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Replication of human immunodeficiency virus (HIV) involves obligatory sequential processes. Following
viral entry and reverse transcription, the newly synthesized viral DNA integrates into the host chromatin.
Integration is mandatory for viral production, yet HIV infection of CD4 T cells in vivo results in high levels of
nonintegrated DNA. The biological potential of nonintegrated HIV DNA is unclear; however, prior work has
demonstrated a limited transcription of the nef gene by nonintegrated HIV in infected quiescent T-cell
populations. In a kinetic analysis of HIV infection of metabolically active transformed and primary CD4 T
cells, we find an unexpected transient expression of both early and late message by nonintegrated HIV DNA.
However, only the early multiply spliced transcript was measurably translated. This restriction of protein
expression was due in part to inadequate Rev function, since expression of Rev in trans resulted in the
expression of the late structural gene gag by nonintegrated HIV DNA.

Retroviruses, such as human immunodeficiency virus (HIV),
undergo reverse transcription to form a double-stranded DNA,
which is then integrated into the host chromatin. The inte-
grated provirus transcribes new genomic RNAs and mRNAs
for virion production (32). This ordered sequence, centered on
integration, is mandatory for HIV replication, and yet the
natural process of HIV infection yields nonintegrated DNA
(22, 26); indeed, during the asymptomatic phase in HIV-in-
fected individuals, nonintegrated HIV DNA levels can reach
99% of total viral DNA (8). The biological contribution of
nonintegrated DNA is unclear, but previous reports have
shown that nonintegrated viral DNA has limited transcrip-
tional activity (1, 7, 9, 30, 33). For example, infection by inte-
grase-defective HIV can induce B-galactosidase expression
from an HIV long terminal repeat (LTR) reporter gene in a
HeLa indicator line (1, 9, 33). Presumably, the HIV tar gene is
expressed in the absence of functional integrase activity. Ad-
ditionally, work from this and another laboratory (28, 34) has
provided evidence that HIV infection of resting CD4 T-cell
populations does not lead to detectable integration or replica-
tion but does result in the transcription of the nef gene. How-
ever, the rate of completion of steps prior to transcription, such
as reverse transcription, is diminished in quiescent cells (14,
28), and detection of nef transcripts requires several days of
incubation (28, 34). It seems possible that the restricted tran-
scription seen following infection by integrase mutants or in
quiescent cells is an aberration that exists only where integra-
tion is highly impeded. Indeed, infection of cells by integrase
mutants results in amplified levels of circular HIV DNA (9,
33), and such forms of DNA have been demonstrated to pos-
sess transcriptional activity in transfection assays (6). The ques-
tion arises whether this transcription from HIV DNA is a
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function of the inhibited integration activity or is a normal
process of HIV infection that has yet to be defined.

In this report, we demonstrate that transcription from non-
integrated DNA is a normal, early step in HIV replication and
that nonintegrated DNA has full capacity to synthesize all
classes of viral transcripts, both the early, multiply spliced and
the late, singly spliced and nonspliced transcripts, prior to
integration.

MATERIALS AND METHODS

Viruses and cells. Wild-type HIV-1y; 43, the integrase mutant HIV-1yy/p116n
(9), and primary CD4 T cells were prepared as described previously (34). Equal
p24 levels of HIV-1y; 4.3 and HIV-11y/p116x Were used in infection studies (500
ng of p24 per 10° cells; multiplicity of infection, <0.05). Cells were incubated
with virus for 2 to 3 h, then pelleted and resuspended in fresh culture medium.
Viral production was defined by p24 secretion (HIV type 1 [HIV-1] p24 antigen
assay; Beckman Coulter). Induction of Rev in AKS Jurkat cells was carried out
as previously described (5). Nef-expressing Jurkat cells, made by retroviral trans-
duction, have also been described previously (25).

