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Binding of human immunodeficiency virus type 1 (HIV-1) to CD4 receptors induces multiple cellular
signaling pathways, including the MEK/ERK cascade. While the interaction of X4 HIV-1 with CXCR4 does not
seem to activate this pathway, viruses using CCR5 for entry efficiently activate MEK/ERK kinases (W. Popik,
J. E. Hesselgesser, and P. M. Pitha, J. Virol. 72:6406–6413, 1998; W. Popik and P. M. Pitha, Virology
252:210–217, 1998). Since the importance of MEK/ERK in the initial steps of viral replication is poorly
understood, we have examined the role of MEK/ERK signaling in the CD3- and CD28 (CD3/CD28)-mediated
activation of HIV-1 replication in resting peripheral blood CD41 T lymphocytes infected with X4 or R5 HIV-1.
We have found that the MEK/ERK inhibitor U0126 selectively inhibited CD3/CD28-stimulated replication of
X4 HIV-1, while it did not affect the replication of R5 HIV-1. Inhibition of the CD3/CD28-stimulated MEK/ERK
pathway did not affect the formation of the early proviral transcripts in cells infected with either X4 or R5
HIV-1, indicating that virus reverse transcription is not affected in the absence of MEK/ERK signaling. In
contrast, the levels of nuclear provirus in cells infected with X4 HIV-1, detected by the formation of circular
proviral DNA, was significantly lower in cells stimulated in the presence of MEK/ERK inhibitor than in the
absence of the inhibitor. However, in cells infected with R5 HIV-1, the inhibition of the MEK/ERK pathway did
not affect nuclear localization of the proviral DNA. These data suggest that the nuclear import of X4, but not
R5, HIV-1 is dependent on a CD3/CD28-stimulated MEK/ERK pathway.

CCR5-specific (R5) strains of human immunodeficiency vi-
rus type 1 (HIV-1) have been implicated in the transmission of
virus infection and are predominantly found during the asymp-
tomatic stages of HIV infection (31, 42). In contrast, X4 strains
that use CXCR4 coreceptors for entry are generally associated
with disease progression, decline in peripheral CD41 T-lym-
phocyte levels, and the onset of clinical symptoms of AIDS (9).

Cellular tropism of HIV-1 is primarily determined by utili-
zation of chemokine receptors. Changes in HIV-1 coreceptor
utilization usually correlate with changes in the V3 loop of the
viral envelope glycoprotein (9, 29). In addition to the role that
chemokine receptors play as HIV-1 entry cofactors, these re-
ceptors are able to activate different signaling pathways upon
interaction with HIV-1 envelope during entry. However, the
role of HIV-1-induced signaling pathways in viral pathogenesis
is not clear.

While chemokine receptor signaling in established cell lines
is not necessary for viral entry (1, 12, 14), signaling events seem
to play a role in postentry events (6), aberrant expression of
inflammatory genes (25), CD41 T-cell depletion (24), and de-
regulated cell adhesion and chemotaxis during HIV infection
(8). It was shown that binding of HIV-1 envelope glycoproteins
from X4 or R5 viruses to chemokine receptors rapidly induced
phosphorylation of the tyrosine kinase Pyk2 (10, 23). In addi-
tion, macrophage-tropic HIV-1 and simian immunodeficiency
virus (SIV) induced calcium signaling through the CCR5 re-

ceptor (38). Recently, R5 HIV-1 envelope was shown to induce
tyrosine phosphorylation of focal adhesion kinase (FAK) and
its association with the CCR5 receptor (8). However, due to
the structural complexity of the chemokine receptors, signaling
events induced by the interaction with specific ligands may not
be mimicked entirely by binding of HIV-1. Specifically, binding
of SDF-1, a natural ligand for CXCR4, stimulates the mitogen-
activated protein kinase (MAPK) ERK pathway; however, in-
teraction of X4 HIV-1 with CXCR4 did not activate this path-
way (23, 25). In contrast, viruses using CCR5 for entry
efficiently activated MEK/ERK, as well as JNK and p38
MAPKs (26).

The role of MAPK ERK in the HIV-1 life cycle is not
completely understood. Thus, it has been suggested that ERK
pathway plays a role in HIV-1 replication by enhancing the
infectivity of virions through Vif-dependent (39) and Vif-inde-
pendent mechanisms (18, 40), possibly by the establishment of
a functional reverse transcription complex. In this regard, ERK
was shown to phosphorylate HIV-1 Gag matrix protein p17
(4), which then, together with Vpr, promotes nuclear translo-
cation of a preintegration complex and, consequently, stimu-
lates virus infectivity.

Activation of CD41 T cells is critical for efficient replication
of HIV-1 in these cells. In quiescent T cells, HIV-1 entry
occurs efficiently; however, the extent of postentry events in
quiescent cells is not clear (33, 35, 41). Optimal T-cell activa-
tion through T-cell receptor (TCR)/CD28 was shown to be
required for efficient reverse transcription and productive
HIV-1 infection (21, 35). However, the possibility that activa-
tion of signaling cascades upon engagement of CD4 or che-
mokine coreceptors by HIV-1 may bypass a requirement for a
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full T-cell activation for virus replication has not been consid-
ered.

