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Université de la Méditerranée, 13385 Marseille Cedex 5, France

CXCR4-using human immunodeficiency virus, type 1 (HIV-
1) variants emerge late in the course of infection in >40% of
individuals infected with clade B HIV-1 but are described less
commonly with clade C isolates. Tat is secreted by HIV-1-in-
fected cells where it acts on both uninfected bystander cells and
infected cells. In this study, we show that clade B Tat, but not
clade C Tat, increases CXCR4 surface expression on resting
CD4� T cells through a CCR2b-dependent mechanism that
does not involve de novo protein synthesis. The expression of
plectin, a cytolinker protein that plays an important role as a
scaffolding platform for proteins involved in cellular signaling
including CXCR4 signaling and trafficking, was found to be sig-
nificantly increased following B Tat but not C Tat treatment.
Knockdown of plectin using RNA interference showed that
plectin is essential for the B Tat-induced translocation of
CXCR4 to the surface of resting CD4� T cells. The increased
surface CXCR4 expression following B Tat treatment led to
increased function of CXCR4 including increased chemoattrac-
tion toward CXCR4-using-gp120. Moreover, increased CXCR4
surface expression rendered resting CD4� T cells more permis-
sive to X4 but not R5 HIV-1 infection. However, neither B Tat
nor C Tat was able to up-regulate surface expression of CXCR4
on activatedCD4�Tcells, andbothproteins inhibited the infec-
tion of activated CD4� T cells with X4 but not R5 HIV-1. Thus,
B Tat, but not C Tat, has the capacity to render resting, but not
activated, CD4� T cells more susceptible to X4HIV-1 infection.

Human immunodeficiency virus, type 1 (HIV-1)2 exhibits
high genetic variability, with strains divided into three main
groups: major (M), which are the cause of most HIV-1 infec-
tionsworldwide, outlier (O), andnew (N; non-Mandnon-O; 1).

Within group M, nine clades are recognized, designated by the
lettersA–D, F–H, J, andK. In addition, circulating recombinant
forms (CRF) have also been identified (1). Globally, over 50% of
all infections are caused by clade C, whereas clade B, the most
studied clade, represents just 10% of all infections but is domi-
nant in both Europe and North America. Recent research has
shown that the different clades and CRF of HIV-1 have biolog-
ical differences with respect to transmission (2), replication (3),
and disease progression (4, 5). Moreover, the HIV-1 proteins
gp120 (6), Nef (7, 8), Vif, Vpr, Vpu (9, 10), andTat (11–19) show
clade and isotype-specific properties at both the molecular and
biological levels. Furthermore, the HIV-1 long terminal repeat
(LTR) also displays clade-specific properties (20). Therefore,
generalizations ofHIV-1 transmission, pathogenesis, and tissue
involvement based on clade B studies may be misleading.
HIV-1 isolates are distinguishable by the chemokine receptor

they use for cell entry (21). Chemokine (CXCmotif) receptor 4
(CXCR4)-using isolates are termed X4, chemokine (C-Cmotif)
receptor 5 (CCR5)-using isolates are termed R5, and isolates
that use both CXCR4 and CCR5 are termed R5X4. R5 viruses
predominate early in HIV-1 infection for all clades, whereas X4
or R5X4 viruses emerge in about 40% of late clade B HIV-1
infection (22). The precisemechanismbywhich this emergence
occurs is poorly understood, but it coincides with both signifi-
cantly lower levels of CD4� T cells and a lower thymic produc-
tion of newT cells than in individuals with R5 variants irrespec-
tive of viral load (23–25). It is possible that the R5 to X4 shift is
also a cause of the CD4� T cell decline, because X4 variants
target the naïve cell pool (26). In clade C HIV-1 infection, R5
variants dominate all stages of disease, including late stage
AIDS, with only limited X4 or R5X4 variants described or char-
acterized (27–29), suggesting that factors limiting the develop-
ment of X4 clade C viruses exist, although it is unclear whether
they are host or virological constraints.
CXCR4 is a seven-transmembrane receptor coupled to a per-

tussis toxin (PTX)-sensitive heterotrimeric Gi protein, which
modulates the levels of intracellular cAMP by inhibiting the
activity of adenylate cyclase. It also links to phosphoinositide
3-kinase,which is intrinsically linked to cellmotility by promot-
ing reorganization of the actin cytoskeleton (30). CXCR4 also
activates Src kinase, which in conjunction with other protein
tyrosine kinases of the Syk, Tec, and focal adhesion kinase fam-
ilies promotes the activation of mitogen-activated protein
kinases (MAPK) and Ras-related GTPases, which change the
transcriptional profile of the cell and promote actin remodeling
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(30). The natural ligand for CXCR4 is CXCL12, which is a che-
moattractant for CD4� T cells.

HIV-1 clade B Tat (B Tat) has been shown to up-regulate
CXCR4 on resting CD4� T cells (31, 32). Tat is an 86–101-
residue regulatory protein (9–11 kDa) that is essential for pro-
ductive and processive transcription from the HIV-1 LTR (33)
and is secreted from unruptured, HIV-1-infected cells where it
has a variety of effects on both uninfected and infected cells
(reviewed in Refs. 34 and 35). The cysteine-rich and core
domains of Tat are responsible for its trans-activational prop-
erties (33). Aligning this region of Tat with several �-chemo-
kines indicates positioning and similarity of key residues critical
for�-chemokine receptor binding and signal transduction (36),
including a CC(F/Y) motif at positions 30–32. However, clade-
specific variations occur, with more than 90% of HIV-1 clade C
Tat proteins (C Tat) possessing a C31S mutation (12), and
HIV-1 CRF_AE Tat proteins have an (F/Y)32Wmutation (19).
We have previously shown that the C31S variation found in C
Tat results in its reduced ability to bind CCR2b and stimulate
TNF and CCL2 production frommonocytes (16). In this study,
we show that B Tat but not C Tat up-regulates the surface
expression of CXCR4 on resting CD4� T cells, rendering a
larger population of resting CD4� T cells more susceptible to
X4 HIV-1 infection.

