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Despite suppression of viremia in patients on highly active antiretroviral therapy (HAART), human immu-
nodeficiency virus type 1 persists in a latent reservoir in the resting memory CD4� T lymphocytes and possibly
in other reservoirs. To better understand the mechanisms of viral persistence, we established a simian
immunodeficiency virus (SIV)-macaque model to mimic the clinical situation of patients on suppressive
HAART and developed assays to detect latently infected cells in the SIV-macaque system. In this model,
treatment of SIV-infected pig-tailed macaques (Macaca nemestrina) with the combination of 9-R-(2-phospho-
nomethoxypropyl)adenine (PMPA; tenofovir) and beta-2�,3�-dideoxy-3�-thia-5-fluorocytidine (FTC) sup-
pressed the levels of plasma virus to below the limit of detection (100 copies of viral RNA per ml). In treated
animals, levels of viremia remained close to or below the limit of detection for up to 6 months except for an
isolated “blip” of detectable viremia in each animal. Latent virus was measured in blood, spleen, lymph nodes,
and thymus by several different methods. Replication-competent virus was recovered after activation of a 99.5%
pure population of resting CD4� T lymphocytes from a lymph node of a treated animal. Integrated SIV DNA
was detected in resting CD4� T cells from spleen, peripheral blood, and various lymph nodes including those
draining the gut, the head, and the limbs. In contrast to the wide distribution of latently infected cells in
peripheral lymphoid tissues, neither replication-competent virus nor integrated SIV DNA was detected in
thymocytes, suggesting that thymocytes are not a major reservoir for virus in pig-tailed macaques. The results
provide the first evidence for a latent viral reservoir for SIV in macaques and the most extensive survey of the
distribution of latently infected cells in the host.

Advances in antiretroviral therapy, particularly the introduc-
tion of highly active antiretroviral therapy (HAART), allow
control of viral replication in patients with human immunode-
ficiency virus type 1 (HIV-1) infection. HAART regimens con-
sist of combinations of antiretroviral drugs that together suc-
cessfully reduce plasma HIV-1 RNA levels in the majority of
patients to below the limit of detection of current assays (20,
21, 38). However, HIV-1 persists even in successfully treated
patients whose plasma virus levels have fallen to undetectable
levels (12, 16, 52). The viral reservoir for which long-term
persistence has been most clearly demonstrated consists of
latently infected resting CD4� T lymphocytes (10–12, 15, 16,
38, 39, 52). These have stably integrated provirus (10–12), but
show no virus production until they are activated (10). These
latently infected CD4� T lymphocytes have been found in the
peripheral blood (10, 11, 16) and lymph nodes (11) of infected
individuals, but little is known about the presence of these cells
in other lymphoid organs, such as the spleen or thymus. Res-

ervoirs have also been postulated to exist in other cell types,
such as monocytes/macrophages, and in anatomical sites such
as the central nervous system (6).

Latently infected resting CD4� T cells generally have a
memory phenotype (11, 41). In light of the fact that direct
productive infection of resting CD4� T cells is difficult to
demonstrate (9, 42, 54), it has been proposed that these cells
may arise when productively infected, activated CD4� T cells
revert back to a resting memory state (10). However, recent
studies with a SCID/hu mouse system have suggested that
latently infected cells can also be generated in the thymus (8).
Although the extent of thymic infection is difficult to measure
because of the inaccessibility of the organ, it is well accepted
that infection of thymocytes can occur during human and pri-
mate retroviral infections (2, 30, 32, 35, 45, 47, 53; reviewed in
references 19 and 23). In the SCID/hu Thy/Liv model of HIV-1
infection, direct infection and depletion of thymocytes in the
implanted fetal-thymus graft can be demonstrated (7). In ad-
dition, there is substantial evidence of decreased thymic func-
tion during HIV-1 infection (13, 44). During disease progression,
the thymic architecture is disturbed and there is virus-related
depletion of the thymocytes (49).

To study the viral reservoirs that allow persistence in the
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face of potent antiretroviral therapy, we developed a simian
immunodeficiency virus (SIV)-macaque model that would en-
able us to examine different potential viral reservoirs that are
not easily accessible in humans. SIV-macaque models of AIDS
are well established and have been extremely useful in HIV-1
vaccine development and in advancing the understanding of
the pathogenesis of AIDS (reviewed in references 25 and 31).
However, they have not been widely utilized as a model for the
study of HIV-1 infection under HAART because of the lack of
SIV protease inhibitors, nor have they been used for the study
of latent viral reservoirs. Recently, several groups have devel-
oped combinations of reverse transcriptase (RT) inhibitors
that can successfully suppress viremia in infected macaques to
levels below the detection limit (33; D. D. Richman, personal
communication). We therefore treated SIV-infected pig-tailed
macaques (Macaca nemestrina) with two potent RT inhibitors
for 6 months and measured the persistence of latent SIV in
various lymphoid compartments by using a series of novel
assays. The results provided insight into the nature of viral
persistence in the setting of HAART.

MATERIALS AND METHODS

Virus. SIV/17E-Fr (17, 34) is a macrophage-tropic and neurovirulent recom-
binant strain derived from SIVmac239 by replacement of the entire env and nef
genes as well as the 3� long terminal repeat (LTR) of SIVmac239 with those from
SIV/17E-Br, a virus derived from SIVmac239 by serial passage in rhesus ma-
caques and subsequent isolation from the brain of a macaque with fulminant
encephalitis (48).

Animal experiments. Four juvenile pig-tailed macaques (Macaca nemestrina),
aged 3 to 4 years, were inoculated intravenously with SIV/17E-Fr (10,000 50%
tissue culture infective doses). Beginning on day 50 postinoculation (p.i.), two of
the animals (98P004 and 98P008) were injected once daily subcutaneously with
the antiretroviral drugs 9-R-(2-phosphonomethoxypropyl)adenine (PMPA; te-
nofovir) and beta-2�,3�-dideoxy-3�-thia-5-fluorocytidine (FTC) at doses of 20 and
50 mg/kg of body weight/day, respectively. Then, beginning on day 85 p.i., the
dose for PMPA was increased to 30 mg/kg/day for the rest of the study. The other
two animals (98P009 and 97P021) were not given any drugs and served as
no-therapy controls. PMPA is a nucleotide RT inhibitor that does not cross the
brain-blood barrier (1, 18), and FTC is a nucleoside RT inhibitor that crosses the
blood-brain barrier (46).

