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Abstract

Pathogenic microorganisms encode proteins that antagonize specific aspects of innate or adaptive immunity.
Just as the study of the HIV-1 accessory protein Vif led to the identification of cellular cytidine deaminases as
host defense proteins, the study of HIV-1 Vpu recently led to the discovery of the interferon-induced trans-
membrane protein BST-2 (CD317; tetherin) as a novel component of the innate defense against enveloped
viruses. BST-2 is an unusually structured protein that restricts the release of fully formed progeny virions from
infected cells, presumably by a direct retention mechanism that is independent of any viral protein target. Its
spectrum of activity includes at least four virus families: retroviruses, filoviruses, arenaviruses, and herpes-
viruses. Viral antagonists of BST-2 include HIV-1 Vpu, HIV-2 and SIV Env, SIV Nef, the Ebola envelope
glycoprotein, and the K5 protein of KSHV. The mechanisms of antagonism are diverse and currently include
viral cooption of cellular endosomal trafficking and protein degradation pathways, including those mediated by
ubiquitination. Orthologs of human BST-2 are present in mammals. Primate BST-2 proteins are differentially
sensitive to antagonism by lentiviral Vpu and Nef proteins, suggesting that BST-2 has subjected lentiviruses to
evolutionary pressure and presents barriers to cross-species transmission. BST-2 functions not only as an effector
of the interferon-induced antiviral response but also as a negative feedback regulator of interferon production by
plasmacytoid dendritic cells. Future work will focus on the role and regulation of BST-2 during the innate
response to viral infection, on the mechanisms of restriction and of antagonism by viral gene products, and on
the role of BST-2 in primate lentiviral evolution. The augmentation of BST-2 activity and the inhibition of virally
encoded antagonists, in particular Vpu, represent new approaches to the prevention and treatment of HIV-1
infection.

Discovery of the Antiviral Activity of BST-2

The antiviral activity of BST-2 was discovered through
the investigation of the HIV-1 gene vpu. This viral gene

encodes a small transmembrane protein that was known to
enhance the release of HIV-1 virions from infected cells, but
how it did so was unclear.1,2 Several features of the vpu phe-
notype led to BST-2. In the absence of vpu, newly assembled
virions remain attached to the cell surface and=or accumulate
in endosomal vesicles, rather than releasing efficiently into the
extracellular space.3 This phenotype is cell-type dependent
and reminiscent of the retention of virions induced by treat-
ment of cells with type I interferon.4–6 Vpu enhances not only
the release of HIV-1 but also the release of distantly related
retroviruses, suggesting that it acts on a cellular rather than a
viral factor.7 This cellular factor is an inhibitor of virion release
that Vpu counteracts: when cells that support the vpu phe-

notype are fused with those that do not, the requirement for
vpu is dominant.8 Virions retained at the cell surface in the
absence of vpu can be released by proteolysis, indicating that
the restriction of virion release is protein mediated.9 Finally,
type I interferons induce a cellular environment that supports
the vpu phenotype.10

These findings set the stage for the discovery of an inter-
feron-stimulated gene product that blocked virion release and
was counteracted by Vpu. When the question of this protein’s
identity came into full focus, the answer, though largely un-
noticed, was already suggested in the literature: a proteomic
analysis of changes induced in the content of the plasma
membrane by the K5 protein of KSHV (a viral ubiquitin ligase
that provides immune evasion by degrading class I MHC)
had uncovered three novel cellular targets, one of which was
bone marrow stromal antigen-2 (BST-2).11 Vpu, which was
known to degrade CD4 by recruitment of a cellular ubiquitin
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ligase complex to membranes,12 was also shown to degrade
BST-2.11 At that time, BST-2 had no known function. It was
described as expressed on B cells, activated T cells, and plas-
macytoid dendritic cells, and to be inducible on other cells by
type I interferons.13,14 BST-2 was also predicted to have an
unusual topology: it is a type II transmembrane protein (N-
terminus in the cytoplasm) with a C-terminal glycosylpho-
sphatidylinositol (GPI) anchor.15 This topology immediately
suggested a model in which BST-2 spanned the cell and virion
membranes to directly restrict release. Based on these data, we
tested the hypothesis that BST-2 was the interferon-induced
restriction factor counteracted by Vpu.16 At the same time,
comparative gene expression analysis suggested that BST-2
was this elusive factor.17

These two independent reports, published in early 2008,
showed that BST-2 restricted the release of HIV-1 virions and
that Vpu counteracted this restriction.16,17 One designated
BST-2 as a ‘‘tetherin’’ based on its ability to retain or tether
nascent virions to the cell surface.17 BST-2 was both necessary
and sufficient for cellular support of the vpu phenotype. Since
BST-2 is induced by type I interferons, a novel effector protein
of the innate immune response to HIV-1 and ultimately other
enveloped viruses had been revealed, and HIV-1 Vpu was
characterized as the prototype viral antagonist of this host
response.

Mechanism of restriction of virion release by BST-2

Genetic, structural, and functional features of BST-2.
The expression of BST-2 is induced by type I interferons.13 The
promotor of the bst-2 gene contains response sequences sug-
gesting induction by the inflammatory cytokine interleukin
(IL)-6, but this has not yet been shown.18 A single copy of the

gene is found on chromosome 19; the human genome data-
base so far indicates only one nonsynonymous single nucle-
otide polymorphism in the region encoding the protein’s
ectodomain.

BST-2 is a 30- to 36-kDa, heterogeneously glycosylated,
dimeric, type II integral membrane protein with an unusual
topology.15,18 The protein contains an N-terminal cytoplasmic
domain, a single membrane-spanning a-helix, an extracellular
(ecto-) domain containing two predicted a-helices separated
by a short loop, and a C-terminal GPI anchor (Fig. 1). The
extracellular region contains residues conserved throughout
mammalian orthologs: two asparagines that are glycosylation
sites and three cysteines that are available for disulfide
bonding. Indeed, BST-2 exists in cells as a disulfide-bonded
homodimer.18 Additional residues are conserved within the
ectodomain, which is predicted to form a dimeric coiled-coil
structure. The cytoplasmic domain also contains conserved
features: a YxY motif involved in clathrin-mediated endocy-
tosis is present in mammalian orthologs,19,20 whereas a
membrane proximal KxxK motif is present in primate ortho-
logs. Lysines of the KxxK sequence are the targets of ubiqui-
tination by the K5 protein of KSHV.21 Nonhuman primate
BST-2 also contains the sequence DDIWK, which renders the
molecule susceptible to the Nef protein of simian lenti-
viruses.22,23