DNA detection. Nuclear DNA was purified from infected cells following lysis
(for 5 min at 4°C with a solution containing 50 mM KCI, 10 mM HEPES-NaOH
[pH 7.6], 5 mM MgCl,, and 0.05% NP-40). Nuclei were then pelleted in a
microcentrifuge, washed once with the lysis buffer, and then resuspended with
the nuclear lysis solution from the Wizard Genomic DNA purification kit (Pro-
mega). PCR amplification of 1-LTR circles was carried out by using primers
LTR-nef2 (5'-TGGGTTTTCCAGTCACACCTCAG-3') and LTR-gag (5'-GA
TTAACTGCGAATCGTTCTAGC-3’) in a solution containing 50 wl of 10X
PCR buffer, 125 uM deoxynucleoside triphosphates, 1.5 mM Mg>", 50 pmol of
each primer, and 1 U of SuperTaq Plus DNA polymerase (Ambion), with 35
cycles of 20 s at 94°C and 90 s at 68°C. Quantitative PCR analyses of late reverse
transcription (RT) products and 2-LTR circles were achieved with an ABI Prism
7700 sequence detection system as described previously (4), with the following
modifications for detection of the late RT product: the forward primer was 5’
LTR-U5 (5'-AGATCCCTCAGACCCTTTTAGTCA-3"), the reverse primer
was 3’ gag (5'-TTCGCTTTCAAGTCCCTGTTC-3'), and the probe was FAM-
Us/gag [5'-(FAM)-TGTGGAAAATCTCTAGCAGTGGCGCC-(TAMRA)-3'].
Each incubation contained 300 nM each primer and 200 nM probe. The standard
used for both late RT and 2-LTR circle quantification was constructed by using
a plasmid containing a complete 2-LTR region (pLTR-2C, cloned by amplifica-
tion of infected cells with 5'-TGGGTTTTCCAGTCACACCTCAG-3' and 5'-G
ATTAACTGCGAATCGTTCTAGC-3"). Measurements were determined in
duplicate, ranging from 10 to 10° copies, mixed with DNA from uninfected cells.
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Assay for integration. Nuclear DNA was purified, and aliquots equivalent to
1/10 of the DNA were subjected to amplification by Alu-LTR PCR, using the Alu
primer (5'-TCCCAGCTACTGGGGAGGCTGAGG-3") and HIV-1 LTR
primer L1 (5'-AGGCAAGCTTTATTGAGGCTTAAGC-3") as described pre-
viously (34). Following Alu-LTR PCR, a second round of PCR was carried out
by using an aliquot equivalent to 1/500 of the PCR product and the LTR-specific
primer pair L2 (5'-digoxigenin-CTGTGGATCTACCACACACAAGGCTAC-
3") and L3 (5'-GCTGCTTATATGTAGCATCTGAGGGC-3"). The PCR was
performed in a solution containing 50 pl of Promega PCR buffer, 150 pM
deoxynucleoside triphosphates, 1.5 mM Mg?*, 50 pmol of each primer, and 2 U
of Tag DNA polymerase (Promega), with 35 cycles of 20 s at 94°C, 30 s at 65°C,
and 40 s at 72°C. Following gel electrophoresis, blots were incubated with a
horseradish peroxidase-labeled sheep antibody for digoxigenin (1:1,000 dilution)
(Boehringer Mannheim). The light signal was captured on a cooled charge-
coupled device (CCD) camera (Alpha Innotech) by using SuperSignal chemilu-
minescence substrate (Pierce).

