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AIDS-related B-cell non-Hodgkin’s lymphoma (AIDS-NHL) is a significant cause of morbidity and mortality
among individuals infected with human immunodeficiency virus type 1 (HIV-1). AIDS-NHL is clinically and
histologically heterogeneous, but common features include an aggressive clinical course and frequent extran-
odal presentation. HIV-1 infection of nonimmune cells that interact with malignant B cells at extranodal sites
may influence both the development and the clinical presentation of disease. Our previous studies have shown
that coculture of B-lymphoma (BL) cells with HIV-1-infected endothelial cells (EC) leads to contact activation
of EC and firm BL-cell adhesion. The key event promoting EC–BL-cell adhesion was HIV-1 upregulation of
endothelial CD40, which allowed induction of vascular cell adhesion molecule 1 (VCAM-1) in a CD40-
dependent manner. The present study was designed to identify the HIV-1 protein(s) that influence EC–BL-cell
adhesion. When HIV-1 proteins were individually expressed in EC by using recombinant adenoviruses,
cultured BL cells adhered exclusively to Vpu-transduced EC. As with HIV-infected EC, adhesive properties
were linked to the capacity of Vpu to upregulate CD40, which in turn allowed efficient expression of VCAM-1.
When EC were infected with an HIV-1 pseudotype lacking the Vpu gene, CD40 upregulation and BL-cell
adhesive properties were lost, indicating an essential role for Vpu in EC–BL-cell interactions. Thus, these data
reveal a novel function for HIV-1 Vpu and further suggest a role for Vpu in the development of AIDS-NHL at
EC-rich extranodal sites.

Patients infected with human immunodeficiency virus type 1
(HIV-1) are at significantly greater risk for developing AIDS-
related non-Hodgkin’s lymphoma (AIDS-NHL) than the gen-
eral population (19). The incidence of AIDS-NHL is �100-
fold higher than NHL arising in the immunocompetent
population, and as many as 10% of NHL cases in the United
States and Europe are AIDS related (10). AIDS-NHLs are
primarily high-grade B-cell lymphomas whose clinical spec-
trum encompasses systemic lymphoma, primary central ner-
vous system lymphoma and, less frequently, primary effusion
lymphoma and plasmablastic lymphoma of the oral cavity (11).
Pathologically, these tumors are characterized by a diffuse
growth pattern, high-grade morphology and a B-cell origin.
Clinical features of AIDS, including polyclonal B-cell stimula-
tion, reduced immune surveillance, and dysregulated cytokine
profiles, all contribute to tumor characteristics, either via pre-
disposing the patient to malignant conversion or exacerbating
tumor development (5, 18, 22, 29). Although malignant B cells
are not themselves HIV infected, HIV-1 may also contribute
more directly to the development and clinical presentation of
AIDS-NHL via infection of nonmalignant bystander cells that
interact with lymphoma cells.

Approximately 80% of all AIDS-NHLs are systemic, high-
grade B-cell lymphomas falling into one of three histopatho-

logic categories: Burkitt’s lymphoma, diffuse large-cell
lymphoma with immunoblastic features (also called immuno-
blastic lymphoma), and diffuse large-cell lymphoma with cen-
troblastic features (also called large cell lymphoma) (11). De-
spite this heterogeneity, a common feature of the systemic
lymphomas is localization to extranodal tissue sites, including
the meninges, bone marrow, gastrointestinal tract, liver, and
kidney (26, 30, 57). Interestingly, HIV-1 infection of the en-
dothelium has been documented at the majority of these ex-
tranodal sites (see reference 12 for a comprehensive review).
Although HIV-1 infection of endothelial cells (EC) is less
efficient than infection of CD4� leukocytes and may not play a
significant role in the progression of immunodeficiency per se,
endothelial infection could contribute to HIV-1 pathogenesis
in more subtle ways. For example, HIV-1 infection of vascular
and stromal EC could create a microenvironment conducive to
AIDS-NHL attachment and growth. In support of this hypoth-
esis, we have previously demonstrated the ex vivo outgrowth of
malignant B cells from bone marrow stroma obtained from
AIDS-NHL patients (41). Importantly, B-lymphoma (BL) cells
adhered specifically to HIV-infected stromal microvascular EC
(MVEC), and infection was absolutely required to sustain lym-
phoma cell proliferation and survival. In the same study,
MVEC isolated from brain tissue developed a phenotype sup-
portive of the attachment and growth of heterologous Burkitt’s
lymphoma cells after their in vitro infection with HIV-1. The
lymphoma support phenotype was linked to an HIV-1-induced
increase in expression of the tumor necrosis factor receptor
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(TNF-R) family molecule CD40. Ligation of CD40 led to pref-
erential induction of vascular cell adhesion molecule 1
(VCAM-1) on HIV-1-infected/CD40high MVEC, which in turn
facilitated increased lymphoma cell attachment via the
VCAM-1 binding partner, VLA-4. In vivo, the initial induction
of CD40, as well as post-CD40-ligation signals, may contribute
to VCAM-1 induction and increased BL-cell attachment to
HIV-1-infected endothelium. Direct cell-cell contact, allowing
close proximity to EC-produced cytokines, could in turn pro-
mote lymphoma cell proliferation and the outgrowth of malig-
nant foci at extranodal sites of endothelial infection.

The accessory and regulatory proteins of HIV-1 modulate
diverse aspects of host cell function in order to facilitate the
viral life cycle (see reference 21 for a recent review) and could
conceivably contribute to the lymphoma support phenotype
induced in HIV-1-infected MVEC. To identify HIV-1 gene(s)
that influence BL attachment to EC, viral regulatory (Rev and
Tat) accessory (Nef, Vif, Vpr, and Vpu) proteins were individ-
ually expressed in both large vessel (umbilical vein) and mi-
crovascular (dermal) EC by using an adenovirus expression
system. When transduced EC were screened for their ability to
support the attachment of cocultured CD40L�/VLA4� BL
cells, only Vpu-expressing EC supported firm BL-cell adhe-
sion. To verify a role for CD40 in the adhesion process, the
ability of Vpu to induce expression of CD40 and prime cells to
respond to a CD40-triggered VCAM-1 induction stimulus was
confirmed in the adenovirus system. An absolute requirement
for Vpu in the context of HIV-1 infection was confirmed by the
loss of the adhesive phenotype in EC infected with an HIV-1
mutant lacking the Vpu gene. Vpu is an HIV-1 accessory
protein known to enhance virion release from HIV-infected
cells (48), possibly by virtue of its ion channel activity (17), and
to mediate the selective degradation of CD4 in the endoplas-
mic reticulum (7, 55). This latter function requires interaction
of Vpu with the human �-transducin repeat-containing protein
(�TrCP) (35). Unlike other �TrCP substrates, however, Vpu is
not degraded by the SCF-�TrCP E3 ubiquitin ligase complex,
allowing it to perturb the physiological functioning of this pro-
teolytic pathway. Although the consequences of this trans-
dominant effect of Vpu have yet to be fully realized, accumu-
lation of the SCF-�TrCP substrates I�B, �-catenin, and ATF4
have all been documented in Vpu-expressing cells (3, 6). Our
current data suggest an as-yet-unrecognized function of Vpu:
modulation of host cell levels of the TNF-R family molecule
CD40. In addition, to uncovering a novel Vpu function, our
data predict a role of clinical importance for the Vpu gene,
namely, regulation of the characteristic extranodal localization
of malignant B cells in AIDS-NHL.