EXPERIMENTAL PROCEDURES

CD4� T Cells—Human peripheral blood mononuclear cells
were isolated from the heparinized blood of healthy HIV-1 sero-
negative donors by density centrifugation over Ficoll-PaqueTM

Premium (GE Healthcare). CD4� T cells were isolated from
peripheral blood mononuclear cells by negative selection using
the CD4� T cell isolation kit from Miltenyi Biotec (Auburn,
CA) in accordance with the manufacturer’s instructions. The
final cultures of CD4� T cells were always�95% pure, as deter-
mined by two-color flow cytometry analysis using monoclonal
fluorescently tagged antibodies specific for CD4 and CD3 (BD
Pharmingen). After purification, the cells were resuspended in
AIM-V medium with human serum albumin (AIM-V; Invitro-
gen) at 1 � 106 CD4� T cells/ml for 24 h to allow for maximal
unstimulated surface expression of CXCR4 before use.
Synthesis of Tat Proteins—Full-length synthetic Tat proteins

were synthesized in the solid phase using themethod of Barany
and Merrifield (37) with fast Fmoc (9-fluoenylmethoxy car-
bonyl) chemistry and 4-hydroxymethyl-phenoxymethyl-co-
polystyrene, 1% divinylbenzene preloaded resin (0.5 mmol;
Applied Biosystems) on an automated ABI 433A synthesizer
(Applied Biosystems) as previously described (11). Purification
and analysis using high performance liquid chromatography
was performed as previously described (11, 14). Amino acid
analysis was performed on a model 6300 Beckman analyzer,
and mass spectrometry was carried out using an Ettan matrix-
assisted laser desorption ionization time-of-flight apparatus
(Amersham Biosciences). The trans-activation activities of the
synthetic Tat proteins were analyzed by monitoring the pro-
duction of�-galactosidase after activation of lacZ expression in
HeLa-CD4-LTR-�-galactosidase cells as previously described
(16).

Viruses—The following viruses were obtained through the
AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, National Institutes of Health: HIV-1IIIB fromDr.
Jean-Marie Bechet and Dr. Luc Montagnier (38, 39) and HIV-
193In905 from Dr. Robert Bollinger and the UNAIDS Network
for HIV Isolation and Characterization, and the Division of
AIDS, NIAID, National Institutes of Health (40). The viruses
were propagated on phytohemagglutinin (PHA) from Phaseo-
lus vulgaris (Sigma) and interleukin (IL)-2 (Roche Applied Sci-
ence)-activated peripheral blood mononuclear cells, treated
with RNase-free DNase I (Invitrogen), and purified using
Vivaspin 20 columns with a 300,000 molecular weight cut-off
(Sartorius Stedim Biotech, Edgewood, NY). The 50% tissue cul-
ture infective dose (TCID50) was determined by serial dilution
of the virus and calculated using the Spearman-Kärber method
as described elsewhere (41). TheHIV-1 p24 antigen concentra-
tion in culture supernatants was determined using the Alliance
HIV-1 p24 antigen enzyme-linked immunosorbent assay kit
(PerkinElmer Life Sciences).
Antagonists and Inhibitors—The CXCR4 antagonist AMD3100,

the chemokine (C-C motif) receptor 2b (CCR2b) antagonist
RS102895, the extracellular signal-regulated kinase (Erk) 1/2
inhibitor U0126, and pertussis toxin (PTX) from Bordetella
pertussiswere all purchased fromSigma. The cytotoxic effect of
the different inhibitors and antagonists was tested by the trypan
blue dye exclusion assay, and none was found to be cytotoxic
(viability was �99%). Anti-CD3 antibody (clone HIT3a) was
purchased from (eBioscience, San Diego, CA).
FlowCytometry—All of the flow cytometrywas performedon

a FACSCalibur flow cytometer (BD Biosciences). All of the
cytogram analysis was performed using CellQuest Pro� soft-
ware (BD Biosciences).
Surface protein expression of CXCR4, CCR5, CD25, CD69,

human leukocyte antigen-DR, and CD45RO on CD4� T cells
was investigated by flow cytometry using fluorescently la-
beled monoclonal antibodies CD4PerCp, CD3FITC, CXCR4PE,
CD45ROAPC, CCR5APC, CD14APC, CD14FITC, CD25APC, CD69APC,
and human leukocyte antigen-DRPE (where FITC is fluorescein
isothiocyanate, PE is phycoerythrin, APC is allophycocyanin,
and PerCp is peridin-chlorophyll protein) obtained from BD
Pharmingen as described previously (42). The results are
expressed as [mean fluorescence intensity in treated cells/mean
fluorescence intensity in untreated cells] � 100. Total CXCR4
content was evaluated by surface staining for CXCR4, then per-
meabilizing with Cytofix/Cytoperm (BD Biosciences) and
restaining for CXCR4. Nonspecific fluorescence was assessed
using isotype- and fluorophore-matched controls. Receptor
internalization was measured by the retention of anti-CXCR4
antibody binding following elimination of cell surface bound
antibody via acid wash as described previously (42). Receptor
internalization was quantified as the percentage of total anti-
CXCR4 fluorescence intensity (pH 7 wash) retained following
acid wash (pH 4).
For the quantification of Erk1/2 phosphorylation, Tat-con-

ditioned cells or unconditioned controls were harvested and
stimulated with gp120 for 2 min. The reaction was stopped by
adding an equal volume of glacial Dulbecco’s phosphate-buff-
ered saline (DPBS) supplemented with 2% (w/v) paraformalde-
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hyde. The cells were permeabilized in 90% glacial methanol
overnight, washed twice in DPBS supplemented with 1% (w/v)
bovine serum albumin and 0.1% (w/v) NaN3, and stained with
the 20A Alexa Fluor 647-conjugated monoclonal anti-phos-
pho-Erk1/2 (Thr202/Tyr204) obtained from BD Pharmingen.
The specificity for phosphorylated Erk1/2 was assessed using
40 nM 12-O-tetradecanoylphorbol-13-acetate, which induced a
significant increase in mean fluorescence over unstimulated
control cells.
Filamentous actin (F-actin) polymerization following the

addition of gp120 was assessed mainly as previously described
(42, 43). Briefly, CD4� T cells (107/ml) were incubated in RPMI
1640 medium containing 20 mM HEPES (both Invitrogen) and
gp120MN (Immunodiagnostics, Woburn, MA) or gp120SF162
(obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, National Institutes of
Health). Every 15 s, 100 �l of cell suspension was added to 400
�l of DPBS supplemented with 4.5% (w/v) paraformaldehyde,
100 nM FITC-labeled phalloidin, and 125 �g/ml L-�-lysophos-
phatidylcholine (both Sigma). The results are expressed as
[median fluorescence intensity after the addition of ligand/me-
dian fluorescence intensity before the addition of ligand]� 100.
Real TimePCR—CXCR4mRNAandHIV-1 LTRDNAquan-

