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ABSTRACT

HIV-1 Nef and Vpu are thought to optimize virus replication in the infected host, at least in part via their ability to interfere with
vesicular host cell trafficking. Despite the use of distinct molecular mechanisms, Nef and Vpu share specificity for some mole-
cules such as CD4 and major histocompatibility complex class I (MHC-I), while disruption of intracellular transport of the host
cell restriction factor CD317/tetherin represents a specialized activity of Vpu not exerted by HIV-1 Nef. To establish a profile of
host cell receptors whose intracellular transport is affected by Nef, Vpu, or both, we comprehensively analyzed the effect of these
accessory viral proteins on cell surface receptor levels on A3.01 T lymphocytes. Thirty-six out of 105 detectable receptors were
significantly downregulated by HIV-1 Nef, revealing a previously unappreciated scope with which HIV-1 Nef remodels the cell
surface of infected cells. Remarkably, the effects of HIV-1 Vpu on host cell receptor exposure largely matched those of HIV-1 Nef
in breadth and specificity (32 of 105, all also targeted by Nef), even though the magnitude was generally less pronounced. Of par-
ticular note, cell surface exposure of all members of the tetraspanin (TSPAN) protein family analyzed was reduced by both Nef
and Vpu, and the viral proteins triggered the enrichment of TSPANs in a perinuclear area of the cell. While Vpu displayed signif-
icant colocalization and physical association with TSPANs, interactions of Nef with TSPANs were less robust. TSPANs thus
emerge as a major target of deregulation in host cell vesicular transport by HIV-1 Nef and Vpu. The conservation of this activity
in two independent accessory proteins suggests its importance for the spread of HIV-1 in the infected host.

IMPORTANCE

In this paper, we define that HIV-1 Nef and Vpu display a surprising functional overlap and affect the cell surface exposure of a
previously unexpected breadth of cellular receptors. Our analyses furthermore identify the tetraspanin protein family as a previ-
ously unrecognized target of Nef and Vpu activity. These findings have implications for the interpretation of effects detected for
these accessory gene products on individual host cell receptors and illustrate the coevolution of Nef and Vpu function.

One of the features that distinguish primate lentiviruses (hu-
man immunodeficiency viruses [HIVs] and simian immu-

nodeficiency viruses [SIVs]) from less complex retroviruses is the
fact that they encode so-called “accessory” gene products. These
proteins, comprising Vif, Vpr, Vpu, and Nef in the case of HIV-1,
are dispensable for virus replication in vitro but play essential roles
for efficient viral spread, maintenance, and pathogenicity in vivo
(1). The acquisition of these additional viral factors appears to
enable HIV-1 to cope with complex host defense mechanisms,
such as innate and adaptive virus-specific immune responses or
intrinsic resistance factors. It emerges that the strong need for
escape mechanisms provoked the acquisition and evolution of
these genes (reviewed in references 1–3). In addition, the multi-
functionality of the accessory proteins enables the virus to manip-
ulate host cell machineries at multiple steps in a way to deregulate
and exploit them toward its own propagation.

Functions described for HIV-1 Nef and Vpu display some
overlap, as they share the ability to reduce the density of receptors
such as CD4, major histocompatibility complex class I (MHC-I),
CD1d, and poliovirus receptor (PVR) at the surface of infected
cells (4–10; reviewed in references 1 and 11). This is particularly
remarkable since both proteins are fully divergent with regard to
their amino acid sequence, the presence of functional motifs, do-
main organization, and even membrane topology (see below).
This functional redundancy most likely is the result of coevolution

of both genes. Vpu is a characteristic feature of HIV-1 and some
related SIVs but is not encoded by other primate lentiviruses. It
has been proposed that the vpu gene was acquired by a common
simian ancestor that, by several recombination and cross-species
transmission events, gave rise to Vpu-containing viruses found in
chimpanzees, gorillas, and humans (reviewed in reference 3). In
contrast, nef is present in all primate lentiviral genomes. Interest-
ingly, in most non-Vpu-containing viruses, Nef was shown to
harbor some of the additional host modulatory functions that
were otherwise “overtaken” by Vpu, such as the counteraction of
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the antiviral restriction factor CD317/tetherin (12, 13) (see be-
low).

The 25- to 35-kDa myristoylated Nef protein of HIV-1 is abun-
dantly expressed early in the HIV-1 life cycle to promote HIV-1
replication and clinical progression to AIDS in infected individu-
als (14–17). HIV-1 Nef exerts its multiple activities by acting as a
protein adaptor to a plethora of host cell factors, allowing the viral
protein to subvert cellular trafficking and signaling machineries
(18, 19). Nef-mediated subversion of intracellular trafficking leads
to profound alterations in the density of receptors on the surface
of HIV-infected cells. Identified as the first target of this Nef ac-
tivity, the viral entry receptor CD4 is efficiently downmodulated
from the cell surface by the viral protein (4), an effect linked to the
prevention of superinfection of target cells and also to the ability
of Nef to enhance the infectivity of HIV-1 particles (20, 21). Sim-
ilarly, functions of Nef in the evasion of host immune responses
are also coupled to its ability to alter the receptor density on the
surface of infected host cells, as Nef prevents the recognition and
lysis of infected cells by cytotoxic T lymphocytes (CTLs) by selec-
tive downmodulation of HLA-A and -B from the host cell surface
(6, 22, 23). Simultaneously, Nef protects infected cells from natu-
ral killer (NK) cell lysis (24) by sparing HLA-C from downregu-
lation and by reducing cell surface levels of the lipid antigen pre-
sentation molecule CD1d (8) and several ligands of activating NK
cell receptors, such as PVR, MICA, ULBP2, and NKp44L (10,
25, 26).

Nef also hampers MHC-II-mediated antigen presentation via
enrichment of the invariant chain (Ii) (27) and downregulation of
the costimulatory molecules CD80 and CD86 from the cell surface
(28). In addition, Nef broadly affects chemokine receptor surface
expression, perturbing the host immune system by altering the
responsiveness to chemokine attractants and contributing to the
prevention of superinfection (29–32).

In addition to facilitating immune evasion of infected cells by
modulation of cell surface receptor trafficking, Nef alters T cell
receptor (TCR) signaling to modulate basal levels of T cell activa-
tion and the responsiveness of cells to TCR stimulation (reviewed
in reference 33). These activities presumably optimize viral spread
by balancing between unfavorable, premature, activation-in-
duced cell death and specific lymphocyte activation required for
efficient HIV-1 replication. This is achieved via a block of early
TCR-triggered signaling events such as actin remodeling, tyrosine
phosphorylation, and the formation of signaling microclusters
(34–36). Simultaneously, a specific TCR-distal signaling cascade is
initiated by the Src family kinase Lck, which is retargeted by Nef
from the plasma membrane (PM) to recycling endosomes (REs)
and the trans-Golgi network (TGN) (35, 37, 38). Using the same
mechanism for the inhibition of host cell actin dynamics as that
used during TCR signaling, Nef also impairs the motility of HIV-
1-infected T lymphocytes (39–42).