MATERIALS AND METHODS

Cell lines and cell culture. Human umbilical vein endothelial cells (HUVEC)
were obtained from BioWhittaker, Inc. (San Diego, Calif.). HUVEC monolayers
were cultured in an endothelial growth medium (EGM; Cambrex, Walkersville,
Md.) supplemented with 10% human AB serum (Sigma, St. Louis, Mo.) and a
penicillin (100 U/ml)-streptomycin (100 �g/ml)-glutamine (2 mM) solution
(PSG) on 35-mm or 60-mm Primaria tissue culture dishes (Becton Dickinson,
Bedford, Mass.) and used for experiments at passages 4 to 6. Dermal MVEC
(DMVEC) are an immortalized cell line not restricted by tissue culture passage
that were derived as previously described (40) and cultured as described for
HUVEC. BL cells are an Epstein-Barr virus-negative, CD40 ligand-positive
(CD40L�), VLA-4-positive Burkitt’s lymphoma line that was originally derived

from an HIV-1-positive patient (41). BL cells were cultured in RPMI 1640
supplemented with 10% fetal bovine serum (HyClone, St. Louis, Mo.) and PSG.
Human embryonic 293 and 293T kidney cells (American Type Culture Collec-
tion, Manassas, Va.) and H-MAGI cells (National Institutes of Health [NIH]
AIDS Research and Reference Reagent Program, Rockville, Md.) were grown in
Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum
and PSG.

Antibodies and cytokines. The anti-CD40 monoclonal antibody (MAb; Clone
5C3) used for flow cytometry was from Pharmingen (BD Biosciences, San Diego,
Calif.). The anti-CD40 MAb used for CD40 ligation was a low-endotoxin, sodium
azide-free (NA/LE) functional grade preparation of clone 5C3 from Pharmin-
gen. Primary antibodies used for Western blot analysis included a rabbit anti-
human CD40 antibody (Research Diagnostics, Inc., Flanders, N.J.), an anti-Tat
monoclonal antibody (Advanced Biotechnologies, Inc., Columbia, Md.), and an
anti-paxillin MAb (Upstate Biotechnology, Lake Placid, N.Y.). Second conjugate
reagents included peroxidase-labeled anti-mouse and anti-rabbit antibodies
(Amersham Pharmacia Biotech, Piscataway, N.J.). The anti-VCAM-1 MAb
(clone 51-10C9) used for flow cytometry was from Pharmingen. For flow cytom-
etry experiments, a mouse immunoglobulin G1 (IgG1) antibody (Clone MOPC-
31C) from Pharmingen was used as an isotype control, and a Cy5-conjugated
goat anti-mouse antibody (Amersham Pharmacia Biotech) was used as the flu-
orescent secondary reagent. Anti-HIV-1 p24 antibodies were obtained from
Dako (Carpinteria, Calif.). Recombinant human TNF alpha (TNF-�) was pur-
chased from R&D Systems, Inc. (Minneapolis, Minn.).

Adenoviral construction and infection. Recombinant adenovirus vectors were
constructed as previously described (24, 49). Each of the accessory (vpu, vpr, vif,
and nef) and regulatory (tat and rev) genes of HIV-1 was amplified by PCR from
proviral plasmid pNL4-3 (NIH AIDS Research and Reference Reagent Pro-
gram) with the gene-specific forward and reverse primers. Each PCR product
was cloned into an adenovirus shuttle vector (p�E1sp1Btet/EF1EGFPTKpolyA)
derived from plasmid p�E1sp1Btet with the addition of EF1-EGFP and herpes
simplex virus thymidine kinase poly(A). The recombinant adenoviruses were
produced by cotransfection of 293 cells with the shuttle plasmid containing the
various HIV-1 genes and pJM17 (Microbix, Toronto, Ontario, Canada), which
has an adenovirus genome with E1A deleted. Titers of the recombinant adeno-
viruses in 293 cells were determined by limiting dilution. All adenovirus infec-
tions were performed by coinfection of an adenovirus transactivator-expressing
virus (Ad/trans) at an equivalent, preoptimized multiplicity of infection (MOI).
Specifically, EC monolayers were infected with adenoviruses expressing the dif-
ferent HIV-1 proteins (Ad/Vpu, Ad/Tat, Ad/Vpr, Ad/Vif, Ad/Rev, or Ad/Nef)
and Ad/trans, each at an MOI of 100 unless specified otherwise. Infections were
performed in the presence of Polybrene (2 �g/ml; of hexadimethrine bromide;
Sigma) for 6 h, followed by rinsing and incubation in normal medium for 24 to
48 h. Control monolayers were mock infected or infected with Ad/trans alone at
an MOI of 200. The functional integrity of each adenovirus-expressed HIV-1
protein was confirmed by demonstrating the following functions in cells infected
with the respective recombinant adenoviruses: the capacity of Ad/Vpu and Ad/
Nef to downregulate CD4 (43, 55), Ad/Vpr to accumulate cells in the G2/M
phase of the cell cycle (1), Ad/Vif to degrade the editing enzyme APOBEC3G
(CEM-15) (36), Ad/Rev to rescue HIV-1 p24 production from a Rev-deleted
provirus (44), and Ad/Tat to transactivate the HIV-1 long terminal repeat (LTR)
in CD4-LTR/�-galactosidase-expressing MAGI cells (54), where methods and
results pertaining to these experiments are described).

HIV-1/VSV-G pseudotype virus construction and infection. Recombinant
HIV-1/VSV-G (HIV-G) pseudotype viruses were constructed as described pre-
viously (2). Proviral plasmids (pBru3ori�env, pME351�vpu, pME341�vpr,
pME342�vif, pMAVII�rev, and pSFiev��nef) used to construct HIV-G wild-
type and deletion viruses were obtained through the AIDS Research and Ref-
erence Reagent Program. Briefly, cell-free viral stock was obtained from cotrans-
fection of 293T cells with various proviral plasmids, pL-VSV-G plasmid and
EGFP plasmid (transfection control). The virus stocks were harvested and con-
centrated, and titers were determined by using a standard H-MAGI cell assay as
described previously (54). Pseudotype viral infection was performed by exposing
EC to the titered viral inoculae at an MOI of 1 with Polybrene (2 �g/ml; Sigma)
for 2 h in a minimal volume of medium to promote adsorption, followed by an
overnight incubation under normal culture conditions. The following day, EC
monolayers were rinsed in HBSS and recultured in EGM. HIV-G infection was
confirmed by the detection of HIV-1 p24 gag protein expression by immunoflu-
orescent staining with an anti-p24 antibody (1:100).

Western blot analysis. For the determination of total CD40 levels, HUVEC
grown in 60-mm Primaria tissue culture dishes were mock infected, infected with
the appropriate adenovirus (Ad/Vpu and Ad/trans), or stimulated with TNF-� as
described elsewhere. Monolayers were harvested at 48 h postinfection (p.i.),
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lysed in 500 �l of 2� sodium dodecyl sulfate (SDS) lysis buffer (2� SDS loading
dye, 1 M dithiothreitol, and 2% bromophenol blue), removed, and boiled for 5
min. Then, 30 �l of total cell lysate from each sample was electrophoresed by
SDS-polyacrylamide gel electrophoresis on 12% polyacrylamide gels and blotted
onto nitrocellulose membranes (Schleicher & Schuell, Keene, N.H.). Mem-
branes were blocked with 1% nonfat milk in TTBS (100 mM Tris-Cl [pH 7.5], 150
mM NaCl, 0.1% Tween 20) for 1 h, followed by incubation with rabbit anti-
human CD40 antibody (1:250 dilution in TTBS with 1% nonfat milk) for 2 h at
room temperature. After incubation, membranes were washed and treated with
a secondary peroxidase-labeled anti-rabbit IgG (1:1,500 in TTBS with 1% milk)
for 1 h. For determination of Tat levels in Ad/Tat- and HIV-G-infected cells and
conditioned supernatants, the protocol was performed essentially as described
above, but membranes were incubated with a mouse anti-Tat monoclonal anti-
body (1:100) and a peroxidase-labeled anti-mouse IgG (1:1,500) secondary an-
tibody. An enhanced chemiluminescence system was used to visualize the protein
of interest and was developed by using chemiluminescence and autoradiography.
The amount of reactivity in each lane was quantified by densitometry. A mouse
anti-paxillin MAb (1:1,000; Upstate Biotechnology, Lake Placid, N.Y.) was used
as a loading control.

