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Latently infected resting CD4ⴙ T cells provide a long-term reservoir for human immunodeficiency virus type
1 (HIV-1) and are likely to represent the major barrier to virus eradication in patients on combination
antiretroviral therapy. The mechanisms by which viruses enter the latent reservoir and the nature of the
chemokine receptors involved have not been determined. To evaluate the phenotype of the virus in this
compartment with respect to chemokine receptor utilization, full-length HIV-1 env genes were cloned from
latently infected cells and assayed functionally. We demonstrate that the majority of the viruses in the latent
reservoir utilize CCR5 during entry, although utilization of several other receptors, including CXCR4, was
observed. No alternative coreceptors were shown to be involved in a systematic fashion. Although R5 viruses
are present in the latent reservoir, CCR5 was not expressed at high levels on resting CD4ⴙ T cells. To
understand the mechanism by which R5 viruses enter latent reservoir, the ability of an R5 virus, HIV-1 Ba-L,
to infect highly purified resting CD4ⴙ T lymphocytes from uninfected donors was evaluated. Entry of Ba-L
could be observed when virus was applied at a multiplicity approaching 1. However, infection was limited to
a subset of cells expressing low levels of CCR5 and markers of immunologic memory. Naive cells could not be
infected by an R5 virus even when challenged with a large inoculum. Direct cell fractionation studies showed
that latent virus is present predominantly in resting memory cells but also at lower levels in resting naive cells.
Taken together, these findings provide support for the hypothesis that the direct infection of naive T cells is
not the major mechanism by which the latent infection of resting T cells is established.
The demonstration of resting CD4⫹ T lymphocytes carrying
replication-competent human immunodeficiency virus type 1
(HIV-1) genomes in patients successfully treated with highly
active antiretroviral therapy (HAART) identifies the latent
infection of these cells as an important mechanism of viral
persistence (12, 20, 43). Although present at a low frequency,
this latent reservoir persists for extremely long periods of time
in the face of aggressive antiviral therapy (t1/2, 6 to 44 months)
(8, 19, 51). Thus, these latently infected cells represent a serious obstacle to virus eradication.
While the clinical importance of the latent infection of resting CD4⫹ lymphocytes has been clearly demonstrated, the
mechanisms that govern the formation of this latent reservoir
are less clear. The existence of this reservoir can best be explained by considering the infection of CD4⫹ T cells in the
context of the normal physiology of T-cell activation (reviewed
in reference 33). Naive CD4⫹ T cells exit the thymus and enter
the peripheral lymphoid tissues, where they persist in a resting
state until they encounter cognate antigen. Following initial
exposure to antigen, naive T cells undergo blast transformation
and enter the cell cycle. Activation results in an increase in the
size of nucleotide pools and increased expression of sets of
molecules including transcription factors, effector molecules
such as cytokines, and cell surface proteins such as cytokine
receptors and adhesion molecules (15). After several rounds of

division, some of the activated cells exit the cell cycle, lose
expression of activation markers such as HLA-DR, and revert
to a resting state in which they persist as memory T cells
capable of responding to subsequent exposures to the initiating
antigen. An appealing model for the formation of the latent
reservoir involves the infection of activated CD4⫹ lymphocytes, which at some frequency survive both the cytopathic
effects of the virus and antiviral immune responses. A fraction
of these infected cells may exit the cell cycle into a quiescent
state, carrying with them an integrated copy of the HIV-1
genome. The finding that the majority of integrated DNA in
resting lymphocytes appears to be in the memory CD4⫹ Tlymphocyte subset provides evidence in support of this hypothesis (9).
The direct infection of quiescent lymphocytes may also play
a role in the establishment of the latent compartment. Unlike
the situation in activated CD4⫹ cells, the infection of resting
lymphocytes is nonproductive due to a block upstream of the
integration event. This block has been suggested to arise from
an inability to complete the reverse transcription reaction (25,
46, 47) or a failure to import the preintegration complex into
the nucleus (38). Previous work clearly demonstrates that this
preintegration form of latent infection is labile, but if the
infected cell is activated soon after infection, productive infection ensues (5, 47). Interestingly, recent experiments using
pseudotyped HIV-1 vectors demonstrate that certain cytokines
provide signals that make resting cells permissive for virus
integration and gene expression (41). This is in agreement with
previous work demonstrating virus propagation in purified
resting cells treated with combinations of stimulatory cytokines
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MATERIALS AND METHODS
PCR amplification and cloning of full-length env genes. Highly purified resting
CD4⫹ T lymphocytes were isolated from the peripheral blood mononuclear cells
(PBMC) of eight patients on HAART as previously reported (20). One additional patient successfully treated with HAART was acquired separately for
study because of documented history of X4 virus in the circulation. Latent virus
was cultured from this patient as described (20). To detect and clone full-length
envelope genes from the genomic DNA of these resting T cells, a novel nested
PCR strategy employing a thermostable polymerase cocktail with proofreading
activity was performed. A mass of 500 ng of genomic DNA was amplified in a
reaction containing 1 M each of outer primer (sense, 5⬘-ATGGCAGGAAGA
AGCGGAGACAG-3⬘; antisense, 5⬘-TGTGTAGTTCTGCCAATCAGGGAA
GTAGCCTTGTG-3⬘) 200 M each of the four deoxynucleoside triphosphates,
buffer containing 1.5 mM MgCl2, and 3.5 U of Expand High Fidelity polymerase
cocktail (Boehringer Mannheim). A 3-min hot start at 94°C was performed,
followed by 25 cycles of 94°C for 30 s, 65°C for 30 s, and 68°C for 3 min. An
additional 5 s were added to the extension step of the last 15 cycles of this
reaction. A final extension at 68°C was performed for 7 min. An aliquot of the
reaction product was diluted 1:4 in distilled water for use in a second reaction
with inner primers (sense, 5⬘-GATAGACGCGTAGAAAGAGCAGAAGACA
GTGGCAATG-3⬘; antisense, 5⬘-CCTTGTCCGGCGGCCGCCTTAAAGGTA
CCTGAGGTCTGACTGG-3⬘) of 20 cycles of 94°C for 30 s, annealing at 68°C
for 30 s, and 68°C for 3 min. Again, an additional 5 s of extension were added
during the last 10 cycles of the reaction. A 7-min final extension was also
performed. PCR products were gel purified (Qiagen), digested with NotI and
MluI, and cloned into the pCI-PRE vector as described (C. Buck and R. F.

