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The human immunodeficiency virus (HIV) Tat protein has a critical role in viral transcription, but this study
focuses on its additional role as an extracellular effector of lymphocyte cell death. It is well known that Tat
induces tumor necrosis factor-related apoptosis-induced ligand (TRAIL) in peripheral blood mononuclear
cells (PBMC), and we show that the majority of TRAIL is produced by the monocyte subset of PBMC. Human
monocytes and U937 monoblastoid cells did not take up soluble HIV Tat-86, as T cells did, yet produced more
TRAIL than did T cells. TRAIL secretion was induced by Tat and by a cysteine-rich peptide of Tat but not by
sulfhydryl-modified Tat toxoid. Although there was only a slight increase in cell surface expression of TRAIL
on monocytes, sufficient TRAIL was secreted to be toxic for T cells. The cytotoxicity of Tat-stimulated monocyte
medium could be blocked by a TRAIL-neutralizing antibody. T cells treated with Tat did not secrete enough
TRAIL to mediate cell death in our assay. Remarkably, uninfected T cells are more susceptible to TRAIL than
are HIV-infected T cells. The production of TRAIL by Tat-stimulated monocytes provides a mechanism by
which HIV infection can destroy uninfected bystander cells.

The human immunodeficiency virus type 1 (HIV-1) Tat pro-
tein is essential for HIV-1 transcription and replication (11, 19,
55) and also modulates the expression of genes responsible for
cell survival and proliferation (15, 37, 48, 59). Tat is also a
secreted protein that can be detected in sera from HIV-in-
fected individuals (59) and binds to cell surfaces through elec-
trostatic interactions, chemokine receptors, or cell surface in-
tegrins (3, 6, 18). Cells treated with Tat showed increased
expression of chemokine receptors, overproduction of alpha
interferon (IFN-�), and enhanced expression of Fas ligand
(FasL) on monocytes/macrophages that could cause cell death
in cultured peripheral blood mononuclear cells (PBMC) (7, 10,
27, 53, 62). Tat protein can also be taken up by infected and
uninfected PBMC, thus inducing biological effects through an
autocrine/paracrine mechanism (18, 63). Here we show that
Tat is internalized by T cells but not by monocytes. However,
Tat-treated monocytes secrete proapoptotic factors that cause
the death of uninfected bystander T cells.

Most circulating monocytes are in a nonactivated, prediffer-
entiated state on their way to becoming macrophages or den-
dritic cells (1). Activated monocytes mediate host defense
mechanisms by releasing inflammatory mediators, activating
major histocompatibility complex-restricted T lymphocytes
(21, 49), and killing virus-infected cells (12, 29). Activated
monocytes also express several soluble mediators of apoptosis,
including tumor necrosis factor alpha (TNF-�), CD30L, FasL,
4-1BBL, and TNF-related apoptosis-inducing ligand (TRAIL)
(4, 14, 47, 50, 54). HIV infection activates monocyte differen-

tiation either indirectly by inducing IFN-� (62) or directly
through the action of extracellular Tat protein (16, 27, 64).

TRAIL, a member of the TNF superfamily, plays a role in
HIV-mediated cell death (32, 64). TRAIL is expressed in
mouse and human T and B cells, natural killer cells, dendritic
cells, and monocytes (26, 31, 41) and is a potent inducer of
apoptosis in a variety of cell types (23, 28, 30, 42, 51). At least
five receptors for TRAIL have been identified. Two of these,
DR4 (TRAIL-R1) and DR5 (TRAIL-R2), contain a cytoplas-
mic death domain and are capable of transducing an apoptotic
signal. TRAIL-R3, TRAIL-R4, and osteoprotegerin lack func-
tional death domains and serve as decoy receptors to block
TRAIL-mediated apoptosis (24, 56). In addition to the recep-
tor distribution, intracellular regulation is important for deter-
mining the effects of binding soluble TRAIL to cells (23, 34).