RT-PCR for CD40 transcripts. Total RNA was isolated from Ad/Vpu-infected
DMVEC at 48 h p.i. by using a Qiagen RNeasy Total RNA kit according to the
manufacturer’s method and reverse transcribed to generate cDNA by using
Superscript II reverse transcriptase (RT; Invitrogen). As a positive control for
CD40 transcript amplification, RNA extracted from HIV-infected brain EC was
used. Additional controls included cells infected with Ad/Tat and Ad/trans, cells
infected with Ad/trans alone, mock-infected cells, and cells stimulated with 10 ng
of TNF-�/ml. Next, 2 �l of each cDNA was used as a template in the PCR with
CD40-specific forward and reverse primers (forward, 5	-ATGATGCCCTGCTT
CCTT-3	; reverse, 5	-CCTTCTGCCGCTTCTTCCT-3	) and AmpliTaq DNA
polymerase (Applied Biosystems). PCR was performed at 94°C for 5 min, fol-
lowed by 35 cycles of 94°C for 60 s, 55°C for 60 s, and 72°C for 90 s, followed by
72°C for 10 min and then 4°C indefinitely. Expression of the cellular HPRT gene
was analyzed to control for equivalent cDNA levels. The HPRT primers were as
follows: forward, 5	-CCTGCTGGATTACATCAAAGCACTG-3	; and reverse,
5	-TCCAACACTTCGTGGGGTCCT-3	. The HPRT conditions were as fol-
lows: 95°C for 5 min, followed by 35 cycles of 94°C for 60 s, 59°C for 60 s, and
72°C for 90 s, followed by 72°C for 10 min and 4°C indefinitely. Portions (10 �l)
of each PCR product (CD40, 369 bp; HPRT, 300 bp) were visualized on
ethidium bromide-stained agarose gels. Amplification reactions were also per-
formed on samples generated in the absence of RT to control for the amplifi-
cation of genomic DNA.

Flow cytometric analysis. HUVEC were mock infected, infected with adeno-
viruses or HIV-1/VSV-G pseudotype viruses, or stimulated with TNF-� (10
ng/�l), and analyzed for cell surface expression of CD40 or VCAM-1 by using
flow cytometry as previously described (41). For analysis of VCAM-1 expression,
EC were additionally subjected to a CD40 ligation protocol (see below). Cells
were washed twice with Ca2�/Mg2�-free Dulbecco phosphate-buffered saline
(PBS) and stained indirectly with a mouse anti-human CD40 MAb, an anti-
VCAM-1 MAb, or an isotype-matched mouse IgG1 antibody (all at 1:100). This
step was followed by incubation with Cy5-conjugated goat anti-mouse immuno-
globulin secondary antibody (1:300) and fixation with 2% paraformaldehyde.
Cells were detached nonenzymatically and analyzed on a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, Calif.) equipped with CellQuest soft-
ware (Becton Dickinson). A minimum of 10,000 cells was analyzed for each
sample.

CD40 ligation. EC were mock infected or infected with recombinant adeno-
viruses for 6 h and then recultured with EGM for an additional 24 h. To
cross-link surface CD40, EC were incubated with a NA/LE anti-CD40 monoclo-
nal antibody used at 5 �g/ml for a further 24 h. CD40 ligation of EC was
performed prior to (i) flow cytometric analysis of VCAM-1 expression (described
above) or (ii) coculture with BL cells to evaluate EC–BL-cell adhesion (de-
scribed below).

BL-cell adhesion assay. HUVEC or DMVEC were plated on 35-mm Primaria
dishes and allowed to grow to 80% confluence. Monolayers were infected with
various adenoviruses or VSV-G pseudotype viruses as described elsewhere.
CD40L� BL cells (105 cells/dish) were added to infected or mock-infected EC
monolayers at day 2 p.i. for a further 24 h to allow for contact-activation of EC
and subsequent EC–BL-cell adhesion. Nonadherent and loosely adherent BL
cells were subsequently removed by extensive washes with Hanks balanced salt
solution (HBSS). After being washed, cultured cells were recultured in normal
medium and immediately examined under a light microscope. Random �10-
magnified fields across each monolayer were counted to enumerate the numbers
of BL cells remaining tightly adherent to the EC monolayer. Representative cell

fields were photographed to record the extent of BL-cell adhesion. To demon-
strate a specific requirement for CD40 engagement, an NA/LE CD40 MAb was
added to adenovirus-infected EC at day 2 p.i. as a VCAM-1 induction stimulus.
For these assays, BL cells were preloaded with the cell-permeant fluorescent dye
Calcein-AM (5 �l/�l cell suspension; Molecular Probes) to facilitate quantitation
of adherent cells. Calcein-AM-loaded BL cells were incubated with CD40-cross-
linked EC for 4 h to allow adhesion, followed by rinsing with HBSS to remove
loosely adherent and nonadherent cells. Adherent fluorescent BL cells were
visualized under a fluorescence microscope with a �10 objective lens, and ran-
dom fields across the monolayer were recorded for counting with a digital
camera. Calcein-AM-loaded BL cells were readily distinguishable from green
fluorescent protein (GFP)-expressing EC on the basis of morphology and the
intensity of the fluorescent dye.

CD40/CD40L blocking assay. A CD40 fusion protein (CD40.Ig) that specifi-
cally binds CD40L and prevents CD40-CD40L binding was used to demonstrate
an essential role for CD40-CD40L interactions in Vpu-mediated EC–BL-cell
adhesion. The CD40.Ig fusion protein and a control human IgG1� myeloma
protein were generously provided by David Parker (Oregon Health and Science
University). CD40L� BL cells were cultured for 4 h in medium containing
CD40.Ig fusion protein or control IgG1� protein (both at 50 �g/ml) and then
cocultured with DMVEC in 35-mm dishes (5 � 104 cells/dish). DMVEC were
infected with Ad/Vpu and Ad/trans 24 h prior to BL-cell coculture. As additional
controls, BL cells incubated without any protein were added to DMVEC infected
with Ad/Vpu and Ad/trans, DMVEC infected with Ad/trans alone, mock-in-
fected DMVEC, or DMVEC treated with TNF-� (10 ng/ml). After 24 h of
coculture to allow for CD40-CD40L signaling, CD40-stimulated adhesion mol-
ecule induction, and BL-cell adhesion, nonadherent BL cells were removed by
thorough rinsing with HBSS. Random �10-magnified fields across each mono-
layer were counted to enumerate the number of BL cells remaining tightly
adherent to the EC monolayer. Representative cell fields were photographed to
record the extent of BL-cell adhesion.