Based on the differential ability of R5 and X4 HIV-1 to
induce the MEK/ERK pathway, which constitutes a part of the
TCR/CD28-mediated signaling involved in T-cell activation,
we hypothesize that R5 viruses may be able to replicate and
spread in suboptimally activated CD41 T cells. Interestingly,
recent findings showed a significant replicative advantage of
R5 over X4 HIV-1 in suboptimally activated T lymphocytes
(37). Similarly, recent results obtained in a hu-PBL-SCID mice
model showed that X4 HIV-1 strains were highly virulent when
injected at the time the transferred human T cells were highly
activated and were less infectious and poorly cytopathic when
the majority of T cells at the moment of viral infection were
quiescent or memory cells. In contrast, R5 HIV-1 was virulent
independently of the state of target cell activation in the SCID
mouse environment (13).

In the present study, we have investigated the role of MEK/
ERK signaling in CD3 and CD28 (CD3/CD28)-stimulated
HIV-1 replication in resting peripheral blood CD41 T lympho-
cytes infected with X4 or R5 HIV-1. We have shown that in
cells stimulated by cross-linking of CD3 and CD28 receptors,
R5, but not X4, HIV-1 replicated efficiently in the presence of
a MEK/ERK inhibitor. Our results further suggest that in the
absence of MEK/ERK signaling, restricted replication of X4
HIV-1 resulted from inefficient completion of late preintegra-
tion steps and/or nuclear import of preintegration complexes
and consequent inhibition of X4 HIV-1 provirus integration.

MATERIALS AND METHODS

Reagents. Phosphospecific antibodies detecting phosphorylated and total
forms of ERK1/2 were purchased from New England Biolabs. MEK/ERK path-
way inhibitor U0126 was purchased from Promega. RNase-free DNase was
obtained from Gibco BRL. Monoclonal anti-CD3 (clone UCHT1) and anti-
CD28 (clone CD28.2) antibodies, as well as control immunoglobulin G1 (IgG1),
were obtained from Sigma. Anti-HLA-DR (clone G46-6) antibody was pur-
chased from Pharmingen.

Isolation and purification of primary CD41 T lymphocytes. Highly enriched
preparations of CD41 T lymphocytes were isolated from peripheral blood of
healthy, HIV-seronegative donors. Lymphocytes obtained by using LSM lym-
phocyte separation medium (Organon Teknika) were depleted of monocytes/
macrophages by 2 h of adherence to plastic in the presence of 2% of human
heat-inactivated AB serum (Sigma). Depletion of monocytes was repeated two
more times. CD41 T lymphocytes were isolated by a negative selection with a
human T-cell CD4 subset column kit (R&D Systems) and subsequently incu-
bated with monoclonal antibody against activation marker HLA-DR (Pharmin-
gen). Positively selected cells expressing HLA-DR were removed by using anti-
mouse antibody-conjugated magnetic beads (Dynal). The isolated resting CD41

T cells were cultured overnight at 37°C in RPMI 1640 medium with 2 mM
L-glutamine (Life Technologies) and supplemented with gentamicin (50 mg/ml)
and heat-inactivated 5% human AB serum.

Virus preparation and infection. Virus stocks of the infectious X4 NL4-3 and
R5 Ba-L and 49-5 clones of HIV-1 were prepared as described previously (25,
26). The culture supernatants containing viruses were collected and clarified by
centrifugation at 1,500 3 g for 15 min, filtered through a 0.45-mm-pore-diameter
filter, and frozen at 280°C. Before infection, virus preparations were treated
with RNase-free DNase (200 U/ml) for 1 h at room temperature to eliminate
potential contamination with viral DNA. The virus titer was monitored by the
reverse transcriptase (RT) activity assay (25, 26). CD41 T lymphocytes were
infected by incubation with NL4-3, Ba-L, or 49-5 HIV-1 (20 RT cpm/cell) for 3 h
at 37°C, followed by extensive washing to remove unbound virus. After the
infection, the resting cells were cultured for 3 days in RPMI medium with 5%
human serum without any stimulation. Before stimulation with anti-CD3/CD28
antibodies, the cells were washed, centrifuged, and resuspended in a fresh culture
medium at 0.5 3 106 cells/ml.

Stimulation of HIV-1 replication in infected resting CD41 T cells. The in-
fected CD41 T cells were stimulated by cross-linking of CD3 and CD28 recep-
tors by incubation in six-well plates precoated with monoclonal anti-CD3 (clone
UCHT-1; Sigma) and anti-CD28 (clone CD28.2; Sigma) antibodies prebound to
plastic-immobilized goat antimouse Ig (Sigma) as described previously (32). In
unstimulated controls, cells were exposed to isotype-matched control IgG1. To
study the effect of MEK/ERK inhibition, a specific inhibitor, U0126 (10 mM in
0.1% dimethyl sulfoxide), was preincubated with cells at 37°C for 15 min before

being added to plates and stimulated with anti-CD3/CD28 antibodies. Cells
stimulated without the inhibitor were exposed to 0.1% dimethyl sulfoxide.

