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The persistence of human immunodeficiency virus (HIV) in optimally treated infected individuals poses a
major therapeutic problem. In latently infected cells, one of the observed phenotypes is absent elongation of
viral transcription. Thus, the positive elongation factor b (P-TEFb), which is usually recruited by NF-�B or
Tat, is not present on the HIV long terminal repeat (LTR). Although most attempts to activate these proviruses
centered on NF-�B, we investigated effects of Tat. To this end, we generated transgenic mice, which secreted
a chimera between Tat and the green fluorescent protein from � cells of the pancreas. This extracellular Tat
distributed widely, entered nuclei of resting cells, and specifically transactivated the HIV LTR. No deleterious
side effects of Tat were found. Next, we determined that Tat can activate latent proviruses in optimally treated
infected individuals. In their cells, T-cell activation or exogenous Tat could induce viral replication equiva-
lently. Thus, P-TEFb could activate the majority of the latent HIV, in this case by Tat.

Human immunodeficiency virus type 1 (HIV-1) is the cause
of AIDS. The development and clinical introduction of highly
active antiretroviral therapy (HAART) has prolonged the sur-
vival of infected individuals (28, 29). HAART reduces HIV in
plasma to levels below detection. However, the virus cannot be
eradicated by current drug regimens. Instead, HIV persists in
the body despite this optimal therapy and survives in a latent
state (13, 17, 58). Thus, the need for new therapeutic strategies
that target viral latency is evident.

The most important reservoir in infected individuals is com-
posed of resting CD4� T lymphocytes carrying integrated pro-
viruses (12). This latency is established and maintained at the
level of transcription. Inefficient and/or no initiation (34)
and/or elongation of transcription (1) represent the two most
important mechanisms whereby integrated proviruses are not
expressed. In the first scenario, the provirus integrates into
inactive heterochromatin, possibly near centromeres. No re-
cruitment of RNA polymerase II (RNAPII) results in no tran-
scription. Possibly, during cellular activation, growth, and pro-
liferation, this chromatin is remodeled and HIV replication
ensues. Nuclear factor kappa B (NF-�B), nuclear factor of
activated T cells, and Ets family members that bind the HIV
enhancer play important roles in this process (33, 44, 52).
Absent elongation of viral transcription represents the second
scenario (1, 36). RNAPII has cleared the promoter but is
arrested at or slightly downstream from the transactivation
response (TAR) RNA stem-loop (36, 43). The viral transacti-
vator Tat and its cellular coactivator, the positive transcription
elongation factor b (P-TEFb) then bind TAR and cause RNA-
PII to elongate (47, 56). Since the vast majority of HIV inte-
grates into active chromatin and these cells harbor more than

one provirus (35, 50), these findings favor the second scenario
to account for the majority of latent proviruses. Indeed, this
picture could be documented in both transformed cell lines
(18, 19) and peripheral blood mononuclear cells (PBMC) of
infected individuals (1).

The phosphorylation of the carboxy-terminal domain of
RNAPII is critical for transcriptional elongation (14, 47).
Whereas the unphosphorylated RNAPIIa assembles into
preinitiation complexes, it is the phosphorylated RNAPIIo
that copies the genome. After promoter clearance, negative
transcription factors (47), which include the DRB sensitivity-
inducing (54) and the negative transcription elongation (60)
factors, cause a transcriptional arrest during which only short
transcripts are synthesized and RNAPIIa can fall off. To re-
lease this block, the carboxy-terminal domain must be phos-
phorylated by P-TEFb, which contains a kinase (Cdk9) and a
C-type cyclin (T1, T2, or K: CycT1, CycT2, or CycK) (47). The
HIV long terminal repeat (LTR) recruits P-TEFb by two
mechanisms. The first is via NF-�B, whose RelA subunit binds
CycT1 (5). This activation leads to the synthesis of Tat, which
also recruits P-TEFb via TAR (56). The tripartite complex
between P-TEFb, Tat, and TAR leads to the efficient replica-
tion of HIV. When Tat and/or P-TEFb is in low abundance
and/or inactive, the elongation of viral transcription is not
observed.