Siliciano, submitted for publication). The resulting constructs were transformed
into Escherichia coli JM109 competent bacteria and grown at 30°C to minimize
recombination and bacterially induced mutagenesis within env. Because our
strategy did not distinguish defective genomes from those competent to replicate,
env genes from replication-competent virus were also cloned. Viruses isolated
from resting CD4⫹ T cells of three patients on HAART were used to infect
phytohemagglutinin-stimulated, CD8-depleted primary lymphoblasts. DNA was
then isolated and used as a template for the PCR and cloning strategy described
above.
Functional activity of env clones from the latent reservoir. env clones were
assayed for functional activity as measured by the ability to utilize a panel of
chemokine receptors in a previously described luciferase reporter virus infection
assay (17). Briefly, Env and NL-luc E⫺R⫺ plasmids were transfected into 293T
cells using CaPO4. Viral supernatants were harvested 2 days posttransfection,
cleared of cell debris by low-speed centrifugation, and used to infect feline CCC
cells transfected with CD4 and various HIV-1 coreceptors. Infection of target
cells by pseudotyped virus leads to expression of luciferase, which was quantified
in cell lysates 2 to 3 days following addition of virus. To maximize our ability to
sample viruses in the latent compartment, analysis was performed on multiple
clones representing multiple independent PCR amplifications.
Isolation and analysis of highly purified resting T cells. Resting CD4⫹ lymphocytes were prepared using a modification of a previously published purification strategy (9, 11, 20). PBMC from seronegative donors were prepared by
centrifugation on Ficoll-Hypaque gradients. Monocytes were removed by adherence during overnight culture in RPMI 1640 supplemented with 10% fetal calf
serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 2 mM
glutamine (minimal medium [MM]). Initial enrichment for resting CD4⫹ T cells
was achieved by a bead depletion strategy. Cells were incubated for 30 min on ice
with a cocktail of monoclonal antibodies against cell surface markers expressed
on other cell lineages (CD8, CD19, CD16, and CD14) or activated CD4⫹ T cells
(CD69, CD25, and HLA-DR). Excess antibody was removed by washing in
phosphate-buffered saline (pH 7.2) supplemented with 2% fetal calf serum, 0.1%
glucose, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 12 mM
HEPES (pH 7.2). Cells carrying bound antibody were removed by incubation
with magnetic beads conjugated to sheep anti-mouse immunoglobulin G (Dynal)
at 4°C for 25 min, followed by magnetic separation. The resulting fractionated
cells were stained with phycoerythrin (PE)-conjugated OKT4 (Ortho-immune
Diagnostics) and Tri-Color (TC)-labeled anti-HLA-DR antibody (Caltag) for 30
min on ice in preparation for sorting. OKT4 does not block infection by HIV-1.
Cells staining CD4⫹ and DR⫺ were collected using an Elite cell sorter (Coulter).
Isolation of quiescent populations depleted of either CD45 RA⫹ or CD45 RO⫹
cells was performed as described above by including the relevant fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibodies in both the depletion
and sorting steps. Sorting was then performed by collecting cells positive for
CD4⫹ and negative for HLA-DR⫺ and the relevant CD45 isoform. This strategy
allowed the exclusion of cells expressing both RO and RA isoforms from either
population.
The fraction of highly purified resting cells expressing CCR5 was enumerated
using three-color fluorescence-activated cell sorting (FACS) analysis. Two hundred thousand cells were stained with the FITC-conjugated monoclonal antibody
against CCR5 (2D7; Pharminagen) in conjunction with the PE- and Tri-Colorlabeled antibodies against CD4 and HLA-DR (respectively) described above.
The fraction of resting cells expressing CCR5 was determined by gating on CD4⫹
lymphocytes lacking HLA-DR.
Infection of highly purified resting T lymphocytes. High-titer HIV-1 stocks
were obtained commercially (ABI) and treated with DNase (Boehringer Mannheim) in the presence of 1 mM MgCl2 for 30 min at 37°C. DNase treatment was
required to remove contaminating DNA in the stock arising from cell death and
lysis during virus production. Between 5 ⫻ 105 and 1 ⫻ 106 purified resting
lymphocytes were resuspended in 100 l of MM and infected at a multiplicity of
infection (MOI) of either 0.1 or 1. To account for intravirion reverse transcription products (27, 40, 48–50) and contaminating DNA in the viral stocks, an
aliquot of virus was heat inactivated at 70°C for 30 min, and an equivalent
amount was applied to resting cells. Three hours following application of the
virus, the cells were washed in 1 ml of trypsin-EDTA. A second 1-ml volume of
1⫻ trypsin was added and incubated at 37°C for 10 min. A final wash with 1 ml
of MM was performed. Cells were cultured in MM where indicated, followed by
lysis. Cell lysis was performed in 200 l of PCR lysis buffer containing 100 mM
KCl, 20 mM Tris (pH 8.3), 0.1% NP-40, and 500 g of proteinase K per ml (17).
HIV-1 entry was detected using a modification of the PCR strategy previously
described by Chen and colleagues (46). Since the entry of viruses into resting
cells is complicated by the protracted kinetics of reverse transcription in quiescent cells, the generation of both early (long terminal repeat [LTR]) and late
(LTR-Gag) products of the reaction was monitored using the previously published primer pairs M667-AA55 and M667-M661, respectively. These reactions
were performed using chemistry similar to that described above and cycling the
reaction between 94 and 65°C. Products of the reaction were subjected to 2%
agarose electrophoresis followed by alkaline transfer to nitrocellulose and hybridization with an end-labeled oligonucleotide probe. Products of reactions
employing M667 and AA55 were detected with a specific end-labeled oligonucleotide probe (5⬘-GTG CTT CAA GTA GTG TGT GCC C-3⬘), while those
amplified by M667 and M661 were detected with AA55. To control for the
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(44). The proinflammatory environment of HIV-1 infection
may provide a suitable milieu for cytokine-driven progression
from the labile preintegration state of latency to stable latent
infection. Thus, infected resting cells may transit from a labile
preintegration state to a stable form of latency in both antigendependent and antigen-independent mechanisms and may play
a role in the establishment of the stable latent reservoir of
HIV-1 provirus in resting T cells.
One approach to understanding the establishment of the
latent reservoir for HIV-1 involves an analysis of the chemokine receptors utilized by viruses that enter latency. The phenotype of the envelope (Env) protein of virus in the latent
compartment may reflect the path by which infection in quiescent T cells was established. Latent infection of resting T
cells occurs very soon after transmission and cannot be blocked
by early treatment (10, 19, 51). This early establishment suggests an involvement of CCR5 simply because R5 viruses predominate during the acute phase of the disease and are clearly
involved in transmission (reviewed in reference 1). However,
the nature of the chemokine receptors utilized by viruses in the
latent reservoir has not been previously determined and may
involve additional coreceptor molecules. To identify additional
coreceptors involved in establishing a latent infection, we
cloned full-length functional env genes of virus in the latent
reservoir and assayed their chemokine receptor utilization.
The ability of viruses utilizing CCR5 to enter highly purified
resting cells has not been demonstrated. In fact, previous in
vitro studies suggest that the infection of resting lymphocytes
lacking CD25 by an R5 virus cannot occur (7). A consequence
of this is that entry into the latent compartment by R5 viruses
should occur only via an activated intermediate, as discussed
above. If resting lymphocytes are indeed resistant to infection
by R5 viruses, the presence of these viruses within the reservoir
could provide support for the hypothesis that entry of the virus
into the reservoir occurs via an activated T cell expressing both
CCR5 and CXCR4. Furthermore, since the large majority of
lymphocytes in the periphery are resting, the inability of R5
viruses to enter quiescent cells would have implications for
pathogenesis and viral dynamics. To complement our analysis
of coreceptor utilization, we have assessed the ability of viruses
using CCR5 to directly infect highly purified populations of
resting CD4⫹ lymphocytes. Together these studies provide
new insights into the establishment of the latent reservoir.
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TABLE 1. Characteristics of patients studieda

