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We have analyzed CD4-mediated signaling during the early stages of human immunodeficiency virus type 1
(HIV-1) infection. Binding of purified HIV-1 virions or recombinant HIV-1 glycoprotein gp120 to CD4 recep-
tors resulted in association and tyrosine phosphorylation and activation of tyrosine kinase Lck and serine/
threonine kinase Raf-1. The association between Lck and Raf-1 was mediated by stimulation of the CD4
receptors, since it was abolished by preincubation of the virus with soluble CD4 and was not detected in
CD4-negative A201 T cells. However, the Lck—Raf-1 association was restored in A201 cells permanently
transfected with human CD4 cDNA and stimulated with anti-CD4 antibodies. In addition, a catalytically active
Lck was required for the association of Lck and Raf-1. Surprisingly, the CD4-mediated signaling, induced by
the HIV-1 binding, did not result in stimulation of the Ras GTP-binding activity or its association with Raf-1,
indicating that the signaling pathway generated by the HIV-1 binding is not identical to the classical Ras/Raf-1
pathway. Furthermore, overexpression of activated Raf-1 in Jurkat T cells stimulated the HIV long terminal
repeat promoter activity and significantly enhanced HIV-1 replication. This suggests that the Lck—Raf-1
pathway, rapidly stimulated by the binding of HIV-1 or gp120 to CD4 receptors, may play an essential role in

the transcriptional activation of the integrated HIV-1 provirus as well as in its pathogenicity.

The CD4 antigen is an integral membrane protein expressed
predominantly on the surface of helper T lymphocytes. It
serves as an adhesion molecule that stabilizes the major histo-
compatibility class II-T-cell receptor complex interaction (23,
33). In addition, by its association with the protein tyrosine
kinase p56'* (65, 81), CD4 provides costimulatory signals for
T-cell receptor-mediated activation. CD4 has also been re-
cently identified as a receptor for interleukin-16 (IL-16) (20),
which suggests that it may also activate and transmit signals
independently of the T-cell receptor. Thus, CD4, a primary
receptor for the human immunodeficiency virus (HIV) (22, 46,
54), has the potential to affect cellular signaling upon binding
of HIV-1.

The cytoplasmic domain of CD4 plays a critical role during
early stages of HIV-1 infection in T cells, although it is not
necessary for binding and subsequent internalization of the
HIV-1 virions (7). A significant delay in HIV-1 replication has
been demonstrated in cells expressing a truncated cytoplasmic
domain of CD4 that resulted from the inability of the receptor
to associate with p56/* and to stimulate the nuclear expression
of NF-kB (79). These results implicate CD4-associated ty-
rosine kinase Lck in the transduction of signals that may target
T-cell-specific transcription factors and subsequently the ex-
pression of cellular genes. Although stimulation of the Lck
activity by HIV-1/gp120 binding is well documented (38, 73,
88), other studies argue against HIV-1/gp120-induced signal-
ing (39, 45). Therefore, the molecular mechanisms of the CD4-
Lck-mediated signaling and its role in HIV-1 pathogenesis
need further clarification.

The mechanism by which Lck generates intracellular signals
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upon HIV binding remains unclear. Lck has the potential to
interact through its src homology-2 (SH2) and SH3 domains
with various downstream target proteins including LckBP1
(78), phospholipase Cy (82), mitogen-activated protein kinase
(26), ZAP-70 (16), phosphatidylinositol 3- and 4-kinases (63),
p95"® (36), and Ras GAP (3). In addition, some proteins
encoded by viruses infecting T cells, such as herpesvirus saimiri
Tip protein (43) or HIV-1 accessory protein Nef (18), bind to
Lck. However, little is known about cellular proteins which
associate with and are activated by Lck in response to HIV-1
binding to CD4 receptors. One of them, the phosphatidylino-
sitol 3-kinase, associates with Lck and becomes activated in
response to HIV-1 envelope gp120 binding (63).

Activation of Raf-1 kinase has been implicated in the sig-
naling pathways connecting the upstream receptor and nonre-
ceptor tyrosine kinases to downstream serine/threonine ki-
nases. At least three modes of Raf-1 activation have been
characterized. First, Raf-1 can be activated by the receptor
tyrosine kinases as a result of activation of Ras through adap-
tor protein-guanine nucleotide exchange factor complexes (14,
53, 74). Activated, GTP-bound Ras recruits Raf-1 to the
plasma membrane (51, 75), where Raf-1 becomes fully acti-
vated, possibly by phosphorylation on tyrosine (27, 51, 55, 86).
Second, certain isoforms of protein kinase C can activate Raf-1
by direct phosphorylation on serine (15, 47). Third, the non-
receptor tyrosine kinases (27), as well as receptor tyrosine
kinases (40), can activate Raf-1 through mechanisms that do
not involve Ras activation. Thus, the signals generated by the
stimulation of the classical Ras/Raf pathway may not neces-
sarily be identical to signals generated by Raf-1 in the absence
of Ras activation (24, 85).

Activated Raf-1 triggers a kinase cascade by phosphorylating
a dual-specificity threonine/tyrosine kinase Mek (mitogen-ac-
tivated protein kinase kinase), which then phosphorylates mi-
togen-activated protein kinase/ERK (41). This pathway leads
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to the induction of AP-1 activity by stimulating transcription of
the c-fos gene and by phosphorylating the c-Jun protein (72).
Raf-1 is also an important component of signal transduction
pathways that lead to the activation of the NF-kB/Rel family of
transcription factors (29).

We and others have shown that NF-kB plays a dominant
role in the activation of both Tat-independent (2, 61, 62, 77)
and Tat-dependent HIV-1 gene expression (2, 77). In addition,
an NF-kB-binding motif in the HIV-1 long terminal repeat
(LTR) has been identified as a Raf-1-responsive element (13,
31). These results suggest a direct link between activation of
Raf-1 and transcriptional stimulation of the HIV-1 promoter.
Activation of promoters of the cytokine genes expressed in
HIV-1-infected T cells requires cooperation of several induc-
ible transcription factors including NF-AT, AP-1, and NF-«B.
While AP-1 and NF-«kB are expressed by many cell types (3,
52), the NF-AT complex is specifically expressed in lympho-
cytes (19), and its assembly requires the presence of AP-1 (42,
58). Induction of NF-«kB (7) and AP-1 (17) has been demon-
strated in cells infected with HIV-1 and stimulated with HIV-1
envelope gp160, respectively. This may result in the aberrant
cytokine expression observed in AIDS (21). Accordingly, the
interaction of the HIV-1 gp120 with CD4 receptors was shown
to induce IL-6 and IL-10, gamma interferon, tumor necrosis
factor alpha, and upregulated expression of the Fas antigen (9,
59, 60). Therefore, the activation or alteration of the signaling
pathway by binding of HIV-1/gp120 to CD4 receptors may
have important consequences for the HIV-1-induced pathoge-
nicity (6, 28, 30, 83).