Western blot analysis. Cells were solubilized in ice-cold 1% Triton X-100 lysis
buffer supplemented with protease and phosphatase inhibitors as described pre-
viously (25). After 30 min on ice, the lysates were clarified by centrifugation, and
the protein concentration was determined with the Pierce bicinchoninic acid
protein assay reagent. Proteins (20 mg) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (10% acrylamide), transferred
to nitrocellulose membranes, and probed with specific antibodies (diluted
1:1,000), followed by incubation with secondary horseradish peroxidase-conju-
gated antibody (1:100,000). Bound antibodies were detected with the SuperSig-
nal ULTRA chemiluminescent substrate (Pierce).

RT-PCR analysis of CD4 and chemokine receptor expression. Total RNA was
isolated from cells with the RNeasy RNA purification system (Qiagen), and 1 mg
of DNase-treated RNA was used for cDNA synthesis with Superscript II RNase
H2 RT and oligo(dT)12–18 primers (Gibco BRL). One-tenth of this reaction was
used as a template for PCR amplification with Taq polymerase (SuperMix; Gibco
BRL). The primers for CXCR4, CCR5, CD4, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were described previously (26). Amplifications were
performed for 30 cycles (94°C for 45 s, 50°C for 1 min, and 72°C for 1.5 min), and
PCR products were resolved by electrophoresis in a 2% agarose gel and visual-
ized by ethidium bromide staining.

Flow cytometry. Expression of CD4 and CXCR4 on purified CD41 T lympho-
cytes was determined by fluorescence-activated cell sorter (FACS) as described
previously (32). The following antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated antihuman CD4 monoclonal antibody (Becton Dickinson),
phycoerythrin (PE)-conjugated antihuman CXCR4 antibody 12G5 (Pharmin-
gen), and FITC- and PE-conjugated mouse IgG isotype controls. After being
washed twice, the cells were examined with an Epics Elite FACS (Coulter).

PCR analysis of HIV-1 DNA. Cells (1 3 106 to 1.5 3 106) were lysed with 200
ml of PCR buffer consisting of 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 2.5 mM
MgCl2, 0.1 mg of gelatin per ml, 0.45% Nonidet P-40, 0.45% Tween 20, and 100
mg of proteinase K per ml. After protein digestion for 2 h at 56°C and inactiva-
tion for 10 min at 95°C, different amounts of cell lysate (0.3 to 5ml) were
subjected to 25 to 30 cycles of PCR with Taq polymerase in a total volume of 50
ml containing 0.2 mM oligonucleotide primers in PCR SuperMix (Gibco BRL).
The PCR conditions and HIV-1-specific oligonucleotide primers detecting early
R/U5, late long terminal repeat (LTR)/gag, and 2LTR DNA were described
previously (30). Assays for integrated HIV-1 DNA were performed as described
previously (7). Briefly, the first PCR was carried out by using nested primers—
Alu-LTR 59, specific for conserved sequences of human Alu; and Alu-LTR 39,
from conserved HIV-1 LTR sequences. Amplifications with serially diluted cells
were performed by using Elongase polymerase (Gibco BRL) for 22 cycles. For
the second PCRs, aliquots of 1, 2, or 5 ml of the 10-fold-diluted first PCR product
were amplified with Taq polymerase for 30 cycles with primers NI-2 59 and NI-2
39, detecting part of the HIV-1 LTR as described previously (7). PCR products
were analyzed by electrophoresis in 2% agarose gel and visualized by ethidium
bromide staining.

RESULTS

Establishment of X4 and R5 HIV-1 infection in resting
CD41 T lymphocytes. We have earlier shown that X4 and R5
HIV-1 differ in their ability to activate the MEK/ERK signaling
pathway during interaction with specific chemokine corecep-
tors (25). These observations prompted us to investigate the
significance of MEK/ERK pathway activation in the induction
of X4 and R5 virus replication in resting CD41 T cells. For this
purpose, we have established a resting CD41 T-cell model of
HIV-1 infection.

Negatively selected CD41 T lymphocytes were purified from
the peripheral blood of HIV-seronegative donors. Purified T
cells were then cultured for 24 h in the absence of any activa-
tion. Subsequently, the cells were either left uninfected or were
incubated for 3 h with X4 NL4-3 or R5 Ba-L HIV-1 and then
washed extensively to remove unbound virus. After infection,
the cells were cultured for 3 days without any stimulation. No
virus production, as measured by the RT assay, could be de-
tected in culture medium during this time.