This study demonstrates an intracellular and extracellular
increase in TRAIL once monocytes are exposed to HIV Tat or
to a cysteine-rich peptide of Tat. In contrast to monocytes, T
cells secreted relatively little TRAIL upon exposure to Tat.
Remarkably, HIV-infected Jurkat cells and primary CD4�

cells were relatively resistant to TRAIL-mediated killing com-
pared with uninfected cells. Cell death by secreted TRAIL is
one mechanism for the death of uninfected bystander cells that
is observed frequently in vivo after HIV infection (22).

MATERIALS AND METHODS

Reagents. HIV Tat protein, Tat-86, has a C-terminal truncation of 15 amino
acids and was obtained from the National Institutes of Health AIDS Research
and Reference Reagent Program (ARRRP). Antibodies included anti-Tat
(ARRRP no. 705), mouse anti-human immunoglobulin G1 (IgG1; Sigma, St.
Louis, Mo.), polyclonal rabbit anti-TRAIL (H-257; Santa Cruz Biotechnology,
Inc., San Diego, Calif.), and a neutralizing monoclonal anti-TRAIL (N2B2;
eBioscience Co., San Diego, Calif.). Tat was chemically inactivated by carboxym-
ethylation to make Tat toxoid, a molecule with an average of two modified
cysteines, as described previously (35). 7-Amino actinomycin D (7-AAD; Sigma),
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actinomycin D (Sigma), propidium iodide (Sigma), annexin V-fluorescein iso-
thiocyanate (FITC), FITC–anti-human CD4�, and phycoerythrin (PE)–anti-hu-
man CD8� (Pharmingen, San Diego, Calif.) were used for flow cytometry. The
Tat peptides are as follows, with the included amino acid residues indicated in
subscript: Tat1-20 (peptide 1), MEPVDPRLEPWKHPGSQPKT; Tat16-35 (pep-
tide 8), SQPKTACTNCYCKKCCFHCQ; Tat31-50 (peptide 13), CFHCQVCFM
TKALGISYGRK; Tat46-65 (peptide 19), SYGRKKRRQRRRAHQDSQTH;
Tat61-80 (peptide 25), DSQTHQASLSKQPTSQSRGD; and Tat76-95 (peptide
31), QSRGDPTGPKESKKKVERET.

Cells and cell culture. The human leukemia Jurkat T-cell line (clone E6.1;
American Type Culture Collection) and promonocytic U937 cell line (no.
CRL2367; American Type Culture Collection) were cultured in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100
U of penicillin/ml, and 100 �g of streptomycin/ml. Human monocytes were
isolated from the PBMC of healthy donors by adherence to plastic (i.e., they
were incubated for 2 h in T125 flasks in RPMI 1640 medium containing 10%
heat-inactivated AB serum). Fluorescence-activated cell sorter analysis demon-
strated that more than 98% of the cells were CD14�, indicating monocytes of
high purity. CD4� lymphocytes were purified by using negative-selection col-
umns (R&D Systems, Minneapolis, Minn.). The purity of recovered cells was
more than 90%, with no detectable cross-contamination by CD8� cells. CD4�

cells were incubated in RPMI 1640 medium supplemented with 10% heat-
inactivated FCS, 2 mM L-glutamine, 100 U of penicillin/ml, 100 �g of strepto-
mycin/ml, and 50 IU of interleukin-2/ml (RO 23-6019; Hoffmann-La Roche,
Nutley, N.J.).

HIV infection of primary CD4� cells and Jurkat cells. Before infection, cells
were stimulated for 3 days with phytohemagglutinin (PHA; 5 �g/ml) and inter-
leukin-2 (50 IU/ml) in RPMI 1640 medium containing 10% heat-inactivated
FCS, 2 mM glutamine, 100 U of penicillin/ml, and 100 �g of streptomycin/ml. In
preparation for infection, both CD4� cells and Jurkat cells were treated with 20
�g of DEAE-dextran/ml for 30 min at 37°C. HIV IIIB was added to 107 cells at
150 ng of p24gag (approximately 30 to 40 pg of p24 per 50% tissue culture
infective dose). Cells were incubated at 37°C with occasional mixing for 2 h and
then centrifuged and decanted. Cells were cultured for 5 days at 37°C in an
atmosphere of 5% CO2 to establish the infection and were then used for cell
death studies by exposure to Tat-stimulated monocyte (TSM) medium.

