despite depletion of total CD4 T
cells in all animals (Fig. 4a, left panel). Data were not available
from all macaques at time points because of the massive loss of
CD4 T cells in many animals. Data were censored where there
were too few macaques ()3 out of 6 within the group) with
sufficient peripheral CD4 T cells (+1%) to estimate the mean
number of SHIV-specific CD4 T cells. Despite these limitations, a proportion of CD4 T cells expressed IFN-# in response

FIG. 4. Immune responses detected post-SHIVmn229 challenge. (A
to D) Time courses of the mean (* SE of the mean) CD4 T-cell (left
panel) and CD8 T-cell (right panel) immune responses postchallenge
are shown for each vaccine group by IFN-# ICS to stimulation with
SIV Gag 15-mer peptide pool (A), SIV Pol 15-mer peptides (B),
HIV-1 subtype AE Env 15-mer peptide pool (C), or a combined pool
of HIV-1 subtype AE Tat and Rev 15-mer peptide pools (D). (E) CD8
T-cell responses to the SIV Gag epitope KP9 were measured in the
subset of macaques that were Mane-A*10! by MHC tetramer.
(F) Some monkeys mounted responses to other known pigtail macaque Gag epitopes (KW9, CM8, AF9, and GL8) prechallenge, and
these were followed postchallenge by IFN-# ICS.

to Gag stimulation in the vaccinated animals, reaching a mean
of 2.1% by 11 weeks after SHIV challenge. Anamnestic CD4
and CD8 T-cell responses to Pol, Env, and a combined Tat/Rev
peptide pool were low, sporadic among the vaccine groups, and
not significantly greater than controls.
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FIG. 5. Immunodominant Gag cytotoxic T-lymphocyte responses
postchallenge (pc). (A) Peak Gag-specific CD8 T-cell responses postchallenge are shown for each animal in each vaccine group. (B and C)
Gag immunodominance (measured as the ratio of Gag to [Env plus
Pol plus Tat/Rev] specific CD8 T-cell responses) for each animal in
each vaccine group after vaccination (mean, weeks 1.5 to 14 post-final
vaccination) (B) and after challenge (mean, weeks 1 to 11) (C). The P
values for differences between vaccine groups were determined using
Dunn’s multiple comparison posttest to a Kruskal-Wallis ANOVA.

Responses to immunodominant Gag epitopes postchallenge.
In the subset of animals expressing the Mane-A*10 allele, KP9specific CD8 T-cell responses were also analyzed following the
SHIV challenge in Mane-A*10/KP9 tetramer studies (Fig. 4e).
A rise in KP9-specific CD8 T cells from )0.3% on the day of
challenge to up to 43% of all CD8 T cells within 3 weeks
postchallenge was observed in the vaccinated animals, compared to )0.7% in controls. All of the vaccinated Mane-A*10
animals had a massive rise in KP9-specific responses, although
peak responses were variable and not significantly different
across the small numbers of Mane-A*10! animals (two to
three/group) within the four vaccine groups.
The KP9 epitope was presented by just over one-third of the
animals, those that expressed Mane-A*10. We previously identified a number of other strong SIV Gag CD8 T-cell epitopes
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presented by pigtail macaques, including KW9 (aa 28 to 36 of
SIVmac239 Gag), CM8 (Gag aa 417 to 424), AF9 (Gag aa 371
to 379), and GL8 (Gag aa 142 to 149) (15). Early after vaccination we screened all 24 vaccinated macaques for responses at
these epitopes by IFN-# ICS and identified 6 animals responding to one or more of these epitopes. We followed these macaques for epitope-specific responses by IFN-# ICS after challenge (Fig. 4f). Overall, the pattern of anamnestic CD8 T-cell
responses to these epitopes was similar to that observed for
total Gag responses by ICS or KP9-specific responses by MHC
tetramer, except that patterns of immunodominance could be
discerned. KW9 was the strongest response studied, with three
