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The treatment of human immunodeficiency virus type 1 (HIV-1) infection with highly active antiretroviral
therapy (HAART), a combination of three or more antiretroviral drugs, suppresses viremia below the clinical
limit of detection (50 HIV-1 RNA copies/ml), but latently infected resting CD4� T cells serve as lifelong
reservoirs, and low-level viremia can be detected with special assays. Recent studies have provided evidence for
additional reservoirs that contribute to residual viremia but are not present in circulating cells. Identification
of all the sources of residual viremia in humans may be difficult. These discoveries highlight the need for a
tractable model system to identify additional viral reservoirs that could represent barriers to eradication. In
this study, simian immunodeficiency virus (SIV)-infected pig-tailed macaques (Macaca nemestrina) were
treated with four antiretroviral drugs to develop an animal model for viral suppression during effective
HAART. Treatment led to a biphasic decay in viremia and a significant rise in levels of circulating CD4� T
cells. At terminal infection time points, the frequency of circulating resting CD4� T cells harboring replication-
competent virus was reduced to a low steady-state level similar to that observed for HIV-infected patients on
HAART. The frequencies of resting CD4� T cells harboring replication-competent virus in the pooled head
lymph nodes, gut lymph nodes, spleen, and peripheral blood were reduced relative to those for untreated
SIV-infected animals. These observations closely parallel findings for HIV-infected humans on suppressive
HAART and demonstrate the value of this animal model to identify and characterize viral reservoirs persisting
in the setting of suppressive antiretroviral drugs.

Early studies of human immunodeficiency virus type 1
(HIV-1) dynamics in patients on antiretroviral therapy dem-
onstrated that potent antiretroviral drugs caused an initial
rapid exponential decay in viremia, reflecting the short half-life
of the infected cells that produce most of the virus in plasma
(36, 55, 72). This finding led to the belief that eradication of
HIV-1 infection could be achieved with the prolonged use of
combinations of antiretroviral drugs (54). Subsequent studies,
however, indicated that HIV-1 infection cannot be cured by
long-term treatment with highly active antiretroviral therapy
(HAART) because HIV-1 can persist in a latent form in rest-
ing memory CD4� T cells, which function as a stable reservoir
for the virus (13, 15, 18, 23, 73) for the lifetimes of most
infected individuals (22, 62). In addition, new techniques for
the ultrasensitive detection of HIV-1 RNA have since demon-
strated that free virus particles are present in the plasma of
patients on suppressive HAART at levels below 50 copies of
HIV-1 RNA/ml (20, 52). In principle, this residual viremia
could reflect ongoing cycles of replication that continue despite
HAART (16, 20, 25, 26, 32, 37, 49, 66, 74), the release of virus

from latently infected cells that become activated (35, 40, 50,
66, 74), or the release of virus from other stable cellular res-
ervoirs (14, 75).

Data from recent studies of patients on suppressive HAART
support the existence of other stable viral reservoirs in addition
to latently infected resting memory CD4� T cells (4, 11, 53,
64). Bailey and colleagues previously showed that viral se-
quences isolated from the plasma of patients on HAART were
not entirely derived from activated or resting memory CD4� T
cells in the circulation. Phylogenetic analyses of free virus in
the plasma and proviruses in resting CD4� T cells revealed the
presence of viral clones in some patients that persisted in the
plasma but were not found in resting CD4� T cells or other
cells in the circulation, suggesting that long-lived noncirculat-
ing cells may be the source (4). In a 7-year longitudinal study,
Palmer and colleagues further characterized the decay kinetics
of viremia under suppressive HAART and revealed third and
fourth phases of decay in addition to the well-described first
two phases (53). As with the first two phases, the third and
fourth phases of decay represent different virus-producing
compartments. However, the half-lives are very long: 39 weeks
for the third phase and essentially infinite (no decay) for the
fourth phase (53). The compartments responsible for these
decay phases have not been identified and are thought to
represent long-lived stable reservoirs. These recent findings
demonstrate the complexity of HIV-1 persistence and how
stable reservoirs are significant contributors to residual vire-
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mia. Furthermore, these findings highlight the need for an
animal model of HAART suppression to ascertain the identity
of all the stable reservoirs that contribute to HIV-1 persis-
tence, including those not present in the circulation. With such
a model, a full-body analysis could be performed to identify
and enumerate viral reservoirs in various tissues to include vari-
ous candidate cell types. This knowledge is essential if eradication
is to be achieved.

Simian immunodeficiency virus (SIV)-infected nonhuman
primates have served as important models for understanding
HIV pathogenesis (1, 5, 8, 21, 27, 34, 42, 51, 60, 63, 69–71).
Here, we report on such a HAART model in which SIV-
infected pig-tailed macaques were treated with four-drug com-
bination antiretroviral therapy. The animals were infected si-
multaneously with SIV/17E-Fr and SIV/Delta B670, a protocol
that has been shown to yield high levels of plasma viremia and
reproducible progression to AIDS in 3 months (2, 3, 24, 44, 76,
77). SIV-infected animals were treated with a potent four-drug
regimen of antiretrovirals consisting of a nucleoside reverse
transcriptase inhibitor, an integrase inhibitor, and two protease
inhibitors beginning during primary infection. The suppression
of plasma viremia and the persistence of virus in resting CD4�

T cells in peripheral blood and lymphoid tissues establish this
as a robust model for studying viral persistence in patients on
HAART.