Significantly fewer activities are currently described for HIV-1
Vpu, a 16-kDa integral membrane protein expressed at late stages
of the viral life cycle, than for Nef. Similar to Nef, the removal of
CD4 and MHC-I molecules from the infected host cell surface is a
cardinal function of Vpu (5, 7), and Vpu was reported to reduce
cell surface levels of CD1d (9). Recent investigations assigned Vpu
an additional role in NK cell-mediated antiviral immunity by
downregulation of NK T and B cell antigen (NTBa) and PVR, both
ligands for activating NK cell receptors, from the host cell surface
(10, 43). Vpu also exerts ion channel activity, the biological rele-

vance of which remains to be determined (44, 45). Since the dis-
covery of CD317/BST-2/tetherin as a potent cellular restriction
factor that prevents the release of infectious HIV-1, antagonism of
this restriction is considered the most important biological activ-
ity of Vpu (46, 47). While the precise mechanism by which Vpu
antagonizes CD317 remains to be elucidated, most current mod-
els predict that this activity is related to the ability of Vpu to down-
regulate surface levels of CD317 on virus-producing cells by inter-
ference with anterograde transport of the restriction factor
following biosynthesis or internalization from the cell surface
(48–51).

Together, these observations characterize Nef and Vpu as
highly multifunctional proteins, the effects of which are in large
part directly linked to their ability to modulate host cell surface
receptor exposure. Mechanistic analyses indicate that Nef typi-
cally acts to affect receptor transport routes both from as well as to
the PM (reviewed in references 11 and 52), while Vpu preferen-
tially acts to suppress PM delivery of newly synthesized or recy-
cling cargo (9, 48, 50, 53, 54). Irrespective of the specific transport
step affected and the molecular mechanism used, Nef and Vpu are
thought to target receptors by physical association with the cyto-
plasmic tail or the transmembrane domain of the receptor, respec-
tively (direct connector model) (55–59). With the number of host
cell receptors reported to be affected by Nef and/or Vpu steadily
increasing, however, it is becoming unclear how the specificity of
these viral proteins for individual receptors can be achieved. Fur-
thermore, this suggests that we may not yet appreciate the full
scope of receptor modulation by Nef and Vpu. Finally, it is unclear
whether the overlap between the functions of Nef and Vpu is
limited to activities related to receptor modulation. To address
these issues, we conducted a comparative analysis of the biological
activities of Nef and Vpu. We found that their effect on host cell
surface receptor exposure is far broader than previously thought
and identified tetraspanins (TSPANs) as a major target for down-
modulation. Furthermore, we conclude that while Nef and Vpu
display remarkable similarity in their profiles of targeted surface
receptors, Nef activities unrelated to receptor modulation are not
shared by Vpu.

MATERIALS AND METHODS
Cells, plasmids, and reagents. A3.01 and Jurkat CCR7 T cells and periph-
eral blood mononuclear cells (PBMCs) were cultivated in RPMI 1640 plus
GlutaMAX-I supplemented with 10% fetal calf serum and 1% penicillin-
streptomycin (all from Invitrogen). 293T and TZM-bl cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with reagents identical to those described above for RPMI medium. The
expression constructs for green fluorescent protein (GFP) and mono-
meric red fluorescent protein (mRFP) fusion proteins of HIV-1SF2 wild-
type (wt) and mutant Nef proteins were described previously (34, 60, 61).
The plasmid encoding SIVmac239 Nef.YFP (yellow fluorescent protein)
was described previously (62). HIV-1SF2 Nef.myc and Lck.RFP were de-
scribed previously (38). pcDNA-Vphu, expressing a codon-optimized,
Rev-independent HIV-1NL4-3 Vpu protein (63), was provided by Klaus
Strebel. Generation of the plasmid encoding the corresponding Vpu.GFP
fusion protein was described previously (64). Point-mutated GFP-tagged
Vpu and Nef variants were generated by site-directed mutagenesis. GFP-
tagged Vpu with the replaced transmembrane domain of the vesicular
stomatitis virus G protein (TM VSVG) was created by introducing PCR-
amplified Vpu TM VSVG (template vector generously provided by Juan
Bonifacino) into the peGFP-N1 expression vector. The Vpu.mCherry ex-
pression plasmid was created by introducing PCR-amplified codon-opti-
mized Vpu into the pmCherry-N1 vector (Clontech) by using the EcoRI and
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BamHI restriction enzymes. Expression plasmids for N18src.GFP (GFP fu-
sion protein of the first 18 amino acids of Src) and pDisplay.YFP (kindly
provided by B. Müller, Heidelberg) were described previously (41, 65).

Proviral plasmids pHIV-1NL4-3 wt, pHIV-1NL4-3 Vpu stop (�Vpu),
pHIV-1NL4-3 Nef stop (�Nef), and pHIV-1NL4-3 Vpu stop Nef stop (��)
and their internal ribosomal entry site (IRES).GFP-encoding variants
(pBR.HIV-1NL4-3.IRES.GFP) were kindly provided by Frank Kirchhoff.
Expression constructs for C-terminally enhanced YFP (eYFP)-tagged
TSPANs were created either by using the Gateway cloning system by liga-
tion of the TSPANs into the pDEST-ctYFP expression vector or by intro-
ducing PCR products encoding different TSPANs into the peYFP-N1 ex-
pression vector by using NheI and HindIII restriction enzymes.

The following antibodies and reagents were used: the Lyoplate hu-
man cell surface marker screening panel antibody collection (BD Bio-
sciences); mouse anti-human CD3 (HIT3a), mouse anti-human CD37
(M-B371), mouse anti-human CD53 (HI29), mouse anti-human
CD63 (H5C6), mouse anti-human CD81 (JS-81), allophycocyanin
(APC)-conjugated mouse anti-human CD4 (RPA-T4), and anti-HLA-
ABC (G46-2.6) antibodies (all from BD Biosciences); mouse anti-
CD317 (eBioscience); mouse anti-Lck (3A5) (Santa Cruz); polyclonal
anti-Vpu (Biozol); sheep anti-Nef (kind gift from Mark Harris) (66);
monoclonal mouse anti-c-Myc (Santa Cruz); rat anti-GFP (Chro-
mothek); sheep anti-HIV-1 p24CA antiserum (from Barbara Müller);
rabbit anti-p42/p44 mitogen-activated protein kinase (MAPK)
(Erk1/2) (Cell Signaling Technology); sheep anti-TGN46 (AbD Sero-
tec); rabbit anti-protein disulfide isomerase (anti-PDi) (endoplasmic
reticulum [ER] marker) (H-160; Santa Cruz), mouse CM1 recognizing
�-COP (coatomer marker) (from Britta Brügger); and goat anti-EEA1
(early endosome marker) (C-15; Santa Cruz). Secondary fluorescent
antibodies were obtained from Molecular Probes or BD Biosciences,
and a protease inhibitor cocktail was purchased from Sigma-Aldrich.
Phalloidin-TRITC (tetramethyl rhodamine isocyanate) was obtained
from Sigma, and stroma-derived factor 1� (SDF-1�) was obtained
from Immunotools.

Virus production and infection. Virus stocks were generated by
transfection (via Metafectene [Biontex] or JetPEI [Biomol]) of proviral
HIV-1 plasmids into 293T cells. At 3 days posttransfection, culture super-
natants were harvested, and virus stocks were concentrated (or not) via
20% sucrose cushion ultracentrifugation (24,000 rpm for 2 h). The HIV-1
p24 antigen concentration was determined by a p24 antigen enzyme-
linked immunosorbent assay (ELISA).

PBMCs were isolated from fresh buffy coats via Ficoll (Ficoll-Paque
Plus; GE Healthcare) gradient centrifugation essentially as described pre-
viously (67). For enrichment of CD4� T cells, the RosetteSep human
CD4� T cell enrichment cocktail (Stemcell Technologies) was applied
according to the manufacturer’s instructions. Cells were stimulated with
phytohemagglutinin (PHA) (5 �g/ml; Sigma) and interleukin-2 (IL-2)
(100 U/ml; Biomol) for 3 days. A total of 3 � 106 cells were infected with
1 to 2 �g p24-containing virus stock in Retronectin (TaKaRa Bio, Mo-
BiTec)-coated 24-well plates via spin infection (800 rpm for 1.5 h). Cells
were kept in IL-2 for 3 days before being subjected to surface staining as
described below for A3.01 cells. After fixation (2% paraformaldehyde
[PFA] in phosphate-buffered saline [PBS] for 1.5 h), cells were investi-
gated by flow cytometry.