Patient no.

CD4 nadir
(cells/l)

Drug regimen

Time on
HAART (mo)

Purity of sorted resting
CD4⫹ T cells (%)

No. of functional env genes
cloned/total no. cloned

1
6
10
11
12
13
14
16
56

612
440
151
981
133
477
253
472
717

d4T, 3TC, RTV, SQV
AZT, 3TC, RTV
d4T, 3TC, IDV
d4T, (RTV, SQV)3(3TC, NFV)
d4T, 3TC, RTV3SQV
d4T, 3TC, RTV
d4T, 3TC, IDV
d4T, 3TC, RTV
AZT, 3TC, IDV

5.0
1.7
8.5
1.5
17.0
8.0
10.5
30.0
30.0

95.3
97.0
99.4
96.1
97.8
97.3
96.3
99.1

3/6
5/5
1/5
6/9
2/8
1/6
7/9
4/9
5/8

relative number of cells in each lysate, ␤-globin was amplified and detected by
Southern hybridization as described (9).
Quantitation of viruses in the latent reservoir. The frequency of cells harboring latent HIV-1 among purified resting naive and resting memory subsets of
CD4⫹ T cells was evaluated using a previously described limiting-dilution culture
assay (19). These studies were carried out on blood samples from previously
characterized patients on combination therapy who had undetectable plasma
virus levels. This ensures that the latent viruses detected are derived from the
stable latent reservoir (19). Results are expressed as infectious units per million
(IUPM) resting CD4⫹ T cells.

RESULTS
Cloning and characterization of functional envelope genes
from quiescent lymphocytes of patients on HAART. To identify
the phenotype of env from viruses resident in latently infected
resting T lymphocytes of patients on HAART, viral envelopes
were cloned from resting T cells from selected patients and
assayed for their ability to utilize a panel of chemokine receptors in a functional assay. Patients who were being treated with
combinations of three to five antiretroviral drugs, including a
protease inhibitor, and who had undetectable plasma HIV-1
RNA (⬍200 copies/ml) were selected for study. The characteristics of the patient population are summarized in Table 1.
In patients with effective suppression of viral replication, viruses isolated from resting CD4⫹ T cells are likely to be derived from cells with stably integrated HIV-1 DNA (20). DNA
was isolated from purified resting CD4⫹ cells and used as the
template in a novel nested PCR strategy for the amplification
and cloning of the full-length env gene. This assay could detect
as few as 50 copies of env in a background of 500 ng of HIV-1⫺
genomic DNA (data not shown). Approximately 50% of the
clones studied were functional in cell fusion (not shown) or
pseudotyping experiments.
The chemokine receptor utilization of 34 clones from nine
patients was determined using previously described pseudotyping technology (13). The vast majority of clones assayed could
infect CD4⫹ target cells expressing CCR5 but not cells expressing CXCR4 (Table 2). However, clones representing both the
X4 and R5/X4 viral phenotypes were identified. To decrease
the chance that the low frequency of X4 virus identified during
our studies was a consequence of inadequate sampling, envelopes derived from independent cloning experiments were analyzed. Only envelopes from patients 12 and 56 had the capacity to utilize CXCR4 in the absence of CCR5. Interestingly,
studies performed prior to the administration of HAART revealed that the phenotype of viruses in the circulation of patient 56 included those capable of utilizing CXCR4. The env
genes cloned from the resting T cells of this patient utilized

