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Human immunodeficiency virus type 1 (HIV-1) possesses the ability to establish a complete infection in
nondividing host cells. The capacity of HIV-1 to infect nondividing cells probably contributes significantly to
its pathology in vivo, as reflected by infection of peripheral T lymphocytes, tissue macrophages, and microglial
cells. However, the in vitro demonstration of the establishment of stable HIV-1 infection in quiescent T cells
remains controversial. We have developed a primary T-cell model of acute HIV-1 infection of quiescent CD4
lymphocytes that demonstrates the development of a complete, reverse-transcribed form of virus that is stable
for over 10 days in culture. To ensure that our primary cell culture was representative of a quiescent
population, the CD4 lymphocyte targets were monitored for membrane expression of activation antigens and
for shifts in cell cycle from G0/G1 to S/G2 phase. The presence of viral DNA fragments reflecting progressive
reverse transcription was determined by PCR analysis. HIV entered primary CD4 cells rapidly, but viral DNA
accumulated slowly in the resting cell cultures. DNA species containing regions of full-length reverse transcription were not detected until 3 to 5 days after infection. In parallel with the appearance of complete viral
DNA, spliced RNA transcripts, predominantly of the nef species, were detected by reverse transcriptase PCR
amplification. When infected CD4 cells were sorted on the basis of cell cycle analysis of DNA content, the
accumulation of a complete viral DNA form was found to occur in both the purified G0/G1-phase cell subset and
the cell fraction enriched for the minor S-phase subset. In contrast, spliced viral RNA products could be
detected only in the enriched S-phase cell fraction. These results demonstrate that HIV-1 can infect and
establish a complete, stable form of viral DNA in primary CD4 lymphocytes in vitro but is blocked from
transcription in the absence of cell activation. The findings are consistent with in vivo data from HIV-infected
individuals that show the existence of viral DNA predominantly as a stable, extrachromosomal form in T cells
of the peripheral circulation.
lymphocyte compartment (2) is reconciled more easily with the
current perception that the virus persists in T cells in vivo, even
though the vast majority of these cells are found in a quiescent,
nondividing state (6). Data from several studies indicate that
HIV found in CD4 lymphocytes of the peripheral circulation
and lymph nodes is maintained predominantly in a nonproductive viral form either as extrachromosomal viral DNA (4, 5) or
in a state of restricted transcription (2, 8, 24, 25, 28).
The demonstration of HIV-1 infection of primary, quiescent
T cells in vitro has remained controversial. Although several
reports have shown that HIV can readily enter quiescent T
cells in culture and subsequently be induced to replicate upon
exogenous stimulation (20, 31, 41, 43), the state of viral DNA
and the stability of infection in the absence of cell activation
have not been resolved clearly. Published data in this research
area have been contradictory. Some investigators have demonstrated that HIV-1 infection of quiescent T cells results in
partially reverse-transcribed viral DNA that is labile and rapidly degraded (41, 42), while other investigators have reported
the establishment of a complete infectious cycle with the detectable production of early mRNA transcription (31). Our
own studies using a primary CD4 cell model have indicated
that HIV is capable of achieving an infection that is stable for
an extended time in culture (29). We have pursued these observations by performing experiments to characterize both the
molecular form of the stable virus infection and the cellular
state of the infected target. Our results demonstrate that in

Retroviruses generate a DNA reverse transcript from
genomic RNA; this viral DNA integrates into cellular DNA to
establish infection (36). Oncogenic retroviruses, represented
typically by the avian sarcoma and murine leukemia viruses,
require a dividing host cell to establish a productive infection.
In contrast, lentiviruses can establish infection in nondividing,
terminally differented cells. The human lentiviruses, human
immunodeficiency virus types 1 and 2 (HIV-1 and -2), possess
the ability to stably infect nondividing host cells, including
macrophages and brain microglial cells (38, 39). A critical
determinant in HIV infection of nondividing cells is the viral
capacity to direct transport of the proviral preintegration complex to the cell nucleus independently of cell division (4, 30).
Recent studies indicate that the p17 matrix protein contains a
domain required to target nuclear localization and that the
Vpr accessory protein may participate in a complementary way
to facilitate nuclear entry of the preintegration complex (3, 4,
37). The ability of HIV to infect nondividing cells is undoubtedly important to viral pathology in vivo. HIV infection in
lymphoid organs appears to be maintained in tissue macrophages (30, 39), and infection in the brain occurs predominantly in macrophages and microglial cells (17, 38). Additionally, the massive seeding and spread of HIV within the CD4
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CD4 lymphocytes, which are truly representative of a quiescent
cell population, HIV-1 infection in vitro progresses to a stable,
fully reverse-transcribed form of viral DNA that is transcriptionally inactive.
MATERIALS AND METHODS