Although only the human, but not the murine, P-TEFb sup-
ports HIV replication, Tat binds both CycT1 proteins well.
This statement is supported by direct binding data and heter-
ologous RNA tethering of Tat, e.g., via the regulator of virion
gene expression Rev and its Rev response element, where the
Rev.Tat chimera functioned equally well on the modified HIV
LTR in cells from both species (6, 24, 42). Rather, the cysteine
at position 261 in the human CycT1, which is a tyrosine in the
murine CycT1, coordinates the Zn2�-dependent interaction
between the two proteins and brings arginine-rich motifs
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(ARM) in CycT1 and Tat into close proximity so that they bind
the 5� bulge and central loop in TAR (26). All other functions
of Tat that do not depend on TAR should be indistinguishable
between humans and mice. These other effects of Tat remain
controversial. They include T-cell activation and proliferation
(46), apoptosis (41, 57), the expression of lymphokines and
cytokines (49), central nervous system damage (30), and
growth of Kaposi cells (16). They could result from the en-
gagement of specific receptors by extracellular Tat or, because
the ARM in Tat causes rapid uptake and nuclear targeting of
Tat and other attached proteins in cells (20, 27) from its direct
transcriptional effects. Alternatively, these effects could be
caused by denatured, aggregated Tat, which contains seven
cysteines. There are also reports where transgenic mice, which
expressed intracellular Tat from a variety of promoters, did not
develop any phenotype other than reduced levels of glutathi-
one (9) and atypical skin lesions after 2 years of age (53).

To determine effects of extracellular Tat on the host and
HIV, we created mice in which Tat was secreted from � cells
of the pancreas. This Tat distributed widely and entered rest-
ing cells without causing any side effects after 2 years of ob-
servation. Its levels in serum were equivalent to those that
activated latent proviruses in peripheral blood lymphocytes
(PBL) of infected individuals. Indeed, transcriptional profiles
from optimally treated patients revealed that lack of Tat
and/or P-TEFb contributes significantly to the latent reservoir
in the host.

MATERIALS AND METHODS

Generation of sTat.GFP transgenic mice. A tissue plasminogen activator
(tPA) leader peptide sequence (37) was fused in frame with Tat at the N
terminus, and the enhanced green fluorescent protein (GFP) is tagged at the C
terminus of the Tat protein. A 9.7-kb rat insulin promoter sequence (RIP7),
including the first intron of the rat insulin II gene, was used to direct pancreatic
�-cell-specific expression of the fusion Tat.GFP protein. Three transgenic
founder mice were generated by microinjection of this transgenic sTat.GFP
cDNA at a concentration of �2 ng/ml into B6D2F1 mouse embryos.

Histology. Frozen unfixed or 4% paraformaldehyde-fixed paraffin sections of
different tissues of sTat.GFP transgenic mice or wild-type mice were cut into
10-nm-thick sections. Paraffin sections were stained with hematoxylin and eosin
(H&E) for bright field imaging, and the frozen unstained sections were used for
dark-field fluorescent microscopy. Different leukocytes were collected by cyto-
spin preparations onto slides as duplicates from one blood sample. One of the
duplicates is unstained for dark-field fluorescent microscopy, and the other one
is stained with H&E for bright field imaging.

Cell proliferation and apoptosis. CD4� T cells isolated from the thymi of
wild-type or transgenic littermates were cultured with phorbol myristate acetate
and ionomycin in RPMI supplemented with 10% fetal bovine serum (FBS).
After 24 h of incubation, we harvested the activated CD4� T cells and added 1
ml of ice-cold 70% ethanol to cells with continuous vortexing. We then spun
down the cells and left 100 �l of the supernatant to which we added 400 �l of
propidium iodide (PI) staining solution (50 �g of PI/ml, 100 U of RNaseA/ml,
and 1 g of glucose/liter in phosphate-buffered saline) into the cell suspension.
After PI staining, data were acquired and analyzed on a FACScalibur with
CellQuest software (Becton Dickinson, Franklin Lakes, N.J.). The cell prolifer-
ation and apoptosis profile of the activated T cells was illustrated by using
Modifit software.

Immunoprecipitation and Western blotting. The living colors full-length A.v.
polyclonal antibody (Clontech, Palo Alto, Calif.) was used for immunoprecipi-
tation and the living colors A.v. (JL-8) monoclonal antibody (Clontech) was used
to detect the secreted Tat.GFP fusion protein in the Western blot. For serial
dilutions of GST.Tat chimera and subsequent Western blotting, polyclonal anti-
glutathione S-transferase (GST) antibody (Amersham Pharmacia Biotech, Pis-
cataway, N.J.) was used.