BST-2 is found both at the plasma membrane as well as
within the endosomal system, including the trans-Golgi net-
work.15,19,20,24 Rodent BST-2 is endocytosed via the clathrin
adaptor AP-2 and retrieved to the TGN via AP-1.19 At the
plasma membrane, the protein localizes within cholesterol-
enriched lipid rafts,15 presumably due to its C-terminal GPI
modification. This optimally positions BST-2 to interfere di-
rectly with virion release, since several lipid-enveloped viru-

FIG. 1. Domain structure of BST-2. BST-2 is a type II (N-terminus in the cytoplasm) single-pass transmembrane protein
whose C-terminus is attached to the lipid bilayer via a glycosylphosphatidylinositol (GPI) anchor. The cytoplasmic domain
contains several conserved features including a YxY motif that binds the plasma membrane clathrin adaptor AP-2, a DDIWK
sequence found in nonhuman primates that is required for response to Nef, and lysines (K18 and K21) that are targets for
ubiquitination by the K5 protein of KSHV. The extracellular domain contains two a-helical regions (blue) that are predicted to
form dimeric coiled-coils. Cysteines that contribute to disulfide-linked homodimerization and N-linked glycosylation sites are
indicated.
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ses, including HIV-1 and Ebola, bud selectively from raft
domains.25–27

Mutagenesis of BST-2 indicates that the GPI anchor is re-
quired for the restriction of virion release.17 In contrast, the
N-linked glycosylation sites are dispensable for activity.28,29

Interestingly, conflicting data exist regarding the role of
cysteine-mediated dimerization; this feature appears dispens-
able for the restriction of Lassa virus but required for the
restriction of HIV-1.29,30 No other conserved residues in the ec-
todomain are yet known to be essential for restrictive activity.

Spectrum of antiviral activity. The breadth of restrictive
activity of BST-2 is currently emerging. Diverse viruses in-
cluding Ebola, Marburg, Lassa, KSHV, as well as all retro-
viruses tested appear sensitive to BST-2.21,31–33 These viruses
have few common features: they are all lipid enveloped, and
some (HIV-1, Ebola) are known to bud from cholesterol-
enriched domains of the plasma membrane,25–27 where BST-2
is itself enriched.15 Because BST-2 restricts the release of di-
verse viruses, a specific viral protein target seems unlikely.
Instead, the binding partner for BST-2 may be the virion lipid
envelope, less likely a ubiquitous cellular protein or sugar
moiety, or BST-2 itself, as discussed below.

Direct restriction models. The designation of BST-2 as a
tetherin evokes a model in which the protein directly retains
virions on the cell surface. This model is supported by im-
munofluorescence data in which BST-2 and the HIV-1 struc-
tural protein Gag colocalize along the plasma membrane (Fig.
2), often in a punctate pattern.33,34 These puncta presumably
represent nascent, tethered virions, although they may also
represent endocytic pits containing Gag and BST-2 destined
for internalization. Direct retention of virions by BST-2 at the
plasma membrane has recently been supported unambigu-
ously by immunoelectron microscopy.35,36 These data indi-
cate that BST-2 is associated with virions, found between
virions and the plasma membrane, and intercalated within
clusters of virions (Fig. 3A).

The general structural and membrane-binding features of
BST-2 are both necessary and sufficient for restriction.36 In-
deed, two lines of evidence indicate that restrictive activity is
unlikely to require cellular or viral cofactors in addition to

BST-2. First, human BST-2 can restrict virion release in a wide
range of host cells, including cells of avian species whose
genomes do not encode BST-2 orthologs.37 Second, an ‘‘arti-
ficial tetherin’’ containing the key structural features of BST-2
but composed of segments of different proteins (the cyto-
plasmic and transmembrane domains of the transferrin re-
ceptor, an ectodomain containing the dimeric coiled-coil from
dystrophia myotonica protein kinase, and the GPI anchor
sequence from urokinase plasminogen activator receptor) is
fully competent as a restriction factor, though it shares no
significant sequence homology with BST-2.36

Various topological models could account for direct re-
striction (Fig. 3B). One is a ‘‘membrane-spanning’’ model, in
which BST-2 embeds one end in the cell membrane and the
other in that of the virion. Homodimers could be arranged in
either a parallel or antiparallel orientation. Notably, analy-
sis of the residual BST-2 found in restricted virions after
release from the cell surface by proteolysis suggests a parallel-
dimeric orientation.36 An alternative is an ‘‘ectodomain self-
interaction’’ model. In this model, the entirety of each BST-2
molecule is within either the plasma membrane or the virion
membrane, and an interaction between the ectodomains of
cell-associated and virion-associated BST-2 restricts the re-
lease of nascent virions.

Currently, we favor the ectodomain self-interaction model.
Consistent with this model, BST-2 is fully incorporated into
virions.35,36 Infectious particles spontaneously released from
cells can be captured using specific antibody to the BST-2
ectodomain, and such virions contain the full spectrum of
glycosylated BST-2 species.35 The ectodomain self-interaction
model is consistent with a role for cysteine-linked dimeriza-
tion in restriction,29 although the reducing agent DTT does
not release restricted virions from the cell surface.31,35 Enzy-
matic cleavage of GPI anchors at the cell surface with phos-
phatidylinositol-specific phospholipase C does not release
restricted virions35; it should do so if a membrane-spanning
model with parallel orientation of subunits were correct. An
ectodomain self-interaction model could involve either
dimer–dimer interactions or dimerization between cell- and
virion-associated monomers. Interestingly, in silico structure
prediction suggests that the ectodomain of BST-2 forms a
coiled-coil hairpin (Fig. 3C). If this hairpin were ‘‘straightened’’