Surface-exposed receptor levels. In order to quantify the surface ex-
pression levels of a variety of cell surface markers in the presence of Nef or
Vpu, the complete set (242 antibodies) of the Lyoplate human cell surface
marker screening panel (BD) was applied for cell surface staining of A3.01
cells. A total of 5 � 106 cells were transfected with 18 �g plasmid DNA for
Nef.GFP or Vpu.GFP fusion proteins via electroporation (950 �F, 300 V)
(GenePulser; Bio-Rad). At 48 h posttransfection, �5 � 105 cells in 50 �l
fluorescence-activated cell sorter (FACS) buffer (0.5% fetal calf serum
[FCS] plus 0.09% NaN3 in PBS) were stained with 0.125 �g of each anti-
body in 96-well plates for 45 min on ice. After being washed with FACS
buffer, cells were incubated with 100 �l (0.125 �g) of the diluted provided

secondary antibodies (Alexa Fluor647-conjugated goat anti-mouse Ig and
goat anti-rat Ig) for 30 to 45 min on ice.

For selected surface receptors (CD37, CD53, CD63, CD81, and
CD317), 5 � 105 to 1 � 106 cells in 50 �l FACS buffer were stained with
0.5 �g of primary antibody (0.1 to 0.25 �g for CD317), followed by stain-
ing with secondary goat anti-mouse Alexa Fluor600 (Invitrogen) or Alexa
Fluor647 (BD Biosciences) antibodies. Staining against CD4 and HLA-
ABC was assessed by APC-conjugated antibodies in a single step. The
relative cell surface expression of the respective receptors was analyzed by
flow cytometry (FACSCalibur with BD CellQuest Pro 4.0.2 software [BD
Pharmingen] and Cyflogic 1.2.1 free analysis software). Within one sam-
ple, the receptor levels (y-axis geometric mean [YGeoMean]) on medi-
um- to high-GFP-expressing cells (gate R3) (Fig. 1) were compared to
levels on non-GFP-expressing cells (gate R2), as described previously
(30). Data were processed with Microsoft Office Excel 2007 (heat map)
and GraphPad Prism5 software.

Immunofluorescence microscopy. 293T cells growing on cover
glasses were transfected with mCherry, Vpu.mCherry, or Nef.RFP expres-
sion constructs together with different YFP-tagged TSPAN-encoding vec-
tors. At 24 h posttransfection, the cells were fixed with 4% PFA, mounted
in Mowiol, and analyzed with a Zeiss LSM510 confocal microscope with a
100� Plan-Apo objective lens. Images were recorded with Zeiss LSM5
proprietary software and processed with Adobe Photoshop 6.0. For detec-
tion of different subcellular compartments, 293T cells expressing either
mCherry, Vpu.mCherry, or Nef.RFP together with the different YFP-
tagged TSPANs were fixed and permeabilized for 2 min with 0.1% Triton
X-100 in PBS, blocked for 1 h with 1% bovine serum albumin (BSA) in
PBS, and stained with appropriate primary and secondary antibodies for
detection of different subcellular compartments (TGN, ER, coatomer, or
early endosomes). These cells were then analyzed by confocal microscopy
as described above.

For Lck accumulation studies, microscope cover glasses (Marienfeld)
were coated with a 0.01% poly-L-lysine (Sigma) solution for 1 h at room
temperature. One day after transfection with the indicated expression
plasmids (via electroporation) (see above), A3.01 T cells were plated onto
the glasses (3 � 105 cells/cover glass) and fixed after 10 min at 37°C with
PBS–3% PFA for 15 to 30 min. For indirect immunofluorescence of en-
dogenous Lck, cells were permeabilized with 0.1% Triton X-100 for 2 min
and blocked with PBS–1% BSA for 30 min. The primary mouse anti-Lck
antibody (1:50) was applied for 2 h, followed by secondary goat anti-
mouse Alexa Fluor568 for 1 h. After washing with PBS, cover glasses were
mounted in LinMount (Linearis); in the case of cotransfection analyses,
cells were mounted directly after cell fixation. Images were taken by using
a 100� oil immersion objective lens (Ultra View VoX spinning-disk con-
focal system; PerkinElmer) and processed by using Adobe Photoshop.
Image quantification was performed as described recently (38).

Virion infectivity assays. TZM-bl cells (1 � 105 cells/well) were
seeded into 12-well plates 1 day before Lipofectamine 2000 (Invitrogen)
transfection of proviral DNA (1 �g of wt or vpu- and nef-deleted variants).
At 2 days posttransfection, culture supernatants were investigated for par-
ticle release by a p24 ELISA and infectivity. For the latter, 25 �l of the
culture supernatants was added to TZM-bl reporter cells cultured in a
96-well format, and the infectivity of HIV-1 was determined 48 h after
infection by analysis of firefly luciferase activity (67, 68).

Migration and activation assays. Analyses of SDF-1�-mediated T
lymphocyte chemotaxis and membrane ruffling as well as TCR CD3-in-
duced actin rearrangements were described previously (34, 40, 62).

Coprecipitation assay. For coimmunoprecipitation analysis, 293T
cells (5 � 105 cells/well) transiently expressing wt Vpu or Nef.myc
together with YFP-tagged TSPANs were harvested at 24 h posttrans-
fection and lysed on ice for 30 min in a buffer containing 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 50 mM MgCl2, 1% Brij-99 (Vpu) or
1% Brij-99 (Nef), and a protease inhibitor cocktail (Sigma) before
clarification at 6,000 � g for 10 min at 4°C. Twenty percent of each
lysate was preserved to control for protein expression (input). The
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remaining cell lysate was incubated for 2 h with GFP-Trap beads
(Chromothek). Immunoprecipitates were then washed three times
with lysis buffer, resuspended in nonreducing SDS lysis buffer, and
boiled for 10 min in order to release the immunoprecipitated proteins
from the beads. The eluates were then analyzed for the presence of
YFP-tagged TSPANs, Vpu, and Nef.myc by Western blotting.

Western blotting. Washed cell pellets (for the infectivity assays) or
eluates from the GFP-Trap beads were lysed in SDS lysis buffer. Proteins
were separated on 12.5% SDS-PAGE and blotted onto nitrocellulose
membranes. Blocked membranes were probed with the following primary

antibodies: sheep anti-HIV-1 p24CA antiserum (from Barbara Müller),
rabbit polyclonal anti-Vpu (Biozol), sheep anti-Nef, rabbit anti-c-Myc
(Santa Cruz), rat anti-GFP (Chromothek), and anti-p42/p44 MAPK
(Erk1/2) (Cell Signaling Technology). Secondary antibodies were conju-
gated to horseradish peroxidase for enhanced chemiluminescence (ECL)-
based detection.

