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Previously, we and others have demonstrated that the process of reverse transcription of human immuno-
deficiency virus type 1 (HIV-1) is disturbed in nondividing macrophages and quiescent T lymphocytes. Here we
analyzed which phase of the cell cycle in macrophages is crucial for early steps in the HIV-1 replication cycle.
HIV-1 Ba-L-inoculated macrophages arrested early in the G1 phase by n-butyrate contained incomplete
products of reverse transcription. In gamma-irradiated macrophages, reverse transcription was successfully
completed but proviral integration could not be detected. In these cells, nuclear import was disturbed as
reflected by the absence of two-long-terminal-repeat circles. In macrophages arrested late in G1 phase by
aphidicolin or 5,6-dichloro-1-b-D-ribofuranosyl-benzimidazole (DRB), reverse transcription was unaffected.
Proviral integration occurred efficiently in DRB-treated macrophages, whereas integrated proviral DNA could
not be detected after aphidicolin treatment. Arrest at G2 phase of the cell cycle by nocodazole did not affect
reverse transcription or proviral integration. Treatment of macrophages with hydroxyurea (HU), which
reduces the intracellular deoxynucleoside triphosphate (dNTP) pool by blocking the de novo synthesis of
dNTP, resulted in a dose-dependent inhibition of HIV-1 reverse transcription. This could partially be restored
by the addition of nucleoside precursors. Addition of nucleoside precursors enhanced both reverse transcrip-
tion and cell proliferation. However, the disturbed reverse transcription observed in the nonproliferating and
n-butyrate-treated macrophages could not be restored by addition of nucleoside precursors. Similar to obser-
vations in quiescent T lymphocytes, incomplete proviral DNA species were arrested in the cytoplasm of the
macrophages. Our results indicate that also in primary macrophages the intracellular nucleotide pools and
other cellular factors that coincide with late G1 phase of the cell cycle may contribute to efficient reverse
transcription and nuclear localization.

Oncoretroviruses depend on cycling cells for their replica-
tion. Passage through G1/S phase of the cell cycle is essential
for efficient reverse transcription (6, 16, 26, 28, 29, 46). The
same has been demonstrated for human immunodeficiency
virus type 1 (HIV-1). In nondividing cells the process of re-
verse transcription is disturbed, resulting in incomplete provi-
ral DNA species both in quiescent T cells (50, 51) and in
nondividing primary macrophages (32, 33, 43). Early events in
cellular activation and cell proliferation have been demon-
strated to regulate reverse transcription (31, 34, 43).

For oncoretroviruses, it has also been demonstrated that
nuclear transport of the large preintegration complex occurs
only during mitosis, when the nuclear membrane is permeabil-
ized (28, 35, 41, 46). In that respect, HIV-1 was described to be
different. HIV-1 nuclear transport did not require nuclear
membrane permeabilization as seen during mitosis, and its
replication was therefore considered to be cell cycle indepen-
dent. Indeed, several studies have suggested that the presence
of nuclear localization signals (NLS) in Vpr, integrase, and the
matrix protein of Gag supports active nuclear transport of the
preintegration complex in an ATP-dependent process (4, 5, 13,
18–21, 27, 40, 48, 49). However, we and others could not

confirm the NLS function of the matrix protein of gag (14, 15,
33).

Here we studied the phase of the cell cycle that supports
early steps of the HIV-1 replication cycle in primary macro-
phages. In addition, we studied the effect of changes in de-
oxynucleoside triphosphate (dNTP) levels on the efficiency of
HIV-1 reverse transcription.

MATERIALS AND METHODS

Isolation and culture of primary macrophages. Monocytes were obtained
from peripheral blood mononuclear cells (PBMC) of HIV-1-seronegative blood
donors by centrifugal elutriation as described previously (11). Monocytes were
cultured at a cell concentration of 106/ml in endotoxin-free Iscove’s modified
Dulbecco’s medium supplemented with 10% pooled human serum, penicillin
(100 U/ml), and streptomycin (100 mg/ml) and maintained at 37°C in a humid-
ified atmosphere supplemented with 5% CO2. To obtain monocyte-derived mac-
rophages (MDM), cells were allowed to adhere to plastic and cultured for 6 days
to allow differentiation.