pNL4-3 plasmid DNA (Invitrogen PCR Optimizer Kit). Aliquots of cell lysates
were diluted to 100 ml in a buffer containing 50 mM Tris (pH 8.5), 15 mM
(NH4)2SO4, 2.5 mM MgCl2, 10 mg of bovine serum albumin (BSA), 0.2 mM
deoxynucleoside triphosphates, and 0.25 mg of each oligonucleotide primer.
Reaction mixtures were boiled for 2 min, cooled, and held at 618C, and Taq DNA
polymerase (2.5 U; Perkin-Elmer Corp., Norwalk, Conn.) was added. PCR
amplification was performed for 30 cycles of 948C for 1 min, 618C for 1 min, and
728C for 3 min. Four sets of primer pairs were used to amplify different regions
of viral DNA (42), on the basis of sequence homology to NL4-3 (23). The region
spanning R to U5 within the 59 long terminal repeat (LTR) (U5/LTR) was
detected by using primers R11 (59-GTTAGACCAGATTTGAGCCTG-39;
sense) and AA55 (42). The env region was amplified with primers 033 and 272
(18, 22), the gag region was amplified with primers LA8 and LA9 (42), and the
region spanning R and gag (LTR/gag) was amplified with primers M667 and
M661 (42). The intersample variation was monitored by parallel PCRs measuring total cellular DNA with primers specific for human b-actin (7) with 20 cycles
of amplification.
Reverse transcriptase PCR (RT-PCR) amplification of HIV-1 spliced RNA
products was based on a published strategy of detecting alternative splice events
(13, 26). Spliced RNA transcripts were detected with a primer pair (primers A
and B) that flanked the major 59 splice donor and the acceptors used for tat, rev,
and nef mRNA products. Reactions were performed in 100 ml containing 50 mM
Tris (pH 8.3), 10 mM KCl, 2.5 mM MgCl2, 10 mg of BSA, 0.2 mM deoxynucleoside triphosphates, and 0.25 mg of each primer. The nucleic acid preparations
were heated to 658C for 90 s to denature secondary structures, cooled to 428C for
2 min to anneal primers, and treated with murine leukemia virus reverse transcriptase (100 U; Bethesda Research Laboratories, Gaithersburg, Md.) for 30
min at 428C prior to boiling and the addition of Taq polymerase. PCR amplification was performed for 30 cycles of 948C for 1 min, 618C for 1 min, and 728C
for 3 min. cDNA fragments of 290, 118, and 100 bp, which corresponded to
sequences for tat, rev, and nef, respectively, were obtained. This strategy is
depicted in Results (see Fig. 3); the nucleotide sequences of the primers and
resulting cDNA fragments have been published previously (13). To monitor the
intersample variation, a parallel PCR for total cellular RNA was performed with
primers specific for the b subunit of pyruvate dehydrogenase (G3PDH) (35) with
25 cycles of amplification at 948C for 1 min, 558C for 1 min, and 728C for 3 min.
A cDNA product of 102 bp was formed with the primer pair PDH 129 (59GGTATGGATGAGGAGCTGGA-39; sense) and PDH 230 (59-CTTCCACA
GCCCTCGACTAA-39; antisense).
Southern blot analysis. Amplification products (5 to 8% of the reaction mixture) were resolved by electrophoresis on 5 to 6% nondenaturing polyacrylamide
gels (Novex, Encinitas, Calif.) and electroblotted onto Zeta-Probe nylon membranes (Bio-Rad Laboratories, Richmond, Calif.). The transferred products were
denatured on the membrane with a 15-min treatment with 0.4 N NaOH followed
by a brief neutralization with 1 M Tris buffer (pH 7.4). Blots were hybridized with
[g-32P]ATP-end-labeled oligonucleotide probes specific for the DNA or cDNA
regions amplified. To detect cDNA products from amplifications with the R11AA55 and M667-M661 primer pairs, probe LTR/520 spanning positions 520 to
539 was used (59-AAGCCTCAATAAAGCTTGCC-39). The probe gag/736,
spanning positions 736 to 754 (59-GGCGACTGGTGAGTACGCC-39) was used
to detect the cDNA product from amplification with the LA8-LA9 primer pair.
Probe 88-297 (7, 22) was used with the env primers 033 and 272, and probe
88-318 (7) was used with primers 317 and 319 to detect cellular b-actin sequence.
To detect cDNA amplified from mRNA products, probe C (13) was used with
primers A and B for HIV spliced RNA sequences, and end-labeled oligonucleotide PDH 129 was used with primers PDH 129 and PDH 230 to detect cellular
b-G3PDH sequence. Hybridization with 25 ng of each probe was performed for
1 h at 558C in a buffer containing 1% SDS with SSPE (0.18 M NaCl, 10 mM
NaH2PO4, 1 mM EDTA [pH 7.7]), BSA, and polyvinylpyrrolidone and was
followed by two washes at 558C with 1% SDS in SSPE. Autoradiography was
done with one intensifying screen at 2708C for 1 to 6 h.
Flow cytometry analysis. The purity of CD4 lymphocyte preparations was
monitored by direct staining with an FITC-conjugated murine monoclonal antibody to CD4 (Leu 3a1b; Becton-Dickinson) as described previously (15). The
detection of membrane antigens associated with cell activation states was performed by dual-antigen analysis with FITC-conjugated anti-CD4 and phycoerythrin-conjugated monoclonal antibodies to CD25, CD71, DR, and CD45RO
(antigens IL-2 receptor, transferrin receptor, major histocompatibility complex II
and CD45RO isoform, respectively; Becton-Dickinson). The detection of HIVinfected lymphocytes was performed by using an indirect fluorescence assay with
a monoclonal antibody to viral gp120 antigen (anti-LAVBRU 110.4, a gift from
Elaine K. Thomas, Oncogen, Bristol-Myers) and an FITC-conjugated, affinitypurified, goat anti-mouse secondary antibody (Tago, Inc., Burlingame, Calif.).
Stained cells were fixed with a 1% solution of paraformaldehyde. Antibody
specificity, isotype controls of murine immunoglobulin G1-FITC and immunoglobulin G2-phycoerythrin were included in all experiments. Flow cytometric
analysis was performed on an Ortho Cytofluorograf 50H or a Coulter Elite
cytometer. Cell cycle analysis based on DNA content per cell was done by two
different methods (6). For subsequent PCR analysis of HIV DNA, cell aliquots
were permeabilized and fixed with 33% cold ethanol and then stained by a
standard procedure with propidium iodide in the presence of RNase (32). For
PCR analysis of HIV RNA transcripts, cells were fixed with 0.25% paraformal-
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Primary CD4 lymphocyte cultures. Highly enriched preparations of CD4 lymphocytes were isolated from peripheral blood samples from healthy, HIV-seronegative donors as described previously (29). Briefly, a lymphocyte fraction was
obtained by Ficoll-Hypaque density gradient centrifugation, and monocytes were
removed. CD4 lymphocytes were purified by negative selection with the panning
method (40) with a mixture of murine monoclonal antibodies specific for CD8,
CD16, and CD22 (OKT8 [Ortho Diagnostics] and Leu-11b and Leu-14 [BectonDickinson Immunocytometry], respectively). The resulting cell preparations
were at least 95% viable as determined by trypan blue dye exclusion and contained 90 to 98% CD4-positive lymphocytes as monitored by automated flow
cytometry with a fluorescein isothiocyanate (FITC)-conjugated monoclonal antibody to CD4 (Leu 3a1b; Becton-Dickinson). The isolated CD4 cells were
cultured in RPMI 1640 medium (GIBCO Laboratories, Grand Island, N.Y.)
supplemented with L-glutamine (1 mM), penicillin (50 U/ml), streptomycin (50
mg/ml), and human AB serum (5%, vol/vol) that was negative for HIV and
hepatitis B virus antibodies (Gemini Bio-Products, Calabasas, Calif.). To ensure
that the separation procedure or in vitro culture conditions did not induce
detectable cell activation, CD4 cells were analyzed by flow cytometry at various
times following isolation for the expression of membrane activation markers and
for shifts in cell cycle from G0/G1 to S phase.
Virus infection. An infectious virus stock of the NL4-3 clone of HIV-1 (1) was
prepared by transfecting plasmid DNA into the CEM T lymphoblastoid cell line
(10) with lipofectin (9). Working preparations of virus were derived from a single
passage of the stock through the CEM line. A high-titer stock of the LAI
(LAVBru) strain of HIV-1 (21) was prepared from infection of CEM cells.
Infectivity titers based on the 50% tissue culture infectious dose (TCID50) were
assessed by a terminal dilution microassay with the MT-2 cell line (14). End point
titers were determined by a p24 antigen assay (Abbott Laboratories, North
Chicago, Ill.).
For infection of primary cells, virus stocks were diluted in RPMI 1640 medium
without serum and without Polybrene. Aliquots of 4 3 106 to 6 3 106 quiescent
CD4 lymphocytes in 0.5 to 1.0 ml were incubated with virus for 2 to 4 h at 378C
at multiplicities of infection (MOI) of 0.1 to 1.0 TCID50 per cell. After infection,
excess virus was removed by extensive washing with phosphate-buffered saline
(PBS) (Dulbecco A). Cell recovery was monitored by viable cell counts with
trypan blue dye exclusion. In experiments requiring early-time-point kinetics,
virus infection was synchronized by a 1-h adsorption at 48C followed by a 30-min
incubation at 378C to allow virus entry. The cells were then cooled and maintained at 4 to 88C during PBS washes, and aliquots of cells and supernatant were
taken as baseline determinants (time zero) for subsequent PCR and p24 antigen
analyses. In experiments using PCR amplification to detect HIV DNA formation, virus preparations of the NL4-3 clone were filtered through a 0.45-mmpore-size membrane prior to CD4 cell infection to minimize potential inoculum
contamination from viral DNA associated with cell membrane fragments. Initial
studies demonstrated that further treatment of these filtered preparations with
DNase had little effect on the remaining detectable, virion-associated DNA;
therefore, this treatment was not applied routinely.
Following infection, the CD4 lymphocytes were cultured in RPMI medium
with 5% human AB serum at 4 3 106 to 5 3 106 cells in 1 ml in polystyrene
culture tubes (15 ml; Corning Plastics). Levels of infection were determined at
sequential time points by taking cell samples for PCR analysis and by inducing
productive virus replication with T-cell mitogen stimulation. Cells were distributed into round-bottom microtiter plates (Linbro Plastics) at 105 cells per 200 ml
of medium per well in triplicate, and 3 mg of phytohemagglutinin (PHA) (Sigma
Chemicals, St. Louis, Mo.) per ml plus 5 U of recombinant interleukin-2 (rIL-2)
(DuPont, NEN Research Products, Boston, Mass.) per ml was added to induce
cell proliferation and virus replication. Unstimulated, infected CD4 cells and
uninfected-cell controls were included for culture. To minimize experimental
variation due to individual cell donor differences, a given experimental design
was repeated two to four times with primary cells from different donors. HIV
production was assessed by measuring the amount of soluble p24 antigen released into culture supernatants. Samples of 100 ml were taken from each
microculture well, stored at 2708C, and batch assayed for p24 by enzyme-linked
immunosorbent assay (Abbott Laboratories). The determination of p24 values
was based on the average of results for triplicate culture wells.
PCR amplification of viral nucleic acids. Cell samples were maintained at
2708C until the completion of an experiment. Total nucleic acids were extracted
(13) by lysing cells with incubation at 508C for 45 min in a buffer of sodium
dodecyl sulfate (SDS)-NaCl-EDTA-Tris containing 200 mg of proteinase K per
ml (13). Nucleic acids were extracted from lysates with phenol-chloroform,
precipitated with ethanol, and resuspended in 5 mM Tris (pH 8.3).
PCR amplification of HIV-1 DNA was based on a modification of published
methods (13, 42). Reaction conditions were first optimized for all oligonucleotide primers by using a range of target amounts (0.1 to 100 amol) for linearized
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dehyde for 1 h at 48C, permeabilized with 0.2% Tween 20 for 15 min at 378C, and
stained with 7-aminoactinomycin D (27). Cell sorting and recovery of a purified
G0/G1-phase population and an enriched S-phase subpopulation were performed
on a FACStar-plus cytometer (Becton-Dickinson).

