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The Nef protein is an important virulence factor of primate lenti-
viruses, yet the mechanisms by which it exerts this influence are
imperfectly understood. Here, using an inducible system, we dem-
onstrate that Nef increases IL-2 secretion from T cells stimulated via
CD3 or CD28. This effect requires the conservation of the Nef
myristoylation signal and SH3-binding proline-based motif. To-
gether with several proteins involved in the initiation and propa-
gation of T cell signaling, Nef associates with membrane microdo-
mains known as rafts. The Nef-mediated superinduction of IL-2
reflects the activation of both NFAT and NFkB. Accordingly, Nef
also enhances HIV-1 transcription in response to CD3 or CD28
stimulation. Nef-induced IL-2 hyperresponsiveness is also observed
in primary CD4 lymphocytes. Overall, these data suggest that Nef
acts at the level of rafts to prime T cells for activation. Likely
consequences of this effect are the promotion of HIV-1 replication
and the facilitation of virus spread.

Nef is an early gene of primate lentiviruses that encodes a
factor important for the virulence of both human and

simian immunodeficiency viruses (1–4). To account for this
influence, several biological effects of Nef have been identified,
including the down-regulation of CD4 and MHC-1, the stimu-
lation of virion infectivity, and the alteration of T cell activation
pathways.

Recent experimental evidence suggests that Nef might pro-
mote T cell activation. Transgenic mice (Tg) expressing HIV-1
nef in CD41 T cells and in cells of the macrophageydendritic
lineages developed several AIDS-like pathologies (5). Further-
more, the thymocytes of such mice exhibited a state of hyper-
activation and of anti-CD3 hyperresponsiveness (5, 6). In Jurkat
human T lymphoid cells, the surface expression of a CD8-Nef
chimera resulted in activation and death by apoptosis whereas its
intracytoplasmic accumulation led to a state of apparent anergy
(7). In an IL-2-dependent rhesus-monkey T lymphoid cell line
infected with herpesvirus saimiri, nef-positive simian immuno-
deficiency virus could induce IL-2 production (8). Finally, simian
immunodeficiency virus strains with Nef variants harboring
amino acid sequences that resemble immunoreceptor tyrosine-
based activation motifs could replicate to high levels in periph-
eral blood mononuclear cells without a need for exogenous
stimulation (9). Contrasting with these results, other reports
have suggested that Nef inhibits lymphocyte activation (10–19):
for instance, in Jurkat cell clones stably expressing HIV-1 nef
(10–14) or electroporated with recombinant nonmyristoylated
Nef (15, 16). However, interpretation is complicated by the
possible selection of cells tolerized for Nef (10, 14) or the
improper subcellular localization of nonmyristoylated Nef
(15,16). Two other studies relied on an inducible system, but the
inducing agent was phorbol myristate acetate (PMA), itself a
major modulator of T cell activation (17, 18).

Several molecular interactions constitute putative links be-
tween Nef and signal transduction pathways. A conserved pro-
line-rich repeat in Nef can capture the SH3 domain of the Hck
and Lyn nonreceptor protein tyrosine kinases (20, 21). Nef can
also bind the T cell-specific Lck (17, 22) and frees Lck from CD4
upon triggering CD4 endocytosis (23, 24). Finally, HIV-1 Nef

can recruit a member of the p-21 activated kinase family (25, 26)
as well as another yet unidentified serineythreonine kinase (22,
27), and can associate with the u isoform of protein kinase C (28)
and with Vav (29).

The present study aimed at further investigating the potential
impact of Nef on T cell activation pathways. To avoid possible
artifacts linked to the use of chimeric molecules and to circum-
vent the potential toxicity of Nef in T cells, a conditional
expression system was used. Our results indicate that Nef
associates with membrane microdomains critically involved in
the initiation and propagation of T cell signaling and that it
primes T cells for activation, thereby promoting IL-2 secretion
and viral transcription.