To measure the efficiency of HIV-1 entry into resting CD41

T cells, we first examined by RT-PCR analysis the expression
of CD4 and CXCR4 and CCR5, which serve as major HIV-1
entry coreceptors used by NL4-3 and Ba-L, respectively. We
have found that the expression of CD4 as well as CXCR4 and
CCR5 mRNA did not change noticeably in unstimulated cells
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3 days after infection with X4 and R5 HIV-1 (data not shown).
Synthesis of strong-stop DNA, the early product of HIV-1
reverse transcription (LTR R/U5 region) synthesized shortly
after viral entry, was detected only in infected cells (Fig. 1A),
and the levels of R/U5 products synthesized after entry of X4
NL4-3 and R5 Ba-L were similar. This suggests that both
viruses entered the cells with comparable efficiency. Specificity
of the R/U5 signal was confirmed by showing the persistence of
the signal in unstimulated cells for at least 3 days after infec-
tion (see Fig. 5). In addition, we did not detect any R/U5 signal
in cells infected with X4 NL4-3 in the presence of AMD3100,
an antagonist of CXCR4 known to inhibit X4 HIV-1 entry
(11), or in cells pretreated with anti-CD4 antibody Q4120,
which blocks CD4-mediated HIV-1 entry (Fig. 1B).

Restricted replication of X4, but not R5, HIV-1 in resting
CD41 T cells in the absence of MEK/ERK signaling. We next
studied the ability of the anti-CD3/anti-CD28 antibodies to
stimulate productive infection in infected resting CD41 T cells
in which the MEK/ERK pathway was inhibited. The cells,
infected with X4 NL4-3 or R5 Ba-L or with the isogenic pair of
HIV-1 strains, NL4-3 and 49-5, were stimulated with immobi-
lized monoclonal anti-CD3 and anti-CD28 antibodies in the
presence or absence of the specific MEK/ERK pathway inhib-
itor U0126. Productive replication and the amount of the virus
released into the medium were determined by analysis of RT
activity in culture supernatants. Figure 2A shows that costimu-
lation with anti-CD3/CD28 antibodies rendered cells compe-
tent for productive infection. At days 3 and 4 after stimulation,
replication of Ba-L and NL4-3 was clearly detected, although
the levels of Ba-L HIV-1 replication were initially two- to
threefold higher than those of NL4-3 replication. The presence
of U0126 did not significantly affect the replication of R5
HIV-1 Ba-L. In contrast, replication of X4 NL4-3 was severely
inhibited in the presence of MAPK inhibitor. The inhibitory
effect of U0126 on the X4 HIV-1 replication did not result
from a general toxicity of the drug, since replication of Ba-L
was not significantly affected over a period of 9 days.

To provide more definitive evidence for the role of R5 and
X4 HIV-1 envelopes in the observed effect and to exclude
possible effects of other viral determinants, we used a pair of
isogenic viruses, NL4-3 and 49-5, which differ exclusively in the
envelope region. A recombinant clone, 49-5 (24), is based on
X4 NL4-3 and contains the envelope V3 loop sequence derived

from R5 Ba-L HIV-1. The results presented in Fig. 2B show
that, in contrast to X4 NL4-3, replication of R5 49-5 HIV-1,
which uses CCR5 for entry (24), was not significantly inhibited
in the presence of the MEK/ERK inhibitor. Together, these
results suggest that the MEK/ERK activity stimulated by CD3/
CD28 is required to support viral replication and productive
infection of X4 HIV-1.

To ensure that U0126 inhibits the MEK/ERK pathway in
CD41 T cells and to exclude the possibility that ERK activity
may be differentially altered upon infection, we examined the
phosphorylation status of ERK1/2 in uninfected cells as well as
in cells infected with Ba-L and NL4-3. The cells were prein-
cubated for 30 min without or with U0126 at 10 mM and
activated with immobilized anti-CD3/CD28 antibodies for
24 h, and then ERK1/2 phosphorylation was assessed in cell
lysates by Western blot analysis with phosphospecific antibod-
ies. Figure 3 shows that U0126 significantly inhibited phos-
phorylation and activation of ERK1/2. In addition, we did not
observe any significant changes in the activation of ERK by
anti-CD3/CD28 antibodies in infected cells.

Restricted replication of X4 NL4-3 does not result from
downregulation of CD4 or CXCR4 expression. To examine
whether the observed restriction of NL4-3 replication can be
ascribed to the downregulation of CD4 and/or CXCR4 recep-
tors by the inhibitor, we first analyzed the expression of HIV-1
receptor and coreceptor mRNAs by RT-PCR in cells infected
with NL4-3. For comparison, we also analyzed the expression
of HIV-1 receptor mRNAs in cells infected with Ba-L HIV-1.
Figure 4A shows that the presence of U0126 did not affect
significantly the expression of CD4 or CXCR4 mRNA after
stimulation of the cells with anti-CD3/CD28 antibodies over a
period of 6 days. In addition, no major differences in the
expression of CCR5 coreceptor were detected. Since the ex-
pression of HIV-1 receptors could be altered by posttranscrip-
tional mechanisms, we analyzed the cell surface expression of
CD4 and CXCR4 receptors by FACS.

We have found that in the presence of U0126 inhibitor,
surface expression of CD4 receptors was downregulated by
about 51% in both uninfected and HIV-1-infected CD41 T
lymphocytes (Fig. 4B) and thus seems unlikely to result in
specific inhibition of NL4-3, but not Ba-L or 49-5, HIV-1
replication. The surface expression of CXCR4 receptors was
not significantly changed by the inhibitor or infection. In the
presence of the inhibitor, CXCR4 was expressed at levels of 74
to 117%, compared with those in controls in the absence of the
inhibitor. We therefore conclude that restricted replication of
X4 NL4-3 in the presence of MEK/ERK inhibitor does not
result from a specific downregulation of the expression of CD4
or CXCR4 receptors. This conclusion is also underscored by
the fact that, in our model, a significant portion of the resting
cells were infected, and therefore the initial replication of
HIV-1 should be independent of the level of HIV-1 receptor or
coreceptor expression.