In this report, we demonstrate that binding of HIV-1 or its
envelope gp120 to CD4 receptors activates Lck and Raf-1 and
induces their association through a Ras-independent pathway.

MATERIALS AND METHODS

Antibodies and reagents. Recombinant HIV-1 gp120 produced in a baculovi-
rus expression system and rabbit anti-gp120 polyclonal antibodies were pur-
chased from Intracel Corp. (Cambridge, Mass.). Mouse monoclonal anti-human
CD4 (Q4120) and anti-human immunoglobulin G-peroxidase conjugate were
from Sigma Immunochemicals. Anti-mouse and anti-rabbit immunoglobulin per-
oxidase antibodies and the enhanced chemiluminescence (ECL) kit were ob-
tained from Amersham Life Science. Protein A/G Plus-Agarose and anti-Ras
antibodies (Y13-238 and Y13-259) were obtained from Oncogene Science.
Mouse monoclonal antiphosphotyrosine antibody PY20 was from Transduction
Laboratories. The following antibodies were purchased from Santa Cruz Bio-
technology: C-12, a rabbit polyclonal antibody raised against a peptide corre-
sponding to the 12 carboxy-terminal amino acid residues of Raf-1; Lck (3A5), a
mouse monoclonal antibody raised against a peptide corresponding to amino
acid residues 1 to 222 of human Lck; and Lck (CT), rabbit polyclonal antibodies
raised against a peptide corresponding to amino acids 476 to 505 within the
carboxy-terminal domain of human Lck and antibodies against amino-terminal
epitope of Sos (Sos1/2). A peptide substrate for Raf-1, Syntide-2 (PLARTLSV
AGLPGKK), was also purchased from Santa Cruz Biotechnology.

Plasmids, transfections, and CAT activity assay. HIV LTR CAT plasmid
contains the U3 and R region of the LTR from HIV-1 HXB2 inserted upstream
of the bacterial chloramphenicol acetyltransferase (CAT) gene. The HIV kBmt
CAT plasmid contains point mutations (GGG—CTC) in both NF-«B sites of the
HIV LTR. The HIV AP-1mt CAT contains the Ndel-XhoI-Sall polylinker sub-
stituting for a deletion from —453 to —328. All these plasmids were obtained
from J. C. Alwine (University of Pennsylvania) and were described previously
(89). Plasmid Raf-BXB expressing the kinase domain of Raf-1 (CR3) was ob-
tained from U. R. Rapp (National Cancer Institute, Frederick, Md.) (12). Plas-
mid pLNC:hrafER was obtained from M. McMahon (DNAX, Palo Alto, Calif.).
Human CD4-expressing plasmids were obtained from J. Skowronski (Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.) (67). Jurkat cells were
transfected by electroporation, cellular extracts were prepared 24 h after elec-
troporation, and CAT activity was assayed as described previously (35).

Cell lines. Jurkat T cells, clone E6-1 (ATCC TIB-152), JCaM1.6 (ATCC
CRL-2063), and A201 and A201.CD4 (obtained from K.-T. Jeang, National
Institutes of Health) were maintained in RPMI 1640 (Gibco BRL) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and gentamicin (50
ng/ml). The cells were cultured to a density of 0.5 X 10° to 1.0 X 10° cells per
ml. Jurkat cell lines, JLNRaf, expressing activated Raf-1 were constructed by
transduction of Jurkat cells with a murine replication-defective retroviral vector,
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pLNCX, containing a fusion gene of the Raf-1 (CR3) kinase domain and a
human estrogen receptor (hER). pLNC:hrafER was described previously (68).
Transduced cells were selected in the presence of G418 (1 mg/ml) and used as a
pool in experiments. In addition, four clones expressing an enhanced level of
Raf-1 were selected by a limiting-dilution method.

Viral stock and infection. An infectious viral stock of the NL4-3 clone of
HIV-1 (1) was prepared by transfecting plasmid DNA into Jurkat cells by elec-
troporation. Culture supernatants from infected cells, collected on day 7 after
electroporation, were clarified by low-speed centrifugation and filtration through
a 0.45-pm-pore-size filter. Virus was then pelleted by ultracentrifugation through
a cushion of sucrose buffer (20% sucrose, 20 mM Tris [pH 7.4], 100 mM NaCl).
The pelleted virus was resuspended in 500 pl of ice-cold RPMI-0.5% FBS and
used immediately or kept frozen at —135°C until use. The virus titer was mon-
itored by the reverse transcriptase activity assay (77) and the infectivity titer,
based on the 50% tissue culture infectious dose, was assessed by a terminal-
dilution microassay on C8166 cells. End point titers were determined by the
observation of the virus-induced cytopathic effect. The 50% tissue culture infec-
tious dose was calculated by the method of Reed and Muench (25). For infection,
aliquots of 2 X 107 Jurkat cells in 1 ml of ice-cold RPMI-0.5% FBS were
incubated for 1 h on ice with purified NL4-3 virus at a multiplicity of infection
(MOI) of 0.5. After virus adsorption, the cells were incubated at 37°C for various
times and then cooled on ice, washed with excess ice-cold phosphate-buffered
saline, and collected by centrifugation.

Cross-linking of CD4 receptors by HIV-1 gp120. The cells were harvested,
resuspended in ice-cold RPMI-0.5% FBS (2 X 107 cells per ml), and treated for
1 h at 4°C with recombinant HIV-1 gp120 (Intracel) at 20 pwg/ml (63). The cells
were washed once with excess ice-cold RPMI-0.5% FBS, treated with rabbit
anti-gp120 polyclonal antibody (20 wg/ml) for 30 min at 4°C, and then incubated
at 37°C for the indicated times.

