JOURNAL OF VIROLOGY, Apr. 1998, p. 3161-3168
0022-538X/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 72, No. 4

Progression to the G;b Phase of the Cell Cycle Is Required for
Completion of Human Immunodeficiency Virus
Type 1 Reverse Transcription in T Cells

YAEL D. KORIN' axp JEROME A. ZACK>?*

Department of Pathology and Laboratory Medicine," Division of Hematology-Oncology, Department of Medicine,> and
Department of Microbiology and Molecular Genetics,” University of California, Los Angeles,
School of Medicine, Los Angeles, California 90095

Received 24 October 1997/Accepted 22 December 1997

Successful infection by human immunodeficiency virus type 1 (HIV-1) requires the activation of target cells.
Infection of quiescent peripheral CD4 lymphocytes by HIV-1 results in incomplete, labile, reverse transcripts.
In the present study, we isolated highly purified quiescent T cells and utilized the CD3/CD28 activation
pathways as well as cell cycle inhibitors to further define the role of costimulation and cell cycle progression
in HIV-1 reverse transcription. Activation with «CD3 alone resulted in cell cycle progression into only G,;a and
incomplete HIV-1 reverse transcription. Costimulation through the CD28 receptor and transition into G,b was
required to efficiently complete the reverse transcription process. These findings have relevance to immune
activation in vivo, since lymphocytes rendered anergic by a single activation signal would be nonpermissive for
productive infection with HIV-1. Importantly, these data also suggest that HIV vector-based genetic transduc-
tion strategies might be successful only in target cells that transition into the G,b phase of the cell cycle.

Retroviral replication is influenced greatly by the stage of
the cell cycle at the time of infection (8, 44, 45, 49-52). Our
previous studies have established that in contrast to stimulated
lymphocytes, quiescent T cells become infected by human im-
munodeficiency virus (HIV) but fail to allow completion of
viral reverse transcription (51, 52). In addition, the differences
in the rates of reverse transcription in activated T lymphocytes
and macrophages (38) may also exemplify the role that the cell
cycle plays in the reverse transcription process.

Most circulating peripheral T lymphocytes and many in lym-
phoid tissues are in a G, resting state. Diverse elements, in-
cluding growth factors and antigen-mediated T-cell activation,
are involved in the stimulation of these cells and may result in
different states of cellular activation and cell cycle progression.
Optimal T-cell activation requires signaling through the T-cell
receptor (TCR) and additional stimulation that is provided
through accessory molecules present on the surface of antigen-
presenting cells (APC) (for reviews, see references 7, 24, and
27). The first signal, delivered through the antigen-specific
TCR, results in the increased expression of certain lymphocyte
activation molecules, such as the nuclear factor of activated T
cells (NF-AT), and the activation of certain lymphokine genes
and cellular oncogenes required for cell division, including
interleukin-2 (IL-2) and c-myc, as well as a transition of the cell
from the G, to the G, stage of the cell cycle (12). The second
signal, which is provided by a costimulatory molecule(s) pres-
ent on the surface of the APC, involves progression through
late G4, S, and mitosis, and is controlled by IL-2—interleukin-2
receptor (IL-2R) interactions (26). In the absence of the sec-
ond signal, the T cell enters an unresponsive state known as
anergy, where it is incapable of producing IL-2 on subsequent
stimulation (17, 40), and the cell cycle is arrested at the G,a/
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G;b transition point (22, 23). The G1a/G1b transition defines
the point where cells which have entered the cell cycle are
committed to progression to the S phase. The G,a phase of the
cell cycle involves an increase in the levels of RNA and protein
in preparation for entry into the G,b and S phases. Cells in the
G,a phase contain higher levels of RNA than quiescent cells in
the G, phase of the cell cycle. The G,b phase is defined as the
stage when RNA levels are equivalent to those seen in early S
phase prior to DNA synthesis (13, 22). T cells in an unrespon-
sive state may progress through the G,a phase but are pre-
vented from achieving the critical threshold of RNA or protein
required for progression into the G;b and S phases (22).