FIG. 2. BST-2 and HIV-1 Gag colocalize along the cell surface and in endosomes. Cells (HeLa), which express BST-2
constitutively, were transfected to express an HIV-1 genome lacking the vpu gene, as well as GFP (green in the color image) as
a marker of the transfected cells, then stained for the structural HIV-1 protein Gag (p17=p55; left panel; blue in the color
image) and BST-2 (middle panel; red in the color image). In the color (merge) image, the overlap of Gag and BST-2 appears
purple.
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FIG. 3. Evidence for direct retention of nascent virions on the cell surface by BST-2 and topological models of restriction. (A)
Electron microscopic evidence of direct retention and virion incorporation. HeLa cells expressing an HIV-1 genome lacking
vpu were stained on their surface for BST-2 using an antibody to the protein’s ectodomain, followed by a secondary labeling
system using electron-dense cadmium selenide=zinc sulfide nanocrystals, which appear as small black dots in these trans-
mission electron microscopic images. BST-2 is associated with virions and located between virions and the cell surface,
supporting a direct tethering mechanism. (B) Schematic representations of direct tethering models. The left schematic depicts
‘‘ectodomain self-interaction,’’ whereas the middle and right depict ‘‘membrane spanning’’ mechanisms in which BST-2
homodimers are arranged in antiparallel or parallel orientation. (C) Predicted structure of the coiled-coil ectodomain. The
structure of the monomeric ectodomain was predicted using the SAMT06 server77 and rendered using DeepView.
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and the same interactions formed between two molecules,
then an antiparallel coiled-coil ectodomain dimer would re-
sult (Fig. 3B, left-most model).

Though attractive, a coiled-coil ectodomain self-interaction
model is far from proven. No direct evidence indicates that
the ectodomain has a propensity for self-interaction inde-
pendent of disulfide-linked dimerization30; specific residues
in the ectodomain have yet to be shown as important for re-
striction (although a dimeric coiled-coil domain seems re-
quired for activity36); and the structure of the ectodomain has
not been solved. Notably, this model is not excluded by the
activity of ‘‘artificial tetherin,’’ because the ectodomain of this
construct contains, like native BST-2, a dimeric coiled-coil
region,36 which could potentially mediate self-interaction.

Antagonism of BST-2 by viral proteins

The absence of a viral protein target for BST-2 mandates
that viruses encode a specific antagonist of this host antiviral
molecule. This relationship between the virus and its host is
similar to that exemplified by the APOBEC family proteins,
which target viral nucleic acids, and their antagonists, the
lentiviral Vif proteins.38 It is distinct from that of the Trim5-a
proteins, which target the lentiviral capsid protein, and whose
restrictive action can be thwarted simply by mutation of the
viral target without the acquisition of an antagonist gene.39

Vif proteins antagonize APOBEC3 proteins by inducing their
degradation via the host ubiquitin–proteasome pathway.40,41

Viruses frequently use this approach to eliminate host pro-
teins that restrict their replication, including proteins involved
in innate and adaptive immunity.42 Not surprisingly, viruses
have adopted this strategy to antagonize BST-2 (Table 1).
Furthermore, because BST-2 seems likely to act directly at
the cell surface, its removal from that location by most of
the characterized viral antagonists is also not surprising
(Table 1).

Six viral proteins have so far been reported to counteract
BST-2: HIV-1 Vpu, HIV-2 and SIV Env, SIV Nef, KSHV K5,
and Ebola glycoprotein (GP).16,17,21–23,31,43,44 All but Ebola GP
are known to deplete BST-2 from the plasma membrane.
Two of the antagonists, Vpu and K5, also decrease the total
level of cellular BST-2 and utilize ubiquitin-mediated path-
ways.21,45,46 The effects of these viral proteins on the traf-
ficking of BST-2 can be exerted at various steps (Fig. 4). These
effects can be manifest and characterized in several ways: by
mislocalization of BST-2 away from the plasma membrane; by
a decrease in the total cellular level of BST-2; by the mode of
interaction between BST-2, the viral antagonist, and the cel-
lular trafficking machinery; and with respect to virion release,
as an indicator of relevance to the antagonism of restriction.

HIV-1 Vpu. Vpu reduces the expression of BST-2 at the cell
surface, and this reduction is at least conceptually sufficient to
explain the antagonism of restriction.11,16 Vpu is a small
transmembrane protein that resides predominantly within the
endosomal system, in large part within the trans-Golgi network
(TGN).1,47,48 Current data suggest that surface downregulation
involves an interaction between Vpu and BST-2 and that this
interaction is mediated by the transmembrane domains of each
protein.49 Via this interaction, Vpu could, in principle, directly
sequester BST-2 within the endosomal system, or it could re-
cruit cellular proteins to facilitate the net removal of BST-2 from
the cell surface. In particular, Vpu interacts via the sequence
DpSGxxpS (pS indicates phosphoserine) in its cytoplasmic
domain with b-TrCP, a substrate adaptor for an SCF (Skp-
cullin-F-box) E3 ubiquitin ligase complex.12 This suggests that
Vpu could recruit the E3 ligase complex to ubiquitinate BST-2,
leading to one or more fates: increased endocytosis, targeting to
late endosomes and lysosomes, or targeting to proteasomes
(Fig. 5).

Three studies have documented a key role for b-TrCP as a
cofactor for the downregulation of BST-2 and the relief of
restricted release by Vpu.34,50,51 Each study used a combina-
tion of approaches to establish this role: characterization of
Vpu mutants incapable of binding b-TrCP, expression of
dominant negative b-TrCP mutants, and suppression of en-
dogenous b-TrCP by RNA interference. These studies indicate
that b-TrCP is required for optimal downregulation of BST-2
at the level of both surface and total cellular expression, and
they further indicate that b-TrCP is required for optimal relief
of restriction by Vpu. The data also suggest that a component
of Vpu activity is independent of b-TrCP. As noted, binding
alone may be sufficient for Vpu to sequester BST-2 within the
endosomal system, away from its site of action at the cell
surface. Vpu may induce such sequestration in the TGN,
where it appears to colocalize extensively with BST-2.24

Presumably, Vpu recruits b-TrCP to modify BST-2 with
ubiquitin, although this has yet to be shown. This modifica-
tion could lead directly to endocytosis, to degradation in ly-
sosomes, or to degradation by cytoplasmic proteasomes.
Several studies have reported that the expression of Vpu de-
creases the steady-state levels of BST-2, consistent with a
mechanism of degradation.45,46,51,52 However, the magnitude
of this effect and its proximate mechanism varies with the
cells tested and the experimental format. In HEK 293T cells
that overexpress exogenous BST-2, Vpu induces a dramatic
decrease in the steady-state levels of BST-2 that is due to de-
creased protein stability.45,46,52,53 In contrast, a more modest
decrease in total cellular BST-2 is detected in HeLa cells, which
express endogenous BST-2 constitutively.34 In HeLa cells, the
decrease in the total level of BST-2 induced by Vpu is less than