Immunoprecipitation and Western blotting. Cell aliquots (2 X 107 cells) were
solubilized in 1 ml of 1% Triton X-100 lysis buffer containing 50 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.4), 100 mM
NaCl, 10% glycerol, 5 mM MgCl,, and 1 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA) supplemented with the protease in-
hibitors phenylmethylsulfonyl fluoride (1 mM), leupeptin (10 wg/ml), aprotinin
(10 pwg/ml), and soybean trypsin inhibitor (10 wg/ml) and the phosphatase inhib-
itors sodium orthovanadate (1 mM), sodium fluoride (25 mM), and B-glycero-
phosphate (20 mM). The lysates were clarified by centrifugation at 14,000 X g,
and the supernatants were precleared for 1 h at 4°C with 50 pl of protein A/G
Plus-Agarose (1:1) suspension. Protein concentrations of the precleared lysates
were determined with the Pierce bicinchoninic acid protein assay kit. Cellular
lysates (0.5 to 1 mg of protein) were incubated overnight at 4°C with 1 to 2 ug
of appropriate antibodies and 50 wl of protein A/G Plus-Agarose. Immunopre-
cipitated complexes were washed five times with 1 ml of ice-cold 0.1% Triton
X-100 lysis buffer, resuspended in 2X reducing sodium dodecyl sulfate (SDS)
sample buffer, and boiled for 5 min. The proteins were resolved by SDS-PAGE
(7.5 to 12.5% polyacrylamide), transferred to a nitrocellulose membrane, and
probed with specific antibody. Bound antibodies were detected with the ECL
system, using a secondary horseradish peroxidase-conjugated antibody. The
Western blots (immunoblots) were reprobed with other antibodies as specified
by the manufacturer (Amersham). For reprecipitation experiments, the immu-
noprecipitated proteins were released from protein A/G Plus-Agarose beads by
boiling for 5 min in 50 pl of washing buffer supplemented with 2% SDS and 5%
2-mercaptoethanol, 1 ml of ice-cold lysis buffer was added to each tube, and,
after centrifugation, supernatants were subjected to a new round of immuno-
precipitation. Protein A/G Plus-Agarose-bound complexes were washed as de-
scribed above and boiled in Laemmli reducing sample buffer, and proteins were
resolved by SDS-PAGE and probed with specific antibodies.

Raf-1 immunocomplex kinase assay. Protein A/G Plus-Agarose-Raf-1 im-
mune complexes, prepared as described above, were washed three times in lysis
buffer, twice in washing buffer [10 mM piperazine-N,N'-bis(2-ethanesulfonic
acid) (PIPES; pH 7.0), 0.1 M NaCl, 0.5% Nonidet P-40], and once in kinase
buffer (10 mM PIPES [pH 7.0], 0.1 M NaCl, 10 mM MgCl,, 2 mM MnCl,). The
complexes were resuspended in 25 pl of kinase buffer supplemented with 10 n.Ci
of [y->?P]ATP, 10 pM ATP, and 200 uM Syntide-2. After 20 min at 30°C, the
protein A/G Plus-Agarose was pelleted, and the supernatants were mixed with an
equal volume of 10% trichloroacetic acid and 10 wl of bovine serum albumin
(BSA; 10 mg/ml) as a carrier. The tubes were then incubated for 10 min on ice.
Precipitated proteins were removed by centrifugation, and 25-pl portions of the
supernatants were spotted on Whatman P81 phosphocellulose paper. The paper
was washed five times with 75 mM phosphoric acid, dried, and counted. Back-
ground was corrected for by subtracting the counts per minute bound to phos-
phocellulose paper in assays performed in the absence of the enzyme from those
bound in assays performed in the presence of enzyme.

Lck autokinase activity assay. Inmunoprecipitates of Raf-1 were prepared as
described above. After being washed three times with lysis buffer, twice with wash
buffer, and once with kinase buffer, immune complexes were incubated for 20
min at 30°C in 25 pl of kinase buffer supplemented with 10 pCi of [y->*P]ATP.
The labeled immunoprecipitates were washed three times with ice-cold kinase
buffer, the immunoprecipitated proteins were released from protein A/G Plus-
Agarose beads by boiling for 5 min in 50 pl of washing buffer supplemented with
2% SDS and 5% 2-mercaptoethanol, and then 1 ml of ice-cold lysis buffer was
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added to each tube. After centrifugation, supernatants were subjected to a new
round of immunoprecipitation with anti-Lck(3AS5) antibody. Protein A/G Plus-
Agarose-bound complexes were washed as described above and boiled in Lae-
mmli reducing sample buffer, and labeled proteins were resolved by SDS-PAGE
(10% polyacrylamide) and detected by autoradiography.

Ras GTP-binding activity assay. Jurkat cells were depleted of cellular phos-
phate by extensive washing with phosphate-free RPMI 1640 supplemented with
2% dialyzed fetal calf serum (complete medium). After a 15-min incubation in
complete phosphate-free RPMI, the cells were metabolically labeled for 2 h at
37°C with 2 mCi of 3?P; (Amersham PBS13) and then treated with 20 ng of
phorbol ester (tetradecanoyl phorbol acetate [TPA]) per ml or incubated with
HIV-1 or gp120 on ice for 1 h as described above. The cells were then transferred
to 37°C and incubated for various times. They were harvested by centrifugation
and lysed in 1 ml of ice-cold lysis buffer (50 mM Tris [pH 7.5], 5 mM MgCl,, 1%
Triton X-114, 100 mM NaCl, 1 mM EGTA, 1 mM dithiothreitol, 1 mg of BSA
per ml, 10 pg of trypsin inhibitor per ml, 10 ng of aprotinin per ml, and 10 pg
of leupeptin per ml) as described previously (37). Clarified cell lysates were
transferred to new tubes containing 100 pl of 5 M NaCl and then warmed to 37°C
for 2 min to promote phase partition of the detergent. After brief centrifugation,
the aqueous supernatants were discarded and the lower, detergent layers were
redissolved in 1 ml of cold lysis buffer containing 50 mM Tris (pH 7.5), 5 mM
MgCl,, 1% Triton X-100, 0.5% deoxycholate, 0.05% SDS, 0.5 M NaCl, 1 mM
EGTA, 1 mM dithiothreitol, 1 mg of BSA per ml, 10 mM benzamidine, 10 pg of
trypsin inhibitor per ml, 10 wg of aprotinin per ml, and 10 wg of leupeptin per ml.
The samples were then precleared for 10 min with 50 pl of a 1:1 slurry of
Sepharose beads. The final supernatants were immunoprecipitated with anti-Ras
Y13-259 antibody. The resulting precipitates were washed six times with 1 ml of
ice-cold buffer (50 mM HEPES [pH 7.5], 0.5 M NaCl, 0.1% Triton X-100,
0.005% SDS, 5 mM MgCl,). The Ras-bound nucleotides were eluted from
pellets with 15 pl of 5 mM dithiothreitol-5 mM EDTA-0.2% SDS, 0.5 mM
GTP-0.5 mM GDP at 68°C for 20 min. The eluted samples were loaded onto
polyethyleneimine (PEI)-cellulose thin-layer chromatography plates, and nucle-
otides were separated by chromatography in a mixture of 1.2 M ammonium
formate and 0.8 M HCI. Separated nucleotides, GTP and GDP, were visualized
by autoradiography and quantitated by counting in a liquid scintillation counter
(37).