Materials and Methods
Antibodies and Reagents. Anti-CD3 (HIT3A), R-phycoerythrin-
conjugated anti-CD4 or -CD28, and fluorescein isothiocyanate
(FITC)-conjugated anti-CD3 or -MHC-1 monoclonal antibodies
(mAbs) were from PharMingen, CD28-specific mAb (Leu-28)
was from Becton Dickinson, LAT-, Lck-, PLC-g1-, and phos-
photyrosine-specific antibodies were from Upstate Biotechnol-
ogy (Lake Placid, NY), and anti-Fyn, -Src, and -Vav antibodies
were from Transduction Laboratories (Lexington, KY). The
rabbit anti-Nef serum was previously described (30). Phorbol
myristate acetate (PMA) and A23187 were from Calbiochem,
tetracycline was from Sigma, and recombinant human tumor
necrosis factor a was from R & D Systems.

Establishment of Nef-Inducible Cell Lines. cDNAs encoding wild-
type R7 Nef, NefG2A, and Nef(PXX)42 (30) were inserted into
pTet-Splice (D. Schatz, Yale University) to generate pTet-Nef,
pTet-NefG2A, or pTet-Nef(PXX)42 in which nef is placed under the
control of the tetracycline-controlled transactivator-dependent
promoter. The resulting plasmids were electroporated into D4,
a tetracycline-controlled transactivator-expressing Jurkat deriv-
ative (J. Sodroski, Harvard Medical School) (31), together with
a vector expressing the hygromycin B resistance marker. Clones
selected by limiting dilution were maintained in the presence of
200 mg of G418, 150 mg of hygromycin B, and 2 mg of tetracycline
per milliliter. To induce nef expression, cells were cultured
without tetracycline for 5 days. On average, 20% of the clones
exhibited very low levels of Nef in tetracycline and high nef
expression without the drug.

Cell Stimulation and IL-2 Quantification. Aliquots (2.5 3 106) of cells
were treated with 3 mgyml Leu-28 or HIT3A, 50 ngyml PMA, 1
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mgyml A23187, and 10 ngyml tumor necrosis factor a, either
alone or in combinations. Where indicated, anti-CD3 antibodies
were crosslinked by first incubating cells for 30 min at 4°C with
3 mgyml of HIT3A mAb and then transferring them to wells
precoated at 4°C overnight with 10 mgyml goat anti-mouse
antibodies in 35 mM bicarbonatey15 mM carbonate (pH 9.6)
buffer. Sixteen to eighteen hours later, aliquots of supernatants
were assayed for IL-2 by ELISA (R & D Systems).

Detergent-Insoluble Glycolipid-Enriched Microdomain (DIG) Isolation
and Analyses. DIGs were isolated essentially as described (32, 33).
Cells were washed with ice-cold PBS and were lysed by 10 strokes
of Dounce homogenizer in 1.3 ml of hypotonic buffer (10 mM
Triszhydrochloride, pH 7.5y5 mM EDTAy500 mM Na3VO4y10
mM NaFy5 mg/ml aprotininy1 mM phenylmethylsulfonyl f luo-
ride). After centrifugation at 4°C for 10 min, the 1-ml post-
nuclear supernatant was incubated with 1% Triton X-100y150
mM NaCl for 1 h at 4°C, was adjusted to 42.5% wtyvol sucrose
by the addition of 1 ml of 85% sucrose in buffer A (10 mM
Triszhydrochloride, pH 7.5y5 mM EDTAy150 mM NaCly500
mM Na3VO4y10 mM NaF), and was overlaid with 6 ml of 30%
wtyvol and 3.5 ml 5% wtyvol sucrose in buffer A. After centrif-
ugation for 16–18 h at 34,000 rpm in an SW41 rotor (Beckman
Coulter) at 4°C, 1-ml fractions were harvested from the top.
DIGs were recovered from low density fractions 2–5.