In the present study, we utilized physiological and immuno-
logically relevant stimulatory signals to investigate the extent of
T-cell activation and the phase of the cell cycle required for the
completion of the HIV type 1 (HIV-1) reverse transcription
process. We activated highly purified quiescent T lymphocytes
with signals generated through the TCR alone or with the
additional engagement of one of the major costimulatory mol-
ecules, CD28 (25, 26, 32). We employed cell cycle inhibitors
and detailed cell cycle analysis to define early events in cell
cycle progression. Our data indicate that stimulation through
the TCR alone, which results in arrest of the cells in G,a, is
insufficient to allow efficient completion of HIV-1 DNA syn-
thesis. More specifically, costimulation and transition of the
cell from the G,a phase of the cell cycle to the G,b phase are
obligatory for the completion of the reverse transcription pro-
cess.

MATERIALS AND METHODS

Isolation of cell populations. Peripheral blood was obtained from healthy
HIV-seronegative blood donors, and peripheral blood mononuclear cells were
separated over a Ficoll-Hypaque gradient. Nonadherent (NA) cells were ob-
tained after depleting macrophages by 3 h of adherence to plastic. The HLA-
DR™ population was depleted of monocytes and B cells by separation over a
nylon wool column. For further purification of the DR™ population, nylon
wool-purified cells were incubated on ice with saturating amounts of the anti-
bodies HLA-DR, CD19, and CD14 (Becton Dickinson, Mountain View, Calif.),
washed extensively, resuspended in medium, and subjected to panning in goat
anti-mouse antibody (GAM; Sigma, St. Louis, Mo.)-coated flasks, resulting in
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depletion of cells expressing major histocompatibility complex class II antigen, as
well as B cells and macrophages, respectively. Purified cells were 99% pure, as
assessed by flow cytometry.

Cell cultures and conditions. Cells were cultured in RPMI 1640 supplemented
with 10% human AB serum, 100 U of penicillin per ml, 100 wg of streptomycin
per ml, and 2 mM glutamine. Cells were stimulated with 1 pg of anti-CD3
monoclonal antibody (MAb) per ml immobilized on GAM-coated plates alone to
mimic TCR stimulation or were costimulated with anti-CD3 and soluble anti-
CD28 (Pharmingen, San Diego, Calif.), each at a concentration of 1 pg/ml. Some
cultures were treated with cell cycle inhibitors prior to their stimulation. The
inhibitors used in these studies were n-butyrate and aphidicolin (Sigma) at 5 and
10 mM, respectively. Cellular proliferation was assessed by measuring DNA
synthesis. At 3 days poststimulation, 10° cells were incubated for 4 h with [*H]
thymidine (10 p.Ci/ml) and harvested onto glass fiber filters with a ClassicCell
Harvester (Skatron Instruments, Lier, Norway) and thymidine incorporation was
measured with a liquid scintillation counter.

Flow cytometry for surface markers. To assess the purity of the populations,
5 X 10° cells were costained with MAbs (Becton Dickinson) against HLA-DR
(major histocompatibility complex class IT), CD25 (IL-2R), CD19 (B-cell mark-
er), and CD14 (macrophage marker) cell surface markers. Anti-HLA-DR and
anti-CD19 MAbs were conjugated directly to fluorescein isothiocyanate (FITC);
anti-CD25 and anti-CD14 were conjugated directly to phycoerythrin (PE).

To determine the expression levels of activation markers, 5 X 10° cells were
stained with MADbs against HLA-DR, CD38 (T-cell activation marker; may have
role in cell adhesion and signal transduction), CD25, and CD69 (an early T-cell
activation marker). For these stainings, anti-HLA-DR and anti-CD69 MAbs
were conjugated directly to FITC; anti-CD38 and anti-CD25 were conjugated
directly to PE.