Quantitative RT-PCR. Total cellular poly(A)" mRNA was purified with a
MicroPoly(A)Pure mRNA isolation kit (Ambion) and then treated with DNase
I (DNA-free kit; Ambion). Reverse transcription was accomplished by using the
RETROscript First-Strand Synthesis kit (Ambion) with random decamers as the
first-strand primers. Following cDNA synthesis, PCR was carried out as de-
scribed previously (34). Briefly, primers F2 (5'-TAATCGGCCGAACAGGGA
CTTGAAAGCGAAAG-3') and B4 (5'-CCATCGATTGCGTCCCAGAAGTT
CCACAATCC-3") were used to amplify viral transcripts, particularly doubly
spliced transcripts such as fat, rev, and nef. For relative quantification, cellular
B-actin transcripts were coamplified. To distinguish individual transcripts, the
PCR products were hybridized with the digoxigenin-labeled probe P1 (5'-GCT
GACTTCCTGGATGCTTCCAGG-3'), P2 (5'-CCTGCCATAGGAGATGCCT
AAGGC-3'), P3 (5'-GAGCTCTTCGTCGCTGTCTCCGCT-3'), or P4 (5'-GT
GCTAAGGATCCGTTCACTAATCG-3"). For analysis of singly spliced viral
transcripts such as the env transcript, primers F2 and B3 (5'-CCCATCTCCAC
AAGTGCTGATACTTC-3") were used, whereas for the vif transcript, F2 and B2
(5'-CTAGGTCAGGGTCTACTTGTGTGC-3") were used. For analysis of full-
length viral transcripts, the primer pair F2 and B1 (5'-digoxigenin-TCTGAAG
GGATGGTTGTAGCTGTCC-3") was used.

Immunodetection of viral proteins. Viral proteins were detected by resolving
proteins on a sodium dodecyl sulfate (SDS)—4 to 20% polyacrylamide gel and
electroblotting onto a 0.2-wm-pore-size nitrocellulose membrane. A 1:1,000 di-
lution of a human anti-HIV antiserum was incubated with the membrane, fol-
lowed by a peroxidase-conjugated goat anti-human secondary antiserum (dilu-
tion, 1:2,000; Kirkegaard & Perry Laboratories). The Nef protein was detected
by using a 1:1,000 dilution of a sheep anti-Nef antiserum (21), followed by a
peroxidase-conjugated rabbit anti-sheep secondary antibody (dilution, 1:20,000;
Kirkegaard & Perry Laboratories). Inclusion of recombinant Nef protein (a
generous gift from Paul Wingfield, National Institute of Arthritis and Musculo-
skeletal and Skin Diseases) served as a control. The Rev protein was detected by
using a 1:500 dilution of an anti-Rev rabbit antiserum (kindly provided by
Barbara Felber, National Institute of Allergy and Infectious Diseases) followed
by a peroxidase-conjugated goat anti-rabbit secondary antibody (dilution,
1:1,000; Kirkegaard & Perry Laboratories). The immunoreactive product was
detected by chemiluminescence as described elsewhere (34).

RESULTS

To examine the early events in viral infection, we performed
kinetic analysis of the sequential processes of retroviral infec-
tion: reverse transcription, integration, and transcription from
the provirus in cells fully supportive of HIV replication. As a
negative control for integration, we used an HIV integrase-
defective virus, the D116N mutant (9). In these studies
CEM-50 T cells were infected with equivalent levels of wild-
type HIV or the D116N virus. The CEM line is readily in-
fected, and unlike primary cell preparations, all cells within the
population have a uniform propensity for HIV infection. Ad-
ditionally, by eliminating the variation seen with cells from
different donors, quantitative comparisons were possible over
multiple experiments.