Luciferase Assays. pNFAT-Luc (G. Crabtree, Stanford Universi-
ty), pAP-1-Luc, pNFkB-Luc, pHIV-1-Luc, and pHIV-1-kB-
mut.-Luc (K. Jones, Salk Institute) were electroporated into
JNef and control cells grown with or without tetracycline. All
experiments were performed in duplicate transfections, and
inductionsyactivations were carried out on aliquots of a single
pool of transfected cells. Cells were processed by using the
Luciferase Assay System (Promega) 14 h after activation. For
transient Nef expression, D4 cells were electroporated with 5 mg
of luciferase reporter plasmids, 20 mg of Tet-Nef, and 2 mg of
pRL-TK (Promega). Twenty-four hours later, aliquots either
were left unstimulated or were treated with 3 mgyml anti-CD3
andyor CD28 mAb. Cells were processed for luciferase assays
14 h later, normalizing for transfection efficiency by using the
cotransfected Renilla Luciferase activity.

CD4 T Cell Transduction and Stimulation. CD41 T lymphocytes
(.95% purity) were obtained from peripheral blood as de-
scribed (34), were stimulated with 5 mgyml phytohemagglutinin
for 24 h, and were maintained in RPMI containing 10 unitsyml
rIL-2 and 10% FCS. One week later, cells were infected with the
nef-expressing HR-EF1a-Nef (in which Nef is expressed from
the elongation factor-1 a promoter) or a control, VSV G-
pseudotyped, HIV-based vector as described (34, 35). Three
days later, cells were stimulated with anti-CD3yCD28 antibod-
ies, and IL-2 production in the supernatant was measured by
ELISA. An aliquot of the cells was stained with phycoerythrin-
conjugated CD4-specific antibody to monitor CD4 down-
regulation.

Results
Inducible Expression of HIV-1 Nef in Jurkat Human T Lymphoid Cells.
Human T lymphoid Jurkat cells expressing Nef in a controllable
manner were created by using the tetracycline-repressible sys-
tem. JNefc1 and JNefc2 are two clones that express high levels
of HIV-1 Nef only in the absence of tetracycline, at levels
comparable to those observed in Jurkat cells chronically infected
with HIV-1, whereas JNefG2Ac1 and JNefG2Ac2 similarly pro-
duce a nonmyristoylated version of Nef (Fig. 1A). Control clones
were obtained in parallel by transfection with empty vectors. All
clones exhibited comparable cell surface levels of CD3, CD28,

and CD45 (data not shown). Wild-type but not nonmyristoylated
Nef triggered CD4 and MHC-1 down-regulation (Fig. 1B).

Nef Enhances IL-2 Production in Response to CD3 or CD28 Stimulation.
IL-2 production was measured in the supernatant of nef-
expressing and control clones after treatment with various
activating agents under either uninduced (with tetracycline) or
induced (without tetracycline) conditions (Fig. 2). Without
stimulation, no IL-2 was detected, whether Nef was expressed or
not (data not shown), indicating that the viral protein cannot
alone fully trigger the T cell activation cascade. However,
wild-type Nef increased IL-2 production in response to stimu-
lation with CD3- ('5 fold), CD28- ('10 fold), or CD31CD28-
specific ('3 fold) antibodies (Fig. 2 A and B). The CD25, CD69,
and CTLA-4 receptors were present at very low levels in the
absence of stimulation. Upon CD3 and CD28 ligation, the cell
surface levels of all three markers increased; although Nef
significantly enhanced CTLA-4 induction, it did not affect CD25
or CD69 (data not shown). Finally, Nef did not enhance IL-2
production when cells were treated with the protein kinase C
activator PMA and the calcium ionophore A23187, either sep-
arately or in combination (data not shown).