RESULTS

HIV-1 Vpu-expressing endothelial cells support BL-cell ad-
hesion. When BL-cell lines are cocultured with HIV-1-infected
and uninfected EC, HIV-1-infected EC support significantly
increased levels of BL-cell adhesion (41). To identify HIV-1
genes that influence EC–BL-cell adhesion, HIV-1 regula-
tory (tat and rev) and accessory (nef, vif, vpr, and vpu) genes
were expressed in microvessel (DMVEC) and large-vessel
(HUVEC) EC by using recombinant adenoviruses. Coexpres-
sion of GFP was used to verify successful transduction, which
was always 
80% of virus-exposed EC. BL cells were cocul-
tured with adenovirus-transduced EC for 48 h, followed by
stringent washing to remove nonadherent and loosely adherent
cells. When cultures were evaluated by light microscopy, BL-
cell adhesion was observed exclusively to Vpu-expressing EC
monolayers. BL-cell adhesion to EC transduced with all other
adenoviruses was minimal and comparable to mock-infected
EC and EC infected with the adenovirus transactivator (Ad/
trans) alone. Figure 1A illustrates BL-cell adhesion to a
HUVEC monolayer infected with Ad/Vpu compared to a con-
trol monolayer infected with Ad/trans alone. BL-cell adhesion
to HUVEC infected with Ad/Tat is shown as an example of the
amount of residual BL-cell adhesion to all other adenovirus-
transduced monolayers. Also shown is extensive GFP expres-
sion in a duplicate Ad/Tat-infected monolayer to verify effi-
cient transduction. Tat expression in Ad/Tat-infected EC was
further confirmed by Western blotting and immunofluores-
cence (data not shown). Similar adhesion results were ob-
served when BL cells were cocultured with DMVEC infected
with the recombinant adenovirus panel. Figure 1B illustrates
representative high-power phase and fluorescence fields from
Vpu- and Tat-transduced DMVEC cultures to illustrate signif-
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icant BL-cell adhesion to a Vpu� GFP� cell compared to
negligible adhesion to a Tat� GFP� cell. Thus, visual exami-
nations of EC–BL-cell cocultures revealed that HIV-1 Vpu
selectively induces an adhesive phenotype in both large-vessel
and microvessel EC.

HIV-1 Vpu induces CD40 expression on endothelial cells.
Previous studies by our group have identified HIV-1 upregu-
lation of the cytokine receptor CD40 as a key event leading to
enhanced EC–BL-cell adhesion. When CD40high EC are cocul-
tured with CD40L� BL cells, or a CD40-ligating antibody,
cross-linking of CD40 leads to preferential upregulation of the
adhesion molecule VCAM-1, which in turn allows tight adhe-
sion of BL cells through VCAM-1–VLA-4 interactions (41).
To determine whether the adhesive properties of Vpu-express-
ing EC could be correlated with the induction of CD40,
HUVEC monolayers were mock infected or infected with Ad/
Vpu for 48 h, nonenzymatically detached, and evaluated for
CD40 expression by flow cytometry (Fig. 2A). HUVEC in-
fected with Ad/Nef, Ad/Rev, Ad/Tat, Ad/Vif, and Ad/Vpr were
similarly tested. Uninfected, TNF-�-stimulated HUVEC and
HUVEC infected with Ad/trans alone were included as posi-
tive and negative controls, respectively. As expected, TNF-�-
treated HUVEC expressed high levels of CD40 (mean fluo-
rescence intensity [MFI] 88), whereas HUVEC infected with
Ad/trans alone expressed basal CD40 levels equivalent to those
seen in mock-infected cells (MFI 38). After HIV-1 gene trans-
duction, increased levels of CD40 levels were seen on cells
infected with Ad/Vpu (MFI 67) and, to a lesser extent, Ad/Tat
(MFI 54). CD40 levels on cells expressing Vpr, Nef, Rev, and
Vif (Fig. 2A and not shown) were similar to basal expression
levels (all with MFI � 35).

The unique ability of the HIV-1 accessory protein Vpu to
both induce CD40 and promote EC–BL-cell adhesion (Fig. 1)
suggested that Vpu was the viral protein mediating the CD40-
dependent adhesion of BL cells to HIV-infected EC. Func-
tions attributed to Vpu to date suggest that this viral protein
has a diverse capacity to modulate host cell proteins and phys-
iologic processes (reviewed in reference 8). Our finding that
Vpu increases CD40 expression and promotes EC–BL-cell ad-
hesion identifies a potential novel and important function for
Vpu. We thus chose to study Vpu induction of CD40, and its
consequences for CD40-mediated EC–BL-cell interactions, in
more detail.

HIV-1 Vpu is essential for induction of CD40 on HIV-1-
infected endothelial cells. The experiments described above
involved individual expression of HIV genes in EC with ade-
novirus vectors. Before further investigation of Vpu as a mod-
ulator of the EC adhesive phenotype, we sought to confirm an
essential role for Vpu induction of endothelial CD40 in the
context of other HIV-1 proteins. Thus, HIV-induced CD40
expression was evaluated by using an HIV-1 mutant that lacks
Vpu. HUVEC were infected with an HIV-1/VSV-G-
pseudotyped virus (HIV-G) or with a variant of HIV-G with
vpu deleted (�vpu HIV-G). CD40 surface expression was then
determined by flow cytometry as before. As controls, �nef,
�vpr, �vif, and �rev HIV-G mutants were tested in parallel.
TNF-�-stimulated cells were included as positive controls for
CD40 induction, and mock-infected cells were used as a mea-
sure of basal CD40 expression levels. Figure 2B illustrates that
infection of EC with the wild-type HIV-G significantly in-

creased CD40 levels compared to the low constitutive levels
expressed on mock-infected EC (MFI increase from 2.7 to
10.4). Importantly, CD40 levels on cells infected with the �vpu
HIV-G were the same as on mock-infected cells (MFI 2.8),
indicating that Vpu was absolutely required for CD40 induc-
tion. CD40 levels on cells infected with the �nef, �vpr, �vif,
and �rev HIV-G mutants that retained expression of Vpu were
similar to those seen with the wild type (Fig. 2C), suggesting
that none of these viral proteins was absolutely required for
CD40 induction. These experiments confirm an essential role
for Vpu in the HIV-1-mediated upregulation of surface CD40
expression.

Because a functional �tat HIV-G pseudotype could not be
made, parallel experiments in HIV-G-infected cells that lacked
Tat were not performed. It is worth noting, however, that Tat
expressed by the �vpu HIV-G-infected EC did not reconstitute
CD40 levels on these infected cells. The discrepancy between
the ability of Tat to induce CD40 when expressed in EC from
an adenovirus vector, but not rescue CD40 expression on �vpu
HIV-G-infected cells, is interesting. Note that whereas West-
ern blot analysis of EC infected with Ad/Tat or HIV-G for 48 h
showed similar levels of Tat expression in cell lysates, Tat
protein could only be detected in the supernatants of EC
infected with Ad/Tat (data not shown). Since extracellular Tat
is known to activate several cell types, including endothelial
cells (reviewed in reference 45), it is likely that Tat secreted in
the context of the adenovirus expression system contributes to
CD40 expression, either directly or via inducing inflammatory
cytokines. Thus, the potential for Tat to contribute to CD40
induction in vivo in the context of replication competent virus
should not be ruled out. For the purposes of our in vitro study,
however, the adenovirus system used allows elucidation of Vpu
induction of CD40 independent of any contribution from Tat.