Kinetic measurement of viral reverse transcription, integra-
tion, and transcription by quantitative PCR. Following infec-
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FIG. 1. Viral reverse transcription and integration in wild-type-
and D116N mutant-infected cells. CEM-50 cells (10°) were infected
with equivalent levels of wild-type (Wt) HIV-1y,,5 or an integrase
mutant, HIV-1ypiien (D116N). Cells were harvested at different
times postinfection, and nuclear DNA was purified. (A) Total cellular
DNA was amplified by PCR as previously described (34). The sample
immediately following the addition of virus was defined as the time
zero sample. (B) The 1-LTR circle was also measured by PCR ampli-
fication as described in Materials and Methods. Both the 1-LTR circle
and the 2-LTR circle were amplified by the primer pair as indicated.
(C) Real-time PCR. The same DNA used in panels A and B was
subjected to real-time PCR quantification using primers targeting the
late RT product (filled triangles and circles) and 2-LTR circles (open
triangles and circles). (D) Expansion of the 2-LTR circle data from
panel C. (E) Viral DNA integration in cells infected with wild-type or
D116N mutant HIV. Total cellular DNAs from D116N mutant- or
wild-type-infected cells, harvested at different times postinfection
(lanes 1 to 8), were subjected to Au-PCR amplification (+Alu) as
described in Materials and Methods. To ensure that the amplification
was specific to integrated viral DNA, amplification was also carried out
in the absence of the Alu primer (—Alu). The PCR products were
analyzed by gel electrophoresis, transferred to a nylon membrane, and
hybridized with a digoxigenin-labeled probe. (F) Plot of amplification
signals as captured on a cooled CCD camera. Each experiment was
reproduced three or more times.

tion by either wild-type or integrase mutant D116N HIV, viral
DNA synthesis (late RT product) was detected at the earliest
time point (6 h postinfection) (Fig. 1A), and DNA expression
from the D116N mutant was transient. Transient formation of
1-LTR and 2-LTR circular DNAs was also seen following
infection by the D116N virus (Fig. 1B). These experiments
were then repeated using the more quantitative real-time PCR.
DNA levels for the D116N mutant approximated those of the
wild-type virus, although DNA expression by the mutant virus
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approached background by 2 to 3 days (Fig. 1C). We simulta-
neously measured the generation of 2-LTR circles by quanti-
tative PCR (Fig. 1D). We found that by 12 h postinfection, the
level of 2-LTR DNA circles generated by the integrase mutant
virus was an order of magnitude greater than that generated by
wild-type virus infection. This is consistent with the previous
findings of enhanced circle formation following infection by
integrase-defective HIV (9, 33). 1-LTR circles, which are not
quantifiable by this analytical PCR method, were generated by
both wild-type and D116N infection (Fig. 1B). All forms of
DNA observed following D116N mutant infection were tran-
sient.

HIV DNA integration was then measured by the Alu assay.
As expected, the D116N integrase mutant displayed no activity
(Fig. 1E). The earliest time point for detection of integration
by wild-type virus was 14 h postinfection. Following this initial
measurable integration, the signal increased linearly with time,
up to 24 h. Extrapolation of this line showed zero integration
events at a point between 13 and 14 h (Fig. 1F). These findings
are consistent with the results of prior analyses by real time
PCR (4) and by Southern blotting (36), where integration was
not demonstrable prior to 12 h postinfection.

We then compared the transcriptional activities of wild-type
and integrase mutant HIV in these T cells. We first examined
serial dilutions of viral mRNA from infected cells to ensure
that the PCR analysis was within the range of concentration
dependency (Fig. 2A) and then examined the kinetics of viral
transcript generation (Fig. 2B). In contrast to the previously
demonstrated predominant expression of nef in resting CD4 T
cells (28, 34), the nonintegrating DNA from the D116N mu-
tant HIV unexpectedly generated all forms of transcripts. Two
other features became apparent. First, the transcripts gener-
ated by the nonintegrating HIV were transiently expressed in
the actively proliferating cells, with nef transcripts peaking at
12 h postinfection; secondly, the early kinetics of transcript
formation appeared similar for the D116N mutant and wild-
type HIV.

Lack of viral replication by integrase-defective virus. These
findings raised a concern that the CEM-50 cells might support
viral replication of the integrase mutant. Certain transformed
T-cell lines, such as the human T-cell lymphotropic virus type
1 (HTLV-1)-transformed MT-4 cell line, can complement in-
tegrase-defective HIV and permit limited viral replication (18,
29). Although all classes of viral transcripts were generated
following infection by the integrase-defective virus (Fig. 2), the
CEM line did not support the replication of D116N mutant
HIV (Fig. 3). This finding is consistent with previous demon-
strations that CEM cells are not permissive for replication of
HIV possessing the integrase mutation (9, 18, 33).