Fig. 1. Characterization of Nef-inducible Jurkat T lymphoid cell lines. (A)
Nef-specific Western blot analysis of indicated cells grown in the presence or
absence of tetracycline for 5 days. Nef levels in nef-induced (1), control (2),
and HIV-1-infected (HIV) Jurkat cells are compared underneath. (B) Cell sur-
face levels of CD4 and MHC-I measured by fluorescence-activated cell sorter
analysis. Result is representative of the two clones tested in each case.
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Nef Myristoylation and Proline-Rich Repeat Are Necessary for IL-2
Superinduction. It was previously suggested that Nef can either
activate or inhibit early T cell signaling events, depending on
whether it is localized at the plasma membrane or in the cytosol
(7). In partial agreement with this proposal, no superinduction
of IL-2 secretion was observed in the supernatant of the JNefG2A
clones (Fig. 2). Nevertheless, these cells responded well to CD3
and CD28 ligation (data not shown), indicating that T cell
activation is not blocked by the cytosolic accumulation of Nef.
As previously described (30), the Nef(PXX)42 variant was about
half as active as the wild type at down-regulating CD4 (not
illustrated). However, it completely failed to induce IL-2
hyperresponsiveness (Fig. 2). The positive effect of Nef on T
cell activation might therefore require the recruitment of
SH3-containing proteins.

Nef Associates with DIGs. Many factors that are key to initiating
and propagating T cell receptor (TCR) signal transduction, such
as Lck and LAT, are concentrated in detergent-insoluble glyco-
lipid-enriched microdomains (DIGs or GEMs) of the plasma
membrane, also called rafts (36). To ask whether the viral
protein is contained in such structures, nef-expressing cells were
lysed in a buffer containing a nonionic detergent, and detergent-
resistant membrane constituents were fractionated by isopycnic
sucrose gradient centrifugation. DIG fractions contained '303
less total protein than detergent-soluble fractions (Fig. 3A).
Fraction samples normalized for protein content were subjected
to Western blotting with various antibodies (Fig. 3B). Lck, Fyn,
and LAT were markedly enriched in DIGs. In contrast, PLC-g1
and Vav were significantly more abundant in detergent-soluble
fractions. Nef was found at about equal concentrations in both
compartments, indicating that it was associated with, yet not
restricted to, DIGs. The protein tyrosine kinase Src exhibited a
similar distribution. A Nef species with a higher apparent
molecular weight, perhaps corresponding to a phosphorylated
form of the protein, was detected only in DIGs. This demon-
strates the validity of our fractionation technique, in addition
to strongly supporting the specificity and functional relevance
of the Nef-DIG association. The latter required the myristoyl-
ation but not the proline-rich motif of Nef (Fig. 3C) and did
not change upon CD3yCD28 stimulation (not shown). Finally,
even in the absence of stimulation, Nef expression was asso-
ciated with the accumulation of tyrosine-phosphorylated pro-
teins in DIGs (Fig. 3D).

Nef Hyperactivates Transcription from the IL-2 Promoter. To exam-
ine whether the Nef effect on IL-2 production was exerted at
a transcriptional level, an IL-2 promoter-luciferase construct
was transfected into JNef or control clones. After stimulation
with CD3-, CD28-, or CD31CD28-specific antibodies, the
IL-2 promoter activity was enhanced 2- to 4-fold in Nef-
producing cells, compared with the control (Fig. 4). Corrob-
orating the observations made on IL-2 secretion, this hyper-
activation was not seen without stimulation or in cells treated
with PMA (data not shown).

NFAT and NFkB Relay Nef-Associated T Cell Hyperactivation. IL-2
promoter activation requires the induction of several transcrip-
tion factors, including NFkB, NFAT, and AP-1 (37). To inves-
tigate which transcription factor(s) was (were) mediating the
positive effect of Nef on IL-2 transcription, reporter plasmids in
which luciferase was expressed from minimal promoters bearing
the NFAT, NFkB, or AP-1 elements were transfected into
nef-inducible or control Jurkat cells. Cells were then stimulated
with CD3- andyor CD28-specific antibodies under uninduced or
induced conditions. Nef production enhanced NFAT and NFkB
transcriptional activities severalfold within the context of CD3 or
CD28 stimulation (Fig. 5 Top and Middle). In contrast, it exerted
only a marginal effect on AP-1-driven transcription (Fig. 5
Bottom), suggesting a relatively lesser impact on the Ras-Raf-
MAPK and c-Jun N-terminal kinase activation pathways. Con-
sistent with the IL-2 analyses, Nef did not change the basal
activities of the various promoters in the absence of stimulation,
indicating that additional signaling events must occur to unveil
its influence (data not shown).