Inhibition of the cell cycle in primary macrophages. MDM were cultured in
the presence of cell cycle inhibitors or agents affecting the intracellular nucleo-
tide pools starting 24 h before inoculation.

Nocodazole (0.5 to 100 mg/ml) and 5,6-dichloro-1-b-D-ribofuranosyl-benz-
imidazole (DRB; 0.5 to 100 mg/ml) were from Biomol Research Laboratories
Inc. Aphidicolin (0.5 to 5 mg/ml) was from Merck. Hydroxyurea (HU; 0.1 to 5
mM) was from Calbiochem. n-Butyrate (1 to 10 mM) and the nucleoside pre-
cursors (dN) deoxyadenosine, deoxycytidine, deoxyguanidine, and thymidine (10
to 100 mM) were from Sigma.

To arrest MDM in G1 phase of the cell cycle, MDM were gamma irradiated
with 3,000 rads.

Virus. For cell-free infection of MDM, the macrophage-tropic HIV-1 variant
Ba-L (25) was used. Infectious titers of the virus stock were quantified by
determination of the 50% tissue culture infectious dose (TCID50). Before inoc-
ulation, the virus stocks were DNase (200 ng/ml; RQ1; Promega Corp., Madison,
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Wis.) treated for 45 min in medium supplemented with 6 mM MgCl2 and then
filtered through a 0.22-mm-pore-size filter to distinguish newly synthesized pro-
viral DNA. As a control for the efficacy of DNase treatment, MDM were
incubated with 39-azido-39-deoxythymidine (AZT; 2.5 to 25 mM) starting 24 h
prior to inoculation. For cell-free infection of MDM, an inoculum of 500
TCID50s/106 cells was used and 48 h after inoculation the MDM were washed
with phosphate-buffered saline and harvested for DNA isolation.

Analysis of cell proliferation. To allow separation of proliferating and non-
proliferating MDM, cells were incubated with bromodeoxyuridine (BrdU; 20
mM; Sigma) for 48 h during inoculation. Cells were harvested and subsequently
fixed with paraformaldehyde (2%, 10 min, 0°C) and ethanol (70%, 30 min, 0°C).
DNA was denaturated with HCl (4 N, 30 min, 0°C), and incorporated BrdU was
visualized by staining with a fluorescein isothiocyanate-labeled monoclonal an-
tibody specific for BrdU (Becton Dickinson) as described previously (43). The
BrdU-negative and BrdU-positive cell fractions were separated with a fluores-
cence-activated cell sorter (FACS).

DNA isolation. DNA from cell fractions obtained after BrdU staining and
FACS sorting was isolated with a QIAamp blood kit (Qiagen). Total DNA was
extracted from MDM by lysis of 106 cells in buffer L6 (2) and subsequently
precipitated with isopropanol and washed with 70% ethanol, after which the
DNA was dissolved in 100 ml of water.

For the extraction of cytoplasmic and nuclear fractions, MDM were lysed in
ice-cold lysis buffer containing 0.1 M NaCl, 10 mM Tris-HCl (pH 7.9), 0.5%
Nonidet P-40, and 1.5 mM MgCl2. Cells were kept on ice for 10 min, and
subsequently the cytoplasmic fraction and the nuclear fraction were separated by
centrifugation (10 min at 2,700 3 g). DNA was isolated from the cytoplasmic and
nuclear fractions as described above.

HIV-1 DNA standards were prepared by serial dilutions of in vitro-, HIV-1-
infected phytohemagglutinin (PHA)-stimulated PBMC in carrier DNA.

PCR analysis. For all PCR primer sets, the MgCl2 concentration and thermo-
cycling were optimized. A two-step nested PCR amplifying a conserved 125-bp
sequence of the pol region was used to detect proviral pol DNA in DNA samples
obtained from the FACS-sorted cell fraction. The HIV-1 pol region was ampli-
fied in the presence of 3 mM MgCl2; primer pair pol-D and pol-F were used in
the first step and primer pair pol-E and pol-B were used in the second step (3).

