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Producing a prophylactic vaccine for human immunodeficiency virus (HIV) has proven to be a challenge.
Most biological isolates of HIV are difficult to neutralize, so that conventional subunit-based antibody-inducing
vaccines are unlikely to be very effective. In the rhesus macaque model, some protection was afforded by
DNA/recombinant viral vector vaccines. However, these studies used as the challenge virus SHIV-89.6P, which
is neutralizable, making it difficult to determine whether the observed protection was due to cellular immunity,
humoral immunity, or a combination of both. In this study, we used a DNA prime/modified vaccinia virus
Ankara boost regimen to immunize rhesus macaques against nearly all simian immunodeficiency virus (SIV)
proteins. These animals were challenged intrarectally with pathogenic molecularly cloned SIVmac239, which
is resistant to neutralization. The immunization regimen resulted in the induction of virus-specific CD8� and
CD4� responses in all vaccinees. Although anamnestic neutralizing antibody responses against laboratory-
adapted SIVmac251 developed after the challenge, no neutralizing antibodies against SIVmac239 were detect-
able. Vaccinated animals had significantly reduced peak viremia compared with controls (P < 0.01). However,
despite the induction of virus-specific cellular immune responses and reduced peak viral loads, most animals
still suffered from gradual CD4 depletion and progressed to disease.

It is estimated that in excess of 35 million individuals are
infected with human immunodeficiency virus (HIV), and the
epidemic does not appear to be slowing (AIDS Epidemic
Update, 2000, http://wwwunaidsorg/epidemic_update/report
_dec00/index_dechtml). The catastrophic implications of such
a worldwide pandemic have placed enormous pressure on the
scientific community to produce a prophylactic or therapeutic
vaccine as quickly as possible.

The infection of rhesus macaques with simian immunodefi-
ciency virus (SIV) is used routinely as a model for AIDS (43,
95). In this model, the greatest degree of protection has been
achieved with attenuated viral vaccines (7, 26, 62, 70, 102, 103).

However, attenuated viruses have inherent risks (27, 28, 35, 85,
101) and, furthermore, have been shown to cause disease in
infants (11, 12, 22). Therefore, the use of attenuated retrovi-
ruses as an AIDS vaccine is controversial (66, 84). So far, the
mechanism of protection induced by attenuated viruses is still
unknown (6, 8, 69, 94, 98). The degree of protection achieved
with attenuated viruses is variable and depends on the degree
of attenuation of the vaccine virus (44), the time point of
challenge (25), and the challenge virus chosen (102); all of
these factors make determining the mechanism of protection
very difficult. Depending on the challenge virus used, some
studies have suggested a role for neutralizing antibodies (21,
103), cytotoxic T lymphocytes (CTL) (44), or perhaps both (21)
as protective mechanisms.

Due to the present inability to generate neutralizing anti-
bodies against a wide variety of HIV strains (19, 55, 61), it is
believed that current HIV vaccine candidates will have to rely
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on virus-specific T-cell-mediated responses. T-cell-mediated
responses have been associated with the control of viral repli-
cation after infection (17, 28, 42, 47, 57, 71, 82, 87, 106).
Virus-specific cellular immune responses can be induced in a
variety of ways by using DNA vaccines (13, 15, 20, 29, 36, 46,
99), recombinant viral vector vaccines (14, 16, 64, 67, 72, 91),
or a combination of both (5, 9, 40, 45, 80). However, the degree
of protection achieved against infection with pathogenic im-
munodeficiency viruses by these approaches has been variable.
This result may be explained in part by the differences in the
virulence of the challenge viruses used in these studies and/or
the different routes used to challenge the animals, since both
variables can influence the outcome of a challenge (16, 44, 60,
102).

In this study, we immunized rhesus macaques with nearly all
the proteins of SIV to maximize the breadth of immune re-
sponse induction against the virus. We used a DNA prime/
modified vaccinia virus Ankara (MVA) boost regimen to max-
imize the induction of CD4�- and CD8�-T-cell responses. We
measured the virus-specific cellular immune responses induced
by the vaccine against the entire peptide sequence of SIV and
then mucosally challenged animals with SIVmac239 to evalu-
ate the potential role of these responses in the control of viral
replication. This molecular clone is difficult to neutralize and
is, in this respect, similar to most field strains of HIV. Despite
the elicitation of both CD8� and CD4� virus-specific re-
sponses and a reduction in peak viral loads, most animals
suffered from gradual CD4�-T-cell loss and progressed to dis-
ease.

MATERIALS AND METHODS

Animals. Rhesus macaques (Macaca mulatta) were maintained in accordance
with the Guide for the Care and Use of Laboratory Animals (67a) and under the
approval of the University of Wisconsin Research Animal Resource Center
review committee.

Peptides. Overlapping peptides (20-mer and 15-mer peptides) were synthe-
sized at Chiron (Raleigh, N.C.) or the Natural and Medical Science Institute
(University of Tübingen, Tübingen, Germany) on the basis of SIVmac239 pro-
tein sequences, with the exception of Pol peptides, which corresponded to SIV-
mac251 sequences. Lyophilized peptides were resuspended in phosphate-buff-
ered saline (PBS) with 10% dimethyl sulfoxide (Sigma Chemical Co., St. Louis,
Mo.). Consecutive 20-mer and 15-mer peptides overlapped by 10 and 11 amino
acids, respectively. Pools of peptides contained 10 peptides each at a final
concentration of 1 mg/ml.

Generation of the SIVmac17E-Fr gag-pol-env DNA vaccine. The macrophage-
tropic clone SIVmac17E-Fred (SIVmac17E-Fr) is closely related to SIVmac239
(10, 92). Molecularly cloned SIVmac17E-Fr gag coding sequences were isolated
by using StuI and BamHI sites and cloned into pCMV-BGHpA/AMP, a vector
containing the pUC19 origin of replication, the ampicillin resistance gene, the
cytomegalovirus immediate-early promoter, and the polyadenylation signal from
the bovine growth hormone gene. This cloning yielded intermediate plasmid
p185-31. The cytomegalovirus-gag-bovine growth hormone sequences from
p185-31 were then subcloned into a plasmid containing the pBR322 origin of
replication, resulting in intermediate plasmid pSIVgag-int. pol-env sequences
that included vif, vpx, vpr, tat, and rev were isolated from SIVmac17E-Fr and
ligated into pSIVgag-int by using BsiEI and DraIII sites to generate vaccine
plasmid pSIV17E-Fr gag-pol-env. The final plasmid thus encodes SIVmac17E-Fr
gag-pol-env, including vif, vpx, vpr, tat, and rev, except that the 5� LTR is deleted
and the 3� LTR is truncated by 360 bp. SIV nef was truncated at the sequence for
amino acid 93 by insertion of a stop codon.