In addition, the levels of the earliest reverse transcription
products (R/U5 signal) formed after X4 and R5 HIV-1 entry
were similar in the absence or presence of U0126 (Fig. 5). This
suggests that some changes in the surface expression of the
HIV-1 receptors do not play a major role in the observed
restricted replication of NL4-3 in the presence of MEK/ERK
inhibitor.

Activation of the MEK/ERK signaling pathway is not re-
quired for the early preintegration steps of HIV-1 replication.
To define MAPK-dependent steps in HIV-1 replication that
control establishment of productive infection in resting CD41

T lymphocytes, we used PCR to analyze proviral reverse tran-
scription products. The set of oligonucleotide primers that can

FIG. 1. HIV-1 entry into resting peripheral blood CD41 T lymphocytes. (A)
HIV-1 entry into unstimulated CD41 T lymphocytes. The cells were infected for
3 h with NL4-3 or Ba-L (20 RT cpm/cell) or were left uninfected. PCR ampli-
fication of total-cell lysates was performed with R/U5 primers specific for strong-
stop DNA as described in Materials and Methods. Amplification of the b-globin
gene was used to control the amount of DNA in each sample. PCR products
were resolved by electrophoresis in 2.5% agarose gels and stained with ethidium
bromide. (B) Inhibition of X4 HIV-1 entry into CD41 T cells by CD4 and
CXCR4 antagonists. The cells were preincubated for 30 min with anti-CD4
antibody (5 mg/ml) or AMD3100 (500 ng/ml), followed by infection with NL4-3
as described for panel A. PCR amplification and analysis of R/U5 product were
performed as described for panel A and in Materials and Methods.
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specifically identify different forms of proviral DNA transcripts
was used (7, 30). Infected CD41 T cells were collected at
different times after stimulation with anti-CD3/CD28 antibod-
ies, and the first products of reverse transcription synthesized
after viral entry were identified by amplification of total DNA
with the LTR R/U5 primers. It can be seen that these early
proviral transcripts were present in both unstimulated and
stimulated cells infected with either R5 Ba-L (Fig. 5A) or X4
NL4-3 (Fig. 5B) HIV-1. Inhibition of the MAPK pathway by
treatment of the cells with U0126 inhibitor did not affect the
levels of the amplified R/U5 DNA, indicating that the early
step of reverse transcription is independent of the MAPK
pathway and CD3/CD28 stimulation. In unstimulated cells in-
fected with NL4-3, the R/U5 signals significantly diminished on
day 6 (144 h), suggesting that the unintegrated proviral DNA
disappears faster in X4 NL4-3-infected cells than in cells in-
fected with R5 Ba-L HIV-1.

The LTR/gag fragments representing DNA formed after the
second template switch were present at 24 h poststimulation in
the CD3/CD28-stimulated cells and the unstimulated controls.
The relative levels of LTR/gag DNA were not significantly
affected by the presence of U0126 inhibitor. However, the

levels of LTR/gag DNA increased at 72 h after the CD3/CD28
stimulation in both cells infected with NL4-3 and those in-
fected with Ba-L and remained increased over a period of 6
days after stimulation. This contrasts with the accumulation of
the transcripts in unstimulated cells that could be detected on
day 6 only in cells infected with Ba-L, but not those infected
with NL4-3 HIV-1. These results indicate that in cells infected
with X4 or R5 HIV-1, virus transcription proceeds almost to
completion, even in the absence of the MAPK signaling path-
way. However, in unstimulated cells, the levels and/or stability
of preintegration forms of HIV-1 DNA were significantly
higher in cells infected with R5 than in those infected with X4
HIV-1.

Activation of ERK is required for successful completion of
reverse transcription or nuclear import of X4 NL4-3 proviral
DNA in infected CD41 T cells. We further investigated
whether activation of the MEK/ERK pathway induced by en-
gagement of TCR/CD28 is required for completion of reverse
transcription or nuclear import of X4 HIV-1 DNA. To this
end, we monitored the levels of PCR-amplified circular provi-
ral DNA (2LTR signal) as a marker for full completion of
reverse transcription and translocation of the preintegration

FIG. 2. Restricted replication of X4 HIV-1 in infected resting CD41 T lymphocytes in the absence of MEK/ERK pathway signaling. Purified peripheral blood CD41

T lymphocytes were infected with NL4-3 or Ba-L (A) or with a pair of isogenic viruses, 49-5 and NL4-3 (B), as described in Materials and Methods. Subsequently, the
cells were left untreated or were stimulated with immobilized anti-CD3/CD28 antibodies in the absence or presence of U0126 inhibitor (10 mM). Virus production was
monitored by the RT activity released into culture medium.
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complexes into the nucleus. Since 2LTR viral DNA is formed
exclusively in the nucleus (after synthesis of full-length viral
DNA), it is commonly used as a marker for completion of
preintegration steps and nuclear import of HIV-1 DNA (43).
The amount of total DNA was controlled by amplifying the
cellular b-globin gene. In addition, as a control, cellular lysates
from HIV-1-infected ACH-2 cells, containing one integrated
HIV-1 provirus per cell, were prepared and amplified with the
same set of primers (Fig. 5D). Figure 5 shows that, in the
absence of CD3/CD28 stimulation, the levels of 2LTR DNA
circles were undetectable in cells infected with NL4-3. How-
ever, very faint bands, corresponding to 2LTR circles, could be
detected at 24 h poststimulation in cells infected with Ba-L.