either CCR5 or CXCR4 in luciferase reporter virus infections.
That R5 virus was detected in the reservoir years after the
detection of X4 virus in the peripheral blood highlights the
capacity of the reservoir to preserve viruses representing the
complete life history of the infection within an individual (Table 2). Envelopes from patient 10 were dual tropic, capable of
utilizing both CCR5 and CXCR4. Other coreceptors, including
V28, GPR15, STRL33, and APJ, were able to support reporter
virus entry in a few instances, but the reduced efficiency and
low frequency of usage of alternate receptors suggest that they
do not play a major role in establishment of the latent virus
reservoir. The phenotype of clones from virus cultured from
the latent reservoir of patients 14, 16, and 56 could not be
distinguished from the env genes of viruses cloned directly
from the DNA of resting cells of these patients, indicating that
direct sampling of proviral DNA in purified resting CD4⫹ T
cells provides a representative picture of the replication-competent viruses harbored in the latent reservoir.
Expression of CCR5 on resting lymphocytes. The results
presented above suggest that R5 viruses predominate in the
latent reservoir for HIV-1 in resting CD4⫹ T cells. To understand this finding with respect to the capacity of R5 viruses to
directly infect resting T cells, we studied the expression of
CCR5 on resting T-cell populations of uninfected donors. Earlier studies of PBMC demonstrated CCR5 expression on a
subset of cells expressing markers of both activation and memory (CD26⫹ and CD45RO⫹), while CXCR4 was shown to
have a reciprocal pattern, being expressed predominantly on
naive cell populations (CD45 RA⫹) (3, 9). Recent four-color
FACS analysis of PBMC demonstrated the expression of
CXCR4 on both naive and memory T-cell subsets, while CCR5
was found to be absent on naive T cells (35). Interpretation of
the published data is complicated by the failure of some studies
to distinguish clearly between resting CD4⫹ T cells, which can
harbor latent virus, and activated T cells, which are fully permissive for viral replication. Making use of the same rigorous
cell purification procedure used in the delineation of the latent
reservoir, we isolated resting CD4⫹ T cells that were negative
for expression of the activation markers HLA-DR, CD25, and
CD69. The level of CCR5 on these highly purified resting
CD4⫹ T lymphocytes was then measured. Considering what is
now known about the factors regulating its promoter, high
levels of expression of CCR5 on quiescent lymphocytes would
not be predicted (22, 31). In agreement with these observations, highly purified resting cells consistently demonstrated
lower levels of CCR5 than partially purified or unpurified
PBMC from the same donor (Fig. 1). The percentage of cells
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a
Patients were adult volunteers who gave informed consent before giving blood for this study. Drugs used in HAART regimens included the nucleoside analogues
zidovudine (AZT), stavudine (d4T), and lamivudine (3TC), the nonnucleoside reverse transcriptase inhibitor nevirapine (NVP), and the protease inhibitors ritonavir
(RTV), saquinavir (SQV), indinavir (IDV), and nelfinavir (NFV). In most cases, three drugs for which the patient had no prior experience were started simultaneously.
In two cases, one protease inhibitor was substituted for another (i.e., RTV3SQV) because of toxicity, but in all cases treatment with three or four drugs was maintained.
Several of the patients had had prior monotherapy, generally with nucleoside analogues (20).
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TABLE 2. Chemokine receptor utilization of viruses in latently infected CD4⫹ resting T cellsa
Patient
no.

Clone

Signal strength with coreceptor:
CCR2b

CCR3

CCR5

CXCR4

STRL33

GPR1

GPR15

APJ

V28

CCR8

ChemR23

CD4 alone

⫺
⫺
⫺

⫹
⫺
⫹⫹

⫺
⫹⫹⫹⫹
⫹⫹⫹⫹

⫹⫹⫹⫹
⫺
⫺

⫺
⫹⫹
⫺

⫺
⫹⫹
⫺

⫺
⫹⫹
⫺

⫹
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

1

A1.2
A1.3
A2.3

⫺
⫺
⫺

⫹⫹
⫹⫹
⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

⫺
⫺
⫺

6

C1.1
C1.2
C2.2
C2.4
C2.5

⫹
⫺
⫹
⫺
⫺

⫹
⫹
⫹⫹
⫹
⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫹
⫺
⫹
⫺
⫺

⫹
⫺
⫺
⫺
⫺

⫹⫹
⫺
⫺
⫺
⫺

⫹
⫺
⫺
⫺
⫹

⫹
⫺
⫺
⫺
⫺

⫹
⫺
⫺
⫺
⫺

⫹
⫺
⫺
⫺
⫺

⫹
⫺
⫺
⫺
⫺

⫹
⫺
⫺
⫺
⫺

10

D1.4b

⫹⫹

⫹⫹

⫹⫹⫹⫹

⫹⫹⫹

⫹⫹⫹

⫹⫹

⫹⫹

⫹⫹

⫹⫹⫹

⫹⫹

⫹⫹

⫹⫹

11

E1.4
E2.4
E11.A1
E11.A6
E11.A7
E11.A8

⫺
⫺
⫺
⫺
⫺
⫺

⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫺
⫺
⫺
⫺
⫺
⫺

⫹⫹
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫹⫹

⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺

12

F1.20
F1.23

⫺
⫺

⫺
⫺

⫺
⫹⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹

⫺
⫺

⫺
⫺

⫺
⫺

⫹
⫹

⫺
⫺

⫺
⫺

⫺
⫺

⫺
⫺

13

G1.2

⫺

⫺

⫹⫹⫹⫹

⫺

⫺

⫺

⫺

⫺

⫺

⫺

⫺

⫺

14

H1.1
H1.2
H2.3
H2.4
H2.5
V14-4Bc
V14-5Bc

⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫹
⫹⫹
⫹
⫹
⫹
⫹
⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫹
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫹
⫺

⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫹
⫺

⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫹
⫺

16

I1.4
I1.5
I2.1
V16-3Bc

⫺
⫺
⫺
⫺

⫹
⫹
⫹
⫹⫹

⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫹

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺

56

X4
X7
X8
VX2c
VX2c

⫺
⫹
⫺
⫺
⫹⫹

⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹

⫹⫹⫹⫹
⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫺

⫺
⫹⫹⫹⫹
⫺
⫹
⫹⫹⫹⫹

⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺

⫺
⫹
⫺
⫹⫹
⫹

⫺
⫹⫹
⫺
⫺
⫹⫹

⫺
⫹
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺

⫺
⫺
⫺
⫺
⫺

a
env genes cloned by PCR directly from highly purified resting T cells of patients on HAART were tested for coreceptor specificity using a luciferase reporter virus
assay (17). Pseudotyped virions for each env containing the luciferase gene capable of a single round of infection were used to infect feline CCC cells transiently
expressing CD4 and various HIV coreceptors. Infection was quantified by measurement of luciferase in target cell lysates 2 to 3 days postinfection. Results for each
env were normalized to the coreceptor (CCR5 or CXCR4 in all cases) that gave the highest signal, which is indicated as ⫹⫹⫹⫹. Signals that were 50 to 99%, 11 to
49%, 5 to 10%, and ⬍5% of the activity of the principal coreceptor are indicated as ⫹⫹⫹, ⫹⫹, ⫹, and ⫺, respectively. The X4 HIV-1 Env HXBc2 and R5 SIVmac251
Env BK28 were used as positive controls. Coreceptor use of the R5 HIV-1 Env Ba-L is also shown and was calculated from previously published work (13, 17).
b
High background on CCC cells likely indicates use of endogenous feline coreceptor.
c
env genes cloned from biological isolates.

expressing CCR5 was a function of the fraction of cells expressing HLA-DR, suggesting that among PBMC, most of the
cells expressing CCR5 coexpress markers of activation. This
finding highlights the association between CCR5 expression
and markers of activation. For all individuals studied, less than
6.3% of highly purified resting CD4⫹ T cells (containing ⬍1%
CD4⫹ DR⫹ cells) had detectable expression of CCR5. Thus,
CCR5 expression can be detected at low levels on only a small
fraction of the resting CD4⫹ T-lymphocyte population known
to harbor latent HIV-1.

Infection of quiescent CD4ⴙ T lymphocyte populations is
inefficient when mediated by CCR5 due to low surface expression of the coreceptor. A small number of resting CD4⫹ T cells
express CCR5 at levels that can be detected by flow cytometry.
To determine whether this level of coreceptor is sufficient to
mediate infection, the ability of the R5 isolate Ba-L to enter
resting T lymphocytes was measured and compared to the
ability of the X4 virus HIV-1 IIIb to infect these cells. Previous
studies demonstrate a relationship between the amounts of
CCR5 and CD4 present on the surface of a cell required for
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infection by an R5 virus, concluding that in the presence of
high levels of CD4, low-level expression of CCR5 could mediate infection (34, 45). The level of CXCR4 on highly purified
resting T cells is sufficient for entry by X4 viruses (9, 25). Since
the infection of resting lymphocytes is nonproductive due to
either a block in nuclear import (4, 38) or incomplete reverse
transcription (25, 46, 47), entry of HIV-1 was detected by a
modification of a previously published PCR-based entry assay
which detects the products of reverse transcription (46).
Several control experiments were performed to ensure that
the signals detected represented infection rather than the
products of intravirion reverse transcription (27, 40, 48–50) or
contaminating DNA in the virus stock. The generation of
HIV-1 DNA-specific signals following infection could be
blocked by inclusion of monoclonal antibodies to CD4 or the
gp41 peptide fusion inhibitor DP372 (data not shown) (42).
Furthermore, the reaction detecting complete reverse transcription products could be blocked by the addition of zidovudine prior to infection (data not shown). In addition, as is
discussed below, the time-dependent increase in the strength
of the signals demonstrated that the assay was detecting products of reverse transcription being generated in infected cells
following virus entry.
Using this assay, entry of HIV-1 Ba-L and HIV-1 IIIb into
quiescent CD4⫹ T lymphocytes purified from the blood of
seronegative donors was measured. Purified cells were universally greater than 99% pure, as judged by the absence of
contaminating activated cells expressing HLA-DR. When in-

FIG. 2. Levels of CCR5 on highly purified resting T lymphocytes are sufficient to mediate infection by the R5 virus Ba-L. The ability of highly purified
resting cells to be infected with the R5 virus HIV-1 Ba-L and the X4 virus HIV-1
IIIb was determined. Cells were infected at an MOI of 0.1 (A) or 1.0 (B). After
incubation for the indicated time at 37°C, cells were lysed, and entry was monitored by PCR assay for early (LTR) and late (LTR-Gag) products of reverse
transcription as described (46). In control lanes, virus was heat-inactivated (HI)
before infection. The sensitivity of the PCR in each experiment was assayed using
a series of ACH-2 dilutions as a target for the PCR described above. A fragment
of the ␤-globin gene was amplified to normalize for the number of cells used in
each PCR experiment. Infection experiments were performed at least twice on
cells from four different donors.