Nef Enhances HIV Promoter Response to Stimulation. The HIV-1
enhancer contains two tandem repeats of the NFkB regulatory
element, which overlap with a binding site for NFATc, a member
of the family of Rel-related components of NFAT (38, 39).
Correspondingly, viral transcription is greatly enhanced by T cell
activation. As predicted from this premise and from the ob-
served effect of Nef on NFkB and NFAT responsiveness, the
viral protein enhanced transcription from an HIV-1 long ter-
minal repeat (LTR)-reporter construct by 2- to 4-fold after CD3
andyor CD28 stimulation (Fig. 6). To ask whether Nef exerted
this influence primarily through NFATc or through NFkB,
advantage was taken of a point mutant of the HIV-1 LTR that
is defective in NFkB binding but can still recruit NFATc (38, 39).
Tumor necrosis factor a induced expression from the wild-type

Fig. 2. Nef enhances IL-2 production in response to CD3 or CD28 stimulation. (A and B) Uninduced (open bars) or induced (solid bars) cells were stimulated with
the indicated antibodies, with crosslinking for CD3. IL-2 concentration in the supernatant was measured by ELISA 16–18 h later. Without stimulation, no IL-2 was
detected (not shown). In C, results are expressed as the ratio of IL-2 values measured in the supernatants of induced vs. uninduced cells. Data are averages from
representative duplicate experiments.
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HIV-1 LTR 6- to 10-fold. This activation was insensitive to
cyclosporin A, a blocker of NFATc activation (40), but abrogated
by the NFkB binding site mutation. Nef failed to synergize
significantly with tumor necrosis factor a to promote transcrip-
tion from the HIV-1 LTR. Although the NFkB LTR mutant was
less responsive than its wild-type counterpart to CD3 or CD28
stimulation, it was still hyperactivated by nef expression (2- to
4-fold). Presumably, this reflected an increase in NFAT activity,
as it was cyclosporin A-sensitive. Conversely, the wild-type
HIV-1 LTR still showed some degree of Nef-associated hyper-
activation in the presence of cyclosporin A, particularly in cells
stimulated via CD28, pointing to the participation of NFkB.
Taken together, these results indicate that Nef can positively
regulate the transcriptional activity of the HIV-1 LTR by
potentiating the dual activation of NFAT and NFkB.

Nef-Induced Hyperactivation of NFAT- and HIV LTR-Driven Transcrip-
tion in Transiently Transfected Cells. To exclude the possibility of
clonal artifacts, D4 Jurkat cells were transiently cotransfected
with NFAT or HIV-1 LTR luciferase reporter plasmids, together
with vectors expressing wild-type or nonmyristoylated Nef (Fig.
7). Confirming the data obtained in stable clones, Nef expression
was associated with the hyperresponsiveness of both promoters
to CD3 or CD28 stimulation, in a myristoylation-dependent
manner.

IL-2 Superinduction in nef-Expressing Primary CD4 T Cells. To validate
our results in primary cells, CD41 T lymphocytes purified from
the peripheral blood were transduced with a control or a
nef-expressing lentiviral vector as described (34, 35). Three days
posttransduction, the cells were stimulated with anti-CD3yCD28
antibodies, and IL-2 production was measured in the superna-
tant (Table 1). Even though only 30% of the cells exposed to the
Nef vector expressed significant levels of the viral protein, as
assessed from the proportion exhibiting CD4 down-regulation
(not illustrated), IL-2 production in the population’s supernatant
was 300% of that released by control cells. Nef therefore induces
IL-2 hyperresponsiveness in primary CD4 T cells, the main
targets of HIV in vivo.