Table 1. Viral Antagonists of BST-2: Mechanisms and Specificity

Virally encoded
antagonist

Downregulation
of cell surface BST-2

Region of
BST-2 targeted

Role of
ubiquitination

Species
susceptibility

HIV-1 Vpu Yes Transmembrane Yes Human and chimpanzee
HIV-2 and SIV Env Yes Ectodomain? Unlikely Human and nonhuman primates
SIV Nef Yes Cytoplasmic Unlikely Nonhuman primates
KSHV K5 Yes Cytoplasmic Yes Human and ?
Ebola gp Unknown Ectodomain? Unlikely Human and mouse
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the decrease in surface expression, implying that the latter
may result from sequestration of BST-2 in an endosomal
compartment in addition to degradation.34

Several lines of evidence support the possibility that Vpu
downregulates BST-2 at least in part via proteosomal degra-
dation. First, the proteosome inhibitors MG132, ALLN, and
clasto-lactacystin b-lactone rescue BST-2 levels in the presence
of Vpu.45,46,51 Second, the ubiquitin mutant K48R, which
blocks the formation of a specific form of polyubiquitin that
target proteins to proteosomal degradation, partially restores
the level of BST-2 in the presence of Vpu.51 Third, the endo-
plasmic reticulum-associated degradation (ERAD) ATPase
p97 is required for optimal degradation of BST-2 by Vpu.51 A

caveat to all of these studies is the overexpression of BST-2 in
HEK 293T cells by transient transfection; this can potentially
bias the apparent mechanism to ERAD-based pathways, as
Vpu needs only to act on newly synthesized BST-2.

On the other hand, at least two lines of evidence support a
mechanism of ubiquitin-dependent endosomal trafficking
and subsequent lysosomal degradation. First, the plasma
membrane-associated clathrin adaptor protein complex AP-2
and the GTPase dynamin-2 are each required for optimal
downregulation of BST-2 from the surface of HeLa cells; this
suggests that the influence of Vpu is exerted at least partly via
direct removal of BST-2 from the plasma membrane.34,54

Second, drugs that inhibit acidification of endosomes, namely

FIG. 4. Cellular pathways potentially involved in the antagonism of BST-2 via removal from the cell surface by viral
proteins. Upon synthesis at the endoplasmic reticulum (ER), BST-2 is normally delivered to the plasma membrane (PM),
internalized from the PM via AP-2-dependent endocytosis, and presumably recycled from endosomes to the PM. The viral
proteins that decrease the expression of BST-2 at the cell surface (HIV-I Vpu, HIV-2 and SIV Env, KSHV K5, and SIV Nef ) and
that decrease the total cellular expression of BST-2 (Vpu and K5) may act at various steps. Certain mechanisms would block
newly synthesized BST-2 from reaching the PM. For example, during exocytosis, BST-2 could be rerouted from the ER to the
proteosome for degradation (possibly for Vpu) or rerouted from the Golgi to endosomes and lysosomes. BST-2 could also be
sequestered after synthesis in the trans-Golgi network (possibly for Vpu and HIV-2 and SIV Env). Alternative mechanisms
would directly remove BST-2 from the plasma membrane. For example, the rate of endocytosis of BST-2 could be enhanced
(likely for SIV Nef and possibly for HIV-2 and SIV Env). Alternatively or in addition, BST-2 could be rerouted after
endocytosis to late endosomes=multivesicular bodies (MVB) with further trafficking to the lysosome (likely for Vpu and K5).
The latter pathway would be at the expense of recycling to the cell surface. Mechanisms involving the direct removal of BST-2
from the PM are appealing mechanistically. They are potentially the most rapid, because, unlike mechanisms in which newly
synthesized BST-2 is prevented from reaching the PM, they do not rely on the endogenous rate of turnover at the cell surface
to clear BST-2 from its site of action as a tethering factor. See text for references.
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bafilomycin A and concanamycin A, inhibit the down-
regulation of BST-2 by Vpu in HeLa cells.34,50 In contrast, the
proteasomal inhibitor MG-132 is minimally able to rescue the
surface level of BST-2 in HeLa cells expressing Vpu, unless
used for prolonged periods that are predicted to cause de-
pletion of the cellular pool of ubiquitin.34

Vpu does not seem to affect the rate of endocytosis of BST-
2.34 This suggests that Vpu affects the trafficking of BST-2 at a
postendocytic step; this step could involve the targeting of
BST-2 to late endosomes and lysosomes via the ESCRT
pathway, whose components recognize ubiquitin as a sorting
signal. Alternatively, Vpu could alter the mechanism of en-
docytosis, such that BST-2 is diverted from a physiological
route associated with recycling to the plasma membrane to a
route associated with degradation. In potential support of this
model, the YxY endocytic motif in the cytoplasmic domain of
BST-2 is dispensable for Vpu-mediated downregulation,
suggesting that endocytosis of BST-2 in the presence of Vpu
occurs by a mechanism distinct from that of constitutive en-
docytosis.54 Presumably,Vpu-mediatedubiquitinationofBST-
2 would again provide the signal for altered trafficking, the
end result of which is removal from the plasma membrane.

Overall, extensive progress has been made in understand-
ing the mechanism of the downregulation of BST-2 by Vpu
and the antagonism of restriction, but several questions re-
main open. What is the basis of the interaction between Vpu
and BST-2? Can Vpu trigger both proteosomal and lysosomal
degradation of BST-2? Is b-TrCP-dependent ubiquitination of

BST-2 required for these pathways? Is the predominant
mechanism of surface downregulation in CD4-positive T
lymphocytes related to degradation of BST-2 or to specific
removal from the cell surface? Does Vpu decrease the surface
levels of BST-2 quickly enough to provide timely antagonism
of BST-2 during the viral replication cycle?