To determine the expression levels of CD4 and the T-tropic HIV-1 coreceptor
CXCR4 (19, 20), cells of the conditions indicated above were stained with
peridinin chlorophyll protein-conjugated CD4 (Becton Dickinson) and CXCR4
MABbs, respectively. CXCR4 MAb 12G5 from J. Hoxie (19) was obtained
through the AIDS Research and Reference Reagent Program, AIDS Program,
National Institute of Allergy and Infectious Diseases. Cells stained for CXCR4
were counterstained with goat anti-mouse immunoglobulin G2a conjugated to
PE (Pharmingen). The cells were then fixed in 2% paraformaldehyde. Data were
accumulated on a FACStar”“* flow cytometer and analyzed with the CellQuest
program (Becton Dickinson).

Cell cycle analysis. A total of 5 X 10° cells of each condition were stained for
DNA and RNA content by using 7-amino-actinomycin D and pyronin Y (7AAD-
PY) as previously described (47) with some modifications. Briefly, cells were
suspended in a buffer containing 0.03% saponin (Sigma). Fifty microliters of 400
wM 7AAD (Calbiochem, La Jolla, Calif.) was added at a final concentration of
20 mM. The cells were incubated at room temperature for 30 min and cooled on
ice for at least 5 min, and 3 ul of 1.7 mM PY (Polysciences, Warrington, Pa.) was
added at a final concentration of 5 wM; the cells were then incubated for an
additional 10 min on ice and analyzed. Data were accumulated on a FACStarP'"s
flow cytometer and analyzed with the CellQuest program.

Virus and infections. Stocks of the HIV-1 molecular clone NL4-3 (1) were
obtained from 24-h harvests of supernatants from infected CEM cells. These
supernatants generally contained 1 to 1.5 wg of viral p24 per ml as assessed by
enzyme-linked immunosorbent assay (ELISA); consequently, when 1 ml of virus
was used to infect 10° cells, the multiplicity of infection was approximately 0.2.
To reduce the amount of contamination with viral DNA derived from cells lysed
during culture, supernatants were filtered and treated with 2 pg of DNase
(Worthington, Lakewood, N.J.) per ml for 30 min at room temperature in the
presence of 0.01 M MgCl,. Infection was accomplished by incubating the cells for
1 to 2 h with virus in the presence of Polybrene (10 pg/ml). The cells were washed
with medium three times to remove residual free virus and recultured under their
respective conditions. Heat-inactivated virus controls were prepared by incubat-
ing the virus for 30 min at 60°C. Virus production by infected cells was analyzed
by an ELISA specific for the p24 gag antigen (Coulter, Hialeah, Fla.).

Quantitative PCR. Cells to be subjected to quantitative PCR were harvested
and washed, and DNA was isolated by using the QIAamp blood kit (Qiagen,
Chatsworth, Calif.). Quantitative PCR was performed on purified DNA samples
by using primers specific for HIV-1 sequences as previously described (51). The
primer pairs M667/AAS5 (R/US region) and M667/M661 (LTR/gag region) were
used to detect initiation and completion of the HIV-1 reverse transcription
process, respectively. Primers specific for the human p-globin gene were utilized
to determine the input of cellular DNA. One primer from each pair was end
labeled with 3P as described previously (51). Following 25 cycles of PCR,
samples were resolved on a 6% polyacrylamide gel, and quantitation was per-
formed by comparison of values to a standard curve of known amounts of HIV-1
DNA, or cellular DNA from uninfected human peripheral blood mononuclear
cells, by using an Ambis (San Diego, Calif.) radioanalytic imager.

RESULTS

Response of quiescent T cells to mitogens. To study the role
of costimulatory signals in HIV reverse transcription, we first
established a highly purified population of quiescent T cells,
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FIG. 1. (A) Purification of lymphocyte populations. To assess the purity of
the indicated populations, 5 X 10° unstimulated NA and DR~ cells were
costained with MAbs against HLA-DR, CD25, CD19, and CD14 cell markers as
described in Materials and Methods. The DR™ cell population is 99% pure in
comparison to the NA population, which contains greater than 10% cells ex-
pressing HLA-DR, as well as macrophages and B cells. (B) Requirements of
costimulation for proliferation of the DR~ population. NA and DR cells were
cultured in medium alone (US), were stimulated with 1 pg of anti-CD3 MADb per
ml immobilized on GAM-coated plates («CD3), or were costimulated with
anti-CD3 plus soluble anti-CD28 each at a concentration of 1 pg/ml («CD3+
«CD28) for 3 days. Cells were harvested in triplicate and assayed for thymidine
incorporation as described in Materials and Methods. Results are the averages of
triplicate wells. These results are representative of more than 10 experiments.

