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In a recent vaccine trial, we showed efficient control of a virulent simian-human immunodeficiency virus
SHIV-89.6P challenge by priming with a Gag-Pol-Env-expressing DNA and boosting with a Gag-Pol-Env-ex-
pressing recombinant-modified vaccinia virus Ankara. Here we show that long-term control has been associ-
ated with slowly declining levels of viral RNA and DNA. In the vaccinated animals both viral DNA and RNA
underwent an initial rapid decay, which was followed by a lower decay rate. Between 12 and 70 weeks post-
challenge, the low decay rates have had half-lives of about 20 weeks for viral RNA in plasma and viral DNA in
peripheral blood mononuclear cells and lymph nodes. In vaccinated animals the viral DNA has been mostly
unintegrated and has appeared to be largely nonfunctional as evidenced by a poor ability to recover infectious
virus in cocultivation assays, even after CD8 depletion. In contrast, in control animals, which have died, viral
DNA was mostly integrated and a larger proportion appeared to be functional as evidenced by the recovery of in-
fectious virus. Thus, to date, control of the challenge infection has appeared to improve with time, with the decay
rates for viral DNA being at the lower end of values reported for patients on highly active antiretroviral therapy.

Recent hope for vaccine-induced control of human immu-
nodeficiency virus type 1 (HIV-1) has been raised by a series of
trials in which vaccines designed to raise cellular immunity
have shown good control of simian-human immunodeficiency
virus SHIV-89.6P challenges in rhesus macaques (for a review,
see reference 20). These vaccines, which include interleukin-2
(IL-2)-adjuvanted DNA and DNA combined with live viral
vectors or live viral vectors alone (1, 1a, 3, 4, 24) have con-
trolled both intravenous and mucosal challenges to the levels
characteristic of those in HIV-1-infected humans who are
long-term nonprogressors (�1,000 copies of viral RNA per ml
of plasma), have protected CD4 cells, and have prevented the
onset of AIDS. With the exception of one escape that occurred
within 6 months of challenge (2), the protected animals have
successfully controlled their infections up to the present time
(about 2 years) in the various trials.

The success of these recent vaccine trials has been largely
attributed to the antiviral activities of CD8 T cells. The classi-
cal mechanism by which CD8 T cells control viral infections is
by recognizing and lysing virus-infected cells (for reviews,
see references 16 and 26). CD8 T cells also limit HIV-1 infec-
tions by producing chemokines such as MIP-1�, MIP-1�, or
RANTES that bind to CCR-5 and block CCR-5 coreceptor
activity for viral entry (9, 17). A third antiviral activity of CD8
T cells is the production of suppressive factors that inhibit viral
replication (5, 22; for a review, see reference 15). These poorly

defined factors are likely to have a number of activities, the
currently best defined of which is the inhibition of the expres-
sion of proviral DNA (19, 25).

Control of HIV-1 infections in humans by highly active an-
tiretroviral drugs is associated with long-lived reservoirs of
viral DNA (for a review, see reference 18), with estimated
half-lives ranging from 21 to 163 weeks (11, 12, 14). An im-
portant compartment in these reservoirs is integrated HIV-1
DNA in resting memory CD4 T cells; the half-life for this DNA
has been estimated to be over 43 months (8). The stability of
this latent reservoir is thought to reflect both a low level of
ongoing viral replication in the presence of antiretroviral ther-
apy and mechanisms that contribute to the homeostasis of
memory CD4 T cells.