Statistical analysis. Statistical analysis of data sets was carried out by
using Microsoft Excel and GraphPad Prism. The statistical significance of
parametrically and not-normally distributed data sets was analyzed by the
Student t test and Mann-Whitney U test, respectively.
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FIG 1 Lentiviral Nef and Vpu share the ability to downregulate a multiplicity of markers from the cell surface. A3.01 cells were transiently transfected with
expression plasmids for GFP fusion proteins for HIV-1 Nef, HIV-1 Vpu, and SIVmac239 Nef (YFP fusion protein) and stained 48 h later with the individual
antibodies in the Lyoplate human cell surface marker screening panel (BD). Surface expression of the respective markers was investigated by flow cytometry. (A)
Representative flow cytometry dot plots of gated living cells. The MFI (YGeoMean) of untransfected (gate R2) and medium- to high-GFP-expressing (gate R3)
cells is indicated in red for the respective surface receptor. (B) Western blot analysis of A3.01 CD4 T cells infected with wt HIV-1 or transiently transfected with
expression plasmids for GFP fusion proteins for HIV-1 Nef or HIV-1 Vpu. A total of 1 � 105 infected or transfected cells were lysed and subjected to Western
blotting for expression analysis of Nef (top) and Vpu (bottom). Intensities of the Nef and Vpu bands were quantified by using ImageStudioLite software (Li-Cor).
Numbers below the panels indicate Nef and Vpu expression levels relative to that observed for cells infected with wt HIV-1, which was arbitrarily set to 1.0. (C)
Correlation analysis of the cell surface receptor downregulation activity of HIV-1 Vpu and HIV-1 Nef. (D) Heat map diagram of the relative remaining surface
expression (percent) of the individual markers screened for. Red indicates strong downregulation, yellow indicates medium downregulation, and green indicates
no downregulation from the cell surface. The factors are ordered according to the identified surface levels upon HIV-1 Nef expression. The numbers represent
mean values of the MFI ratio of transfected to untransfected cells (R3/R2) from three independent experiments. b2m, �2 microglobulin; ITGB7, integrin �7 (see
also Table S1 in the supplemental material). (E) Diagram of all receptors showing 	65% relative cell surface expression upon expression of HIV-1 Nef or Vpu
or SIVmac Nef and two unaffected surface receptors (CD49d and CD50). Values are the arithmetic means and standard deviations from three independent
experiments. Highlighted in red are members of the tetraspanin (TSPAN) family.
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RESULTS
Nef and Vpu share the ability to reduce cell surface exposure of
a broad range of receptors. The surface exposure of a number of
host cell receptors is modulated by expression of the accessory
proteins Nef and Vpu of HIV-1. In order to gain an overview of the
full potential of both viral proteins for modulation of cell surface
receptor exposure and to identify their target specificity, we
screened the cell surface expression of a large panel of receptors for
its sensitivity to Nef and Vpu expression. To this end, we tran-
siently expressed GFP or YFP fusion proteins of HIV-1SF2 Nef,
HIV-1NL4-3 Vpu, or SIVmac239 Nef in A3.01 CD4 T cells and deter-
mined relative cell surface levels (Fig. 1; see also Table S1 in the
supplemental material). The mean fluorescence intensity (MFI)
levels of individual receptor stainings for GFP/YFP-positive cells
were compared to those of untransfected control cells in the same
sample (Fig. 1A, gate R3 versus gate R2). This allowed us to deter-
mine the effect of ectopic viral gene expression on the relative
steady-state surface exposure of each receptor analyzed (see Fig.
1A for primary data for CD4 and CD49a, which are efficiently
downregulated and unaffected, respectively, by expression of
HIV-1 Nef, HIV-1 Vpu, or SIV Nef). Nef and Vpu expression
levels in these cells transiently expressing GFP fusion proteins
were slightly lower than those of nonfusion proteins produced in
the context of HIV-1 infection (Fig. 1B).

Since these initial results validated our experimental approach,
we next screened all receptors detected by antibodies of the
Lyoplate human screening panel (BD) by flow cytometry. A total
of 105 receptors were analyzed, for which the antibodies of this
panel resulted in a robust and specific signal on the surface of
A3.01 CD4 T cells. This analysis revealed that significant upregu-
lation of surface levels was rare (observed only for CD69 by Nef)
and identified a number of surface molecules that remained un-
affected by the expression of any of the three viral proteins (e.g.,
CD49d [Fig. 1A] or CD50 [ICAM-3]), emphasizing that receptor
downregulation is selective. Expectedly (19), downregulation of
cell surface CD3 was specific for SIV Nef (Fig. 1D and E). Consid-
ering the suggested direct connector model, a surprisingly high
number of surface-exposed receptors was found to be downregu-
lated in the presence of HIV-1 Nef: surface levels of 36 out of 105
receptors were reduced to 	65% (Fig. 1D and E). This included
previously described targets such as CXCR4 (CD184) and MHC-I
receptors but also transferrin receptor (CD71), which was re-
ported to be downregulated by Nef in an allele- and cell type-
dependent manner (69–71). In addition, a number of new targets
with potentially interesting links to HIV biology were identified,
such as CD37, Lamp-1 (CD107a), Lamp-2 (CD107b), ICAM-1
(CD102), or gamma interferon receptor (CD119). HIV-1 Vpu
also lowered the surface exposure of a large set of receptors, and
the downregulation activity of Vpu across the panel of surface
receptors analyzed correlated remarkably well with that of Nef
(Fig. 1C). Vpu downregulated 32 out of the 105 receptors to at
least 80%, and all of these receptors were also targeted by Nef (Fig.
1D and E). This included MHC-I, for which downregulation by
Vpu is somewhat controversial in the literature (7, 72). The effects
of Vpu on individual receptors were overall less pronounced than
those induced by Nef, except for CD164, CD317 (data not shown),
and CD71, which, in contrast to our experiments with T lympho-
cytes, is unaffected by Vpu in 293T and HeLa cells (54, 73). With
the exception of CD3 (Fig. 1D and E) and CD317 (data not

shown), which are potently downregulated by SIV Nef, the recep-
tor downregulation pattern induced by SIV Nef closely matched
that of HIV-1 Vpu. These results reveal a remarkable overlap in
the specificity of HIV-1 Nef and Vpu for the downmodulation of
a broad but nevertheless specific set of cell surface receptors upon
overexpression in A3.01 T cells, with Nef generally exerting a
stronger downregulation activity than Vpu. Whether and by
which mechanism the downregulation of individual receptors by
these viral proteins plays pathophysiological roles in the context of
natural infection require specific in-depth analyses.

Nef and Vpu reduce the cell surface levels of TSPANs. Since
the above-described results revealed that, upon overexpression in
A3.01 T cells, HIV-1 Nef and Vpu largely overlap in functions
related to cell surface receptor downregulation, we analyzed the
characteristics of the set of receptors thus far unknown to be tar-
geted by both viral proteins in more detail. Among the group of
affected surface receptors was a considerable number of members
of the tetraspanin (TSPAN) protein family (Fig. 1D and E). In-
deed, all six TSPANs included in the screen (CD37 [also referred
to as TSPAN-26], CD53 [TSPAN-25], CD63 [TSPAN-30], CD81
[TSPAN-28], CD151 [TSPAN-24], and CD231 [TSPAN-7]) were
significantly downregulated from the cell surface by HIV-1 Nef,
with CD37 and CD81 being two of the most severely affected
molecules in the total investigation (25% and 35% relative re-
maining surface expression, respectively) (Fig. 1D and E and 2A).
TSPAN surface exposure was also modulated by Vpu and SIV Nef
but with reduced efficiency compared to that of HIV-1 Nef. We
therefore decided to focus this study on the TSPAN protein
family.