To monitor the process of reverse transcription, a PCR assay amplifying the
R/U5 fragment, a conserved pol fragment, and the R/PBS region, representing,
respectively, an early, intermediate, and late product in reverse transcription,
were used. The HIV-1 R/U5 region was amplified in the presence of 2 mM
MgCl2 with primers M667 and AA55 (50). To amplify a conserved sequence of
the HIV-1 pol region in the presence of 3 mM MgCl2, primer pair pol-D and
pol-F was used (3). The HIV-1 R/PBS region was amplified in the presence of 3
mM MgCl2 with primers M667 and M661 (50). As a control for the general
efficiency of PCR amplification of the DNAs, all DNAs were subjected to PCR
analysis in the presence of 3 mM MgCl2 with primer set PC03 and PC04,
amplifying part of the human b-globin gene (42). For amplification of regions in
R/U5, pol, R/PBS, and the b-globin gene, the following PCR cycles were used: 1
cycle of 5 min at 95°C and 30 cycles of 1 min at 95°C, 1 min 30 s at 50°C, and 1
min 30 s at 72°C, followed by an extra 5-min extension at 72°C and subsequent
cooling to 4°C.

To specifically detect integrated proviral DNA, a nested PCR with primers
specific for ubiquitous repeats found in the human genome and HIV-1 was used.
This Alu HIV-1 PCR was performed in the presence of 1.5 mM MgCl2 with
primer pair Alu 278 (45) and p24-3I (3) in the first step and primer pair Alu 278
and M661 in the second step. For amplification, the following PCR cycles were
used: 1 cycle of 5 min at 94°C, 3 min at 61°C, and 5 min at 72°C; 35 cycles of 30 s
at 94°C, 1 min at 61°C, and 5 min at 72°C; and an extra 15-min extension at 72°C
and subsequent cooling to 4°C. Alu HIV-1 PCR products were detected by PCR
with M667 and AA55 to increase sensitivity.

To visualize positive PCR amplifications, PCR products were separated on 1%
agarose gels, blotted onto GeneScreen membranes, and hybridized with
[a-32P]dATP-, end-labeled oligonucleotide pol-C (3) for fragments amplified
with pol-D-pol-F and pol-E-pol-B; LTR-B (12) for fragments amplified with
M667-AA55, M667-M661, and nested HIV-1 Alu PCR; and RS06 (42) for
fragments amplified with PC03-PC04. Dependent on the specific activity of the
probes, autoradiography was performed for 1 to 24 h at 270°C with intensifying
screens.

RESULTS

Effect of cell cycle arrest on HIV-1 reverse transcription and
proviral integration. To determine which stage of the cell cycle
is essential for early steps in the replication cycle, MDM were
cultured in the presence of cell cycle inhibitors starting 24 h
before inoculation. Alternatively, MDM were gamma irradi-
ated directly after isolation or 24 h prior to inoculation. Total
DNA was isolated 48 h after inoculation. Subsequently, the
processes of reverse transcription and proviral integration
were analyzed by PCR. PCRs amplifying the R/U5 region of
the long terminal repeat (LTR) or a part of the pol gene were
used to detect, respectively, early and intermediate products of
reverse transcription, and a nested HIV-1 Alu PCR was used to
detect integrated proviral DNA. To distinguish between newly
synthesized proviral DNA and proviral DNA present in the
inoculum, increasing concentrations of AZT (2.5 to 25 mM)
were added to the MDM cultures 24 h before inoculation.
R/U5 products were present in the AZT-treated cultures,
whereas no pol products could be detected, thus confirming the
detection of only newly synthesized proviral DNA in the un-
treated culture (Fig. 1).