Tat uptake into cells. CD4� cells, Jurkat cells, U937 cells, or fresh human
monocytes at 3 � 105 cells/well were incubated with 100 ng of Tat/ml for 0, 30,
60, and 180 min and washed with phosphate-buffered saline (PBS) three times,
and cell lysates were harvested according to the Ne-Per protocol (catalog no.
78833; Pierce Chemicals, Rockford, Ill.). This protocol includes detergent washes
that strip proteins off the cell surface, resulting in some loss of cytoplasmic
content, so most of the observed Tat is nuclear (57). For immunoblotting (see
below), anti-Tat monoclonal antibody (ARRRP no. 705) was used.

Immunoblotting assays. U937 cells or monocytes were stimulated with HIV
Tat (0 to 1,000 ng/ml) for 20 h, and then cell lysates and media were collected.
The stimulation took place in 96-well plates at 37°C with 3 � 105 cells/well in a
volume of 100 �l of RPMI 1640 medium plus 10% FCS. At the end of these

incubations, media were collected and stored at �70°C for later use as TSM
media. The cells were lysed at 4°C in a buffer containing 1% NP-40, 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 0.1% aprotinin, and 1 mM pepstatin A as described previously (13). The
lysate was sonicated for 30 s on maximum setting (Ultrasonic Cleaner; Branson,
Danbury, Conn.) and was centrifuged at 1,000 � g for 10 min at 4°C to pellet
debris. TSM media, Tat-stimulated T-cell media, and cell lysates were analyzed
by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis (SDS–10%
PAGE) using 20 �l of undiluted medium per well or 6 � 104 cell equivalents of
lysate. The separated proteins were transferred to nitrocellulose membranes.
Membranes were sequentially incubated with anti-TRAIL and then with a cor-
responding secondary antibody conjugated with horseradish peroxidase and were
detected with an electrochemiluminescent system (ECL; Amersham Pharmacia
Biotech, Piscataway, N.J.).

Reverse transcription-PCR. Total RNA was extracted from 2 � 106 cells by
using Trizol reagent (Invitrogen, Carlsbad, Calif.), followed by treatment with
RNase-free DNase (Promega, Madison, Wis.). cDNA was synthesized from 1 �g
of RNA by using AMV reverse transcriptase (Promega) as described previously
(60). PCRs were performed using the following primers: for TRAIL, 5�-GACC
CCAATGACGAAGAGAGTATG-3� (forward) and 5�-GTTGCTCAGGAATG
AATGCCC-3� (reverse), and for �-actin, 5�-GGGTCAGAAGGATTCCTAT
G-3� (forward) and 5�-GGTCTCAAACATGATCTGGG-3� (reverse). The
TRAIL PCR cycle conditions were 94°C for 1 min, 55°C for 1 min, and 72°C for
1 min for a total of 35 cycles. The �-actin cycle conditions were 94°C for 45 s,
72°C for 1 min, and 55°C for 45 s for a total of 25 cycles. Samples were resolved
on a 1% agarose gel and visualized with ethidium bromide.

Chromium release assay. Chromium release assays were performed as de-
scribed previously (60, 61). Briefly, monocytes were treated with HIV Tat for
24 h and supernatants and cells were collected for use as effectors. The chromi-
um-labeled target cells were either uninfected or HIV-infected Jurkat cells or
primary human CD4� cells. Target cells were distributed to 96-well U-bottom
plates (Costar, Cambridge, Mass.) at 103 cells/well, and effector monocytes were
added at effector-to-target cell ratios of 6.25:1, 12.5:1, 25:1, and 50:1. Chromium
release assay mixtures were incubated in triplicate for 20 h. The percentage of
specific lysis was determined as follows: 100 � [(experimental release � spon-
taneous release)/(maximum release � spontaneous release)]. Maximum release
was determined by the lysis of targets in 1% Triton X-100, and spontaneous
release was determined by lysis of targets in media without effectors and was
found to be consistently less than 20%. Target cells were not lysed by cell-free
Tat in this assay.