MATERIALS AND METHODS

Animal studies. Eleven juvenile pig-tailed macaques (Macaca nemestrina)
were studied. Of the 11 animals, 9 were inoculated intravenously with 10,000
50% animal infectious doses of neurovirulent SIV/17E-Fr and 50 50% animal
infectious doses of immunosuppressive SIV/Delta B670. Previous studies have
shown that this combination of viral inoculants, which includes both macro-
phage-tropic and lymphocyte-tropic as well as neurovirulent and nonneuroviru-
lent strains, induces reproducible disease in a relatively short period of time, 3
months postinoculation (p.i.) (2, 3, 24, 44, 76, 77). Of the nine infected animals,
five were treated with a four-drug combination, referred to hereafter as HAART,
beginning on day 12 p.i. and continuing until necropsy (range, days 161 to 175).
These animals were administered 205 mg/kg body weight saquinavir (SQV); 10
mg/kg of L-870812, an integrase inhibitor; and 270 mg/kg atazanavir (ATV)
orally twice/day. In addition, 30 mg/kg of 9-R-(2-phosphonomethoxypropyl)
adenine (PMPA) was administered once daily intramuscularly (i.m.). The doses
for SQV and ATV for macaques were established after performing pharmaco-
kinetic studies in which macaques were administered increasing doses of the
drugs orally, and plasma samples were taken every 2 h from 2 to 12 h after drug
administration. Plasma drug concentrations measured by high-performance liq-
uid chromatography were plotted as a function of time, and the area under the
curve was calculated. Doses of 205 mg/kg of SQV and 270 mg/kg of ATV
provided areas under the curve most similar to those of humans administered
these drugs. A dose of 30 mg/kg of PMPA was used, as this is the established dose
for the reduction of SIV replication in macaques (67). The dose of 10 mg/kg of
L-870812 was used effectively in studies of macaques (33). Plasma levels of the
drugs were measured by testing plasma samples weekly.

The PMPA dosage of three of the animals receiving HAART, animals PTa2,
PYd2, and POy1, was reduced to 10 mg/kg at day 71 until necropsy, and animal
POy1 was taken off PMPA entirely at day 107 because creatinine levels in this
animal were elevated, an indication of nephropathy. Nephropathy has been
shown to occur in animals (68) and humans taking tenofovir disoproxil fumarate
(TDF) (6, 56, 57), a prodrug of PMPA. Discontinuation of TDF was shown to
reverse renal toxicity in humans (56). Four of the nine infected animals were not
treated with HAART and served as positive controls for infection. Two animals
were not infected and served as negative controls. Throughout the study, blood
was collected for measurements of viremia and CD4� T-cell counts and to
monitor the frequency of circulating resting CD4� T cells harboring replication-
competent virus. Data for all the animals studied are summarized in Table 1.

The animals were euthanized in accordance with recommendations of the
Panel on Euthanasia of the American Veterinary Medical Association. Un-

treated SIV-infected animals were euthanized between day 83 and day 88 p.i., as
all animals had AIDS and most had SIV-associated central nervous system
disease at this time (2, 3, 24, 44, 76, 77). Uninfected animals were euthanized day
89 and day 90 p.i. relative to the untreated SIV-infected animals. HAART-
treated animals were euthanized between day 161 and day 175 p.i. Prior to
necropsy, animals were placed under deep anesthesia with pentobarbital and
were perfused with phosphate-buffered saline to remove virus-containing blood
from tissues.

Plasma SIV RNA levels. Levels of plasma SIV RNA were measured by reverse
transcriptase-mediated quantitative PCR, as previously described (60, 65). No-
template controls and no-reverse-transcriptase negative controls were used to
ensure that each measurement was derived from RNA. SIV RNA copy numbers
were calculated from a regression curve derived from RNA transcript standards.
This value was divided by the volume of the extracted plasma specimen to obtain
values in units of SIV RNA copy equivalents/ml of plasma.

Mathematical modeling of decay in viremia with HAART. The decay of vire-
mia following the initiation of HAART was evaluated using a mathematical
model similar to that developed previously by Perelson et al. to study the decay
of HIV-1 viremia in patients starting HAART (54). Briefly, two distinct cellular
compartments were assumed to contribute to the viremia: CD4� T cells, T, which
are infected with a rate constant, k, die with a rate constant, �, and have a burst
size of N. The second compartment consists of cells, M, which become infected
with a rate constant, kM, die with a rate, �M, and produce p virions per cell. Free
virus is degraded with a rate constant, c. Due to limitations in measuring levels
of viremia, we have not considered the contribution of latently infected resting
CD4� T cells. We have assumed 100% efficacy for the drugs used to treat the
animals.

Using the parameters described above, the overall viremia levels can be de-
scribed by the following equation:

V�t� � V0�Ae��t � Be��Mt�

A �
NkT0

c � �

B �
c � NkT0

c � �M

A and B represent the proportion of contributions made by T and M, respec-
tively, before therapy. The Curve Fitting Toolbox (version 1.2) of Matlab
(R2007b, 7.5) was used to estimate �, �M, A, B, and V0 using the technique of
nonlinear least-squares regression.