of the four responders reaching ICS responses of over 10%. In
animal 6263, which had responses to both KW9 and CM8, the
KW9 response was immunodominant. Similarly, animal 5023
had responses to both the KW9 and GL8 epitopes, and the
KW9 epitope was also immunodominant. Animal 5912 had
responses to three epitopes, AF9, CM8, and GL8, and the AF9
response was the immunodominant response. In a post hoc
analysis, we also studied whether responding to one or more of
these Gag epitopes improved outcome of infection. The six
vaccinated animals that responded to at least one of these
other defined Gag epitopes had significantly lower set point
viral load (P ( 0.001, nonparametric two-way ANOVA) and
higher set point CD4 T-lymphocyte levels (P ( 0.012) than
the 18 vaccinated animals not responding to these epitopes
(P ( 0.001 and 0.012, respectively; nonparametric two-way
ANOVA).
Vaccination enhances Gag immunodominance. The vaccine
regimens resulted in an increase in the mean postvaccination
Gag-specific responses over responses to the other vaccine
antigens (Fig. 5b). After challenge, however, a much greater
mean increase in the Gag responses over the other antigens
was observed in all vaccine groups (Fig. 5c) (P ( 0.006,
Kruskal-Wallis ANOVA), and there was nearly a 100-fold
mean increase in Gag immunodominance in the DNA/FPV
group that was significantly greater than in the controls (P )
0.05, Dunn’s multiple comparison test). This suggests that the
Gag-specific responses primed by vaccination were highly immunodominant on recall following challenge and that the vaccines did not efficiently prime broad responses to the other
vaccine antigens.
Comparison of B subtype and AE subtype vaccination. The
genetic diversity of HIV-1 remains a major obstacle to HIV
vaccination. However, the relative efficacy of SHIV vaccination
with one subtype and protection against another subtype has
not previously been studied. We recently performed and reported a separate B subtype SHIV DNA prime/fowlpox virus
boost vaccine study using the same B subtype SHIVmn229 intrarectal challenge stock as used in this AE subtype SHIV
study (9). Two of the vaccine groups in both studies received
identical vaccine regimens (the DNA/FPV low-dose and threeDNA groups). We therefore compared the immunogenicity
and protective efficacy of these regimens, where the difference
was the subtype of SHIV vaccination (Fig. 6).
There was a lower effectiveness of the AE subtype SHIV
vaccination strategies compared to the B subtype SHIV strategy. The AE subtype DNA/FPV regimen was considerably less
immunogenic than the B subtype SHIV DNA/FPV regimen
for Gag-specific T-cell responses. The mean proportion of
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come following the B subtype SHIV challenge compared to the
AE subtype SHIV vaccination (Fig. 6b and c). There were
lower set point plasma SHIV RNA levels in both the subtype
B DNA/FPV and DNA vaccination regimens (4.86 log10 copies/ml) compared to the corresponding AE subtype regimens
(5.53 log10 copies/ml, respectively; P ( 0.005, nonparametric
two-way ANOVA). The control of viremia by the subtype B
regimens resulted in a trend towards greater retention of set
point CD4 T cells in the subtype B DNA/FPV and DNA
vaccination regimens (12.8%) compared to the corresponding
AE subtype regimens (2.8%; P ( 0.064, nonparametric twoway ANOVA).
We were also interested in comparing the anamnestic CD8
T-cell response to Gag after challenge. Given the poorer immunogenicity after vaccinations and outcome of challenge, we
assumed that the recall response to infection would be poorer.
We were surprised to find that Gag-specific CD8 T-cell responses after challenge were nearly identical in the subtype B
and AE regimens with DNA/FPV and DNA-only vaccine regimens (Fig. 6d).
DISCUSSION

