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ABSTRACT We report that human immunodeficiency
virus type 1 (HIV-1) has evolved a self-perpetuating mecha-
nism to actively generate cells permissive for productive and
cytopathic infection. Only activated T cells can be productively
infected, which leads to their rapid depletion (2 X 10°/day in
an infected individual). Establishment of productive HIV-1
infection therefore requires continual activations from the
large pool of quiescent T cells. Tat protein, which is secreted
by infected cells, activated uninfected quiescent T cells in vitro
and in vivo. These Tat-activated uninfected cells became highly
permissive for productive HIV-1 infection. Activation of pri-
mary T cells by Tat protein involved integrin receptors and
was associated with activation of mitogen-activated protein
kinases, including ERK1 and JNK kinase. Accordingly, these
primary T cells progressed from Gy to the late G; phase of the
cell cycle.

Human immunodeficiency virus type 1 (HI'V-1) infects T cells
through CD4 and chemokine coreceptors (1), but infection of
quiescent cells is aborted during reverse transcription, produc-
ing an unintegrated partial viral genome with a short half life
(2-4). Most T cells in vivo are quiescent and therefore not
permissive for efficient infection by HIV-1, so the 2 X 10°
permissive T cells in an infected individual that are destroyed
daily by the virus (5, 6) need to be replaced by activated T cells
to sustain a productive infection. Thus, an infected individual
progressively loses the quiescent T cell compartment, which is
replaced by cells displaying activated phenotypes (7). Under-
standing this new facet of HI'V-1 pathogenesis may open new
opportunities for therapeutic interventions.

We hypothesize that HIV-1 encodes a priming factor that
induces permissivity for infection by activating quiescent T
cells to compensate for the continuous destruction of permis-
sive cells by the cytopathic infection of HIV-1. We reported
that lymphocytes treated with Tat protein exhibit signs of cell
activation (8), whereas a fraction of cells undergo apoptosis,
similar to treatment with polyclonal T cell activators such as
anti-CD3 and phytohemagglutinin. Therefore, Tat protein
could be a priming factor. Tat has the following properties that
are compatible with our hypothesis: (i) it is an early viral
protein and its role in HIV-1 infection extends beyond its
transcriptional function (9, 10), (i) it is released from infected
cells and affects functions of uninfected cells in a paracrine
fashion (8, 11-15), and (iiP) it is likely to accumulate locally in
lymphoid tissue where HIV-1 replication is active (16).

MATERIALS AND METHODS

Cell Cultures. Peripheral blood mononuclear cells (PBMCs)
were isolated with Ficoll-Paque (Pharmacia) (8). T cells were
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purified with Uni-Sorb T&B column (GIBCO/BRL). Cells
were cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum. Cells were treated with Tat
for 48 h or 72 h before analysis for CD25 and Fas (CD95). In
antibody blocking experiments, 12 pmol of Tat protein (12
pmol ml~!) was incubated with 5 pg of purified monoclonal
antibody against Tat (Intracel) before addition to cell cultures.
Alternatively, Tat was treated with 1 ml of culture supernatant
of hybridoma cells containing monoclonal anti-Tat antibody or
control supernatant before addition to PBMCs or T cell
culture.

Immunofluorescent Staining. Cells were washed in PBS
containing 1.0% BSA and 0.1% sodium azide (wash buffer).
Cells (1 X 107 cells ml~!) were incubated at 4°C in wash buffer
or wash buffer containing 20 wg ml~! anti-Fas antibody
(PharMingen) for 30 min, washed, and resuspended in 2.5 ug
ml~! phycoerythrin (PE)-conjugated goat anti-mouse IgG
(Coulter), and incubated at 4°C for 30 min. Cells were then
washed and resuspended in PBS containing 1% paraformal-
dehyde and analyzed on a FACScan (Becton Dickinson). In
some experiments, direct immunostaining was carried out by
using 5 ug ml~! PE-conjugated anti-Fas (PharMingen) or
PE-conjugated anti-CD25 antibody 25 pg ml~! (Coulter).