Patient samples. Samples from 30 HIV-positive patients were provided by the
Positive Health Program’s Center for AIDS Research at San Francisco General

Hospital. Twenty subjects had been receiving HAART for various lengths of
time (HAART responders), and 10 patients were either not receiving HAART
or not responding to HAART at the time of the study. The criterion for re-
sponder status is a viral load below 50 copies of HIV-1 RNA/ml. The non-
HAART and nonresponder patients all had detectable viral loads. The CD4
range was 330 to 1,100 cells/�l for the HAART responders and 53 to 400 cells/�l
for the non-HAART and nonresponder patients. Procurement of samples for
this study had the approval of the human subject committees from University of
California—San Francisco and San Francisco State University. Negative controls
for the study are from an HIV-negative leukocyte concentrate (buffy coat)
purchased from Blood Centers of the Pacific (San Francisco, Calif.).

Isolation, coculture, and stimulation of patient PBMC. Ficoll-Paque (Amer-
sham Pharmacia Biotech) was used to separate the PBMC from EDTA antico-
agulated whole blood (20 ml) from HIV-positive samples within 4 h of collection.
The yield from 20 ml of whole blood was approximately 6 � 107 cells. The
number of PBMC from each sample varied, but each aliquot contained approx-
imately 6 � 106 cells. An aliquot of patient cells was cultured in minimal T cell
growth medium with 20% FBS and 5% interleukin 2 (IL-2) (10 U/ml) and
antibiotics, and the cells were then cultured with an equal number of phytohe-
magglutinin-stimulated, HIV-negative feeder cells.

RT-PCR. RNA was extracted from the PBMC by using the Trizol (Invitrogen,
Carlsbad, Calif.) protocol. The total cellular RNA concentration was measured
by spectrophotometry. All reverse transcription (RT) procedures performed
included a positive HIV RNA control. Positive-control RNA was synthesized in
vitro with a T7 polymerase kit (Ambion, Inc., Austin, Tex.) from plasmid pTZ-
LTR*. This plasmid contains 31 bp of heterologous DNA inserted between the
binding sites for primers 1 and 2. RNA samples from the HIV-negative buffy coat
served as a negative control. An RT reaction was performed on 106 copies of the
RNA control for each setup. All specimens and controls were incubated as
follows: 10 min at room temperature, 1 h at 37°C, and then 5 min at 95°C to
terminate the reaction. The primer design for PCR is shown below (1). Se-
quences of primers were derived from HIV-1HBX2 and are as follows: primer 1,
5�-GGGCTCTCTGGTTAGA-3� (positions 454 to 470); primer 2, 5�-GGGTTC
CCTAGTTAGCC-3� (positions 496 to 512); primer 3, 5�-GGGCGCCACTGC
TAGAGATTT-3� (positions 623 to 643).

All samples were initially analyzed by RT-PCR (Table 1). Following RT,
cDNAs were amplified separately by primer pairs 1 and 2 and 1 and 3 (Operon
Technologies, Inc., Alameda, Calif.). Primer pair 1 and 2 amplifies the first 59
nucleotides of all HIV species, and primer pair 1 and 3 amplifies the first 190
nucleotides of HIV. While primer pair 1 and 2 amplifies both short and long
transcripts, primer pair 1 and 3 amplifies only the processive, long transcripts.
Control samples without reverse transcriptase were run in parallel. The thermal
profile optimized in this laboratory for amplification with these primers includes
40 cycles of 30 s at 95°C, 30 s at 61°C, and 30 s at 72°C. The PCR for the
experiment was a 15-�l reaction mixture and included 1.5 �l of cDNA template,
1.5 �l of 10� Klentaq PCR buffer (Clontech), 1.5 �l of a 200 mM concentration
of each deoxynucleoside triphosphate, 0.3 �l of 0.5 �M primer mixture, and 0.63
U of Klentaq polymerase.

Tat functional assays. GST.Tat protein was purified from the BL21 strain of
Escherichia coli (Novagen, Madison, Mich.) transformed with plasmid
pGEX4T1. Plasmid pGEX4T1 contains amino acid sequences 1 to 101 of Tat
derived from HXB2 wild-type virus. The purified protein was quantified by using
Bradford reagent (Bio-Rad, Hercules, Calif.); protein size was determined by
Coomassie blue staining. The functional capacities of the recombinant Tat pro-
tein and Tat protein secreted to the mouse serum were assessed by a transacti-
vational assay with HL3T1 cells. HL3T1 cells are HeLa cells stably expressing a
chloramphenicol acetyltransferase (CAT) gene under the control of the HIV
LTR (59). For the assay, 105 cells were aliquoted in 60-mm-diameter tissue
culture plates. Various amounts (0.3 to 2.4 �g) of the purified GST.Tat or mouse
serum from wild-type or sTat.GFP transgenic mice was added to the culture
medium. As a negative transactivation control, 2.4 �g of the mutant GST.Tat
(C30G) chimera was also tested. Chloroquine (Sigma, St. Louis, Mo.) at a
concentration of 100 �M was also added to prevent lysosomal degradation of the
protein. The cells were cultured for 48 h before the CAT activities were analyzed.
The CAT assay is performed as described previously (22).