RESULTS

FIG. 1. Cell model of HIV infection. (A) Primary, quiescent CD4 cells were
infected with the LAI strain (F) and the NL4-3 clone (}) of HIV-1 on day 0 at
an MOI of 0.5 TCID50 per cell. PHA (3 mg/ml) and rIL-2 (5 U/ml) were added
to microcultures immediately after infection (day 0) and on days 3, 6, and 10 after
infection to induce virus replication. Supernatants were tested for soluble p24 on
days 3, 5, and 7 following each induction cycle. (B) For comparison, virus
replication was measured in proliferating primary CD4 cells stimulated with
PHA plus rIL-2 for 3 days prior to infection. The figure depicts the combined,
averaged results from two repeated experiments with different cell donors.

long-term culture, in either the presence or absence of virus
infection. It is known that a very minor portion of peripheral
blood lymphocytes are found normally to be in S phase (6); cell
cycle analysis was performed on aliquots of the cultured CD4
cells to determine if shifts in cell cycle from the predominant
G0/G1-phase population to the minor S/G2-phase subset occurred with increasing time in culture. No significant shifts in
cell cycle from G0/G1 to S/G2 phase were detected in experiments using cells from five different donors (Table 2). Only 1%
of the G0/G1 cells moved into S phase during 8 to 10 days of
culture, and no increase in the relative proportion of G2-phase
cells could be detected. In addition, HIV infection alone did
not cause any change in the resting state of the infected CD4
cell culture (Table 2). Cell activation antigens were also monitored in two experiments, and no changes in the levels of
expression were observed for CD45RO, CD25, and DR antigens (Table 2). Taken together, these results indicated that our
primary cell model of isolated CD4 lymphocytes is truly representative of a quiescent T-cell population similar to that
found in the peripheral circulation in vivo.
Detection of viral nucleic acids following HIV infection. To
investigate the viral state after infection of quiescent CD4 cells
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Primary CD4 cell model of HIV-1 infection. To reflect viruscell interactions as they are proposed to occur in vivo, a primary cell model was developed to study the regulation of
HIV-1 infection and replication (29). Acute virus infection of
quiescent CD4 lymphocytes was used to establish a nonproductive infection. The use of purified CD4 lymphocytes eliminated potential confounding influences of accessory cells and
cytokines and allowed a more quantitative assessment of viruscell interactions on a per-target-cell basis. Such preparations of
isolated CD4 lymphocytes could be maintained in a resting
state in culture for 10 to 14 days without the addition of
exogenous lymphokines and could be induced to proliferate in
response to T-cell mitogens. The LAI strain (LAVBRU) (21)
and the NL4-3 clone (1) of HIV-1 were used to infect resting
cells at an MOI of 0.5 TCID50 per cell. At various times after
infection, PHA mitogen and rIL-2 (29) were added to microcultures to induce lymphocyte proliferation and productive
virus replication. At each time point tested, up to 10 days after
infection, mitogen stimulation induced high levels of HIV replication with 50- to 2,000-fold increases in the production of
soluble p24 antigen (Fig. 1A). Cells infected with either the
LAI strain or the NL4-3 clone achieved peak levels of virus
production, at 7 days following each mitogen induction, that
equaled the levels of virus produced during parallel infections
of fully proliferating CD4 lymphocytes stimulated with mitogen 3 days prior to infection (Fig. 1B). These results were in
general agreement with those of previously reported studies
(31, 42) and showed that HIV-1 can readily infect quiescent
CD4 cells. However, in contrast to studies that indicated that
HIV infection is incomplete and unstable in primary T cells
(41, 42), our data demonstrated that HIV existed in a stable,
inducible form for up to 10 days following infection of primary
CD4 cells. Similar levels of virus production were achieved at
all time points. The ability to induce high levels of virus replication did not decrease with extended times postinfection.
Instead, greater increases in virus production occurred earlier
following cell stimulation (day 3) in cultures induced at 6 and
10 days after infection than in cultures induced immediately
after infection (day 0).
Because HIV infection of quiescent T cells has been a point
of controversy (12, 31, 41, 42), experimental conditions were
designed to ensure that our CD4 cell model was truly representative of the quiescent state present in vivo. To eliminate in
vitro variables known to contribute to cell activation, a negative rather than a positive selection method was used for CD4
lymphocyte isolation, and prescreened human AB serum instead of fetal bovine serum was used to supplement the culture
medium. To monitor whether the cell separation procedure
induced detectable activation, CD4 cells taken after separation
were compared with the unfractionated mononuclear cells by
direct-staining flow cytometry for membrane expression of antigens associated with cell activation (Table 1). With six different donor cell preparations, no changes were observed in the
levels of expression for CD25, CD71, DR, and CD38 antigens.
During culture in the absence of exogenous stimuli, isolated
CD4 cells did not exhibit levels of [3H]thymidine incorporation
above the expected baseline level for periods of 8 days (data
not shown). Because total cellular DNA synthesis is an insensitive indicator of minor population changes, additional parameters were monitored for possible alterations induced by

2980

SPINA ET AL.

J. VIROL.

TABLE 1. Lack of cell perturbation during CD4 cell isolation

TABLE 2. Quiescent characteristics of primary
CD4 lymphocyte cultures

% (mean 6 SD) of CD4 cells coexpressing :
b

Cellsa

CD38

PBL
CD4
CD4/ON

33 6 11
30 6 9
33 6 11

DR

766
564
563

CD25

764
765
865

CD71

NDc
362
362

Expt

1

CD4 cellsa
(n)

2

Antigen

0

3

5 or
6

8 or
10

98.2
1.0
0.8

98.0
1.3
0.7

97.7
1.7
0.7

96.8
2.2
1.0

G0/G1
S
G2

1LAI (2)

G0/G1
S
G2

97.8
1.7
0.6

97.5
2.1
0.5

96.9
2.5
0.6

1NL4-3 (3)

G0/G1
S
G2

98.1
0.9
1.0

96.9
1.7
1.5

96.9
2.0
1.1

51
14
9

48
14
9

47
18
10

50
13
10

50
13
8

46
15
10

Control (2)

CD45RO
CD25
DR

1NL4-3 (2)

CD45RO
CD25
DR

49
12
8

a
Isolated CD4 lymphocytes were infected on day 0 with the LAI strain (MOI
5 0.5) or the NL4-3 clone (MOI 5 0.1) of HIV-1. Cell aliquots were taken for
FACS analysis prior to infection (day 0) and on days 3, 5 or 6, and 8 or 10
postinfection and compared with the uninfected-cell control.
b
Cell cycle analysis based on DNA content per cell with propidium iodide
stain.
c
Cell surface antigen expression determined with phycoerythrin-conjugated
antibodies.