Adhesion of BL cells to Vpu-positive EC occurs via a CD40-
dependent pathway. Lymphocyte-EC contact interactions in-
duce endothelial adhesion molecule expression, and members
of the TNF-R:TNF family, including CD40:CD40L, play an
important role in this contact-mediated activation (51). Since
adenovirus-mediated expression of Vpu in EC induced both
BL-cell adhesion and expression of CD40, we next investigated
a direct role for CD40 in inducing the adhesive phenotype.
Because the BL-cell line used in these studies is CD40L, it can
contact activate CD40-positive cells independent of the need
for an additional CD40 ligation stimulus (Fig. 1) (41). How-
ever, to confirm a specific requirement for CD40 in Vpu-
mediated adhesion, Vpu-expressing EC were left unstimulated
or were stimulated with a cross-linking CD40 MAb for 48 h
prior to the addition of BL cells for a short (4-h) period to
allow adhesion. As controls, mock-infected or Ad/trans-in-
fected EC were similarly treated. The efficacy of the CD40-
ligation stimulus was confirmed by flow cytometric evaluation
of the B-cell adhesion molecule VCAM-1 on control- and
Vpu-expressing EC. As illustrated in Fig. 3A, Vpu expression
alone had no effect on constitutive VCAM-1 levels; expression
was equivalent to the low constitutive levels seen in mock-
infected cells. After CD40 ligation, however, VCAM-1 expres-
sion was significantly elevated on Ad/Vpu-infected cells. As
expected, mock-infected cells expressing basal CD40 levels
were refractory to CD40 ligation. These experiments confirm
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the utility of the cross-linking protocol, as well as the ability of
CD40 ligation to induce VCAM-1 expression on EC (27).

For experiments to evaluate adhesion to CD40-activated
EC, BL cells preloaded with a fluorescent dye were cocultured
with CD40-activated EC for 4 h, followed by stringent rinsing
to remove nonadherent or loosely adherent BL cells. In the

absence of CD40 cross-linking, BL-cell adhesion to all EC was
negligible, regardless of the adenovirus infection status (data
not shown). Adhesion to mock- and Ad/trans-infected EC
stimulated with the �-CD40 MAb was similarly low, but a
significant number of BL cells remained adherent to Vpu-
expressing monolayers after CD40 ligation. Figure 3B illus-

FIG. 1. Endothelial cells expressing HIV-1 Vpu support the adhesion of BL cells. (A) HUVEC infected with recombinant adenoviruses
expressing Vpu (Ad/Vpu), Tat (Ad/Tat), or transactivator alone (Ad/trans) as a control were cocultured with BL cells for 48 h, followed by a rinsing
step to remove nonadherent BL cells. BL cells adhered exclusively to Ad/Vpu-infected monolayers. Magnification, �100. The infection efficiency
was monitored by GFP expression. As an example, the far left panel reveals GFP in 
80% of the Ad/Tat-infected HUVEC (Ad/Tat-GFP)
Magnification, �200. (B) Ad/Vpu- or Ad/Tat-infected DMVEC cocultured with BL cells as described for panel A were photographed at high
power under phase and fluorescent filters. Adhesion to Ad/Vpu� GFP� cells but not Ad/Tat� GFP� cells is shown. Magnification, �400.
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trates the appearance of a typical experiment with DMVEC as
the EC source. Table 1 records actual cell counts from two
representative experiments where values represent the number
of adherent BL cells in a �10-magnified field. The average �
the standard deviation (SD) of four randomly selected fields is
shown. Collectively, these data suggest that Vpu induction of
CD40 primes EC to respond to a CD40 activation signal (in
this case cross-linking by �-CD40 MAb), with the consequence
being increased expression of adhesion molecules such as
VCAM-1 and promotion of EC–BL-cell adhesion.

Although the aforementioned data shows that Vpu-express-
ing EC respond preferentially to CD40 activation signals, it
does not conclusively establish the importance of the CD40-
CD40L interaction for Vpu-mediated EC–BL-cell adhesion.
To directly address this issue, a CD40.Ig fusion protein was
used to inhibit CD40-CD40L interactions between Vpu-ex-
pressing CD40� EC and CD40L� BL cells, and the effect on
EC–BL-cell adhesion was then evaluated (Fig. 3C). For these
experiments, BL cells were cocultured with EC for 24 h to
allow CD40 cross-linking by BL cells and CD40 induction of
adhesion molecules, but a CD40.Ig fusion protein was included
to prevent CD40:CD40L binding. This protocol was previously
used to successfully inhibit CD40:CD40L interactions between
HIV-1-infected EC and BL cells (41) As predicted, minimal
BL-cell binding to mock- or Ad/trans-infected EC was ob-
served, whereas binding to Vpu-expressing EC was equivalent
to that of TNF-�-activated EC. Importantly, whereas a control
IgG fusion protein had no effect on BL-cell adhesion to
Vpu�EC, the CD40.Ig protein significantly inhibited binding.
Figure 3C illustrates the degree of adhesion recorded for eachFIG. 2. HIV-1 Vpu upregulates surface CD40 on endothelial cells.

(A) HUVEC were infected with recombinant adenoviruses for 48 h,
and quantitative CD40 expression was determined by flow cytometry.
HUVEC infected with Ad/trans alone or stimulated with TNF-� (10
ng/ml) served as negative or positive controls for CD40 expression,
respectively. For each panel, the profile obtained with the respective
recombinant adenovirus is shown as a bold solid line. Superimposed
are the baseline expression levels obtained with the Ad/trans control
(dashed line) and the elevated expression levels induced by TNF-�-
treatment (thin solid line). The MFI value for each profile is given in
parentheses. An increase in CD40 expression was detected on cells
infected with Ad/Vpu (MFI 67) relative to cells infected with Ad/trans
alone (MFI 37). No change was seen in cells infected with Ad/Nef
(MFI 28), Ad/Vpr (MFI 32), Ad/Rev (not shown), or Ad/Vif (not
shown). A moderate increase in CD40 was detected in cells infected
with Ad/Tat (MFI 53). CD40 expression was efficiently induced by
TNF-� (MFI 88). (B) HUVEC were infected with an HIV-1
pseudotyped virus (HIV-G) (thin solid line), as well as with an HIV-G

mutant lacking Vpu (�Vpu) (bold solid line), and the expression of
surface CD40 was evaluated by flow cytometry. Mock-infected (bold
hatched line) and TNF-�-stimulated (thin hatched line) HUVEC
served as negative and positive controls for CD40 expression, respec-
tively. Constitutive CD40 levels on mock-infected EC were low (MFI
2.7) but were significantly increased by infection with HIV-G (MFI
10.4). Infection of EC with the �Vpu mutant did not lead to CD40
induction (MFI 2.8). CD40 expression was efficiently induced by
TNF-� (MFI 32.5). (C) Expression of CD40 on HUVEC infected with
HIV-G mutants (hatched lines) lacking HIV-1 Nef (�Nef), Rev
(�Rev), Vif (�Vif), or Vpr (�Vpr) was similar to that of the wild-type
HIV-G (thin solid line). The decrease in CD40 seen with �Vpu HIV-G
(bold line) is superimposed on each image for reference.