Purification of Tat Protein. Tat protein was purified as
described (17) to >95% homogeneity as determined by HPLC
with a C4 reverse phase column (Vydac). The minor peak of
the HPLC profile, which comprised <5% of total, was found
to represent an oligomeric form of Tat according to amino acid
analysis and Western blot analysis results. Tat concentration
was quantitated with an Automatic Amino Acid Analyzer
(Applied Biosystems). Biological activity of Tat was assayed by
transactivation of the HI'V-1 long terminal repeat (LTR).

Cell Cycle Analysis and cdk Kinase Assay. Cell cycle
analysis was carried out with nonapoptotic cells after staining
cells with propidium iodide (8). Cell nuclear extract prepara-
tion and kinase assays were performed as described (8). For
each assay, 50 ug of cell extract was immunoprecipitated with
1 pg of purified polyclonal antibody against human cyclin E.
Histone H1 was used as the substrate for kinase assays.

Immunoprecipitation and Kinase Assay. Experiments were
performed essentially as described (8, 18). For each assay, 400
pg of cell extract was immunoprecipitated with 4 ug of purified
goat polyclonal antibody against human Erkl (ERK, Santa
Cruz Biotechnology) or Jun N-terminal kinase (JNK; Santa
Cruz Biotechnology). Purified goat IgG was used as control.
Myelin basic protein was used as the substrate for mitogen-
activated protein (MAP) kinase assay, and glutathione S-
transferase—Jun for JNK assay.

Reverse Transcription—-PCR Assay. Total RNA was isolated
by Trizol Reagent (GIBCO/BRL). The first strand of cDNA

Abbreviations: PBMCs, peripheral blood mononuclear cells; JNK, Jun
N-terminal kinase; MAP, mitogen-activated protein; CAT, chloram-
henicol acetyltransferase.
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was synthesized with oligo(dT) primers and Moloney murine
leukemia virus reverse transcriptase (GIBCO/BRL) (19).
PCR amplification was performed with Fas primers (5'-
CACTATTGCTGGAGTCATG-3" and 5'CTGAGTCACT-
AGTAATGTCC-3") or B-actin primers (5'-CATCCTCAC-
CCTGAAGTACC-3’" and 5'-GGTGAGGATCTTCAT-
GAGGT-3") for 30 cycles at 94°C for 15 sec, 60°C for 30 sec,
72°C for 1 min, and 72°C for 5 min using AmpliTaq DNA
polymerase and the 9600 GeneAmp PCR system (Perkin—
Elmer).

Transfection and Chloramphenicol Acetyltransferase
(CAT) Assay. U38 cells and Jurkat cells with stably transfected
HIV-1 LTR CAT were treated with Tat protein for 48 h at
concentrations from 12 to 1200 pmol/ml. Cells were harvested,
and CAT activity was determined.

HIV-1 Infection. Tat protein was added to PBMC or T cells
after they had been cultured for 16 h. Cells were treated with
Tat protein for 24 h, 48 h, 72 h, or 6 days and harvested at the
indicated time points by washing three times with growth
medium, and then infected with HIV-1y143 for 4 h at a
multiplicity of 0.5. Cells were washed with medium three times
before culturing to remove residual free virus. Virus stock was
prepared from supernatants of Jurkat cells transfected with
pNL4-3, which encodes infectious HIV-1np4.3 virus, and
stored at —70°C. Culture supernatants were collected on days
3 and 6 after viral infection. HIV-1 p24 in culture supernatant
was determined by ELISA assay (DuPont).

RESULTS

Tat Protein Activates Primary T Cells in an Antigen-
Independent Way. We first tested whether Tat activates lym-
phocytes in primary cultures of PBMCs and purified T cells
isolated from healthy donors. Fas (CD95) is up-regulated in
activated T cells and mediates activation-induced apoptosis
(15). We determined the effect of Tat on Fas (CD95) expres-
sion by using reverse transcription-PCR and by immunoflu-
orescent analysis. Concentrations of Tat protein used in our
experiments (12-24 pmol ml™') are close to the range of
extracellular Tat demonstrated in vivo (15). Tat treatment
significantly induced expression of Fas (CD95) in T cells (Fig.
1 a—c). As early as 24 h after Tat treatment, this induction was
observed mainly as an increase of Fas (CD95) in cells that were
negative for Fas prior to Tat treatment (Fig. 10). The effects
of extracellular Tat on PBMCs (data not shown) and purified
T cells were similar, suggesting an effect primarily on the T cell
population rather than on monocytes and B cells.