Formation of 2LTR circles was detected in infected cells
stimulated for at least 72 h with anti-CD3/CD28 antibodies.
However, in CD41 T cells infected with X4 NL4-3 and stim-
ulated through TCR/CD28 in the presence of MEK/ERK in-
hibitor, the relative levels of 2LTR circle signals were signifi-
cantly lower (about 10-fold [Fig. 5C]) than those in infected
cells stimulated in the absence of the inhibitor. In contrast, in
cells infected with Ba-L (Fig. 5A) or R5 49-5 (Fig. 5C) HIV-1,
containing the envelope V3 loop from Ba-L in the background
of NL4-3, the presence of MEK/ERK inhibitor did not signif-
icantly affect formation of 2LTR DNA circles. These results
suggest that full completion of preintegration steps and/or nu-
clear import of X4 HIV-1 DNA, but not R5 HIV-1 provirus, is
significantly impaired in the presence of MEK/ERK pathway
inhibition.

The levels of integrated HIV-1 DNA were determined by
using nested PCR amplification with Alu-LTR primers in the
initial PCR and a pair of NI-2 primers, which allows amplifi-
cation of a portion of the HIV-1 LTR, for the second PCR (7).
Integrated DNA was detected only in infected cells stimulated
for 72 h with anti-CD3/CD28 antibodies. No integration signal
was present in infected unstimulated cells. However, a signif-
icant difference in integration of Ba-L and NL4-3 provirus was
observed in the cells treated with MEK/ERK inhibitor. While
the integration of HIV-1 Ba-L DNA was unaffected in the
presence of U0126 inhibitor, integration of NL4-3 DNA was
greatly inhibited. Since we have shown that the completion of
the preintegration steps of NL4-3 HIV-1 provirus is signifi-
cantly inhibited by the MEK/ERK inhibitor, we assume that, as
a consequence, integration of the provirus is inhibited as well.
However, it is not clear whether the MEK/ERK pathway di-

rectly regulates the process of integration of proviral DNA into
the host genome.

Together, our results suggest that activation of the MAPK
ERK pathway during CD3/CD28 stimulation is necessary for
the full completion of the preintegration steps and/or nuclear
import of X4 HIV-1 DNA and replication of the virus in CD41

T lymphocytes. In contrast, CD3/CD28-induced MEK/ERK
signaling is not required for efficient replication of R5 Ba-L or
49-5 HIV-1 in CD41 T cells. Studies are in progress to delin-
eate the mechanism(s) responsible for the observed differential
requirements for MEK/ERK signaling for the replication of
X4 and R5 HIV-1.

DISCUSSION

We have shown in this study that replication of R5 HIV-1 in
infected resting peripheral blood CD41 T lymphocytes stimu-
lated with anti-CD3/CD28 antibodies is independent of the
stimulation of the MEK/ERK pathway. In contrast, replication
of X4 HIV-1 was dependent on the presence of a functional
MEK/ERK pathway. We have further shown that this re-
stricted replication of X4, but not R5, HIV-1 was a result of
inefficient completion of late preintegration steps and/or nu-
clear import of proviral DNA.

To mimic the activation of T cells that takes place during
antigen presentation, we have used an in vitro model of resting
CD41 T cells infected with X4 or R5 HIV-1 and subsequently
stimulated by cross-linking of CD3 and CD28 receptors with
plastic-immobilized monoclonal antibodies (32). Importantly,
this stimulation allows for productive replication of both X4
and R5 HIV-1 in the cells. Since it was shown that CD41 T
cells downregulated CCR5, but not CXCR4, expression in
response to CD28 costimulation (27), we used cells that were
infected with HIV-1 before stimulation with anti-CD3/CD28
antibodies. Our results showed that both X4 and R5 HIV-1
entered the cells with comparable efficiency in the absence of
stimulation, as determined by analysis of the levels of R/U5
DNA, the product of HIV-1 reverse transcription synthesized
shortly after viral entry.