Diketo acid integrase inhibitor does not affect early tran-
scription. Independently of the inability of integrase-negative
virus to replicate, the similar kinetics of early transcription
following infection of cells by either wild-type HIV or the
nonintegrating D116N mutant suggest that the early tran-
scripts could be generated by nonintegrated DNA after infec-
tion by either virus. The peaking of transcript levels at 12 h
postinfection is in contrast to the earliest detectable integra-
tion at approximately 14 h postinfection. The reduction of
transcript synthesis after 24 h with the D116N mutant and the
rapidly increasing levels with wild-type virus are presumably
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FIG. 2. Early HIV transcription is similar for CEM cells infected by
wild-type (wt) or nonintegrating D116N mutant HIV. (A) Comparison
of viral transcription at 12 h postinfection. mRNAs from 10* infected
cells were harvested. For each sample, mRNA was purified, treated
with DNase I, serially diluted (1:5), and reverse transcribed using
random decamers. One-fourth of the cDNA was subjected to PCR
amplification using the primer pair F2-B4 as described in Materials
and Methods. To ensure that comparisons were quantitative, samples
were normalized by the content of the coamplified cellular B-actin
transcript. One-fifth of the product was applied to a 2% agarose gel,
transferred to a nylon membrane, and hybridized with digoxigenin-
labeled probes specific for tat, tat-rev (rev panel), tat-rev-nef (nef pan-
el), or human B-actin. The same cDNA was further amplified by the
primer pair F2-B3, F2-B2, or F2-Bl1 to detect singly spliced env and vif
viral transcripts or unspliced gag-pol transcripts. Amplified products
were resolved on a 6% polyacrylamide gel and visualized by ethidium
bromide staining. (B) Time course analysis of viral transcription in
wild-type and D116N mutant infection. Samples taken at each time
point following infection were analyzed as for panel A and normalized
by the B-actin transcript. To ensure that the amplified unspliced tran-
scripts were not derived from viral DNA, mRNA was also directly
subjected to amplification using F2-B1 without reverse transcription
(panel —RT).

mediated by the absence or presence of the stable integration
of HIV DNA, respectively. However, to further exclude the
possibility that this early transcriptional activity by wild-type
virus was mediated by an integration event undetectable by the
Alu assay, we made use of the diketo acid integrase inhibitor
L-708,906. This compound inhibits strand transfer by HIV-1
integrase without affecting other known functions (13). Inhibi-
tion of viral replication followed an expected dose-response
curve (13) (Fig. 4A), where 20 pM L-708,906 prevented mea-
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FIG. 3. Integrase-defective D116N HIV does not replicate in CEM
cells. Cells were infected with either wild-type (Wt) or D116N mutant
HIV at equal viral loads. Viral replication was monitored by measuring
extracellular p24 levels. Data are means of triplicate determinations.
Error bars, standard deviations.