Cell viability and flow cytometry assay. To detect cell surface TRAIL, U937
cells, primary human monocytes, Jurkat cells, or primary human CD4� cells (2
�106 cells) were cultured with or without HIV Tat at 37°C for 24 h and then
incubated with PE-labeled anti-TRAIL (RIK-2; Pharmingen) before a final wash
and fixation in 1% paraformaldehyde–PBS for flow cytometry.

To assay the cytotoxicity of Tat-stimulated monocytes, TSM media were col-
lected from human monocyte cultures that had been exposed to 100 ng of Tat/ml
for 20 h. Uninfected or HIV-infected target cells were incubated with 100 �l of

FIG. 1. HIV Tat enters Jurkat cells but not U937 cells or monocytes. Jurkat cells, U937 cells, and monocytes were exposed to HIV Tat (100
ng/ml) for 0 min (lanes 1, 5, and 10), 30 min (lanes 2, 6, and 11), 1 h (lanes 3, 7, and 12), or 3 h (lanes 4, 8, and 13). After the indicated times,
cells were collected, cell lysates were separated by SDS–10% PAGE, and cell proteins were transferred to nitrocellulose membranes and
immunoblotted with the TR1 murine monoclonal antibody to Tat (57). Lanes 9 and 14 contain recombinant Tat protein.
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TSM medium for 16 to 20 h at 37°C. Cell viability was routinely checked by
trypan blue exclusion. For controls, TSM medium was preincubated with anti-
human IgG1 at a concentration of 20 �g/ml or with anti-TRAIL (N2B2) at a
concentration of 100 ng/ml for 1 h. For flow cytometry for detection of apoptosis,
aliquots of 105 cells were washed and incubated in the dark at 4°C for 20 min in
PBS containing either 5 �l of annexin V-FITC (to detect early apoptosis) or 20
�g of 7-AAD/ml (to detect late apoptosis) (58). Cells were processed according
to the manufacturer’s protocol and fixed in a PBS-bovine serum albumin-NaN3

buffer containing 1% paraformaldehyde. Samples were analyzed 20 min later by
FACScan flow cytometry (36).

RESULTS

HIV Tat is taken up by T cells but not by monocytes. To
demonstrate how HIV Tat influences the activity of mono-
cytes, we exposed cells to HIV Tat protein and visualized its
uptake into monocytes and T cells. Immunoblotting results

indicated that HIV Tat was not internalized in U937 cells or
monocytes, while it appears in Jurkat cells as early as 30 min
after exposure (57) and can still be detected 3 h after the initial
exposure to Tat (Fig. 1).

HIV Tat increases the expression of TRAIL in U937 cells
and human monocytes. Fresh human monocytes or the
promonocytic cell line U937 were stimulated with HIV Tat
protein (0 to 1,000 ng/ml) at 37°C, and lysates were collected
after 20 h. Immunoblotting results showed that HIV Tat in-
creases the expression of TRAIL in a dose-dependent manner,
with 100 ng/ml being the optimum concentration of HIV Tat
(Fig. 2A, part a). At a higher concentration of Tat (1,000
ng/ml), the expression of TRAIL was decreased. The same
results were obtained with U937 cells; however, no Tat stim-
ulation of TRAIL could be detected in fresh human T cells or