In this study, we further investigated the status of the
challenge virus in our DNA/recombinant modified vaccinia
virus Ankara (rMVA) vaccine trials (1) by testing for viral
DNA in the peripheral blood mononuclear cells (PBMC)
and lymph nodes of vaccinated and challenged animals. Our
trial used two priming inoculations with a Gag-Pol-Env-
expressing DNA at 0 and 8 weeks followed by one booster
inoculation at 24 weeks with a Gag-Pol-Env-expressing
rMVA. An intrarectal challenge was given 7 months follow-
ing the booster immunization. Control of the challenge in-
fection to the background level of detection (�500 copies of
viral RNA per ml of plasma) was achieved in 23 out of 24
vaccinated animals. Here we show that vaccine-mediated
control of the SHIV challenge is associated with slowly
declining levels of viral DNA and RNA.
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MATERIALS AND METHODS

Animals and vaccine trial. Young adult rhesus macaques from the Yerkes
breeding colony were cared for under guidelines established by the Animal
Welfare Act and the National Institutes of Health Guide for the Care and Use
of Laboratory Animals, with protocols approved by the Emory University Insti-
tutional Animal Care and Use Committee. Four groups of six rhesus macaques
were primed with either 2.5 mg (high dose) or 250 �g (low dose) of a DNA
vaccine that expressed SHIV-89.6 Gag-Pol and Env (DNA/89.6) by intradermal
(i.d.) or intramuscular (i.m.) inoculations at 0 and 8 weeks and were boosted with
2 � 108 PFU of an rMVA vaccine that expressed SHIV-89.6 Gag-Pol and Env
(MVA/89.6) at 24 weeks (1). An intrarectal challenge with SHIV-89.6P was
administered 7 months later (1). The original designations for animals 1 to 28 are
given in reference 1; new designations include unvaccinated control animals 29
(RPs-4) and 30 (RKj-5). Viral DNA in PBMC was quantified at weeks 5, 12, 16,
32, 40, 52, 58, and 70 postchallenge, and that in lymph nodes was quantified at
weeks 2, 12, and 58 postchallenge. Integrated and unintegrated viral DNA was
analyzed at weeks 2, 12, 16, and 58 for vaccinated animals and at weeks 5, 12, and
16 for control animals. Cocultivation assays were conducted at 2 and 52 weeks.

Sample collection and DNA extraction. Blood samples were collected in
EDTA, PBMC were prepared using Ficoll-Hypaque gradients, and pellets cor-
responding to 5 � 106 PBMC were stored at �70°C. Lymph node samples were
mashed and filtered over a Medicons (BD Biosciences, San Jose, Calif.) prior to
preparation of cells by using Ficoll-Hypaque gradients. DNA was extracted with
QIAamp DNA minikit (Qiagen, Valencia, Calif.) and eluted in 100 �l of distilled
water. The DNA concentration was measured by determining the optical density
at 260 nm in triplicate and adjusted to 1 �g per 35 �l of distilled water.

Real-time PCR for viral DNA and RNA. The PCR conditions for viral RNA
detection have been described previously (1). The PCR primers and probe for
DNA detection included the forward primer QC-F (5�-AGAAAGCCTGTTGG
AIAACAAAGAAGG-3�), the reverse primer QC-R (5�-AGTGTGTTTCACT
TTCTCTTCTGCGTG-3�), and the Taqman probe, QC-P (5�-FAM-CTGTCT
GCGTCATTTGGTGC-TAMRA-3�). These generated and detected a 101-bp
SIVmac239 gag fragment. For standardization of the real-time PCR detection
assay, linearized plasmid pGEM/pSIV5� was serially diluted from 106 to 101

copies, aliquoted, and stored at �20°C. Each aliquot was used only one time. For
assays, splenocyte DNA from an uninfected rhesus macaque (1 �g/reaction
mixture) was spiked with various levels of the plasmid standard.