Generation of the SIVmac17E-Fr nef and SIVmac239 rev DNA vaccines. The
template DNA used for PCR of the SIV nef gene was pSIV17E-Fr gag-pol-env
(see above), which expresses most of the SIV proteins, except for full-length Nef.
Two PCRs were performed to create a full-length Nef coding fragment. Tem-
plate pSIV17E-Fr gag-pol-env was PCR amplified with primers A (5�-GGA GCT
AGC ATG GGT GGA GCT ATT TCC ATG-3�) and B (5�-C TAC CAA GTC

ATC ATC CTC ATC TAT ATC-3�) and with primers C (5�-GAT ATA GAT
GAG GAT GAT GAC TTG GTA G-3�) and D (5�-GGA TCC TCA GCG AGT
TTC CTT CTT GTC AGC-3�) under standard PCR conditions (PCR core buffer
with 15 mM MgCl2 [Promega], 0.400 �M each sense and antisense primers, 200
�M each deoxynucleoside triphosphate, 2.5 U of Taq polymerase [Promega], 1.0
ng of template DNA, water to 100 �l, mineral oil overlay). Thermocycler con-
ditions were an initial denaturation step at 95°C for 4 min followed by 30 cycles
of 1 min of denaturation at 95°C, 1 min 15 s of annealing at 55°C, and 1 min of
extension at 72°C. A final 10-min extension step at 72°C followed before reaction
mixtures were stored at 4°C.

PCR products AB and CD were electrophoresed on a 1% agarose gel, stained,
cut out of the gel, and soaked for 30 min at 65°C in 100 �l of water to elute the
PCR fragments. A second PCR was performed under standard conditions with
primers A and D and with 1 �l of eluates from products AB and CD as templates
in the reaction. The PCR fragment was phenol-chloroform extracted, ethanol
precipitated, and resuspended in water. An aliquot was cut with NheI and BamHI
(New England Biolabs) to prepare an insert fragment. A vector fragment was
prepared by removing the hepatitis B core antigen from plasmid pHBcAg (49) by
cutting with NheI and BamHI. The two fragments were ligated, resulting in
pSIVNef-TPA. The Nef insert in pSIVNef-TPA was sequenced, and one change
(isoleucine to asparagine) at position 140 was discovered. The pSIVNef-TPA
vector has the leader sequence of the human tissue of plasminogen activator
protein (TPA) in front of the nef gene, allowing for secretion of the product. A
second, very similar vector for nef was constructed by using a vector fragment of
a TPA leader-less version of plasmid pHBcAg, resulting in plasmid pSIVNef,
which promotes the retention of the antigen and may enhance major histocom-
patibility complex (MHC) class I presentation.

The SIVmac239 rev vector (pSIVrev) was constructed in a similar fashion as
described previously (31).

DNA vaccinations. Animals received DNA immunizations at 4- to 9-week
intervals. A particle delivery device was used to deliver DNA directly into cells
of the epidermis as described previously (24, 105). A 10th DNA immunization
was administered following a 23-week rest period (Fig. 1). Four vaccine plasmids
encoding SIV Gag, Pol, Env, Vif, Vpr, Vpx, Tat, and Rev (pSIV17E-Fr gag-pol-
env), SIV Nef (pSIVNef-TPA and pSIVNef), and SIV Rev (pSIVrev) were
coadministered and included all the proteins of SIV. All protein sequences were
derived from the macrophage-tropic clone SIVmac17E-Fr, except for that of
Rev, which was derived from SIVmac239 (see above) (10, 76, 92). The macro-
phage-tropic clone SIVmac17E-Fr is closely related to SIVmac239 (10, 92).
Plasmid DNA was precipitated onto 1 to 3 �M gold particles (Degussa, Plain-
field, N.J.) in the presence of 0.1 M spermidine (Sigma) and 2.5 M CaCl2
(Fujisawa, Inc., Melrose Park, Ill.) at a rate of 4.4 �g of DNA per mg of gold. The
four plasmids were coprecipitated onto gold beads at a rate of 2.0 �g of
pSIV17E-Fr gag-pol-env, 1.0 �g of pSIVNef-TPA, 1.0 �g of pSIVNef, and 0.4 �g
of pSIVrev DNA per mg of gold. Abdominal fur was clipped from rhesus
macaques, the skin was swabbed with 70% alcohol, and DNA-coated gold par-
ticles were introduced into the abdominal epidermis by use of a particle delivery
device at a constant helium pressure of 500 lb/in2. For the primary immunization,
a total dose of 8.8 �g of DNA was administered by delivering 0.25 mg of gold/site
into each of eight sites. For all subsequent immunizations, a total dose of 35.2 �g
of DNA per immunization was administered by delivering 1 mg of gold/site into
each of eight sites.

Generation and inoculation of MVA vector vaccines. MVA recombinant vi-
ruses used in this study separately express the env, gag-pol, tat, rev, or nef coding
sequences of SIVmac251 32H clone pJ5 (83) under the transcriptional control of
vaccinia virus-specific early and late promoters P7.5 (gag-pol, tat, rev, and nef) and
sP (env). To generate vaccine preparations, MVA recombinant and nonrecom-
binant viruses were amplified on chicken embryo fibroblast (CEF) cells derived
from embryonated eggs of a specific-pathogen-free stock. CEF cells were grown
in minimal essential medium (Biochrom, Berlin, Germany) supplemented with
10% fetal bovine serum (Biochrom) and were maintained in a humidified air–5%
CO2 atmosphere at 37°C. Viruses were purified by ultracentrifugation through a
cushion of 36% (wt/vol) sucrose in 10 mM Tris-Cl (pH 8.0) and reconstituted in
PBS, and titers were determined by immunostaining of virus-infected cell foci on
CEF cell monolayers by using a vaccinia virus-specific rabbit polyclonal antibody
(Biogenesis Ltd., Poole, United Kingdom). Virus preparations were divided into
aliquots to contain 5 � 108 infectious units/ml and stored at �70°C. The vector
vaccine preparations were tested in vitro for their capacity to synthesize SIVmac
target antigens by monitoring for Gag, Env, Rev, and Nef proteins by Western
blot analyses and assaying the trancriptional activation of HIV LTR-controlled
luciferase reporter gene expression to confirm Tat production (data not shown).