FIG. 2. HIV Tat increases TRAIL expression in U937 cells and human monocytes, but Tat toxoid does not. (A) TRAIL expression increases
with increasing doses of Tat protein. Monocytes (a) and CD4� cells (b) were incubated with or without HIV Tat or Tat toxoid (10 to 1,000 ng/ml)
at 37°C for 20 h, and 10 �l of cell lysate (6 � 104 cell equivalents) was separated by SDS–10% PAGE. Cell proteins were transferred to
nitrocellulose membranes and immunoblotted with polyclonal anti-TRAIL (H-257; 1:1,000). Lanes (from left): 1, no HIV Tat protein; 2 to 5, cell
extracts exposed to 10, 50, 100, and 1,000 ng of Tat/ml, respectively. Actin (antibody A-2668; Sigma) was an internal control. Similar results were
obtained with fresh human monocytes and with the U937 cell line. TRAIL production in fresh human T cells or in Jurkat cells was not stimulated
by exposure to Tat. (B) HIV Tat induces the transcription of TRAIL mRNA in U937 cells and monocytes. Total RNA from U937 cells, monocytes,
or CD4� cells was isolated and subjected to reverse transcription-PCR. �-Actin mRNA was amplified over 25 cycles and TRAIL mRNA was
amplified over 35 cycles of PCR. Transcription of control �-actin or TRAIL/APO2L mRNA in U937 cells is shown after 0, 2, 6, 12, or 24 h of
incubation in the presence of HIV Tat (100 ng/ml).
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in Jurkat cells (Fig. 2A, part b). Chemically modified Tat tox-
oid, with an average of two cysteines inactivated per molecule,
was incapable of inducing TRAIL in monocytic cells (Fig. 2A,
part a).

HIV Tat increases TRAIL mRNA transcription in U937 cells
and human monocytes. The transcription of TRAIL mRNA
was rapidly induced within 2 h after the addition of Tat, and
expression was sustained throughout overnight culture (Fig.
2B) in both U937 cells and in freshly isolated human mono-
cytes. Since Tat is easily oxidized, mRNA expression dropped
off after 12 h. In parallel experiments with T cells, TRAIL
mRNA was not detectable.

HIV cysteine-rich peptide is responsible for TRAIL induc-
tion. To identify the portion of Tat responsible for inducing
TRAIL, we synthesized six overlapping peptides covering dif-
ferent portions of Tat. Tat16-35, which contains six of the seven
cysteines of Tat, induced TRAIL expression in monocytes,
while other peptides did not (Fig. 3).

Tat induced little cell surface TRAIL on monocytes. We
used flow cytometry to determine whether HIV Tat induced
the expression of TRAIL on the surface of human monocytes
or U937 cells. Tat treatment for 20 h only slightly increased the
membrane expression of TRAIL in U937 cells and monocytes
in comparison to what was seen with controls (Fig. 4A and B).
Tat did not affect surface expression of TRAIL on Jurkat cells
or on primary CD4� cells (Fig. 4C and D).

Release of soluble TRAIL in the media from U937 cells and
human monocytes upon stimulation with HIV Tat. In activated
human T cells, soluble TRAIL was released into the media in
the form of micelles (43). We tested whether HIV Tat stimu-
lation resulted in the majority of TRAIL being released from
monocytes or T cells. Using a Western blotting assay, we
clearly showed that Tat stimulation resulted in the appearance
of TRAIL in the media from U937 cell (Fig. 5A) or human
monocyte cultures (Fig. 5B). T cells did not release sufficient
TRAIL after 20 h as detected by Western blotting or the
cytotoxicity assay (Fig. 5C).

By comparing commercially available TRAIL protein with
Tat-induced TRAIL in extracts, we estimated that our Western
blots detected as little as 10 ng of TRAIL. Thus, in the weakest
bands of our Western blots, we saw approximately 10 ng of
TRAIL per 20 �l of medium or per cell lysate (6 � 104 cell
equivalents), and in the strongest bands, we saw approximately
200 ng of TRAIL per 6 � 104 cell equivalents. At 20 h after Tat
exposure, a little more TRAIL was found intracellularly than
was found extracellularly (per cell) in the secreted form.