free of HLA-DR™ lymphocytes, which could function as APC
(Fig. 1A). In the present paper, this purified population is
referred to as DR, as opposed to the NA, macrophage-de-
pleted population obtained by adherence to plastic alone
(NA population). This NA population contains cells express-
ing HLA-DR that can act as APC, providing any necessary
costimulatory signal. We initially characterized the DR™ cells
for their ability to respond to T-cell activation signals. As
previously shown by others (11, 25), in contrast to the NA cells,
the highly purified DR™ population did not proliferate in re-
sponse to immobilized anti-CD3 alone (Fig. 1B). However,
following costimulation with anti-CD28, NA cells exhibited an
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FIG. 2. Expression levels of activation markers following stimulation. (A)
NA and DR~ unstimulated cells (US) and cells costimulated («CD3+aCD28)
for 3 days were stained with MADbs against the activation markers HLA-DR,
CD38, CD69 and CD2S5 as described in Materials and Methods. The percentages
of cells expressing the different activation markers are indicated in the corre-
sponding quadrants. (B) Cells were stimulated with anti-CD3 alone for 3 days
and stained as described for panel A. (C) NA cells were treated with the G;a/Gb
cell cycle inhibitor n-butyrate or the G,b/S cell cycle inhibitor aphidicolin prior
to costimulation with anti-CD3 plus anti-CD28 for 3 days and subsequently
stained as described for panel A. The cells used for this experiment are the same
as those used for the experiment illustrated in Fig. 1, and results are represen-
tative of more than 10 experiments.

8-fold increase in proliferation and the DR~ population ex-
hibited a greater-than-30-fold enhancement of proliferation in
comparison to cells stimulated with anti-CD3 alone (Fig. 1B).
These results confirm that the DR~ population is a highly
purified population of quiescent T cells that requires two ac-
tivation signals for optimal activation.

To further compare the responses of DR™ and NA cells to
the stimulatory signals, we correlated the expression levels of
activation markers with progression through the cell cycle.
Three days following costimulation with anti-CD3 and anti-
CD28, the expression of all activation markers tested increased
to similar levels in both populations (Fig. 2A). However when
anti-CD3 stimulation alone was applied (Fig. 2B), expression
of all activation markers was significantly induced only in NA
cells. In contrast, only approximately 50% of DR™ cells ex-
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pressed the early activation marker CD69, expression of CD38
was slightly increased, and expression of other markers typi-
cally seen late in T-cell activation (HLA-DR and CD25) was
not increased compared to expression levels in control (un-
stimulated) cells.

To further define the extent of cellular activation, two cell
cycle inhibitors, aphidicolin and n-acetyl butyric acid (n-bu-
tyrate) were used prior to costimulation of the NA population
with anti-CD3 and anti-CD28. Aphidicolin, an inhibitor of
cellular DNA polymerase alpha and lambda, blocks cell cycle
progression between the G,b and S phases of the cell cycle
without interfering with RNA and protein synthesis (42). This
drug allows the expression of at least some early-replicative
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FIG. 3. Cell cycle analysis of stimulated populations. The same cell populations as those illustrated in Fig. 2 were unstimulated (US) (A), costimulated with
anti-CD3 and anti-CD28 for 3 days (B), stimulated with anti-CD3 alone (C), or treated with cell cycle inhibitor n-butyrate or aphidicolin prior to costimulation (D).
A total of 5 X 10° cells for each condition were then stained for DNA and RNA levels for cell cycle analysis by using 7AAD and PY (47). The different cell cycle phases
identified by this technique are indicated in panels A and B, and the percentage of cells in each stage of the cycle is indicated for each of the conditions.