Culture of HAART responder PBMC with recombinant Tat. PBMC (5 � 106

cells) were cultured in RPMI 1640 containing 20% FBS and 5% IL-2 (10 U/ml)
for 21 days. Recombinant GST.Tat or mutant GST.Tat (C30G) chimeras were
added to culture media at a concentration of 1.0 �g/ml. Protamine sulfate was
added to culture media at a concentration of 100 �g/ml, and fresh Tat was added
every 48 h. A negative control containing no exogenous protein and a coculture
control as a positive control were also included. An aliquot of cells was removed
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from culture at 4, 8, 12, 16, and 21 days followed by RNA extraction and
RT-PCR as described previously.

RESULTS

Tat is secreted and distributes widely with no deleterious
effects in sTat.GFP transgenic mice. In vitro, extracellular Tat
can activate viral transcription inside cells. To determine if
these concentrations of Tat have deleterious side effects on the
host, we developed a transgenic mouse where the tPA leader
peptide was fused in frame with the N terminus of Tat (37) and
the C terminus of the chimera was linked to the GFP. Of note,
Tat is fully active when both its N and C termini are fused to
heterologous proteins (23). The expression of this transgene,
the sTat.GFP chimera, was driven by the rat insulin promoter
(RIP7) and targeted to � cells of the pancreas (15, 55) (Fig.
1a). Three founder sTat.GFP transgenic mice were generated.
Breeding the founder animals with wild-type B6D2F mice gen-
erated heterozygous sTat.GFP transgenic mice. Crossing these
heterozygotes resulted in homozygous transgenic mice.

We analyzed the histology of different tissues in our mice.

High levels of the sTat.GFP chimera were detected in the
pancreatic islets (Fig. 1b, middle panel). These pancreases
remained morphologically normal after 2 years of age. No
green fluorescence was detected in wild-type littermates (Fig.
1b, right panel). Despite the copious expression from the pan-
creas, blood sugar levels have also remained normal (data not
shown). We also examined other organs including the brain,
thymus, spleen, heart (Fig. 1c to f), lung, kidney, and liver (data
not shown). We detected the presence of the sTat.GFP chi-
mera in all of these organs from our transgenic mice (Fig. 1c to
f, middle panels) but not from their wild-type littermates (Fig.
1c to f, right panels). The staining intensity correlated with the
density of cells and nuclei (Fig. 1c to f, middle panels). This
result indicates that the secreted Tat protein circulates in the
body and penetrates all organs. High levels of Tat in the brain
(Fig. 1c, middle panel) indicate that the fusion protein also
crosses the blood-brain barrier. This finding is consistent with
studies where the transduction domain of Tat could deliver
biologically active fusion protein to all tissues, including the
brain, in mice (51). More importantly, all tissues were and
remain normal.

Secreted Tat protein has no effect on the immune system.
The immune system is the main target of HIV infection. More-
over, extracellular Tat protein could induce proliferative and
apoptotic effects in PBL (41, 46, 57). To address this issue
directly, we collected PBMC from our transgenic mice. First,
Tat was detected in the nuclei of lymphocytes, monocytes, and
neutrophils (Fig. 2a). Second, we isolated CD3� T cells from
the thymus and spleen, stained them with fluorochrome-tagged
anti-CD4 and anti-CD8 antibodies, and analyzed ratios of
CD4� and CD8� T cells by fluorescence activated cell sorting
(FACS). No differences were observed in the thymus or spleen
between these animals (Fig. 2b). CD4� T cells were also col-
lected from the thymus and cultured in minimal T cell growth
medium with and without ionomycin and phorbol myristate
acetate for 24 h. Cells from transgenic mice and their wild-type
littermates displayed equivalent apoptotic and proliferative
profiles (Fig. 2c). The founder animals are now more than 2
years old and remain phenotypically normal. Thus, at these
concentrations, the sTat.GFP chimera caused no discernible
pathology in the mouse.