Amplification was performed in a 50-�l reaction mixture containing 1 �g
(35 �l) of test DNA; 200 nM primers QC-F and QC-R; 100 nM Taqman probe
QC-P; 50 nM (each) dATP, dCTP, dTTP, and dGTP; 4 mM MgCl2; 1.25 U of
AmpliTaq Gold polymerase; and 1� PCR Taqman buffer A (all reagents were
from Perkin-Elmer Applied Biosystems, Foster City, Calif.). Amplification and
detection were performed with a Perkin-Elmer Applied Biosystems 7700 se-
quence detector under the following conditions: 1 cycle at 95°C for 10 min
followed by 45 two-step cycles of 30 s at 93°C and 60 s at 59.5°C. The slope of the
standard curve was between �3.5 and �3.8, the correlation coefficient (r2) was
	0.99, and the intra-assay coefficient of variation was �20% for 	10 copies of
viral DNA.

To avoid contamination, tissue culture hoods and PCR hoods located in
separate rooms were used for cell collection, DNA extraction, pre-PCR mix
preparation, and 96-well plate preparation. Following use, all equipment was
cleaned with 10% bleach. All samples were run in duplicate, with the mean result
reported. Viral DNA loads of from 6 to 54 copies per 106 PBMC (1 to 9 copies
per �g of template DNA) are reported as �60 copies per 106 PBMC (�10 copies
per �g of DNA). Viral DNA copies per milliliter of blood were calculated by
multiplying the number of copies of viral DNA per picogram of PBMC DNA by
the picograms of DNA per cell (assuming 6 pg of DNA per cell) by the absolute
number of lymphocytes per milliliter of blood in the respective samples.

Hirt fractionation. The Hirt fractionation procedure separates integrated
from unintegrated DNA by using a high salt concentration in the presence of
sodium dodecyl sulfate (SDS) to precipitate chromosomal DNA (10). Briefly,
5 � 106 fresh PBMC were washed with ice-cold PBS and lysed by adding 1 ml of
lysis buffer (0.6% SDS, 10 mM EDTA, and 200 �g of proteinase K per ml in 10
mM Tris [pH 7.5]). The lysis mixture was incubated at 37°C for 2 h, and then
NaCl was added to a final concentration of 1 M from a 5 M stock solution,
followed by incubation at 4°C overnight. The mixture was then centrifuged at
14,000 rpm in a microcentrifuge (Eppendorf 5415C) for 30 min at 4°C, and the
supernatant was carefully removed and diluted with an equal volume of distilled
water to reduce the salt concentration. The SDS pellet was dissolved in 1 ml of
0.01 M EDTA. The DNA in the supernatant and pellet was extracted once each
with STE-saturated phenol, phenol-CHCl3-isoamyl alcohol (25:24:1), and
CHCl3-isoamyl alcohol, following which the DNA was precipitated by the addi-

tion of 10 �l of glycogen (20 �g/�l; Roche, Indianapolis, Ind.) and 2 volumes of
absolute ethanol and incubation at �20°C. The DNA was then dissolved in 100
�l of distilled water and stored at �20°C. The lymphoblastoid cell line 8E5,which
contains a single integrated genome of HIV-1-LAV per cell, was diluted into the
parent cell line A301 and spiked with the same number of copies of linearized
pGEMpSIV5� to control for the ability of the Hirt method to separate integrated
and unintegrated DNAs. Spiked samples were assayed for simian immunodefi-
ciency virus (SIV) DNA by the PCR protocol described above. Assays for HIV-1
DNA used the primers HIV-F (5�-TGGCATGGGTACCAGCAC-3�) and HIV-
R (5�-CTGGCTACTATTTCTTTTGCTA-3�) and the HIV Taqman probe (5�-
TTTATCTACTTGTTCATTTCCTCCAATTCCTT-3�) to amplify and detect
the subtype B HIV pol gene (6). The results from the Hirt fractionations are
expressed as copies of viral DNA per 106 cells.