genes, such as Ha-ras, myc, and mos, in a mouse fibroblast cell
line (41). The naturally occurring 4-carbon fatty acid n-bu-
tyrate has been shown to block cell cycle progression at the G,a
phase of the cell cycle in different cell culture systems (14, 23,
28, 39). At least some of the effects of n-butyrate can be
attributed to its ability to reversibly inhibit histone deacetyla-
tion and associated changes in chromatin structure (28). In
T-cell clones, n-butyrate-induced arrest of cells in the G,a
phase of the cell cycle was shown to require TCR occupation
and has been used as a model for Thl cell anergy (23).

NA cells treated with aphidicolin 30 min prior to costimu-
lation with anti-CD3 and anti-CD28 expressed high levels of
the activation markers CD69, CD25, and HLA-DR 3 days
poststimulation (Fig. 2C). In contrast, cells treated with n-
butyrate prior to costimulation expressed only the early surface
activation marker CD69 (Fig. 2C). As shown in Fig. 2B, DR~
cells stimulated with «CD3 alone exhibited staining profiles
similar to that of n-butyrate-treated cells, suggesting that stim-
ulation of DR™ cells with «CD3 only allowed transition into
G, a, without further progression through the cell cycle.

Cell cycle progression was determined for all cultures by uti-
lizing a technique that permits simultaneous DNA and RNA
quantitation by flow cytometry, i.e., staining with 7AAD and
PY, respectively (47). Figure 3A and B show the cell cycle dis-
tribution of the unstimulated NA population, compared with
the NA and the DR~ populations costimulated with anti-CD3
and anti-CD28. While unstimulated cells remained in G,,, the
cells costimulated with both anti-CD3 and anti-CD28 pro-
gressed through the G,, S, G,, and M phases. No significant
differences between the cell cycle progressions of costimulated
NA and DR™ populations were observed. NA cells activated
with anti-CD3 alone also progressed through all stages of the
cell cycle (Fig. 3C). In contrast, when the highly purified DR™

cell population was activated with anti-CD3 alone, cell cycle
progression was arrested in G,a. Figure 3D shows the expected
G;a cell cycle arrest caused by n-butyrate treatment of the NA
cells prior to costimulation and the G,b block of NA cells
treated with aphidicolin prior to costimulation. The pattern of
DR cells stimulated with anti-CD3 alone is strikingly similar
to that of NA cells treated with n-butyrate prior to stimulation
with anti-CD3 and anti-CD28. Together, the results presented
in Fig. 2 and 3 indicate that highly purified quiescent T cells
stimulated through the TCR alone do not become fully acti-
vated and are blocked in the G,a cell cycle phase.

Stimulatory signals required for productive infection. We
next studied the ability of highly purified DR™ quiescent T
cells, activated through the TCR alone or costimulated with
the additional signal provided through the CD28 costimulatory
receptor, to support productive infection. Cells were infected
with the CXCR4-tropic HIV-1 molecular clone NL4-3 at 3
days poststimulation, and culture supernatants were removed
and assessed for viral p24 at 3 and 8 days following infection
(Fig. 4). Costimulation with anti-CD3 and anti-CD28 rendered
cells competent for productive infection. However, in contrast
to NA cells, productive infection was not observed in DR™
cells stimulated with anti-CD3 alone. Thus, productive HIV
infection requires transition past the G;a block associated with
stimulation of DR cells with anti-CD3 alone.