Blood was drawn from each animal for plasma viral-load assays weekly until
day 77 p.i. and biweekly thereafter. Axillary lymph nodes were taken from the
animals at week 3 (98P004 and 98P008), week 4 (98P009 and 97P021), week 13
(all), and week 23 (all) to be examined for the presence of virus. All manipula-
tions were done while the animals were anesthetized with ketamine-HCl (Parke-
Davis). The animals were euthanatized at 29 to 33 weeks p.i. Prior to necropsy,
animals were perfused with sterile phosphate-buffered saline to remove virus-
containing blood from the tissues. Latently infected resting T cells were quanti-
fied in six different tissues: thymus, peripheral blood mononuclear cells (PBMC),
spleen, mesenteric lymph nodes, pooled retropharyngeal and cervical lymph
nodes, and pooled axillary and inguinal lymph nodes. The following lymphoid
tissues were examined microscopically for abnormalities: spleen, thymus, intes-
tinal lymph nodes (mesenteric and colonic), peripheral lymph nodes (axillary and
inguinal), and lymph nodes of the head (cervical, submandibular, and retropha-
ryngeal).

Histopathology. Spleen, thymus, peripheral (axillary and inguinal) nodes, in-
testinal (mesenteric and colonic) nodes, and nodes that drain the head (subman-
dibular, retropharyngeal, and cervical) were sampled at necropsy. The tissues
were fixed in Streck’s tissue fixative (Streck Laboratories, La Vista, Nebr.) for 7
days, and then sectioned and routinely processed and paraffin embedded. A
5-�m section from spleen and each lymph node was stained with hematoxylin
and eosin and examined microscopically. Changes in lymphoid tissues included
follicular hyperplasia, paracortical expansion, lymphoid depletion, and medullary
fibrosis. The severity of these pathological changes was subjectively scored as
mild, moderate, or severe.

Plasma viral load. Virion-associated SIV RNA in plasma was measured by
using a real-time reverse transcription-PCR assay on an Applied Biosystems
Prism 7700 sequence detection system (the Taqman method), as previously
described (24, 50). For each sample, three reactions were performed. Duplicate
aliquots were separately reverse transcribed and amplified, and the amplification
cycle during which a detectable PCR product was first observed (threshold cycle)
was determined from real-time kinetic analysis of fluorescent-product generation
as a consequence of template-specific amplification (50). To control for DNA
contamination, one reaction was processed and amplified without addition of RT
(no RT control). Nominal copy numbers for test samples were then automati-
cally calculated by interpolation of the experimentally determined threshold
cycle values onto a regression curve derived from control transcript standards,
followed by normalization for the volume of the extracted plasma specimen.

Isolation of resting CD4� T cells. Various tissues, including the spleen, mes-
enteric lymph nodes, pooled retropharyngeal and cervical lymph nodes, and
pooled axillary and inguinal lymph nodes, were teased apart with needles to form
single-cell suspensions. The monocytes were depleted by adherence (incubation
at 37°C overnight). Nonadherent cells were labeled with phycoerythrin (PE)-
conjugated anti-CD4 and fluorescein isothiocyanate (FITC)-conjugated anti-
HLA-DR antibodies (Becton Dickinson Immunocytometry Systems) and sorted
on a MoFlo (Cytomation) cell sorter for small CD4�/HLA-DR� cells. Thus,
activated T cells were removed on the basis of size and expression of HLA-DR.

Isolation of CD4�/CD8� and CD4�/CD8� T cells from the thymus. Thymus
tissue was processed to obtain a single-cell suspension as described for other
tissues. Then, thymocytes were labeled with FITC-conjugated anti-CD8 and
PE-conjugated anti-CD4 antibodies (Becton Dickinson Immunocytometry Sys-
tems) and sorted on a MoFlo cell sorter for CD4�/CD8� single-positive and
CD4�/CD8� double-positive cells.

Quantification of latently infected cells. Latently infected cells were quantified
by using a novel limiting dilution culture assay in which highly purified resting
CD4� T cells were cocultured with CEMx174 cells (a gift from James Hoxie,
University of Pennsylvania) in duplicate fivefold serial dilutions ranging from as
many as 5 � 106 cells per well to as few as 320 cells per well. The cells were
cultured in RPMI 1640 with 4 mM L-glutamine (Invitrogen) supplemented with
10% heat-inactivated fetal bovine serum, penicillin (50 U/ml), streptomycin (50
�g/ml), and interleukin-2 (100 U/ml). For cultures containing 0.2 � 106 to 10 �
106 primary cells/well, the ratio of primary cells to CEMx174 cells was 4:1, and
for cultures containing 320 to 200,000 primary cells, a constant number of 50,000
CEMx174 cells were used. The cultures were split 1:2 every 2 days, and fresh
medium was added. After 21 days, growth of virus was detected by measuring p27
antigen in culture supernatants by enzyme-linked immunosorbent assay (Beck-
man Coulter). Control wells with only primary cells or only CEMx174 cells were
included in each assay. The frequencies of infected cells were determined by the
maximum-likelihood method (36) and were expressed in terms of infectious units
per million (IUPM) resting CD4� T cells.

Assay for integrated SIV DNA. Integrated SIV DNA was detected by using a
modified version of a previously described inverse-PCR method (10). Genomic
DNA (800 ng) extracted from primary cells by using the Puregene genomic DNA
isolation kit (Gentra) was digested with 10 U of BsrG1 (New England Biolabs)
for 3 h at 37°C and then incubated with an additional 10 U of BsrG1 for 3 h at
60°C. After heat inactivation for 20 min at 80°C, 600 ng of DNA was ligated with
5 U of T4 DNA ligase (Boehringer Mannheim) in a 60-�l total volume of 66 mM
Tris-HCl, 5 mM MgCl2, 1 mM dithiothreitol, and 1 mM ATP for 12 h at 16°C.
A portion of the digested DNA (200 ng) was incubated in a similar manner but
without ligase. Tubes were then heat inactivated at 65°C for 15 min to inactivate
ligase.