appearance of detectable mRNA occurred late in the infection, after 3 to 6 days. In contrast, many different species of
HIV spliced RNA, including rev and tat, were detected readily
during productive viral replication in CD4 cells activated 3
days after infection by the addition of PHA (Fig. 3B). Because
PCR with primers A and B also detects structural vpu-env
transcripts, a second set of primers overlapping the major 39
intron (primers A and D [Fig. 3A]) was used to amplify selectively singly spliced vpu-env RNA to rule out the presence of
this mRNA and confirm the identity of the nef transcript in the
samples. The PCR product corresponding to vpu-env mRNA
could not be detected at any time point during infection of the
quiescent CD4 cells but could be seen following PHA mitogen
stimulation, as predicted (data not shown). RT-PCR detection
of specific viral mRNA transcripts was performed in repeated
experiments using different cell donors, once with LAI infection and three times with NL4-3 infection. Spliced HIV mRNA
representing the nef species was detected consistently between
4 and 8 days following infection of quiescent cell cultures.
When probed blots were exposed for an extended time (16 to
20 h), higher-molecular-weight cDNA products in addition to
the nef species could be seen in samples from infected quiescent cells. However, the additional RNA transcripts were
found only in cells infected for 8 days, and nef RNA remained
vastly predominant (data not shown).
Formation of a stable, inducible provirus. The findings of
virus-specific, full-length DNA and limited mRNA production
in infected quiescent cells indicated that HIV-1 was capable of
establishing a biologically stable DNA form in the absence of
cell activation. To test this premise, experiments were designed
to detect the presence of fully reverse-transcribed viral DNA
that was functional and inducible. The RT inhibitor AZT was
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in culture, aliquots of cells were taken at several times for PCR
analysis of HIV DNA formation. The PCR method was based
on a published strategy (42) that uses a series of primer pairs
to detect different regions of HIV DNA representing initial to
nearly complete negative-strand DNA (Fig. 2A). To determine
the relative efficiencies of amplification and detection for the
different primer pairs and their corresponding oligonucleotide
probes, a viral DNA standard curve was generated. Four- to
fivefold serial dilutions of the 8E5 T cell line, containing one
integrated copy of HIV DNA per cell (11), were made into a
constant background of 5 3 104 primary, uninfected CD4 lymphocytes (Fig. 2C). Amplification of the DNA regions representing initial reverse transcription (U5/LTR) and nearly complete reverse transcription (LTR/gag) demonstrated similar
efficiencies of detection, equalling one to five DNA copies per
103 cells, or approximately 0.1 to 0.5% of the initial cell population. The sensitivity of detection for the env region approximated that for LTR/gag; for the gag region, it was approximately fivefold lower (Fig. 2C). Aliquots of 5 3 104 primary
CD4 cells were processed for PCR amplification of HIV DNA.
Uninfected cells and cells infected in the presence of 3 mM
zidovudine (AZT) were compared with cells taken after infection with NL4-3 at 4 h (time zero) and 1, 3, 5, and 8 days (Fig.
2B). In agreement with other reports (19, 34), initiated segments of viral DNA (U5/LTR) were found in the virion inoculum. The viral DNA region corresponding to U5/LTR was
detected immediately following infection, even in the presence
of RT inhibition with AZT. However, the presence of initiated
sequences of HIV DNA did not appear to reflect gross DNA
contamination of the virion preparations, because regions representing late reverse-transcription events (gag and LTR/gag)
were not seen on day 0. Progression to full-length minus-strand
HIV DNA (LTR/gag) was not detected until 3 days following
infection. cDNA products corresponding to the intermediate
regions of env and gag were seen at 1 and 3 days after infection,
respectively. All regions of the viral DNA showed relative
quantitative increases occurring between 3 and 8 days following infection (Fig. 2B). PCR analysis was repeated in a second
experiment and showed the same pattern of viral DNA formation. The results demonstrated that full-length viral DNA
formed and accumulated in quiescent CD4 cell cultures following HIV infection.
To determine if any viral mRNA transcripts were made in
infected resting cell cultures, an RT-PCR method with primers
bracketing alternate splice sites (primers A and B) was used to
detect HIV-specific, spliced mRNA transcripts (13) (Fig. 3A).
A predominant cDNA product corresponding to a nef transcript was found to accumulate in the cells (Fig. 3B). The

% Positive cells on day
postinfection:

c

Control (5)

a

PBL, peripheral blood lymphocytes freshly isolated by Ficoll-Hypaque density gradient centrifugation; CD4, CD4 lymphocytes isolated by negative selection panning; CD4/ON, isolated CD4 cells held for 16 to 18 h in medium at 378C
prior to infection.
b
Values are derived from those for six different blood donors used for in vitro
infection experiments. FITC-conjugated antibodies were used to detect cell surface antigens CD38 (Leu-17/T10 antigen), DR (major histocompatibility complex II matrix), CD25 (IL-2 receptor), and CD71 (transferrin receptor).
c
ND, not determined.

Cell
cycleb
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used to block the initiation and/or progressive reverse transcription of viral DNA. AZT (3 mM) was added to CD4 cell
aliquots either 1 h before infection or at serial time points after
infection and 2 h prior to the addition of PHA plus rIL-2. At
each time point, the induction of virus replication in the absence of AZT was compared with virus induction with the
addition of AZT at 2 h prior to cell stimulation or at initiation
of infection (Fig. 4). The addition of AZT at 3 to 4 h, 1 day, or
3 days after infection blocked the subsequent induction of virus
replication. However, at times of $5 days, complete virus rep-

lication with soluble p24 production was induced from infected
cells in the presence of AZT. Escape from AZT inhibition of
RT was found with infection at both high and moderate inoculum doses, using the LAI strain at an MOI of 1 (Fig. 4A) and
using filtered preparations of the NL4-3 clone at an MOI of 0.1
(Fig. 4B). Apparent differences in the relative effects of initial
AZT treatment between infections with LAI and NL4-3 were
due to differences in residual amounts of p24 that were present
following the infection procedure. When the experimental design was repeated with two cell donors with LAI infection and
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FIG. 2. HIV DNA formation in primary CD4 cells. (A) Schematic representation of HIV-1 DNA and the relative locations of oligonucleotide primer pairs used
to detect different DNA regions. Primers R11 and AA55 are directed to the initial region of DNA formed by reverse transcription (U5/LTR). After the first template
switching event, the regions of env (33 and 272) and gag (LA8 and LA9) are reverse transcribed sequentially. Primers M667 and M661 detect the region spanning the
primer binding site and the 59 LTR (LTR/gag) which represents reverse transcription to full-length, minus-strand viral DNA. (B) Unstimulated, resting CD4 cells were
infected with a filtered preparation of the NL4-3 clone (MOI 5 0.1) for 4 h, and cell samples were taken immediately following infection (time 0) and at 1, 3, 5, and
8 days after infection (experiment of Fig. 4B). PCR amplification was performed on nucleic acid extracts from aliquots of 5 3 104 cells. An uninfected-cell control (CC)
and cells infected in the presence of 3 mM AZT (AZT) were tested in parallel. The AZT control was included for primer pairs R11-AA55 and M667-M661 only. (C)
Serial dilutions of the HIV-infected T-cell line 8E5 were made in a cell background of 5 3 104 primary CD4 cells, nucleic acids were extracted, and PCR amplification
was performed. Five percent of each reaction product was resolved by 6% polyacrylamide gel electrophoresis and hybridized with labeled probe. Autoradiography was
done at 2708C for 3 h for HIV DNA and 6 h for cellular b-actin. Numbers on the right indicate lengths of products in base pairs.

2982

SPINA ET AL.

J. VIROL.

with three cell donors with NL4-3, similar results were found.
These biologic data were in agreement with the PCR-derived
findings and showed that HIV DNA existed in an incomplete
form early after infection but that reverse transcription to
full-length viral DNA proceeded at a delayed or retarded pace
in the absence of cell activation. Two additional types of experiments have supported this interpretation of the data and
have argued against the possibility that these results are due to
an extreme delay of viral entry into quiescent cells or to a slow
spread of infectious virus between cells with increased time in
culture. The enumeration of infected cells by detection of
gp120 antigen expression following mitogen induction demonstrated that similar percentages of infected CD4 cells were
found early and late after inoculation of the culture (Fig. 5).
Second, the addition of a HIV-specific neutralizing antibody 4
h after infection with LAI did not diminish the levels of virus
replication in CD4 cell cultures that were subsequently induced at 3, 5, and 8 days following infection (data not shown).
Flow cytometry cell sorting of G0/G1- and S-phase cell subpopulations for PCR analysis. Because a very minor portion (1
to 3%) of CD4 lymphocytes isolated from peripheral blood are
found to be in S phase at any given time, these studies were
pursued further to determine if complete viral DNA formation