TABLE 1. BL-cell adhesion to CD40-activated EC expressing
HIV-1 Vpu

EC groupa
Mean BL-cell adhesionb � SD

Expt 1 Expt 2

Ad/Vpu-infected EC 722 � 33 844 � 100
Mock-infected EC 38 � 6 56 � 8
Ad/Tat-infected EC 78 � 11 144 � 16
Ad/trans-infected EC 42 � 7 96 � 32

a DMVEC were infected with recombinant adenoviruses expressing HIV-1
Vpu (Ad/Vpu), activated with a CD40 MAb, and cocultured with BL cells as
described in Materials and Methods. Control EC were mock infected or infected
with Ad/Tat or the adenovirus transactivator alone (Ad/trans).

b Determined as the number of BL cells adhering to DMVEC monolayers.
Counts from two independent experiments (mean � the SD of four randomly
selected � 10 fields) are shown.
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FIG. 3. BL-cell adhesion to Vpu-expressing EC is CD40 dependent. (A) To verify the ability of CD40 cross-linking to induce VCAM-1
expression on Vpu-expressing EC, mock-infected EC, and Ad/Vpu-infected EC were either not treated (no cross [x]-linking) or were treated with
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condition in a representative experiment. Cell counts (average
� the SD of five randomly selected fields) are given below each
corresponding image. Thus, functional expression of CD40 and
specific CD40 triggering are absolutely required for the en-
hanced binding of BL cells to Vpu-expressing EC.

HIV-1 Vpu is essential for induction of BL-cell adhesive
properties in HIV-1-infected endothelial cells. Vpu was the
only HIV-1 protein tested with the capacity to confer BL-cell
adhesive properties on EC when expressed alone, but both Tat
and Vpu were able to influence CD40 expression. To examine
whether coexpression of Tat and Vpu could influence EC–BL-

cell adhesion, HUVEC were infected with Ad/Tat or Ad/Vpu,
each at an MOI of 100, or were coinfected with Ad/Tat and
Ad/Vpu, each at an MOI of 50. At day 2 p.i., CD40L�BL cells
were cocultured with EC for an additional 24 h to allow contact
activation of EC and subsequent EC–BL-cell adhesion. Adher-
ent cells remaining after stringent rinsing were photographed
and counted. No enhancement of adhesion was seen in the
presence of both Tat and Vpu compared to Vpu alone. In fact,
coinfection with Ad/Tat and Ad/Vpu led to reduced adhesion
levels that were probably attributable to an MOI-dependent
reduction of the percentage of Vpu-expressing cells. Figure 4A

FIG. 4. HIV-1 Vpu is necessary and sufficient to support BL-cell adhesion to HIV-infected EC, and Tat coexpression does not influence Vpu
activity. (A) EC were coinfected with Ad/Tat and Ad/Vpu, and BL-cell adhesion to coinfected monolayers was evaluated by examination of rinsed
monolayers after a period of BL-cell-mediated contact activation. As controls, EC singly infected with Ad/Vpu or Ad/Tat or infected with Ad/trans
only were similarly tested. Tat alone did not influence contact-activated BL-cell adhesion, and coexpression of Tat in Vpu-expressing cultures did
not lead to increased levels of BL-cell adhesion compared to EC expressing Vpu only. Magnification, �90. The values shown underneath each
image are the corresponding adherent BL-cell counts (average � the SD for four random fields) from a typical experiment. (B) EC were infected
with an HIV-1 pseudotype virus (HIV-G), as well as with an HIV-G mutant lacking Vpu (�Vpu), and BL-cell adhesion to HIV-G-infected
monolayers was evaluated as for panel A. To restore Vpu expression, �Vpu-infected EC were coinfected with Ad/Vpu. As controls for basal and
Vpu-induced adhesion, respectively, EC were mock infected or infected with Ad/Vpu. Infection with HIV-G wild-type (HIV-G) induced adhesion
to levels seen with Ad/Vpu infection (Ad/Vpu). Loss of Vpu from HIV-G-infected cells (via infection with the HIV-G �Vpu mutant) led to a loss
of BL-cell adhesion that could be rescued when Vpu was supplied via adenovirus infection (�Vpu � Ad/Vpu). The values shown underneath each
image are the corresponding adherent BL-cell counts (average � the SD for four random fields) from a typical experiment.

a CD40 MAb to cross-link CD40 (with cross-linking). Mock-infected MVEC did not express VCAM-1 constitutively and were unresponsive to
CD40 cross-linking. In contrast, whereas Ad/Vpu-infected EC only expressed only basal levels of VCAM-1, CD40 cross-linking effectively
stimulated VCAM-1 expression. VCAM-1 expression nonspecifically induced by TNF-� stimulation was measured as a positive control. (B) EC
infected with Ad/Vpu were treated with a CD40 cross-linking MAb to induce VCAM-1 (as shown in panel A). As controls, mock-infected EC or
EC infected with Ad/Tat or Ad/trans alone were similarly treated. CD40-activated cells were cocultured with VLA4� BL cells preloaded with a
green fluorescent vital dye (Calcein-AM) for 4 h, and cells remaining tightly adherent to the monolayer after a stringent rinsing were counted by
using a fluorescence microscope. Although all monolayers were treated with the CD40-specific VCAM-1 induction stimulus, only Vpu-expressing
cells were responsive and were able to support BL-cell adhesion. Magnification, �90. Table 1 gives actual cell counts for a representative
experiment. (C) Ad/Vpu-infected EC were cocultured with CD40L� BL cells in the presence of a CD40.Ig fusion protein (Vpu-CD40.Ig) to block
CD40-CD40L interactions. Ad/Vpu-infected EC were also cocultured with BL cells without fusion protein (Vpu only) or with a control
non-blocking IgG protein (Vpu-IgG). Additional controls included coculture of untreated BL cells with mock-infected EC (Mock), EC infected
with Ad/trans alone (Ad/trans), or EC stimulated with TNF-�. After 24 h of coculture, cells remaining tightly adherent to the monolayer after a
stringent rinsing were counted under a phase microscope. Magnification, �180. The values shown underneath each image are the corresponding
adherent BL-cell counts (average � the SD for five random fields) from a typical experiment.
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illustrates the degree of adhesion recorded for each treatment
in a typical experiment. The numbers of adherent BL cells
(average � the SD of four randomly selected fields) counted in
a representative experiment are given below each correspond-
ing image. These data indicate that the expression of Vpu is
sufficient to induce an adhesive phenotype that is not comple-
mented synergistically or additively by coexpression of Tat.

To confirm that Vpu is essential for inducing an adhesive
phenotype when expressed from an HIV-1 provirus, BL-cell
adhesion experiments were repeated with HUVEC that were
infected with an HIV-1 pseudotype virus lacking Vpu (�vpu
HIV-G) and compared to HUVEC infected with the wild-type
HIV-G. To rescue the Vpu-induced phenotype, HUVEC in-
fected with �vpu HIV-G were coinfected with the recombinant
adenovirus expressing Vpu (Ad/Vpu). For reference, control
monolayers were mock infected or infected with Ad/Vpu. At
day 2 p.i., CD40L�BL cells were cocultured with EC for an
additional 24 h to allow contact activation of EC and subse-
quent EC–BL-cell adhesion. Adherent cells remaining after a
stringent rinsing were photographed and counted. As illus-
trated in Fig. 4B, infection with the HIV-G wild-type virus
induced adhesive properties in EC that were similar to those
seen with Ad/Vpu. Importantly, when the �vpu mutant was
used, the adhesion phenotype was lost but could be rescued by
adenovirus-mediated expression of Vpu. The numbers of ad-
herent BL cells (average � the SD of four randomly selected
fields) counted in a representative experiment are displayed
below each corresponding image. These data clearly show that
the loss of Vpu is sufficient to abolish the adhesive properties
of HIV-1-infected cells even in the presence of other viral
proteins. The inability of Tat expressed by the �vpu virus to
reconstitute adhesion correlates with the inability of adenovi-
rus-expressed Tat to support adhesion (Fig. 1) or to comple-
ment Vpu in coinfection experiments (Fig. 4A). Thus, Vpu
appears essential for inducing BL-cell adhesion when ex-
pressed at levels seen in HIV-infected cells and in the under
presence of other viral proteins. Collectively, these data con-
firm a role for Vpu as the HIV-1 protein that is essential and
sufficient for influencing the adhesive properties of HIV-in-
fected EC.