Approximately 200 ng of genomic DNA was used in each PCR mixture con-
taining 1 �M concentrations of each primer, 200 �M concentrations of de-
oxynucleoside triphosphates, 1.5 mM MgCl2, and 3.5 U of the Expand Long
Template PCR polymerase (Boehringer Mannheim). The primers for the first
PCR were as follows: 5� primer, 5�AGACCAACAGCACCATCTAGCGGCAG
AG3�, and 3� primer, 5�TCCCTGACAAGACGGAGTTTCTCACGC3�. The
primers for the second (nested) PCR were as follows: 5� primer, 5�GAGCCGT
CAGGATCAGATATTGCAGGAACAAC, and 3� primer, 5�GCCCTTACTGC
CTTCACTCAGCCGTACTC3�. The 3� primers were at the 5� end of the gag
gene, and the 5� primers were just 5� of the BsrG1 restriction site in gag. The first
PCR was initiated by heating at 95°C for 12 min, followed by cycling between
94°C (for 30 s) and 68°C (for 4 min) for 35 cycles. The first PCR was done in a
50-�l volume, and 1 �l of the product was used as the template in the nested
PCR. The nested PCR was cycled between 94°C (for 30 s) and 68°C (for 4 min)
for 25 cycles after initial heating at 95°C for 3 min. Products were analyzed by
agarose gel electrophoresis. The desired fragments (size greater than 900 bp)
were gel purified (Qiagen) and cloned with a Zero Blunt TOPO PCR cloning kit
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(Invitrogen). Positive clones were sequenced by using standard cycle sequencing
(Applied Biosystems, Inc.). A BLAST (National Center for Biotechnology In-
formation) search of the human genome was done to identify the location of the
genomic sequences contained in the clones.

A plasmid standard was generated to measure the sensitivity of inverse PCR.
The plasmid FrB/B was constructed by removing a BamHI/BlpI fragment be-
tween the middle of gag and the end of the 3� LTR region from a plasmid
containing the SIV/17E-Fr provirus. This deleted plasmid was used in a 10-fold
serial dilution (into 200 ng of genomic DNA) as a control for the first and nested
inverse PCRs.

Quantification of total SIV DNA. The total number of copies of SIV DNA
(including integrated and unintegrated species) was determined by using a quan-
titative real-time PCR method similar to that used in the viral-load assay except
for the omission of the reverse transcription step. Two hundred nanograms of
genomic DNA was used in each reaction, and each sample was analyzed in
triplicate.

Flow cytometric analysis of thymocytes. Thymocytes were labeled with peri-
dinin chlorophyll protein-conjugated anti-CD4 antibody (Becton Dickinson Im-
munocytometry Systems), FITC-conjugated anti-CD8 antibody (Becton Dickin-
son Immunocytometry Systems), and PE-conjugated antibodies to CXCR4
(clone 12G5; Pharmingen) or CCR5 (clone 3A9; Pharmingen) for examination
of the expression of the SIV and HIV-1 coreceptors on various subpopulations
(the CD4/CD8 double positives and the CD4 and CD8 single positives). The cells
were analyzed on a three-color FACSCalibur flow cytometer (Becton Dickinson).

RESULTS

Suppression of SIV viremia by RT inhibitors. Four pig-
tailed macaques were inoculated intravenously with SIV/17E-
Fr, a neurovirulent SIV isolate derived from SIVmac239. All
four animals developed primary viremia at 2 weeks p.i., with
plasma SIV RNA levels in two animals, 98P008 and 98P009,
approaching 107 copies/ml and those in two others, 98P004 and
97P021, approaching 105 copies/ml (Fig. 1A). Beginning on
day 50 p.i., when the levels of viremia had declined substan-
tially from acute-infection peaks (to approximately 105 cop-
ies/ml in animal 98P008 and 103 copies/ml in the other three
macaques), two of the animals, 98P004 (low peak viremia) and
98P008 (high peak viremia), were started on a combination of
two potent RT inhibitors, PMPA and FTC. The other two
animals, 98P009 (high peak viremia) and 97P021 (low peak
viremia), were not given any drugs and served as no-therapy
controls. Because levels of viremia were still declining at the
time therapy was initiated, subsequent decreases in viremia
could in principle be due to immunologic mechanisms, ther-

FIG. 1. Viral loads and CD4 counts in SIV-infected pig-tailed macaques on antiretroviral therapy. (A) Suppression of plasma virus levels in
PMPA- and FTC-treated pig-tailed macaques. All animals were infected intravenously with 10,000 50% tissue culture infective doses of
SIV/17E-Fr, and animals 98P004 (Œ) and 98P008 (■ ) were treated with PMPA and FTC starting at day 50 p.i. Animals 98P009 (�) and 97P021
(‚) were not treated. Plasma viral load, in SIV RNA copies per milliliter of plasma, was measured with a quantitative reverse transcription-PCR
method (sensitivity, 100 copies/ml). The arrow indicates when the treatment began. (B) CD4 counts in treated and untreated animals.
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apy, or both. However, several lines of evidence suggest that
the RT inhibitors contributed to the suppression of viremia.
First, in animal 98P008, the slope of the decline in viremia
became abruptly sharper coincident with the initiation of ther-
apy. Second, this animal achieved suppression of viremia de-
spite a high peak viremia (107 copies/ml). The untreated con-
trol animal that had a similarly high peak viremia never
achieved suppression of viremia to below the limit of detection
(100 copies/ml) and remained viremic (103 to 104 copies/ml)
throughout the study. Third, more consistent suppression of
viremia over the long term was observed in the treated animals
than in the untreated controls. One untreated control animal,
97P021, had a low peak viremia and then naturally controlled
viral replication to below 100 copies/ml. However, after week
13 there were four episodes of viremia in the range of 150 to
300 copies/ml. Both treated animals had suppression of vire-
mia to close to or below the limit of detection by week 13 and
only a single “blip” of detectable viremia over 150 copies/ml for
the remainder of the study. Thus, although the two-drug reg-
imen used here is not likely to be as potent as the typical three-
or four-drug regimens used in humans, this system did allow
suppression of viremia to levels roughly comparable to those
observed in HIV-1-infected humans on HAART. An addi-
tional similarity is the occurrence of isolated blips. In patients
on HAART, blips are common and do not predict impending
treatment failure (22). The blips observed in the treated ani-
mals in our study were followed by decreases in viremia to
below the limit of detection. We therefore conclude that this
model provides a reasonable first approximation for HAART
in humans.