Mechanism of block to productive infection in cells in G,a.
The discovery of various coreceptors which act in concert with
CD4 to allow virus entry into target cells has increased our
understanding of entry events in HIV infection (3, 15, 18, 20).
Recent studies have shown down-regulation of the mRNA of
the CCRS coreceptor, but not the CXCR4 coreceptor, follow-
ing T-cell costimulation with anti-CD3 and anti-CD28 (6). To
determine whether expression levels of HIV-1 coreceptors
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FIG. 4. Virus production in response to stimulation. DR~ and NA cells were
infected with 1.5 ug of strain NL4-3 prior to culture. Supernatants from the DR™
and NA cell populations were assayed for HIV-1 p24 antigen production by
ELISA on days 3 and 8 postinfection. Results are representative of four different
experiments. US, unstimulated; «CD3+aCD28, costimulated with anti-CD3 and
anti-CD28; aCD3, stimulated with anti-CD3 alone.

might have an effect on viral entry in our system, cells stimu-
lated under various conditions were analyzed by flow cytom-
etry for cell surface expression of the coreceptor CXCR4 (19),
which allows entry of the NL4-3 strain used in these studies. As
shown in Table 1, the majority of CD4™ cells continue to
express CXCR4 at surface densities comparable to those of
unstimulated or costimulated cells. These data suggest that the
block of productive infection in cells activated with anti-CD3
alone in our system is not likely due to differences in receptor
and coreceptor expression.

Our previous studies had identified a block to reverse tran-
scription in quiescent cells (51, 52). To determine the mecha-
nism responsible for lack of productive infection in quiescent
cells stimulated with anti-CD3 alone, we utilized quantitative
PCR employing oligonucleotide primers specific for DNA
structures present at various stages of the reverse transcription
process (51, 52). These primers differentially detect the first
region of the viral genome synthesized (R/U5 region of the
long terminal repeat), versus regions present only following
complete or nearly complete reverse transcription (LTR/gag
junction). Figure 5A shows that the levels of initiation of
reverse transcription were comparable for all tested cul-
tures. This result confirms that entry of HIV into quiescent
cells is not impaired. As was expected from previous studies,
neither unstimulated NA cells nor unstimulated DR™ cells
support synthesis of full-length viral DNA, whereas costimu-
lated cells quite efficiently complete viral DNA synthesis.
The level of full-length viral DNA produced in NA cells
pretreated with aphidicolin prior to costimulation is com-

TABLE 1. Expression of CD4 and CXCR4 on
the surface of DR™ cells®

Mean fluorescence

% of CD4" cells of CXCR4 on

DR cell stimulation

condition” expressing CXCR4 CD4" cells
Us 97 97
Anti-CD3 70 90
Anti-CD3 + anti-CD28 92 89

“DR™ cells subjected to the indicated stimulation conditions were costained
with peridinin chlorophyll protein-conjugated anti-CD4 and PE-conjugated anti-
CXCR4 MAbs. Data were accumulated and analyzed as described in Materials
and Methods. Data are representative of three experiments.

> US, unstimulated; anti-CD3, TCR stimulation alone (with anti-CD3); anti-
CD3 + anti-CD28, costimulation.
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FIG. 5. (A) HIV-1 reverse transcription following various stimulation treat-
ments. Cells under the conditions described in the legends to Fig. 2 and 3 were
infected with the CXCR4-tropic HIV-1 molecular clone NL4-3. At 17 h postin-
fection, DNA was harvested and subjected to a quantitative PCR. The primer
pairs M667/AAS5 (R/US) and M667/M661 (LTR/gag) were used to detect ini-
tiation and completion of the HIV-1 reverse transcription process, respectively,
in equivalent amounts of infected cell DNA. Copy numbers were determined by
comparison of samples under each condition to the appropriate standard curve
by utilizing radioanalytic image analysis. Percentages of initiated reverse tran-
scripts that completed the reverse transcription process (% of RT) were deter-
mined by utilizing the following formula: %RT = (completed DNA copies/
initiated DNA copies) X 100; these values are indicated for each of the condi-
tions. Data are representative of seven experiments and are derived from the
same cells as those represented in Fig. 2 and 3. (B) HIV DNA is due to de novo
reverse transcription. Highly purified DR~ cells were left unstimulated, were
stimulated with anti-CD3 alone, or were costimulated with anti-CD3 and anti-
CD28 for 3 days. Cells were infected as described in the legend to Fig. SA and
harvested and subjected to quantitative PCR at 1 and 17 h postinfection. The
number of HIV-1 entry sequences per 10* cells was calculated based on total cell
genomes assessed, as determined by quantitative PCR for human p-globin DNA
sequences, and is indicated for each of the conditions. Standards for both HIV
and cell DNAs that were amplified in parallel are shown on the right (K,
thousand). US, unstimulated; aCD3, stimulated with anti-CD3 alone; aCD3+
aCD28, costimulated with anti-CD3 and anti-CD28.