TABLE 1. Animal groups and characteristics

Group and
animal

Result for animala Viremia on day
10 p.i. (SIV
RNA copy

equivalents/ml)

Necropsy
(days p.i.)Inoculated

with SIV
Treated with

HAART

SIV infected,
HAART
treated

PEz1 � � 3.5 	 108 165
PFy1 � � 1.4 	 108 172
PTa2 � �* 9.8 	 107 161
PYd2 � �* 1.5 	 108 168
POy1 � �** 1.4 	 108 175

SIV infected,
untreated

PDi2 � � 1.1 	 108 83
PSk2 � � 9.9 	 107 87
PUi2 � � 8.8 	 108 88
PEi2 � � 2.0 	 108 84

Uninfected
animals

PBk2 � � � 89
PNk2 � � � 90

a *, doses of PMPA were reduced to 10 mg/kg at day 71 p.i. until necropsy; **,
doses of PMPA were reduced to 10 mg/kg at day 71 p.i. PMPA was removed
from the HAART regimen at day 107.

9248 DINOSO ET AL. J. VIROL.



Quantification of CD4� T cells in blood and tissues. Circulating CD4� T cells
from whole blood were quantified. Tissue-associated CD4� T cells from single-
cell suspensions obtained by mechanical agitation of pooled head lymph nodes
(cervical, retropharyngeal, and submandibular), pooled gut lymph nodes (mes-
enteric and colonic), pooled peripheral lymph nodes (axillary and inguinal), and
spleen were quantified. One million cells from blood and tissues were labeled
with phycoerythrin (PE)-conjugated anti-CD4 monoclonal antibody (Becton
Dickinson). Analysis of the proportion of lymphocytes expressing CD4 was
performed using flow cytometry with a FACSCalibur instrument (Becton Dick-
inson). CD4� T cells were defined as cells in the lymphocyte population (for-
ward- and side-scatter profiles) that express CD4. Circulating CD4� T-cell mea-
surements were expressed in units of cells per �l of blood. Tissue-associated
CD4� T-cell measurements were expressed as a percentage of total lymphocyte
cells.

Isolation of resting memory CD4� T cells. Pooled head lymph nodes, pooled
gut lymph nodes, and spleen were subjected to mechanical agitation to obtain
single-cell suspensions. Peripheral blood mononuclear cells (PBMC) were iso-
lated from whole blood by discontinuous density gradient centrifugation using
25% Percoll (GE Healthcare). Cell populations were then enriched for resting
(HLA-DR�) CD4� T cells using magnetic bead separation (Miltenyi Biotec).
CD4� cells were first isolated from lymph node and spleen suspensions and from
PBMC by using antibody-conjugated microbeads to deplete cells expressing
CD8, CD11b, CD16, CD20, CD56, or CD66abce, thereby leaving an untouched
population of CD4� T cells. HLA-DR-expressing cells were depleted from this
enriched cell population with microbeads conjugated to an antibody against
HLA-DR to yield a population of CD4� HLA-DR� cells. The enriched cell
population was incubated overnight at 37°C to allow contaminating monocytes to
adhere to the tissue culture vessel. Nonadherent cells were labeled with PE-
conjugated anti-CD4 and fluorescein isothiocyanate-conjugated anti-HLA-DR
monoclonal antibodies (Becton Dickinson) and sorted for small CD4� HLA-
DR� cells using a MoFlo cell sorter (Cytomation). Populations of small CD4�

HLA-DR� cells were isolated with 98 to 99% purity.
Measurement of the frequency of resting CD4� T cells harboring replication-

competent virus. The frequency of resting CD4� T cells harboring replication-
competent virus was measured using a coculture assay in which resting CD4� T
cells were cultured with a cell line, CEMx174, as previously described (60).
Resting CD4� T cells were cultured in a fivefold dilution series in duplicate
ranging from 1 	 106 cells to 3.2 	 102 cells per well. In the event that the
isolation of resting CD4� T cells did not yield enough cells for culturing 1 	 106

cells, 2 	 105 cells were cultured, which raised the limit of quantification from
0.32 infectious units per million resting CD4� T cells (IUPM) to 1.61 IUPM. The
CEMx174 cells serve both to activate resting macaque T cells through CD2-
CD58 interactions and to expand viruses released from latently infected cells that
become activated (59). The presence of replication-competent SIV was deter-
mined by p27 enzyme-linked immunosorbent assay of culture supernatants after
3 weeks of culture. The cultures were set up in limiting-dilution format, and the
frequencies of cells harboring replication-competent virus were determined as
previously described (48). In brief, reported values are a reflection of the results
obtained from all the dilutions performed in duplicate. The confidence intervals
for each data point are 
0.7 logs.