CD4 counts fluctuated over time in each animal (Fig. 1B), as
is typical in pig-tailed macaques. At later time points, signifi-

cant CD4 depletion was evident in the untreated control ani-
mal, 98P009, that remained viremic throughout the study.

Pathological changes in lymphoid tissues. At the time of
necropsy, macaques had either mild (98P004 and 97P021) or
moderate (98P008 and 98P009) depletion of lymphoid follicles
in the spleen. The thymus was normal in two macaques
(98P009 and 97P021) and was mildly or moderately atrophic in
the remaining two macaques (98P008 and 98P004, respective-
ly). In all animals, there was moderate lymphoid atrophy of the
intestinal (mesenteric and colonic), peripheral (axillary and
inguinal), and head-draining (cervical, submandibular, and re-
tropharyngeal) lymph nodes. Lymphoid atrophy of the spleen
and lymph nodes was most prominent in a treated macaque,
98P008, which had high peak viremia before starting HAART
(Fig. 2). This suggests that the mechanisms that lead to lym-
phoid depletion were operating in this animal prior to the
initiation of therapy. Taken together, these results suggest that
infection with SIV/17E-Fr initiates a process of lymphoid de-
pletion that is very similar to that seen in HIV-1 infection.

Detection of replication-competent virus in resting CD4� T
lymphocytes in various compartments by use of a virus culture
assay. A stable reservoir for HIV-1 exists in latently infected
resting CD4� T cells (see references cited in the Introduction).
To determine whether such a reservoir is present in SIV in-
fection, resting CD4� T lymphocytes were isolated from
mononuclear-cell preparations from peripheral blood, lymph
nodes, and spleen. Resting cells were isolated by sorting for
small CD4�/HLA-DR� cells. Prior to sorting, a substantial
portion of the CD4� T cells expressed HLA-DR, indicative of
an activated state. As is shown in Fig. 3, sorting yielded a
population of uniformly small CD4�/HLA-DR� cells. The pu-
rity of the sorted cell populations was at least 98.3%, with less

FIG. 2. Histologic evidence for CD4 depletion. At the time of necropsy, the inguinal lymph node of macaque 98P008 demonstrated severe
lymphoid atrophy with depletion of both cortical lymphoid follicles and lymphocytes from the paracortical zone. Hematoxylin and eosin stain;
magnification, �20.
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that 0.5% contamination with activated cells. As is the case
with highly purified resting CD4� T cells from HIV-1-infected
humans, purified resting CD4� T cells from SIV-infected ma-
caques did not produce virus without cellular activation. To
induce activation, purified resting CD4� T cells were cocul-
tured with a human hybrid T-B-lymphocyte cell line,
CEMx174, that serves both to induce contact-dependent acti-
vation of resting macaque T cells and to amplify virus released
from latently infected primary cells (A. Shen et al., unpub-
lished data). Coculturing with CEMx174 cells was sufficient to
activate the resting cells as well as to rescue single-copy infec-
tious virus from them (Shen et al., unpublished). Positive wells
were identified by SIV p27 assays of the supernatant at the end
of 21 days in culture. Control wells with only CEMx174 cells or
sorted resting CD4� T cells from infected animals were in-
cluded in each assay and were invariably negative for p27. In
some experiments, sorted resting CD4� T cells were cultured
with CEMx174 in transwells to control for release of virus
without activation of resting cells. The p27 assay results for
these controls were always negative. Infected-cell frequencies
were determined by the maximum-likelihood method and were
expressed in terms of IUPM resting CD4� T cells.

Before the initiation of treatment with PMPA and FTC,
replication-competent virus was isolated from purified resting
CD4� T lymphocytes from peripheral blood of all animals
(Fig. 4A). After the initiation of treatment, however, virus
could no longer be recovered from resting CD4� T cells in the

peripheral blood of treated animals, while cultures from un-
treated animals remained positive. At the last time point (nec-
ropsy), as many as 5 � 106 purified resting CD4� T cells were
cultured and cultures from treated animals were still negative,
suggesting that the frequency of latently infected cells was �1
per 5 � 106 resting CD4� T cells.

In the lymph nodes, virus was detected in the resting CD4�

T cells from the two animals with higher peak viremia (98P008
and 98P009) and not in the ones with lower peak viremia
(98P004 and 97P021) throughout the course of study (Fig. 4B).
After the initiation of treatment, there was a decrease in the
frequency of detectable virus in treated animal 98P008 (similar
to that observed in humans [4]). However, despite suppression
of plasma viral RNA to undetectable levels for 5 months,
replication-competent virus was still recovered from 98P008 at
a frequency of 1.6 IUPM at the last time point at 33 weeks p.i.