tification were measured by real time PCR using a using the
LightCycler System and the FastStart RNAMaster SYBRGreen
I kit and the FastStart DNA Master SYBR Green I (all from
Roche Applied Science), respectively, as previously described
(42). All of the results are expressed as the ratio between the
copy number of the target gene and the copy number of RNA
polymerase II and normalized so that CXCR4 mRNA expres-
sion and HIV-1 LTR in unconditioned cells equals 1.00.
siRNATransfection—Acontrol duplex siRNA consisting of a

scramble sequence that does not lead to the degradation of any
cellular message and three plectin duplex siRNAs were pur-
chased from Santa Cruz Biotechnology. RNA duplexes were
transfected into primary resting CD4� T cells using Lipo-
fectamine RNAiMAX in Opti-MEM I (both Invitrogen) with a
final siRNA concentration of 40 nM. The cells were then used
after 48 h, and the extent of knockdown was quantified by
immunoblotting as described below.
Immunoblotting—Plectin was quantified by electrophoresis

and subsequent immunoblotting using anti-plectinC-20 (Santa
Cruz Biotechnology) or E398P (Abcam) as described previously
(42). The membranes were then stripped and reprobed for
�-actin using amonoclonal antibody (cloneAC-74; Sigma) The
relative density of the plectin (target) band was compared with
the�-actin (reference) band and analyzed using the freely avail-
able ImageJ (National Institutes of Health).
Total CXCR4 content and the phosphorylation of Erk1/2,

p38, and stress-activated protein kinase/Jun amino-terminal
kinase (SAPK/JNK) were determined by electrophoresis and
subsequent immunoblotting. Briefly, the cells were washed and
lysed inCelLyticM in the presence of phosphatase and protease
inhibitors (all from Sigma) and subjected to centrifugation
(15,000 � g, 15 min) to remove debris. 40 �g/sample was then
heated to 100 °C for 10 min in SDS sample buffer containing
reducing agent and separated by 4–12% bis-Tris-polyacrylam-
ide gel (Invitrogen) and transferred to nitrocellulose mem-

branes (Fisher). The membranes were blocked overnight with
DPBS supplemented with 0.1% (v/v) polysorbate 20 (Sigma)
and 5% (w/v) dried nonfat milk (Genesee Scientific, San Diego,
CA) and probed with an antibody against either CXCR4
(Abcam), phosphorylated p38 (Thr180/Tyr182), phosphorylated
SAPK/JNK (Thr183/Tyr185), or phosphorylated Erk1/2 (Thr202/
Tyr204) (from Cell Signaling Technology) followed by detec-
tion using the WesternBreeze chemiluminescence kit (In-
vitrogen). The membranes were subsequently stripped and
reprobed with anti-�-actin (Sigma) in the case of CXCR4 or
with the corresponding antibody against total p38, Erk1/2, or
SAPK/JNK (all from Cell Signaling Technology) to confirm
equal loading.
Chemotaxis Assays—The migration of CD4� T cells in

response to gp120 was evaluated using 24-well Transwell
migration chambers with 5-�m-pore size polyvinylpyrroli-
done-free polycarbonate filters (Corning) as previously
described (44).
HIV-1 Infection Assay—After 4 h of conditioning with Tat,

CD4� T cells were infected with X4 HIV-1IIIB or the R5 HIV-
193In905 at a multiplicity of infection of 0.01 for 3 h and then
washed three times with DPBS. The cells were then cultured in
RPMI 1640 supplemented with 15% (v/v) fetal bovine serum, 2
mM glutamine, and antibiotics (all from Invitrogen). After 14 h,
either the cells were harvested and total DNA was prepared
with the QIAamp DNAmini kit in accordance with the manu-
facturer’s directions (Qiagen), or the medium was supple-
mented with 20 units/ml IL-2 and cells were cultured for a
further 96 h. The supernatants were then collected and assayed
using the Alliance HIV-1 p24 antigen enzyme-linked immu-
nosorbent assay kit (PerkinElmer Life Sciences).
Statistics—The results are expressed as the means � S.E. of

three or more experiments performed in triplicate. All of the p
values correspond to two-tailed t tests.

RESULTS

CXCR4 Antibody Binding Sites Are Increased on B Tat-
treated, but Not on C Tat-treated, Resting CD4� T Cells—In
this study, we initially used nine different Tat proteins from
four different HIV-1 clades and one CRF: Clade A, Ug11RP
(17); clade B, HXB2 (B Tat)(16) and Bru (11); clade C, 93In (C
Tat)(16), 96Bw (46), and 92Br (45); clade D, Ug05RP (14),
and Eli (45); and CRF_AE, CM240 (46). All of the Tat variants
have similar trans-activational activity as described previously
(16, 46).
We first examined whether the different variants of Tat have

an effect on HIV-1 surface coreceptor expression on resting
CD4� T cells. CD4� T cells were freshly isolated from healthy
donors, cultured for 24 h as described under “Experimental
Procedures,” and subsequently exposed to 2 nMTat proteins for
4 h. The cells were then harvested, stained, and analyzed by flow
cytometry. All of the Tat proteins except the clade C proteins
93In and 92Br induced a significant increase in the surface
expression of CXCR4 (Fig. 1). We then investigated the dose-
dependent response toBTat andCTat at 1, 10, and 50nM.At all
of the concentrations tested, B Tat significantly up-regulated
CXCR4 surface expression, whereas C Tat did not (p � 0.0001;
Fig. 2A). Flow cytometry demonstrated that neither BTat norC
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Tat altered the expression of the activation markers (human
leukocyte antigen-DR,CD25, orCD69) and had no effect on the
surface expression of CD4, CD3, CCR5, or CD45RO (data not
shown).
We have previously shown that both B Tat and C Tat bind

