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Viruses face a variety of obstacles when infecting a new host. The past few years have brought exciting new
insights into the function of restriction factors, which form part of the host’s innate immune system. One of the
most recently identified restriction factors is bone marrow stromal antigen 2 (BST-2)/tetherin. BST-2 is an inter-
feron-inducible gene whose expression dramatically reduces the release of viruses from infected cells. This effect of
BST-2 is not specific to human immunodeficiency virus but affects a broad range of enveloped viruses. Since the
identification of BST-2 as a restriction factor in 2008, much progress has been made in understanding the molecular
properties and functional characteristics of this host factor. The goal of this review was to provide an update on our
current understanding of the role of BST-2 in regulating virus release and to discuss its role in controlling virus
spread during productive infection with special emphasis on human immunodeficiency virus-1.

Introduction

Viruses are obligate intracellular parasites whose pri-
mary goal is to infect host cells to replicate their ge-

nomes and to produce progeny virions for infection of new
target cells. Some viruses cause long-lasting chronic infec-
tions, whereas others replicate in fast, lytic cycles. Most virus
infections can be controlled and eliminated by the host im-
mune system through adaptive, innate, or intrinsic immune
mechanisms. Other viruses, including human immunodefi-
ciency virus-1 (HIV-1), establish chronic life-long infections
and are difficult if not impossible to eradicate. Although
progress has been made in controlling the spread of HIV, the
United States still reports more than 50,000 new HIV infec-
tions each year and there are currently an estimated 33
million people living with HIV worldwide.

Despite these staggering numbers, HIV infection appears
to be quite inefficient. HIV is primarily transmitted through
sexual contact; yet, only an estimated 1–4 of 1,000 sexual
contacts result in HIV infection (Gray and others 2001). In-
deed, HIV faces an uphill battle when spreading to a new
host because it has to overcome several levels of host defense
mechanisms. Recent years have brought rapid progress in
the identification and characterization of host restriction
factors affecting HIV replication. In particular, the identi-
fication of tripartite motif-containing protein 5 (Trim-5a),
apolipoprotein B mRNA-editing catalytic polypeptide
3G (APOBEC3G), and bone marrow stromal antigen 2

(BST-2)/tetherin has significantly advanced our understand-
ing of innate and intrinsic immune mechanisms involved in
the defense against HIV (for a recent update, see Strebel and
others 2009). Although each of these restriction factors targets
a different stage of the viral replication cycle, they all have in
common that their expression is regulated by type I interfer-
ons (IFNs) (Rose and others 2004; Asaoka and others 2005;
Neil and others 2007; Miyagi and others 2009). It is, therefore,
likely that the resulting upregulation of APOBEC3G, Trim-5a,
and BST-2 contributes to the inhibition or the delay of virus
spread. The present review focuses on BST-2/tetherin and
aims to provide an up-to-date summary of our current
knowledge of its role in controlling HIV replication.

BST-2: An IFN-Inducible Viral Restriction Factor

Viral infections can lead to the induction of IFN through
the recognition of pathogen-associated molecular patterns by
pattern-recognition receptors (reviewed in Randall and
Goodbourn 2008). Indeed, HIV-1 was shown to induce IFN
expression through engagement with Toll-like receptors,
specifically TLR7 (Beignon and others 2005), and IFN has
been detected in the plasma of infected individuals during
acute viremia and during late-stage disease (von Sydow and
others 1991; Ferbas and others 1994). Induction of IFN leads
to the upregulation of other host factors. One of those IFN-
induced host factors is BST-2. The upregulation of BST-2
expression by IFN is due to the presence of IFN responsive
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regulatory elements in the BST-2 promoter region (Ohtomo
and others 1999). Interestingly, BST-2 was recently identified
as a ligand for immunoglobulin-like transcript 7 (ILT7) pro-
tein (Cao and others 2009). Binding of BST-2 results in the
activation of ILT7 and leads to reduced IFN expression (re-
viewed in Cao and Bover 2010). Thus, BST-2/ILT7 interaction
may serve as an important negative feedback loop limiting
INF responses to viral infections.