fections were performed at a multiplicity of 0.1, a significant
and reproducible difference in the ability of these two viruses
to enter resting cells was observed. Entry of IIIb could be
demonstrated at a lower multiplicity than that of the R5 virus
Ba-L (Fig. 2A). This result likely reflects the large difference in
expression of CXCR4 and CCR5 coreceptors on resting cells.
In some donors, infection with Ba-L at an MOI of 0.1 did not
yield significant entry by our assay, consistent with the reported
variability of expression of CCR5 from donor to donor. However, the resting lymphocytes of all donors studied could be
infected by R5 viruses at an MOI of 1, ruling out an absolute
block to infection of resting lymphocytes by a virus utilizing
CCR5 (Fig. 2B). These experiments were performed in dupli-
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FIG. 1. CCR5 expression on resting CD4⫹ T cells at various stages of purification. Highly purified resting CD4⫹ T cells were isolated from the peripheral
blood of HIV-negative donors by removing unwanted cell lineages and activated
CD4⫹ T cells through sequential bead depletion and cell sorting procedures.
HLA-DR was used as a marker of activation. The purity of resting CD4⫹ T cells
was invariably greater than 99%. Cells at multiple points of the procedure were
stained for CCR5 expression using a FITC conjugate of the anti-CCR5 monoclonal 2D7.
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cate on samples from four different donors. The titers of the
Ba-L and IIIb stocks used were equivalent, as evidenced by the
fact that both viruses could infect activated CD4⫹ T cells with
similar efficiencies (data not shown).
The coreceptor utilization of Ba-L has been characterized
extensively and has been shown to be almost exclusively CCR5
(Table 2) (16, 32). To rule out the possibility that the infection
of resting cells by HIV-1 Ba-L shown in our previous experiments was mediated by an alternative or undiscovered coreceptor, we attempted to block infection by preincubating the
cells with monoclonal antibodies to CCR5. A cocktail of antiCCR5 monoclonals (R&D Technologies) blocked infection
with an efficiency that roughly equaled that of anti-CD4. Neither an irrelevant antibody nor a monoclonal antibody against
CXCR4 was able to diminish the entry of Ba-L (data not
shown).
Infection of quiescent lymphocytes by an R5 virus can be
eliminated by removing cells expressing CD45RO. To further
characterize the subset of resting cells permissive for infection
by Ba-L, highly purified quiescent cells were further depleted
of markers associated with a naive or memory phenotype. Cells
obtained using a modification of a previously described depletion and sorting strategy were greater than 99% free of contaminating cells expressing HLA-DR and the unwanted CD45
isoform (Fig. 3). The resulting cells were infected at a multiplicity of 1 with Ba-L. PCR analysis clearly demonstrated that
the infection of quiescent lymphocytes is restricted to subsets
containing cells expressing CD45RO (Fig. 4). Thus, CCR5utilizing isolates can enter a subset of resting memory T cells
but not naive cells.
Latent HIV-1 can be found in resting memory CD4ⴙ T cells
in vivo and to a lesser extent in naive cells. Given that the R5
viruses that comprise the latent reservoir in most patients cannot directly infect naive resting CD4⫹ T cells, it was of interest
to determine whether latent virus could be isolated from the
naive subset of resting CD4⫹ T cells obtained from infected
individuals. Using a previously described purification scheme
that yields naive and memory CD4⫹ T cell subsets that have
⬍1% contamination with the other subset or with activated
cells, the frequency of cells harboring latent, replication-com-

petent HIV-1 was measured by limiting-dilution cultures (Table 3). In most patients, latent virus was found predominantly
in the memory subset, consistent with the idea that latently
infected cells arise through infection of activated cells, which
then revert to a resting memory state. However, for some
patients, latent virus could also be isolated from naive cells at
a lower frequency. When considered in the context of the
above studies demonstrating the inability of R5 viruses to enter
naive cells, these results suggest that latent infection is established in naive cells through a mechanism other than direct
infection of the cells while they are in a resting, naive state.

FIG. 4. Infection of resting cells by R5 viruses is restricted to those expressing markers of immunologic memory. Resting CD4⫹ lymphocytes depleted of
either naive or memory subsets were obtained and infected with HIV-1 Ba-L at
a multiplicity of 1.0. Infection was monitored over the course of 3 days. Infection
was monitored through the detection of the products of reverse transcription as
described using M661 and M667 (46). The sensitivity of the PCR in each experiment was assayed using a series of ACH-2 dilutions as a target for the PCR
against the LTR-Gag junction. Amplification of ␤-globin was performed to
demonstrate the presence of an equal mass of DNA in each sample. This
experiment was performed on samples from two donors with identical results.
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FIG. 3. Purification of naive and memory resting CD4⫹ T cell. PBMC from HIV-1-negative donors were subjected to magnetic depletion using monoclonal
antibodies to CD8, CD19, CD16, CD14, CD69, CD25, HLA-DR, and either CD45 RA or RO. Cells were sorted for those expressing CD4 while lacking expression
of either HLA-DR or the relevant CD45 isoform. Sorted populations contained less than 1.0% contaminants expressing HLA-DR or the inappropriate CD45 isoform.
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TABLE 3. Quantitation of latent virus from both naive and memory resting T lymphocytes in patients on HAARTa
Patient no.