CD25 (interleukin 2 receptor) was also used as an activation
marker, because its expression correlates with T cell’s permis-
sivity for productive infection in vivo (20). CD25 expression
was determined by direct immunofluorescent staining. PBMCs
displayed up-regulation of CD25 after treatment with Tat for
48 h. Purified monoclonal antibody against Tat inhibited CD25
up-regulation (Fig. 1d). Up-regulation of CD25 by 1- to 2-fold
was also observed when purified T cells were treated with Tat.

To test if T cells in vivo can be activated by circulating Tat
protein, we intravenously infused purified human T cells into
athymic nude mice. Tat protein was injected intravenously at
250 ug/kg. As shown in Fig. le, Tat treatment in vivo induced
expression of Fas (CD95) and also of another activation
marker, HLA-DRI1.

Uninfected Primary T Cells Activated by Tat Protein Are
Permissive for Productive HIV-1 Infection. We tested whether
T cells activated by extracellular Tat are permissive for pro-
ductive HIV-1 infection. Quiescent T cells were activated with
Tat protein before viral infection by the T cell-tropic strain,
HIV-1N14-3. As shown in Fig. 2a, Tat-activated T cells became
permissive for productive HI'V-1 infection as measured by p24
antigen in culture supernatants, and cells primed for 72 h were
more permissive than cells treated for 48 h. This priming effect
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F1G.1. Aberrantactivation of primary T cells by Tat protein. (¢ and
b) Fas (CD95) expression on quiescent T cells was induced by Tat
protein. (a) Control T cells; (b) T cells treated with 12 pmol ml~! Tat
for 48 h. ——, Cells were stained with secondary antibody only; —,
cells were stained with anti-Fas followed by secondary antibody. T cells
or PBMCs from nine blood donors were tested in independent
experiments. (¢) Induction of CD95 mRNA by Tat protein. Lanes 1,
3, and 5, mRNA was prepared from untreated T cells; lanes 2, 4, and
6, mRNA was prepared from Tat treated T cells. mRNA was deter-
mined by reverse transcription-PCR. From lanes 5 to 1, and, from
lanes 6 to 2, cDNA was serially diluted. This is one of three indepen-
dent experiments. (d) Up-regulation of CD25 expression on PBMCs
by extracellular Tat. The expression of CD25 on untreated cells as
measured by the mean immunofluorescent intensity was taken as 100,
and CD25 expression on other samples was expressed by comparison
with that of the untreated group. PBMCs were treated with Tat (12
pmol ml~1) for 48 h. T cells or PBMCs from five different donors were
tested. A similar pattern of induction was observed in all experiments,
although there was some variation in the absolute values in samples
from different individuals. Data are mean values from three indepen-
dent experiments. (e) Induction of HLA-DR1 and Fas (CD95) ex-
pression by Tat protein in mice. Data represent average of four
measurements of T cells from two mice in each group. Naive T cells
were purified as described, and were infused into athymic mice. After
16 h, mice were treated with Tat protein (250 ug/kg, i.v.). The control
group received an equal amount of BSA in PBS. T cells were harvested
from peripheral blood after 24 h.

of Tat was inhibited by a monoclonal antibody against Tat or
antiserum to Tat, whereas control antiserum to rev showed no
significant effect (Fig. 2b). These results indicate that permis-
sivity for viral infection was induced specifically by Tat protein.
This priming effect of Tat for HIV-1 infection was also
observed with PBMCs (data not shown).