In addition to its potential role in limiting IFN responses to
viral infections, BST-2 was recently found to play an addi-
tional role in limiting viral infections. The function was first
identified for HIV-1 but appears to apply to a variety of
enveloped viruses (see below). Efficient virus release from
HIV-infected cells is regulated by its Vpu gene product
(Strebel and others 1988; Terwilliger and others 1989). How-
ever, the dependence on Vpu for efficient virus release is cell-
type dependent, leading investigators to predict the presence
of a host restriction factor in Vpu-dependent cell types
(Varthakavi and others 2003). Interestingly, IFN treatment of
Vpu-independent cell types created a Vpu-restrictive pheno-
type and not only inhibited the release of HIV-1 and related
retroviruses but also affected the secretion of unrelated viruses
such as porcine endogenous retrovirus (PERV), Ebola, Lassa,
Marburg, endogenous betaretrovirus of sheep, or Kaposi
sarcoma-associated herpesvirus (KSHV) (Neil and others
2007; Jouvenet and others 2009; Kaletsky and others 2009;
Sakuma and others 2009b; Arnaud and others 2010; Mattiuzzo
and others 2010). These observations suggested that the Vpu-
sensitive restriction factor was not specific to HIV but
belonged to a family of IFN-inducible genes with general
antiviral properties. A clue to the identity of the Vpu-sensitive
restriction factor was first discovered during a quantitative
membrane proteomics study in which Vpu expressed from an
adenovirus vector was found to reduce cellular expression of
BST-2 in HeLa cells (Bartee and others 2006). Subsequent
reports identified BST-2 as the IFN-inducible, Vpu-sensitive
factor responsible for the restriction of HIV-1 virus release
(Neil and others 2008; Van Damme and others 2008). Indeed,
BST-2 expression was cell-type dependent; the protein was
constitutively expressed in Vpu-dependent cell types such as
HeLa, Jurkat, or CD4þ T cells but was undetectable in per-
missive cell types such as 293T or HT1080 cells and thus
corresponded to cell types known to depend on Vpu for
efficient virus release (Neil and others 2008; Van Damme and
others 2008). Importantly, BST-2 expression was induced by
IFN treatment in 293T and HT1080 cells (Neil and others 2007,
2008) and ectopic expression of BST-2 in 293T or HT1080 cells
rendered these cells Vpu dependent (Neil and others 2008;
Van Damme and others 2008). Finally, small interfering RNA
(siRNA) silencing of BST-2 caused virus release from HeLa
cells to be Vpu independent (Neil and others 2008; Van
Damme and others 2008; Rong and others 2009). Taken
together these data provided strong evidence that BST-2 was
indeed the host factor whose inhibitory effect on virus release
was counteracted by Vpu.

BST-2: Structural Considerations

BST-2 was originally identified as a membrane protein in
terminally differentiated human B cells of patients with
multiple myeloma (Goto and others 1994; Ohtomo and oth-
ers 1999). Subsequently, BST-2 was found on multiple types
of cancer cells (Walter-Yohrling and others 2003) and BST-2

was implicated in promoting tumor invasion (Cai and others
2009). Because of that, BST-2 antibodies are under study for
their potential clinical use for targeting cancer cells such as
multiple myeloma (Ishikawa and others 1995), renal cell
carcinoma (Kawai and others 2008), or lung cancer (Wang
and others 2009a, 2009b). All studies have been quite
promising and antibody treatment resulted in reduced tumor
size presumably by inducing antibody-dependent cellular
cytotoxicity.

BST-2 is a 30–36-kDa type II transmembrane (TM) protein,
consisting of 180 amino acids (Ishikawa and others 1995).
The protein has both an N-terminal TM domain and a C-
terminal glycosyl-phosphatidylinositol (GPI) anchor (Kupzig
and others 2003) (Fig. 1). BST-2 protein associates with lipid
rafts at the cell surface and on internal membranes, pre-
sumably the trans-Golgi network (TGN) (Kupzig and others
2003; Dube and others 2009; Masuyama and others 2009). X-
ray crystallography of recombinant BST-2 demonstrated that
residues 47–148 of the protein’s ectodomain can fold into a
90 Å parallel coil–coil structure (Hinz and others 2010). In
addition, small-angle X-ray scattering analyses predicted
that the complete extracellular region of BST-2 adopts a long,
bent, rod-like structure that separates the TM domain and
GPI anchor by *170 Å (Hinz and others 2010).