At necropsy, resting CD4� T lymphocytes were purified and
cultured from various tissues including peripheral blood,
spleen, and mesenteric, axillary, inguinal, cervical, and retro-
pharyngeal lymph nodes (Fig. 4C). In this analysis, axillary and
inguinal lymph nodes (draining the arms and legs, respectively)
were pooled. Cervical and retropharyngeal lymph nodes
(draining different regions of the head and neck) were also
pooled. For the untreated viremic animal (98P009), virus was
cultured from resting CD4� T lymphocytes from all tissues.
The highest frequencies were found in the spleen (420 IUPM),
followed by the peripheral blood (143 IUPM), with somewhat

FIG. 3. Purification of resting CD4� T cells from infected macaques. Representative forward scatter (FSC) and side scatter (SSC) profiles (A
and C) and CD4 versus HLA-DR staining (B and D) are shown before purification (A and B) and after purification by cell sorting (C and D). The
purified resting CD4�-T-cell populations (CD4�/HLA-DR�) typically showed �0.5% contamination with activated cells (CD4�/HLA-DR�).
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FIG. 4. Detection of replication-competent virus in resting CD4� T lymphocytes in various compartments by virus culture assay. Purified
CD4�/HLA-DR� T lymphocytes from SIV-infected macaques were cultured in fivefold limiting dilutions with CEMx174 cells to measure the
frequency of cells harboring replication-competent virus. The results are expressed in terms of IUPM resting CD4� T lymphocytes. (A) Resting
CD4� T cells from peripheral blood were examined at weeks 1, 7, and 13 p.i. and at necropsy (weeks 30, 31, 32, and 33 p.i. for animals 98P009,
97P021, 98P004, and 98P008, respectively; same for results shown in panel C). Lines show the plasma viral load at various time points (limit of
detection, 100 copies/ml), and the bars show the IUPM values. (B) Lymph nodes were examined at weeks 3 and 4, 13, and 23 p.i. and at necropsy.
(C) At necropsy, the frequencies of resting CD4� T lymphocytes harboring replication-competent virus in spleen, peripheral blood, and mesenteric
(Mes), axillary (Ax), inguinal (In), cervical (Ce), and retropharyngeal (Re) lymph nodes (LN) were determined. Axillary and inguinal lymph nodes
(draining the arms and legs, respectively) were pooled. Cervical and retropharyngeal lymph nodes (draining different regions of the head and neck)
were also pooled. CD4 single-positive (SP) and CD4/CD8 double-positive (DP) cells from the thymus were also examined. All tissues were
examined from all four animals except for pooled axillary and inguinal lymph nodes from 98P004 due to insufficient numbers available (�).
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lower frequencies in the lymph nodes (40 to 143 IUPM). CD4
single-positive and CD4/CD8 double-positive thymocytes were
also studied in this culture system and were found to have
extremely low levels of virus. No virus was detected in double-
positive cells, and in single-positive cells from animal 98P009,
the frequency was only 1.6 IUPM, almost 2 logs lower than that
observed in resting CD4� T cells from peripheral blood. In the
untreated animal that naturally controlled virus (97P021),
most virus was detected in resting CD4� T cells from the
spleen (1.6 IUPM), followed by the peripheral blood (0.2
IUPM). Virus levels in all of the other tissues were below the
limit of detection.

Previous studies of HIV-1-infected humans have shown that
latent virus in resting CD4� T cells exists in two forms, a labile
preintegration form that declines in the first 3 months of treat-
ment and a stable integrated form that persists for years de-
spite suppressive antiretroviral therapy. In untreated animals,
virus cultured from resting CD4� T cells could in principle be
derived from infected resting cells in either pre- or postint-
egration latency (4, 11). Because the preintegration forms of
the virus are labile and decay rapidly when new infection is
arrested by HAART (4, 42), virus culture assays in the setting
of long-term viral suppression with HAART reveal the postint-
egration form of latency. In the treated animal with higher
peak viremia (98P008), virus was detected from pooled cervical
and retropharyngeal lymph nodes, despite the fact that plasma
virus had been undetectable in this animal for more than 5
months (Fig. 4C). The frequency of latently infected cells was
approximately 0.1 per 106 cells. No virus was detected in the
resting CD4� T cells from the other treated animal with lower
peak viremia (98P004) in any compartment, suggesting that the
frequencies of latently infected cells with replication-compe-
tent virus were below the limit of detection with the number of
input cells available (�0.1 to 1 per 106 cells).

Taken together, these results suggest that latent SIV can be
recovered from resting CD4� T cells from various lymphoid
tissues of viremic animals, including spleen, lymph nodes, and
peripheral blood. In sharp contrast, thymocytes showed a rate
of infection that was orders of magnitude less than that of
mature peripheral CD4� T cells. Most importantly, following
suppression of viremia to below the detection limit with
HAART for more than 5 months, replication-competent virus
still could be recovered after activation of purified resting
CD4� T cells from the lymph node, providing direct evidence
for the existence of a stable viral reservoir for SIV in resting
CD4� T cells.

Detection of integrated SIV DNA in resting CD4� T lym-
phocytes by inverse PCR. To provide definitive evidence for a
stable reservoir of integrated SIV in resting CD4� T cells,
high-molecular-weight DNA was isolated from the purified
resting CD4� T lymphocytes and subjected to inverse PCR to
detect SIV DNA integrated in host cell DNA. Using a plasmid
standard serially diluted into 200 ng of genomic DNA, this
inverse PCR was shown to be capable of detecting a single-
copy viral DNA (Fig. 5A [results of two independent PCRs are
shown]).

Integrated SIV DNA was detected in resting CD4� T cells
from treated animal 98P008 at many time points (Fig. 5B and
C). Even after 6 months on treatment, with suppression of
viremia to below the detection limit, integrated SIV DNA

could still be detected in resting CD4� T cells from spleen,
lymph nodes, and peripheral blood from this animal (Fig. 5B
and C). Integrated SIV DNA was also detected in resting
CD4� T cells from the untreated viremic animal (98P009) at
the end of the study (Fig. 5C) but was not detected in the other
two animals (98P004 and 97P021). Integration sites in the
macaque genome were identified by using the human genome
database, and each showed �90% homology with a different
sequence in the human genome. The 5� LTR of the integrated
SIV proviruses showed the characteristic loss of the terminal
two nucleotides (5�AC) resulting from the cleavage by inte-
grase during the integration reaction (Fig. 5C, column labeled
“Genomic/SIV LTR”). These results demonstrate definitively
that integrated SIV DNA persists in highly purified resting
CD4� T cells of macaques on combination therapy despite the
absence of measurable plasma virus. In contrast, no integrated
SIV DNA was found in thymocytes from any animal.