9
10
11
21
50

Time on
HAART (mo)

Plasma HIV-1
RNA (copies/ml)

29.8
35.9
41.0
29.2
34.0
24.8

N.D.c
⬍50
129
⬍50
141
⬍50

Frequency of latently infected
CD4⫹ T cells (IUPM)

Purityb (%)

CD45RA⫹

CD45RO⫹

CD45RA⫹

CD45RO⫹

1.1
0.09
⬍0.4
0.1
3.0
⬍0.2

⬍1.6
0.5
5.0
3.0
8.0
1.1

99.8
N.D.
98.6
99.7
99.7
99.4

99.4
N.D.
98.3
99.2
99.5
98.8

a

Patients studied had been on long-term HAART with suppression of plasma HIV-1 RNA to below 200 copies/ml.
Purity refers to the percentage of CD4⫹ HLA-DR⫺ cells in the sorted population and was calculated as (1⫺[number of CD4⫹ HLA-DR⫹ cells/number of CD4⫹
HLA-DR⫺ cells]) ⫻ 100.
c
N.D., not done.
b

The establishment of replication-competent HIV-1 genomes
within the resting CD4⫹ T lymphocytes of infected individuals
is an important mechanism of viral persistence and represents
a major barrier to HIV-1 eradication with antiretroviral drugs
(12, 20, 43). The manner in which this stable infection is established can only be inferred. HIV-1 replicates most efficiently in activated CD4⫹ T lymphocytes which express high
levels of CD4, CXCR4, and CCR5. One model suggests that at
some frequency, an infected activated T lymphocyte may exit
the cell cycle, enter a quiescent state, and circulate as a latently
infected resting memory CD4⫹ T cell. This model is supported
by the finding that the majority of stable latent virus in resting
cells can be found in memory cells. In this study, the mechanisms by which viruses enter the latent reservoir in resting
CD4⫹ T cells has been evaluated through an analysis of the
patterns of chemokine receptor utilization by viruses in the
reservoir, of the distribution of these viruses among naive and
memory subsets of resting CD4⫹ T cells, and of the direct entry
of X4 and R5 viruses into these subsets.
The contribution of the direct infection of resting cells to the
establishment of the latent reservoir is not clear. Since, at any
given time, the majority of lymphocytes are in a quiescent
state, resting lymphocytes likely represent a major target for
infection by HIV-1. Previous studies characterizing the ability
of HIV-1 to enter unstimulated CD4⫹ T-cell populations involved the use of laboratory-adapted strains of HIV-1 that
utilize CXCR4 (21, 23, 36, 38, 39, 47). Subsequent studies
using highly purified resting T cells confirmed these initial
findings (9, 25). Although several reports include experiments
demonstrating the capacity of R5 isolates to infect unpurified,
unstimulated peripheral blood populations (39, 46, 47), rigorous analysis of the capacity of R5 viruses to enter highly purified resting T cells is lacking in the literature. In fact, resting
cells (CD25⫺) have been reported to be refractory to entry by
R5 viruses, presumably due to low or absent coreceptor expression (7). Therefore, the presence of R5 viruses within
resting T cells that are themselves refractory to direct infection
would support a model in which the reservoir is established
through the infection of an activated T cell, which then exits
the cell cycle into a quiescent state. To test this hypothesis, the
chemokine receptor utilization of viruses derived from latently
infected CD4⫹ T lymphocytes was determined and compared
to the capacity of these viruses to directly infect resting CD4⫹
T lymphocytes.
The evolution of coreceptor utilization by HIV-1 throughout
the course of infection has been widely documented (1, 14)
Viruses involved in transmission are almost universally depen-