Secreted sTat.GFP chimera activates transcription from the
HIV LTR. To determine the biological activity of our secreted
Tat protein, we compared the ability of the mouse serum and
GST.Tat fusion protein to activate the HIV LTR in cells. As
presented in Fig. 3a, the expression of the hybrid sTat.GFP
protein could be detected only in the blood of our transgenic
mice but not in their wild-type littermates. When compared to
serial dilutions of the GST.Tat fusion protein in Fig. 3b, the
concentration of sTat.GFP chimera was between 20 and 200
pM (compare Fig. 3a, lanes 1 to 5, to Fig. 3b, bottom panel,
lanes 4 and 5). This concentration compares favorably to fast-
ing insulin levels in humans (50 to 200 pM) (8) and mice (250
pM) (55). This sTat.GFP chimera was biologically active and
activated the HIV LTR in HL3T1 cells (Fig. 3c). Indeed,
diluted to 2 ml of culture medium, 500 �l of serum from the
transgenic mouse increased CAT activity to levels that were
between those observed with 1.2 and 2.4 �g of the purified
GST.Tat chimera (Fig. 3c, compare lanes 4, 5, and 7). Impor-
tantly, 2.4 �g of the mutant GST.Tat (C30G) had no effect

TABLE 1. Transcriptional analysis of 20 HAART responders (1 to
20) and 10 non-HAART patients (21 to 30) by RT-PCR

Patient no.

No. of copies
of HIV

RNA/ml of
plasma

Presence ofa

ST LT Initiation Elongation Infectivity

1 �50 	 	
2 �50 � 	 �
3 �50 � � � �
4 �50 � � � �
5 �50 � 	 �
6 �50 � 	 �
7 �50 � � � �
8 �50 � 	 �
9 �50 � � � �
10 �50 � � � �
11 �50 � 	 � �
12 �50 � 	 �
13 �50 � � � �
14 �50 � � � �
15 �50 � 	 � �
16 �50 � � � �
17 �50 � � � �
18 �50 � � � �
19 �50 	 	 �
20 �50 � 	 �
21 71,160 � � � �
22 9,415 � � � �
23 3,000 � � � �
24 160,000 � � � �
25 115,000 � � � �
26 3,000 � � � �
27 44,000 � � � �
28 30,000 � � � �
29 6,000 � � � �
30 4,800 � � � �

a ST indicates the presence of short, promoter-proximal transcripts, and LT
indicates the presence of long, elongated transcripts. Where there are no short or
long transcripts, the sample is classified as initiation negative; where there are
only short transcripts, the sample is classified as initiation positive; and where
there are both long and short transcripts, the sample is classified as elongation
positive. Pluses in the infectivity column indicate that the fully infectious virus
was recovered by coculture with MAGI cells from these samples. No pluses or
minuses indicate that these samples were not tested.
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FIG. 1. The sTat.GFP fusion protein is expressed abundantly in the pancreas and distributes widely in different organs and tissues. (a) Strategy
for a secreted Tat transgenic mouse. The grey box represents the tPA leader sequence, the black box represents the 101-amino-acid Tat cDNA
sequence, and the white box represents the GFP cDNA sequence. The expression of this chimeric protein was driven by the RIP7 promoter. The
RIP7 promoter is 10 kb in length and contains enhancer (En) and promoter (Pr) sequences. (b to f) Histological analyses of different tissues from
our transgenic mouse. The left column presents H&E stainings of paraffin sections from different tissues of the transgenic mouse; the middle
column presents the green fluorescence with dark-field micrographs of frozen sections from different tissues of our transgenic mouse; and the right
column presents the green fluorescence with dark-field micrographs of frozen sections from different tissues of a wild-type littermate. Tissues
presented are from the pancreas (b), cerebellum (c), thymus (d), spleen (e), and heart (f). Note the strong green fluorescent staining of the
pancreatic islet in the frozen section from our transgenic mouse (b).
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(Fig. 3c, lane 1). Thus, the biological activity of the sTat.GFP
chimera was similar to that of 0.8 �g of the hybrid GST.Tat
protein/ml. However, when amounts of protein are compared
between Fig. 3a and b, most of the GST.Tat chimera was
inactive. Indeed, only 0.01 to 0.1% of this recombinant Tat,
which was expressed from E. coli, was biologically active. We
conclude that our transgenic mice secrete adequate levels of
biologically active Tat. This sTat.GFP chimera distributes
widely, enters resting cells, and activates the HIV LTR. Since
no pathology was detected, effects of Tat are also very specific
for the HIV LTR.