Approximately 1 year after the last DNA vaccination, all animals in the vaccine
group were inoculated twice with recombinant MVA vaccines within a 13-week
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interval (Fig. 1). The animals received 108 infectious units of each MVA vector
vaccine, containing DNA encoding SIVmacJ5 (83) Gag-Pol, Env, Nef, Rev, and
Tat (no MVA was available expressing Vif, Vpr, and Vpx), delivered intrader-
mally as well as intrarectally. Control animals received equal amounts of non-
recombinant MVA. No side effects or lesions were found associated with the
inoculations.

Challenge with molecularly cloned SIVmac239/nef-open. All animals were
challenged intrarectally with a molecularly cloned virus, SIVmac239/nef-open
(76), by using a dose of 6.31 � 104 50% intravenous rhesus monkey infectious
doses (virus containing 8.5 ng of p27; 3.16 � 103 50% tissue culture infectious
doses). The preparation, titration, and use of this challenge stock have been
described previously (50). Based on in vivo titration experiments recently per-
formed, this dose corresponded to approximately 10 intrarectal 50% rhesus
monkey infectious doses (67). After the animals were tranquilized with ketamine
(15 mg/kg of body weight intramuscularly), the anal area was gently wiped clean
with soap and rinsed well with water. An inoculum was loaded into a 1-ml
tuberculin syringe. The pelvic area of the animal was raised to a 45o angle with
the head tilted forward. The syringe was carefully inserted to avoid trauma, and
the material was inoculated while avoiding drainage from the anal area. Upon
completion of the procedure, animals were kept in a slightly inverted position for
5 to 10 min.

Viral loads. Viral RNA from SIV was quantitated by real-time PCR with a
TaqMan assay kit (Perkin-Elmer Applied Biosystems, Foster City, Calif.). The
forward primer was SIV-61F (5�-CCACCTACCATTAAGCCCGA-3�), the re-
verse primer was SIV-143R (5�-CTGGCACTACTTCTGCTCCAAA-3�), and
the probe was SIV-84T (FAM reporter, TAMRA quencher) [5�-CATTAAATG
CCTGGGTAAAATTGATAGAGGA(G/A)AAGAA-3�]. The reaction mixture
contained TaqMan EZ buffer, 3 mM manganese acetate, 1.2 mM each de-
oxynucleoside triphosphate, 100 nM probe SIV-84T, 400 nM (final concentra-
tion) forward primer, 800 nM (final concentration) reverse primer, 2.5 U of
recombinant Thermus thermophilus (rTth) DNA polymerase, and 2 �l of RNA
sample or RNA standard. Cycling conditions were as follows: 50°C for 2 min,
60°C for 30 min, 95°C for 5 min, and 40 cycles at 95°C for 15 s, 60°C for 1 min,
and 25°C for 2 min. Data were collected during the extension phase only.

Neutralizing antibody assays. Neutralization of a T-cell-line-adapted stock of
SIVmac251 or molecularly cloned SIVmac239/nef-open was measured with
CEMx174 cells as described previously (59). Titers of neutralizing antibodies in
this assay are reported as the reciprocal plasma dilution at which 50% of cells are

protected from virus-induced killing, as measured by neutral red uptake. The
assay stock of SIVmac251 was generated in H9 cells and was highly sensitive to
neutralization. Neutralization of molecularly cloned SIVmac239/nef-open was
also measured in human peripheral blood mononuclear cells (PBMC) as a
reduction in p27 Gag antigen synthesis (59). Briefly, 500 50% tissue culture
infectious doses of virus were incubated with a 1:5 dilution of plasma for 1 h at
37°C. Fifteen microliters of this virus-plasma mixture was then transferred to 150
�l of PBMC (500,000 cells; stimulated overnight with 6 �g of phytohemaggluti-
nin/ml) in 96-well U-bottom culture plates. The final dilution of anticoagulant in
plasma after the addition to cells was adequate to avoid cellular toxicity. The cells
were washed three times after overnight incubation and then cultured in fresh
interleukin 2-containing growth medium. SIV p27 Gag antigen synthesis was
quantified 6 days after the addition of cells, at which time antigen synthesis was
in an early exponential phase of increase in control wells (no-plasma sample).
The percent reduction in p27 synthesis was calculated relative to the average
amount of p27 synthesized in the presence of preimmunization plasma samples.
Only samples showing a �80% reduction in p27 synthesis were considered
positive in this assay. The assay stock of SIVmac239/nef-open was generated in
human PBMC and was derived from the animal challenge stock.

Intracellular cytokine staining (ICS) with fresh PBMC. PBMC were sepa-
rated from whole heparinized blood by Ficoll-diatrizoate (Histopaque; Sigma)
density gradient centrifugation. PBMC (106) were incubated with either staph-
ylococcal enterotoxin B (10 �g/ml; Sigma) as a positive control or pools of 10
15-mer and 20-mer peptides (1 �g of each peptide) together with 0.5 �g of
anti-CD28 (clone L293) and 0.5 �g of anti-CD49d (clone 9F10) (both from BD
Pharmingen, San Diego, Calif.) in a total volume of 200 �l of RPMI 1640
supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 25 mM
HEPES buffer, 25 �M 2-mercaptoethanol, 50 �g of streptomycin/ml, and 50 U
of penicillin/ml. Anti-CD28 and anti-CD49d antibodies were added to provide
optimal costimulation (74). After 1.5 h at 37°C, 10 �g of brefeldin A/ml was
added, and the cells were further incubated for 5 h at 37°C. Brefeldin A inhibits
the export of proteins from the endoplasmic reticulum and, therefore, results in
the intracellular accumulation of cytokines, which would otherwise be secreted.
The cells were washed twice with 1 ml of FACS buffer (PBS–2% FCS) and then
stained with 6 �l of peridininchlorophyll a protein (PerCP)-conjugated anti-
human CD8� (clone SK1; Becton Dickinson) and 4 �l of allophycocyanin
(APC)-conjugated anti-human CD4 (clone SK3; Becton Dickinson) in 100 �l of
FACS buffer for 40 min. After two washes with 1 ml of FACS buffer, the