Distinct molecular determinants in Nef and Vpu mediate cell
surface downregulation of individual TSPANs. The effects of
Nef and Vpu on such a broad range of TSPAN family members
could be the result of, e.g., an unspecific perturbation of mem-
brane transport due to membrane association and insertion of
these viral proteins, respectively. We therefore tested the effect of
unrelated membrane-associated GFP fusion proteins on TSPAN
cell surface exposure (Fig. 2A). N18src.GFP tethers GFP to the
inner leaflet of the plasma membrane via a myristoylated SH4
domain in a manner analogous to that of Nef (65, 74), and pDis-
play-YFP directs YFP to the transmembrane domain of CD4 to
mimic Vpu (41). Both control proteins did not induce significant
changes to TSPAN cell surface levels, indicating that TSPAN
downregulation by Nef and Vpu is a specific process. We next
asked whether the viral proteins employ conserved mechanisms to
downregulate the individual TSPANs from the cell surface. We
made use of a panel of characterized Nef and Vpu mutants to map
the determinants involved in cell surface downmodulation of
CD37, CD53, CD63, and CD81 in A3.01 cells transiently express-
ing Nef.GFP (Fig. 2B) or Vpu.GFP (Fig. 2C). For Nef, downregu-
lation of CD4 was included as a positive control. Expectedly (18,
19, 52), mutations affecting the ability of Nef to interact with SH3
domain-containing host cell proteins (AxxA; VGFAAA), the
phosphofurin acidic cluster sorting (PACS) adaptor (E4A4), or
Pak2 kinase (F195A) had little to no effect on Nef-mediated CD4
downregulation. Mutations preventing Nef’s N-terminal myris-
toylation, and thus efficient membrane associations (G2A) or in-
teractions with the Nef-associated kinase complex (�12-39) or the
endocytic machinery (adaptor complex for LLAA; catalytic sub-
unit of the V-ATPase for EDAA), significantly impaired the activ-
ity of Nef on cell surface CD4. This mutant pattern is clearly dis-
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tinct from that observed for receptors such as MHC-I or CXCR4,
the downregulation of which depends on the motifs in Nef medi-
ating interactions with SH3 domains (PxxP and VGF) but not
endocytic adaptor complexes (31, 61, 75). Surprisingly, the mo-
lecular Nef determinants required for TSPAN cell surface down-
regulation differed for individual TSPANs, and no clear “CD4-
like” or “MHC-I-like” mutant patterns were observed and no
essential molecular determinant was determined for any of the
TSPANs analyzed.

Similarly, the analysis of Vpu failed to identify an essential
determinant of TSPAN downregulation (Fig. 2C). Surface expo-
sure of both control receptors CD4 and CD317 (data not shown)
was unaffected by Vpu mutants with a replaced diserine motif,
and thus, coupling to beta-transducin repeat-containing protein
(�-TrCP) (S52/56A) or its transmembrane domain was replaced
by that of the vesicular stomatitis virus G protein (TM VSVG)
(54). The A14L,W22A mutant, reported to be defective in trans-
membrane interactions of Vpu (76), was fully and partially defec-
tive in downregulating CD4 and CD317, respectively. A motif
regulating Vpu’s subcellular distribution (R30A,K31A) (77) was
largely dispensable for the downregulation of both receptors,
while a motif governing Vpu’s lipid raft incorporation
(V25G,Y29G) (68) was specifically required for the downregula-
tion of cell surface CD4. With respect to TSPAN cell surface mod-
ulation, the diserine and TM substitution mutants of Vpu dis-
played a partial loss of function for all family members tested,
while the additional mutants showed only slightly reduced activ-
ity. In contrast to Nef, the mutant pattern toward individual
TSPANs was largely similar for Vpu.

Together, these results suggest that the effects of Nef and Vpu
on TSPAN cell surface exposure may not be explained by the re-
ceptor modulation mechanisms already described for these viral
proteins. In the case of Nef, even different molecular mechanisms
may be employed toward individual TSPAN members.

Nef and Vpu counteract the upregulation of TSPAN cell sur-
face expression levels in HIV-1-infected primary human CD4�

T lymphocytes. Since the above-described findings were obtained
by using a human T cell line and transient overexpression of the
accessory viral proteins, we next asked whether the effects of Nef
and Vpu on TSPAN surface exposure are also observed upon
HIV-1 infection of primary target cells. To this end, activated
primary human CD4� T lymphocytes were infected with either
HIV-1NL4-3 (wt) or isogenic counterparts lacking the expression of
Nef (�Nef), Vpu (�Vpu), or Nef and Vpu (��). The proviruses
used for the production of infectious progeny contain an IRES-
.GFP element that allows detection of productively infected cells
by GFP expression.

At 2 days postinfection, CD4� T cells were analyzed for surface
expression of selected TSPANs (CD37, CD53, CD63, and CD81)
or well-characterized reference receptors (CD4, HLA-ABC, and
CD317) (Fig. 3A and B). The comparison demonstrated that sur-
face levels of all receptors analyzed were lower in cells infected
with wt HIV-1 than in cells infected with HIV-1 ��. For CD4,
CD317, and MHC-I, this mirrored the net downregulation of cell
surface receptors in wt HIV-1-infected (gate R3, GFP-positive)
(Fig. 3A) relative to uninfected (gate R2, GFP-negative) (Fig. 3A)
cells, which was abrogated in the absence of Nef and Vpu. For the
TSPANs CD37, CD53, CD63, and CD83, surface levels were mod-
erately upregulated in HIV-1 ��-infected cells by an unknown
mechanism, and expression of Nef and Vpu reduced TSPAN ex-

posure to the surface levels observed for uninfected cells (Fig. 3A
and B). Expectedly, Nef was more critical than Vpu for the down-
regulation of CD4 and MHC-I in the context of primary CD4� T
cell infection, and downregulation of cell surface CD317 was ex-
clusively dependent on Vpu (Fig. 3A and B). Given the results of
the overexpression studies of A3.01 cells described above, it was
surprising that Vpu affected TSPAN cell surface expression more
efficiently than Nef in the infection context of primary CD4 T cells
(Fig. 3B). Nef exerted only very mild effects for some of the
TSPANs, and little synergy between Nef and Vpu was observed.
Preliminary results from infection experiments in A3.01 T cells
indicate that these differences in the relative activities of Nef and
Vpu most likely reflect differences between this T cell line and
primary cells (data not shown). Collectively, these results demon-
strate that Nef and Vpu have the capacity to moderately modulate
cell surface expression of individual TSPAN proteins in infected
primary CD4� T cells and that Vpu is the main contributor to the
HIV-1-induced reduction of TSPAN cell surface levels in HIV-
infected primary human CD4 T lymphocytes.

Nef and Vpu trigger accumulation of a variety of TSPANs in
a perinuclear compartment. We next wondered whether the
modulation of TSPAN surface levels by Nef and Vpu is paralleled
by a colocalization of these viral and cellular proteins or whether
these proteins affect each other’s subcellular localization. We
therefore analyzed the subcellular localization of the YFP-tagged
TSPANs CD37, CD53, and CD63 in the absence or presence of Nef
and Vpu (expressed as mRFP and mCherry fusion proteins, re-
spectively) by confocal microscopy (Fig. 4A and B). In control
cells expressing only mCherry, CD37 and CD63 were detected at
the PM as well as in intracellular compartments (referred to as
intracellular � PM in Fig. 4B), with CD63 displaying pronounced
intracellular accumulation. In contrast, CD53 localized predom-
inately at the PM (Fig. 4B). For TSPANs with marked PM local-
ization, and in accordance with the flow cytometric data, coex-
pression of Nef or Vpu resulted in a reduction of their PM
localization that coincided with a marked accumulation of the
TSPAN in a perinuclear area (Fig. 4A and B for CD37 and CD53;
data not shown for CD9). Such a striking relocalization was not
observed for TSPANs that displayed predominantly perinuclear
localization in the absence of Nef or Vpu, such as CD63 (Fig. 4A
and B), CD231, TSPAN1, TSPAN3, and TSPAN13 (data not
shown). Vpu and Nef were always enriched in intracellular areas
of TSPAN accumulation; however, this colocalization with peri-
nuclear TSPANs was pronounced for Vpu, while Nef was detected
in this area of the cell but colocalized less with distinct TSPAN-
positive subcellular structures. Perinuclear TSPANs displayed a
substantial overlap of the trans-Golgi marker TGN46 (Fig. 4C)
and individual TSPANs; colocalization was also detected with
markers for early endosomes and coatomer (data not shown).
While the precise identity of the TSPAN-positive compartment in
Vpu/Nef-expressing cells remains to be defined, the viral proteins
induce the enrichment of TSPANs in anterograde transport and
recycling compartments.