HIV-2 and SIV Env. HIV-2 Env was long known to pro-
vide a Vpu-like activity, and like Vpu, it downregulates BST-2
from the cell surface.43,55,56 An intact GYxxy motif in the cy-
toplasmic domain of gp41, which binds to AP-2, is required
for this downregulation, whereas the ectodomain of gp41 Env
provides the recognition of BST-2.43 Unlike Vpu, HIV-2 Env
does not affect the intracellular level of BST-2 but rather re-
distributes it from the plasma membrane to a juxtanuclear
compartment that overlaps with the TGN. HIV-2 Env
causes BST-2 to accumulate in the TGN, even when the AP-
recognizing tyrosines in the cytoplasmic domain of BST-2
(Fig. 1) are replaced with alanines.43 This is consistent with a
model in which Env interacts with BST-2 and provides the
AP-2 recognition signal for internalization from the cell
surface. Further consistent with this model, HIV-2 Env
coimmunoprecipitates with BST-243; the proteins likely form a
tripartite complex with AP-2.

Similarly, SIV Env, at least from Tantalus monkeys, also
antagonizes restriction by removing BST-2 from the cell sur-
face via endosomal sequestration.44 A single amino acid
substitution in the BST ectodomain, A100D, renders BST-2

FIG. 5. Vpu recruits a multisubunit ubiquitin ligase complex to BST-2. Vpu interacts with BST-2 via its transmembrane
domain, while recruiting an SCF-E3 multisubunit ubiquitin ligase complex via a conserved DSGxxS motif in its cytoplasmic
domain (green dots). The DSGxxS sequence binds b-TrCP, the substrate adaptor for the complex, via its WD domain. The
presumed consequence of this interaction is the ubiquitination of BST-2, which may lead to endocytosis, endosomal se-
questration, lysosomal degradation, and=or proteasomal degradation. Any of these mechanisms would remove BST-2 from
the cell surface, it site of activity as a tethering factor, and so counteract restriction virion release. See text for references.
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unresponsive to SIV-Env, supporting a model of interaction
between the ectodomains of the proteins.44

In summary, to remove BST-2 from the cell surface, Vpu
and HIV-2 Env (and likely SIV Env) use two distinct effector
mechanisms. Vpu links BST-2 to the ubiquitination machinery
via its DpSGxxpS motif, whereas Env links BST-2 to clathrin
adaptor protein complexes via its GYxxy motif. Down-
regulation of BST-2 by Env provides lentiviruses lacking Vpu,
such as HIV-2 and most SIVs, with the ability to overcome
BST-2-mediated restriction of virion release.

SIV Nef. The Nef proteins of SIV strains, most of which
lack Vpu, are yet a third class of lentiviral BST-2 antago-
nists.22,23 SIV Nef counteracts rhesus and sooty mangabey,
but not human, BST-2. HIV-1 and HIV-2 Nef can also coun-
teract rhesus and sooty mangabey BST-2, though less effi-
ciently than SIV Nef.22 The mechanism of this counteraction is
unclear, although like HIV-1 Vpu and HIV-2 Env, SIV Nef
downregulates BST-2 from the cell surface.22 Within Nef, the
myristoylation and putative cholesterol recognition sites are
required for this downregulation. Some determinants in Nef
for the counteraction of BST-2 overlap those required for the
downregulation of CD4,23 suggesting that the modulation of
BST-2 by SIV Nef may, like HIV-1 Vpu and HIV-2 Env, in-
volve the endocytic adaptor AP-2. The specificity of lentiviral
Nef proteins for the BST-2 proteins of nonhuman primates
maps to a five-amino acid motif in the cytoplasmic domain of
BST-2, G=DDIWK.22,23 This motif is absent in human BST-2,
rendering human BST-2 nonresponsive to Nef.

KSHV K5. The Kaposi’s sarcoma-associated herpesvirus
(KSHV; HHV8) K5 protein is a membrane-associated ubi-
quitin ligase. K5 downregulates BST-2 from the surface of
HeLa cells, along with other host defense molecules such as
class I MHC.11,21 This viral protein directly ubiquitinates BST-
2.21 This modification results in a reduction of both intracel-
lular and surface levels of BST-2. Like Vpu, the exact mode of
degradation is unclear, but the preponderance of evidence
suggests an endolysosomal process.21 Only glycosylated
forms of BST-2 are affected by K5, indicating a post- endo-
plasmic reticulum (ER) mechanism. Furthermore, inhibition
of the ESCRT-mediated late endosomal pathway by expres-
sion of a dominant-negative mutant of the VPS4 ATPase re-
stores the surface expression of BST-2 in the presence of K5.
On the other hand, the proteosomal inhibitor MG132 also
blocks the degradation of BST-2 by K5. Two lysines in the
cytosolic tail of BST-2, K18 and K21 (Fig. 1), are required for
K5-dependent ubiquitination.21

Unlike lentiviruses, herpesvirus egress includes the envel-
opment of capsids at the ER and TGN followed by transport
to the cell surface in secretory vesicles.57 For BST-2 to restrict
viral release, it would either need to capture virions as they
are released from secretory vesicles or it would need to cap-
ture virions just after envelopment along the biosynthetic=
secretory pathway. In the later case, K5 would need to act at
the level of the ER or TGN. Notably, BST-2 is able to restrict
the release of KSHV, though to a lesser degree than it re-
stricts the release of lentiviruses.21

Ebola glycoprotein. Ebola GP counteracts BST-2 as effi-
ciently as HIV-1 Vpu, when measured by the ability to en-
hance the release of virus-like particles (VLPs) from cells.31 In

addition, Ebola GP may have evolved to counteract a wide
variety of mammalian hosts, since its expression restores
the release of Ebola VLPs in the presence of murine as well
as human BST-2. (HIV-1 Vpu is minimally if at all active
against murine BST-2.31,46,58) The mechanism by which Ebola
GP counteracts BST-2 is unknown, although the full-length
protein and proper subcellular localization are required.
The intracellular level of BST-2 is unaffected by Ebola GP,
but whether surface levels are affected is unclear. An inter-
action between BST-2 and Ebola GP has been documented
by coimmunoprecipitation,31 and this interaction is likely
required for the relief of restriction. One intriguing possibil-
ity is that Ebola GP physically disrupts the interaction be-
tween BST-2 and virions, for example, by disrupting the
putative self-interaction of BST-2 ectodomains, but this is
speculative.

In summary, a broad spectrum of viruses is restricted by
BST-2, and consequently various viral proteins have evolved
to counteract this host restriction factor. So far, six viral
proteins have been described to antagonize BST-2 by at least
two different mechanisms: ubiquitin-dependent degradation
and=or trafficking (HIV-1 Vpu and KSHV K5)21,34,46 and AP-
2-dependent mislocalization (HIV-2 Env and probably SIV
Nef ).23,43 How Ebola GP counteracts BST-2 remains to be
elucidated, but it could involve yet a third mechanism based
on direct interaction with the BST-2 ectodomain and inter-
ference with the restriction mechanism.