CXCR4 with the same Kd but differ in their affinity for CCR2b
(16). Therefore, we tested the hypothesis that B Tat triggers the
up-regulation of surface CXCR4 expression through a CCR2b-
dependentmechanismby incubating the cells with RS102895, a
potent and specific spiropiperidine class inhibitor for CCR2b
that has no significant inhibitory activity on other chemokine
receptors (47). Indeed, RS102895 inhibits the downstream
effects of the CCR2 ligand, CCL2, namely the phosphorylation
of p38 and SAPK/JNK but not those of CXCL12 (Fig. 2B). Incu-
bation of resting CD4� T cells in the presence of RS102895 also
resulted in the complete inhibition of surface CXCR4 up-regu-
lation by B Tat (Fig. 2C). Importantly, the concentration of
RS102895 used had no effect on the surface expression of
CXCR4 (Fig. 2C).
A previous study using 200 �g/ml cycloheximide showed

that the up-regulation of CXCR4 on resting CD4� T cells by B
Tat was due to de novo protein synthesis (32). However, we
noticed that in their data and in our own experiments (not
shown), treatment of resting CD4� T cells with 200 �g/ml
cycloheximide actually down-regulates CXCR4 expression.
Therefore, to determine whether B Tat-induced up-regulation
of surface CXCR4 on resting CD4� T cells was due to de novo
protein synthesis, CD4� T cells were incubated with B Tat, and
the expression of both surface and total CXCR4 was quantified
by immunoblotting (Fig. 2D) and flow cytometry (Fig. 2E), and
CXCR4 mRNA was quantified by real time PCR (Fig. 2F).
Although cell surface expression of CXCR4 increases signifi-
cantly (p� 0.0001), therewas no increase in either total CXCR4
(p� 0.17; Fig. 2,D and E) or CXCR4mRNA (p� 0. 93; Fig. 2F).
We then sought to examine the effect of Tat on the surface

expression of CXCR4 on activated CD4� T cells using CD25 as

a marker of activation. We found that PHA-IL-2-stimulated
CD4� T cells have significantly lower levels of surface CXCR4
than resting CD4� T cells after just 24 h of stimulation (Fig. 3A;
p� 0.014).Moreover, BTat hadno effect on the surface expres-
sion of CXCR4 on IL-2 or IL-2/PHA-stimulated CD4� T cells
(p � 0.87 and 0.38 respectively; Fig. 3B).
B Tat but Not C Tat Reduces CXCR4 Internalization—To

determine whether altered receptor trafficking might play a
role in B Tat up-regulation of CXCR4 cell surface expression,
the receptor internalization rates were quantified by flow cyto-
metric analysis of internalized anti-CXCR4 antibody following
removal of surface-bound antibody by acid washing. Low pH
washing efficiently removed cell surface-bound antibody as
demonstrated by the abrogation of the fluorescent signal of
both anti-CD4PerCp and anti-CXCR4PE (data not shown).
Therefore, residual antibody binding reflects internalized
receptors not exposed to extracellular low pH by acid washing
at the time points shown (48). After 2 h of incubation at 37 °C in
medium without Tat, the acid-resistant anti-CXCR4 antibody
binding post-washing averaged 11% of total CXCR4 fluores-
cence intensity (Fig. 4A). Parallel incubation in the presence of
2 nM B Tat resulted in significantly decreased acid-resistant
anti-CXCR4 antibody binding, reaching a 65% reduction at 120
min with an average of 3.6% total fluorescence intensity (p �
0.008). C Tat had no significant effect at all time points (p �
0.2). Thus, B Tat appears to up-regulate cell surface expression
ofCXCR4 inpart by reducing receptor internalization rates rather
than by increasing the size of the total CXCR4 receptor pool.
In the absence of ligand binding, the precise mechanisms

that regulate CXCR4 signaling and intracellular trafficking are
not well understood. However, recent studies have suggested a
role for plectin, a cytolinker protein that plays an important role
as a scaffolding platform for proteins involved in cellular signal-
ing and in CXCR4 signaling and trafficking (42, 49). Therefore,
to determine whether B Tat has an effect on plectin expression,
the plectin levels were quantified by immunoblotting (Fig. 4B).
We found that B Tat significantly increased the expression of
plectin in CD4� T cells (mean fold increase 1 versus 3.5, p �
0.001; Fig. 4C). These data suggest that plectinmay play a role in
B Tat-dependent up-regulation of surface CXCR4 expression.
To understand the importance of the interaction between

plectin, CXCR4, and CCR2b, we examined the effect of plectin
RNA interference on B Tat-mediated CXCR4 up-regulation.
We transfected primaryCD4�Tcells with a scramble siRNAor
with plectin-specific siRNA, treated these cells with 2 nM B Tat
for 4 h, and determined surface CXCR4 expression by flow
cytometry. Cells transfectedwith the scramble siRNAexhibited
an increase in CXCR4 surface expression following B Tat treat-
ment (Fig. 5). In contrast, cells transfected with plectin siRNA
exhibited no increase in CXCR4 surface expression following B
Tat treatment. These data indicate that plectin is essential for
the increase in surface expression of CXCR4 following B Tat
treatment.
B Tat Increases CXCR4 Signaling, Leading to an Increase

in CXCR4-tropic gp120-induced Actin Polymerization and
Chemotaxis—Using aTranswell assay, we tested the hypothesis
that B Tat-induced CXCR4 surface up-regulation would
enhance CD4� T cell chemotaxis toward CXCR4-tropic

FIGURE 1. Tat proteins from different clades up-regulate CXCR4 expres-
sion of resting CD4� T cells. Purified resting CD4� T cells from HIV-negative
subjects were incubated with 2 nM Tat from different clades. After 4 h, the cells
were harvested and stained for surface CXCR4. All of the Tat proteins signifi-
cantly up-regulated CXCR4 surface expression except the clade C Tat93In and
Tat92Br. *, p � 0.001.
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gp120MN.We compared the percentage of unconditioned rest-
ing CD4� T cells that migrated in response to gp120 with or
without prior conditioningwith Tat for 4 h. CD4�T cellmigra-
tion toward 200 nM gp120MN, the reportedKd of CXCR4-tropic
gp120 for CXCR4 (50), was enhanced 73% by prior exposure to
B Tat (p � 0.0001; Fig. 6A), whereas migration toward the
CCR5-tropic gp120SF162 remained unaffected (Fig. 6A). Inter-
estingly, prior incubation with C Tat inhibited the chemotactic
effect of gp120MN by 22% (p � 0.0001; Fig. 6A). Preincubating
CD4� T cells with 20 �M RS102895 before B Tat exposure
reduced migration toward gp120MN to 34%, the same as for
non-B Tat-treated gp120MN-specific migration (Fig. 6A). All of
the chemotactic activity in response to gp120MNwas abrogated
by pretreating the cells with 1 �MAMD3100, a specific CXCR4
antagonist, or 1 �g/ml PTX, which irreversibly inhibits the Gi
subunits of heterotrimeric G proteins by ADP ribosylation (Fig.
6A), indicating a requirement for CXCR4 and G�i proteins in
CXCR4-tropic gp120MN-induced migration.