Transcriptional profiles of PBL from optimally treated in-
fected individuals reveal a lack of Tat phenotype. Since levels
of Tat were achieved in vivo that transactivated the integrated
HIV LTR in cells and since this sTat.GFP chimera had no

deleterious effects on the host or growth and proliferation of
HL3T1 cells (data not shown), we wanted to determine if
exogenous Tat could also activate latent proviruses in humans.
Previously, a model of proviral latency was studied in mono-
cytic U937 cells (U1 cells) and in infected untreated individu-
als, most at seroconversion (1). In these cells, only promoter-
proximal but not promoter-distal viral transcripts could be
detected and Tat transduced by retroviral infection induced
the elongation of viral transcription and replication of HIV (1).
A similar state should predominate in infected individuals on
HAART who have low levels of plasma viremia. Therefore,
using RT-PCR approaches, we looked for promoter-proximal
short transcripts and elongated long transcripts in RNA sam-
ples extracted from PBMC of infected individuals on HAART
(Fig. 4a and b).

FIG. 2. The secreted Tat protein accumulates in the nucleus of different PBMC, and our transgenic mouse is phenotypically normal. (a) H&E
staining of a lymphocyte (top left), monocyte (middle left), and neutrophil (bottom left). The fluorescent images of the secreted Tat protein
accumulation in the nuclei of these leukocytes are presented to the right. (b) CD3� T cells were isolated from the thymi (top panels) and the
spleens (bottom panels) of transgenic (left panels) and wild-type (WT) (right panels) mice. The ratios of CD4� and CD8� T cells were analyzed
by FACS. (c) CD4� T cells were isolated from the thymi of wild-type (left) and transgenic (right) mice, and the proliferative and apoptotic profiles
were analyzed by FACS.
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Figure 4a diagrams the RT-PCR approach used to detect
short and long transcripts. Primer sequences were derived
from HIV-1HXB2. It and other HIV subtype B sequences are
identical in the regions that serve as binding sites for primers
1 and 3. In sequences of the B subtype there is one polymor-
phism in the binding site for primer 2. Nevertheless, for the
design of primer 2, the HIV-1HXB2 sequence allows for perfect

binding to 35% of all viral isolates. With other templates, one
G-T base pair is formed that still allows adequate binding.
Representative data for the RT-PCR are presented in Fig. 4b.
Using limiting dilutions of the positive-control RNA in 1 �g of
total cellular RNA from HIV-negative buffy coats, the sensi-
tivity of our assay for both primer sets was determined to be
approximately 50 copies per PCR (data not shown).

FIG. 3. The sTat.GFP fusion protein is secreted from pancreatic � cells into the blood of our transgenic mouse. The secreted Tat protein is
biologically active. (a) The sTat.GFP fusion protein was detected in different sera (lanes 1 to 5) by immunoprecipitation followed by Western
blotting (IP-WB). These sera were derived from five transgenic mice but not detected in lanes 6 and 7, which represent sera from two wild-type
(WT) littermates. (b) Western blotting (WB) of serial dilutions of the GST.Tat chimera used in panel c. Five micrograms of the GST.Tat fusion
protein was diluted 10-fold 8 times (above the lanes) and detected by an anti-GST antiserum. Immunoblots were exposed for 5 min and 1 h,
respectively. (c) The biological activity of the sTat.GFP chimera was measured by the CAT assay. To a total of 2 ml of culture medium, 500 �l
of wild-type (lane 6) or transgenic (lane 7) mouse sera or different amounts of GST.Tat fusion protein (lanes 2 to 5) were added.
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Table 1 summarizes the results from 30 samples. Ten of
these samples were from individuals who were not treated with
HAART, and we detected both short and long transcripts in
these individuals. The other 20 samples are from individuals on
HAART who had viral loads of less than 50 RNA copies per
ml and CD4 counts between 330 and 1,100. These results can
be divided into three groups (Table 1; Fig. 4b). Neither short
nor long transcripts were detected in samples 1 and 19. These

samples might harbor transcriptionally silent proviruses, or
viral transcripts in these samples may be below detectable
levels. Both short and long transcripts were detected in sam-
ples 3, 4, 7, 9, 10, 13, 14, 17, and 18, which is similar to results
for the 10 patients who were not on HAART (Table 1; Fig. 4b).
This result indicates that there is continued productive viral
replication in these nine patients despite undetectable plasma
virus. Short transcripts only were detected in samples 2, 5, 6, 8,