Quantification of SIV DNA in resting CD4� T lymphocytes
in various tissues and thymocytes. Although inverse PCR al-
lows definitive identification of integration sites, it was difficult
to obtain a quantitative assessment. Therefore, real-time PCR
was performed to quantify SIV DNA in purified resting CD4�

T cells from tissues examined at necropsy (Fig. 6). Although
the real-time PCR used in this study did not distinguish inte-
grated from unintegrated SIV DNA, it provided information
on the total level of infection in those tissues. Moreover, in the
aviremic animals, in the absence of ongoing replication, the
unintegrated DNA pool should have decayed, leaving predom-
inantly the integrated virus. The results showed that while SIV
DNA was readily detected in resting CD4� T cells from all
peripheral lymphoid tissues (blood, spleen, and lymph nodes),
the levels of SIV DNA in thymocytes were extremely low (Fig.
6). SIV DNA was not detected in CD4/CD8 double-positive
cells from the thymus, and only a very small amount was
detected in the CD4 single-positive cells from the thymus. In
the animal that was viremic at the time of necropsy (98P009),
the spleen had by far the most viral DNA, consistent with the
results from the culture studies. In all of the aviremic animals,
the amounts of viral DNA in resting CD4� T cells from blood,
spleen, and various lymph nodes were similar. Viral DNA
levels in tissues did not correlate with plasma viral load (Fig.
1A and 6). Animal 98P008 had the same low level of plasma
virus as did animals 98P004 and 97P021 at the time of sampling
but had a higher level of viral DNA in all tissues examined
except for the thymus. However, viral DNA levels in tissues did
correlate with the level of peak viremia (Fig. 1A and 6). Ani-
mals 98P008 and 98P009 had higher viral loads at peak viremia
than did animals 98P004 and 97P021 (Fig. 1A), and they also
had higher amounts of viral DNA in the tissues (Fig. 6). The
ready detection of SIV DNA in the peripheral lymphoid or-
gans of all animals suggests that real-time PCR detects both
replication-competent and defective forms of the virus in rest-
ing CD4� T cells while the culture assay can detect only the
former. The real-time PCR does provide a quantitative assess-
ment of the level of infection of various organs and confirms
the relative sparing of the thymus as a site of viral replication
in vivo in this system.

Several additional studies were performed to provide insight
into the low level of thymic infection observed. To ensure that
the low level of infection observed in the single-positive and
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double-positive thymocyte populations by culture assay and by
PCR was not due to exclusion of infected cells that had down-
regulated CD4, unfractionated thymocytes were also analyzed.
As many as 107 thymocytes were cultured from animal 98P009,
which had the highest plasma viral level, and no p27 produc-
tion was detected. DNA from unfractionated thymocytes was
tested with quantitative real-time PCR and was found to have
levels of SIV DNA that were similar to or lower than those in
the single-positive cells. To determine whether animals with
end stage disease would show a higher degree of thymic infec-
tion, a terminally ill pig-tailed macaque from another study was
examined by using the culture assay. Even though high levels
(40 IUPM) of replication-competent virus could be recovered
from resting CD4� T cells from the peripheral blood, the level
of infection of unfractionated thymocytes was substantially
lower (1 IUPM).

Expression of CCR5 and CXCR4 on macaque thymocytes.
To provide further insight into the apparent lack of infection of
thymocytes in vivo, we examined the expression of the SIV and
HIV-1 coreceptor CCR5 as well as the HIV-1 coreceptor
CXCR4 on different populations of thymocytes (a representa-
tive result is shown in Fig. 7). CXCR4, a coreceptor for HIV-1
but not for SIV, was expressed on almost all macaque thymo-

cytes (�90% in four subpopulations [Fig. 7, top panels]);
CCR5, the main coreceptor for all SIV strains, was expressed
by only a very low percentage of the thymocytes (�10% in all
subpopulations [Fig. 7, bottom panels]).

DISCUSSION

We have developed an animal model mimicking the situa-
tion of HIV-1-infected patients on HAART. The model in-
volves treatment of SIV-infected macaques with potent new
RT inhibitors. In this model, we demonstrated that an SIV
reservoir exists in resting CD4� T lymphocytes, both in the
antiretroviral-treated and untreated animals. To our knowl-
edge, this is the first direct demonstration of such a viral res-
ervoir in the SIV-macaque system. We used this model to
examine the persistence of virus in the blood and various
lymphoid tissues. SIV DNA was readily detected in resting
CD4� T cells in tissues that harbor mature T cells, including
blood, spleen, and various lymph nodes. At least a portion of
this SIV DNA was integrated into the genome of host T cells
as demonstrated by inverse PCR. The spleen and the lymph
nodes were found to be significant reservoir sites for latently
infected resting T cells along with peripheral blood. This is the

FIG. 5. Detection of integrated SIV DNA in resting CD4� T lymphocytes by inverse PCR. (A) Sensitivity of inverse PCR. The plasmid FrB/B
was constructed by excising a BamHI/BlpI fragment between the middle of the gag gene and the end of 3� LTR region from a plasmid containing
the SIV/17E-Fr provirus. Inverse PCR amplification of this template gives a 4.5-kb product. This plasmid was serially diluted into 200 ng of genomic
DNA as a control for the initial and nested PCRs. Results of two independent PCRs are shown. (B) Representative inverse PCRs from different
tissues from treated animal 98P008. Lanes indicate the addition (�) and omission (�) of ligase in the ligation reaction, respectively. Bands were
cloned and sequenced. Re/Ce LN, retropharyngeal and cervical lymph nodes. (C) Inverse PCR allows definitive identification of integration sites.
Integration sites are shown as sequences immediately upstream of the LTR. Note that the LTR shows the characteristic loss of the terminal two
nucleotides (5�AC) resulting from the cleavage by integrase of the two terminal bases from the 3� end of each strand of the full-length linear SIV
genome. The other junction results from ligation of cut BsrG1 sites in gag and in macaque DNA upstream of the integration site. The macaque
sequences cloned by this method are each homologous (�90%) to the indicated sequences in the human genome. Ax LN, axillary lymph nodes;
Mes LN, mesenteric lymph nodes.
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first direct evidence for latently infected cells in the spleen.
Given the large size of this organ, these results suggest that the
spleen may harbor a substantial collection of latently infected
cells. Replication-competent virus could be recovered from
latently infected resting CD4� T cells despite prolonged sup-
pression of viremia to levels below the limit of detection. In
contrast, infection in the thymocytes was extremely rare, indi-
cating that thymocytes are not a major viral reservoir in this
model. This model, if confirmed, may be useful in providing a