RESULTS

Binding of HIV-1 virions to Jurkat T cells activates serine/
threonine Raf-1 kinase activity. One of the earliest events in
the CD4 receptor-mediated signal transduction is activation of
the Lck tyrosine kinase activity noncovalently associated with
CD4 receptors (34, 81). Since serine/threonine kinase Raf-1
was shown to transduce cellular signals from both receptor-
and nonreceptor tyrosine kinases (36, 56, 57, 70), we examined
whether Raf-1 participates in the signal transduction induced
by binding of HIV-1 to the CD4 receptors. Therefore, we
asked whether the binding of HIV-1 to CD4 receptors results
in the activation of Raf-1 kinase. To measure the activation of
Raf-1 kinase, we used in vitro kinase assays with the synthetic
substrate Syntide-2 (amino acid sequence PLARTLSVAGLP
GKK), which served as an exogenous substrate for Raf-1 (48).
Since Syntide-2 can be phosphorylated only on serine and/or
threonine, it serves as a substrate for serine/threonine kinases
but not tyrosine kinases like Lck. Cellular lysates prepared
from unstimulated Jurkat cells and the cells incubated with
purified HIV-1 virions were immunoprecipitated with anti-
Raf-1 (C-12) and then analyzed for the presence of serine/
threonine kinase activity (Fig. 1). A ca. 2.5-fold increase in the
levels of kinase activity was observed 5 min after HIV-1 bind-
ing. The levels of kinase activity progressively decreased after
longer incubation with the virus; after 30 min, the kinase levels
detected were the same as in unstimulated cells. We then
examined whether the serine/threonine kinase activity was
present in the CD4 receptor complex. Immunoprecipitation of
the cell lysates with anti-CD4 antibodies (Q4120) showed more
than a threefold increase in the level of serine/threonine kinase
activity in CD4 immunoprecipitates 5 min after HIV-1 binding
to the cells (Fig. 1). Thus, the kinetics of the serine/threonine
kinase induction detected in Raf-1 and CD4 immunoprecipi-
tates were similar. These results indicate that HIV-1 binding
rapidly activates Raf-1 kinase which may be associated with the
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FIG. 1. Stimulation of the Raf-1 serine/threonine kinase activity by HIV-1
binding. Jurkat cells were incubated with purified HIV-1 (MOI, 0.5) for the
indicated times at 37°C and then lysed in 1% Triton X-100 lysis buffer. The CD4
and CD4-associated proteins were immunoprecipitated from lysates of unstimu-
lated (Control) or HIV-stimulated cells with monoclonal antibody Q4120 (anti-
CD4). Raf-1 was precipitated with polyclonal antibody C-12 (anti-Raf-1). The
immunoprecipitates were assayed for the serine/threonine kinase activity with a
synthetic substrate Syntide-2 (amino acid sequence PLARTLSVAGLPGKK) as
described in Materials and Methods.

CD4 receptor complex. However, we cannot exclude the pos-
sibility that in addition to Raf-1, another serine/threonine ki-
nase also associates with CD4 and becomes activated upon
HIV-1 binding.

Enhanced association between Raf-1 and Lck in response to
CD4 binding. Since the cytoplasmic tail of CD4 interacts with
an amino-terminal domain of the protein tyrosine kinase Lck
(81) and since serine/threonine Raf-1 kinase activity was de-
tected in CD4 immunoprecipitates, we examined whether the
binding of HIV-1 or gp120 induces the association between
Raf-1 and Lck. Lysates from unstimulated (control) Jurkat
cells and cells stimulated with purified HIV-1 virions (Fig. 2A)
or recombinant HIV-1 envelope gp120 (Fig. 2B) were immu-
noprecipitated with anti-Raf-1 (C-12) antibodies. The pres-
ence of Lck in these precipitates was determined by Western
hybridization with monoclonal anti-Lck (3AS5) antibodies. The
results presented in Fig. 2A and B show an association between
Raf-1 and Lck kinases in unstimulated cells; however, incuba-
tion with HIV-1 or gp120 for 5 min further increased (about
threefold) the association between Lck and Raf-1. Higher lev-
els of these associating kinases were observed in cells in which
CD4 receptors were cross-linked with monoclonal anti-CD4
(Q4120) antibodies (Fig. 2C).

Several observations indicated that induction of the Raf-1-
Lck association was mediated by the CD4 receptors. Preincu-
bation of HIV-1 virions with soluble CD4 abrogated the stim-
ulatory effect of HIV-1 (Fig. 3A). Furthermore, in A201 T cells
expressing only very low levels of CD4 receptors (Fig. 3B),
stimulation with anti-CD4 antibodies (Q4120) resulted only in
very low levels of association between Lck and Raf-1. In con-
trast, in A201 cells transduced with the CD4 cDNA (A201/
CD#4) (8), stimulation with anti-CD4 antibodies resulted in a
significant increase in the association between Raf-1 and Lck
(Fig. 3B). Reprobing of the same membranes with anti-Raf-1
antibody shows constant levels of Raf-1 proteins in all samples.