FIG. 6. Comparison of the immunogenicity and efficacy of subtype
B (black circles) and subtype AE (gray squares) SHIV vaccination of
groups of six pigtail macaques. Two vaccine regimens, DNA/FPV–lowdose FPV (left panel) and DNA only (right panel), were identical
between the B and AE subtype SHIV vaccinations, and both were
challenged intrarectally with the same dose, route, and stock of
SHIVmn229. (A) Vaccine-induced SIV Gag-specific CD8 T-cell responses by IFN-# ICS. (B) Plasma SHIV RNA by real-time PCR after
challenge. (C) Peripheral CD4 T cells after challenge. (D) Postchallenge SIV Gag-specific CD8 T-cell responses by IFN-# ICS.

CD8 T cells responding to Gag at 4 weeks after the last vaccination in the B subtype SHIV vaccination was 1.4% (range,
0.4 to 2.6%) compared to 0.2% in the AE SHIV vaccination
(range, 0 to 0.6%) (P ( 0.009, Mann-Whitney) (Fig. 6a). Both
the AE and B subtype DNA vaccination-only regimens were
equally poorly immunogenic (mean responses postvaccination
of )0.1%) at inducing detectable responses by IFN-# ICS.
The B subtype vaccination also produced a superior out-

Containment of HIV-1 replication by prophylactic vaccination is a major global scientific and public health challenge.
The great diversity of HIV-1 strains and difficulty in inducing
broad neutralizing antibodies makes this an even more formidable challenge. Subtype-specific HIV-1 vaccines expressing a
broad array of HIV-1 antigens may be required for maximal
effectiveness. Inducing protective immunity to various non-B
subtypes of HIV-1 present in less developed countries is, however, poorly studied.
We previously performed a macaque study showing that
subtype AE HIV-1 DNA and FPV vaccines expressing Gag,
Pol, Env, Tat, and Rev were safe and induced significant CD4
and CD8 T-cell responses to subtype AE overlapping peptide
sets spanning Gag, Pol, Env and, to a lesser extent, Tat and
Rev (12). To further determine the preclinical efficacy of similar subtype AE vaccines in a heterologous challenge system,
we constructed subtype AE SHIV DNA, FPV, and VV vaccines expressing SIV Gag and Pol and HIV-1 AE subtype Env,
Tat, and Rev and evaluated their efficacy against a subtype B
SHIV, heterologous for the HIV-1 genes. The DNA and FPV
vaccines expressed all genes within a single construct. Gagspecific CD4 and CD8 T-cell responses were induced by vaccination, but minimal Pol, Env, Tat, or Rev responses were
detected. Further, the levels of Gag-specific CD8 T-cell responses induced by the AE subtype SHIV were less than those
observed in previous studies of subtype B SHIV vaccination.
The reasons for the poorer immunogenicity were not clear.
Although the B and AE subtype DNA vaccines were very
similarly constructed, the subtype B SHIV FPV vaccines expressed either SIV Gag or Pol or HIV-1 Env from separate
FPV recombinants. There were modestly reduced levels of
Gag expression from the AE subtype SHIV FPV compared to
the B subtype SHIV B FPV in vitro (8). It is possible that the
reduced expression of Gag or other genes in the AE subtype
FPV SHIV recombinant expressing all five SHIV genes compromised immunogenicity, although the similar pure HIV-1
FPV recombinant constructed in an identical manner was
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broadly immunogenic in macaques (12). Further, the VV vaccines used in the VV/FPV group did express the SHIV genes
from separate recombinants and were still only moderately
immunogenic. This study illustrates the potential unforeseen
difficulties in translating results from HIV-1 to SHIV multigenic vector vaccines and vice versa.
The poorer immunogenicity of the subtype AE vaccines was
also followed by poorer efficacy after the subtype B SHIV
challenge compared to a homologous B subtype challenge.
There was a modest reduction in peak viral load but no significant differences in set point viral load or CD4 T-cell count.
The group of six macaques with the best immunogenicity
(DNA/FPV-hi) had two animals (5912 and 5085) controlling
viral load to below the limits of quantitation by week 20, which
resulted in preservation of total CD4 T cells of +10%; these
were the only animals to do so (Fig. 2D). Interestingly, animal
5912 was also the only animal that recognized three previously
defined strong Gag CD8 T-cell epitopes (AF9, GL8, and
CM9), suggesting anecdotally that broad recognition of CD8
T-cell epitopes may be helpful in controlling viremia (Fig. 4f).
Although we were not able to consistently induce broad responses to other SHIV proteins by these vaccines, our results
lend support to the concept that this should be advantageous
(2). It would ultimately also be insightful to immunize macaques against a B subtype SHIV and then challenge with a
subtype AE SHIV; however, such virus constructs are not
available at present.
Given the poor virologic outcome, there was a remarkably
robust anamnestic Gag CD8 T-cell response postchallenge.
For example, by KP9 MHC tetramer studies the vaccinated
Mane-A*10! animals had a mean KP9-specific CD8 T-cell
response postchallenge of 26% of all CD8 T cells by 2.5 weeks
after challenge, compared to )0.3% in the controls. This is
similar to that observed in vaccinated Mamu-A*01! rhesus
macaques studied for CM9-specific responses by MHC tetramer after SHIV challenge (3, 5, 24). Indeed, the anamnestic
Gag-specific CD8 T-cell response by IFN-# ICS in the subtype
AE SHIV DNA/FPV- or DNA-vaccinated animals was virtually identical to that in the subtype B SHIV DNA/FPV- or
DNA-vaccinated animals (Fig. 6d), even though these animals
had a much better virologic and immunologic outcome for
challenge with the same SHIV virus.
There are several potential explanations for this intriguing
observation of postchallenge immunogenicity. First, the quality
of the CD8 or CD4 T-cell immunity induced by the subtype B
and AE SHIV vaccinations may have been different even
though the magnitude of the anamnestic response to the challenge virus was the same. For example, the greater levels of
responses induced by vaccination may have primed T-cell responses with higher avidity, affinity, or the ability to secrete
multiple cytokines/chemokines that were more effective at
clearing virus-infected cells at the same total levels of responses (14). Second, the B subtype SHIV vaccination may
have primed a broader response than the subtype AE SHIV
vaccination, as discussed above. Third, partial earlier control of
the B subtype SHIV challenge virus resulting in less-profound
CD4 T-cell depletion may have facilitated a broader recognition of nonvaccine SHIV antigens, although we previously
showed this was not related to early neutralizing antibody
responses (9). The subtype AE SHIV-vaccinated animals were
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remarkable for their very poor recognition of non-Gag antigens (Fig. 3b to d and 5b and c), suggesting the strong dominance of the primed Gag-specific responses to the detriment of
a broader array of responses. The breadth of the response is
likely to be crucial when faced with a heterologous challenge.
In conclusion, this large macaque study of subtype AE SHIV
vaccines found that although Gag-specific CD8 and CD4 T-cell
responses were primed by vaccination, the responses induced
were narrow and insufficient to result in consistent control of a
heterologous B subtype SHIV challenge. Further refinements
in vaccine design or delivery to induce broader cross-subtype
T-cell responses to non-B subtype HIV antigens will likely be
required to facilitate more effective control of HIV replication
in less-developed countries.
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