Uninfected T cells are more susceptible to TRAIL-mediated
cell death than are HIV-infected T cells. Initially, we used a
20-h 51Cr release assay to check the cytotoxicity of monocyte-
associated TRAIL on Jurkat and primary CD4� T cells (Fig.
6A and B). Cell-associated TRAIL has low cytotoxicity against
these T-cell targets. At the same time, both uninfected and
infected Jurkat and CD4� cells were cultured with medium
from monocytes that had been stimulated with 100 ng of Tat
protein/ml (i.e., TSM medium). TSM medium caused signifi-
cant cytotoxicity, approximately two- to threefold over the
maximum cytotoxicity observed in the presence of Tat-treated
monocytes (Fig. 6C). The cytotoxicity of TSM medium could
be neutralized by anti-TRAIL monoclonal antibody but not by
anti-human IgG1. This indicates that soluble TRAIL is re-

leased from Tat-stimulated monocytes. Evidence that target T
cells underwent apoptosis was obtained by both annexin V
staining for early apoptotic surface changes and by 7-AAD
staining for later apoptotic DNA fragmentation. Figure 7
clearly shows that HIV TSM medium induced apoptosis in
Jurkat cells and primary CD4� T cells. This apoptosis de-
creased when TSM medium was preincubated with anti-
TRAIL (N2B2). Jurkat cells and CD4� cells infected with
HIV-1 IIIB were exposed to TSM medium at 5 days after
infection. Compared with uninfected cells, HIV-infected Jur-
kat cells and HIV-infected CD4� cells were relatively resistant
to the apoptotic effects of TSM medium (Fig. 6C and 7).

FIG. 3. The cysteine-rich region of Tat is responsible for inducing
monocytes to express TRAIL. Peptides Tat1-20 (peptide 1), Tat16-35
(peptide 8), Tat31-50 (peptide 13), Tat46-65 (peptide 19), Tat61-80 (pep-
tide 25), and Tat76-95 (peptide 31) at concentrations of 0 to 1,000 ng/ml
were incubated with monocytes at 37°C for 20 h, and then 10 �l of cell
lysate was separated by SDS–10% PAGE. Cell proteins were trans-
ferred to nitrocellulose membranes and immunoblotted with poly-
clonal anti-TRAIL (H-257; 1:1,000) as described in Materials and
Methods.
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DISCUSSION

Extracellular HIV Tat has multiple effects on human mono-
cytes, including upregulation of cytokine expression, upregu-
lation of HIV coreceptor expression, promotion of chemotaxis,
and promotion of microvascular invasion (19). We demon-
strated that TRAIL expression by monocytes far exceeds
TRAIL expression by T cells after a brief exposure to Tat. Fifty
nanograms (or 5 nM) of Tat/ml initiates TRAIL production,
which is within range of the 1 ng/ml found in HIV-infected sera
(59), especially considering that Tat effects are more likely to
occur in solid tissues than in circulation. Exposure to Tat only
slightly increases membrane-bound TRAIL expression but sig-
nificantly increases de novo transcription and secretion of
TRAIL. The secreted TRAIL is highly toxic to uninfected T
cells.

The mechanism by which Tat induces monocyte TRAIL
expression is not known. HIV Tat functions as a transcriptional
activator when it arrives in the cell nucleus, so we first asked
whether HIV Tat is taken up by monocytes. In contrast to
previously reported results with T cells (57), Tat uptake could
not be demonstrated with U937 cells or monocytes. Either very
small amounts of intracellular Tat are required to induce
TRAIL or Tat can induce TRAIL expression via extracellular
signal transduction. Several previous studies have pointed to
the role of Tat in signal transduction. The basic domain of Tat
has homology with heparin-binding growth factors such as vas-
cular endothelial growth factor, and Tat can use the vascular
endothelial growth factor signaling pathways by its specific
binding to cognate receptors (44). In addition, a classical RGD
integrin-binding domain that can activate � integrins and bind

to extracellular matrix proteins is found in the N terminus of
Tat (6, 8, 66).