Cocultivation assay. Prior to cocultivations, uninfected rhesus macaques were
screened to identify ones with PBMC suitable for the growth of SHIV-89.6P.
PBMC from these macaques were then cryopreserved for future use as targets in
cocultivation assays. For cocultivation assays, PBMC or lymph node cells (LNC)
from test monkeys were thawed, stimulated overnight with concanavalin A, and
cultured in triplicate microcultures of threefold serial dilutions with a constant
number of prescreened target PBMC per well. Cultures were maintained with
10 U of IL-2 per ml. CD8 cell depletion of PBMC was done using magnetic beads
coated with anti-CD8 monoclonal antibodies (ITI5C2; Dynal Corp, Lake Suc-
cess, N.Y.). For 5-aza-2�-deoxycytidine (5-aza-dC) treatments, test cultures were
set up for the first 3 days in the presence of 1 �M 5-aza-dC (Sigma, St. Louis,
Mo.). Partial supernatant fluid collections were performed every 4 to 5 days with
replenishment of fresh IL-2 medium. Supernatant fluids were tested for the
presence of SIV p27 by an antigen capture assay (Coulter Immunotech, Hialeah,
Fla.), and the frequency of cocultivation-positive cells per million PBMC was
derived by using the Spearman-Karber equation.

Statistical analyses. r2 correlation coefficients were calculated by using Excel
(Microsoft Inc., Seattle, Wash.). To obtain an estimate for the rate of decline of
viral DNA and RNA in peripheral blood, half-lives were determined for each test
animal by calculating the best-fitting linear regression line for log-transformed
data obtained between 12 and 72 weeks postchallenge (S-Plus 6 Statistical Pack-
age; Insightful Corp., Seattle, Wash.). These lines represented the predicted rate
of decline for each monkey. The half-life was taken to be that time point at which
the level predicted by each linear estimate reached one-half of the level of the
starting point. Median half-lives were determined by calculating the median of
the values for the individual animals. To determine the half-life for viral DNA in
lymph nodes, data for 12 and 58 weeks were used to determine the half-life for
each animal, following which the median was determined for the individual
values. Results are presented as the median plus the range of half-life values. The
significance of the half-life values, or the determination that the slopes for the
decline of the levels of viral DNA or RNA were significantly different from zero,
was determined by using a one-sample Wilcoxon signed rank test. P values of less
than 0.05 were regarded as being statistically significant.

RESULTS

Postchallenge levels of viral DNA and RNA. PBMC were
analyzed at between 2 and 70 weeks postchallenge to deter-
mine the loads of viral DNA in the vaccinated and control
animals over time. Real-time PCR analyses for a 101-bp gag
fragment were done on samples from groups receiving both
high (2.5-mg)- and low (250-�g)-dose i.m. and i.d. DNA prim-
ing and from the naive unvaccinated controls. Patterns of viral
DNA and RNA for individual animals are presented as copies
of viral DNA per 106 PBMC (Fig. 1A) and copies of viral RNA
per milliliter of plasma (Fig. 1B). In Fig. 1C, the geometric
means for the copies of viral RNA and DNA are presented. To
facilitate comparisons, the levels of viral DNA have been nor-
malized per milliliter of blood by determining the copies of
DNA per picogram of PBMC DNA, multiplying by 6 to deter-
mine the number of copies per cell (each cell was considered to
contain 6 pg of DNA), and then multiplying by the absolute
number of lymphocytes per milliliter of blood in the test ani-
mal.

The data in Fig. 1 reveal a number of temporal differences
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between the levels of viral DNA and RNA in vaccinated and
control groups. Peak copies of viral DNA and RNA occurred
at 2 weeks postchallenge in both groups. In both groups the
peaks of DNA were 1,000 to 10,000 times lower than the peaks
of RNA and showed a reasonable correlation with the levels of
RNA (Fig. 2A). However, by 5 weeks postchallenge, the cor-
relation between viral DNA and RNA had been lost; vacci-
nated animals had more copies of viral DNA than viral RNA
per ml of blood whereas the control animals had higher levels
of viral RNA than DNA per milliliter of blood. At this time,
the vaccinated animals had 100- to 1,000-times-lower levels of
viral RNA, but overall similar levels of viral DNA, than the
control animals. After 12 weeks, the low levels of RNA in the
vaccinated animals showed occasional spikes (see animals 3,
19, and 22 in Fig. 1B). Concomitant increases were not seen in
the peripheral blood lymphocyte-associated DNA except for
animal 22 in the low-dose i.m. group, which progressed to
disease (Fig. 1A). Animals within groups exhibited a relatively
broad range of values for viral DNA (up to 50-fold differences
at any time), which appeared to be broader than that observed
for viral RNA (Fig. 1A and B). However, by 12 weeks post-
challenge many animals had levels of viral RNA that were