Previous studies have shown thatCXCR4physically interacts
with the T cell receptor (TCR) in response to signaling via

CXCL12 and uses TCR signaling machinery from signal initia-
tion to signal termination. Therefore, to establish whether anti-
CD3 stimulation would inhibit the migration of CD4� T cells
toward gp120MN, the response of CD4� T cells pretreated with
10 �g/ml anti-CD3 antibody was evaluated. The response was
reduced to 2%of cellmigration in response to gp120MNwithout
prior anti-CD3 treatment (p � 0.0001; Fig. 6A).
Cell polarization andmotility are governed by actin cytoskel-

eton rearrangements. Actin turnover is also involved in HIV-1
entry, which requires disintegration and reconstitution of the
membrane structure. Thus, by inducing F-actin polymeriza-
tion,CXCR4 can regulate bothX4HIV-1 entry and chemotaxis.
CD4� T cells conditioned with B Tat for 4 h were treated with
200 nM gp120 and probed with FITC-phalloidin for F-actin
polymerization at various time points. F-actin polymerization
was rapidly induced in resting, untreated CD4� T cells follow-
ing the addition of 200 nM CXCR4-tropic gp120MN. Kinetics in
all instances were rapid with the peak response achieved
within 30 s post-stimulation and was completely abrogated
in the presence of AMD3100, indicating a dependence on

FIGURE 2. B Tat induces up-regulation of surface CXCR4 expression on resting CD4� T cells through a CCR2-dependent mechanism that does not require de
novo protein synthesis. A, purified resting CD4� T cells from HIV-negative subjects were incubated with increasing concentrations of Tat. After 4 h, the cells were
harvested and stained for surface CXCR4. B Tat, but not C Tat, induced a dose-dependent increase in surface expression of CXCR4. The data are expressed as the
means � S.E. of the mean fluorescence intensity calculated from three independent experiments. B, purified resting CD4� T cells were cultured in the presence or
absence of 20 �M RS102895 and 1 nM CCL2 or CXCL12. After 4 h, the cells were harvested and analyzed for the phosphorylation of SAPK/JNK and p38 by immuno-
blotting. The blots were then stripped and reprobed for the expression of total SAPK/JNK or p38. RS102895 successfully inhibited the CCL2/CCR2-mediated phos-
phorylation events but not those through CXCL12/CXCR4, indicating CCR2 antagonism specificity. C, purified resting CD4� T cells were pretreated with 20 �M

RS102895 and then cultured for 4 h in the presence of 2 nM B Tat (black line histogram) or with vehicle control (solid gray histogram). The cells were then harvested and
stained for surface CXCR4. RS102895 inhibited the up-regulation of surface CXCR4 expression. Histograms are shown from a representative donor. D–F, purified resting
CD4� T cells were incubated with 2 nM Tat for 4 h, lysed, subjected to electrophoresis, and immunoblotting (D). Alternatively, the cells were stained for surface CXCR4
or permeabilized and stained for total CXCR4 (E) or evaluated for CXCR4 mRNA content using real time PCR and summarized in F. The histograms and blots for a
representative donor are shown. Neither Tat protein induced de novo protein synthesis. *, p � 0.001.
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signaling through CXCR4 (Fig. 6B). Treating the cells with B
Tat for 4 h prior to stimulation with gp120MN increased the
F-actin polymerization response (p � 0.034; Fig. 6B). Con-
versely, conditioning the cells with C Tat slightly inhibited the
polymerization of F-actin, although this was not significant
(p � 0.44; Fig. 6B). The CCR5-tropic gp120SF162 also induced
rapid polymerization of F-actin, although we observed no dif-
ference between the Tat-conditioned and nonconditioned cells
(132% increase versus 130% increase, p � 0.87). The peak
response achieved using gp120SF162 in nonconditioned cells
was significantly less compared with gp120MN alone (2.5-fold
increase versus 1.3-fold increase, p � 0.033; Fig. 6B).
B Tat Enhances CXCR4-tropic gp120-induced Erk1/2

Phosphorylation in Primary CD4� T Cells—Erk1/2 has been
implicated in regulating chemotaxis in some systems (51, 52).
Therefore, we analyzed whether gp120 could induce the phos-
phorylation of Erk1/2 in resting unstimulated CD4� T cells. At
both 40 and 80 nM, we observed no effect of either the CXCR4-
tropic gp120MN or the CCR5-tropic gp120SF162 (data not
shown). However, at 200 nM, gp120MN induced significant
phosphorylation of Erk1/2 (1.88-fold increase, p � 0.0001; Fig.
7, A and B). Furthermore, Erk1/2 phosphorylation was greater
in cells conditionedwithBTat than in unconditioned cells (1.88
versus 2.85-fold increase, p � 0.0001; Fig. 7, A and B). Con-
versely, prior conditioning with C Tat had no effect on the
extent of gp120MN-induced Erk1/2 phosphorylation. Pretreat-
ing the cells with AMD3100 or PTX abrogated gp120MN-in-

duced phosphorylation of Erk1/2, indicating the inhibition of
the Ras/MAPK pathway and a requirement for CXCR4 in
gp120MN-induced Erk1/2 phosphorylation; conditioning with
either Tat had no observable effect on this inhibition (Fig. 7, A
and B). Conversely, the gp120SF162 had no effect on Erk1/2
phosphorylation at either the Kd for CCR5, 6 nM (53; data not
shown), or at 200 nM (Fig. 7, A and B).
Although several studies have demonstrated activation of

Erk1/2 in response to a CXCL12 or gp120 interaction with
CXCR4, its role in chemokine-mediated chemotaxis is conten-
tious (43, 54). Thus, although Erk1/2 is activated in response to
gp120, the role it plays in gp120-mediated chemotaxis of resting
CD4� T cells is unknown.We therefore measured CD4� T cell
migration after preincubation with 10 �M U0126, an Erk1/2
inhibitor. U0126 had little effect on CD4� T cell migration in
response to 200 nM gp120MN (Fig. 7C). However, although
U0126 had no effect on CD4� T cell migration in response to
gp120, it inhibits the productive infection of primary CD4� T
cells at a point before the reverse transcription step (42).