Nef and Vpu associate with a variety of TSPANs. Given the
observed effects of Nef and Vpu on TSPAN surface exposure and
subcellular localization, we next tested whether the viral proteins
physically associate with this protein family. Vpu or a Myc-tagged
version of Nef was expressed with YFP-tagged forms of various
TSPANs in 293T cells, and TSPANs with associated proteins were
immunoisolated by using GFP-Trap. YFP- or pDisplay.YFP-ex-

Functional Similarities between HIV-1 Nef and Vpu

December 2014 Volume 88 Number 24 jvi.asm.org 14247

http://jvi.asm.org


R2 R3

1461 124

C
D

4
C

D
31

7
C

D
37

↑

A
le

xa
64

7

GFP

C
D

53

re
la

tiv
e 

su
rfa

ce
 e

xp
re

ss
io

n
(%

 o
f ∆

∆)

0

20

40

60

80

100

120

140

160 wt
∆Nef
∆Vpu

H
LA

-A
B

C
C

D
63

C
D

81

104

100
100

104

∆∆∆Nef ∆Vpu

↑

wt
R2 R3

1244 712

R2 R3

1518 162

R2 R3

1672 794

R2 R3

522 563

R2 R3

496 369

R2 R3

597 555

R2 R3

565 203

R2 R3
95 135

R2 R3
52 71

R2 R3
59 21

R2 R3
69 25

R2 R3
48 58

R2 R3
30 55

R2 R3
29 29

R2 R3
42 37

R2 R3

365 772

R2 R3

432 776

R2 R3

396 643

R2 R3

402 551

R2 R3
45 89

R2 R3
23 61

R2 R3
42 48

R2 R3
46 67

R2 R3

331 445

R2 R3

373 504

R2 R3

365 402

R2 R3

366 305

∆∆
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pressing cells served as negative controls. Nef weakly associated
with some of the TSPANs analyzed (here CD53), but (nearly) no
association was detected with other TSPANs (shown here for
CD37 and CD63) (Fig. 4D). In contrast, robust coimmunopre-
cipitation of Vpu, but not the pDisplay.YFP control, was observed
with all TSPANs analyzed (Fig. 4E and data not shown). In sum-
mary, Nef and Vpu broadly downmodulate cell surface levels of
TSPANs and induce their perinuclear accumulation. The acces-
sory viral proteins colocalize with many TSPAN family members
in this perinuclear compartment and physically associate with
them, but the physical link to TSPANs appears to be more pro-
nounced for Vpu than for Nef. TSPANs thus emerge as an impor-
tant cellular target of Nef and Vpu.

Nef and Vpu share the ability to affect the subcellular local-
ization of the peripheral membrane protein Lck. The identified

broad similarities of Nef and Vpu in modulating the surface ex-
posure of cell surface transmembrane receptors prompted us to
investigate whether Vpu also exerts other activities ascribed to
Nef. We first investigated effects on the subcellular localization of
the Src family kinase and the peripheral membrane protein Lck.
Rerouting of this key player in TCR signaling away from the PM to
REs and the TGN is a well-characterized function of Nef in T
lymphocytes. This effect does not require a physical interaction of
Nef with Lck and is achieved by indirect inhibition of a yet-to-be-
defined vesicular transport route for PM delivery of newly synthe-
sized Lck and possibly other cargo molecules (35, 37, 38, 65). To
elucidate whether Vpu has a similar effect on Lck, we analyzed the
localization of endogenous Lck in A3.01 T cells transiently ex-
pressing either a GFP control or GFP fusion proteins of HIV-1 Nef
or Vpu (Fig. 5A to F). Microscopic analyses revealed that Nef.GFP,
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but not GFP alone, induced a pronounced RE/TGN accumulation
of Lck in the large majority of cells analyzed (92% versus 0% of
cells with detectable Lck accumulation) (Fig. 5A and C). Expres-
sion of Vpu.GFP also induced Lck retargeting but with much-
reduced frequency compared to Nef (19% of cells with Lck accu-
mulation) (Fig. 5A and C). However, when the GFP versions of
the viral proteins were coexpressed with an Lck.RFP fusion pro-
tein, Lck accumulation was observed with almost similar frequen-
cies in Vpu- and Nef-expressing cells (73% and 90%, respectively)
(Fig. 5B and D). This suggests that Vpu may affect the transport of
newly synthesized Lck molecules but is less efficient than Nef in
retargeting Lck pools that already reached their steady-state dis-
tribution following biosynthetic anterograde transport.

We next analyzed the magnitude of Lck retargeting in single
cells in which this effect was observed (i.e., pixel quantification of
the accumulated versus the total Lck signal per cell). In the pres-
ence of Nef, more than half of the total endogenous or ectopically
expressed Lck signal per cell resided in intracellular accumulations
(Fig. 5E). Vpu also induced more Lck accumulation than observed
for control cells, but this effect was less pronounced than that of
Nef (Fig. 5F). Overall, these results show that Vpu can affect the
subcellular localization of peripheral membrane proteins such as
Lck but with reduced efficacy compared to Nef.

Nef and Vpu enhance single rounds of virus replication via
distinct mechanisms. Nef enhances the infectivity of virus parti-
cles, while Vpu facilitates virus production from CD317-positive
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FIG 5 Nef and Vpu relocalize the signaling molecule Lck. (A) A3.01 T lymphocytes were transiently transfected with plasmids expressing GFP, Nef.GFP, or
Vpu.GFP. Twenty-four hours later, cells were fixed on poly-L-lysine-coated cover glasses and analyzed by immunofluorescence for endogenous (end.) Lck
expression. Shown are representative confocal micrographs. (B) Confocal micrographs of A3.01 cells transiently coexpressing Lck.RFP together with GFP fusion
proteins as described above for panel A. Bar 
 10 �m. (C) Relative frequency of intracellularly accumulated (recycling endosomes/trans-Golgi network) Lck of
cells, as described above for panel A, by categorizing transfected cells as those with or without intracellular Lck accumulation. Values are the means of data from
3 independent experiments and standard deviations in which 100 cells were counted per condition. (D) Quantification as described above for panel C for
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per condition). Statistical significance as assessed by the Mann-Whitney U test is indicated (���, P 	 0.0001).
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producer cells by antagonizing CD317 particle release restriction
(46, 47, 78–80). To compare these activities side by side, virions
were produced from CD317-expressing TZM-bl cells by transfec-
tion of proviral constructs encoding wt HIV-1 or derivatives
thereof that lack expression of one or both accessory proteins (wt,
�Nef, �Vpu, and ��) (Fig. 6A to I). Western blot analyses of
lysates of these virus-producing cells confirmed the expected viral
protein expression pattern (Fig. 6A). At 2 days posttransfection,
the corresponding supernatants were used to test the production
of infectious virions in a single-round infectivity assay on TZM-bl
reporter cells (Fig. 6B). The lack of expression of either Nef or Vpu
during virus production resulted in a significant drop in the pro-
duction of infectious particles, and these effects were additive in
the context of the �� double mutant. Quantification of the
amount of p24CA released during virus production as a correlate
for the release of physical virus particles (Fig. 6C) and of relative
infectivity (infectious units per ng p24CA) (Fig. 6D) allowed us to
differentiate between the effects of Nef and Vpu. Reflecting its role
as a CD317 antagonist, Vpu exclusively enhanced virus produc-
tion but not the infectivity of these particles. In contrast, Nef did
not affect the production and release of physical particles but in-
creased their infectivity. Consistent with previous reports analyz-
ing the effects of Nef and Vpu separately, our direct comparison
confirms that Nef and Vpu affect single rounds of HIV replication
in CD317-positive cells via strictly distinct mechanisms and by
acting at different stages of the viral life cycle.