To establish the specificity of the association between Raf-1
and Lck, we examined whether the anti-Lck (CT) antibody
2102 that recognized the carboxy-terminal domain of Lck
(amino acids 476 to 505) could coprecipitate both Lck and
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FIG. 2. Enhanced association between Raf-1 and Lck in response to binding of HIV-1, gp120, or anti-CD4 antibodies to CD4 receptor. Jurkat cells were incubated
for the indicated times (for 5 min with anti-CD4) with HIV-1 (MOI, 0.5) or gp120 (30 wg/ml). They were then washed and lysed in 1% Triton X-100 lysis buffer, and
cellular lysates were subjected to immunoprecipitation (IP) with anti-Raf-1 antibodies. Immunoprecipitated proteins were resolved by SDS-PAGE (10% polyacryl-
amide), transferred to a nitrocellulose membrane, and probed with anti-Lck antibody. The blots were stripped and reprobed with anti-Raf antibodies and detected by
the ECL method with secondary antibodies coupled to horseradish peroxidase. The positions of molecular mass markers (in kilodaltons) and immunoprecipitated

proteins are indicated. mAb, monoclonal antibody.

Raf-1. While Raf-1 was detected in anti-Lck (CT) immuno-
precipitates in unstimulated cells (Fig. 4A), a further (about
twofold) increase in the level of Raf-1 associated with Lck was
observed in cells incubated for 5 min with HIV-1. Immuno-
precipitation of Lck and Raf-1 by anti-Lck antibody was pre-
vented in the presence of an excess of a peptide (Lck P) used
as an immunogen to generate anti-Lck (CT) antibodies. Thus,
we conclude that the association between Lck and Raf-1 is
significantly increased upon HIV-1 binding to CD4 receptors,
suggesting that Raf-1 may play a role in transmitting signals
generated by the interaction of HIV-1 with CD4.

HIV-1 binding to Jurkat T cells results in a transient ty-
rosine phosphorylation of Lck and associated Raf-1. We ex-
amined whether the increased association between Raf-1 and
Lck induced by binding of HIV-1 results in an increased ty-
rosine phosphorylation and activation of Raf-1. A nitrocellu-
lose membrane containing the resolved proteins immunopre-
cipitated with anti-Lck (CT) antibodies and probed previously
with anti-Raf-1 antibody (Fig. 4A) was stripped and reprobed
with antiphosphotyrosine antibody PY20. As shown in Fig. 4B,
in uninfected cells, the tyrosine phosphorylation of Raf-1 as-
sociated with Lck was detected at a very low level. In contrast,
after HIV-1 binding, phosphorylation of Raf-1 on tyrosine was
transiently increased and reached its maximal level 5 min after
HIV-1 binding. This observation, together with the parallel
increase in association between Lck and Raf-1, suggests that
Raf-1 may be a direct target for activated Lck. Since only a
fraction of the cellular Lck pool is associated with CD4 recep-
tors (71), we examined whether the fraction of Lck that is
associated with Raf-1 is also phosphorylated on tyrosine after
HIV-1 binding. Cellular lysates were precipitated with anti-
Raf-1 antibodies, and immunoprecipitated proteins were then
subjected to a second round of precipitation with anti-Lck
antibodies. Tyrosine phosphorylation of Lck was detected by
Western analysis with antiphosphotyrosine PY20 antibodies
(Fig. 4C). The results show that Lck, associated with Raf-1, was

also transiently phosphorylated in response to HIV-1 binding,
with the phosphorylation reaching a maximal level at 5 min
after HIV-1 binding and decreasing thereafter. The autokinase
activity assay performed on a fraction of anti-Raf-1-precipi-
tated proteins (Fig. 4D) showed that Lck, associated with
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FIG. 3. The Lck-Raf-1 association is mediated by the CD4 receptors. (A)
Pretreatment of HIV-1 virions with soluble CD4 (sCD4) abrogates Lck—Raf-1
association. Jurkat cells were stimulated for 5 min at 37°C with HIV-1 preincu-
bated for 60 min at 37°C either with (HIV-1 + sCD4) or without (HIV-1) soluble
CD4 (10 pg/ml) or left untreated (Control). (B) Expression of the CD4 cDNA
in CD4-negative cells restores Lck—Raf-1 association. CD4-negative A201 cells
and A201 cells permanently transfected with CD4 ¢cDNA (A201/CD4) were
incubated with anti-CD4 (Q4120) monoclonal antibodies (mAb) (10 pg/ml) for
5 min at 37°C or left untreated (Control). Cellular lysates were immunoprecipi-
tated (IP) with anti-Raf-1 antibodies, and coprecipitated Lck was visualized as
described in the legend to Fig. 2. Blots were reprobed with anti-Raf-1 antibodies.
Molecular weight markers (in thousands) and immunoprecipitated proteins are
indicated.
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FIG. 4. Transient tyrosine phosphorylation of Lck and associated Raf-1 upon
binding of HIV-1 to Jurkat T cells. Jurkat cells were incubated with HIV-1 (MOI,
0.5) for the indicated times and washed, and cellular lysates were prepared as
described in Materials and Methods. (A) Raf-1 was precipitated with anti-Lck
(CT) antibodies that recognize the carboxy-terminal (amino acids 476 to 505)
region of Lck. Precipitated proteins were resolved by SDS-PAGE (10% poly-
acrylamide) and probed with anti-Raf-1 antibody (C-12). To prove the specificity
of the Lck—Raf-1 association, the cellular lysates obtained from cells stimulated
for 5 min with HIV-1 were also precipitated with anti-Lck (CT) antibodies in the
presence of Lck peptide (Lck P, 500 wg/ml) used as an immunogen to generate
these antibodies. As a control for protein loading, the blot was stripped and
reprobed with anti-Lck (3A5) antibodies. (B) Raf-1 associated with Lck is tran-
siently phosphorylated on tyrosine. A nitrocellulose membrane with resolved
proteins immunoprecipitated with anti-Lck (CT) antibodies was probed with
antiphosphotyrosine (anti-pTyr) antibody PY20. Tyrosine-phosphorylated Raf-1 is
marked. (C) Lck associated with Raf-1 is transiently phosphorylated on tyrosine.
Proteins immunoprecipitated with anti-Raf-1 antibodies were boiled, reprecipi-
tated with anti-Lck antibodies, and probed with antiphosphotyrosine PY20. (D)
Enhanced autophosphorylation activity of Lck associated with Raf-1. Proteins
immunoprecipitated with anti-Raf-1 antibodies were subjected to autokinase
activity assay, and *?P-labeled immunoprecipitates were boiled and reprecipi-
tated with anti-Lck (3AS) antibody as described in Materials and Methods.
Immunoprecipitated *?P-labeled proteins were resolved by SDS-PAGE (10%
polyacrylamide) and detected by autoradiography. The positions of molecular
weight markers (in thousands) and immunoprecipitated (IP) Lck and Raf-1 are
indicated. Ig, immunoglobulin heavy chain.