Total CD40 levels are increased in Ad/Vpu-infected
HUVEC. Flow cytometry data revealed that Vpu expression in
EC resulted in increased expression of CD40 at the cell sur-
face. To determine whether Vpu was increasing CD40 levels at
the transcriptional level, we performed CD40-specific RT-
PCR on EC to compare levels of CD40 transcript in control
EC (either mock infected or infected with Ad/trans alone) or
EC infected with Ad/Vpu and Ad/trans for 48 h. As illustrated
in Fig. 5A, the constitutive levels of CD40 message expressed
in EC were unchanged by adenovirus infection and expression
of Vpu. Thus, Vpu must act via a posttranscriptional mecha-
nism to upregulate surface CD40, perhaps by increasing total
CD40 protein levels and/or by redirecting CD40 protein to the
cell surface. To determine whether total CD40 levels in Vpu-
expressing cell were increased, we performed a Western blot
analysis of whole-cell lysates from Ad/Vpu-infected HUVEC
compared the results to those obtained with mock-infected
HUVEC or HUVEC infected with Ad/trans alone for 48 h.
Lysates from TNF-�-treated HUVEC and were used as a pos-
itive control for CD40 induction. As illustrated in Fig. 5B, the

total levels of CD40, as measured by densitometry in Vpu-
expressing cells (CD40 level of 244.6), were increased twofold
relative to mock-infected cells (CD40 level of 108.8) or cells
expressing transactivator alone (CD40 level of 134). Although
the exact mechanism has yet to be determined, HIV-1 Vpu
may increase total CD40 protein levels by promoting produc-
tion or inhibiting degradation. This influence on CD40 may
occur directly or via intermediate protein(s) that regulates
cellular CD40 levels.

In summary, all of the results presented above are consistent
with a primary role for HIV-1 Vpu in mediating EC–BL-cell
adhesion. This is a novel function for Vpu that appears to be
directly related to the ability of Vpu to upregulate the cell
surface expression of the cytokine receptor CD40. In addition
to revealing yet another protein whose cell fate is modulated by
the action of Vpu, these data suggest a role for Vpu in regu-
lating an AIDS-related clinical syndrome, the development of
AIDS-associated lymphoma. In the context of AIDS-NHL,
Vpu modulation of endothelial CD40 could prime EC to re-
spond to CD40:CD40L activation pathways, and the subse-
quent adhesive properties would promote the attachment of
lymphoma cells at extranodal tissue sites.

DISCUSSION

After HIV-1 infection, EC acquire a phenotype supportive
of B-cell adhesion that may have important implications for
the distinctive development of B-cell AIDS-NHL at extranodal
sites such as the liver, brain, and bone marrow (41). We report
here that the HIV-1 Vpu protein is able to recapitulate the
adhesive phenotype of HIV-infected EC and that Vpu-medi-
ated upregulation of the cytokine receptor CD40 is integral in
this process. Since the CD40L is expressed by normal and
neoplastic B cells, (15, 20, 56), B cells in vivo have the capacity
to activate CD40-linked EC signaling pathways via a contact-
dependent receptor-ligand interaction. Indeed, in our cocul-
ture system, this mechanism of CD40 ligation was shown to be
effective for both Vpu-expressing EC as well as HIV-infected
EC. In vivo, CD40L� T cells or monocytes in the microenvi-
ronment, or soluble CD40L (sCD40L), could similarly deliver
activation signals to CD40� EC. Note that CD40L is overex-
pressed on CD4� T cells in HIV-1-infected patients and is
thought to contribute to cell trafficking disturbances (47). In
addition, a recent study has documented increased sCD40L
levels in HIV-1 patients, providing an additional mechanism
for CD40 activation in the context of HIV (46). In vitro, ad-
hesion experiments performed after CD40 MAb cross-linking
mimic the CD40L-activated condition. Regardless of the
CD40L source, our data suggest that HIV upregulation of
CD40 is an essential initial event defining the EC activation
status and that Vpu is the HIV-1 protein primarily responsible
for EC priming.

Expression of HIV-1 proteins via recombinant adenoviruses
was initially used to identify Vpu as the HIV gene responsible
for EC–BL-cell adhesion via a CD40-mediated pathway. Al-
though this system evaluates expression of viral proteins in
isolation, it is important to note that adenovirus-expressed
Vpu faithfully retained two previously established functions of
Vpu, i.e., downregulation of CD4 and MHC I molecules from
the cell surface (28, 55). In addition, infection of EC with an
HIV-1 mutant lacking Vpu (�vpu HIV-G) established that
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Vpu is absolutely required for CD40 expression and induction
of the adhesive phenotype, even in the context of other HIV-1
proteins. Although adenovirus-expressed Tat upregulated
CD40 expression, Ad/Tat-infected EC did not support the ad-
hesion of cocultured B cells. In addition, coexpression of Tat
and Vpu in EC did not enhance the degree of adhesion seen
with Vpu expression alone. These findings suggested that Tat
probably does not play an essential role in CD40-activated
BL-cell adhesion. This conclusion was further supported by the
fact that the presence of Tat in EC infected with the �vpu
HIV-G mutant virus was not sufficient to compensate for the
loss of Vpu, either for CD40 expression or BL-cell adhesion.
Note, however, that under conditions of active HIV replica-
tion, extracellular Tat produced by infected cells may influence
endothelial cell adhesive properties via Vpu-independent
pathways (16).

Our study identifies Vpu as an HIV-1 protein responsible for

conferring endothelial cell adhesive properties on HIV-in-
fected EC via upregulation of surface CD40. CD40 is a mem-
ber of the TNF-R superfamily that is expressed on immune
cells and several types of nonimmune cells, including vascular
endothelium. Under physiological conditions, CD40 is ex-
pressed at low levels on EC but is significantly elevated in areas
of inflammation (27) and angiogenesis (14) and after infection
with endothelium-tropic viruses such as Kaposi’s sarcoma-as-
sociated herpesvirus (42), HIV-1 (41), and cytomegalovirus
(34). Ligation of CD40 leads to receptor oligomerization and
initiation of a signaling cascade that elicits several cell type-
dependent downstream events. In EC, CD40 ligation induces
the production of inflammatory chemokines and cytokines,
growth factors, metalloproteinases, and adhesion molecules
(25, 32, 33, 37, 38, 50). In vivo, receptor oligomerization is
accomplished via binding of the trimeric ligand CD40L
(CD154) expressed on activated immune cells (monocytes, T