It is well established that the MEK/ERK pathway constitutes
a part of TCR/CD28-mediated signaling involved in T-cell
activation (5) and can be specifically inhibited by the MEK/
ERK inhibitor U0126 (15). Accordingly, we have shown that
stimulation of the resting CD41 T cells with the anti-CD3/
CD28 antibodies in the presence of U0126 results in a signif-
icant inhibition of ERK phosphorylation and activation (Fig.
3). In addition, we did not observe any significant changes in
the activation of ERK by the anti-CD3/CD28 antibodies in
uninfected and infected cells. Thus, differential replication of
X4 and R5 HIV-1 in cells stimulated in the presence of U0126
suggests that X4 and R5 viruses may differ in their require-
ments for the MEK/ERK stimulation for viral replication. By
using a pair of isogenic viruses, X4 NL4-3 and R5 49-5, that
differ only in the V3 region of the envelope, we showed that the
observed restricted replication of X4 HIV-1 in the absence of
MEK/ERK signaling can be overcome by changing the HIV-1
coreceptor specificity.

We speculate that the observed differences may be related to
differential signaling induced upon entry of R5 and X4 viruses.
In this regard, we have shown that the interaction of SIVs with
CCR5 stimulated the MEK/ERK pathway (26). In contrast,
engagement of CXCR4 by X4 HIV-1 did not induce this path-
way (25). However, both X4 and R5 viruses stimulated the
MEK/ERK pathway through CD4 receptor, independently of
signaling through chemokine receptors (3, 25, 26). Interest-
ingly, engagement of CD4 and CCR5 receptors by SIV signif-

FIG. 3. U0126 inhibits ERK1/2 phosphorylation induced by CD3 and CD28
ligation in CD41 T lymphocytes. Purified peripheral blood CD41 T cells (unin-
fected) were preincubated for 30 min at 37°C in the absence or presence of
MEK/ERK inhibitor U0126 (10 mM). Cells infected with Ba-L or NL4-3, as well
as the uninfected cells preincubated in the absence of U0126, were subsequently
activated with plastic-immobilized monoclonal anti-CD3/CD28 antibodies or
were left unactivated. Cells preincubated with U0126 were activated with immo-
bilized anti-CD3/CD28 antibodies for 24 h in the presence of the inhibitor before
lysis. Triton X-100 cell lysates were prepared, and proteins (20 mg/lane) were
resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and probed
with antibodies specific for phosphorylated forms of ERK1/2 (P-ERK1/2) and
total ERK1/2.
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icantly enhanced the MEK/ERK as well as JNK and p38
MAPK signaling, compared to binding to CCR5-negative cells.
These results suggest that CD4 receptor-induced signaling can
be significantly intensified by the engagement of CCR5, but not
CXCR4, coreceptors. Consequently, R5 HIV-1 replication in
“preactivated” cells may require suboptimal activation deliv-
ered by the engagement of CD3 and CD28 receptors in the

absence of MEK/ERK activity. In contrast, X4 HIV-1 will
require MEK/ERK activity induced by CD3/CD28 receptors
for optimal replication. Whether these quantitative differences
in expression of the MEK/ERK cascade or possible synergistic
interaction with other HIV-1 binding-induced pathways lead to
the observed different outcome for X4 and R5 HIV-1 replica-
tion requires further investigation.

FIG. 4. Analysis of the chemokine and CD4 receptor expression in HIV-1-infected CD41 T lymphocytes stimulated with anti-CD3/CD28 antibodies in the presence
or absence of MEK/ERK signaling. (A) Total RNA was isolated from purified CD41 T cells infected with NL4-3 or Ba-L and stimulated for the indicated period of
time with immobilized anti-CD3/CD28 antibodies in the absence or presence of MEK/ERK inhibitor U0126 (10 mM). PCR analysis was performed with synthesized
cDNA under conditions described in Materials and Methods. PCR products were resolved by electrophoresis in 2.5% agarose gels and stained with ethidium bromide.
GAPDH mRNA served as an internal control. (B) FACS analysis of surface expression of CD4 and CXCR4 in resting CD41 T lymphocytes. Uninfected resting CD41

T cells and cells infected with Ba-L or NL4-3 and stimulated for 6 days with immobilized anti-CD3/CD28 antibodies in the absence or presence of U0126 (10 mM) were
stained with PE- or FITC-conjugated monoclonal antibodies and subsequently analyzed as described in Materials and Methods.
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Since we performed our experiments with unselected pri-
mary CD41 T lymphocytes, we cannot exclude the possibility
that the observed effects may be at least partially due to infec-
tion of different CD41 T-cell subpopulations by X4 and R5
HIV-1. Two major subsets of CD41 T cells, naive and memory
cells, differ functionally from each other and show different
patterns of intracellular signaling upon CD3 stimulation (17).
However, previous studies showed that surface expression of
the HIV-1 coreceptors on CD41 T cells was differentially ex-

pressed on naive versus memory T cells, with CCR5 mostly
restricted to the CD26 high subset of memory CD45RO1 cells
and CXCR4 expressed on both memory and naive CD45RA1

CD41 T cells (2, 22). In addition, it was shown that X4 HIV-1
replicates preferentially in memory cells (32) and does not
replicate productively in naive cells stimulated with anti-CD3/
CD28 antibodies (28). It therefore seems conceivable that X4
and R5 HIV-1 replicated preferentially in a population of
memory cells in our in vitro system. However, whether the
memory cells are the only infected subset of CD41 T cells in
our system is not clear.