First, we analyzed the effect of n-butyrate, which arrests
early in the G1 phase of the cell cycle (8), on early events in the
virus replication cycle. When MDM were treated with increas-

FIG. 1. Analysis of reverse transcription and proviral integration in growth-arrested MDM. MDM were treated with the following cell cycle inhibitors starting 24 h
before inoculation: n-butyrate (1 to 10 mM), aphidicolin (0.5 to 5 mg/ml), DRB (0.5 to 2.5 mg/ml), and nocodazole (0.5 to 5 mg/ml). Alternatively, cells were subjected
to gamma irradiation (3,000 rads) performed either directly after isolation (day 0) or 24 h before inoculation (day 5). MDM were inoculated at day 6 after isolation
with 500 TCID50s of DNase-treated HIV-1 Ba-L. As a control for the efficacy of the DNase treatment, zidovudine (2.5 to 25 mM)-treated MDM were inoculated with
Ba-L and analyzed for the presence of proviral DNA. DNA was extracted 48 h after inoculation and was subjected to PCR analysis. To specifically detect integrated
proviral DNA, a nested HIV-1 Alu PCR with primers specific for ubiquitous repeats found in the human genome and HIV-1 was used. As a control for the general
efficiency of PCR amplification of the DNAs, all DNAs were subjected to PCR analysis amplifying part of the human b-globin gene. The results are representative of
four independent experiments. Serial dilutions of in vitro-, HIV-1-infected PHA-stimulated PBMC in carrier DNA were used as DNA standards.
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ing concentrations of n-butyrate (1 to 10 mM), a dose-depen-
dent inhibition of reverse transcription, as demonstrated by
decreasing amounts of R/U5 proviral DNA, could be observed.
pol proviral DNA could not be demonstrated in n-butyrate-
treated cells (Fig. 1). When autoradiograms were overexposed,
pol proviral DNA could be detected in MDM treated with 1
mM n-butyrate.

Previously, we demonstrated that HIV-1 is unable to repli-
cate in primary macrophages arrested at G1 phase of the cell
cycle by gamma irradiation (43). Here, we determined the level
at which HIV-1 replication is disturbed in gamma-irradiated
primary macrophages. Gamma irradiation of MDM with 3,000
rads was performed at day 0 (directly after cell isolation) or at
day 5, which was 24 h before inoculation. In gamma-irradiated
MDM, normal signals were obtained for proviral DNA repre-
senting either the R/U5 region of the LTR or a pol fragment.
However, no signal was obtained with the HIV-1 Alu PCR,
indicating the absence of integrated proviral DNA (Fig. 1).

Next, we analyzed the effect of cell cycle inhibitors which
block late in the G1 phase. Aphidicolin specifically inhibits
DNA polymerases a and d, whereas DRB blocks RNA poly-
merase II. Normal reverse transcription as demonstrated by
the presence of R/U5 and pol proviral DNA could be detected
in MDM treated with increasing concentrations of aphidicolin
(0.5 to 5 mg/ml) or DRB (0.5 to 2.5 mg/ml). However, a positive
signal for the HIV-1 Alu PCR representing integrated proviral
DNA was observed in the DRB-treated MDM but not in the
aphidicolin-treated MDM (Fig. 1).

Finally, MDM were treated with increasing concentrations
of nocodazole (0.5 to 5 mg/ml), which inhibits microtubule
depolymerization and consequently arrests cells in the G2
phase of the cell cycle. Even in the presence of 5 mg of no-
codazole per ml, the amount of R/U5 and pol proviral DNA
was comparable to that in the control MDM, indicating normal
reverse transcription. Furthermore, a positive signal in the
HIV-1 Alu PCR pointed to efficient proviral integration these
MDM (Fig. 1).

Effect of cellular dNTP synthesis on reverse transcription.
HIV-1 proviral DNA synthesis depends on intracellular dNTP
pools. Here, we studied the effect of changes in the intracel-
lular dNTP pools on reverse transcription. HU decreases the
intracellular dNTP pool by blocking de novo dNTP synthesis
through inhibition of the enzyme ribonucleotide reductase.
First we analyzed the effect of HU treatment of MDM on
reverse transcription. In MDM treated before inoculation with
increasing concentrations of HU (0.05 to 1 mM), normal levels
of R/U5 proviral DNA could be observed. However, the levels
of intermediate and late products of reverse transcription as
demonstrated by the amounts of pol and R/PBS proviral DNA
were decreased (Fig. 2). Although the process of reverse tran-
scription was diminished in MDM treated with 0.05 and 0.5
mM HU, proviral integration could still be observed using the
nested HIV-1 Alu PCR (Fig. 2). In MDM treated with 3 to 5
mM HU, only R/U5 proviral DNA could be detected, indica-
tive of initiation of reverse transcription (data not shown).