Biochemical analyses demonstrated that BST-2 forms sta-
ble cysteine-linked dimers (Goto and others 1994; Ohtomo
and others 1999; Andrew and others 2009; Perez-Caballero
and others 2009) and is modified by N-linked glycosylation
(Ohtomo and others 1999; Kupzig and others 2003; Andrew
and others 2009). The formation of cysteine-linked dimers
can be catalyzed by any 1 of 3 cysteine residues in the BST-2
ectodomain. Interestingly, BST-2 dimerization was not es-
sential for inhibition of Lassa and Marburg viruses (Sakuma
and others 2009b) or for BST-2 cell-surface expression or

FIG. 1. Interaction of BST-2 with HIV-1 proteins. Vpu in-
teracts with BST-2 through its TM domain. The interaction of
HIV-2 Env with BST-2 has not been mapped in detail but
involves the ectodomain. Interaction of BST-2 with Nef in-
volves a G/DDIWK in the cytoplasmic domain. This motif is
missing in Nef-insensitive BST-2 variants (eg, human BST-2).
Proposed interaction points are indicated by zig-zag lines.
HIV, human immunodeficiency virus; SIV, simian immu-
nodeficiency virus; TM, transmembrane; Myr, Nef myris-
toylation; GPI, glycosyl-phosphatidylinositol anchor; BST-2,
bone marrow stromal antigen 2.
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sensitivity to Vpu but is critical for inhibition of HIV-1
release (Andrew and others 2009; Perez-Caballero and others
2009). Similarly, deletion of the coil–coil domain inhibited
BST-2 function without affecting dimerization or cell surface
expression (Perez-Caballero and others 2009). The functional
role of BST-2 glycosylation on the other hand remains
debated. Two studies found that glycosylation of BST-2 was
not important for inhibition of HIV-1, Lassa, or Marburg
virus release (Andrew and others 2009; Sakuma and others
2009a), whereas a third study found that lack of glycosyla-
tion almost completely inactivated BST-2 function presum-
ably because of a trafficking defect (Perez-Caballero and
others 2009). The reason for these discrepant observations
is not clear. Unlike the first 2 studies, which used untagged or
N-terminally tagged protein, respectively, the third study
employed a BST-2 variant encoding an internal hemagglutinin
(HA)-epitope tag. It is conceivable that the presence of an
internal epitope tag in conjunction with the lack of carbohy-
drate modifications induced a conformational change in the
protein, resulting in loss of activity.

BST-2, a Molecular Crosslinker?

How does BST-2 inhibit virus release? Vpu-defective
particles produced in BST-2–positive cells accumulate at the
cell surface. This has led to a model in which BST-2, by
means of its N-terminal TM domain and its C-terminal GPI
anchor, tethers otherwise fully detached virions to the pro-
ducer cell (Neil and others 2008). Such a model is consistent
with the observation that Vpu-defective particles can be re-
leased by protease treatment (Neil and others 2007, 2008;
Kaletsky and others 2009; Miyakawa and others 2009; Fitz-
patrick and others 2010) or by physical force (Klimkait and
others 1990; Miyagi and others 2009). Although the tethering
model is elegant and simple, it awaits formal experimental
validation.

One approach to validate the tetherin model was to em-
ploy immune-electron microscopy to study the localization
of BST-2 on virus-producing cells (Perez-Caballero and oth-
ers 2009; Fitzpatrick and others 2010; Habermann and others
2010; Hammonds and others 2010). In these studies, tethered
virions stained positive for BST-2 in support of a tethering
function of BST-2. As noted above, BST-2 is capable of
bridging a gap of about 17 nm because of its rod-like struc-
ture (Hinz and others 2010). Surprisingly, the measured
distance between virus particles and the plasma membrane
or among tethered virions was frequently significantly
>17 nm (Perez-Caballero and others 2009; Fitzpatrick and
others 2010; Hammonds and others 2010). Also, some of the
Vpu-defective particles appeared to be connected by a stalk
rather than having the appearance of being fully detached
virions (Klimkait and others 1990; Habermann and others
2010; Hammonds and others 2010). Although these data do
not rule out direct BST-2–mediated tethering of viral and/or
cellular membranes located <17 nm apart as originally pro-
posed by Neil and others (2008), tethering of virions across
distances >17 nm cannot be explained by such a mechanism.
In that case it is possible that virions are not fully detached
from the plasma membrane or from each other but remain
connected via a membrane stalk. Such a membrane stalk
could be lined with multiple BST-2 molecules, which interact
via coil–coil interactions, thereby stabilizing the membrane
stalk. In support of such a model, several electron micro-

scopic (EM) studies noted short stalks connecting virions to
the plasma membrane (Klimkait and others 1990; Ha-
bermann and others 2010) or observed long filamentous
structures decorated with BST-2 (Hammonds and others
2010). A stalk model would be consistent with the noted
sensitivity of tethered virions to physical shearing or prote-
ase treatment because such treatments would destabilize
BST-2–supported membrane stalks, resulting in the detach-
ment of virions.