more complete picture of viral persistence in patients on sup-
pressive antiretroviral therapy and in the preclinical evaluation
of novel strategies for eradicating this reservoir, such as the use
of interleukin-2 and prostratin (28, 29; T.-W. Chun, D. Engel,
S. Mizell, J. Metcalf, J. Hallahan, J. Kovacs, R. Davey, M.
Dybul, J. Mican, C. Lane, and A. Fauci, Abstr. 6th Conf.
Retrovir. and Opportunistic Infections, abstr. 496, 1999).

In humans infected with HIV-1, treatment with individual
antiretroviral drugs or with two-drug combinations rarely sup-
presses viremia for more than several months. The fact that the
animals studied here maintained suppression on two RT in-
hibitors for 6 months may reflect the potency of these new
drugs or the fact that replication of the neurovirulent SIV
clone used in this study was more easily controlled than rep-
lication of typical HIV-1 isolates. Nevertheless, pathological
examination of lymphoid tissues revealed evidence of lym-
phoid depletion, indicating that this virus can produce immu-
nodeficiency similar to that seen in HIV-1-infected humans.
After the initiation of drug treatment, plasma virus levels in the
treated animals dropped dramatically in the first week, partic-
ularly in animal 98P008. Thereafter, we observed a slower
decay, similar to the second phase of decay of plasma virus
observed in HIV-1-infected individuals after the initiation of
HAART (38). One of the two untreated animals naturally
controlled viral replication and therefore resembles those rare
humans with nonprogressive HIV-1 infection. The other un-
treated animal remained viremic throughout the study. Inter-
estingly, even though replication of the SIV clone used here
was relatively easily controlled, we were nevertheless able to
demonstrate viral persistence in resting CD4� T cells. The two
treated animals occasionally had detectable virus in the plasma
and therefore resemble many patients on HAART who have
occasional virus blips (43). Taken together, these results sug-
gest that this SIV-macaque model duplicates many aspects of
what occurs with human patients on HAART.

FIG. 6. Quantification of total SIV DNA in various tissues from all
four macaques by quantitative real-time PCR at necropsy. Quantita-
tive real-time PCR was performed with DNA from purified cells from
different tissues. Animals 98P004 and 98P008 were treated, but ani-
mals 98P009 and 97P021 were not treated. Various tissues were ex-
amined, including CD4� single-positive (SP) cells and CD4/CD8 dou-
ble-positive (DP) cells from the thymus (Th) and purified resting
CD4� T cells from peripheral blood, mesenteric lymph nodes (Mes
LN), pooled retropharyngeal and cervical lymph nodes (Re/Ce LN),
and pooled axillary and inguinal lymph nodes (Ax/In LN). The asterisk
indicates that Ax/In LN were not available for animal 98P004.

FIG. 7. Expression of SIV and HIV-1 coreceptor CCR5 (bottom panels) and HIV-1 coreceptor CXCR4 (top panels) on the thymocytes. Data
for the CD4� single-positive cells, the CD4/CD8 double-positive cells, the CD8� single-positive cells, and the CD4/CD8 double-negative cells are
indicated with the appropriate labels above the panels. The double-negative subpopulation might include cells other than thymocytes. Percentages
of expression are also indicated within the panels. The thymocytes were labeled with FITC-conjugated anti-CD8 antibody and peridinin chlorophyll
protein-conjugated anti-CD4 antibody to obtain the gated subpopulations and were labeled with PE-conjugated antibodies to CXCR4 or CCR5.
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From both the treated and untreated animals, replication-
competent virus was recovered by activating the resting CD4�

T lymphocytes in culture, indicating that a reservoir persists in
spite of drug treatment and suppression of viremia. Without
T-cell activation, no virus was recovered from resting CD4� T
cells, indicating a state of latent infection. In the same resting
cells, integrated SIV DNA was detected by using an assay that
definitively identifies integration sites. These results suggest
that postintegration latency existed in these cells. Based on
studies in humans with HIV-1 infection, these latent resting
cells were determined to be memory T cells (instead of naïve
cells), which were most likely infected during a state of cell
activation, allowing the cells to become permissive for viral
integration (11). Subsequently, the activated cells return to a
resting state, in which expression of viral genes is limited prob-
ably by the lack of critical host transcription factors (14, 37) or
epigenetic mechanisms (27). The notion that resting T cells
harboring integrated latent virus are derived from infected
activated T cells is based on the observation that direct infec-
tion of resting T cells in humans is blocked prior to integration
and does not result in viral gene expression (40). Direct in vitro
infection of macaque resting T cells with SIV/17E-Fr in this
study was also found to be similarly nonproductive (data not
shown). The low level of thymic infection demonstrated here
suggests that latently infected cells may arise primarily from
reversion of activated peripheral CD4� T cells to a resting
state rather than from the export of infected thymocytes.