below the level of detection, limiting our ability to estimate the
range of RNA values.

Integrated versus unintegrated viral DNA. To learn more
about the nature of the viral DNA at various times postchal-
lenge, Hirt fractionations were undertaken to separate unin-
tegrated from integrated viral DNA. These fractionations use
a combination of high salt concentration and SDS to separate
chromosomal (Hirt pellet) from nonchromosomal (Hirt super-
natant) DNA. To determine how well Hirt fractionations
would separate viral DNA that had, or had not, integrated into
chromosomal DNA, the 8E5 cell line, which contains a single
copy of HIV-1 DNA, and molecularly cloned SIV sequences
were spiked at levels ranging from 10,000 to 0 into 5 � 106

A0.01 cells. These samples were then subjected to Hirt frac-
tionation, and the supernatants and pellets were tested for
copies of HIV-1 and SIV DNAs by using real-time PCR for
HIV and SIV sequences (Table 1). Almost all of the integrated
HIV DNA from 8E5 cells was observed in the pellet, whereas
almost all of the unintegrated SIV plasmid was found in the
supernatant. Furthermore, the dilution curves for integrated
copies of HIV-1 DNA and unintegrated copies of SIV DNA
were reasonably linear over the range of concentrations tested.

FIG. 1. Levels of viral DNA and RNA in vaccinated and control animals over time postchallenge. (A) Copy numbers of viral DNA per 106

PBMC. (B) Copy numbers of viral RNA per milliliter of plasma. Data are taken in part from (1). (C) Geometric mean (GM) copies of viral DNA
per milliliter of blood and of viral RNA per milliliter of plasma. Animal groups are indicated at the top of panel A. Designations for individual
animals are indicated in panel B. †, died.
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These tests demonstrated that the Hirt method coupled with
real-time PCR could be used to distinguish integrated and
unintegrated viral DNAs. Unexpectedly, the PBMC of the
vaccinated animals had accumulated predominantly uninte-
grated DNA, whereas the PBMC of the nonvaccinated animals
had accumulated predominantly integrated viral DNA (Fig. 3).
At all times postchallenge, more unintegrated than integrated
DNA was present in the PBMC of vaccinated animals. In
contrast, in the control animals, at all times tested, similar
levels of integrated and unintegrated viral DNAs or even more
integrated than unintegrated viral DNA was detected.

Tests for functional DNA. Cocultivation assays undertaken
at 1 year postchallenge suggested that in our assay the viral
DNA in the vaccinated animals was largely nonfunctional.
Because CD8� T cells can suppress proviral expression and
methylation can inhibit the transcription of proviral DNA,
CD8-depleted and 5-aza-dC-treated PBMC were tested in
cocultivation assays (Table 2). The viral coculture titers per
million unfractionated concanavalin A-activated PBMC were
below detection in 17 out of the 17 vaccinated animals that
were tested. After depletion of CD8 cells, 4 animals of 17
scored at 0.9 cocultivation-positive cells per million PBMC. In
CD8-depleted and 5-aza-dC treated PBMC, 2 of 17 vaccinated
animals scored at titers of 0.9 cocultivation-positive cells per
million PBMC. In contrast, in cocultivation assays undertaken
at 2 weeks postchallenge, both vaccinated and control animals
readily scored (10 to 	3,000 cocultivation-positive cells per
million PBMC). Although the number of animals tested at 2
weeks postchallenge was limited, within this set of animals, the
control animals scored with higher frequencies of cocultiva-
tion-positive cells than the vaccinated animals despite fairly
similar levels of viral RNA and DNA (Table 2).