parable to that of cells costimulated with anti-CD3 and
anti-CD28. In contrast, NA cells treated with n-butyrate
prior to costimulation, and consequently arrested in G,a, do
not support full-length viral DNA synthesis. The highly pu-
rified quiescent DR™ population, activated with anti-CD3
alone, also was incapable of efficiently producing full-length
viral DNA. Taken together with data presented in Fig. 3,
these results demonstrate that while cell DNA synthesis is
not required, a G;a cell cycle block renders T cells less
permissive for completion of HIV-1 reverse transcription
and that progression to G;b is required to allow complete
synthesis of viral DNA.

To rule out the possibility that the differences in the levels
of PCR products in Fig. SA were due to the presence of
partial reverse transcripts incorporated into virions attached
to the cell surface (4, 33, 48, 53) rather than actual infection,
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we compared the extent of HIV-1 DNA synthesis at 1 h
postinfection with that at 17 h postinfection. Highly purified
DR cells were left unstimulated, were stimulated with anti-
CD3 alone, or were costimulated with anti-CD3 and anti-
CD28 prior to infection. All cells were rinsed thoroughly at
1 h postinfection to remove unbound virions. Thus, any
increase seen at 17 h versus 1 h in the amount of HIV DNA
detectable by the R/US primers must be due to de novo
reverse transcription. As shown in Fig. 5B, similar to what
we previously reported (52), levels of specific HIV-1 proviral
DNA (determined following subtraction of background sig-
nal from that of heat-inactivated control) were three- to
ninefold higher in cells harvested at 17 h than in cells har-
vested at 1 h postinfection, thus confirming that these are
newly synthesized DNA products, as opposed to virion-as-
sociated reverse transcripts.

DISCUSSION

In the present work, we studied the extent of T-cell activa-
tion that is required for completion of HIV-1 reverse transcrip-
tion. Since the activation of the highly purified DR~ popula-
tion through the TCR alone is not sufficient for cell division,
the system we studied allowed us to further define the role of
activation signal pathways and cell cycle progression in HIV-1
infection and to shed light on the mechanisms involved in
HIV-1 replication. Using this system, we showed that both
TCR and costimulatory signals are needed to allow efficient
full reverse transcription and productive infection of target
cells. Cell division per se is not required for reverse transcrip-
tion, since cells that progress only as far as the G,b phase allow
complete reverse transcription to occur. These results are in
agreement with previously obtained data from our laboratory
and others (30, 45, 50) indicating that cellular activation but
not cellular DNA synthesis is required for efficient reverse
transcription by HIV-1. Here we extend these findings and
further demonstrate that highly purified quiescent T cells, free
of contaminating APC, that are stimulated through the TCR
alone progress to G,a only and are less permissive for full viral
reverse transcription. This has particular relevance to activa-
tion of the immune response in that it suggests that lympho-
cytes in vivo which have received only a single activation signal
(i.e., they are rendered anergic) will be refractory to productive
infection.

Some recent studies looking at the effect of activation path-
ways on HIV-1 infection reported successful infection in T
cells activated through the TCR alone (29, 43). These experi-
ments were conducted by using cell populations that were not
depleted of HLA-DR-bearing cells which could provide the
costimulatory signal. One of these studies (29) also reported
that costimulation of CD4 cells with anti-CD3 and anti-CD28
can render these cells nonpermissive for HIV-1 reverse tran-
scription and productive infection. The macrophage-tropic
Ba-L strain of HIV-1 was used in that study. However, it was
subsequently shown (6) that CD28 costimulation of T lympho-
cytes down-regulates mRNA for the coreceptor CCRS but not
that for CXCR4; thus, the antiviral effect described by Levine
et al. (29) was operating at the level of viral entry. In our
experiments, we used the CXCR4-tropic HIV-1 molecular
clone NL4-3 and demonstrated (Table 1) that coreceptor ex-
pression remained high.