Recently, Martinez-Lorenzo et al. (42, 43) reported that
bioactive TRAIL is released in the form of microvesicles from
Jurkat cells. This group also observed that TRAIL-containing
vesicles were released into media after PHA stimulation of
PBMC (43, 46). More recently, Liabakk et al. (38) demon-
strated soluble TRAIL in both human serum and plasma sam-
ples as well as in media from PHA-stimulated PBMC. Here we
show that after stimulation with HIV Tat protein, human
monocytes upregulate TRAIL mRNA within 2 h and release
the soluble form of TRAIL into the medium. TRAIL can be
released from the cell surface by shedding, which involves
cleavage by cysteine proteases such as E64 and leupeptin (41),
but not by metalloproteases as is the case for TNF-� and FasL
(33). TRAIL is more similar to TNF in that both membrane-
bound and soluble forms are biologically active, and it is dis-
similar to FasL in that membrane-bound FasL is much more
active than soluble FasL (sFasL) (52). We report here that
TRAIL released from Tat-stimulated monocytes is the major
cytotoxic agent responsible for killing T cells, since T cells
treated with Tat for the same amount of time did not upregu-

FIG. 4. HIV Tat only slightly increases membrane-associated
TRAIL expression in U937 cells and monocytes. U937 cells (A), hu-
man monocytes (B), Jurkat cells (C), and primary CD4� cells (D) were
stimulated with HIV Tat (100 ng/ml) for 20 h, stained with PE-conju-
gated mouse anti-human TRAIL or mouse IgG1 control monoclonal
antibody as described in Materials and Methods, and then subjected to
flow cytometry. The histograms shown are representative of three
independent experiments.

FIG. 5. HIV Tat increases secretion of soluble TRAIL in media of
U937 cells and monocytes. For this experiment, 3 � 106 U937 cells
(A), human monocytes (B), and CD4� cells (C) in 100 �l of medium
were incubated with or without HIV Tat (10 to 1,000 ng/ml) at 37°C for
20 h, and then 20 �l of cell medium was separated by SDS–10%
PAGE. Proteins were transferred to nitrocellulose membrane and
incubated with polyclonal anti-TRAIL (H-257; 1:1,000). Lanes (from
left), 1, no HIV Tat protein; 2 to 5, extracellular media exposed to 10
to 1,000 ng of Tat/ml. TRAIL secretion could not be detected from
T-lymphocyte cultures after 20 h.
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late any detectable TRAIL mRNA or produce enough TRAIL
to be detected by our immunoblotting or cytotoxicity assays.

Using flow cytometry, Zhang et al. (64) showed that HIV
Tat upregulated TRAIL on the surface of monocyte-derived
macrophages. In this study, we employed promonocytic U937
cells and human monocytes, but we failed to find a significant
increase in cell surface TRAIL in these cells after Tat stimu-
lation. Within the 24-h assay, we saw no cell surface increase in
T-cell TRAIL. The monocyte-derived macrophages are less
frequently found in circulating blood than the monocytes used
in our work, and hence, our findings with fresh monocytes are
more relevant to normal human PBMC.

To determine which portion of Tat was responsible for in-
ducing TRAIL, we used overlapping synthetic peptides from
all regions of Tat. Only one peptide, Tat16-35, containing six of
the seven cysteines in Tat, was capable of inducing monocyte
TRAIL. TRAIL induction required 50 ng (about 20 nM) of
peptide/ml, so full-length Tat (inducing TRAIL at 5 nM) is at
least fourfold more potent than peptide. Others have reported
that a cysteine-rich peptide (Tat21-40, containing all seven cys-
teines) activated NF-�B and mediated transcriptional transac-
tivation (9). Peptide Tat16-35 can induce TRAIL (this study)
and can activate NF-�B but cannot mediate transcriptional
transactivation (I. Tikhonov, unpublished results). Others have
shown that Tat24-51, containing the same six cysteines, binds to
monocytes and enhances chemotaxis (3). Thus, the cysteine-
rich peptide we used is sufficient to induce TRAIL, and by
extrapolation from the data of others (5), it can also induce
NF-�B, a common transcription factor in monocyte activation.
Although monocyte activation results in a cascade of events,
we focused on the one factor, TRAIL, that has an overriding
toxic effect on bystander T cells.