Statistical analysis. Paired Student t tests were performed to analyze changes
in circulating CD4� T-cell counts and changes in the frequencies of circulating
CD4� T cells harboring replication-competent virus over time within an animal.
Unpaired Student t tests were performed to analyze differences in the propor-
tions of CD4� T cells in tissues between animal groups. An analysis of variance
was performed to analyze differences in the frequencies of latently infected
CD4� T cells between different tissues in the HAART-treated animals. Fre-
quencies of resting CD4� T cells harboring replication-competent virus below
the limit of detection were included with a value of the limit of detection for
statistical analysis.

RESULTS

Suppression of viremia with HAART. Eleven pig-tailed ma-
caques were used in this study. Of the 11 animals, 9 were
inoculated intravenously with both SIV/17E-Fr and SIV/Delta
B670. These animals demonstrated high levels of viremia by
day 10 p.i. (median, 1.40 	 108 copies of SIV RNA/ml; range,
0.98 	 108 to 8.75 	 108 copies/ml). Of the nine animals
infected, five were treated with HAART at day 12 p.i., and all
five animals displayed a rapid decay of viremia to below the

limit of detection (100 RNA copies/ml) by day 70 p.i. (Fig. 1a).
From day 70 postinfection to the day of necropsy, there were
47 viral load measurements (mean, 9 measurements per ani-
mal), and of those, 36 (77%) were �100 copies/ml (mean, 7
per animal). Of the 36 measurements that were �100 copies/
ml, 14 (39%) (mean, 3 measurements per animal) were com-
pletely undetectable, with no signal detected in the three rep-
licate quantitative PCR reactions.

Mathematical modeling of the decay of viremia was carried
out using a model previously described by Perelson and col-
leagues. This analysis revealed a biphasic decay consistent with
observations made for humans (Fig. 1b). In most animals,
half-lives were similar to those reported previously for humans
(54), with first-phase half-lives ranging from 0.54 to 4.12 days
and second-phase half-lives ranging from 11.66 to 33.30 days.
Animal PEz1 displayed decay kinetics that were slower during
both phases than those of the other animals (Fig. 1b, top left).
In contrast, the four SIV-infected, untreated animals experi-
enced a slight decay in viremia from the peak at day 10 p.i. to
a set point viremia that was maintained above 1 	 107 cop-
ies/ml until the day of necropsy (Fig. 1). Therefore, the treated
animals experienced at least a 5-log10 decrease in viremia rel-
ative to the untreated animals, consistent with what was re-
ported previously for humans (29, 30, 54). The uninfected
animals consistently yielded negative results for plasma SIV
RNA. Taken together, these results suggest that the virological
response to HAART in HIV-1-infected humans is similar to
that in SIV-infected pig-tailed macaques.

Rebound of CD4� T cells with HAART. Circulating CD4� T
cells were measured during the course of the study (Fig. 2). In
the four untreated SIV-infected animals, counts of circulating
CD4� T cells were measured on day 0 prior to infection; on
day 7 p.i., during the establishment of peak viremia; and on day
70 p.i., before necropsy. There was a significant reduction in
levels of circulating CD4� T cells from day 0 (mean, 1,587
cells/�l) to day 7 (mean, 483 cells/�l) (P � 0.01). From day 7
to day 70, there was not a significant reduction in levels of
circulating CD4� T cells (from a mean of 483 cells/�l to a
mean of 442 cells/�l; P � 0.62) (Fig. 2a). In the five HAART-
treated animals, counts of circulating CD4� T cells were also
significantly reduced from day 0 (mean, 812 cells/�l) to day
7 p.i. (mean, 213 cells/�l) (P � 0.01). However, in contrast to
the untreated animals, the HAART-treated animals experi-
enced a significant rebound in circulating CD4� T-cells count
from day 7 (mean, 213 cells/�l) to day 70 (mean, 564 cells/�l)
(P � 0.01). From day 70 (mean, 583 cells/�l) to day 119 (mean,
724 cells/�l), CD4 T-cell counts did not significantly change
(P � 0.23) (Fig. 2b). In the two uninfected animals, mean
circulating CD4� T-cell counts were 2,207, 1,916, and 1,549
cells/�l at days 0, 7, and 70, respectively.

At necropsy, single-cell suspensions from pooled head
lymph nodes (cervical, retropharyngeal, and submandibular),
pooled gut lymph nodes (mesenteric and colonic), pooled pe-
ripheral lymph nodes (axillary and inguinal), and spleen were
examined for proportions of CD4� T cells (Fig. 3). In head,
gut, and peripheral lymph nodes, the proportion of CD4� T
cells was significantly greater in HAART-treated animals than
in untreated SIV-infected animals (P � 0.02 for all tissues). In
the spleen, the proportion of CD4� T cells was not significantly
different between the two groups (P � 0.10); however, the
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proportion of CD4� T cells in the spleen was low in both
groups relative to that in the other tissues examined.

Taken together, these results indicate that circulating
CD4� T-cell counts were significantly increased in HAART-
treated animals, and this increase occurred during the first
58 days of treatment, as counts between day 70 and day 119
were not significantly different. Furthermore, the proportion
of CD4� T cells in lymph nodes was significantly greater in
the HAART-treated animals than in the untreated animals.
Interestingly, this was not the case for the spleen. Overall,
these data suggest that HAART induces a rebound in the
number of CD4� T cells in treated SIV-infected macaques,
consistent with what was shown previously for treated HIV-
infected humans (29, 30).