FIG. 1. Immunization and challenge schedule. rMVA, recombinant MVA; i.d., intradermally; i.r., intrarectally.
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cells were fixed with 2% paraformaldehyde (PFA)–PBS solution overnight at
4°C. The cells were then washed once with FACS buffer, treated with perme-
abilization buffer (0.1% saponin in FACS buffer) for 10 min at room tempera-
ture, washed once more with 0.1% saponin buffer, and resuspended in 100 �l of
0.1% saponin buffer. Then, 1 �l of an anti-human gamma interferon (IFN-�)–
fluorescein isothiocyanate (FITC) monoclonal antibody (MAb) (clone 4S.B3;
Pharmingen) and either 6 �l of an anti-CD69–phycoerythrin (PE) MAb (clone
L78; Becton Dickinson) or 1 �l of an anti-human tumor necrosis factor alpha–PE
MAb (clone MAb11; Pharmingen) were added. After 50 min of incubation at
room temperature, the cells were washed two times with 0.1% saponin buffer,
with a 10-min incubation before the last spin, and then fixed with 2% PFA–PBS.
Samples were stored in the dark at 4°C, and the acquisition of 100,000 to 200,000
lymphocyte-gated events was performed with a FACSCalibur flow cytometer
(Becton Dickinson) and analyzed with FlowJo software (Treestar). The back-
ground level of IFN-� staining in PBMC (induced by a control influenza virus
peptide, SNEGSYFFG) varied from animal to animal but was typically below
0.05% in the CD8� lymphocytes and below 0.02% in the CD4� lymphocytes.
Only samples in which IFN-� staining was at least twice that of the background
or in which there was a distinct population of IFN-� (bright)-positive cells (also
positive for CD69 or tumor necrosis factor alpha) were considered positive. On
the basis of these criteria, PBMC samples taken from all control animals 1 week
after the injection of empty MVA did not produce any positive responses after
stimulation with pools of peptides. All values are reported after the subtraction
of background staining.

Lymphocyte subset determination. PBMC (5 � 105) were stained with 10 �l of
anti-human CD8–phycoerythrin-Cy5 (PECy5) (clone B9.11; Beckman Coulter),
10 �l of anti-human CD4–APC (clone SK3; Becton Dickinson), 5 �l of anti-
human CD3ε–FITC (clone SP34; Pharmingen), and 5 �l of anti-human
CD20–PE (clone L27; Becton Dickinson) in 200 �l of RPMI 1640 medium
containing 10% FCS. Cells stained with immunoglobulins of matching isotypes
were used as negative controls. Samples were incubated in the presence of
antibodies for 45 min at an ambient temperature, washed, and fixed with 1%
PFA–PBS solution for at least 30 min before the sample data were acquired with
a FACSCalibur flow cytometer. The data were analyzed by using CellQuest
software (Becton Dickinson). Absolute numbers of major lymphocyte subsets
were determined by multiplying the percentage for each lymphocyte subset
(percentages of CD3� CD4�, CD3� CD8�, or CD20� lymphocytes) by the total
lymphocyte count per microliter of blood, as obtained from a complete blood
count. The complete blood count was determined by using an AcT10 Coulter
Counter (Beckman Coulter).

Tetramer staining. Fresh unstimulated PBMC (106) were washed two times
with FACS buffer. In a 100-�l volume, cells were stained in the dark for 40 min
at room temperature with Mamu-A*01/CM9 or Mamu-A*01/SL8 tetramer la-
beled with either PE or APC (5 �g/ml), anti-human CD3ε–FITC (SP34), and
anti-CD8�–PerCP (clone SK1). The cells were then washed two times with 1 ml
of FACS buffer and fixed with 2% PFA–PBS solution. Sample data were ac-
quired with a FACSCalibur instrument and analyzed by using CellQuest soft-
ware. Background tetramer staining of fresh unstimulated PBMC from naive
Mamu-A*01-positive animals was routinely less than 0.08%.

Statistical analysis. Differences in the levels of plasma SIV RNAs between
groups were tested for statistical significance by using t tests after log transfor-
mation of the data to improve normality and homoscedasticity. In addition, the
Levene test for homoscedasticity was conducted; if the results were found to be
significant, the Welch correction for unequal variances was used. Finally, to
further examine the robustness of the results, a nonparametric test, the Mann-
Whitney U test, was performed. The P values for the nonparametric tests were
calculated by exact methods. Associations between T-cell responses and viral
loads were tested by Pearson correlation analysis and the Spearman correlation
test, a nonparametric test, after log transformation of the data. All P values
reported are two tailed. Survival analysis was conducted via Cox regression.

RESULTS

Cellular immune responses induced by vaccination and elic-

ited after viral challenge. Eight rhesus monkeys were immu-
nized 10 times with vaccines containing DNA encoding all the
proteins from SIVmac. When tetramer staining was used, no
CTL against the well-documented immunodominant Mamu-
A*01-restricted epitopes Gag181–189CM9 (4) and Tat28–35SL8
(3) were detectable after the last DNA boost in fresh PBMC
from Mamu-A*01-positive animals 80035 and 96135. However,
CTL against these epitopes were detectable after in vitro stim-
ulation (data not shown). To boost the cellular immune re-
sponses (5, 37, 38, 89), these animals were then immunized
twice with recombinant MVA expressing Gag-Pol, Env, Nef,
Rev, and Tat but not Vif, Vpr, and Vpx (Fig. 1). The cellular
immune responses elicited following each MVA boost were
determined by ICS. One week after the first MVA boost,
freshly isolated PBMC were stimulated with pools of peptides
(10 overlapping 15-mer and 20-mer peptides per pool) span-
ning the proteins Gag, Pol, Env, Nef, Tat, and Rev and were
analyzed for the presence of virus-specific lymphocytes that
produce cytokines. All animals showed both virus-specific
CD8� and virus-specific CD4� responses after the first immu-
nization with recombinant MVA (Fig. 2A and 3A), although
the numbers of different proteins recognized and the frequen-
cies of responding T cells differed greatly from animal to ani-
mal. The total frequency of SIV-specific CD8� lymphocytes
ranged from 0.05% to 1.26% of all CD8� lymphocytes (Fig.
2A), with an average of 0.5%. The total frequency of SIV-
specific CD4� lymphocytes ranged from 0.04% to 1.23% of all
CD4� lymphocytes (Fig. 3A), with an average of 0.51%. Most
animals mounted Gag-specific CD8� (Fig. 2A) and CD4�

(Fig. 3A) responses. In particular, the two Mamu-A*01-posi-
tive animals (80035 and 96135) exhibited CD8�-T-cell re-
sponses against the well-documented immunodominant
Gag181–189CM9 (4) and Tat28–35SL8 (3) epitopes, which were
also detected by tetramer staining (Fig. 4A). Both tetramer
staining and ICS revealed similar frequencies of CD8� lym-
phocytes specific for these two Mamu-A*01-restricted
epitopes, confirming that ICS is as sensitive as tetramer stain-
ing (5, 97). Four animals (81035, 83108, 87081, and 97073)
showed only low-frequency CD8� responses against a few pep-
tide pools after the first immunization with recombinant MVA
(Fig. 2A), but two of these four animals, 87081 and 97073,
exhibited strong CD4� responses (Fig. 3A).