dent upon CCR5, as demonstrated by the profound resistance
of individuals null at the CCR5 locus to infection by HIV-1 (16,
26, 37). In some patients, disease progression correlates with a
broadening of the repertoire of chemokine receptors utilized
by HIV-1 during infection (14). The coreceptor utilization of
viruses in the latent compartment has not been systematically
analyzed. At least some viruses cultured from the resting
CD4⫹ T-cell compartment in previous studies were cytopathic
or capable of forming syncytia in the MT-2 cell line (12, 20). To
determine the nature of the coreceptors utilized by viruses in
the latent reservoir, we cloned and analyzed the phenotype of
env genes amplified from viruses resident in highly purified
resting CD4⫹ T lymphocytes from nine patients on HAART.
We demonstrate here for the first time that viral envelopes
from the latent reservoir show predominant usage of the coreceptor CCR5. This finding is consistent with the fact that the
reservoir is formed soon after infection, when virtually all of
the viruses have the R5 phenotype. The maintenance of R5
genomes in resting cells likely ensures that a broadening of
coreceptor utilization occurs with disease progression, rather
than a replacement of R5 viruses with those of the X4 phenotype, since R5 viruses present early in infection will be stored
in the latent reservoir thereafter. This may account for the
identification of R5 viruses in a patient with documented X4
virus in the blood prior to study.
Interpreting the low frequency of viruses utilizing CXCR4 in
the latent reservoir is complicated by an incomplete understanding of the nature of the viruses present in each individual
studied prior to the initiation of therapy and of the mechanism
by which the viruses entered the resting compartment. An
undetectable level of circulating virus was a requirement for
inclusion in this study, prohibiting a comparison of the virus in
the periphery to that in the reservoir. Furthermore, not all
patients acquire virus of the X4 phenotype. Only patient 56
had documented utilization of CXCR4 prior to HAART. The
analysis of several independently derived clones suggested that
the bias against virus utilizing CXCR4 was unlikely a result of
inadequate sampling of the reservoir. It is interesting to speculate that the cytopathology associated with X4 viruses provides strong selection against entrance into the reservoir, although such viruses can clearly enter the reservoir. Utilization
of additional “minor” coreceptors, such as CCR3, STRL33,
GPR15, and APJ, was also observed in envelopes from several
patients. While the biological relevance of this finding is difficult to interpret without a better understanding of the role in
vivo of these receptors, our study suggests that these receptors
do not play a universal role in the establishment of the latent
reservoir.
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difference is the length of time over which infection was monitored following the application of the virus. In our hands, the
reverse transcription process is largely incomplete at early time
points and proceeds to completion over the course of a few
days. Additionally, previous studies of the status of reverse
transcription reaction in resting cells from HIV-1-infected individuals clearly demonstrate both the absence of a build-up of
incompletely reverse-transcribed genomes and the presence of
full-length linear double-stranded viral cDNA (5, 8).
Studies of quiescent lymphocytes can be complicated by the
presence of contaminating activated cells. It is unlikely that the
infection demonstrated in this study reflects infection of contaminating activated cells for several reasons. The sorted populations used in this study were obtained using technology that
allows for the isolation of cells from uninfected donors that are
invariably greater than 99% free of cells bearing the HLA-DR
marker of activation. These cells have been previously shown
to be truly quiescent, as measured by the fact they do not
incorporate thymidine in culture or expresses thymidine kinase
(11). Finally, as discussed above, the design of our experiments
allowed us to distinguish the infection of activated and resting
cells on the basis of the kinetics of the reverse transcription
reaction. As shown in Fig. 2, the synthesis of strong-stop DNA
is largely complete at 12 h postinfection, while the product
representing completion of reverse transcription is largely undetectable. In contrast, the viral genome can undergo both
reverse transcription and integration during this time frame in
activated T cells. Thus, the infection of activated cells cannot
account for a significant amount of the signal produced during
our experiments.
An understanding of the capacity of R5 viruses to enter
quiescent T lymphocytes and the chemokine receptor utilization of viruses that comprise the latent reservoir together provide some insight into the mechanisms by which the latent
reservoir may arise. The experiments presented here demonstrate that CCR5 exists at levels sufficient to mediate infection
of only a subset of resting memory T cells. The discovery that
the majority of viruses in resting T cells utilize CCR5 during
infection was surprising due to the refractory nature of most
resting cells to infection by viruses of this phenotype. It is
interesting to speculate that the R5 viruses cloned from the
resting cells of patients only had the capacity to enter the latent
compartment through an activated T lymphocyte or a memory
cell with continued expression of CCR5. We demonstrate here
that the R5 viruses that comprise the latent reservoir in most
patients cannot directly enter the naive subset of resting CD4⫹
T cells. However, some of the latent virus present in resting
CD4⫹ T cells in vivo is in naive cells. Taken together, these
results suggest that latently infected naive CD4⫹ T cells arise
through a mechanism that does not involve direct infection of
resting naive cells. One possibility is that some resting memory
cells with integrated HIV-1 DNA might revert to the naive
phenotype. Such phenotypic reversion has been observed in
normal uninfected humans and in rodent systems (6, 28, 29).
Infection of thymocytes is another possibility. Our results are
consistent with other studies demonstrating the presence of R5
viruses in naive CD4⫹ T lymphocytes of HIV-1-infected individuals (2, 32). The overall conclusion of this work is that the
latent reservoir for HIV-1 comprises mainly R5 viruses, viruses
that do not enter most resting CD4⫹ T cells. The generation of
the latent reservoir therefore likely proceeds through infection
of other cell populations such as activated CD4⫹ T cells that
can convert to resting cells carrying integrated HIV-1 genomes
that become latent when cells are in a resting state.
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Longitudinal analysis of the frequency of latently infected
cells in treated patients reveals a very slow decay of the virus in
this compartment (19, 51). While several mechanisms have
been discussed to explain the persistence of virus in this compartment, the long life span of memory T cells in vivo likely
plays an important role. As a result, an interesting feature of
this reservoir is that it appears to act as an archive of viral quasi
species, containing viruses from many points during the life
history of infection. The analysis of antiviral drug resistance
conferring mutations from virus cultured from the resting T
lymphocytes of individuals on HAART provides support for
the archival nature of this compartment (20). Should therapy
fail or be discontinued, virus may reemerge from the latent
compartment and rekindle infection. In this setting the virus
reestablishing infection may not reflect the phenotype of the
virus circulating immediately prior to the initiation of therapy
due to the fact that the breakthrough infection may have been
the result of archival virus emerging from the latent reservoir.
Thus, the phenotype of viruses in the latent compartment may
have clinical significance as a repository representing all stages
of the disease course even in the presence of successful therapy.
To better understand the significance of R5 viruses in the
latent compartment, we next determined whether these same
viruses had the capacity to infect resting T lymphocytes directly. Highly purified resting lymphocytes were assayed for
levels of CCR5 sufficient to mediate infection by the R5 virus
Ba-L. We demonstrate that only a small fraction of resting T
cells express CCR5. Thus, HIV-1 can enter only a subset of
quiescent T cells, all of which had a memory phenotype. The
PCR analysis performed in this study suggests that infection of
resting cells by R5 virus is inefficient and likely limited to the
subset expressing detectable levels of CCR5. This is supported
by the concordance of an absence of CCR5 on naive T cells
and our inability to demonstrate infection of these populations
by an R5 virus (35). Additionally, our ability to demonstrate
infection of resting cells only during infection at high multiplicity is consistent with the infection’s being restricted to a
small fraction of resting cells expressing CCR5. This is a likely
explanation for the discrepancy between our results and those
of Chou et al. (7), who were unable to detect infection of
resting CD4⫹ T cells by R5 viruses. That a larger inoculum of
Ba-L was required to achieve detectable levels of infection
compared to an X4 virus supports a quantitative role of coreceptor expression during entry (34, 45).
While infection of resting cells is nonproductive, the molecular processes preventing the production of progeny virions
are less clear and the subject of extensive study. The inability to
complete the process of reverse transcription (25, 46, 47), a
block preventing the import of the preintegration complex into
the nucleus (38), and the absence of a required cellular factor(s) (24) have all been proposed to explain the fate of the
virus in an infected quiescent T lymphocyte. Our approach to
detecting entry into resting cells relied on two different PCRs
detecting either the early or late products of reverse transcription. This analysis was useful in demonstrating the absence of
activated cells in our resting-cell population. Our ability to
detect reverse transcription products with primers that span
the junction of the LTR and gag suggests that reverse transcription in resting T cells proceeds largely to completion over
the course of several days. The kinetics of this reaction are
much slower than what has been reported and observed by us
for the infection of activated cells (11, 18, 30, 47). These results
differ from studies in the literature that conclude that the
reverse transcription process does not proceed to completion
in resting T cells (25, 46, 47). We believe the basis of this
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