Detection of resting CD4� T cells harboring replication-
competent SIV in animals with undetectable levels of viremia.
For patients on HAART, HIV-1 can persist in a latent form in
resting CD4� T cells. To determine whether SIV could persist
in animals on HAART, we used an SIV coculture assay to
measure frequencies of resting CD4� T cells harboring repli-
cation-competent virus from multiple time points starting
shortly after viremia became undetectable (�100 SIV copies/
ml). Resting CD4� T cells were isolated by a combination of
magnetic bead depletion and cell sorting to obtain a highly
pure population of cells (mean purity, 98.8%) (Fig. 4). To
activate resting CD4� T cells and amplify the released virus,
purified resting CD4� T cells were cocultured with CEMx174,
a human hybrid T-B-lymphocyte cell line (see Materials and

FIG. 1. Suppression of SIV viremia with HAART. (a) Levels of viremia were measured from day 0 to the day of necropsy for untreated animals
(No Tx) (n � 4) and HAART-treated animals (n � 5). In the HAART-treated animals, viremia was reduced at least by 
5 log10 units relative
to the untreated animals, to levels below the limit of detection. Uninfected animals (n � 2) were consistently negative for SIV RNA. (b)
Mathematical modeling of the decay of viremia for each animal revealed a biphasic decay that occurred upon initiation of HAART. Half-lives (t1/2)
for each phase of decay are shown for each animal. These values are similar to half-lives reported for humans initiating HAART. Open symbols
represent measurements at or below the limit of detection (100 SIV RNA copy equivalents [eq.]/ml). The vertical dotted line represents the day
when HAART was initiated (day 12) for the treated animals.
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Methods). After 3 weeks of culture, supernatants were assayed
for the presence of SIV p27 to identify the frequency of resting
CD4� T cells harboring replication-competent virus. In all
SIV-infected animals, blood samples yielded detectable fre-
quencies of resting CD4� T cells harboring replication-com-
petent virus during the course of low-level viremia, an obser-
vation consistent with previously reported data for humans on
HAART (22, 62).

For the animals treated with HAART, frequencies of circu-
lating resting CD4� T cells harboring replication-competent
virus were measured at multiple time points (Fig. 5). The
average frequencies were 5.5 IUPM CD4� T cells at day 77, 7.7
IUPM at day 111, 1.7 IUPM at day 141, and 1.4 IUPM at the
day of necropsy (mean, day 168). Animal POy1 had frequen-
cies below the limit of quantification for the last two measure-
ments. The decay in the frequencies of resting CD4� T cells
harboring replication-competent virus likely reflects the fact
that resting CD4� T cells can harbor a labile unintegrated
form of SIV as well as a more stable integrated form. By

analogy with humans infected with HIV-1, it takes several
months for the unintegrated form to decay completely (7). At
the time of necropsy, frequencies of resting CD4� T cells
harboring replication-competent virus showed no evidence of
decay, as shown by the lack of a significant difference between
the last two measurements (P � 0.51). Furthermore, measure-
ments at necropsy ranged between �0.32 and 3.25 IUPM,
within the range of values observed for humans on long-term
HAART (62). These results illustrate that this model will be
useful for evaluating strategies for eradicating the latent res-
ervoir. However, the animals should be treated with HAART
for at least 150 days to allow labile forms of SIV to decay.

Frequency of resting CD4� T cells harboring replication-
competent virus in tissues and blood at necropsy. The frequency
of resting CD4� T cells harboring replication-competent virus
was measured in pooled head (cervical, retropharyngeal, and
submandibular) lymph nodes, pooled gut (mesenteric and co-
lonic) lymph nodes, spleen, and PBMC that were isolated at
necropsy (Fig. 6). Tissues were homogenized to single-cell

FIG. 2. Effect of HAART on CD4� T-cell counts in peripheral blood. Counts of circulating CD4� T cells were measured at days 0, 7, and 70 p.i.
for both untreated (No Tx) (n � 4) (a) and HAART-treated (n � 5) (b) animals and at day 119 for HAART-treated animals. For both untreated
and HAART-treated animals, cell counts were significantly reduced between day 0 and day 7, the time interval during which viremia peaks. CD4�

T-cell counts were significantly increased by day 70 in the HAART-treated animals but not in untreated animals. Changes in cell counts between
day 70 and day 119 were not significant.
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suspensions by mechanical agitation, and resting CD4� T cells
were isolated with magnetic bead separation and subsequent
cell sorting for small CD4� HLA-DR� cells. Cell purity from
tissues ranged from 98 to 99% (mean, 98.9%). In two of the
four untreated SIV-infected animals (animals PDi2 and PSk2),
we measured frequencies of resting CD4� T cells harboring
replication-competent virus and found geometric means of 452
IUPM for head lymph nodes, 561 IUPM for gut lymph nodes,
421 IUPM for spleen, and 564 IUPM for PBMC. For all five
HAART-treated animals, frequencies were substantially lower
than those for untreated animals. Geometric mean frequencies
for HAART-treated animals were 1.3 IUPM for head lymph
nodes, 1.4 IUPM for gut lymph nodes, 1.8 IUPM for spleen,
and 1.1 IUPM for PBMC. Animals PTa2, PEz1, and POy1
yielded frequencies below the limit of detection in gut lymph
nodes, spleen, and PBMC, respectively. Within the HAART-
treated animal group, frequencies of latently infected resting
CD4� T cells were not significantly different (P � 0.47) between
the tissues, a finding that is consistent with previously reported
observations for untreated HIV-1-infected humans (13). For the
one uninfected animal (animal PNk2) evaluated, coculture assays
were negative for latently infected cells for all tissues. Taken
together, these results show that the model of HAART closely
mimics the virological state achieved by HIV-1-infected humans
on HAART with respect to the degree of suppression of viremia,