HU blocks de novo dNTP synthesis but also stimulates
dNTP synthesis through the salvage pathway by activating thy-
midine kinase and deoxycytodine kinase (22–24). Here we an-
alyzed whether addition of extracellular dN could restore HU-
induced inhibition of reverse transcription. MDM were treated
with increasing concentrations of HU in the presence of addi-
tional dN (10 to 100 mM) starting 24 h before inoculation. PCR
analysis revealed that addition of low concentrations of dN
during inoculation increased the levels of pol and R/PBS pro-
viral DNA, which is indicative of enhanced reverse transcrip-
tion (Fig. 2). Addition of extracellular dN to HU-treated

MDM could partially restore the process of reverse transcrip-
tion, as demonstrated by an enhanced signal for pol and R/PBS
proviral DNA and subsequent proviral integration (Fig. 2).

Effect of dN on HIV-1 reverse transcription in nonprolifer-
ating macrophages. In HU-treated MDM, the addition of ex-
tracellular dN resulted in enhanced reverse transcription. This
suggests that the probably low dNTP levels in the nonprolif-
erating MDM could also explain the low efficiency of reverse
transcription. We therefore analyzed whether addition of dN
could overcome the block in reverse transcription in the non-
proliferating subfraction of MDM (32, 33, 43).

Five-day-cultured MDM were supplemented with 10 mM dN
and exposed to a DNase-treated Ba-L inoculum of 1,000
TCID50s/106 MDM. To discriminate between proliferating and
nonproliferating macrophages during inoculation, thymidine
in the dN mixture was replaced by BrdU. Forty-eight hours
after inoculation, cells were harvested and BrdU incorporation
was visualized by a BrdU-specific monoclonal antibody and
subsequent FACS analysis. When MDM were cultured in me-
dium alone, 3.3% of the cells had traversed S phase. BrdU
staining of MDM cultured in the presence of 10 mM dN re-
vealed an increase of proliferating cells up to 10.6% (Fig. 3A).

To analyze whether addition of dN could support HIV-1
reverse transcription also in nonproliferating cells, BrdU-neg-
ative and BrdU-positive cells were separated by FACS sorting
(Fig. 3A, gates R3 and R2, respectively). BrdU-negative and
BrdU-positive cell fractions were mixed with HIV-1-negative
PBMC to improve DNA isolation, and DNA cell equivalents of
4 3 104 of the BrdU-negative and 4 3 103 of the BrdU-positive
cell fractions obtained from the control and the dN-treated
macrophages were used for PCR analysis in the presence of
proviral DNA. The presence of proviral DNA corresponding
to the R/U5 region could be demonstrated in the BrdU-nega-
tive as well as the BrdU-positive cell fractions, whereas pol
proviral DNA was observed only in the BrdU-positive popu-

FIG. 2. Analysis of reverse transcription and proviral integration in HU-
treated arrested MDM in the presence or absence of dN. MDM were treated
with HU (0.05 to 1 mM) in combination with dN (10 to 100 mM) starting 24 h
before inoculation. For further details on the PCR analysis, see the legend to Fig.
1. An additional PCR was performed to detect the R/PBS region. The results are
representative of four independent experiments.
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lations of both the control and the dN-treated cultures (Fig.
3B). This indicates that in dN-treated MDM efficient reverse
transcription is still restricted to the proliferating subpopula-
tion. Next, we analyzed whether the incomplete reverse tran-
scription observed in n-butyrate-treated MDM was a conse-
quence of low intracellular dNTP pools. Macrophages were
treated with n-butyrate (1 and 2.5 mM) in the presence or
absence of dN (10 mM) starting 24 h before inoculation. PCR
analysis for the presence of R/U5 and pol proviral DNA con-
firmed that the process of reverse transcription was inhibited in
n-butyrate-treated MDM and that it could not be restored by
addition of dN (Fig. 3C).