was occurring only in this minor subset of cycling cells. Quiescent cultures of CD4 cells were infected with a filtered preparation of NL4-3. On days 4 and 8 following infection, cells
were sorted with a fluorescence-activated cell sorter (FACS)
on the basis of cell cycle analysis to obtain a G0/G1-phase
subset purified to .99% and an S-phase subset enriched to
.65% (Fig. 6A). PCR amplification for the most complete
viral DNA region (LTR/gag) was performed on the total, unsorted CD4 cell population and the sorted cell subsets. As
noted before, the relative amount of viral DNA increased in
the total CD4 cells between days 4 and 8 postinfection (Fig.
6B). In the sorted cell subsets, viral DNA accumulated more
rapidly in the cycling S-phase cell fraction. After 4 days of
infection, the majority of full-length HIV DNA detected appeared to reside within the enriched S-phase cell fraction;
however, completed viral DNA formation was also clearly
present in the purified G0/G1-phase cell fraction. By day 8 of
infection, a significant level of completed reverse transcription
to viral DNA was found in the purified G0/G1-phase cell fraction, approaching that seen within the enriched S-phase subset
(Fig. 6B). On the basis of a parallel analysis of the HIV DNA
standard curve, it was estimated that the G0-phase sample
extracted from 2.5 3 104 cells contained 5,000 copies of the
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FIG. 3. Detection of HIV-1 spliced RNA transcripts. (A) Schematic representation of RT-PCR assay to detect specific RNA transcripts that utilize alternative splice
sites. Nucleotide 11 is the cap site; open circles represent splice donors, and closed circles represent splice acceptors. cDNA fragments ranging from 872 to 100 bp
result from reactions with primers A and B; a 285-bp fragment results from reactions with primers A and D. Oligonucleotide C is the probe used to detect a common
sequence shared by products from reactions with primers A and B. Fragments F290, F118, and F100 are generated with primers A and B and correspond to spliced
tat, rev, and nef/vpu-env transcripts, respectively. The F285 fragment is generated with primers A and D and corresponds to a singly spliced RNA transcript encoding
the late genes vpu and env. (B) Quiescent CD4 cells were infected with the LAI strain at an MOI of 1 TCID50 per cell. Infected cells were cultured in the absence of
stimulation (US) or with the addition of PHA plus rIL-2 at 3 days postinfection (S/Post). Cell samples were taken on days 0, 3, 6, and 8 after infection; PCR analysis
with primers A and B was performed on nucleic acid extracts from 5 3 104 cells. Ten percent of each reaction product was electrophoresed on a 5% nondenaturing
acrylamide gel, blot transferred, hybridized to 32P-probe C, and exposed at 2708C for 3 h.
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LTR/gag species of HIV DNA (Fig. 6C). Assuming that there
is no more than one viral DNA copy per cell in a quiescent cell
population, these data indicated that approximately 20% of the
G0-phase cells contained HIV DNA after 8 days of infection. It
was not possible that this amount of viral DNA product could
be derived from the minor cell contaminant of 0.8% non-G0/
G1-phase cells present in the sorted cell fraction, even if the
contaminating cells were assumed to be exclusively in S phase.
For this to be the case, each S-phase cell would have had to
contain 25 copies of HIV DNA (i.e., 5,000 copies per 200
cells). However, the amount of viral DNA present in the fraction enriched to 69% S-phase cells was estimated to be in the
range of one viral DNA copy per 1.8 to 3.6 cells (,10,000 to
.5,000 copies per 18,000 cells). To confirm this quantitative
estimation of HIV DNA formation in G0/G1-phase cells, a
serial dilution experiment was performed. An aliquot of cellular nucleic acids extracted from the G0/G1 purified fraction was
diluted into a constant uninfected-cell background of 5 3 104

primary CD4 cell equivalents. The samples were amplified in
parallel with an HIV DNA standard dilution curve for the
LTR/gag region of viral DNA (Fig. 7). This analysis demonstrated the presence of a relatively constant percentage of cells
(10 to 20%) containing HIV DNA at the different target cell
dilutions: 1,000 to 2,000 per 10,000, 500 per 2,500, and 100 per
500 HIV DNA copies per G0-phase cells. S-phase cells were
not recovered in sufficient quantity to provide for a dilution
analysis. CD4 lymphocytes from two additional donors have
been sorted and analyzed by PCR amplification, and similar
results were obtained. In one of these repeat experiments, the
purity of the G0/G1-phase cell fraction, sorted after 8 days of
infection, was 99.9%, and the dilution analysis indicated a
constant infected-cell percentage of 10% (i.e., 1,000 per
10,000, 250 per 2,500, and 100 per 1,000 HIV DNA copies per
G0-phase cells).
It was not possible to do RT-PCR amplification for HIV
mRNA transcription with the sorted cell fractions that had
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FIG. 4. Detection of a replication-competent form of HIV DNA. Resting CD4 cells were infected on day 0 with either the LAI strain at an MOI of 1 (A) or a filtered
preparation of the NL4-3 clone at an MOI of 0.1 (B). On days 1, 3, 5, and 8 following infection, PHA and rIL-2 were added to cell aliquots in the presence or absence
of 3 mM AZT. Induction of complete virus replication was assessed by monitoring production of soluble p24 from infected cells without AZT (F), with AZT added
2 h prior to stimulation (ç), and with AZT added prior to infection (É). Representative experiments, using both high (A) and moderate (B) levels of virus inoculum,
are depicted.
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FIG. 5. Efficiency of HIV-1 infection. Cultures of quiescent CD4 lymphocytes (4 3 106/2 ml in 15-ml culture tubes) were infected with LAI on day 0 (MOI
5 1). PHA and rIL-2 were added to cultures on days 1, 4, and 8 after infection.
Virus replication was determined by p24 analysis on day 3 (p) following cell
stimulation. The percentage of cells staining positive for gp120 antigen expression, prior to and following each induction cycle, is indicated in parentheses.
Cultures were not adjusted for cell viability prior to stimulation; cell viability in
the HIV-infected cultures decreased from 94% on day 4 to 75% on day 11.

been prepared by the standard methodology with propidium
iodide. Staining of cellular DNA with propidium iodide requires the inclusion of RNase degradation to eliminate stain
interactions with RNA secondary structures (32). To enable
RT-PCR analysis, a different technique, using 7-aminoactinomycin D staining of cellular DNA (27, 33), was adapted to this
experimental design. Because our prior data showed the appearance of viral spliced mRNA very late in HIV infection of
quiescent cells, CD4 lymphocytes were FACS sorted into G0/
G1- and S-phase-enriched fractions for RT-PCR analysis after
8 days of infection (Fig. 8A). To minimize the amount of
natural RNA degradation occurring during sample preparation, cells were sorted within 1 h of fixation and staining,
harvested into iced containers, and extracted immediately after
completion of the sort. Aliquots of 5 3 104 cell equivalents
were amplified by RT-PCR with primers A and B to detect
cDNA corresponding to HIV spliced transcripts as described
above. An HIV mRNA product corresponding to a nef species
was detected in the total CD4 cell population after 4 days of
infection and increased significantly by day 8, with the appearance of other mRNA species (Fig. 8B). In the samples from
day 8, unfixed total CD4 cells were compared with fixed and
stained CD4 cells and with the sorted fractions of G0/G1- and
S-phase cells. It appeared that a substantial amount of total
RNA was lost during the cell fixation and permeabilization

In T lymphocytes taken from the peripheral blood or lymph
nodes of HIV-1-infected patients, the majority of HIV appears
to exist as a DNA form that is unintegrated and transcriptionally inactive or that is restricted to early stages of RNA transcription (2, 5, 8, 24, 25, 28). Because the vast majority of CD4
lymphocytes in such individuals are in a quiescent state, these
findings suggest that an important feature of HIV-1 infection is
the ability to establish and maintain a stable infection in quiescent T cells. In contrast to the case for the in vivo setting, it
has been difficult to demonstrate clearly in vitro a complete
stable infection with HIV-1 in quiescent T-cell cultures. Early
studies, using direct Southern blot analysis of viral DNA (12),
lacked the sensitivity required to detect low-level infection in
primary cell cultures. Later studies, using PCR amplification to
detect viral DNA formation (31, 42), were able to show active
HIV infection of resting T-cell cultures but differed in their
findings of a stable provirus. One research group (41, 42)
found an abortive infection resulting in partially reverse-transcribed viral DNA that was labile and rapidly degraded in the
absence of induced cell activation. Another group (31) reported finding a complete infection process with stable viral
DNA maintained in an unintegrated state and the early formation of viral RNA transcripts. This area of HIV research has
remained controversial.
In our investigations of the regulation of HIV-1 replication,
we have used an in vitro model of acute virus infection of
quiescent, primary CD4 lymphocytes isolated from the peripheral blood of HIV-seronegative donors. Studies with this cell
model demonstrated that viral infection proceeded to a stage
of fully reverse-transcribed viral DNA in the absence of cell
activation and that this infection was stable for up to 10 days in
culture. The stability of infection was shown by the similar
kinetics and levels of virus replication induced at all time
points after infection. Rather than decreased virus recovery
with extended time in culture, there was an increase in viral
replication kinetics when mitogen induction was applied 8 to
10 days after infection. These results indicated that after longer
periods of infection in quiescent cells, HIV existed in a state
primed for rapid virion production upon the addition of exogenous stimulus. Similar findings with a different HIV clone in
peripheral blood mononuclear cell cultures have been reported recently by another group (37). Analysis of viral DNA
by PCR amplification confirmed our initial observations by
demonstrating the appearance and accumulation of fully reverse-transcribed HIV DNA between 3 and 8 days following
infection. Coincident with the late appearance of full-length
viral DNA, RT-PCR amplification detected low levels of HIV
spliced RNA transcription characterized by the presence of a