Induction of permissivity for efficient infection by Tat is due
to activation of T cells rather than by transactivation of the
viral LTR. First, T cells were uninfected during Tat treatment
and so had no LTR. Second, the concentrations of extracel-
lular Tat in these experiments were not sufficiently high to
directly transactivate HIV-1 LTR-driven CAT expression in
cells carrying this construct (data not shown). Furthermore,
uninfected cells were preactivated with Tat protein for 24 h to
6 days, and then Tat was washed away from the culture before
HIV-1 infection experiments.
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Fic. 2. HIV-1 Tat primes quiescent T cells for productive HIV-1
infection (17). (a) Primary T cells were treated with Tat (12 pmol
ml~1) for 48 h or 72 h before infection by HIV-1np4.3. Levels of p24
antigen in the culture supernatant were determined on day 3 after
infection. (b) Antibodies against Tat inhibit productive infection by
HIV-1. A total of 24 pmol of Tat protein (12 pmol ul~!) was incubated
on ice for 20 min with 10 ug of anti-Tat 1 [purified monoclonal IgG1
against HIV-1 Tat (Intracel)], or 5 ul of anti-Tat 2 (anti-serum to Tat),
or 5 ul of anti-serum to rev before addition to cultures. Cells were
primed with Tat protein for 48 h prior to infection. p24 levels in the
culture supernatant were determined on day 3 (w) or 6 () Data in a
and b represent averages of triplicates or duplicates in one of three
independent experiments.
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Activation of Primary T Cells by Tat Protein Involves
Integrin Receptors. We investigated the mechanism underly-
ing Tat-induced activation of lymphocytes starting with the
hypothesis that Tat delivers an activation signal to uninfected
T cells. Two signals are generally required to fully activate T
cells: one is delivered through the T cell receptor, whereas the
other is delivered by accessory molecule-mediated costimula-
tory signals. To test if Tat delivers signals through the T cell
receptor complex, we determined changes in p56'°k after Tat
treatment. No change in phosphorylation of p56'* was de-
tected (data not shown). Another possibility is that Tat may
employ integrins as its receptor because the basic region of Tat
contains an arginine-glycine-aspartic acid (RGD) motif (21).
These integrin receptors have been implicated in the prolif-
eration promoting effect of Tat on Kaposi sarcoma cells (22).
Our experiments showed that monoclonal antibodies against
integrin a3 and «s inhibited Tat-induced up-regulation of
CD25 (Fig. 3a), whereas an antibody to Bs showed no effect.
This result was unexpected because a3 integrin is only present
in moderate quantity on quiescent T cells (23). However, this
result has been confirmed by four independent experiments
performed on four blood donors’ cells. This result suggests a
role of Tat protein at the cell surface in activating T cells. The
role of accessory molecules in mediating Tat action must be
complicated since several accessory pathways, such as B7-
CD28, are present in T cells. Our preliminary data suggest
involvement of the CD28 pathway (unpublished data).

Tat Protein Activates MAP Kinases in Primary T Cells. If
Tat protein indeed delivers an activation signal to T cells, we
would expect activation of signal-transducing kinases by Tat
protein. Several lines of evidence suggest that MAP kinases
mediate the intracellular signaling of integrin activation as well
as T cell activation (24). We determined the effect of Tat
protein on MAP kinase activity. Like phorbol 12-myristate
13-acetate, Tat stimulated MAP kinase (ERK1) both in pri-
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F1G. 3. Activation of T cells by Tat protein is inhibited by antibodies against integrins (@) and is associated with activation of MAP kinase (b).
(a) T cells were incubated with monoclonal antibodies to integrins Bs, a3, or as for 1 h at 37°C. Tat protein (12 pmol/ml) was added. After 48 h,
expression of CD25 was assayed. Data represent average of triplicates in one of four independent experiments. (b) Primary T cells treated with
Tat protein displayed activation of MAP kinase. Lanes: 1, control T cells; 2-4, cells were treated with Tat (24 pmol ml~!) for 2 h (lane 2), 8 h
(lane 3), and 24 h (lane 4), respectively. (c and d) Activation of JNK kinase (c¢) and MAP kinase (d) by Tat protein in Jurkat cells. Lanes: 1, control
cells; 2—4, cells were treated with Tat protein at 12, 24, and 48 pmol ml~1, respectively, for 2 h; 5, control IgG for INK antibody. GST-Jun, glutathione
S-transferase—Jun. (d) Jurkat cells were treated with Tat protein for 0, 10, 30, or 60 min, or with phorbol 12-myristate 13-acetate (PMA) for 30
min, respectively. Arbitrary units represent quantitative analysis of myelin basic protein phosphorylation determined by an imaging densitometer

(model GS-700; Bio-Rad).
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mary T cells (Fig. 3b), PBMC (data not shown), and Jurkat
cells (Fig. 3d), strongly suggesting that extracellular Tat de-
livers an activation signal to T cells. Stimulation of MAP kinase
was observed as early as 10 min after Tat treatment of Jurkat
cells (Fig. 3d). Another member of the MAP kinases, INK
kinase, mediates T cell activation as well as apoptosis (25, 26).
As shown in Fig. 3c, Tat protein induced JNK kinase activity.
The simultaneous activation of JNK kinase and ERKI1 suggests
that Tat activates an upstream kinase in the MAP kinase
signaling cascade. Such upstream kinases have only recently
been identified (27).