Virion Association of BST-2

BST-2 is a cell-surface marker and associates with mem-
brane lipid rafts (Kupzig and others 2003; Masuyama and
others 2009), which are also critical for budding of HIV-1
(Ono and Freed 2001). Irrespective of whether BST-2 directly
tethers virions to the plasma membrane or stabilizes a
membrane stalk, both models predict that Vpu-deficient
particles released from the cell surface by physical force will
contain BST-2. However, we and others previously failed to
detect BST-2 in Vpu-deficient virions derived from cells ex-
pressing endogenous BST-2 (Miyagi and others 2009; Perez-
Caballero and others 2009). On the other hand, nonfunctional
BST-2 variants were readily detected in cell-free virus prep-
arations (Perez-Caballero and others 2009; Habermann and
others 2010), suggesting that BST-2 is not actively excluded
from virions. Finally, wild type (wt) HA-tagged BST-2 ex-
pressed in stable 293T cells was also readily identified in
virus-like particles when particle production was boosted
using a codon-optimized expression vector (Perez-Caballero
and others 2009). The authors argue that high levels of Gag
expression and modest levels of tetherin expression might
dilute the available cell-surface BST-2 among a large number
of nascent particles, thereby reducing its potency and per-
haps enabling its detection in released virions (Perez-
Caballero and others 2009). On the other hand, if surface
BST-2 were rate limiting and increased Gag expression could
lead to loss of virus tethering, the accumulation of Vpu-
deficient budding particles on a cell surface as observed in
many EM studies should eventually result in depletion of
BST-2, which would in turn lead to gradually increasing re-
lease of Vpu-deficient particles. However, this has never been
observed. The fact remains that virus-associated BST-2 was
thus far only observed under conditions where BST-2 was
either defective or otherwise unable to control virus release.

Another interesting observation that came from the use of
immune-EM is that BST-2 is present not only in Vpu-
deficient virions but in wt virions as well (Fitzpatrick and
others 2010; Habermann and others 2010). In fact, the relative
density of BST-2 in the membranes of viral particles ap-
peared to be higher than in the adjacent plasma membranes
and Vpu had surprisingly little effect on the relative density
of BST-2 in virions (Fitzpatrick and others 2010; Habermann
and others 2010). This suggests that BST-2 incorporation into
HIV-1 may not be directly correlated with Vpu-mediated
downregulation from the plasma membrane in HeLa cells
(Habermann and others 2010). It should be noted that the
particles analyzed by immune-EM are not derived from cell-
free virus preparations but are located adjacent to virus-
producing cells and may or may not be physically attached
to the cells. It is possible that under normal conditions even
some wt virions are tethered to the plasma membrane. This
would explain why siRNA silencing of BST-2 or functional
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inactivation of endogenous BST-2 can enhance release of
Vpu-deficient as well as wt virus (Strebel, manuscript in
preparation).

How Does Vpu Counteract the BST-2–Imposed
Restriction of Virus Release?

It is generally accepted that Vpu regulates the detachment
of otherwise complete and infectious virions from the cell
surface (Klimkait and others 1990; Neil and others 2006).
This effect of Vpu is not limited to HIV-1 but was shown to
affect other retroviruses such as HIV-2, visna virus, Moloney
murine leukemia virus, and xenotropic murine leukemia
virus-related virus, as well as unrelated enveloped viruses
such as Ebola (Gottlinger and others 1993; Bour and others
1996; Neil and others 2007; Jouvenet and others 2009; Ka-
letsky and others 2009; Groom and others 2010). A number
of models have been proposed over the years to explain how
Vpu enhances virus release. These include an ion channel
model as well as the inactivation of or interference with other
host factors such as Task-1 and UBP (reviewed in Strebel
2007). The identification of BST-2 has, at least temporarily,
sidelined earlier models of Vpu function and focused the
Vpu field on BST-2.