Viral DNA in lymph nodes. Analysis of viral DNA in lymph
nodes revealed similar temporal patterns but 5- to 10-times-

higher copy numbers of viral DNA per 106 LNC than per 106

PBMC (Fig. 4). The copies of viral DNA in the LNC under-
went the steepest decline (10- to 100-fold) between 2 and 12
weeks postchallenge, following which the levels continued to
slowly decline in most animals (9 of 11 animals). At 2 weeks
postchallenge there was a good correlation between the levels
of viral DNA in LNC and PBMC (Fig. 2B). By 12 weeks
postchallenge, this correlation had been lost (data not shown).

Half-lives of viral DNA and RNA. The geometric means for
the copies of viral DNA and RNA in peripheral blood and the
geometric mean for the copies of viral DNA in lymph nodes
showed a slow decline over time during the chronic phase of
the postchallenge infection (Fig. 1C). To obtain an estimate for
the decline, half-lives were calculated for each animal for viral
RNA per milliliter of plasma, viral DNA per 106 PBMC, and
viral DNA per 106 LNC (Table 3). For the peripheral blood, 22
out of 23 animals showed a decline in viral RNA and 22 out of
23 showed a decline in viral DNA. The one animal that did not
show a decline in RNA was animal 12 in the high-dose i.m.
group (Fig. 1B), and the one animal that did not show a decline
in DNA was animal 13 in the low-dose i.d. group (Fig. 1A).
Animal 13 distinguished itself by having a potentially spuri-
ously low point for viral DNA at 12 weeks postchallenge. The
median half-life for RNA was 21 weeks, with a range of neg-
ative values from 9 weeks (animal 19) to 417 weeks (animal 4).
The median half-life for viral DNA in PBMC was 16 weeks,
with negative values ranging from 8 weeks (animal 18) to 780
weeks (animal 7). Lymph nodes from 11 animals were available
for analysis. Of these, nine underwent a decline over time. The
median half-life of viral DNA in LNC was 26 weeks, with a
range of negative values from 12 to 57 weeks. Thus, each of the
measured parameters suggested a slow decline in levels of viral
RNA and DNA in the vast majority of the vaccinated animals.
The median rate of decline in viral DNA and RNA in PBMC
differed significantly from zero (P � 0.001), clearly indicating
that this typical pattern among the animals was for steady
declines in these measures. Although 9 of 11 monkeys showed
declines in viral DNA in LNC, this trend did not reach statis-
tical significance.

FIG. 2. Correlations between levels of viral DNA and RNA in
peripheral blood (A) or between levels of viral DNA in PBMC and
lymph nodes (B).

TABLE 1. Use of the Hirt technique to distinguish integrated
HIV DNA and unintegrated SIV DNAsa

Sequence Spiked copies
Copies in:

Hirt supernatant Hirt pellet

HIV 10,000 23 1,200
1,000 23 180

100 0 25
10 1 13
0 0 0

SIV 10,000 4,200 6
1,000 314 0

100 22 4
0 0 0

a For details, see the text.
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DISCUSSION

Our study reveals striking differences in the postchallenge
dynamics of viral DNA and RNA in DNA/rMVA-vaccinated
and control macaques. The vaccinated, but not the nonvacci-
nated, animals controlled their levels of plasma viral RNA,
while both groups maintained overall similar levels of viral
DNA in their PBMC. The viral DNA in the vaccinated animals
distinguished itself from that in the unvaccinated animals by
consisting predominantly of unintegrated species (Fig. 3). In
the vaccinated animals, the levels of viral DNA and RNA
underwent an initial contraction. This was followed by a steady
slow decline in the levels of viral RNA and DNA, with a
half-life of about 20 weeks. Below we discuss these phenom-
ena.