The predominant view of the role of apoptosis in AIDS is
that uninfected bystander cells are depleted and that this con-
tributes to immunodeficiency (17, 22, 25, 56). Bystander de-
pletion is most apparent in lymphoid tissues, where in situ
assays for apoptosis have revealed a substantial level of cell
death that was not related directly to productive infection (17).
A recent study of SCID mice transplanted with PBMC from
HIV-infected humans also revealed a great deal more cell
death in uninfected than in HIV-infected cells (45). In the
murine study, splenocyte death could be inhibited by adminis-
tering anti-TRAIL, thereby indicating that TRAIL is an im-
portant effector of cell death in vivo. In contrast to our results,
that study demonstrated a prominent role for T-cell-associated
TRAIL by showing dying cells juxtaposed to cells that stained
positively for TRAIL as well as for CD3 or CD4. A possible
explanation for this difference is that we are describing short-
term TRAIL induction, whereas the murine results occurred 2
weeks after exposure to infected PBMC. It has long been
known that T cells make TRAIL (28, 41–43, 56) and, especially
in the environment of the spleen, may be important effectors of
TRAIL-mediated apoptosis.

We have shown that TRAIL is more toxic for uninfected

FIG. 6. (A and B) Tat induces cytotoxic activity in monocytes.
Human monocytes (effectors) were stimulated with 100 ng of Tat/ml
for 24 h and then incubated with chromium-labeled targets, Jurkat
(A) or CD4� (B) cells, for a 20-h 51Cr-release assay. The percentage of
specific lysis was observed at several effector-to-target cell (E:T) ratios.
The data represent means 	 standard errors of the means (SEM) from
three independent experiments, each carried out in triplicate. (C) HIV
Tat-stimulated human monocytes release functional soluble TRAIL.
TSM medium was tested for cytotoxic activity against uninfected Jur-
kat cells, uninfected primary CD4� cells, HIV-infected Jurkat cells, or
infected CD4� cells. These target cells were 51Cr-labeled and then
incubated for 16 h with medium alone, 100 �l of TSM medium, TSM

medium preincubated with anti-TRAIL (N2B2; 100 ng/ml), or TSM
medium preincubated with anti-mouse IgG1 (20 �g/ml). Bars repre-
sent means 	 SEM from three independent experiments, each carried
out in triplicate.
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cells than for infected cells, thereby providing a molecular basis
for observations of bystander cell death. We have not yet
identified a mechanism for the differential sensitivity to
TRAIL, although in another system, it has been shown that B
lymphocytes acquired resistance to TRAIL by downregulating
receptors TRAIL-R1 and TRAIL-R2 (40). Since infected Ju-
rkat cells have higher levels of TRAIL receptors than do un-
infected cells (39), TRAIL resistance is more likely due to
alteration of intracellular signaling. The resistance of mono-
cytes to HIV- and Tat-mediated apoptosis has been attributed
to upregulation of Bcl-2, a known intracellular inhibitor of
apoptosis (2, 65; Y.Yang, unpublished data). Others have
shown that Jurkat cells stably transfected with HIV-tat are less
susceptible to TRAIL-mediated cell death than are untrans-
fected cells (20). Unfortunately, the process of making stably
transfected cells often selects for cell death resistance that
might alter the outcome. Nevertheless, our comparisons of
HIV-infected and noninfected cell cultures are similar to the

results with transfected cells. Our results confirm that HIV-
infected cells are relatively resistant to TRAIL-mediated cell
death, a mechanism that might contribute to viral persistence
or establishment of the latent reservoir.

This study focused on CD4� cell death because it represents
a large proportion of the cell death in AIDS. However, it will
be interesting in future studies to determine whether TRAIL
mediates any selective depletion of CD8� T cells, since they
play a critical role in AIDS pathogenesis.

In summary, we described the rapid induction and secretion
of TRAIL in HIV Tat-stimulated monocytes, and its ability to
selectively eliminate uninfected T cells. This finding provides
important insight into the mechanism of lymphocyte cell death
during HIV infection.
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