Raf-1 in response to HIV-1 binding, was not only phosphory-
lated on tyrosine but also activated. Together, these results
suggest that the association of Raf-1 with activated Lck results
in tyrosine phosphorylation of Raf-1, indicating that Raf-1 can
transmit signals generated by binding of HIV-1 to CD4 recep-
tors.

A catalytically active Lck kinase domain is required for
association with Raf-1. Elimination of the kinase domain of
Lck does not completely abolish the coreceptor function of
CD4-Lck complex (87). We therefore examined whether a
catalytically active kinase domain of Lck is required for its
association with Raf-1 by using a mutant of Jurkat cells,
JCaM1.6, expressing a truncated and kinase-inactive form of
Lck (76). We showed that HIV-1 binding to JCaM1.6 cells did
not stimulate Lck kinase activity (autophosphorylation) (Fig.
5A). In addition, stimulation of these cells with anti-CD4
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monoclonal antibody for 5 min did not result in increased
association between Lck and Raf-1 (Fig. 5B). However, to rule
out the possibility that this effect results from a low level of
CD4 receptors expressed by the cells, JCaM1.6 cells were
transfected with the wild-type human CD4 cDNA (67) and
after 2 weeks in culture, cells expressing CD4 antigen were
selected with Dynabeads M-450 (magnetizable polystyrene
beads coated with monoclonal antibodies specific for the
CD4). After selection, the cells were released from the beads
with DETACHaBEAD as recommended by the manufacturer
(Dynal), washed with complete medium, and cultured for an-
other week before use in experiments. Selected cells were then
stimulated with anti-CD4 monoclonal antibody for 5 min. As
shown in Fig. 5C, Lck was not detected in anti-Raf-1 immu-
noprecipitates, suggesting that the catalytically active kinase
domain of Lck was required for the association between Lck
and Raf-1.

Association between Lck and Raf-1 does not involve Ras. It
has been recently demonstrated that the active GTP-bound
Ras directly recruits Raf-1 to the plasma membrane, where
Raf-1 becomes fully activated, possibly by phosphorylation on
tyrosine (55). To determine whether the observed association
between Lck and Raf-1 is mediated by activated Ras, we ana-
lyzed the activation of Ras by measuring the guanine nucleo-
tide levels bound to p21 Ras in **P;-labeled Jurkat cells which
were either untreated (control) or stimulated with purified
HIV-1 or gp120. Stimulation with TPA was used as a positive
control. As shown in Fig. 6, the amount of GTP bound to Ras
was significantly increased (2.7-fold) in Jurkat cells stimulated
with TPA; however, stimulation with HIV-1 or gp120 did not
result in a significant increase of GTP bound to Ras. To further
analyze whether Ras is involved in the CD4-mediated signaling
in Jurkat cells, cells were stimulated with anti-CD4 (Q4120)
antibodies that induced the association between Raf-1 and Lck
(Fig. 2C). Cellular lysates were immunoprecipitated with anti-
Raf-1, anti-SOS, and anti-Ras (Y13-238) antibodies, and the
presence of Raf-1 in immunoprecipitates was detected by
Western blotting (Fig. 7A). It was previously shown that Y13-
238 did not interfere with the interaction between Ras and
Raf-1 (37). While we have shown that TPA stimulated the
association between Ras and Raf-1 (Fig. 7B), we could not
detect the presence of Raf-1 in either anti-Ras or anti-Sos
immunoprecipitates. Similarly, Ras was not detected in anti-
Raf or anti-Sos precipitates, although Raf-1, Ras, and Sos were
efficiently immunoprecipitated. From these results, we con-
clude that Ras is not present in the complex with Raf-1 after
CD#4 receptor oligomerization in Jurkat T cells and does not
participate in the activation of Raf-1.

Constitutively activated Raf-1 stimulates HIV-1 promoter
activity and HIV-1 replication in Jurkat T cells. We next an-
alyzed the significance of Raf-1 activation for HIV-1 replica-
tion. The Raf-1 responsive element has been located in the
region of the HIV-1 LTR containing NF-kB-binding motifs,
and a constitutively active Raf-1 has been shown to stimulate
HIV-1 promoter activity (31). We extended this observation by
showing that in Jurkat T cells, activated Raf-1 (Raf-BXB)
synergizes with viral Tat transactivator in the stimulation of the
HIV-1 promoter activity. Point mutations in the NF-kB-bind-
ing sites but not in the AP-1-binding element of the HIV-1
promoter completely abolished the observed synergism (Fig.
8). To further analyze the significance of the Raf-1-induced
signaling pathway in viral replication, we developed Jurkat cell
lines (JLNRaf) transduced with a replication-defective retro-
viral vector, LNCX, carrying a constitutively activated form of
Raf-1 (68). As shown in Fig. 9A, the rate of HIV-1 replication,
assayed by measuring the virion-associated reverse transcrip-
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FIG. 5. A catalytic tyrosine kinase domain of Lck is required for association with Raf-1. (A) JCaM1.6 cells expressing truncated Lck have no kinase activity. Lysates
prepared from unstimulated or HIV-1-stimulated (5 min) (MOI, 0.5) Jurkat and JCaM1.6 cells were immunoprecipitated with anti-Lck antibodies. Precipitates from
unstimulated cells were resolved by SDS-PAGE (10% polyacrylamide), transferred to nitrocellulose, and blotted with anti-Lck antibodies (upper panel). Precipitates
from stimulated cells were subjected to autokinase assay (lower panel) and reprecipitated with anti-Lck antibodies. (B) CD4 oligomerization does not induce Lck—-Raf-1
association in Lck kinase-negative JCaM1.6 cells. Cell lysates prepared from cells stimulated with anti-CD4 monoclonal antibody (mAb) Q4120 for 5 min were
immunoprecipitated with anti-Raf-1 antibodies. Proteins were resolved by SDS-PAGE (10% polyacrylamide) and blotted with anti-Lck antibodies. Stripped blots were
rehybridized with anti-Raf-1 antibodies. (C) Expression of CD4 receptors in JCaM1.6 cells does not restore Lck—Raf-1 association after oligomerization with anti-CD4
antibodies. JCaM1.6 cells transfected with human CD4 ¢cDNA (JCaM/CD4) were selected with Dynabeads M-450 (as described in the text) and stimulated with
anti-CD4 antibodies. Cell lysates were immunoprecipitated with anti-Raf-1 antibodies, and Lck interacting with Raf-1 was detected by Western blot hybridization with
anti-Lck antibodies. The positions of molecular weight markers (in thousands) and immunoprecipitated (IP) Lck and Raf-1 are indicated. Bands corresponding to