BST-2 as a restriction factor during
spreading infections in vitro

The assessment of BST-2 as a restriction factor during
spreading infections of HIV-1 in vitro is complicated by the
relative contribution of cell-free versus cell-associated virions
to the infection of new target cells, as well as by the potential
contribution of other Vpu activities such as the down-
regulation of CD4 to the replication rate. Historically, the
replication rate of vpu-negative HIV-1 using T cell lines in vitro
has appeared only mildly decreased.3,59 Such attenuation is
more apparent in primary cultures of interferon-treated
lymphocytes, consistent with a model of BST-2 as an effector
of the antiviral state induced by interferons.10 On the other
hand, the accumulation of virions on the cell surface by BST-2
has the potential to enhance the fusogenicity of infected cells
to uninfected target cells, and so paradoxically to enhance the
viral replication rate via facilitation of cell-to-cell spread.60

Recent data suggest that HIV-1 virions preferentially enter
cells via endocytosis rather than by fusion at the plasma
membrane61; if so, then BST-2 may actually inhibit cell–cell
spread, but this remains to be shown. Although the degra-
dation of BST-2 by Vpu had been reported as dispensable for a
vpu phenotype in certain T cell lines,52 use of an inducible
BST-2 expression system in SupT1 T cells, which lack en-
dogenous BST-2 but express high levels of CD4, revealed a
growth rate phenotype for vpu whose magnitude was directly
related to the level of BST-2 expression and that correlated
with the downregulation of BST-2.49

The ability of BST-2 to restrict spreading infection may
depend on the extent to which virions retained at the cell
surface are endocytosed and subsequently degraded. This
pathway appears to account for the accumulation of virions in
endosomal vesicles in the absence of Vpu9; such vesicles are
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largely clathrin coated and contain late endosomal proteins
such as CD63 and ALIX.48 Recent data indicate that BST-2
binds directly to the late endosomal ubiquitin-ligase Rabr-
ing7.62 This interaction directs BST-2 and virions bound to it to
late endosomes. Consequently, Rabring7 facilitates the net
removal of nascent virions from the cell surface and their ul-
timate degradation in the presence of BST-2.62 This pathway
contributes directly to the virion-release phenotype,62 but it
may play an even greater role during spreading infection by
antagonizing the cell-to-cell transfer of virions retained at the
cell surface by BST-2.

Targeting the HIV-1 BST-2 antagonist
protein Vpu for antiviral drug discovery

Role of the Vpu transmembrane domain (TMD). HIV-1
Vpu is a 16-kDa, 81-amino acid, homooligomeric type I trans-
membrane phosphoprotein.1,2 Historically, the cytoplasmic
domain of Vpu was associated with the ER-associated degra-
dation of newly synthesized CD4, whereas the TMD was as-
sociated with the enhancement of virion release.59 As described
above, the cytoplasmic and TMDs each contributes to the
current model in which Vpu antagonizes the restriction of vi-
rion release by Vpu. The cytoplasmic domain contains a
DSGxxS b-TrCP-binding motif required for the recruitment of a
multisubunit E3 ubiquitin ligase complex.12 This interaction is
important not only for the degradation of CD4 but also for the
downregulation of BST-2 from the cell surface,16,34,50 presum-
ably through ubiquitin-mediated mechanisms as noted above.
The a-helical Vpu TMD can form homooligomeric cation-
selective channels that are likely pentameric.63,64 Whether this
ion channel activity is causally related to the enhancement of
virion release is unknown, but the sequence of the TMD is
important for both ion channel and virion release activities.59,63

The correct sequence of the Vpu TMD is required for the
downregulation of BST-2 as well as for the enhancement of
virion release.16 Vpu and BST-2 colocalize in endosomal
vesicles.16,17 These data suggest that the actual function of the
Vpu TMD with respect to virion release is to interact within
the lipid bilayer with the TMD of BST-2. Subsequently, the
BST-2 proteins of nonhuman primates (with the exception of
chimpanzees) were found to be resistant to antagonism by
HIV-1 Vpu, and this resistance mapped to the BST-2
TMD.22,45,49,58 These reciprocal data supported the idea of a
TMD–TMD interaction between Vpu and BST-2.

Several groups demonstrated that the TMD of BST-2 is
sufficient to determine sensitivity or resistance to antagonism
by Vpu.22,45,49,58 In each case, BST-2 proteins from nonhuman
primates (rhesus macaque or African green monkey) were
able to restrict virion release but were not counteracted by
Vpu. Chimeric BST-2 proteins containing the TMD region of
human BST-2 were Vpu responsive, whereas proteins con-
taining the TMD region of rhesus or African green monkey
BST-2 were Vpu resistant. No single mutation within the
human TMD conferred complete resistance to Vpu.45,49,58

Instead, high-level resistance required several mutations that
rendered the human protein more ‘‘monkey-like,’’ including
deletion of two residues near the N-terminus of the TMD, as
well as V30G, I33V, P40L, and T45I substitutions (Fig. 6). Two
studies found evidence of positive selection within the TMD
region of primate BST-2,45,58 further supporting the hypoth-
esis that viral proteins such as Vpu have targeted this region.

Strikingly, residues under positive selection generally reside
on one side of the transmembrane helix of BST-2 (Fig. 6), and
many of them contributed to Vpu resistance when mutated.
These results suggested an interaction with Vpu along one
side of the BST-2 transmembrane helix.

Several groups have shown that Vpu and BST-2 interact, at
least at the level of coimmunoprecipitation from human
cells.49–51 In one study, the interaction was mapped at least in
part to the TMD of BST-2.49 Interestingly, the interaction be-
tween Vpu and BST-2 can be stabilized by perturbations that
block the activity of the Vpu–b-TrCP E3 ligase complex, such
as using a Vpu mutated in its b-TrCP-binding sequence or
expressing a dominant negative mutant of b-TrCP.50,51 These
data substantiate a model in which ubiquitination targets BST-
2 for degradation or sequestration, separating it from Vpu.