FIGURE 3. Expression of CXCR4 on IL-2 stimulated CD4� T cells. A, surface
expression of CXCR4 and CD25 (as an indicator of activation) was assessed
over 96 h after stimulation with 20 units/ml IL-2 and 5 �g/ml PHA. As the cells
became activated, CXCR4 expression was down-regulated. B, at 24 h post-IL-2
or IL2 plus PHA treatment, the ability of B Tat to up-regulate CXCR4 was
assessed by flow cytometry. The data are expressed as the means � S.E. of the
mean fluorescence intensity calculated from three or more independent
experiments performed in triplicate. B Tat had no effect on the CXCR4 surface
expression of activated CD4� T cells. FIGURE 4. Effect of B Tat on CXCR4 internalization and on plectin content.

A, CXCR4 internalization was quantified by flow cytometric assessment of
anti-CXCR4 antibody binding following acid stripping of cell surface-bound
antibody. Acid-resistant binding (internalized CXCR4) is expressed as a frac-
tion of total antibody binding over 2 h of incubation at 37 °C. B Tat reduced
the CXCR4 internalization by 65% across four independent experiments (p �
0.008). B, effect of B Tat on plectin expression. Immunoblotting was used to
quantify plectin levels in resting CD4� T cells cultured for 4 h in the presence
of 0 (U), 2 nM C Tat (C), or 2 nM B Tat (B). Two donors are shown. Parallel
determination of �-actin verified equivalent protein loading. C, densitometric
analysis of the immunoblots shown in B revealed that B Tat, but not C Tat,
conditioning of resting CD4� T cells significantly increased plectin content
(p � 0.001). *, p � 0.008; **, p � 0.001.
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B Tat but Not C Tat Increases Entry of X4 HIV-1IIIB but Not
R5 HIV-193In905 into Resting CD4� T Cells—The previous
results suggested that B Tat conditioning of resting CD4� T
cells selectively affects X4 HIV-1 gp120-CXCR4 interactions.
Therefore, we tested the hypothesis that increased surface
expression of CXCR4 will enhance X4 HIV-1 entry into resting
CD4� T cells while having no effect on R5 HIV-1 entry. To test
this hypothesis directly, we measured viral entry by real time
PCR. Highly purified resting CD4� T cells were conditioned
with B Tat, C Tat, or vehicle control for 4 h before infection
with HIV-1 (multiplicity of infection of 0.01) for 3 h. After an
additional 14 h culture in fresh medium, the samples were ana-
lyzed by real time PCR for the presence and quantity of strong
stop HIV-1 DNA (with LTR R/U5 primers), an early product
of reverse transcription. B Tat conditioning significantly
enhanced X4 HIV-1IIIB infection 14-fold (p � 0.0001; Fig. 8A).
Conversely, C Tat had no effect on HIV-1IIIB infection (p �
0.25). Neither B Tat nor C Tat had any effect on the R5 HIV-
193In905 infection (p � 0.15).

Virus replicationwas then induced using 20 units/ml IL-2 for
a further 96 h, and p24 antigen was quantified at the end of this
period. The increase in viral DNA found in B Tat-conditioned
cells with the HIV-1IIIB correlated with a significant increase in
p24 antigen concentration at 4 days post-infection (p � 0.034;
Fig. 8B). C Tat conditioning resulted in no significant change in
p24 at 4 days post-infection (p � 0.14).
Both B Tat and C Tat Inhibit the Entry of X4 HIV-1IIIB into

PHA-activated CD4� T Cells—In contrast to resting CD4� T
cells, PHA/IL-2-treated CD4� T cells subjected to X4 HIV-1
infection resulted in significantly lower levels of viral LTRDNA
copies in both clade B and clade C Tat-treated cells than in
untreated cells (p � 0.003 and � 0.0001, respectively). Also, as
in resting CD4� T cells, there was no significant change in R5
HIV-1 viral LTR DNA copies found between either Tat treat-

ment or the vehicle control (p� 0.63 and 0.58, respectively; Fig.
8C). This pattern extended to the supernatant p24 antigen lev-
els at 96 h post-infection. Compared with unconditioned cells,
therewere significantly lower levels of p24 at 96 h in both BTat-
(274 ng/ml p24 versus 425 ng/ml p24, p � 0.005) and C Tat-
treated cells (254 ng/ml p24 versus 425 ng/ml p24, p � 0.002;
Fig. 8D).

DISCUSSION

Many different roles have been attributed to clade B Tat,
including the induction of CD4� T cell apoptosis (14–15, 35,
55–58), stimulation or inhibition of cytokine production, and
as amonocyte chemoattractant (16, 36). The last role is thought
to be a direct result of the ability of clade B Tat to bind CCR2b,

FIGURE 5. Effect of plectin RNA interference on B Tat-mediated CXCR4
surface up-regulation. Purified CD4� T cells were transiently transfected
with a scramble siRNA as a control (S) or plectin-specific siRNA (P) and sub-
jected to immunoblot analysis as described above (A) or treated with B Tat, C
Tat, or vehicle control (B). After 4 h, the cells were harvested and stained for
surface CXCR4. Plectin siRNA almost completely abrogated the B Tat-medi-
ated up-regulation of CXCR4 surface expression (p � 0.0001).

FIGURE 6. B Tat, but not C Tat, augments CXCR4-tropic gp120MN chemo-
tactic and F-actin response. A, CD4� T cell migration induced by 200 nM

gp120MN or gp120SF162 alone or with prior conditioning with 2 nM Tat and/or
20 �M RS102895, 1 �M AMD3100, 1 �g/ml PTX, or 10 �g/ml anti-CD3 anti-
body. The bars represent the means � S.E. of the percentage of migrated cells
from three independent experiments performed in triplicate. Chemokinesis
was minimal when equal concentrations of gp120 was added to both the
apical and basal chambers and has been subtracted from these histograms.
CXCR4-tropic gp120MN induced chemotaxis of CD4� T cells and was aug-
mented by preconditioning with 2 nM B Tat but not C Tat. The augmentation
was abrogated in the presence of RS102895 (p � 0.0001). Treatment with
AMD3100, PTX, or anti-CD3 antibody inhibited gp120MN-induced chemo-
taxis. R5 gp120SF162 induced minimal chemotaxis and was unaffected by all
inhibitor and stimulus treatments. B, effect of B Tat on CXCR4-tropic
gp120MN-induced F-actin polymerization in resting CD4� T cells. Using FITC-
phalloidin as a probe for intracellular F-actin, the effects of Tat precondition-
ing on F-actin polymerization in resting CD4� T cells was assessed by flow
cytometry. The results show the kinetics of F-actin polymerization following
stimulation of unconditioned cells with R5 gp120SF162 (open symbols) or X4
gp120MN (closed symbols) at time 0 with or without inhibitors. All of the data
are representative of three independent experiments. *, p � 0.0001.
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inducing a transient calcium flux that activates a signaling
module involving Gi and a hierarchy of MAPK family mem-
bers that regulate chemotaxis. In a previous study, we showed
that the clade C Tat used here was unable to bind CCR2b and
failed to induce a transient calcium flux and activate signaling
modules that regulate monocyte chemotaxis (16). Further-
more, although both Tat proteins bind CXCR4 with the same