surable replication of wild-type virus. We then compared in-
creasing doses of the inhibitor to levels of Nef transcript gen-
erated, as measured at 12 and 72 h postinfection (Fig. 4B).
Prevention of integration by increasing concentrations of in-
hibitor eliminated the Nef transcript at 72 h postinfection,
consistent with the inhibition of formation of a stable inte-
grated provirus. However, the inhibitor, even at the highest
concentration, did not alter Nef transcription at the 12-h time
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FIG. 4. Early viral transcription is resistant to the integrase inhib-
itor L-708,906. (A) Effect of the integrase inhibitor on viral replication.
CEM cells were treated with various amounts of 1.-708,906 1 h before
infection with wild-type (Wt) or D116N mutant HIV. Virus replication
was monitored by measuring p24 production in three independent
determinations. Values are means and standard deviations. (B) Viral
mRNA from the infected cells, harvested at 12 or 72 h, was analyzed
by quantitative RT-PCR as in Fig. 2.
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FIG. 5. Viral protein synthesis is limited to early products in the
absence of integration. CEM cells were infected as in Fig. 1 and were
harvested at the indicated time points. A total of 5 X 10° cells were
loaded onto an SDS-14% polyacrylamide gel, resolved, and electro-
blotted onto a nitrocellulose membrane for Western blot analysis
(lanes 4 to 14). (A) A human anti-HIV antiserum was incubated with
the membrane, followed by a goat anti-human secondary antiserum
conjugated with peroxidase. The right panel is a shorter exposure of
lanes 12 to 14. (B) Following signal detection, the blot was stripped
and reblotted with a sheep anti-Nef antiserum, followed by a rabbit
anti-sheep secondary antibody conjugated to peroxidase. (C) As a
control, the same blot was also reblotted with a monoclonal antibody
against human actin and a goat anti-mouse secondary antibody conju-
gated to peroxidase. To serve as Nef controls, 0.5 ng of purified HIV-1
Nef protein (lane 1), 5 X 10° Jurkat cells expressing the nef gene of
HIV-1y 45 (lane 2), and 5 X 10° uninfected CEM cells (lane 3) were
applied to the gel. Wt, wild type.

point, providing evidence that the early RNA synthesis from
wild-type virus is from nonintegrated DNA. Thus, there ap-
pears to be no dependence on integration for this early tran-
scriptional activity immediately following infection.
Restricted translation of HIV transcripts by integrase-de-
fective virus. Given the unexpected expression of all transcripts
by the integrase mutant in active cells, we then looked for
expression of viral proteins. A Western blot analysis of an SDS
gel of infected cells was developed with human anti-HIV an-
tisera, as shown in Fig. SA. Gag product p24 was detected at
the earliest time points for both the wild-type and the D116
mutant virus; however, p55%, the precursor to p24, became
visible in wild-type virus infection only after 1 day and gained
prominence at 48 h postinfection. Since both viruses displayed
the early p24, but in the absence of precursor, we assume that
the early presence of this protein was residual from the virions
added to the cell suspension (as evidence, p24 could be de-
tected immediately after infection [data not shown]). The lack
of structural protein synthesis in the D116N mutant virus in-
fection is consistent with the nonreplicative capacity of this
integrase mutant. A separate Western blot analysis demon-
strated the expression of Nef protein at 24 to 48 h postinfection
for both viruses, and for the D116N mutant virus, Nef protein
expression peaked at 48 h (Fig. 5B). The transient nature of
protein expression in the absence of integration is presumably
due to the loss of DNA and transcript, and the expression of
Nef protein is consistent with the earlier finding of Nef protein
production in quiescent T cells in the absence of detectable
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FIG. 6. In the absence of integration, induced Rev expression per-
mits late structural protein synthesis. AKS Jurkat cells, which possess a
Rev-inducible system based on the tetracycline operon, were infected
with wild-type (Wt) virus (lanes 1 and 2) or the D116N mutant (lanes
3 and 4) in the absence (lanes 2 and 3) or presence (lanes 1 and 4) of
Rev induction by the addition of tetracycline at the time of infection.
Uninfected Jurkat cells were used as a control (lane 5). For Western
blot analysis, 5 X 10° cells were loaded onto an SDS—4 to 20% poly-
acrylamide gel. The blot was probed with a human anti-HIV serum
(top panel), as described in the legend to Fig. SA, and with a rabbit
anti-Rev serum reacted with a goat anti-rabbit secondary antibody
(bottom panel). p55%“¢ synthesis was detected by Western blotting in
D116N mutant infection with Rev induction (lane 4).

integration (34). These Western blot analyses define the re-
stricted generation of viral products in the absence of integra-
tion. The presence of Nef implies that Tat and Rev may also be
expressed, but at low concentrations these latter proteins are
poorly detected by Western blot analysis.