All animals were boosted a second time with the same re-
combinant MVA via the same routes. However, an elevation in
the overall SIV-specific immune response was not observed.
Moreover, not all of the responses previously detected in the
peripheral blood following the first boost were detectable after
the second boost (data not shown). The low frequencies of
CD8� responses against the two Mamu-A*01-restricted
epitopes, Gag181–189CM9 and Tat28–35SL8, in the two Mamu-
A*01-positive animals were also confirmed by tetramer stain-
ing (data not shown). Nevertheless, at 9 weeks after the last
MVA boost (the day of challenge), both Mamu-A*01-positive

FIG. 2. ICS data for virus-specific CD8�-lymphocyte responses in animals vaccinated with DNA/MVA. The frequency of responding CD8�

cells against each protein is shown. These frequencies were obtained by adding the frequencies detected with peptide pools containing overlapping
peptides from a single protein (after subtraction of the background). CD8� responses after the first MVA boost (prior to infection), 2 weeks
postinfection (acute phase of infection), and 12 weeks postinfection (chronic phase of infection) are shown.
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animals still showed detectable tetramer-positive CD8� re-
sponses against the two Mamu-A*01-restricted epitopes,
Gag181–189CM9 (80035, 0.1% of CD3/8� lymphocytes; 96135,
0.19% of CD3� CD8� lymphocytes) and Tat28–35SL8 (80035,
0.3% of CD3/8� lymphocytes; 96135, 0.14% of CD3/8� lym-
phocytes), as detected by tetramer staining. Only one other
animal, 93062, showed a detectable CD8� response against
Gag (0.8% of all CD8� lymphocytes) at this time point, as
detected by ICS (data not shown).

Nine weeks after the last MVA boost, all vaccinated animals
and 5 naive control animals were challenged intrarectally with
molecularly cloned SIVmac239/nef-open. All animals became
infected, as determined by positive detection of plasma SIV
RNA by real-time PCR (Fig. 5) (see below). After challenge,
cellular immune responses were measured by ICS with peptide
pools spanning all SIV proteins, including Vpr, Vpx, and Vif,
which were included in the DNA vaccine but not in the MVA
boost. With the exception of two animals (81035 and 87081), in
which no CD8� responses were detectable 2 weeks postchal-
lenge (acute phase), SIV-specific CD8� lymphocytes increased
in all animals to total frequencies ranging from 5.8% to 36.1%
of all CD8� lymphocytes (Fig. 2B), with an average of 16.6%.
In contrast, CD4� responses were low to undetectable 2 weeks
postchallenge in all eight animals. Animal 80035 showed a
borderline response against Gag, and animal 97073 mounted
low but significant CD4� responses against Pol, Env, and Nef
(Fig. 3B). CD4� responses were below the limits of detection
in the remaining six animals. In the two Mamu-A*01-positive
animals, the majority of the CD8� responses were directed
against the two Mamu-A*01-restricted epitopes, Gag181–189CM9
and Tat28–35SL8, as confirmed by tetramer staining (Fig. 4B).
The frequency of Gag181–189CM9-specific CTL increased more
slowly but remained high (7 to 11% of all CD3� CD8� lym-
phocytes) longer than that of Tat28–35SL8-specific CTL. Tat28–

35SL8-specific CTL reached a high frequency at week 2 (11 to
12% of all CD3/8� lymphocytes) but declined afterward (Fig.
4B). A similar rapid decline of Tat28–35SL8-specific CTL in
Mamu-A*01-positive animals was previously shown to be due
to the rapid selection of escape variants (3), which also oc-
curred in the two Mamu-A*01-positive animals tested here
(data not shown). Tetramer staining for two additional Mamu-
A*01-restricted epitopes (Env235–243CL9 and Env622–630TL9)
(2) revealed only very low frequencies of CD8� T cells against
these epitopes (Fig. 4B). CD8� responses against these two
epitopes were undetectable by ICS.

By 12 weeks of infection (chronic phase), the frequencies of
virus-specific CD8� T cells in the vaccinees declined but per-
sisted at significant levels, 0.17 to 4.1% of all CD8� lympho-
cytes (Fig. 2C), with an average of 1.68%. Interestingly, signif-
icant CD8� responses were detected at 12 weeks postinfection
in animals 81035 and 87081, which did not show any detectable
CD8� responses at week 2 (Fig. 2C). Moreover, in contrast to
the absence of CD4� responses in most animals at week 2, five
of the seven vaccinees showed detectable CD4� responses by

week 12, with frequencies ranging from 0.04% to 0.53% of all
CD4� lymphocytes (Fig. 3C), with an average of 0.18%.

In contrast to the strong virus-specific CD8� responses de-
tected in most vaccinees, analysis by ICS showed that most
control animals exhibited very weak virus-specific CD8� re-
sponses at 3 weeks postchallenge, with frequencies of all CD8�

lymphocytes ranging between 0.28 and 0.6% in four of five
control animals. Only control animal 92050 demonstrated sig-
nificant SIV-specific CD8� responses at this time point, with
2.8% of all CD8� lymphocytes being specific for SIV se-
quences (overlapping peptides), as measured by ICS (data not
shown) (65). At 3 weeks postchallenge, control animals also
showed low to undetectable SIV-specific CD4� responses (to-
tal frequencies of between 0 and 0.2%; average, 0.06%) (data
not shown).