the rebound in circulating and lymphoid tissue-associated CD4�

T-cell counts, and the persistence of replication-competent virus
from resting CD4� T cells.

DISCUSSION

Current treatment guidelines for HIV-1 infection recom-
mend the use of specified combinations of three or more an-
tiretroviral drugs, an approach that is commonly referred to as
HAART. HIV-1-infected individuals who are adherent to
therapy maintain levels of viremia below the clinical limit of
detection, 50 HIV-1 RNA copies/ml of plasma (29, 30, 54).
However, residual viremia continues at levels below 50 cop-
ies/ml despite years of therapy (20, 52). The median level of
residual viremia is 2 copies/ml (43, 53). Another hallmark of
treatment with HAART is a rise in CD4� T-cell counts relative
to pretreatment levels (29, 30).

Despite the success of HAART, HIV-1-infected individuals
cannot be cured of the infection, in part because latently in-
fected resting memory CD4� T cells serve as lifelong viral
reservoirs (18, 22, 23, 62, 73). To complicate matters, extensive
sequence analysis of residual viremia in a cohort of HIV-1-
infected individuals on suppressive HAART regimens for sev-
eral years has shown that there is another long-lived reservoir
contributing to residual viremia that appears to be distinct

FIG. 3. Fraction of CD4� T cells in tissues. The percentage of lymphocytes that were CD4� was measured in head lymph nodes (LN) (cervical,
retropharyngeal, and submandibular) (a), gut lymph nodes (mesenteric and colonic) (b), peripheral lymph nodes (axillary and inguinal) (c), and
spleen (d) in untreated (n � 4), HAART-treated (n � 5), and uninfected (n � 2) animals. Differences between untreated (No Tx) and
HAART-treated animals were significant for the lymph node tissue but not spleen. Mean measurements are indicated by horizontal bars.
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from the latent reservoir in resting memory CD4� T cells (4).
A recent study analyzing the sequence diversity of plasma virus
that rebounded after an interruption of HAART showed that
rebound viremia was derived from a source that was ancestral
to viruses present at the time that HAART was started (38). In
other words, rebound viremia was more closely related to the
most recent common ancestor than virus isolated just before
the initiation of HAART, suggesting that its source was
established earlier in infection and persisted throughout the
course of treatment. Altogether, the evidence suggests that
the sources of residual viremia are stable reservoirs established
before HAART that are able to persist during therapy inde-
pendent of ongoing replication. Identification of all cell and
tissue sources of residual viremia will be essential for develop-
ing strategies for eradicating the infection, but this is difficult in
humans since for some patients, much of the residual viremia
appears to be derived from cells not in circulation (4, 10, 58).
Identifying all sources of residual virus and testing strategies
for eradication require an animal model of HAART that di-
rectly parallels HIV-infected patients on HAART.

Here, we describe the development of an animal model that
reproduces many key features of HIV-1 infection in the setting
of suppressive HAART. We infected pig-tailed macaques with

FIG. 4. Isolation of resting CD4� T cells. Resting CD4� T cells were isolated from blood and various lymphoid tissues by magnetic bead
depletion followed by sorting for small morphologically homogeneous populations of CD4� HLA-DR� cells. (a) After magnetic bead enrichment,
enriched cells contained a morphologically heterogeneous population of cells (left) and some CD4� cells (right). (b) Upon cell sorting using
CD4-PE and HLA-DR–fluorescein isothiocyanate (FITC), isolated cells were morphologically (left) and phenotypically (CD4� HLA-DR�) (right)
homogeneous, with 98 to 99% purity.