Rev function is required for p55 synthesis. The finding that
protein translation was limited to multiply spliced message
suggested an inadequate Rev function. Rev is required for
nuclear export and translation of the partially spliced and un-
spliced message (10, 11, 16). Although the Rev transcript from
nonintegrated DNA was detected (Fig. 2), the level of tran-
script was low and its expression was transient. To test this
hypothesis, we infected cells that contained an inducible Rev
gene with the D116N integrase mutant virus. The presence of
this in trans, induced Rev protein permitted the translation of
Gag message (unspliced) to precursor p55 protein (Fig. 6), but
at a reduced level relative to that for the wild-type virus. Ex-
pression of the structural pS5 protein was optimal when Rev
was induced at the time of viral infection, but viral replication
remained undetectable (data not shown), presumably a result
of diminished and transiently expressed Rev. Thus, inadequate
Rev activity, as generated in D116N mutant virus infection, will
lead to restricted expression of multiply spliced (Rev-indepen-
dent) HIV gene products. We also conclude that the unspliced
transcripts, as synthesized by nonintegrated HIV DNA, were
functional.

Early transcriptional activity is also seen in HIV infection of
primary CD4 T cells. We then examined early transcriptional
activity following wild-type and D116N mutant HIV infection
of activated primary CD4 T cells. Consistent with the results
from metabolically active CEM cells, all classes of transcripts
were synthesized, and the transcriptional activities for the ear-
liest time points were identical for the D116N mutant and
wild-type viral infections (Fig. 7A). The expression of tran-
scripts from the D116N mutant was transient, with a peak of
multiply spliced Nef transcript at 12 h postinfection. As in the
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FIG. 7. Early HIV transcription from nonintegrated DNA in pri-
mary human T cells. Primary human CD4 T cells from peripheral
blood of healthy donors were purified, stimulated with anti-CD3/
CD28-conjugated beads at a ratio of 5 beads per cell, and then infected
with wild-type (Wt) or D116N mutant virus as described in the legend
to Fig. 1. mRNA molecules from infected cells were subjected to
RT-PCR analyses as described in the legend to Fig. 2. (A) Multiply
spliced nef, singly spliced env, and unspliced transcripts. (B) The pres-
ence of multiple transcripts in infected cells did not lead to replication
of the D116N mutant in stimulated primary T cells, as measured by
extracellular p24 production. Data are means for triplicate determina-
tions plus standard deviations. (C) For comparison of transcriptional
activity in cells infected with wild-type versus D116N mutant HIV, the
ratio of chemiluminescent signals between nef and B-actin was plotted
for each time point. These results were reproduced using primary CD4
T cells from multiple donors (data not shown).

CEM cells, viral replication in primary T cells was absent
following HIV D116N mutant infection (Fig. 7B), in agree-
ment with previous findings (7, 33).

To permit a comparison of HIV transcriptional activities in
wild-type versus D116N mutant infection, we plotted the ratio
of the transcript signal for Nef to that for an internal control,
B-actin. As demonstrated in Fig. 7C, relative to B-actin tran-
script levels, Nef levels were similar for wild-type and D116N
mutant infections at 12 h postinfection, suggesting that the
wild-type virus undergoes nonintegration transcriptional activ-
ity similar to that of the nonintegrating D116N mutant virus.
The ratio also permitted a comparison of Nef transcript syn-
thesis at different times postinfection, with the 12-h preinte-
gration level representing approximately 20% of the level
achieved by 48 h postinfection for the wild-type virus.

DISCUSSION

The findings presented here demonstrate that reverse-tran-
scribed, nonintegrated HIV DNA functions as a template and
that this transcription is a normal early process in HIV infec-
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tion of T cells. Furthermore, in active T cells, the preintegra-
tion DNA has the full capacity to synthesize all classes of viral
transcripts. This is in contrast to the previous demonstration of
limited transcription in resting CD4 T cells (28, 34). This lim-
itation is likely due to the low metabolic state seen in quiescent
T cells, which suppresses infection processes (3, 14, 28, 30, 35).