FIG. 4. Detection of transcripts initiated from the HIV LTR in PBMC from optimally treated individuals. (a) Primer combinations for the
amplification of the HIV LTR. Primers 1 and 2 amplify TAR and thus all HIV-1 transcripts. Primers 1 and 3 amplify only the long transcripts. The
RT positive control was obtained with RNA generated from plasmid pTZ-LTR*. (b) Representative RT-PCR results from HAART patients.
RT-PCR was performed with primer sets 1 and 2 (top panel) and 1 and 3 (bottom panel) from optimally treated infected individuals. In the images
shown above, sample A (lane 3) contains neither short nor long transcripts and was classified as initiation negative, sample B (lane 5) contains short
transcripts only and was classified as initiation positive and elongation negative, and sample C (lane 7) contains both short and long transcripts and
was classified as elongation positive. Lane 1 is an RT positive control containing 106 copies of in vitro-generated RNA from plasmid pTZ-LTR*.
Lanes 2, 4, 6, and 8 are RT-PCR controls which used total RNA without the RT reaction mixture as a template for the PCR. Results of this analysis
are summarized in Table 1. �, RT positive; 	, RT negative; nt, nucleotides. (c) Processive band intensities from coculture. Shown are the relative
band intensities obtained from digital image analysis of elongated transcripts (primers 1 and 3) versus days in coculture for samples 11, 15, 16, and
19. The relative band intensity is the area continued within a peak representing the number of pixels following digital image capture and analysis.
(d) Exogenous Tat protein activated latent proviruses equivalently to coculture in optimally treated infected individuals. Presented are the
RT-PCR results from day 8. The top and bottom panels present the amplification with primers 1 and 2 and primers 1 and 3, respectively. Lanes:
1, positive RT control; 2, negative Tat control containing no exogenous protein; 3, sample containing 1.0 �g of recombinant Tat/ml; 4, coculture
control. R
-PCR on �-actin was performed on all samples from panels b, c, and d and represents an internal RT-PCR control (data not shown).
Results shown in panels b, c, and d are representative of 3 independent experiments.
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11, 12, 15, 16, and 20. These PBMC harbor proviruses that had
initiated but not elongated viral transcription (Table 1; Fig.
3b). This picture is similar to what we observed previously in
U1 cells and PBMC and represents the lack of the Tat phe-
notype (1). Thus, the failure to recruit P-TEFb to the HIV
LTR by NF-�B or Tat might be responsible for the majority of
proviral latency also in optimally treated individuals.

T-cell activation and/or addition of exogenous Tat protein
activates latent proviruses equivalently in PBL. Given these
patient data, we hypothesized that the introduction of exoge-
nous Tat to these cells should activate the replication of latent
HIV. First, we cocultured representative infected cells with
mitogen-stimulated uninfected PBMC and induced the synthe-
sis of long transcripts within 2 weeks in all samples (Fig. 4c).
Fully infectious virus was recovered from the culture superna-
tants of the four activated samples (Table 1). This finding
agrees with the results of many studies where allogeneic cells
could trigger cellular activation and induce replication of latent
proviruses (32, 40). The various time points for the appearance
of long transcripts could have been due to differences in pro-
viral loads, the number of latently infected cells in the aliquots,
or differences in the reaction of patient cells to allogeneic
stimuli, among others.

Next, we examined the ability of exogenous Tat to duplicate
the induction effect of coculture (Fig. 4d). Because murine
serum did not promote the growth and proliferation of human
PMBC, we could not use the sTat.GFP chimera. Nevertheless,
data from Fig. 3 allowed us to choose the optimal concentra-
tion of the GST.Tat hybrid protein (1.0 �g/ml) with the same
biological activity. Indeed, when this GST.Tat chimera was
added, long transcripts were detected in all samples examined.
Our control mutant GST.Tat (C30G) had no effect (Fig. 3 and
data not shown). Representative results of sample 11 are pre-
sented in Fig. 4d. These results suggest that cellular activation
and/or the addition of exogenous Tat can activate the tran-
scription of latent proviruses in optimally treated infected in-
dividuals.

DISCUSSION

Our study demonstrates that viral persistence in optimally
treated infected individuals can represent absent elongation of
viral transcription. T-cell activation or exogenous Tat protein
activated latent proviruses in their PBMC. In another study,
Tat could also equivalently reactivate viral replication to cel-
lular activation in transformed Jurkat T and THP-1 monocytic
cells (39). The secreted Tat protein expressed from � cells of
the pancreas of sTat.GFP transgenic mice circulated in the
body and penetrated all tissues and organs. It was well toler-
ated with no obvious side effects. These results point to the
possibility of systemic administration of Tat or other recruit-
ment of P-TEFb as an adjunct treatment with HAART to
eliminate the latent reservoir of HIV in humans.