Induction of Gy to G; Phase Transition by Tat Protein in
Quiescent T Cells. Because Tat protein activates MAP kinases,
we determined cell cycle progression in naive T cells after Tat
treatment. Tat alone was not sufficient to induce T cell prolifer-
ation, as measured by DNA content after 72-h treatment (Fig. 4b)
and DNA synthesis determined by [*H]thymidine incorporation
assay (data not shown). Failure to induce T cell proliferation by
Tat alone is consistent with the “two-signal” model for T cell
activation (28). Cyclin E-associated cdk activity of Tat-treated
lymphocytes was induced, similar to that of proliferating lym-
phocytes treated with phytohemagglutinin plus human recombi-
nant interleukin 2 (Fig. 4d), indicating that Tat drives cells to the
late G; phase of the cell cycle. This observation suggests that
MAP kinase-mediated G cellular events are sufficient to support
efficient infection by HI'V-1.

DISCUSSION

Here we report that HIV-1 Tat protein activates uninfected
naive T cells and renders them permissive for productive
HIV-1 infection. This nonspecific activation of immune cells
by Tat protein is independent of antigen stimulation. These
results suggest that HIV-1 has evolved a self-perpetuating
mechanism to actively generate cells permissive for productive
and cytopathic infection. This mechanism provides a reliable
way for HIV-1 to compensate for the rapid destruction of
activated permissive lymphocytes during the highly cytopathic
infection. The induction of permissivity for viral infection is
accompanied by MAP kinase activation and G; phase pro-
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F1G. 4. Aberrant activation of lymphocytes by extracellular Tat is
associated with Go to Gy progression but not entry into S phase. (a)
Primary lymphocytes remained quiescent after 72 h in culture. (b)
Cells activated by extracellular Tat did not enter S phase, unlike (c)
cells activated by phytohemagglutinin (PHA-C; Boehringer Mann-
heim). (d) Primary lymphocytes treated with Tat protein for 72 h
displayed activation of cyclin E associated cdk2, a late G; kinase.
Lanes: 1, control cells; 2, cells treated with Tat (24 pmol ml~1); 3, cells
treated with PHA (20 ug ml~1). In a—c, PBMCs were treated with Tat
protein (24 pmol ml~!), or PHA (20 ug ml~!) plus 20 units ml~!
recombinant human interleukin 2 (rIL-2; Boehringer Mannheim) for
72 h. Similar results were observed in purified T cells. In d, PBMCs
were similarly treated as in b and c.
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gression, suggesting that G, cellular events mediated by MAP
kinase are sufficient to support productive infection by HIV-1.

Our results suggest that Tat contributes to CD4 T cell loss
by two mechanisms: recruitment of quiescent T cells into a
reservior that is permissive for productive HIV-1 infection and
destruction by the virus, and the induction of apoptosis in
uninfected cells.

After this work was completed, Ott et al. (29) reported that
intracellular expression of Tat or its second exon in Jurkat cells
up-regulates IL-2 secretion in response to anti-CD3 and
anti-CD28 stimulations, which is consistent with our hypoth-
esis on the importance of Tat protein in T cell pathology in
HIV-1 infection (8).

The in vivo relevance of our hypothesis is supported by our
preliminary in vivo experiment and further by several lines of
indirect evidence. Lymphocytes in HI'V-1-infected individuals
are chronically and aberrantly activated (16), and Fas (CD95)-
positive cells are increased (30). The relevance of Tat to these
in vivo pathological changes is supported by the level of Tat
achievable locally in vivo (15), and by the recent demonstration
of an inverse correlation between p24 antigenemia and anti-
Tat titers in HIV-infected individuals at different stages of
disease progression (31). Our results suggest potential thera-
peutic strategies for HI'V-1 infection by inhibiting extracellular
Tat with neutralizing antibody or drugs, or interfering with
Tat-induced aberrant cell activation events. Tat protein may
serve as a target for potential AIDS vaccine development (10).
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