Consistent with the results seen in the acute phase, the
control animals also showed weaker cellular immune responses
than the vaccinees by 12 weeks postchallenge (chronic phase).
Control animals 90131 and 92050, which died at weeks 16 and
38, respectively, showed no detectable SIV-specific CD8� re-
sponses (data not shown), and the remaining three control
animals showed only very weak CD8� responses at this time
point (total frequencies of between 0.1 and 0.48%; average,
0.34%) (data not shown). At this time point, only the control
animal which was able to control its virus replication, animal
92080, showed detectable CD4� responses (total frequency of
0.14%) (data not shown).

Neutralizing antibodies. Even though SIVmac239 is ex-
tremely difficult to neutralize (48, 59), we assessed neutralizing
antibody levels in all animals on the day of challenge and at 3,
6, and 10 weeks postchallenge, since the vaccine was capable of
inducing an antibody response (data not shown). None of the
vaccinated animals or control animals had SIVmac239-specific
neutralizing antibody activity against a PBMC-grown stock of
SIVmac239, as measured with CEMx174 target cells, at any of
the time points tested (Tables 1 and 2). In addition, all plasma
samples were negative for neutralizing activity against this
PBMC-grown stock of SIVmac239, as measured with human
PBMC (	80% reduction in p27 Gag antigen synthesis), even
at low plasma dilutions (1:5) (data not shown). However, all
the vaccinees demonstrated a low-level neutralizing antibody
response against the laboratory-adapted virus strain, SIV-
mac251, on the day of challenge, as assessed with CEMx174
cells (Table 1). This response increased rapidly after infection
(Table 1). The neutralizing antibody titers against SIVmac251
in control animals increased much more slowly or remained
undetectable; when detected, titers observed in control ani-
mals were lower than those observed in the vaccinees (Tables
1 and 2).

Viral loads. Plasma viral RNA levels after challenge were
measured by real-time PCR. The control monkeys had 1.0 �
107 to 1.0 � 108 copies of virus per ml of plasma at the time of
peak viremia at 2 weeks postchallenge (Fig. 5A). In the vacci-
nated animals, peak viremia was measured at 4.5 � 105 to 4.5

FIG. 3. ICS data for virus-specific CD4�-lymphocyte responses in animals vaccinated with DNA/MVA. The frequency of responding CD4�

cells against each protein is shown. These frequencies were obtained as described in the legend to Fig. 2. CD4� responses after the first MVA boost
(prior to infection), 2 weeks postinfection (acute phase of infection), and 12 weeks postinfection (chronic phase of infection) are shown.
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FIG. 4. Tetramer staining results for Mamu-A*01-positive animals, 80035 and 96135, after the first MVA boost and throughout infection.
Percentages shown are for tetramer-specific CD8� T cells. In addition to the tetramers against the Mamu-A*01-restricted epitopes Gag181–189CM9
and Tat28–35SL8, tetramers against two more Mamu-A*01-restricted epitopes, Env235–243CL9 and Env622–630TL9 (2), were tested postchallenge.
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FIG. 5. Viral load data for all animals up to 28 weeks postinfection, as determined by real-time PCR. (A) Control animals 90069, 90131, 92050,
92080, and 97086 were given empty MVA boosts only before intrarectal infection with SIVmac239. (B) Animals 80035, 81035, 83108, 87081, 87082,
93062, 96135, and 97073 were vaccinated 10 times with DNA and twice with recombinant MVA before intrarectal infection with SIVmac239.
(C) Average viral loads of control animals versus vaccinees. A dagger indicates euthanasia of the animal.
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� 106 copies/ml (Fig. 5B). One vaccinated animal, 83108, died
3 weeks postinfection due to a non-SIV-related illness (see
below) and was excluded from the analysis. On average, the
vaccinees had a 1.5-log-lower viral load during peak viremia
than the controls (Fig. 5C). This difference was significant (P 	
0.001 [t test]; P 
 0.003 [nonparametric test]). However, by 12
weeks postinfection, the viral loads in all vaccinees increased to
levels comparable to those in the controls, and the significance
of the difference in viral loads between the two groups was lost
by week 6 or 8, depending on which statistical test was used.

Clinical disease progression. Postchallenge CD4�-T-lym-
phocyte counts were determined over time in all animals as an
indicator of disease progression (Fig. 6). With the exception of
two vaccinees (96135 and 97073), all vaccinated animals dem-
onstrated progressive declining CD4�-T-cell counts. Two vac-
cinees, 81035 and 87082, were euthanized with an AIDS-like
disease at 28 and 32 weeks postinfection, respectively (Table 3
and Fig. 6B). Vaccinee 83108 was euthanized at 3 weeks
postinfection due to diabetes (Table 3) and was therefore
excluded from all analyses. Four of the five control animals

demonstrated various degrees of postinfection CD4�-T-cell
decline (Fig. 6A). The fifth control animal, 92080, showed virus
replication to low levels (	10,000 copies per ml) for 24 weeks
(Fig. 5A) and maintained CD4�-T-cell counts (Fig. 6A) for up
to 36 weeks postinfection. However, at 32 weeks postchallenge,
the viral load in this animal began to progressively increase; by
44 weeks postchallenge, the viral load was �400,000 copies/ml
(data not shown). Control animal 90131, which showed the
highest viral load (Fig. 5A), also demonstrated the most dra-
matic decline in CD4�-T-cell counts (Fig. 6A) and had to be
euthanized due to an AIDS-related disease at week 16 (Table
3). Another control animal, 92050, was also euthanized at week
38 due to an AIDS-related disease (Table 3). There was no
statistical difference (P � 0.05 [Cox regression]) between the
survival rates of vaccinees and control animals (Fig. 7).

Analysis of correlation between cell-mediated immunity and
viral load. Associations between total CD8 and CD4 responses
detected after vaccination (preinfection), during the acute
phase of infection or the chronic phase of infection, with either
the viral load peak (week 2 or 3) or the set point (average of
the viral loads between weeks 16 and 28) were tested by both
Pearson and Spearman correlation analyses. Interestingly, a
significant inverse correlation was found only between the total
virus-specific CD8� responses detected after vaccination and
the viral load set point by Spearman analysis (P 
 0.003) but
not by Pearson analysis (P 
 0.065). No correlation was found
between the virus-specific CD4� responses and viral load.