Fig. 3. Myristoylation-dependent association of Nef with DIG microdo-
mains. (A) Equal volumes from the DIG- and Triton X-100 (Tx)-soluble frac-
tions, or diluates from the latter, were subjected to SDSyPAGE. Electrophoresis
was stopped just after the dye front entered the separating gel, and proteins
were revealed by Coomassie blue staining. (B) Equal volumes from DIG- (lane
1) and Tx-soluble (lane 3) fractions, or a 1:30 dilution of the latter (lane 2), were
analyzed by Western blotting with indicated antibodies. Two distinct species
of Nef (arrows) are detected in DIG- but not Tx-soluble fractions. (C) Nef-
specific Western blot analysis of DIG- and Tx-soluble fractions from control
and nef-expressing cells, loading equal amounts of protein in all cases. The
two species of Nef (visible in B) are not clearly separated on this low resolution
gel. (D) Phosphotyrosine-specific Western blot analysis of DIG fractions of
control (2) and nef-expressing (1) cells.

Fig. 4. Nef potentiates IL-2 promoter activation. Cells grown 4 days in tetracy-
cline-free medium were electroporated with an IL-2 promoter luciferase reporter
plasmidandwerekepteitherwith (openbars)orwithout (darkbars) tetracycline.
Forty-eight hours later, aliquots of cells from each group either were left un-
treated or were stimulated as indicated (with crosslinking fora-CD3) for fourteen
hours before measuring luciferase activity. Fold activation represents the ratio of
values in test sample vs. its uninducedyunstimulated control. Data are averages
from representative duplicate experiment, with variability as error bar. Without
stimulation, Nef had no effect (not shown).

Table 1. Nef enhances IL-2 induction in primary CD4 lymphocytes

Control cells Nef-transduced cells

Experiment 1 4,908 pgyml 16,606 pgyml
Experiment 2 5,904 6 173 pgyml* 16,347 6 962 pgyml*

Primary human CD4 T lymphocytes were transduced with the nef-express-
ing HR-EF1a-Nef or with a control lentiviral vector. Three days later, cells were
stimulated with 5 mgyml CD3yCD28-specific antibodies, and IL-2 production in
the supernatant was measured at 22 h by ELISA.
*Quadruplicate measurements.
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Discussion
The present work reveals that the Nef protein of HIV-1 primes
human T lymphocytes for signaling through the CD3 and CD28
receptors, thereby promoting the activation of transcription
factors such as NFAT and NFkB. Enhanced IL-2 secretion and
a stimulation of HIV-1 transcriptional activity ensue, both of
which could partly account for the positive influence exerted by
Nef on viral replication in vivo.

The functional outcome of T cell receptor (TCR) engagement
is normally conditioned by the absence or presence of costimu-
latory signals delivered via accessory molecules such as CD28
(41). Ligation of either the TCR or CD28 alone usually induces
minimal levels of T cell activation or, for the TCR, can even lead
to a state of anergy (42). T cells polarize toward the point of
contact with the antigen-presenting cell, thereby forming a
highly structured synapse (43–45). CD28 costimulation poten-
tiates TCR signaling by recruiting rafts into the immune synapse
(46). Rafts, also known as detergent-insoluble glycolipid-
enriched microdomains (DIGs or GEMs), represent discrete
subdomains of the plasma membrane that concentrate glyco-
phosphatidylinositol-linked proteins, glycosphingolipids, and
mediators of T cell activation, including Lck, Fyn, and LAT (32,
36, 46–48). Correspondingly, DIG integrity is a prerequisite for
efficient TCR signal transduction (49). The association of Nef
with rafts is therefore most likely central to its ability to prime
the T cell for activation and alleviate at least partly the need for
the coordinated ligation of CD3 and CD28.