FIG. 5. Frequency of circulating resting CD4� T cells harboring
replication-competent virus. At various times after undetectable vire-
mia (dotted line, right y axis) was achieved with HAART, circulating
resting CD4� T cells (small CD4� HLA-DR� cells) were isolated and
assayed for the presence of inducible, replication-competent SIV. For
HAART-treated animals, the frequencies of cells harboring replica-
tion-competent virus in circulating resting CD4� T cells isolated at
days 77, 111, and 141 and at necropsy (days 161 to 175) were measured.
The vertical dotted line represents the day when HAART was initiated
(day 12). Open symbols represent measurements less than the indi-
cated values. The confidence intervals at each data point are 
0.7 logs.
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SIV/17E-Fr and SIV/Delta B670, an infection model that has
been shown to yield high levels of plasma viremia and repro-
ducible disease in 3 months (2, 3, 24, 44, 76, 77). Infection with
this combination of viruses consistently yields high levels of
viremia, and no animals spontaneously controlled infection.
Consistent infection is important when establishing a model to
identify new reservoirs and approaches to eradicate them. Dur-
ing acute infection, when levels of plasma viremia were high,
the animals were treated with a four-drug antiretroviral com-
bination consisting of a nucleotide reverse transcriptase inhib-
itor, two different protease inhibitors, and an integrase inhib-
itor, thereby targeting three different steps in the viral life
cycle. Using this HAART regimen, we observed a dramatic
biphasic decline in viremia. Each phase exhibited a decay con-
stant similar to that reported previously for HIV-1-infected
humans on HAART (54). In addition, infected animals showed
an increase in the counts of CD4� T cells following the initi-
ation of HAART similar to that observed previously for treat-
ment of HIV-1 infection (29, 30). At necropsy, we quantified
the proportion of CD4� T cells in total lymphocytes isolated
from gut, head, peripheral lymph nodes, and spleen and
showed that there was a significantly greater proportion of
CD4� T cells in HAART-treated animals than in the un-
treated group. For the untreated animals, levels of viremia
reached a high set point, and CD4� T-cell counts did not
increase during the study interval. Levels of plasma viremia
and CD4� T-cell counts have proven to be important indica-
tors of the response to antiretroviral therapy (29, 30), and our
model displayed responses consistent with those for humans
receiving HAART.

By using a coculture assay described elsewhere (60), we
isolated resting small CD4� HLA-DR� T cells from blood and

tissues and measured the frequency of latently infected cells. In
this population, only 
6% of cells express CD25, and a simi-
larly small fraction expresses CD69. None were dual positive
for these early activation markers. Thus, the overwhelming
majority of cells isolated by this procedure are truly resting, as
assessed by their small size and the lack of early and late
activation markers. It is unlikely that the small fraction of
recently activated cells contributed significantly to the fre-
quency of latently infected cells which we quantified since
levels of infection in activated and resting CD4� T cells are
similar (17). Furthermore, CD69 and CD25 are expressed
early after T-cell activation. Therefore, virus released from
CD25� or CD69� cells during suppressive HAART would
most likely represent a reactivation of latently infected cells.
Given the results of recent pharmacodynamic (61) and
HAART intensification (19) studies, it is unlikely that de novo
infection of these recently activated cells occurs during sup-
pressive HAART. Given the low frequency of CD25- and
CD69-expressing cells and the low probability of new infection
during suppressive HAART, our cell sorting method and co-
culture assay likely measure the frequency of latently infected
cells. In the HAART-treated animals, the frequency of circu-
lating resting CD4� T cells harboring replication-competent
virus showed an initial decay similar to that observed for HIV-
1-infected humans on HAART. Presumably, the initial decay
reflects the turnover of the labile preintegration complexes
that cannot integrate into the host genome due to the resting
state of the infected cell. Before this decay is complete, it is
thought that the release of virus from resting CD4� T cells that
have become activated can arise from two different infection
states: one state in which preintegration complexes integrate
into the host genome upon the activation of the cell and pro-
duce virus and another state in which the resting cell carries a
stably integrated but latent viral genome and becomes acti-
vated to produce virus. Our results suggest that the frequencies
measured at necropsy are representative of cells in the stable
postintegration state of latency, although a contribution from
cells in the labile preintegration state cannot be excluded. To
date, this has not been shown for any animal model of HIV-1
infection and HAART. Thus, with regard to virus in resting
CD4� T cells, this system provides an excellent model of
HIV-1 infection and HAART as defined by previous work with
HIV-1-infected humans (7).

For HIV-1-infected humans on HAART, latently infected
CD4� T cells harboring replication-competent virus can be
detected in the circulation after many years of treatment. How-
ever, it is not clear how frequent these cells are in the lymphoid
tissue during suppressive HAART. In the animal model de-
scribed here, we show that HAART-treated animals had la-
tently infected CD4� T cells in the lymphoid tissue but at lower
frequencies than those of untreated SIV-infected animals. This
is not surprising given that the frequencies measured for the
untreated animals reflect the two states of latent infection
described above. Consistent with studies of humans with un-
treated HIV-1 infection, the frequencies were not significantly
different between tissues and blood (13). Furthermore, the
frequencies in the lymphoid tissues were within a range ob-
served for blood from humans on HAART. These results con-
firm the persistence of latently infected resting CD4� T cells in
the lymphoid tissue and raise the possibility that there is an

FIG. 6. Frequency of resting CD4� T cells harboring replication-
competent virus in tissues and blood at necropsy. Resting CD4� T cells
(small CD4� HLA-DR� cells) were isolated from head lymph nodes
(LN), gut lymph nodes, spleen, and PBMC at necropsy. Purified cells
were assayed for the presence of cells harboring replication-competent
virus. Geometric mean frequencies for HAART-treated animals were
�2 log10 values lower than those for untreated (No Tx) animals and
were not statistically different between tissues (P � 0.47). Open sym-
bols represent measurements less than the indicated values. The con-
fidence intervals at each data point are 
0.7 logs.

9254 DINOSO ET AL. J. VIROL.



even distribution of this reservoir in the lymphoid tissues
throughout the body of an infected individual on HAART.