Incomplete proviral DNA species are arrested in the cyto-
plasm of macrophages. Previously it has been demonstrated
that in quiescent T lymphocytes, incomplete proviral DNA
species were arrested in the cytoplasm (50, 51). Here we stud-
ied whether this was also the case in primary macrophages.
DNA was extracted from cytoplasmic and nuclear fractions
obtained from MDM 48 h after inoculation and subsequently
analyzed for the presence of proviral DNA. Early products of
reverse transcription as demonstrated by R/U5 PCR were
equally distributed among the cytoplasmic and nuclear frac-
tions, whereas pol proviral DNA was predominantly present in
the nuclear fraction of the macrophages (Fig. 4). Equal
amounts of R/U5 and pol proviral DNA products could be
demonstrated in the nuclear fraction. This may imply that
elongated reverse transcription products are immediately
transported to the nucleus and that the incomplete proviral
DNA species are arrested in the cytoplasm.

DISCUSSION

We previously have demonstrated that a small subpopula-
tion of primary macrophages is able to proliferate and that
only this subpopulation supports reverse transcription upon
inoculation with HIV-1 (32, 43). Here we analyzed which
phase of the cell cycle is essential for efficient support of
reverse transcription in primary macrophages. When MDM
were arrested early in G1 phase of the cell cycle by n-butyrate,
the process of reverse transcription was inhibited in a dose-
dependent manner. Gamma-irradiated MDM arrested in G1
phase of the cell cycle (30) efficiently supported reverse tran-
scription, but proviral integration could not be observed, which
is in agreement with the absence of virus replication as dem-
onstrated previously (43). Efficient virus replication has been
demonstrated in gamma-irradiated T-cell lines (5, 36). How-
ever, in contrast to the G1 arrest of primary cells, gamma
irradiation arrests cell lines in G2 phase of the cell cycle, thus
indicating that only later stages of cell cycle do provide cellular
conditions for nuclear transport and proviral integration. We
were unable to show accumulation of two-LTR circles in gam-
ma-irradiated macrophages (data not shown), which may sug-
gest that not proviral integration but already the process of
nuclear transport is disturbed. When MDM were arrested late
in G1 phase of the cell cycle by aphidicolin, reverse transcrip-
tion was unaffected but proviral integration was disturbed.
During proviral integration, integrase joins the viral DNA and
the host cell DNA, after which the gaps in the host cell DNA
are filled in by the host DNA repair mechanism (17, 47).

FIG. 3. Analysis of reverse transcription in nonproliferating MDM and n-
butyrate-treated MDM in the presence of dN. (A) MDM proliferation was
analyzed by BrdU incorporation in the presence or absence of dN. (B) MDM
were sorted into BrdU-negative (gate R3) and BrdU-positive (gate R2) popu-
lations, and these cell fractions were analyzed for the presence of HIV-1 proviral
DNA. (C) MDM were treated with n-butyrate (1 and 2.5 mM) in the presence or
absence of dN (10 mM) starting 24 h before inoculation. Proviral DNA synthesis
was analyzed by R/U5 and pol PCR. Serial dilutions of in vitro-, HIV-1-infected
PHA-stimulated PBMC in carrier DNA were used as DNA standards.

FIG. 4. Analysis of proviral DNA in nuclear and cytoplasmic fractions of
MDM. Cell fractions were isolated from MDM 48 h after inoculation. DNA
extracted from these fractions was analyzed for the presence of HIV-1 proviral
DNA. Serial dilutions of in vitro-, HIV-1-infected PHA-stimulated PBMC in
carrier DNA were used as DNA standards.
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Aphidicolin specifically inhibits DNA polymerases a and d,
which are involved in the host cell DNA repair mechanism (7,
10). Thus, by interfering with the DNA repair mechanism,
aphidicolin probably prevents proviral integration. Previously,
we demonstrated that aphidicolin treatment during inoculation
did not interfere with HIV-1 replication (33, 43). In these
studies, aphidicolin was removed 48 h after inoculation, which
indicates that the DNA repair mechanism can be restored
upon removal of aphidicolin and that proviral integration can
subsequently be completed.