Vpu does not share Nef’s ability to interfere with host cell
actin remodeling. We next asked whether Vpu also shares the
ability of Nef to interfere with actin remodeling of T lymphocytes
to affect their chemotaxis and migration. Jurkat T cells, which
chemotax better than A3.01 cells (data not shown), showed the
expected potent reduction in in vitro chemotaxis toward SDF-1�
across transwell filters when transiently expressing GFP- or Myc-
tagged versions of HIV-1 Nef (40, 81). In contrast, Vpu did not
significantly influence the migration capacity of these cells (Fig.
6E). While Vpu reduces chemotaxis toward CCL19 by downregu-
lating the corresponding receptor CCR7 from the cell surface (82),
Vpu does not exert a generalized disruption of cell motility. Con-
sistent results were obtained by investigating SDF-1�-induced F-
actin-rich membrane ruffling, which was suppressed by Nef but
not by Vpu (Fig. 6F and G). Furthermore, Vpu did not affect
TCR-triggered actin polymerization into circumferential actin
rings following surface-bound stimulation, a prominent activity
of Nef (34, 62) (Fig. 6H and I). Thus, Nef and Vpu clearly differ in
their abilities to interfere with host cell motility and actin rear-
rangements.

DISCUSSION

This study set out to advance our understanding of the breadth
with which Nef and Vpu affect host cell receptor densities. Parallel
analysis of 105 receptors detectable on the surface of A3.01 T lym-
phocytes revealed a previously unappreciated scope with which
HIV-1 Nef remodels the cell surface of these HIV-1 target cells.
Surprisingly, HIV-1 Vpu and SIV Nef largely shared this broad
effect on host cell surface receptors, even though their activity
against individual receptors was less pronounced than that of
HIV-1 Nef. This redundancy in biological activity also extended to
peripheral membrane proteins such as Lck, whose intracellular
transport following biosynthesis was altered in a similar manner
by Nef and Vpu. In contrast, other activities were not shared be-

tween both viral proteins: while Nef increases the relative infectiv-
ity of HIV-1 virions but does not antagonize the restriction of
particle release imposed by CD317, Vpu, in our hands, does not
affect the infectivity of HIV-1 particles but strongly facilitates their
release from CD317-positive cells. Nef activities targeted at mod-
ulating host cell actin dynamics and motility were not shared by
Vpu. Conversely, the ion channel activity of the transmembrane
protein Vpu is likely not exerted by the peripheral membrane
protein Nef. It thus emerges that (i) Nef and Vpu share an impor-
tant set of biological activities, most notably remodeling of the
surface receptor environment; (ii) both viral proteins promote
single rounds of virus replication by divergent mechanisms; and
(iii) additional modulatory activities are unique for either Nef or
Vpu. This elaborate pattern of shared and individualized activities
of Nef and Vpu likely represents the result of a detailed adaptation
of HIV-1 to its human host.

Given that Nef and Vpu are completely distinct in their mem-
brane topology, their domain organization, and the presence of
signature motifs for interactions with host cell factors, we were
surprised by the remarkable overlap in the receptor specificities of
both viral proteins. As discussed in more detail below, this broad
scope toward cell surface receptors does not appear compatible
with the “direct connector model” but likely reflects the ability of
Nef and Vpu to affect general vesicular transport pathways, of
which the identified target molecules are cargo. Reduction of cell
surface exposure of a given receptor can be achieved by limiting its
delivery to the surface, its enhanced internalization from the cell
surface, and/or impaired recycling. Notably, the effects of Nef on
cell surface receptor levels were more pronounced than those of
Vpu in most cases. This might reflect that Nef, depending on the
cellular context, can affect internalization or recycling rates of
receptors as well as their anterograde PM delivery (10, 19, 52,
83–87). In contrast, the action of Vpu appears to be limited mainly
to anterograde transport and does not enhance receptor internal-
ization (5, 7, 9, 48, 50, 53, 54, 88–92). A similar scenario may apply
to peripheral membrane proteins such as Lck: Nef could effi-
ciently reroute the entire cellular pool by affecting transport to as
well as from the PM, while the activity of Vpu could be limited to
the newly synthesized protein pool. This would explain why Nef
affects endogenous as well as ectopically expressed Lck, while re-
routing by Vpu is prominent only when ectopic Lck is coexpressed
simultaneously with the viral protein. Depending on the traffick-
ing and turnover rates of any given cargo molecule, Vpu thus fails
to imprint the pronounced changes on the subcellular distribu-
tion of cargo observed in the presence of Nef. In this scenario, the
different efficacies with which Nef and Vpu affected TSPAN cell
surface levels in T cell lines and primary T lymphocytes may reflect
that the contribution of individual transport pathways could be
distinct in these two cell systems.

Another main aspect of this study is the identification of
TSPANs as a major target for cell surface downregulation by Nef
and Vpu. Even though the precise molecular mechanism by which
these two viral proteins affect intracellular TSPAN transport re-
mains to be defined, our results indicate that these mechanisms
will be slightly different for Nef and Vpu. Vpu triggered the en-
richment of TSPANs with natural PM exposure in a perinuclear
compartment colocalized with all TSPANs analyzed in this TGN
marker-positive compartment and physically associated with
TSPANs. Similar results for surface downregulation, relocaliza-
tion, and physical association, including in the context of HIV-1
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infection, for Vpu and the TSPAN CD81 were independently ob-
tained by the Thali laboratory, and the Schindler laboratory ob-
tained evidence for the direct interaction of Vpu with CD81 in
intact human cells in a FACS-based fluorescence resonance energy
transfer (FRET) assay (M. Lambele, M. Schindler, and M. Thali,
unpublished data). Taken together, these results strongly suggest
that Vpu physically associates with TSPANs to alter their intracel-
lular transport and reduce their cell surface exposure. This might
reflect direct protein-protein interactions or coassembly into spe-
cialized membrane microdomains. While our results do not fully
allow us to distinguish between these possibilities, we favor the
direct interaction model since (i) TSPAN-Vpu interactions were
also observed under buffer conditions known to disrupt TSPAN
microdomains (data not shown), (ii) the lipid raft targeting motif
of Vpu was dispensable for TSPAN downregulation, and (iii)
FRET-based interactions between Vpu and CD81 were demon-
strated. Since the Vpu transmembrane domain, which mediates
its physical association with CD317 (59, 76, 93), was largely dis-
pensable for Vpu’s effect on TSPAN localization, the determinants
for this interaction require further investigation.