immunoglobulin chains (Ig) are marked.

tase activity, was significantly increased in cells overexpressing
Raf-1 (JLNRaf) compared with parental Jurkat cells. Similarly,
the analysis of the level of viral proteins expressed in Jurkat
cells and four selected JLNRaf cell lines showed a significant
increase in the level of HIV-1 proteins 9 days postinfection in
all JLNRaf clones tested when compared with parental Jurkat
cells (Fig. 9B). These results indicate that activated Raf-1 up-
regulates HIV-1 replication in Jurkat T cells. The stimulation
of HIV-1 replication in JLNRaf cells was not limited to the
laboratory strain NL4-3 but was also observed with several
primary isolates (49) (data not shown).

DISCUSSION

We have shown in this study that oligomerization of the CD4
receptors by purified HIV-1 virions or gp120/anti-gp120 com-
plexes results in tyrosine phosphorylation and activation of
both protein tyrosine kinase Lck and serine/threonine kinase
Raf-1 and increases their association. These results suggest
that Raf-1 may be a direct target for Lck and thus participate
in signal transduction induced by HIV-1 binding to CD4 re-
ceptors. Raf-1 was previously shown to be a component of the
signaling cascade induced by several cytokines and growth fac-
tors such as IL-2 (64, 80), IL-3, granulocyte-macrophage col-
ony-stimulating factor (44), IL-9 (10), macrophage colony-
stimulating factor (5), platelet-derived growth factor (57),
epidermal growth factor (4), and insulin (48).

The CD4 receptor plays a critical role in the increased as-
sociation between Lck and Raf-1. The association between Lck
and Raf-1 was abolished in the presence of soluble CD4 and
was not detected in CD4-negative A201 cells. Transfection of

these cells with human CD4 cDNA restored the CD4-medi-
ated association between Lck and Raf-1. The association be-
tween these two kinases was not specific for HIV-1 virions but
could be also demonstrated in response to CD4 oligomeriza-
tion by gp120/anti-gp120 complexes or by antibodies against
CD4. However, the Lck—Raf-1 association induced as a re-
sponse to binding of anti-CD4 antibodies was significantly
higher than that induced by binding of HIV-1 or gp120/anti-
gp120 complexes. This may be due to a higher affinity of bind-
ing of anti-CD4 antibodies and/or may be related to the fact
that the epitope recognized by the anti-CD4 antibodies (amino
acids 1 to 183) encompasses, in addition to the domain D1
recognized by HIV-1 and gp120, the domain D2 of the CD4
receptor.

Several observations indicate that the activation of Raf-1
upon binding of HIV-1 to CD4 receptors does not proceed
through the classical Ras/Raf-1 signaling pathway. First, we
were unable to show any significant increase in the level of
Ras-bound GTP after binding of HIV-1 or gp120 whereas
treatment with TPA, known to activate the Ras pathway, re-
sulted in about threefold stimulation of the GTP-binding ac-
tivity of Ras. Second, no direct association of Ras with Raf-1 or
guanine nucleotide exchange factor, Sos, could be detected in
cells stimulated with anti-CD4 antibodies or after HIV-1 bind-
ing (data not shown). These data indicate that Ras is not
present in the Lck/Raf-1 complex and that tyrosine phosphor-
ylation of Raf-1 and its activation are mediated by Lck. Re-
cently, the presence of a cellular tyrosine kinase in HIV-1
virions was demonstrated (32), and the HIV-1-encoded matrix
MA protein was shown to be a substrate for the virion-associ-
ated tyrosine kinase. However, it is unlikely that the observed
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FIG. 6. Binding of HIV-1 and gp120 to CD4 receptors does not affect GTP-
binding activity of Ras. Jurkat cells (control or stimulated with TPA, gp120, or
HIV-1) were metabolically labeled with 32P;. Cell lysates were immunoprecipi-
tated with anti-Ras (Y13-259) antibodies, and nucleotides eluted from these
immunoprecipitates were analyzed by PEI-cellulose thin-layer chromatography
as described in Materials and Methods. Separated nucleotides, GTP and GDP,
were visualized by autoradiography (B) and quantitated by counting in a liquid
scintillation counter (A). Ori, origin.