FIG. 5. HIV-Vpu increases CD40 protein levels in endothelial cells via a posttranscriptional mechanism. (A) RT-PCR for CD40-specific
transcripts reveals no induction of CD40 message in EC infected with Ad/Vpu (Ad/Vpu) relative to mock-infected EC (Mock), EC infected with
Ad/trans alone (Ad/trans), or EC infected with Ad/Tat (Ad/Tat). A slight increase in CD40 RNA was observed in cytokine (TNF-�)-stimulated
EC. EC infected with HIV (�HIV) were included as a positive control for CD40 amplification. Amplified PCR products at the expected molecular
weights for CD40 (369 bp; top panel) and HPRT (300 bp; bottom panel) were visualized by ethidium bromide staining. Primer sequences and PCR
conditions are described in Materials and Methods. (B) Total CD40 protein levels were determined by Western blot analysis of whole-cell lysates.
The levels of the cellular protein paxillin in each lysate were measured as a loading control. CD40 levels in Ad/Vpu-infected cells (Ad/Vpu) were
twice that seen in mock-infected (Mock) or Ad/trans-infected (Ad/trans) control cells and were comparable to levels induced by stimulation with
TNF-�. CD40 levels were quantitatively measured by densitometry and are graphically represented. Both experiments represent cells at 48 h p.i.
Similar results were detected at 24 h p.i.
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cells, B cells, or platelets) or the soluble isoform (sCD40L) that
circulates in serum as a biologically active protein. Evidence
from a number of biological systems suggests that the interac-
tion between CD40L� leukocytes and CD40-bearing endothe-
lia plays an important role in inflammation and disease (4). For
example, coculture of intestinal MVEC with CD40L� platelets
induces expression of adhesion molecules (ICAM-1 and
VCAM-1) and soluble factors (interleukin-8 and RANTES) in
a CD40-dependent fashion (13). These events facilitate in-
creased MVEC–T-cell adhesion and define a role for activated
platelets in inflammatory bowel disease. A similar role for
CD40/CD40L in endothelial-macrophage inflammatory reac-
tions in atherosclerosis has been proposed (31, 33). Recently,
contact-mediated activation of EC by T cells via CD40-CD40L
interactions was shown to induce EC production of cytokines
and chemokines (39). We have defined an important role for
CD40:CD40L in the pathogenesis of AIDS-NHL, where
HIV-1 infection of EC plays a direct role (33). Specifically,
HIV-1-infected EC upregulate CD40 at the cell surface,
thereby priming the infected cell to respond to CD40L-medi-
ated activation. Contact activation by CD40L� BL cells leads
to upregulation of VCAM-1 and firm EC–BL-cell adhesion via
VCAM-1:VLA-4. Our finding here that HIV-1 Vpu is the viral
protein responsible for initiating this cellular cascade may help
to elucidate the viral and cellular mechanisms that promote
homing and development of AIDS-NHL at extranodal sites.
Although EC were the target cell type investigated here, Vpu
dysregulation of CD40-transduced signals could occur in other
HIV-permissive cells. Due to the actions of Vpu, CD40-medi-
ated events would be focally restricted to sites of HIV-1 infec-
tion and allow CD40-CD40L interactions to constitute an im-
portant intermediary between diverse virus-mediated
inflammatory and immune processes.

Exactly how HIV-1 Vpu intersects CD40 induction and sig-
naling pathways has yet to be defined. CD40 expression on EC
is induced by a variety of inflammatory mediators (25, 27), as
well as by viral infections other than HIV infection (34). Stud-
ies on CD40 signal transduction have revealed that multiple
mediators and pathways are involved, including activation of
protein tyrosine kinases, phosphatidylinositol 3-kinase, and
phospholipase C2 (see reference 51 and references therein).
Members of the TNF-R-associated factor family that associate
with the cytoplasmic domain of CD40 and link CD40 engage-
ment to activation of different kinases and transcription factors
(see reference 9 for a recent review) may also constitute can-
didates for Vpu interaction.

HIV-1 Vpu is not incorporated into the viral particle and
exerts its effects within the infected cell. Vpu degrades nascent
CD4 in the endoplasmic reticulum (55) and augments virion
release from the plasma membrane probably through an ion
channel activity (48). In addition, Vpu interferes with the syn-
thesis and surface expression of MHC class I molecules (28)
and protein transport to the plasma membrane (53). CD4
degradation is mediated through a physical interaction be-
tween the cytoplasmic domains of CD4 and Vpu. Phosphory-
lation of two serine residues (Ser52 and Ser56) in the conserved
DSGXXS phosphorylation motif of Vpu are critical for CD4
degradation (7) and are required for recruitment of human
WD40 �TrCP (35). �TrCP is a key component of the SkpI-
Cdc53-F-box protein (SCF) E3 ubiquitin ligase complex that

selects cellular proteins, including CD4, for polyubiquitination
and targeting to the proteasome for degradation (6, 23). The
ability of Vpu to act as an adapter molecule linking CD4 to the
ubiquitin-proteasome pathway suggests that Vpu may similarly
interact with CD40 and/or CD40-associated cellular proteins.
In contrast to CD4, however, the consequence of the CD40-
Vpu interaction would be stabilization, accumulation, and/or
redistribution of the CD40 protein. Indeed, the ability of Vpu
to act as a transdominant-negative inhibitor of �TrCP (6)
suggests that Vpu may impair CD40 degradation pathways,
thus increasing overall CD40 levels in HIV-infected cells. In
this regard, a recent report (3) has demonstrated that Vpu,
through its ability to function as a competitive inhibitor of
�TrCP, allows the accumulation of certain �TrCP substrates,
specifically �-catenin, ATF4, and I�B-�, in the host cell cyto-
plasm. Vpu interaction with �TrCP, as well as with a related
protein �TrCP2, was required for this effect and depended on
the presence of the intact DSGXXS phosphorylation motif in
the Vpu cytoplasmic domain. Preliminary results in our labo-
ratory (unpublished data) obtained with Vpu truncation mu-
tants (kindly provided by Edward Stephens, University of Kan-
sas Medical Center) have shown that a Vpu construct
containing amino acids 1 through 60 was the minimal construct
that was able to induce CD40 expression in transfected EC.
This construct contains the N-terminal hydrophobic mem-
brane anchor (residues 1 to 27), the first alpha helix (residues
32 to 45), and the conserved random coil region (residues 51 to
57), which includes the DSGXXS motif. This protein lacks 21
C-terminal residues, including the second alpha helix (residues
57 to 69), suggesting that this region is dispensable for CD40
induction. Although these data do not directly demonstrate
that an intact DSGXXS phosphorylation motif is required for
Vpu induction of CD40, it is in keeping with a model whereby
Vpu sequestration of �TrCP allows accumulation of CD40 in
the cytoplasm of Vpu-expressing cells. If CD40 is a normal
substrate of �TrCP (or �TrCP2), then the Vpu-�TrCP inter-
action may prevent CD40 degradation. Alternately, the Vpu-
�TrCP interaction could, in a manner analogous to Vpu deg-
radation of CD4, promote degradation of a second protein
whose function (in the absence of Vpu) is to downmodulate
CD40. Either way, the consequence would be an increase in
CD40 protein levels in the Vpu-expressing cell, as was shown
by Western blot in our system. The exact mechanism of Vpu
regulation of CD40 fate is currently under scrutiny. Note that
the positive effect of Vpu on HIV-1 particle release was re-
cently linked to its ability to overcome a host antiviral factor
that restricts virion assembly (52). We speculate that Vpu is
similarly able to override the cellular regulation imposed on
CD40 expression, with consequences of clinical significance for
the host.

In summary, the results presented herein demonstrate a
novel function for HIV-1 Vpu: induction of the cytokine re-
ceptor CD40. Two key features of Vpu biology—the property
of accumulation in HIV-1-infected cells and the capacity to
form stable complexes with �TrCP, a key component of the E3
ubiquitin-ligase complex—make it an ideal candidate for dys-
regulation of CD40 levels in HIV-1-infected cells. Increased
adhesion of malignant B cells to Vpu-expressing cells after
appropriate CD40L-mediated activation suggests an important
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clinical manifestation of this Vpu function in the setting of
AIDS-NHL.
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