Downloaded from http://jvi.asm.org/ on September 16, 2019 by guest

procedure required for the internalization of the stain and/or
that cell enumeration was less accurate following fixation (Fig.
8B, day 8, unfixed versus fixed cells). Even with this technical
complication, the total cellular RNA contents remained comparable for the various fixed cell samples, enabling a valid
comparison of HIV mRNAs in the sorted cell fractions. In
contrast to the pattern of viral DNA formation, HIV mRNA
transcription was detected almost exclusively within the CD4
cell fraction enriched for S-phase cells (Fig. 8B). The experiment was repeated with cells from a different donor, and the
same results were obtained. These findings demonstrated that
HIV infection is capable of producing a stable, fully reversedtranscribed viral DNA form in truly quiescent CD4 lymphocytes but that viral replication is blocked from progression to
transcription in the absence of cell activation.
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predominant nef species. Additional experiments supported
the finding of slowly accumulating, biologically functional viral
DNA in quiescent cultures. A comparison of progression of
infection in the presence and absence of AZT treatment to
inhibit RT demonstrated that progressive reverse transcription
to viral DNA occurred with increasing time after infection.
After 5 days of infection, AZT treatment was no longer capable of blocking completely induced virus replication; some

portion of infected CD4 cells contained full-length viral DNA
that escaped the RT block. The enumeration of productively
infected cells by analysis of induced gp120 membrane expression showed similar proportions of infected cells at 1 and 4
days after virus inoculation of quiescent cultures. Taken together with the PCR-generated data showing increasing viral
DNA formation in the same time frame, these findings suggest
that HIV-1 rapidly establishes infection in resting primary CD4
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FIG. 6. HIV DNA formation in G0/G1- and S-phase cell subsets. (A) CD4 lymphocytes were infected with a filtered preparation of the NL4-3 clone (MOI 5 0.1)
and cultured in the absence of stimulation. On days 4 and 8 after infection, cells were FACS sorted on the basis of DNA content to recover a purified G0/G1-phase
subset and an enriched S-phase subset. CD4-Pre, relative proportion of subsets in the total CD4 cell sample prior to sorting; G0/1-sort and S-sort, purities and
enrichments of subsets in the postsort samples. (B) PCR amplification for the full-length fragment of HIV DNA (LTR/gag) was performed on nucleic acid extracts from
aliquots of 2.5 3 104 cells from total unsorted CD4 cells (T), and sorted G0/G1-phase (G0) and S-phase (S) cell subset fractions. An uninfected-cell control (CC) and
cells taken immediately following infection in the presence of AZT (AZT) were analyzed in parallel. (C) An HIV-1 DNA standard curve was analyzed in parallel. 8E5
cells were diluted into a constant background of 5 3 104 primary CD4 cells. Five percent of all reaction products was subjected to 6% polyacrylamide gel electrophoresis
analysis and probing. The autoradiography exposure times were 1 h for HIV DNA and 6 h for cellular b-actin. Numbers on the right indicate lengths of products in
base pairs.
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cells but that reverse transcription to full-length viral DNA
occurs slowly in the absence of cell activation.
To ensure that our CD4 cell cultures were truly representative of the original population of quiescent lymphocytes in the
peripheral circulation, the isolated cells were monitored during
culture by flow cytometry analysis for expression of membrane
activation antigens and for shifts in cell cycle from G0/G1 to
S/G2 phase. No significant changes in any of the tested activation parameters were detected. Although it can always be argued that subtle alterations in the cell activation state can
occur without detection, we have not found it practical to
monitor early enzymatic or metabolic events following cell
isolation or infection. It is unlikely that the occurrence of such
early, transient signals would result in the delayed kinetics of
viral DNA formation seen in our study. Because a very minor
portion of peripheral blood lymphocytes are found naturally to
be in S phase, it was possible that the detected reverse transcription to a full-length viral DNA species was occurring in
only this cell subset. The S-phase fraction within preparations
of isolated CD4 cells represented a small population of 1 to
3%; however, this fraction was well within the range of sensitivity for detection of viral DNA by our PCR method ($0.5%
of the target population). The analysis of FACS-sorted cell
subsets following infection by HIV demonstrated that complete viral DNA formation occurred in the purified fraction of
G0/G1-phase cells (.99%) in addition to the S-phase-enriched
cell fraction. Fully reverse-transcribed viral DNA was detected
earlier after infection in the enriched S-phase cells than in the
purified fraction of G0/G1-phase cells, which accumulated viral

DNA slowly. By day 8 of infection, the sorted cell samples
showed less than a threefold difference between the S-phase
and G0/G1-phase cell subsets in the amount of amplified viral
DNA product, even though the S-phase fraction had been
enriched 86-fold for cells in cycle. A dilution analysis of the
infected target population demonstrated that 10 to 20% of the
purified G0/G1-phase cell subset contained full-length viral
DNA after 8 days of infection with an initial virus inoculum of
0.1 TCID50 per cell. This infectivity rate for HIV in primary,
quiescent CD4 cell cultures was found to be consistent within
individual experiments and between several experiments using
different donor cells. The PCR-derived results indicate that
HIV can be highly efficient in establishing a stable DNA form
in nondividing CD4 lymphocytes. The true replication competence of these DNA forms is difficult to assess, because it is not
possible to induce 100% of a primary lymphocyte culture into
synchronous cell division by the addition of exogenous stimuli.
In contrast to the finding of progressive viral reverse transcription in quiescent cells, the appearance of detectable HIV
mRNA transcription was localized to the minor subset of Sphase cells present within the total CD4 cell population. These
data support the concept that proviral forms of HIV are transcriptionally inactive when present in quiescent G0/G1-phase
lymphocytes.
The findings from our study differ in certain aspects from the
published findings from previous studies using similar research
techniques (31, 42). Most probably, the noted differences derive from specific differences in experimental design, especially
those of cell culture conditions, virus clones, and virus inoculum. Previous studies used peripheral blood lymphocytes to
study HIV infection; we have used preparations of isolated
CD4 T lymphocytes to eliminate potential influences from
other cells and cytokines and to achieve relatively high and
consistent MOI. The initial study by Stevenson et al. (31)
reported the presence of viral RNA transcripts very early after
infection. We also detected HIV transcriptional activity in cultures of infected CD4 cells but in a low quantity after several
days of infection. Stevenson et al. used Polybrene for virus
infection and fetal bovine serum to supplement the cell culture
medium. Both of these reagents can influence cell activation,
and this may account for the enhanced appearance of viral
RNA products in their study. Further experimental analysis,
utilizing flow cytometry cell sorting, has allowed us to identify
the minor subpopulation of S-phase cells as the source of the
detected viral transcription. The reported findings of an abortive, labile infection in quiescent lymphocytes by Zack et al.
(41, 42) differ significantly from our results. Although the culture conditions were similar, these studies used a virus inoculum significantly lower than ours, and potential outgrowth of
CD8 lymphocytes in culture could have decreased further the
apparent efficiency of infection. It should be noted also that
although the majority of HIV DNA detected by Zack et al.
represented partial RT transcripts, a minor species of fulllength viral DNA was evident after 5 days of infection (42).
Perhaps the major difference between these experimental
models was the stability of infection achieved with the various
HIV-1 clones studied. The NL4-3 clone used by ourselves and
the mfA clone used by Stevenson et al. established an infection
that was stable for 10 to 14 days in culture. Another group has
recently reported similar results with the R7 clone of HXB2
(37). In contrast, Zack et al. found that the ability to recover
infectious virus from culture diminished with time, following
cell inoculation with the JR-CSF clone. It is now believed that
several viral proteins, including p17 matrix, RT, Vpr, and possibly Nef, are important to the establishment of HIV-1 infection in nondividing cells (3, 4, 29, 37). It is possible that vari-
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FIG. 7. Quantitative dilution analysis of HIV DNA in G0/G1-phase cells. (A)
An extract of total nucleic acids from the purified G0/G1-phase cell fraction
isolated after 8 days of HIV infection (experiment of Fig. 6) was diluted serially
into an uninfected-cell background of 5 3 104 primary CD4 cells. Samples were
PCR amplified for the LTR/gag region of HIV DNA. (B) A dilution analysis of
the HIV-infected, 8E5 cell standard in a background of 5 3 104 primary CD4
cells was performed in parallel. Five percent of each reaction product was
analyzed by polyacrylamide gel electrophoresis. Probed blots were exposed to
autoradiography for 1 h for HIV DNA and 1.5 h for cellular b-actin. Numbers on
the right indicate lengths of products in base pairs.
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ation in any, or all, of these proteins can affect the efficiency of
HIV infection in primary cells. In this context, it may be relevant that the JR-CSF clone was found to be significantly less
pathogenic than NL4-3 in a murine SCID-hu model of virus
infection in primary T cells (16). The resolution of this question will require a more extensive evaluation and comparison
of specific HIV gene sequence variations and resulting differences in protein function.
The results from our study reported here demonstrate that
HIV-1 infection in vitro can progress to a fully reverse-transcribed, but transcriptionally inactive, form of viral DNA in
CD4 lymphocytes that are truly representative of a quiescent
cell population. These findings are consistent with in vivo data
showing the existence of HIV DNA predominantly as a stable,
extrachromosomal form in primary T cells from the peripheral
circulation of HIV-infected individuals.
ACKNOWLEDGMENTS
We thank Dale Disharoon and Linda Terry for expert technical
assistance, Judy Nordberg for flow cytometry analyses, and Cleon Tate
and Darica Smith for administrative support. We also gratefully acknowledge Deborah Kwoh for applied expertise in the optimization of