In accordance with our results, it was recently shown that R5
HIV-1 has a significant replicative advantage over X4 HIV-1 in
suboptimally activated T lymphocytes (37). However, the na-
ture of this envelope-dependent restriction was not clarified.
Similarly, recent results suggest that R5 and X4 HIV-1 induce
different pathogenic effects in hu-PBL-SCID mice, depending
on the state of activation of T cells (13). While X4 strains were
highly virulent only when injected at a time when the trans-
ferred human T cells were highly activated, the R5 HIV-1
strains caused CD41 T-cell depletion and immune dysfunction
independent of the state of activation of the target cells.

To define MEK/ERK-dependent steps in the viral life cycle
that restrict replication of X4 HIV-1 in CD41 T cells, we have
used PCR analysis. In our model, a possible downregulation of
HIV-1 receptors should not have a critical effect early in HIV-1
infection, since CD41 T cells were “latently” infected, and thus
HIV-1 early replication events did not involve engagement of
HIV-1 receptors. Although we did not find any evidence of a
significant modulation of CD4, CXCR4, or CCR5 at the tran-
scriptional levels, surface expression of the CD4 receptor was
decreased by 51% in the presence of MEK/ERK inhibitor.
Interestingly, a similar reduction was observed in both unin-
fected and infected cells. Together with the observation that
CXCR4 coreceptor was not significantly modulated by U0126,
changes in the expression of HIV-1 receptors cannot satisfac-
torily explain the observed restriction of the X4 HIV-1 repli-
cation in resting CD41 T cells.

PCR analysis of the preintegration stages of HIV-1 replica-
tion performed with LTR/gag-specific primers suggested that
reverse transcription proceeded significantly to completion in
CD3/CD28-stimulated infected cells and was independent of
MEK/ERK activation. Using LTR/gag primers, we could not
conclude whether the reverse transcription proceeded to full
completion, resulting in double-stranded and blunt-ended
DNAs that serve as the substrate for HIV-1 integrase. How-
ever, the 2LTR circular forms of viral DNA that are formed
exclusively in the nucleus (36) are used as a marker for full
completion of reverse transcription and translocation of the
preintegration complex into the nucleus (43). Using primers
detecting 2LTR circle forms of HIV-1 DNA, we have found
that a full completion of preintegration steps and/or nuclear
import of X4 HIV-1 DNA was significantly impaired in the
presence of MEK/ERK inhibitor. In contrast, nuclear import
of R5 HIV-1 DNA was not significantly affected by the inhib-
itor. Similarly, integration of HIV-1 DNA into the host ge-
nome followed the same pattern. However, it is not clear
whether the MEK/ERK pathway directly regulates some as-
pects of integration or merely overcomes a primary block re-
lated to full completion of reverse transcription and/or nuclear
import of preintegration complexes.

The nature of the specific MEK/ERK targets that may be
involved in nuclear import of preintegration complexes is not
clear. It has been suggested that phosphorylation of HIV-1
Gag MA protein localized in the viral reverse transcription
complexes is required for nuclear transport of viral DNA (4).

FIG. 5. Differential effect of the MEK/ERK inhibitor U0126 on nuclear
import and/or integration of X4 and R5 HIV-1 proviral DNA. (A and B)
Analysis of the sequential steps of reverse transcription and subsequent nuclear
import and integration of the proviral DNA was performed with specific oligo-
nucleotide primer sets and under the conditions described in Materials and
Methods. The peripheral blood resting CD41 T lymphocytes infected with Ba-L
(A), NL4-3 (B), or with the isogenic pair (49-5 and NL4-3) of HIV-1 strains (C)
were left untreated, were treated with MEK/ERK inhibitor U0126 (10 mM)
alone, or were stimulated for different periods of time with immobilized anti-
CD3/CD28 antibodies (aCD3 and aCD28) in the absence or presence of U0126.
Subsequently, the cells were harvested and analyzed by PCR for RT products
that were early (RU5), late (LTRgag), nuclear (2LTR circles), and integrated
(INT) into the host genome, respectively. The amount of total DNA was con-
trolled by amplification of the cellular b-globin gene. (D) As controls, serial
dilutions of the HIV-1-infected ACH-2 cells, containing one HIV-1 provirus per
cell, were amplified with the same set of primers. Note that, in these cells, 2LTR
circles were not present.
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However, whether HIV-1 Gag represents the only viral target
for MEK/ERK is unknown. It seems possible that cellular
factors that serve as MEK/ERK substrates may also be re-
quired for efficient completion of reverse transcription and
nuclear import of preintegration complexes. In this regard, a
nuclear factor of activated T cells, NFATc, was shown to fa-
cilitate completion of HIV-1 reverse transcription (20). In-
terestingly, regulation of NFATc in T cells requires the activity
of multiple effector pathways, including ERK (16). In addition,
it was suggested that c-Myc, which is regulated by the MEK/
ERK pathway (19), controls HIV-1 DNA nuclear import with-
out an effect on viral full-length synthesis (34). Further exper-
iments will be required in order to understand the role of
MEK/ERK signaling in X4 and R5 HIV-1 replication and
pathogenesis.
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