Different relative levels of viral RNA and DNA in vaccinated
and control animals. By 12 weeks postchallenge, the vacci-
nated and control groups had similar levels of viral DNA but
very different levels of viral RNA (Fig. 1). The vaccine reduced
the peak titers of plasma viral RNA by only 20- to 40-fold over
those in control animals (Fig. 1B). However, the vaccinated,
but not the nonvaccinated, animals rapidly controlled their
levels of plasma viral RNA. This control did not extend to the
levels of viral DNA (Fig. 1). At 12 weeks postchallenge, the
four vaccinated groups had geometric mean levels of DNA
ranging from 1.8 � 103 to 6.2 � 103 copies per ml of blood,
while the unvaccinated animals had a geometric mean of 2.7 �
103 copies.

The very low levels of viral RNA associated with the viral

DNA in the vaccinated animals suggested that this DNA was
either suppressed for expression or defective. The suppression
of provirus expression is a documented function of CD8 cells
(15). DNA/rMVA vaccines raise very high levels of CD8 T cells
(21, 23) that rapidly mobilize in response to the infection (1).
Thus, the low levels of viral RNA in the presence of good levels
of viral DNA could have been due to CD8 cell suppressive
activities (for a review, see reference 15). However, depletion
of CD8 cells prior to cocultivation assays to block CD8 sup-
pressive activities changed the frequency of virus recovery from
0 of 17 to only 4 of 17 animals (Table 2). This suggests that the
low levels of virus in plasma did not appear to be accounted for
solely by CD8 suppressive activities, at least those that we
could relieve by CD8 cell depletion in our cocultivation assays.
Treatment of the cocultivation cultures with CD8 depletion
and 5-aza-dC to release proviral DNA from methylation-in-
duced transcriptional silencing also failed to provide significant
recovery of virus from the DNA-containing PBMC of the vac-
cinated macaques (Table 2). The poor ability to recover infec-
tious virus could have reflected our assay not effectively scoring
the virus that had been selected in vivo.

Further analysis of the viral DNA in the vaccinated ma-
caques suggested that the majority of the DNA at all times
postchallenge was unintegrated (Fig. 3). This was in contrast to
the case for the nonvaccinated animals, where as much or more
integrated than unintegrated DNA was found in peripheral
blood. For the control animals, which remained highly viremic,
the predominance of integrated viral DNA could reflect ongo-

FIG. 3. Relative levels of integrated and unintegrated viral DNA over time. (A) Samples from vaccinated animals. (B) Samples from
unvaccinated controls. Samples from late times postchallenge are not available for the controls due to their development of AIDS.
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ing viral replication in activated T cells or monocytes. For the
vaccinated animals which controlled their infections, the pre-
dominance of unintegrated DNA could reflect host effector
responses selecting for cells with nonfunctional viral DNA as
well as ongoing infections in resting CD4 cells where integra-
tion does not occur (18). The preservation of CD4 cells in the
vaccinated groups would have resulted in these groups having
plentiful resting CD4 cells as targets for infection and the
concomitant generation of unintegrated DNA. In contrast, the
loss of CD4 cells in the control animals would have resulted in
essentially no target cells in the blood, which in turn could have
limited the levels of unintegrated DNA. A novel explanation
might be that a highly active immune response favors the ac-
cumulation of unintegrated DNA. In vaccinated animals, post-
challenge viral replication is likely to preferentially take place
in virus-specific CD4 cells that are actively responding to the
infection (7). Hypermutation, or the change of G to A in the
dinucleotide context GA or GG, occurs in viral DNA that is
undergoing replication in activated T cells (13). This could have
resulted in the generation of hypermutated DNA that was de-
fective for integration and formed a graveyard of slowly decay-
ing nonfunctional DNA. Further studies will be needed to re-
solve the origin and genetic integrity of the unintegrated DNA.