PCR techniques and Richard Kornbluth and Didier Trono for their
thorough critique of the manuscript.
This work was supported by a Department of Veterans Affairs Merit
Award (to C.A.S.) and a Career Development Award (to J.C.G.),
National Institutes of Health grants AI 27670 and AI 29164 (to
D.D.R.), the Research Center for AIDS and HIV Infection of the San
Diego Veterans Affairs Medical Center, and the Center for AIDS
Research of the University of California at San Diego (NIH grant AI
36214).
REFERENCES
1. Adachi, A., H. E. Gendelman, S. Koenig, T. Folks, R. Willey, A. Rabson, and
M. A. Martin. 1986. Production of acquired immunodeficiency syndromeassociated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J. Virol. 59:284–291.
2. Bagasra, O., T. Seshamma, J. W. Oakes, and R. J. Pomerantz. 1993. High
percentages of CD4-positive lymphocytes harbor the HIV-1 provirus in the
blood of certain infected individuals. AIDS 7:1419–1425.
3. Bukrinsky, M. I., S. Haggerty, M. P. Dempsey, N. Sharova, A. Adzhubel, L.
Spitz, P. Lewis, D. Goldfarb, M. Emerman, and M. Stevenson. 1993. A
nuclear localization signal within HIV-1 matrix protein that governs infection of non-dividing cells. Nature (London) 365:666–669.
4. Bukrinsky, M. I., N. Sharova, M. P. Dempsey, T. L. Stanwick, A. G. Bukrinskaya, S. Haggerty, and M. Stevenson. 1992. Active nuclear import of HIV-1
preintegration complexes. Proc. Natl. Acad. Sci. USA 89:6580–6584.
5. Bukrinsky, M. I., T. L. Stanwick, M. P. Dempsey, and M. Stevenson. 1991.

Downloaded from http://jvi.asm.org/ on September 16, 2019 by guest

FIG. 8. Analysis of HIV transcription in G0/G1- and S-phase cell subsets. (A) CD4 lymphocytes were infected with NL4-3 (MOI 5 0.1) and cultured in the absence
of stimulation. On days 0, 4, and 8 of infection, aliquots of total CD4 cells were taken and frozen. On day 8, infected cells were fixed, stained with 7-aminoactinomycin
D, and FACS sorted into a purified G0/G1-phase subset (G0) and an enriched S-phase subset (S). Histograms depict the relative subset proportions prior to sorting
(CD4-Pre) and the enrichment obtained in each fraction after sorting. (B) RT-PCR amplification of HIV spliced (spl) RNA transcripts with primers A and B was
performed on extracted aliquots of 5 3 104 cells from the unfixed (T) and fixed (Tf) total CD4 cell samples and the sorted G0- and S-phase cell fractions. Uninfected
cells (CC) and cells infected in the presence of AZT (AZT) were analyzed in parallel. The variation in total cellular RNA recovery was monitored by amplification
for G3PDH gene transcription. Five percent of the reaction products was subjected to polyacrylamide gel electrophoresis analysis. The autoradiography exposure times
were 18 h for HIV mRNA and 20 h for G3PDH.

2988

6.

7.

8.

9.

11.

12.
13.
14.
15.

16.

17.

18.
19.
20.

21.
22.
23.