A molecular model for the interaction of BST-2 and Vpu
remains to be determined. Potentially, such a model could be
derived from nuclear magnetic resonance (NMR) studies
conducted in a lipid environment, in which the structure of
the a-helical Vpu TMD is already known.65

Approaches to the discovery of Vpu inhibitors using BST-
2. The studies reviewed above suggest an interaction in
which the TMD of Vpu forms heterooligomers with the TMD
of BST-2. Such heterooligomerization is presumably a pre-
requisite for the counteraction of restriction. This relationship
may be a viable target for antiviral drug design, in which
synthetic transmembrane peptide decoys preferentially bind
the a-helical TMD of Vpu.66 The sequestration of Vpu with
peptide decoys would decrease the formation of Vpu=BST-2
heterooligomers and potentially restore restriction mediated
by BST-2. This approach has been exemplified using the
protein TASK-1 (TWIK related acid-sensitive Kþ channel-1).67

Overexpression of the TASK-1 TMD, which binds the TMD of
Vpu, inhibits Vpu-mediated enhancement of virion release.
Computational analysis can be used to aid in the design of
novel peptide decoys. For example, the CHAMPS (computed
helical antimembrane protein) algorithm was used to predict
a peptide sequence that might block the formation of
Vpu=BST-2 TMD oligomers.66

In addition to enabling rational drug design, insights into
the Vpu=BST-2 relationship provide new opportunities to
develop high-throughput screening assays for inhibitors of
HIV-1 Vpu. One possible readout is the destabilization of the
interaction between BST-2 and Vpu, which could potentially
be measured using a fluorescence resonance energy transfer
(FRET) assay. Another approach might be the use of a flow
cytometric assay to measure the Vpu-mediated down-
regulation of BST-2 from the cell surface. Such assays typically
show a 10-fold or greater decrease in surface BST-2 levels
within 18–24 h of Vpu expression.16 As noted above, the
ability of Vpu to downregulate BST-2 is a close correlate of its
ability to antagonize BST-2 virologically. Consequently, this
assay could be used as a primary high-throughput screen,
with measurement of Vpu-mediated enhancement of virion
release as a secondary screen.

Role of BST-2 in the evolution of primate lentiviruses

Evidence for positive selection at specific residues of BST-
2. Human and nonhuman primate BST-2 sequences are
sufficiently homologous to be analyzed for evidence of
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positive selection. Two such analyses have revealed that cer-
tain positions in each domain of BST-2 are under positive
selection; specific codons in the cytoplasmic, transmembrane,
and ectodomains have high ratios of nonsynonymous to
synonymous mutations.45,58 As noted above, experimental
mutation at some of these sites renders human BST-2 resistant
to counteraction by Vpu. These data suggest that the TMD
region of BST-2 has evolved to escape viral antagonists such
as Vpu. The presence of sites within the cytoplasmic and ec-
todomains of BST-2 that are under positive selection may
similarly reflect escape from viral antagonists such as SIV Nef
and KSHV K5, which target the cytoplasmic domain,21–23 and
the glycoproteins of HIV-2, SIV, and Ebola virus, which pre-
sumably target the BST-2 ectodomain.31,43 Indeed, one such
residue in the ectodomain of BST-2, A100, is required for an-
tagonism of restriction by SIV Env.44

Species-specific activities of virally encoded BST-2 an-
tagonists. Primate lentiviral antagonists are, to various ex-
tents, specific for the cognate BST-2 ortholog expressed in
their hosts. For example, HIV-1 Vpu antagonizes human and

chimpanzee BST-2, but not BST-2 from rhesus macaques,
pigtailed macaques, or African green monkeys; this specificity
maps to the transmembrane domain of BST-2.23,45,49,58 Simi-
larly, Nefs from SIVs antagonize to various extents the BST-2
from their nonhuman primate hosts, but they do not antag-
onize human BST-2; this specificity maps to a short sequence
in the cytoplasmic domain of BST-2 (DDIWK) that is missing
in the human protein.22,23 Interestingly, SIVagm Nef appears
to only minimally antagonize BST-2 from African green
monkeys, potentially consistent with the lack of an inflam-
matory state in these infected animals and the hypothesis that
the antiviral activity of BST-2 in vivo requires induction by the
interferon response.53 Notably, Ebola GP antagonizes both
human and murine BST-2.31 We have observed that HIV-2
Env antagonizes both human and rhesus BST-2 (unpublished
data). Similarly, SIVtan Env is broadly active against human
and nonhuman primate BST-2.44

The specificity of virally encoded antagonists for cognate
host BST-2 presents potential barriers to cross-species trans-
mission. Such species specificity, like that of lentiviral Vif for
APOBEC3 proteins, may also complicate the design of HIV-1
variants able to replicate in nonhuman primates.68 Interest-
ingly, one species of owl monkey (Aotus lemurinus grisei-
membra) encodes a BST-2 ortholog that is defective in restriction
due to a single missense mutation near the C-terminus of the
protein.69 This mutation causes a defect in processing con-
sistent with a failure of the molecule to leave the ER. Whether
this species is characterized by enhanced susceptibility to
retroviruses or other BST-2-sensitive viruses is unknown.

The lineages of Vpu and Env as BST-2 antagonists. The
vpu gene is present in HIV-1, SIVcpz, SIVgsn (found in greater
spot-nosed monkeys), SIVmon (found in mona monkeys),
SIVmus (found in mustached monkeys), and SIVden (found in
a Dent’s Mona monkey).70,71,72 SIVcpz itself appears to be a
recombinant virus whose 30 half, including vpu, derives from
SIVgsn.73 If the primary function of Vpu were to relieve the
restriction imposed by BST-2, then the vpu gene products from
these viruses would be expected to antagonize their host’s
BST-2. This hypothesis has yet to be fully tested and may not
be correct in all cases, because the nef or env genes in these
SIVs can alternatively provide this function. So far, data ad-
dressing whether the Vpu proteins of nonhuman primate
lentiviruses counteract BST-2 are limited to the reported an-
tagonism of African green monkey BST-2 by SIVmus Vpu.53

Remarkably, BST-2 from chimpanzees, though responsive to
HIV-1 Vpu,58 contains the cytoplasmic DDIWK sequence that
confers responsiveness to the Nef proteins of the simian len-
tiviruses. Indeed, SIVcpz Vpu appears not to antagonize
chimpanzee (or human) BST-2; instead, the antagonism of
chimpanzee BST-2 is provided by SIVcpz Nef (P. Cannon,
personal communication).