activation of the Lck/Raf-1 kinase pathway is triggered by this
virion-associated kinase(s), since it is also induced by recom-
binant gp120/anti-gp120 complexes as well as monoclonal anti-
CD#4 antibodies. It is possible that the cellular Lck—Raf-1 sig-
naling pathway induced by binding of HIV-1 to CD4 receptors
is further modulated by the HIV-1 virion-associated kinases. In
addition, it has been shown recently that the HIV-1 accessory
protein Nef can associate with a cellular serine/threonine ki-
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FIG. 7. Oligomerization of CD4 receptors does not induce association be-
tween Ras and Raf-1. (A) Cell extracts prepared from untreated Jurkat cells
(Co) or cells stimulated with anti-CD4 antibodies (Ab) were immunoprecipi-
tated (IP) with anti-Raf-1 (a-Raf) or anti-Ras (Y13-238; a-Ras) or anti-Sos1/2
(a-Sos) antibodies. Precipitated proteins were resolved by SDS-PAGE, trans-
ferred to nitrocellulose, and blotted with antibodies against Raf-1, Ras, and Sos.
(B) Jurkat cells were treated for 5 min with TPA (20 ng/ml), cell extracts were
immunoprecipitated with anti-Ras (Y13-238) antibodies, and proteins were re-
solved by SDS-PAGE. The presence of Raf-1 was detected by Western blotting
with anti-Raf-1 antibodies. Molecular weight markers (in thousands) and immu-
noprecipitated proteins are indicated. Ig, immunoglobulin heavy chain.
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FIG. 8. Activated Raf-1 synergizes with Tat in the stimulation of the HIV-1
promoter activity. Jurkat cells were cotransfected with CAT reporter constructs
(5 ng), HIV-1 LTR (HIV LTR CAT), or constructs in which HIV-1 LTR
contained either mutated NF-kB sites (HIV kB mt CAT) or AP-1 sites (HIV
AP-1 mt CAT), together with plasmid expressing Tat protein (CMV-Tat, 0.5 .g)
and/or active Raf-1 (Raf-BXB, 10 ng). Cell extracts were harvested 24 h after
transfection, and CAT activity (B) was determined as described in Materials and
Methods. The ratio of the percent conversion induced in the presence of Tat
and/or Raf-BXB over the percent conversion of unstimulated cells (fold induc-
tion) is also shown (A).

nase (69) as well as src-related tyrosine kinases Hck, Lyn (50,
66), and Lck (18). Furthermore, Nef was shown to be incor-
porated into HIV-1 particles (84) and therefore could affect
the CD4-mediated signal transduction. We are currently inves-
tigating this possibility by using HIV-1 in which the nef gene is
nonfunctional. While this study was being completed, another
membrane glycoprotein, fusin, was shown to be required for
the entry of HIV-1 into the cells. This cofactor is a member of
a superfamily of G-protein-coupled receptors. Although it is
not known how the HIV-1 envelope interacts with fusin, it is
likely that another cellular signaling may be induced through
this G-protein-coupled receptor. However, the observation
that the Lck—Raf-1 interaction depends on the presence of
CD4 receptors and is also induced by anti-CD4 antibodies
indicates that the interaction of HIV-1 or gp120 with fusin
does not play a major role in the observed signaling.

The significance of the stimulation of the Lck/Raf-1 signal-
ing pathway in the pathogenicity of HIV-1 remains to be de-
termined. However, the observation that both the laboratory
strain of HIV-1, NL4-3, and primary isolates (unpublished
results) replicate much more effectively in Jurkat cells overex-
pressing activated Raf-1 than in parental cells suggests that the
Lck—Raf-1 activation stimulated by binding of HIV-1 to CD4
receptors supports viral replication. There are at least three
mechanisms by which activated Raf-1 can stimulate HIV-1
replication. First, the observations that the overexpression of
activated Raf-1 in Jurkat T cells significantly enhanced the
HIV-1 promoter activity and that activated Raf-1 synergizes
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FIG. 9. Replication of the HIV-1 in Jurkat and JLNRaf cells overexpressing
activated Raf-1. Jurkat cells and a pool of JLNRaf cells generated as described
in Materials and Methods were infected with HIV-1 at a MOI of 0.01. (A)
Medium from infected cells was collected every 2 or 3 days and analyzed for the
presence of HIV-1 virions by the reverse transcriptase (RT) activity assay. (B)
Jurkat cells and four selected JLNRaf clones were collected on day 9 after
infection, and the presence of viral proteins in cellular lysates was detected by
Western blotting with anti-HIV-1 serum as described previously (62). HIV-1
proteins were visualized by ECL as described in Materials and Methods. HIV-
1-specific proteins are marked.

with the viral transactivator Tat in the stimulation of HIV-1
LTR activity suggest that the Lck/Raf-1 pathway may play an
essential role in the transcriptional activation of the HIV-1
provirus. A recent observation (11) which shows that the bind-
ing of HIV-1 virions to latently infected and quiescent periph-
eral blood mononuclear cells stimulates HIV-1 production
from these cells is in agreement with our observations. Second,
activation of the Lck—Raf-1 pathway upon binding of HIV-1 to
CD4 receptors may also provide the first stimulatory signal for
activation of transcription of the integrated HIV-1 provirus
before virus-encoded transactivator Tat is synthesized. Accord-
ingly, we have found that activation of the Lck—Raf-1 pathway
induced by binding of HIV-1 to CD4 receptors is functional
and results in the nuclear expression of transcription factors
NF-«B and AP-1 (unpublished data). We and others (2, 61, 62,
77) have previously shown that NF-kB-mediated transacti-
vation of the HIV-1 LTR expression can occur in a Tat-in-
dependent manner. Third, the activation of NF-kB leads to
upregulation of the expression of several cytokines and che-
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mokines, all of which contain the NF-kB-binding motif in their
promoter regions. Some of these cytokines (e.g., tumor necro-
sis factor alpha, IL-1, granulocyte-macrophage colony-stimu-
lating factor, and IL-6) were shown to upregulate transcription
of the HIV-1 provirus (28). Thus, the cytokines induced upon
the activation of Lck—Raf-1 pathway may further contribute to
the first round of transcription of HIV-1 provirus that occurs in
the absence of Tat.

Infection with HIV-1 results in the activation of the immune
system, exemplified by the expression of T-cell activation an-
tigens and increased cytokine production. It has been shown
that oligomerization of the CD4 receptors by gp120 not only
induces the synthesis of IL-6 in T-cell clones (59) and IL-10 in
human monocytes and macrophages (9) but also upregulates
expression of the Fas antigen in lymphocytes by inducing
gamma interferon and tumor necrosis factor alpha (60). The
CD4-induced aberrant cytokine secretion and upregulation of
Fas antigen expression may play a critical role in triggering
T-cell apoptosis and may thus contribute to AIDS pathogen-
esis.

In summary, our results suggest that signaling events initi-
ated by the oligomerization of CD4 receptors by HIV-1 or its
envelope complexes result in the activation of the Lck—Raf-1
signaling pathway. This may lead to aberrant expression of
different inflammatory cytokines, apoptosis of uninfected cells,
and direct upregulation of HIV-1 expression. Finally, our pre-
liminary results indicate that the signal transduction pathway
described occurs not only in Jurkat T cells but also in primary
CD4-positive T cells isolated from peripheral blood mononu-
clear cells (unpublished data).
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