Quiescent T lymphocytes as an inducible virus reservoir in HIV-1 infection.
Science 254:423–427.
Cotner, T., J. M. Williams, L. Christensen, H. M. Shapiro, T. B. Strom, and
J. L. Strominger. 1983. Simultaneous flow cytometric analysis of human T
cell activation antigen expression and DNA content. J. Exp. Med. 157:461–
472.
Davis, G. R., K. Blumeyer, L. DiMichele, K. Whitfield, H. Chappelle, N.
Riggs, S. Gosh, P. Kao, E. Fahey, J. Guatelli, S. Spector, D. Richman, and
T. Gingeras. 1990. Detection of HIV-1 in AIDS patients using amplificationmediated hybridization analysis: reproducibility and quantitative limitations.
J. Infect. Dis. 162:13–20.
Embretson, J., M. Zupancic, J. L. Ribas, A. Burke, P. Racz, K. Tenner-Racz,
and A. T. Haase. 1993. Massive covert infection of helper T lymphocytes and
macrophages by HIV during the incubation period of AIDS. Nature (London) 362:359–362.
Felgner, P. L., T. R. Gader, M. Holm, R. Roman, H. W. Chan, M. Wenz, J. P.
Northrop, G. M. Ringold, and M. Danielson. 1987. Lipofectin: a highly
efficient, lipid-mediated DNA-transfection procedure. Proc. Natl. Acad. Sci.
USA 84:7413–7417.
Folks, T. M., S. Benn, A. Rabson, T. Theodore, M. D. Hoggan, M. Martin, M.
Lightfoote, and K. Sell. 1985. Characterization of a continuous T-cell line
susceptible to the cytopathic effects of the AIDS retrovirus. Proc. Natl. Acad.
Sci. USA 82:4531–4534.
Folks, T. M., D. Powell, M. M. Lightfoote, S. Koenig, A. S. Fauci, S. Benn,
A. Rabson, D. Daugherty, H. E. Gendelman, M. D. Hoggan, S. Venkatesan,
and M. A. Martin. 1986. Biological and biochemical characterization of a
cloned Leu-3-cell surviving infection with the acquired immune deficiency
syndrome retrovirus. J. Exp. Med. 164:280–290.
Gowda, S. D., B. S. Stein, N. Mohagheghpour, C. J. Benike, and E. G.
Engleman. 1989. Evidence that T cell activation is required for HIV-1 entry
in CD4 lymphocytes. J. Immunol. 142:773–780.
Guatelli, J. C., T. R. Gingeras, and D. D. Richman. 1990. Alternative splice
acceptor utilization during human immunodeficiency virus type 1 infection of
cultured cells. J. Virol. 64:4093–4098.
Haertle, T., C. J. Carrera, J. S. McDougal, L. C. Sowers, D. D. Richman, and
D. A. Carson. 1988. Metabolism and anti-HIV activity of 29-halo-29,39dideoxyadenosine derivatives. J. Biol. Chem. 263:5870–5875.
Jackson, A. L., and N. L. Warner. 1986. Preparation, staining, and analysis by
flow cytometry of peripheral blood leukocytes, p. 226–234. In N. Rose, H.
Friedman, and J. L. Fahey (ed.), Manual of clinical laboratory immunology,
4th ed. American Society for Microbiology, Washington, D.C.
Jamieson, B. D., G. M. Aldrovandi, V. Planelles, J. B. M. Jowett, L. Gao,
L. M. Bloch, I. S. Y. Chen, and J. A. Zack. 1994. Requirement of human
immunodeficiency virus type 1 nef for in vivo replication and pathogenicity.
J. Virol. 68:3478–3485.
Koenig, S., H. E. Gendelman, J. M. Orenstein, M. C. Dal Canto, G. H.
Pezeshkpour, M. Yungbluth, F. Janotta, A. Aksamit, M. A. Martin, and A. S.
Fauci. 1986. Detection of AIDS virus in macrophages in brain tissue from
AIDS patients with encephalopathy. Science 233:1089–1093.
Kornbluth, R. S., P. S. Oh, J. R. Munis, P. H. Cleveland, and D. D. Richman.
1989. Interferons and bacterial lipopolysaccharide protect macrophages
from productive infection by HIV in vitro. J. Exp. Med. 169:1137–1151.
Lori, F., F. Veronese, A. L. deVico, P. Lusso, M. S. Reitz, and R. C. Gallo.
1992. Viral DNA carried by human immunodeficiency virus type 1 virions. J.
Virol. 66:5067–5074.
McDougal, J. S., A. Mawle, S. P. Cort, J. K. A. Nicholson, G. D. Cross, J. A.
Scheppler-Campbell, D. Hicks, and J. Sligh. 1985. Cellular tropism of the
human retrovirus HTLV-III/LAV I Role of T cell activation and expression
of the T4 antigen. J. Immunol. 135:3151–3162.
Montagnier, L. 1985. Lymphadenopathy-associated virus: from molecular
biology to pathogenicity. Ann. Intern. Med. 103:689–693.
Munis, J. R., R. S. Kornbluth, J. C. Guatelli, and D. D. Richman. 1992.
Ordered appearance of HIV-1 nucleic acids following high multiplicity infection of macrophages. J. Gen. Virol. 73:1899–1906.
Myers, G., J. A. Berzofsky, B. Korber, R. F. Smith, and G. N. Pavlakis (ed.).
1992. Human retroviruses and AIDS. Los Alamos National Laboratory, Los
Alamos N.Mex.

J. VIROL.
24. Pantaleo, G., C. Graziosi, J. F. Demarest, L. Butini, M. Montroni, C. H. Fox,
J. M. Orenstein, D. P. Kotler, and A. S. Fauci. 1993. HIV infection is active
and progressive in lymphoid tissue during the clinical latent stage of disease.
Nature (London) 362:355–358.
25. Patterson, B. K., M. Till, P. Otto, C. Goolsby, M. R. Furtado, L. J. McBride,
and S. M. Wolinsky. 1993. Detection of HIV-1 DNA and messenger RNA in
individual cells by PCR-driven in situ hybridization and flow cytometry.
Science 260:976–979.
26. Robert-Guroff, M., M. Popovic, S. Gartner, P. Markham, R. C. Gallo, and
M. S. Reitz. 1990. Structure and expression of tat-, rev-, and nef-specific
transcripts of human immunodeficiency virus type 1 in infected lymphocytes
and macrophages. J. Virol. 64:3391–3398.
27. Schmid, I., C. H. Uittenbogaart, and J. V. Giorgi. 1994. Sensitive method for
measuring apoptosis and cell surface phenotype in human thymocytes by
flow cytometry. Cytometry 15:12–20.
28. Seshamma, T., O. Bagasra, D. Trono, D. Baltimore, and R. J. Pomerantz.
1992. Blocked early-stage latency in the peripheral blood cells of certain
individuals infected with human immunodeficiency virus type 1. Proc. Natl.
Acad. Sci. USA 89:10663–10667.
29. Spina, C. A., T. J. Kwoh, M. Y. Chowers, J. C. Guatelli, and D. D. Richman.
1994. The importance of nef in the induction of human immunodeficiency
virus type 1 replication from primary quiescent CD4 lymphocytes. J. Exp.
Med. 179:115–123.
30. Stevenson, M., M. Bukrinsky, and S. Haggerty. 1992. HIV-1 replication and
potential targets for intervention. AIDS Res. Hum. Retroviruses 8:107–117.
31. Stevenson, M., T. L. Stanwick, M. P. Dempsey, and C. A. Lamonica. 1990.
HIV-1 replication is controlled at the level of T cell activation and proviral
integration. EMBO J. 9:1551–1560.
32. Telford, W. G., L. E. King, and P. J. Fraker. 1992. Comparative evaluation
of several DNA binding dyes in the detection of apoptosis-associated chromatin degradation by flow cytometry. Cytometry 13:137–143.
33. Toba, K., E. F. Winton, and R. A. Bray. 1992. Improved staining method for
the simultaneous flow cytofluorometric analysis of DNA content, S-phase
fraction, and surface phenotype using single laser instrumentation. Cytometry 13:60–67.
34. Trono, D. 1992. Partial reverse transcripts in virions from human immunodeficiency and murine leukemia viruses. J. Virol. 66:4893–4900.
35. Tso, J. Y., X.-H. Sun, T.-H. Kao, K. S. Reece, and R. Wu. 1985. Isolation and
characterization of rat and human glyceraldehyde-3-phosphate dehydrogenase cDNAs: genomic complexity and molecular evolution of the gene.
Nucleic Acids Res. 13:2485–2502.
36. Varmus, H. E., and R. Swanstrom. 1984. Replication of retroviruses, p.
369–512. In R. A. Weiss, N. Teich, H. Varmus, and J. Coffin (ed.), RNA
tumor viruses. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
37. von Schwedler, U., R. S. Kornbluth, and D. Trono. 1994. The nuclear localization signal of the matrix protein of HIV-1 allows the establishment of
infection in macrophages and quiescent T lymphocytes. Proc. Natl. Acad.
Sci. USA 91:6992–6996.
38. Watkins, B. A., H. H. Dorn, W. B. Kelly, R. C. Armstrong, B. J. Potts, F.
Michaels, C. B. Kufta, and M. Dubois-Dalcq. 1990. Specific tropism of
HIV-1 for microglial cells in primary human brain cultures. Science 249:549–
553.
39. Weinberg, J. B., T. J. Matthew, B. R. Cullen, and M. H. Malim. 1991.
Productive HIV-1BAL infection of nonproliferating human monocytes. J.
Exp. Med. 174:1477–1482.
40. Wysocki, L. J., and V. L. Sato. 1978. Panning for lymphocytes: method for
cell selection. Proc. Natl. Acad. Sci. USA 75:2844–2848.
41. Zack, J., A. M. Haislip, P. Krogstad, and I. S. Y. Chen. 1992. Incompletely
reverse-transcribed human immunodeficiency virus type 1 genomes in quiescent cells can function as intermediates in the retroviral life cycle. J. Virol.
66:1717–1725.
42. Zack, J. A., S. J. Arrigo, S. R. Weitsman, A. S. Go, A. Haislip, and I. S. Y.
Chen. 1990. HIV-1 entry into quiescent primary lymphocytes: molecular
analysis reveals a labile, latent viral structure. Cell 61:213–222.
43. Zagury, D., J. Bernard, R. Leonard, R. Cheynier, M. Feldman, P. S. Sarin,
and R. C. Gallo. 1986. Long-term cultures of HTLV III infected T cells: a
model of cytopathology of T cell depletion in AIDS. Science 231:850–853.

Downloaded from http://jvi.asm.org/ on September 16, 2019 by guest

10.

SPINA ET AL.