Although it was expected that Tat would cause deleterious
effects, such as apoptosis and/or proliferation of T cells and
somatic cells (41, 46, 57), central nervous system and vascular
abnormalities (2, 30), anergy or immunodeficiency (62), none
were observed in our transgenic mouse. Importantly, although
the abundant expression of many proteins in � cells of the
pancreas from the insulin promoter leads to diabetes mellitus

(4, 48), the sTat.GFP chimera was innocuous. Because Tat can
interact productively with the murine P-TEFb for all other
purposes other than HIV transcription (6, 24, 42) and can
enter murine and human cells equivalently (20, 27, 51), we
conclude that, at these levels, Tat is highly specific for the HIV
LTR.

The transcriptional profiles of PBMC from 20 optimally
treated infected individuals were highly informative. In our
study, only two infected individuals might have harbored com-
pletely silent proviruses. Since using additional real-time PCR
approaches, no differences in any of these profiles were ob-
served, their proviruses were also below the level of detection.
Otherwise, in these two individuals, HIV could have integrated
into silent heterochromatin, where no initiation or elongation
of transcription from the HIV LTR occurs. In a recent study,
this represented a very small number of all integration events
(50). In 9 of 20 samples, we could detect only short viral
transcripts, where viral transcription was initiated but not elon-
gated past TAR. This group represents the lack of Tat or
P-TEFb phenotype. We detected both short and long tran-
scripts in 9 of 20 samples. These levels of viral replication
resemble those in infected individuals not on HAART. They
could also mark the involution of the lymphoid organs, which
would allow activated cells to circulate.

Our study argues that inadequate levels and/or activity of
P-TEFb at the initiating RNAPIIa on the HIV LTR is one of
the mechanisms that contributes to proviral latency in opti-
mally treated infected individuals. A previous study revealed
that the same situation pertains to infected individuals that are
not treated with HAART (1). These observations can be rec-
onciled because most circulating PBMC are not activated and
thus do not contain active NF-�B and do not synthesize Tat.

How does this form of proviral latency develop? NF-�B, Tat,
and P-TEFb are all involved. First, NF-�B is activated only
following cellular activation and/or proliferation (44, 52). Sec-
ond, without transcription, no Tat is made. Third, although
levels of Cdk9 are constant during the cell cycle and during
cellular activation, CycT1 is limiting in resting cells (31). Au-
tophosphorylation of Cdk9 is another important regulatory
step for P-TEFb activity on TAR, i.e., unphosphorylated P-
TEFb is unable to form the tripartite complex with Tat and
TAR (25). In cells, P-TEFb can also form a stable and inactive
500-mDa complex with the small nuclear 7SK RNA in a tran-
scription-dependent manner (45, 61). It is possible that in
resting CD4� T cells, most of P-TEFb is associated with 7SK
RNA, which contains an inactive Cdk9 that is unable to inter-
act with Tat and TAR. Thus, the complex regulation of P-
TEFb could contribute to proviral latency that is established in
the host.

Current approaches for clearing the reservoir use cytokines
to activate latently infected cells. A recent study demonstrated
that a combination of IL-2, IL-6, and tumor necrosis factor
alpha could activate viral replication in these cells in vitro (10).
While this strategy is promising, its application in vivo is lim-
ited because most cytokines cause nonspecific activation of
large numbers of T cells and many infected cells do not display
the appropriate receptors (7). To this end, limited clinical
studies with these agonists have been unsuccessful (11, 21, 38).
However, Tat is a viral protein that is already present in in-
fected individuals. According to our study, at these concentra-
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tions, it is also rather harmless. Additionally, little to no sus-
tained immune response to Tat has been observed in infected
individuals (3). From our data, Tat can activate latent provi-
ruses similarly to cellular activation. Nevertheless, it is possible
that P-TEFb is inactive in many other resting infected cells. To
this end, we created tripartite mutant chimeras between Tat,
CycT1, and Cdk9 that are fully active on the HIV LTR (23).
Moreover, they contain glutamic acid residues in place of C-
terminal serines and threonines in Cdk9 (23). These findings
increase the attractiveness of moving our studies to the
SCID/hu mouse or monkey models of AIDS. In adjunction
with HAART, these approaches might point to a new direction
for the eradiation of the latent reservoir.
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