There was also no correlation between either the strength or
the breadth of the virus-specific CD8� responses detected in
each animal and its ability to maintain CD4 counts. In fact, one
vaccinee, 97073, maintained its CD4 counts throughout the

TABLE 1. Neutralizing antibody data from vaccinated animals at
various weeks after challenge with SIVmac239

Animal wk postchallenge
Neutralizing antibody titera to:

SIVmac251 SIVmac239

80035 0 94 	20
3 10,419 	20
6 23,097 	20

10 11,600 	20

81035 0 36 	20
4 9,795 	20
6 6,996 	20

10 12,947 	20

83108 0 37 	20
3 2,466 	20

87081 0 34 	20
3 6,297 	20
6 1,369 	20

10 2,412 	20

87082 0 52 	20
3 6,941 	20
6 2,024 	20

10 1,822 	20

93062 0 282 	20
3 12,917 	20
6 5,630 	20

10 4,703 	20

96135 0 82 	20
3 8,436 	20
6 8,333 	20

10 2,366 	20

97073 0 211 	20
3 11,135 	20
6 7,274 	20

10 13,967 	20

a Reciprocal serum dilution at which 50% of CEMx174 cells were protected
from virus-induced killing, as measured by neutral red uptake. SIVmac251 was
laboratory adapted.

TABLE 2. Neutralizing antibody data from control animals at
various weeks after challenge with SIVmac239

Animal wk postchallenge
Neutralizing antibody titera to:

SIVmac251 SIVmac239

90069 0 	20 	20
3 	20 	20
6 856 	20

10 1,755 	20

90131 0 	20 	20
3 	20 	20
6 	20 	20

10 	20 	20

92050 0 	20 	20
3 42 	20
6 919 	20

10 651 	20

92080 0 20 	20
3 341 	20
6 2,139 	20

10 1,641 	20

97086 0 25 	20
3 419 	20
6 8,010 	20

10 9,952 	20

a Reciprocal serum dilution at which 50% of CEMx174 cells were protected
from virus-induced killing, as measured by neutral red uptake. SIVmac251 was
laboratory adapted.
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study (Fig. 6B) but demonstrated only low virus-specific CD8�

responses throughout the study (Fig. 2). In contrast, animal
80035 demonstrated the strongest virus-specific CD8� re-
sponses throughout the study (Fig. 2) but failed to maintain its
CD4 counts throughout the study (Fig. 6B).

The magnitude of the virus-specific CD4� responses did not
appear to correlate with an ability to mount strong CD8�

cellular immune responses. Animal 87081 demonstrated strong
virus-specific CD4� responses prechallenge and during the
chronic phase of infection (Fig. 3A and C) but showed very low
to undetectable CD8� responses throughout the study (Fig. 2).
This animal also suffered a loss of its CD4� T cells (Fig. 6B).
In one case, the presence of a strong virus-specific CD4�

response during the chronic phase of infection also did not
predict a better outcome, since animal 81035, which had dem-
onstrated the strongest virus-specific CD4� responses through-
out the study (Fig. 3C), still progressed to AIDS.

DISCUSSION

We have demonstrated here that a DNA prime/recombinant
MVA boost regimen induced strong SIV-specific CD8� and
CD4� cellular immune responses and resulted in a significant
reduction in viral replication during the acute phase after in-

trarectal challenge with SIVmac239. Nevertheless, the immu-
nization did not protect the animals against the pathogenic
consequences of infection with this virus. Most animals dem-
onstrated a progressive loss of CD4� cells, and two of seven
vaccinees had to be euthanized by weeks 28 and 32 postchal-
lenge due to progression to simian AIDS. These results are
somewhat disappointing, since recent studies with similar
DNA prime/viral vector boost approaches protected rhesus
macaques from the pathogenic consequences of infection with
SHIV-89.6P (9, 80). Even a cytokine-augmented DNA vacci-
nation alone (15) and a vaccination with recombinant MVA
alone (14) protected animals from disease progression after
challenge with SHIV-89.6P. These results suggest that the dis-
crepancy between our results with SIVmac239 and the results
of previous studies, where similar regimens have afforded sig-
nificant protection against SHIV-89.6P, may lie in critical dif-
ferences between the challenge viruses used. It was previously
documented that the virulence of a challenge virus can influ-

FIG. 6. Postchallenge CD4�-T-lymphocyte counts in control and
vaccinated animals. A dagger indicates euthanasia of the animal.

FIG. 7. Postchallenge mortality in vaccinated and control animals
through 38 weeks postinfection.

TABLE 3. Significant clinical events attributable to SIVmac239
infection or subsequent immunodeficiency in control and

vaccinated animals through 38 weeks postinfection

Monkey Disease-attributable clinical event(s)

Controls
90069 ...............None
90131 ...............Moderate anorexia, moderate diarrhea, opportunistic

infections (Staphylococcus aureus, Giardia spp., Crypto-
sporidium spp.); euthanasia at wk 14

92050 ...............Severe anemia, moderate thrombocytopenia; euthanasia
at wk 38

92080 ...............None
97086 ...............Moderate diarrhea

Vaccinees
80035 ...............Mild weight loss
81035 ...............Mild anorexia, peritonitis; euthanasia at wks 28
83108 ...............Euthanasia due to clinical diabetes
87081 ...............Mild gingivitis
87082 ...............Moderate weight loss, moderate anorexia, suppurative

lymphadenitis; euthanasia at wk 32
93062 ...............None
96135 ...............None
97073 ...............None
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ence the outcome of a challenge (60, 102). SIVmac239 and
SHIV-89.6P are both highly pathogenic viruses (50, 53, 76–79).
However, each has some distinguishing characteristics. SHIV-
89.6P induces a rapid CD4�-T-cell decline within 2 to 3 weeks
after infection, depending on the route of challenge (52, 77–
79), an outcome that is not seen with field strains of HIV. In
contrast, infection with SIVmac239 results in slow, inexorable
CD4 destruction (50, 53), an outcome that is similar to that
seen with HIV infection (86). More importantly, SIVmac239 is
very difficult to neutralize with antibodies (48, 59), much like
many field strains of HIV (19, 55, 61).