In the treated animals, replication-competent virus was iso-
lated from resting CD4� T cells from peripheral blood before
the initiation of treatment but not after the treatment started
(98P004 and 98P008) (Fig. 4A). The decreased frequency of
replication-competent virus in resting cells during successful
treatment probably results from a decreased number of cells
harboring virus in a labile state of preintegration latency (4, 5,
42) rather than from a decreased number of cells in postint-
egration latency. Virus was recovered from the lymph nodes of
animal 98P008 even when the infection was well suppressed
(Fig. 4B). In the lymph node samples, there was a similar
decrease of replication-competent virus (Fig. 4B), but virus
remained recoverable after treatment, perhaps due to the fact
that a greater number of purified resting lymphocytes could be
obtained from the lymph nodes than from peripheral blood,
facilitating virus recovery. In addition, integrated SIV DNA
was readily detectible in PBMC from the successfully treated
animal 98P008 (Fig. 5B and C). The recovery of replication-
competent virus from lymph node cells of treated animal
98P008, along with the evidence for integrated virus in resting
T cells in the lymph node of this animal (Fig. 5B and C),
indicates that a latent reservoir in the resting CD4� T lympho-
cytes exists in this animal model. Interestingly, macaque
98P008 was also the animal that had the most lymphoid de-
pletion in spleen and lymph nodes. This suggests one of two
possibilities: either lymphoid depletion was initiated by events
occurring early in infection, prior to the initiation of treatment
(98P008 had the highest set-point viral load before treatment),
or there was a low level of localized viral recrudescence in the
lymph nodes, resulting in ongoing lymph node damage and
depletion.

Viral DNA was readily detectable in resting CD4� T cells in
tissues harboring mature T cells (Fig. 6). In the viremic animal

98P009, the spleen had the most virus (Fig. 4C and 6), while
resting CD4� T cells in the blood and lymph nodes had lower
but readily measurable amounts of virus; in the aviremic ani-
mals, spleen and lymph nodes also had substantial amounts of
virus (Fig. 4C, 5, and 6). These data suggest that spleen and
lymph nodes along with PBMC are significant reservoir sites
for the latently infected resting CD4� T lymphocytes. Inter-
estingly, previous studies have shown that splenectomy in HIV-
1-infected patients (3) as well as SIV-infected macaques (26)
results in reduced viral load, improved CD4 counts, and longer
survival time. Our data also support the idea that the spleen is
a major site for virus replication as well as a reservoir site.

Viral infection of the thymocytes, in contrast, was not ob-
served to a significant degree in this model. The inaccessibility
of the thymus has hindered analysis of the extent to which
thymocytes are targeted by HIV-1 in vivo. Current notions of
HIV-1 infection of the thymus are based on in vitro experi-
ments (47), a model system involving SCID mice grafted with
fetal-human thymus and liver (7, 8), postmortem observations
(23), and studies with the SIV-macaque system. Baskin et al.
demonstrated the presence of SIV in the thymi of rhesus ma-
caques at as early as 2 weeks postinfection (2). According to
culture assays, infected cells were present at frequencies of 101

to 104 IUPM, substantially higher than was observed in our
study. However, these animals were not treated and were prob-
ably highly viremic, as evidenced by the presence of SIV anti-
genemia. Muller and colleagues demonstrated only low levels
of infection of thymocytes (�1/10,000) in SIV-infected juvenile
rhesus macaques (35). However, significant effects on critical
thymic stromal elements were observed. Early entry of SIV
into the thymi of infected rhesus monkeys has also been re-
ported by Lackner et al. (30). Additional studies have docu-
mented complex effects on thymocyte apoptosis early in the
course of SIV infection of rhesus monkeys (45, 53). Li et al.
have demonstrated characteristic pathological changes and the
presence of viral nucleic acid in thymi of SIV-infected cyno-
molgus monkeys (33). Thus, there is substantial evidence for
the entry of SIV into thymic tissue in infected rhesus and
cynomolgus monkeys. A critical difference is that most of the
primate studies cited above have used animals that were highly
viremic and even antigenemic. Ours is the first study to com-
pare levels of infection of thymocytes and peripheral T cells in
animals in which viremia was controlled to relatively low levels.
We perfused the animals at necropsy to prevent contamination
with cells from the blood. We found that in the setting of low
viremia, persistence of the virus can be more easily demon-
strated in resting peripheral CD4� T cells than in thymocytes.
It is also important to point out that some of the studies cited
above have used in situ hybridization and/or immunohisto-
chemical staining to demonstrate the infection in the thymus,
without examining the different subpopulations of the thymo-
cytes separately. In this study, we specifically examined two
purified subpopulations from the thymus, the CD4 single-pos-
itive cells and the CD4/CD8 double-positive cells. No virus or
viral DNA could be detected in the more immature CD4/CD8
double-positive cells (Fig. 4C and 6). The very small amount of
virus and viral DNA detected in the more mature CD4 single-
positive cells could represent mature T cells in the thymic
medulla. In fact, several studies have noted that infection is
most prominent among nonlymphoid cells in the cortex and
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among lymphocytes and macrophages in the medulla (2, 30,
53).

Further studies on the expression of SIV coreceptors on
thymocytes suggested that the thymocytes might not be good
targets for SIV infection due to low expression of CCR5 (Fig.
7). SIV mainly uses CCR5 as a coreceptor for viral infection of
the host cell, but CCR5 was only expressed on very low per-
centages of the thymocytes. This is consistent with findings of
low CCR5 expression (�5%) in human thymocytes (51, 55).
Taken together, these observations suggest that, compared
with mature CD4� T cells in the peripheral lymphoid tissues,
developing thymocytes do not contribute significantly to viral
persistence in this system. However, it is possible that the low
levels of infection in the thymocytes observed here may reflect
some unique aspect of the viral clone used in this study or the
pig-tailed macaque host. In addition, it should be noted that in
HIV-1-infected humans, particularly those in whom X4 virus
has developed, the extent of thymocyte infection may be dif-
ferent from that observed in this SIV model.

In summary, this study provides initial evidence for the util-
ity of the SIV-macaque model for the analysis of viral persis-
tence in the setting of HAART. Although the number of an-
imals subjected to this complex protocol was by necessity small,
the results confirm for another primate lentivirus the concept
that latently infected resting CD4� T cells can serve as a
long-term reservoir for the virus despite effective suppression
of viremia with treatment. This study also demonstrates the
utility of this model in providing a complete systemic picture of
the distribution and characteristics of residual virus persisting
in the face of antiretroviral therapy. It is hoped that this model
will be useful in the preclinical evaluation of novel strategies
for targeting viral reservoirs that serve as a major barrier to
HIV-1 eradication.
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