Our findings are reminiscent of some early demonstrations
of viral replication from integration-defective retroviruses,
such as spleen necrosis virus (23), visna virus (12), and HIV (7,
18, 29). Various approaches have added stipulations to these
initial findings (15, 18). For example, the replication of inte-
grase-defective HIV in the transformed T-cell line MT-4 may
be due to complementation by viral gene products of the trans-
forming (and integrated) HTLV-1 provirus (18). Complemen-
tation between HIV and HTLV-1 infections has been amply
demonstrated (17, 24, 27). In our system, when primary human
CD4 T cells or CEM cells were used, we observed an absolute
requirement of integration for viral replication. This is sup-
ported by the finding that late viral structural proteins were not
detected in cells infected with integrase-defective virus (Fig.
5A).

The transcriptional activity from integrase-defective HIV
and from nonintegrated wild-type HIV appears to be depen-
dent on intact retroviral processes that normally lead up to
integration. For example, inhibition of reverse transcription
(34), or mutation of the nuclear localization signal region of
the viral integrase (2), greatly diminishes measurable transcrip-
tional or Tat-dependent reporter activity. This suggests that,
along with the Rev dependency for gene expression (Fig. 6),
this transcriptional activity occurs under the conditions of nor-
mal retroviral infection and is dependent on essential retroviral
processes.

The nature of the transcribing DNA remains unknown, but
there is evidence that all forms, linear DNA and 1-LTR and
2-LTR circles, can transcribe in transfection assays (6). Previ-
ous studies with integrase-defective HIV have demonstrated
the enhanced expression of 2-LTR circles (as seen here in Fig.
1D), coincidental with the induction of a Tat-dependent re-
porter (9, 33). Additionally, inhibition of wild-type HIV inte-
gration by a diketo acid integrase inhibitor, as used here, re-
sulted in an apparent increase in DNA circles (13). In our
experiments, when both the viral DNA and transcripts were
quantitatively compared, neither the mutant nor the inhibitor
dramatically affected early transcriptional levels. We conclude
that the level of transcription from nonintegrated DNA does
not appear to be defined by the concentration of circular
2-LTR DNA. Since a quantitative difference could not be
established for 1-LTR or linear DNA in our experimental
approaches, both remain candidates for transcriptional activ-
ity. Furthermore, although transcriptional activity (Fig. 2B)
precedes measurable integration (Fig. 1F), we do not conclude
that these are sequential events for the same DNA molecule.

It is not known how much of the nonintegrated HIV DNA
found in HIV-infected individuals has transcriptional capacity.
Approximately 99% of total HIV DNA in CD4 T cells seen in
patients during the asymptomatic phase of HIV infection exists
as a nonintegrated, linear form (8), but this DNA is replication
incompetent and appears to have undergone host cell modifi-
cations. Measurements of the level of HIV DNA integration in
short-term cellular systems have also been reported, with some
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experiment-dependent variation. With Alu PCR (4), linker-
primer PCR (31), and an Alu real-time PCR assay at an early
time point (19), integration levels were 5 to 10% of total
reverse-transcribed DNA, whereas a subtractive method sug-
gested that integration levels could exceed 50% of total DNA
(36). Nonetheless, the infection process of HIV will involve the
generation of nonintegrating DNA, perhaps with greater
prominence in in vivo infection.

This early transcriptional activity would provide a means for
HIV gene expression, particularly Nef and Tat expression, in
the absence of integration and productive viral infection. Both
of these proteins are known to enhance T-cell activity (20, 25),
as well as viral replication following infection of resting T cells
(34). Additionally, the capacity of a nonintegrating HIV to
transiently generate viral products suggests that nonintegrating
lentiviral vectors could serve to express low levels of protein for
therapeutic or vaccine purposes, without the permanency of an
integrated retrovirus or disruption of normal cellular genes.
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