This study also contributed to our understanding of the
pharmacology of antiretroviral drugs in macaques. For three of
the five HAART-treated animals, dosages of PMPA were
reduced, and for one animal, PMPA was removed from the
regimen. In these animals, creatinine levels were elevated,
which is indicative of nephrotoxicity. In humans, TDF, the
prodrug of PMPA, can cause nephrotoxicity, and the discon-
tinuation of TDF has been shown to mitigate nephrotoxicity.
In the animals studied here, a reduction of the PMPA dosage
was shown to reduce levels of creatinine. In future studies, the
choice of an appropriate dose of an antiretroviral drug could
be guided by toxicity considerations and by a more accurate
evaluation of the activity of the drugs against SIV. We have
recently shown that the dose-response curve slope is a critical
missing dimension in the analysis of antiviral activity (61). The
use of measures that incorporate this parameter may facilitate
the choice of drug doses that control SIV replication without
substantial toxicity.

Other studies previously described treatment of SIV-in-
fected rhesus macaques (8, 27, 28, 42, 51, 69–71) and pig-tailed
macaques (1, 60) with antiretroviral drugs. The pig-tailed ma-
caque model described previously by Ambrose and colleagues
used an HIV reverse transcriptase-encoding SIV and three-
drug HAART (1). In this model, there was also a dramatic
reduction in viremia and a rise in the number of CD4� T cells
in blood. However, latently infected cells were not measured.
In contrast, latently infected cells were studied in the pig-tailed
macaque model described previously by Shen and colleagues;
however, only two antiretroviral drugs were used, both of the
same drug class (60). Thus, that model is not fully comparable
to current HAART regimens. In addition, the SIV strain used
did not consistently give high levels of viremia, and the disease
course was variable in untreated animals. In comparison to
other pig-tailed macaque models, we believe that the model
described here represents the best available model for viral
persistence in the setting of HAART.

In addition to demonstrating a dramatic biphasic decay in
SIV viremia and an increase in circulating CD4� T-cell counts
following the initiation of HAART, this study also tracks the
decay in circulating resting CD4� T cells harboring replication-
competent virus to frequencies observed for humans on long-
term HAART. After 150 days of treatment, the frequency of
resting CD4� T cells harboring replication-competent virus
appeared to have plateaued. It will be important in future
studies to treat animals for longer periods of time to determine
whether the frequencies of latently infected cells remain stable
as they do in humans. In addition, we demonstrate for the first
time the presence of latently infected resting CD4� T cells in
lymphoid tissue in the setting of suppressive HAART and
quantify their frequencies. Our approach could be extended to
a total-body analysis of various tissues to quantify the fre-
quency of latently infected resting CD4� T cells residing in
other tissues. Our data suggest that there is an equal distribu-
tion of latently infected cells among lymphoid cells in the
tissues sampled.

The gut-associated lymphoid tissue (GALT) has been shown
to be massively depleted of CD4� T cells in HIV-1 and SIV
infections (9, 12, 28, 39, 42, 45–47). It has also been shown that

antiretroviral therapy leads to a reconstitution of CD4� T cells
in the GALT but not to the same degree as that observed for
peripheral blood (39, 46). These qualities make this tissue
compartment very unique in HIV-1/SIV infection. The animal
model described here may be a useful tool for exploring viral
persistence in this compartment and other effector sites such as
the lung, as dual infection of pig-tailed macaques with SIV/
17E-Fr and SIV/Delta B670 was previously shown to lead to a
massive depletion of CD4� T cells in the GALT (12). Further-
more, evaluation of memory CD4� T-cell subsets and the
depletion of CD4� T cells at effector sites would provide a
more sensitive indication of disease progression (9, 12, 28, 31,
39, 41, 42, 45–47). However, previously reported observations
of CD4� T-cell depletion in GALT (12) and clinical manifes-
tations of disease in a period of 3 months in untreated animals
(2, 3, 24, 44, 76, 77) suggest that this system does model the
ability of HAART to prevent or reverse clinical immunodefi-
ciency disease seen for humans with HIV-1 infection.

A quantitative understanding of the tissues that harbor latently
infected cells will be essential for an eradication effort, first to
target drugs that activate latent virus to tissues that harbor latently
infected cells and then to determine whether the therapy was
effective in eradicating the latently infected cells. In addition to
the quantification of the well-characterized resting CD4� T-cell
reservoir, this model could be used to identify uncharacterized
stable reservoirs persisting in anatomical sites that are difficult to
screen for humans. Examples of potential reservoirs include he-
matopoietic stem and progenitor cells that reside in the bone
marrow. In observing predominant plasma clones persisting for
years in the context of suppressive HAART, Bailey and col-
leagues proposed a self-renewing CD34� stem or progenitor cell
of the hematopoietic lineage as a potential source of residual
viremia (4). However, these cells reside in the bone marrow and
are difficult to study for HIV-infected patients on HAART be-
cause of the invasive procedures required to obtain bone marrow.
Finally, this animal model would serve as a model to validate the
proposed cell types that have demonstrated stable viral reservoir
qualities ex vivo (11, 64).
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