In comparison to Vpu, the perinuclear colocalization of Nef
with TSPANs was less pronounced, physical interactions were less
frequent/stable, and a FACS-FRET interaction with CD81 was not
observed by Lambele and colleagues (Lambele et al., unpub-
lished). This is similar to the retargeting of Lck from the PM to
RE/TGN compartments by Nef, for which association and colo-
calization are dispensable (38, 65, 94–96). Nef may thus act in an
indirect manner on TSPAN trafficking. Therefore, Nef and Vpu
likely affect the intracellular transport routes of a broad but nev-
ertheless specific panel of cellular cargo molecules via distinct
mechanisms, and it will be interesting to study how such specific-
ity is achieved. At this point, we speculate that specificity is gained
by the membrane microenvironment used for intracellular
TSPAN transport. While Vpu may be positioned at a critical sub-
cellular site of this transport route and can intercept transport by
physical interaction, Nef may achieve similar results via yet-to-be-
defined indirect mechanisms. In addition to TSPANs, Nef is also
known to broadly affect the cell surface exposure and subcellular
distribution of the chemokine receptor family (29–31), and Vpu
was recently reported to reduce cell surface levels of the chemo-
kine receptor CCL19 (82). Given that the presence of multiple
membrane-spanning domains is a common feature of TSPANs
(four) and chemokine receptors (seven), multipassing transmem-

brane proteins may be particularly prone to segregation into such
Nef- and Vpu-sensitive transport platforms. Defining the nature
of this transport pathway and its cargo specificity will be impor-
tant steps toward unraveling the mechanisms by which Vpu and
Nef interfere with it.

Another open question relates to the functional consequence
of the observed alterations in TSPAN subcellular localization by
Nef and Vpu. In line with the physiological role of TSPANs as
molecular organizers for other transmembrane proteins that reg-
ulate cell adhesion, cell-cell fusion, and membrane morphology
(97–102), TSPAN-containing microdomains are viewed as plat-
forms for the release of infectious HIV-1 (103–107). The overex-
pression of individual TSPANs such as CD9 and CD63 or the
addition of antibodies against individual TSPANs does not affect
the efficiency of HIV particle release but reduces the infectivity of
released virions or their ability to undergo cell-cell transmission,
in particular by impairing virion fusion (104, 105, 108). TSPANs
thus negatively regulate events during virus production that im-
pact the quality but not the quantity of viral progeny and thus the
efficiency of subsequent rounds of virus replication (104, 109,
110). In particular, given that Nef and Vpu have been demon-
strated to promote cell-cell transmission under certain experi-
mental conditions (111–113), it is tempting to speculate that these
effects are achieved, at least in part, via the deregulation of TSPAN
localization and function. Similar to such effects at the virological
synapse affecting cell-to-cell spread, modified TSPAN surface ex-
posure might affect cell-cell communication across the immuno-
logical synapse, a process potently disrupted by Nef (34–36, 38,
114).

Of note, silencing of the expression of individual TSPANs
failed to produce phenotypes consistent with those observed upon
TSPAN overexpression (104), an observation that might be ex-
plained by the broad effects of Nef and Vpu on the entire TSPAN
family and a redundancy of function between individual TSPAN
family members. In this scenario, the subtle effects that Vpu and
Nef exert on surface levels of individual TSPAN family members
in infected primary human T lymphocytes may add up to a bio-
logically significant alteration of TSPAN surface exposure. If
TSPAN rerouting is directly involved in the optimization of
HIV-1 spread by Nef and Vpu, such an effect will thus not be due
to the altered activity of one individual TSPAN. Dissecting the
functional relevance of TSPAN deregulation will therefore depend

FIG 6 HIV-1 Nef and Vpu differ in interference with viral spread, cell migration, and actin rearrangement. (A) TZM-bl cells were transfected with 1 �g proviral
constructs encoding wt HIV-1 or Nef- and Vpu-defective variants (�Nef and �Vpu, respectively) or a double mutant (��). Shown are representative Western
blot analyses of the corresponding cell lysates at 2 days posttransfection detecting viral Nef, Vpu, and capsid (p24CA) proteins. (B and C) Culture supernatants
were used to analyze the amount of released viral particles by a p24CA ELISA (C) and the release of infectious HIV-1 virions in a single-round infectivity assay
by infecting TZM-bl reporter cells (relative light units [RLU]) (B). (D) Relative infectious virus yield per ng p24CA (corresponding to data in panels B and C).
Values are the arithmetic means and standard deviations of triplicates (B to D). Statistical significance is determined by the Student t test. n.s., nonsignificant. (E)
Jurkat CCR7 T cells were transiently transfected to express the indicated GFP control, fusion proteins of Nef and Vpu, or nonfluorescent versions together with
GFP and subjected to a transwell chemotaxis assay. Depicted is the percentage of GFP-positive cells that migrated toward 10 ng/ml SDF-1� over 2 h. Values are
the means and standard deviations of data from 3 independent experiments. (F) Relative frequency of transiently transfected Jurkat CCR7 T cells (constructs as
described above for panel E) that display membrane ruffling in response to treatment with 200 ng/ml SDF-1� or a solvent control (ctrl). Depicted are mean values
from 3 independent experiments and standard deviations with at least 100 cells analyzed per condition. (G) Representative maximum projections of confocal z
stacks of cells as described above for panel F. Shown are merged pictures of the GFP (green) and F-actin (phalloidin) (red) signals. Bar 
 10 �m. Arrowheads
indicate cells with F-actin-rich ruffles, and arrows indicate cells in which Nef prevented actin ruffling. (H) Jurkat CCR7 T cells were transiently transfected with
the indicated expression plasmids and plated onto anti-CD3-coated cover glasses for 10 min to allow circumferential F-actin ring formation. After fixation, cells
were stained with phalloidin to reveal F-actin. Shown are merged confocal mircrographs of the GFP (green) and F-actin (phalloidin) (red) signals. Bar 
 10 �m.
Arrowheads indicate cells with F-actin rings, and arrows indicate cells in which Nef prevented the formation of F-actin rings. (I) Frequency of cells shown in panel
H that display F-actin-rich rings.
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on the prior identification of specific molecular determinants in
Nef and Vpu that govern this activity.

From an evolutionary point of view, the emergence of HIV-1
nef and vpu genes from ancestral SIV nef resulted in the duplica-
tion of HIV’s potential to remodel the cell surface composition of
infected cells. Nef and Vpu are expressed to maximal levels early
and late in the viral life cycle, respectively, which may allow the
virus to control host cell vesicular transport at all steps of its rep-
lication cycle. Given that transport routes and kinetics of individ-
ual TSPANs likely vary in different HIV target cells, the existence
of two independent mechanisms may also ensure the deregulation
of vesicular transport in distinct cellular environments. Addition-
ally, this functional duplication may provide a general backup
strategy to prevent the loss of this activity altogether.

While these aspects clearly indicate the existence of high selec-
tion pressure on HIV’s ability to alter host cell receptor exposure,
the unexpected breadth of this activity suggests that the virus ben-
efits from the global change rather than from the modulation of a
few individual receptors. This is exemplified by the chemokine
receptor and TSPAN families, where whole classes of proteins are
affected by Nef and Vpu, with various degrees of effects on indi-
vidual family members. Together with the remarkable ability of
HIV accessory genes to rapidly (re)gain specific activities if sub-
jected to specific selection pressures (115), encoding two versatile
and multifunctional proteins such as Nef and Vpu might provide
HIV-1 with the genetic and functional plasticity required to rap-
idly adapt to the ever-changing environment in its human host.
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