Our system was designed to isolate the two activation path-
ways and to study their particular role in cellular activation that
pertains to productive HIV-1 infection of T cells. Our results
differ from those of a recent study by Sun et al. (46) that
reported complete reverse transcription in infected resting T
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lymphocytes after activation with anti-CD3 alone. It is not
clear why different results were obtained; however, our use of
the cell cycle inhibitor n-butyrate confirms the block of reverse
transcription found for cells arrested in G,a. Our results show-
ing a lack of productive infection in cells stimulated with anti-
CD3 alone, however, are in agreement with those of Sun et al.
(46).

The mechanism(s) involved in the reverse transcription
block remains undefined, although some suggest that low levels
of deoxyribonucleotides may contribute to this phenomenon
(34, 35). We cannot exclude this possibility, and additional
studies will be needed to further elucidate the role of nucleo-
tide pools in our system. Nonetheless, our findings identify a
specific cell cycle stage required for the optimal completion of
the reverse transcription process in T lymphocytes and thus
provide us with a more precise window of opportunity to be
studied and possibly inhibited. In preliminary studies (data not
shown), we have found that cultured macrophages reside pri-
marily in the G,b phase of the cell cycle. Their infectibility by
HIV is consistent with our finding that G,b is permissive for
HIV reverse transcription in T cells. It will be of interest to
determine what factors allow productive infection of neurons
by HIV vectors (37), since these cells are terminally differen-
tiated and not progressing through the cell cycle. Recent stud-
ies have identified some of the intracellular signaling pathways
that are blocked in T cells activated through the TCR alone.
There is a normal induction and translocation of the dephos-
phorylated cytoplasmic form of NF-AT to the nucleus, as well
as its normal binding to the DNA at the IL-2 NF-AT response
element. However, in cells stimulated with anti-CD3 alone,
tyrosine phosphorylation is defective in certain substrates such
as p34, p38, and p74 (9). In particular, activation of the mito-
gen-activated protein kinases ERK-1 and -2 and JNK-1 and -2
is impaired (16, 31). The GTP-binding protein p21%* also
remains unactivated (21). This block in Ras could result in the
inability to induce and activate the transcription factors c-Fos
and JunB, thus preventing IL-2 gene transcription in T cells
stimulated with anti-CD3 alone (36). These numerous differ-
ences between cells in G,a and G;b may also include the
absence of a cellular cofactor needed to augment reverse tran-
scription in suboptimally activated cells.

Our studies have important implications for pathogenesis
since they might help to identify a potential cellular factor(s)
involved in HIV replication. In addition, specific inhibitors of
cell activation might be useful in decreasing the efficiency of
reverse transcription in infected individuals. While it is unlikely
that HIV-positive individuals will benefit from immunosup-
pressive therapy, this approach might be appropriate for im-
mediate therapy after known virus exposure, such as that via
needle stick injury or perinatal transmission. The inhibition of
required cellular activities will likely not be overcome by the
development of resistant mutants, which makes this area of
research relevant even in the era of improved therapeutic
treatment of viral functions. It is interesting that in vivo full-
length HIV DNA is found in resting cells (5, 10). Our results
suggest that this would be mediated by initial activation and
infection of the cells and subsequent return to a resting state
following removal of the activating stimulus. This is supported
by the observation that these sequences are found only in
CD45RO™ memory T cells (10).

Our results also have important relevance in the gene ther-
apy arena, as the ability of HIV-based retroviral vectors to
enter nondividing cells has generated much interest (2, 37).
Our data suggest that target cells in the G, or G,a phase of the
cell cycle (as is presumed for hematopoietic stem cells) might
be refractory for reverse transcription of these HIV-based vec-
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tors. Thus, additional studies regarding appropriate activation
of these hematopoietic precursor cells are still required to
achieve optimal transduction efficiencies with these vectors.
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