Arrest of MDM late in G1 phase or G2 phase of the cell cycle
by DRB or nocodazole had no effect on reverse transcription
or proviral integration.

Previous studies have demonstrated that the presence of a
functional Vpr and of NLS in the MA protein of gag and
integrase supports nuclear transport of the preintegration
complex in the absence of cell proliferation (4, 5, 13, 18–21, 27,
40, 48, 49). Despite the use of a wild-type virus variant, we
observed cytoplasmic arrest of full-length proviral DNA in
gamma-irradiated macrophages, whereas efficient proviral in-
tegration and thus nuclear transport were observed when
MDM were arrested late in G1 phase of the cell cycle. This
indicates that not only reverse transcription but also nuclear
transport relies on cellular conditions coinciding with late G1
phase of the cell cycle. In agreement, nuclear transport of
wild-type HIV-1 is also observed in growth-arrested but acti-
vated T cells and not in quiescent T lymphocytes (5). Appar-
ently, the ATP levels required for the active nuclear transport
of the preintegration complex are not present in resting mac-
rophages and T lymphocytes.

HIV-1 entirely depends on the intracellular dNTP pool for
DNA synthesis, and the observed low dNTP pools in quiescent
cells (22–24) might explain the disturbed reverse transcription
in nondividing cells. Treatment with HU, which blocks de novo
dNTP synthesis, has been shown to inhibit HIV-1 replication in
acutely infected PBMC and primary macrophages (37). Here
we demonstrated that in agreement with the observation in
PBMC (37), HU treatment of MDM interferes with reverse
transcription. The impaired HIV-1 proviral DNA synthesis
could partially be restored by addition of dN, which are phos-
phorylated by nucleoside-specific kinases as part of the salvage
dNTP synthesis. In agreement with a previous study by O’Brien
et al. (39), the addition of dN alone also resulted in enhanced
reverse transcription in MDM, which coincided with the en-
hancement of cell proliferation. Addition of extracellular dN
was unable to support reverse transcription in nonproliferating
macrophages and in macrophages arrested in G1 phase of the
cell cycle by n-butyrate. This indicates that cellular factors
other than nucleotide pools are required for HIV-1 reverse
transcription in primary macrophages. Furthermore, we dem-
onstrated that similar to previous observations in quiescent T
lymphocytes (50, 51), incomplete proviral DNA species were
arrested in the cytoplasm of the macrophages.

Transduction of nondividing cells using HIV-1-based retro-
viral vectors has been demonstrated to have a very low effi-
ciency, due to inefficient reverse transcription (38). The limit-
ing dNTP pools in nondividing cells can be bypassed by in vitro
induction of intravirion reverse transcription (52–54), which
has been demonstrated to enhance gene delivery by HIV-1-
based retroviral vectors in neural cells (1). However, quiescent
T lymphocytes inoculated with virus in which endogenous re-
verse transcription was induced still require stimulation to sup-
port virus replication (9), which is in agreement with our
present observations that cellular activation is also essential for
a post-reverse-transcription step.

Recently, it has been demonstrated that expression of nu-

clear factor of activated T lymphocytes (NFAT) supports effi-
cient reverse transcription in quiescent T lymphocytes (31).
NFAT expression is an early event in T-lymphocyte activation
which initiates a cascade of events leading to suitable cellular
conditions for reverse transcription and proviral integration
without the induction cell proliferation (31). NFAT expression
has also been demonstrated in primary macrophages (44).
Whether NFAT expression in primary macrophages also cre-
ates appropriate cellular conditions for reverse transcription
and nuclear transport remains to be established. The identifi-
cation of the actual cellular cofactors involved in reverse tran-
scription and nuclear transport will be of great importance for
the use of HIV-1-based retroviral vectors for gene delivery in
nondividing cells of different origins.
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