Kd, neither is able to induce a transient calcium flux in primary
CD4� T cells (16) or induce CD4� T cell chemotaxis.3

In this study, we show that B Tat up-regulates the expression
of CXCR4 on the surface of resting CD4� T cells within 4 h
through a dose- and CCR2b-dependent mechanism in a man-
ner similar to CCL2 (42) that does not require de novo protein
synthesis but involves the relocation of preexisting CXCR4 to
the cell surface combined with a decrease in CXCR4 internal-
ization.However, themutation found inCTat renders it unable
to bind CCR2b (16) and subsequently unable to up-regulate
CXCR4 expression on CD4� T cells. Furthermore, because B
Tat had no effect on CXCR4 expression in activated CD4� T
cells, the activation state of the cells appears to be important
and may account for the discrepancies observed in the initial
reports (31, 32, 59, 60).
The CXCR4-tropic gp120MN induced a CXCR4-specific sig-

naling response in resting CD4� T cells that led to F-actin
polymerization, Erk1/2 phosphorylation, and chemotaxis.
Treating CD4� T cells with anti-CD3 antibody induced a mar-
ginal down-regulation of CXCR4 surface expression (data not
shown), probably mediated via protein kinase C, which phos-
phorylates CXCR4 followed by receptor internalization (61).

3 G. R. Campbell and S. A. Spector, unpublished observations.

FIGURE 7. Effect of B Tat on gp120 induced Erk1/2 phosphorylation in
primary resting CD4� T cells. A, primary resting CD4� T cells pretreated with
B Tat or C Tat for 4 h and then stimulated with gp120 for 2 min in the presence
of 1 �M AMD3100, 1 �g/ml PTX, or vehicle control, fixed, permeabilized, and
stained with a fluorescently tagged antibody specific for phosphorylated
Erk1/2 and then analyzed by flow cytometry. The bars represent the means
and S.E. of the relative change in fluorescence intensity indicative of Erk1/2
phosphorylation after stimulation with CXCR4-tropic gp120MN (black bars) or
CCR5-tropic gp120SF162 (gray bars). White bars represent resting cells treated
with 40 nM 12-O-tetradecanoylphorbol-13-acetate (TPA) or with vehicle con-
trol in the absence of gp120 stimulation. The change in Erk1/2 phosphoryla-
tion is expressed as the relative fold change in the mean fluorescence inten-
sity, with the base-line fluorescence intensity before the addition of gp120
expressed as 1.00. Alternatively, cells were lysed, and Erk1/2 phosphorylation
was determined through immunoblotting. B, B Tat, but not C Tat, precondi-
tioning of resting CD4� T cells significantly increased gp120MN-induced
phosphorylation of Erk1/2 (p � 0.0001) but had no effect on gp120SF162-
induced events. Both AMD3100 and PTX inhibited Erk1/2 phosphorylation by
gp120MN. C, CD4� T cell migration induced by 200 nM gp120MN or gp120SF162
after preconditioning with Tat and/or 10 �M U0126. The bars represent the
means � S.E. of the number of migrated cells from three independent exper-
iments performed in triplicate. Chemokinesis was minimal when equal con-
centrations of gp120 were added to both the apical and basal chambers and
has been subtracted from these histograms. *, p � 0.0001.

FIGURE 8. X4 HIV-1 infection of primary resting CD4� T cells. A, purified
resting CD4� T cells were conditioned with 2 nM Tat, 1 nM CXCL12, or left
unconditioned for 4 h before infection with X4 HIV-1IIIB (black bars) or the R5
HIV-193In905 (gray bars) at a multiplicity of infection of 0.01 for 3 h. The cells
were then cultured for 14 h without further stimulation. Entry of HIV-1 was
evaluated by real time PCR using primers specific for the LTR R/U5 region
as described under “Experimental Procedures.” B, cells infected with HIV-1IIIB as
described above were further cultured in the presence of 20 units/ml IL-2.
After 96 h, the supernatants were collected and p24 quantified. C, purified
CD4� T cells were stimulated for 72 h in the presence of 20 units/ml IL-2,
conditioned with 2 nM Tat for 4 h and then subjected to infection with HIV-1IIIB
(black bars) or the HIV-193In905 (gray bars) at a multiplicity of infection of 0.01
for 3 h. The cells were then cultured for a further 14 h before the HIV-1 LTR
DNA quantity was evaluated. D, cells infected with HIV-1IIIB from C were fur-
ther stimulated with 20 units/ml IL-2 for 96 h before supernatants were col-
lected, and p24 quantified. B Tat, but not C Tat, conditioning significantly
augmented X4 HIV-1IIIB but not R5 HIV-193In905 infection of resting CD4� T
cells. Conversely, both B Tat and C Tat significantly inhibited X4 HIV-1IIIB but
not R5 HIV-193In905 infection of activated CD4� T cells. *, p � 0.05.
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However, it is unlikely that this down-regulation accounted for
the almost complete inhibition of gp120MN-induced chemo-
taxis we observed. Previous studies have shown that CXCR4
physically interacts with the TCR in response to signaling via
CXCL12 and uses TCR signaling machinery from signal initia-
tion to signal termination. CD3-mediated activation of protein
kinase C leads to phospholipase C-�-3 phosphorylation, which
in turn inhibits the activation of Gq� (62). However, it is also
possible that the signaling pathways of both the TCR and
CXCR4 use the same Gq� subunit. Therefore, stimulation of
CD4� T cells with anti-CD3 antibody prior to the gp120 che-
motaxis assay transiently desensitizes CXCR4, rendering the
cell unresponsive to the agonistic effects of the gp120MN-
CXCR4 interaction. Pretreating resting CD4� T cells with B
Tat enhanced gp120MN-induced F-actin polymerization and
Erk1/2 phosphorylation while also increasing the chemotactic
response. However, conditioning the cells with C Tat resulted
in a decrease of gp120MN-mediated events. This difference is
possibly due to C Tat binding CXCR4 and acting as a CXCR4
antagonist (16). B Tat also binds CXCR4 with the same Kd as C
Tat, but the augmentation of surface CXCR4 offsets any antag-
onistic events that may occur.
In addition to up-regulating the surface expression of