Why should the lentiviruses of nonhuman primates, in-
cluding SIVcpz, have acquired a vpu gene when their nef
genes may encode a BST-2 antagonist? One answer is that vpu
provides activities in addition to antagonizing BST-2, such as
the degradation of CD4 or other host molecules. The attenu-
ated phenotype of vpu mutant pathogenic SHIVs in pigtailed
macaques, whose BST-2 appears resistant to HIV-1 Vpu,
supports this possibility.74 This alternative hypothesis sug-
gests that BST-2 antagonist activity is relatively unique to the
Vpu proteins encoded by HIV-1, and is specifically required

FIG. 6. Residues of the BST-2 TMD potentially involved in
an interaction with Vpu. Both genetic studies mapping res-
idues under positive selection and functional studies have
indicated that residues in the transmembrane domain (TMD)
of human BST-2 are required for responsiveness to Vpu.
Changes in these residues found in the BST-2 orthologs of
nonhuman primates relative to the human protein account
for the inactivity of HIV-1 Vpu against these proteins (see
text for details). Remarkably, these residues are predomi-
nantly on one face of the TMD a-helix (highlighted in yel-
low), suggesting an interaction along that face with the TMD
of Vpu. Image drawn using PyMOL.
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because human BST-2, unlike that of all other examined
nonhuman primates, lacks the sequence targeted by Nef in its
cytoplasmic domain.

Similarly, why HIV-1 antagonizes human BST-2 via Vpu,
when the HIV-2 or SIV envelope glycoprotein can accomplish
the same task, is also unclear. A clue may be obtained from the
observation that the lack of activity of at least one HIV-2 Env
protein maps to the ectodomain of gp41.75 Potentially, selec-
tive forces on the envelope ectodomain, such as could be
imposed by neutralizing antibodies, may have favored the
acquisition of vpu as an alternative antagonist of BST-2.

Overall, although the lineage of vpu as a BST-2 antagonist
remains an open question, it seems conceivable if not likely
that the acquisition of this activity provided relief of restricted
replication by human BST-2 to HIV-1 strains, while freeing the
env and nef genes from a functional constraint. If so, then this
event may have played a key role in the emergence of path-
ogenic HIV-1 strains in humans.

Additional roles of BST-2 in the regulation
of the immune response

BST-2 is likely to play as yet undefined roles in the innate
immune response beyond its function as a direct antiviral
restriction factor. Indeed, the antiviral activity of ‘‘artificial
tetherin’’ weighs in favor of this conclusion, as this molecule
lacks conserved features of native BST-2, such as the glyco-
sylation sites in the ectodomain, yet is highly active in re-
striction.36 What, then, can be the reason for evolutionary
conservation of such sites in the native protein? The obvious
answer is that they serve important host functions beyond
direct restriction of virion release. What these functions are
and whether they are sufficient to induce the evolution of viral
antagonists remain to be fully evaluated.

BST-2 as a specific ligand for ILT7: negative feedback for
interferon production by plasmacytoid dendritic cells
(PDCs). BST-2 clearly functions as an interferon-induced
restriction factor and as such is an effector protein of the in-
nate immune response. Remarkably, recent data revealed a
distinct function for BST-2: it is also a negative feedback reg-
ulator of interferon production by PDCs.76 BST-2 binds the
ILT7 receptor on PDCs, transducing a signal that inhibits the
release of interferons.76 This role of BST-2 has important im-
plications for the shut-off of the interferon response, and it
provokes the intriguing idea that virion-associated BST-2
could play a role in such a negative feedback loop.

Is BST-2 an uptake receptor on antigen-presenting cells?
Another intriguing possibility is that BST-2 could play a role
as an attachment receptor for virions, especially on antigen-
presenting cells. This idea, though highly speculative, is
supported by the ectodomain self-interaction model of re-
striction discussed above, because it incorporates the binding
of virions to cells via BST-2=BST-2 interactions.77 It is also
supported by the documented constitutive expression of BST-
2 on B cells, PDCs, and macrophages.13,14

A remarkable possibility is that the infected cell ‘‘labels’’
virions with BST-2 for a dual purpose, not only to inhibit their
release, but also to ‘‘flag’’ them for uptake into antigen-
presenting cells, while simultaneously enabling them to shut
off the interferon response. These combined functions would

place BST-2 at the interface of the innate and adaptive im-
mune response to enveloped viruses.

Conclusion

The discovery of the antiviral activity of BST-2 exemplifies
how the study of a pathogen and its encoded proteins, in this
case HIV-1 and Vpu, can uncover novel aspects of the host
defense against infection. Though cloned over 10 years ago,
BST-2 has been recognized as a protein targeted by viruses for
just over 3 years, and the discovery of its novel ability to
restrict the release of budding virions is nearing only its sec-
ond anniversary. Yet, in this short time, the known spectrum
of action of BST-2 has expanded to include not only HIV-1 but
almost all retroviruses tested, as well as members of the filo-
virus (Ebola and Marburg), arenavirus (Lassa), and herpes-
virus (KSHV) families. Each of these viruses (with the current
exceptions of Marburg and Lassa) encodes specific antago-
nists of BST-2.

A frequent feature of this antagonism, described for HIV-1
Vpu, HIV-2 and SIV Env, SIV Nef, and KSHV K5, is the re-
moval of BST-2 from the cell surface, the presumed site of the
protein’s action as a tetherin. The diversifying action of posi-
tive selection on specific residues in primate BST-2 and the
specificity of primate lentiviral antagonist proteins for cognate
host BST-2 suggest that the protein has contributed to the
evolution of these viruses and has presented barriers to cross-
species transmission. Remarkably, the current pandemic HIV-1
strains all encode the BST-2 antagonist Vpu, as does SIVcpz,
from which these strains were derived. The alias ‘‘tetherin’’
aptly evokes the ability of BST-2 to directly retain newly
formed virions at the cell surface, but it does not capture the full
scope of the protein’s function: in addition to restricting virion
release, BST-2 mediates a specific feedback mechanism to turn
off interferon production by plasmacytoid dendritic cells.

Many questions remain open regarding the complete role
of BST-2 in the innate immune response to viruses, its mech-
anism of action as a restriction factor, and the mechanisms by
which it is counteracted by viral antagonists such as Vpu.
Answering these questions may enable the design of novel
strategies for the prevention and treatment of infections due
to enveloped viruses, including HIV-1.
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