A previous study demonstrated that longer survival after
infection with SHIV-89.6P was associated with the production
of antiviral antibodies (52), indicating that antibodies against
this virus may play a significant role in protection against
SHIV-89.6P. Indeed, this protective capacity of neutralizing
antibodies against infection with SHIV-89.6P or disease devel-
opment after infection has been demonstrated by passive im-
munization (54, 56). It appears, therefore, that if animals can
be protected against the acute CD4 depletion caused by SHIV-
89.6P, then the development of effective antibody responses
may ameliorate the disease course. Even animals without any
detectable virus-specific immune responses after vaccination
were still protected against the pathogenic consequences of a
challenge with SHIV-89.6P (81), indicating that it may be
much easier to protect against a challenge with this virus than
it is to protect against SIVmac239. Because SIVmac239 is so
difficult to neutralize and no neutralizing antibodies against
this virus were detectable in our animals (Tables 1 and 2), it is
unlikely that neutralizing antibodies played any role in the
reduced viral loads observed during the acute phase of infec-
tion in all of our vaccinees, even though the neutralizing anti-
body titers against laboratory-adapted SIVmac251 increased
(Tables 1 and 2). However, no correlation between vaccine-
induced immune responses and reduced peak viral loads was
detectable either. Interestingly, we detected a trend toward an
inverse correlation between the total frequency of SIV-specific
CD8� responses detected after vaccination and the viral load
set point, as determined by the average of the viral loads
between weeks 16 and 28. Vaccinated animals demonstrated
stronger and more sustained CD8�-T-cell responses postinfec-
tion than control animals. However, the viral load set point in
the vaccinated animals was not significantly lower than that in
the control animals. No correlation was observed between the
strength and/or the breadth of the virus-specific CD8� re-
sponses and the ability to maintain CD4 counts.

Although early viral replication dynamics have been corre-
lated with disease progression (41, 72, 93), reduced peak viral
replication alone is apparently not sufficient to protect animals
from disease progression after infection with certain viruses,
such as SIVmac 251 (51, 93) or SIVmac239 (this study). In
addition to the reduced peak level of viral RNA in plasma, all
vaccinees demonstrated some transient suppression of viral
replication at weeks 6 to 12 postchallenge compared with non-
vaccinated controls. It is unclear why the plasma virus concen-
trations started to rise again after this point. However, a pre-
vious study demonstrated a functional defect in SIV-specific
CTL after 16 weeks of infection with SIVmac239 (97). Other
groups have also described such a functionally impaired cellu-
lar immune system in SIVmac-infected animals (68, 104, 107),

which could result in inefficient control of the virus by the
cellular immune system in the absence of effective antibodies.
Another explanation for the increase in viral replication could
be escape of the virus from the cellular immune response
through mutation of MHC class I-restricted epitopes, as has
been indicated for HIV (18, 34, 75). Several studies have in-
dicated that SIV can also accumulate mutations in MHC class
I-restricted epitopes, abrogating recognition by CTL (3, 30,
63). We are currently exploring whether this property could
explain the lack of control of viral replication after 12 weeks in
these animals by sequencing regions of the virus against which
cellular immune responses were directed at several time points
after challenge.

The significant reduction in acute viral loads in the vacci-
nated animals and the inverse correlation between viral loads
and CD8� responses following vaccination reported here sug-
gest that vaccines that elicit strong virus-specific CTL may be
capable of controlling the replication of even highly pathogenic
viruses. However, the failure of this vaccine strategy to achieve
long-term protection from CD4�-T-cell decline following chal-
lenge with SIVmac239 is consistent with previous studies dem-
onstrating that it is very difficult to protect against SIVmac239
(1, 26, 33, 58, 67, 99). Indeed, although several vaccines have
been tested for the ability to protect against SIVmac239 (1, 26,
33, 58, 67, 99), only a few studies have reported similar vaccine-
induced control of this virus postchallenge (67, 99). Although
Mamu-A*01 had been associated with a better outcome after
challenge with SIVmac251 (73), the two Mamu-A*01-positive
animals selected for this study did not stand out with regard to
their viral loads or disease progression after challenge with
SIVmac239 in comparison to the non-Mamu-A*01 vaccinees.
Therefore, the inclusion of the two Mamu-A*01-positive ani-
mals as vaccinees did not affect the outcome of this study.

Unfortunately, it is not possible to compare the levels of
immune responses induced by our vaccine regimen to those
that provided protection from disease progression after chal-
lenge with SIVmac239 (67, 99) or SHIV-89.6P (9, 14, 15)
because of the different assay systems used. With regard to
tetramer staining, however, the frequencies of Gag181–189CM9-
specific CTL in our two Mamu-A*01-positive animals after the
first MVA boost were comparable to those reported after
DNA vaccination alone (15) and were approximately half the
frequencies obtained after cytokine-augmented DNA vaccina-
tion, which resulted in the prevention of clinical AIDS after
challenge with SHIV-89.6P (15). Nevertheless, the levels of
Gag181–189CM9-specific CD8� T cells that we obtained were
similar to the levels obtained with recombinant MVA vaccina-
tion alone, which also prevented the development of disease
after challenge with SHIV-89.6P (14). Much higher frequen-
cies of Mamu-A*01/Gag181–189CM9-specific responses have
been observed after DNA/MVA vaccination (5; T. U. Vogel et
al., unpublished data); however, most of those animals were
much younger than the ones used in this study. It is possible
that immune responses in older animals may not be as strong
as those in younger animals (32, 88, 96). However, with the
limitations of having a small, diverse group of animals of dif-
ferent ages in this study, our data do not directly indicate such
an influence of age on cellular immune responses.

The failure of our immunization strategy could be due to
several other factors. The expression of certain proteins from
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immunodeficiency viruses might have had negative effects on
the induction of immune responses. For example, Nef has been
documented to downregulate the surface expression of MHC
class I molecules (90) and, therefore, may result in less efficient
antigen presentation by the MHC class I pathway (23). How-
ever, a study by Robinson et al. also included Nef as an im-
munogen and, nevertheless, protection against SHIV challenge
was achieved (80). In addition, Env has been reported to be
immunosuppressive (100). However, Env was also included as
an immunogen in multiple studies, and it protected monkeys
against the pathogenic consequences of a SHIV-89.6P chal-
lenge (9, 14, 15, 80, 81). Nevertheless, by preventing the im-
munosuppressive potential of some of our immunogens, we
may be able to induce more effective immune responses.

In summary, we have demonstrated that the DNA prime/
MVA boost regimen, which has proven to be safe and capable
of inducing strong cellular immune responses against SIV in
rhesus monkeys (5, 9, 38–40), suppressed viral replication dur-
ing the acute phase of infection with SIVmac239. However, the
vaccine regimen was unable to induce protection against the
pathogenic consequences of an infection with SIVmac239. This
failure may be related in part to the neutralization resistance
and highly pathogenic potential of SIVmac239, against which
protection has proven to be very difficult (1, 26, 33, 58, 67, 99).
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