CXCR4, B Tat enhanced gp120MN-induced chemotaxis signal-
ing events, suggesting that B Tatmay increase the susceptibility
of resting CD4� T cells to infection by X4 HIV-1. The best
characterized latently infected cells are resting CD4� T cells
that are infected while in an activated state prior to returning to
a resting state (63). However, HIV-1 can be isolated from
CD45RA� naïve CD4� T cells in HIV-1-infected organ cul-
tures and from HIV-1-infected individuals (64, 65). Moreover,
resting CD4�T cells can be latently infected in vivowithout the
requirement for a secondary stimulus (66). Taken together, this
suggests that an activation step is not required for either HIV-1
entry or for HIV-1 integration. We show that B Tat increases
the efficiency of X4 but not R5 viral entry into resting CD4� T
cells. In contrast, C Tat slightly inhibits X4 HIV-1IIIB infection.
However, in activated CD4� T cells, both Tat proteins inhibit
X4-mediated but not R5-mediated viral infection/entry of cells.
Therefore, B Tatmay play a dual role—promoting the infection
of resting CD4� T cells while inhibiting the infection of acti-
vated cells, whereas C Tat inhibits infection of both resting and
activated CD4� T cells.

In a recent study of HIV-1-infected individuals, CXCR4-de-
pendent CD4� T cell migration was greater in subsets with
increased CXCR4 expression (naïve and central memory) than
in subsets with normal CXCR4 levels (effector memory and
effector) (67). This finding is consistent with the present study
and suggests that an increase of CD4� T cells with increased
CXCR4 expression in vivomay signal an enhanced response to
HIV-1 particles. This increased capacity of X4 HIV-1 to infect
resting CD4�T cellsmay contribute to the depletion of this cell
population observed during advanced HIV-1 infection and
affect HIV-1 pathogenesis.
It is well established that R5 viruses are efficiently transmit-

ted at the time of infection irrespective of clade, whereas R5X4
and X4 variants emerge in �40% of late stage clade B HIV-1
infection and is associated with more rapid disease progression

and clinical deterioration of AIDS patients (20). Importantly,
the R5 to X4 shift is both a consequence of low CD4� T cell
counts, promoting naïve CD4� T cell division, and a cause of
rapid CD4� T cell decline, because X4 virus targets the naïve
cell pool (24, 26). In contrast, usage of CXCR4 byHIV-1 clade C
is uncommon (28, 29). It is possible that C Tat is less patho-
genic, because monocytes treated with B Tat produce signifi-
cantly more TNF and CCL2 than those treated with C Tat (16).
TNF induces the down-regulation of CCR5 expression on
monocytes and CD4� T cells (68), whereas CCL2 induces
increased surface expression of CXCR4 on CD4� T cells (42).
This may create a favorable environment for the expansion of
CXCR4-using HIV-1 variants.
The quantity of Tat detected in the plasma ofHIV-1-infected

individuals (60) corresponds to the concentrations of Tat used
in this study that significantly up-regulate CXCR4 surface
expression on resting CD4� T cells, suggesting that effective
Tat concentrations might be reached in vivo. Moreover, higher
concentrations than those present in the plasma may be found
in lymphoid tissue, where productively infected cells are most
frequent and where Tat may act locally after secretion from
HIV-1-infected cells (60). In our experiments, we took care to
work with reduced Tat, because oxidation of B Tat reduces its
full in vitro activity (35, 69), which we observed when oxidation
abrogated the ability of B Tat to up-regulate CXCR4 (data not
shown). However, despite our precautions, we still used syn-
thetic Tat proteins, andTat found secreted in vivomay bemod-
ified and/or possess different activities.
Ahallmark ofHIV-1 infection is the progressive loss ofCD4�

T cells via both apoptosis and activation-induced cell death (44,
55, 56). Studies have suggested that both Tat and gp120 may
contribute to this depletion (57, 58). However, we were unable
to detect an apoptotic effect of either Tat protein or gp120 on
CD4�T cells in the absence of any activating or other apoptotic
stimuli (data not shown). However, when we serum-deprived
the CD4� T cells or stimulated them with anti-CD3, we
observed that the Tat proteins induced comparable levels of
apoptosis in accordance with previously published data (data
not shown and Refs. 15 and 58).
Genetic variations in CCR2 play a role in HIV-1 pathogene-

sis. The CCR2-V64I allele also has a significant influence on the
rate ofHIV-1 disease progression in adults, with the presence of
CCR2-V64I associated with a 2–3-year delay in progression to
AIDS and death, although it has no impact upon HIV-1 trans-
mission where CCR5 using viruses are dominant (70). Interest-
ingly, although peripheral blood mononuclear cells isolated
from CCR2-V64I heterologous donors have normal levels of
both CCR5 and CCR2, and the calcium flux mediated by CCL2
through CCR2-V64I was unaffected, they have reduced surface
expression of CXCR4 (71).
In summary, B Tat but not C Tat up-regulates CXCR4

expression on resting CD4� T cells through a CCR2b-depen-
dent mechanism that augments the ability of these cells to be
chemoattracted toX4 gp120 and increases their permissiveness
toX4HIV-1 entry. Thus, BTat has the capacity to render a large
population of lymphocytes more susceptible to X4 HIV-1 late
in the course of infection.
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Rozenbaum, W., and Montagnier, L. (1983) Science 220, 868–871

39. Wain-Hobson, S., Vartanian, J. P., Henry, M., Chenciner, N., Cheynier, R.,
Delassus, S., Martins, L. P., Sala, M., Nugeyre, M. T., and Guétard, D.
(1991) Science 252, 961–965

40. Lole, K. S., Bollinger, R. C., Paranjape, R. S., Gadkari, D., Kulkarni, S. S.,
Novak, N. G., Ingersoll, R., Sheppard, H. W., and Ray, S. C. (1999) J. Virol.
73, 152–160

41. Japour, A. J., Mayers, D. L., Johnson, V. A., Kuritzkes, D. R., Beckett, L. A.,
Arduino, J. M., Lane, J., Black, R. J., Reichelderfer, P. S., and D’Aquila, R. T.
(1993) Antimicrob. Agents Chemother. 37, 1095–1101

42. Campbell, G. R., and Spector, S. A. (2008) J. Biol. Chem. 283, 30745–30753
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