Continuing decline in the level of the postchallenge infec-
tion. Encouragingly, after an initial rapid contraction between
2 and 12 weeks postchallenge, the levels of both viral RNA and
DNA continued to slowly decrease in the vast majority of the
vaccinated animals. Levels of viral RNA were measured in the
peripheral blood, whereas levels of viral DNA were measured
in the peripheral blood and the lymph nodes (Fig. 2 and 4).
The medians of the half-lives for individual animals indicated

TABLE 2. Cocultivation assays for frequencies of cells harboring replication-competent virusa

Time
postchallenge

Vaccine dose and
animal no.

Viral RNA
(copies/ml of plasma)

Viral DNA
(copies/ml of blood)

Cocultivation-positive cells (TCID50
b/million PBMC)

PBMC CD8-depleted
cells

CD8-depleted and
5-aza-dC-treated cells

2 wk 2.5 mg i.d.
1 1.9 � 107 3.1 � 104 2.7 � 102 NTc NT
3 7.3 � 105 8.1 � 102 1.0 � 101 NT NT
4 1.9 � 106 3.5 � 103 1.4 � 101 NT NT
6 8.3 � 107 1.5 � 105 2.7 � 102 NT NT

Control
29 2.1 � 109 6.4 � 103 2.5 � 103 NT NT
30 2.4 � 107 3.7 � 105 	3 � 103 NT NT

1 yr 2.5 mg i.d.
1 4.6 � 102 2.5 � 103 �d � �
2 �300 5.4 � 103 � � �
3 �300 6.8 � 102 � � �
4 �300 1.9 � 103 � � 0.9
5 �300 3.0 � 102 � 0.9 1.5
6 �300 5.2 � 103 � � �

2.5 mg i.m.
7 �300 1.3 � 103 � � �
8 �300 3.9 � 103 � 0.9 �
9 �300 1.9 � 103 � � �
10 �300 2.8 � 103 � � �
11 3.8 � 102 1.6 � 104 � 0.9 �
12 5.8 � 102 6.8 � 102 � � �

250 �g i.m.
19 �300 1.1 � 103 � � �
20 �300 2.6 � 102 � � �
21 �300 6.2 � 103 � 0.9 �
23 �300 3.3 � 103 � � �
24 6.0 � 102 8.2 � 103 � � �

a For details, see Materials and Methods.
b TCID50, 50% tissue culture infective dose.
c NT, not tested.
d �, no replication-competent virus detected in 3 � 106 PBMC.

TABLE 3. Half-lives of viral RNA and DNA in the chronic
phase of the postvaccine infectiona

Assay Time
(wk)

No. of
animals

(declined/
tested)b

Half-life (wk)
P

Median Range

Viral DNA in:
PBMC 12–70 22/23 16 8–780 �0.0001
LNC 12–58 9/11 26 12–57 0.1

Viral RNA in plasma 12–70 22/23 21 9–417 �0.0004

a For details, see Materials and Methods.
b Declined/tested, number of animals with negative trends/number of animals

tested.
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that overall, each of these parameters had a half-life of about
20 weeks (Table 3). The patterns of control as well as the
half-lives of viral RNA and DNA were remarkably similar to
those seen for patients on successful highly active antiretroviral
therapy (18). Encouragingly, the half-lives for vaccine-medi-
ated controls were at the lower end of the range of half-lives
(21 to 40 weeks) reported for patients successfully treated with
antiretroviral drugs (11, 14). These shorter half-lives could
reflect differences in the kinetics of the highly virulent SHIV-
89.6P infection, which causes AIDS within months, as opposed
to HIV-1 infections, which require years for the onset of AIDS.
However, they also could indicate that effective immune re-
sponses have the potential to provide at least as good, if not
more stringent, control of immunodeficiency virus infections
than antiretroviral drugs.
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