A proline-based motif governing the SH3-mediated recruit-
ment of some members of the Src family of tyrosine kinases was
essential for Nef-induced IL-2 superinduction. Although it sug-
gests that the binding of Nef to such proteins is key to its action,

one cannot exclude that interactions with other SH3-containing
proteins, for instance, playing the role of adapters, might be

Fig. 5. Nef superinduces NFAT and NFkB activities in response to CD3 or CD28
stimulation. NFAT- (Top), NFkB- (Middle), and AP-1- (Bottom) luciferase plas-
mids were transfected into indicated cells, using a procedure similar to that
described for Fig. 4 (without crosslinking). Without stimulation, Nef had no
effect (not shown). Values are averages of two independent transfections.
Open bars, uninduced cells; solid bar, induced cells.

Fig. 6. Nef enhances HIV-1 promoter responsiveness to CD3 or CD28 stimula-
tion. Wild-type or NF-kB-mutated HIV-1 LTR luciferase plasmids were transfected
into control or Nef-producing Jurkat cells. Other experimental conditions were
the same as for Fig. 4 (without crosslinking). Values are averages of two inde-
pendent transfections. Open bars, uninduced cells; solid bar, induced cells.

Fig. 7. Nef increases NFAT and HIV-1 LTR transcriptional responsiveness in
transiently transfected Jurkat T cells. D4 Jurkat T cells were cotransfected with
NFAT (A) or HIV-1 LTR (B) luciferase plasmids and either an empty vector
(pTet-Splice) or the indicated Nef expression plasmids, plus pRL-TK as an
internal control. Twenty-four hours later, cells either were left unstimulated
or were treated with 3 mgyml anti-CD3 or CD28 antibodies for fourteen hours
and were analyzed for luciferase activity. Ratios of values obtained with vs.
without stimulation are shown, averaging two independent transfections.
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involved. In that respect, it was recently demonstrated that the
Nef PxxP motif binds Vav and that this interaction can lead to
the activation of Vav and its downstream effectors, such as the
c-Jun N-terminal kinase (29). However, our results with an AP-1
reporter construct suggest that the c-Jun N-terminal kinase
pathway may not be the primary target of Nef in human
lymphocytes. Of note, the proline-rich motif of Nef is not
essential for its association with DIG.

Several models, not mutually exclusive, can be proposed to
explain the mechanisms of Nef action. For instance, Nef could
gather the signaling molecules-containing rafts to the vicinity of
the TCR even in the absence of stimulation. Alternatively, Nef
might establish connections between internal components of the
rafts, or recruit additional proteins into rafts, increasing the
chance that these effectors will interact with and perhaps
activate each other. Finally, Nef could directly preactivate some
of the early mediators of T cell activation: for instance, p56lck or
the u isoform of protein kinase C. The accumulation of tyrosine-
phosphorylated proteins in DIGs of nef-expressing cells is com-
patible with all three hypotheses. Our data concur with recent
reports showing that Nef increases T cell activation in a stimulus-
dependent manner (50) and that thymocytes of nef transgenic
mice exhibit a state of hyperactivation and of a-CD3 hyperre-
sponsiveness (5). Our study further indicates that the viral
protein promotes the response of T cells to suboptimal modes of
stimulation and provides leads for understanding the molecular
mechanisms of this phenomenon.

Nef is the most abundant viral protein during the early phase of
HIV gene expression (1, 2), and in certain forms of latency it may
be the only viral gene product made to significant levels (51). The
following model can thus be proposed to integrate our results within
the context of HIV biology. Lowering the threshold necessary for
triggering T cell activation will augment the chance that an infected
cell presents an environment suitable for high level viral gene
expression. In addition, an increased production of IL-2 will further
boost viral transcription through autocrine mechanisms. Finally, the
diffusion of IL-2 in the surrounding milieu will promote viral spread
by augmenting the permissiveness of neighboring T lymphocytes for
the early steps of viral replication. Indeed, resting T lymphocytes do
not support a productive HIV-1 infection in part because reverse
transcription and nuclear import are inefficient in the absence of
activation (52, 53). Remarkably, IL-2 can alleviate this block even
in the absence of cell proliferation (54). Together with the stimu-
lation of viral gene expression, this effect of Nef could thus partly
account for the positive influence exerted by this viral protein in
vivo.
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