Vpu and BST-2 are both integral membrane proteins albeit
with different membrane topologies. BST-2 has a short N-
terminal cytoplasmic domain, with the bulk of the protein
comprising the C-terminal ectodomain. Vpu, on the other
hand, has virtually no ectodomain and essentially consists of
an N-terminal TM domain and a C-terminal cytoplasmic
domain (Fig. 1). Recent data suggest that the BST-2 TM do-
main is critical for interference by Vpu (Douglas and others
2009; Gupta and others 2009a; McNatt and others 2009;
Mitchell and others 2009; Perez-Caballero and others 2009;
Rong and others 2009), consistent with our previous obser-
vation of the importance of the Vpu TM domain for the
regulation of virus release (Schubert and others 1996). In-
deed, physical interaction of Vpu and BST-2 and the critical
importance of the BST-2 TM domain for this interaction was
demonstrated in the course of co-immunoprecipitation
studies (Douglas and others 2009; Gupta and others 2009a;
Iwabu and others 2009; Jia and others 2009; McNatt and
others 2009; Rong and others 2009; Dube and others 2010).
The exact cellular site at which Vpu targets BST-2 remains
unknown. Infection of cells by wt virus results in the re-
distribution of BST-2 from the plasma membrane to early
endosomes (Neil and others 2006; Habermann and others
2010). This involves internalization of BST-2 through
clathrin-dependent endocytosis, although there is an ongo-
ing debate whether this involves the AP-2 adapter complex
(Rollason and others 2007; Mitchell and others 2009) or a
direct interaction with a-adaptin (Masuyama and others
2009). As for Vpu, the protein is predominantly localized to
membranes of the Golgi and TGN (Klimkait and others 1990;
Schubert and others 1996; Varthakavi and others 2006) and
was found to colocalize with BST-2 in endosomes and the
TGN (Rollason and others 2007; Neil and others 2008; Van
Damme and others 2008; Douglas and others 2009; Dube and
others 2009). Further, mutations affecting TGN localization
of Vpu were unable to antagonize BST-2, suggesting that
Vpu targets BST-2 in this compartment (Dube and others
2009). However, Vpu was also identified at the cell surface
(Bour and others 1999) and a direct effect of Vpu on cell-

surface BST-2 cannot be ruled out. In fact, 1 recent study
proposed that Vpu targets BST-2 at the plasma membrane
(Iwabu and others 2009).

It is widely accepted that Vpu downregulates BST-2 from
the cell surface and that the reduced surface expression of
BST-2 accounts for the increased virus release (Van Damme
and others 2008; Douglas and others 2009; Le Tortorec and
Neil 2009; Mitchell and others 2009; Miyagi and others 2009;
Sato and others 2009; Habermann and others 2010; Pardieu
and others 2010; Schindler and others 2010). Interestingly,
Vpu does not seem to increase the rate of BST-2 endocytosis
(Mitchell and others 2009; Dube and others 2010). This
suggests that Vpu may affect resupply or surface delivery of
BST-2, a function that could be exerted from an intracellular
location such as the trans-Golgi compartment. Vpu was also
found to reduce total cellular levels of endogenous as well as
exogenously expressed BST-2 (Bartee and others 2006; Dou-
glas and others 2009; Goffinet and others 2009; Mangeat and
others 2009; Mitchell and others 2009; Miyagi and others
2009). How this is accomplished remains under debate and it
is not clear yet whether the reduced BST-2 levels are a cause
or consequence of BST-2 surface downmodulation. Several
studies reported the involvement of a proteasomal degra-
dation pathway (Goffinet and others 2009) and suggested b-
transducin repeat-containing protein (b-TrCP) dependence
(Mangeat and others 2009). In contrast, other studies re-
ported a b-TrCP–dependent endolysosomal pathway to be
important for degradation (Douglas and others 2009; Iwabu
and others 2009; Mitchell and others 2009). The involvement
of b-TrCP in the virus release activity of Vpu necessitates
conservation of Vpu’s TrCP-binding motif. However, muta-
tion of this motif was previously found to only partially af-
fect Vpu’s virus release activity (Schubert and Strebel 1994;
Schubert and others 1995; Van Damme and others 2008), and
in more recent studies, expression of a TrCP-binding mutant
of Vpu (Vpu26) supported HIV replication with wild-type
virus kinetics in a variety of cell types including peripheral
blood mononuclear cells (PBMC) (Miyagi and others 2009).
Expression of the TrCP binding–deficient Vpu26 mutant had
no effect on total cellular BST-2 levels and appeared to sta-
bilize or even increase BST-2 surface expression (Miyagi and
others 2009). Importantly, degradation of BST-2 was not es-
sential for Vpu to enhance virus release (Miyagi and others
2009; Goffinet and others 2010), suggesting it may be a
downstream consequence of the Vpu-induced BST-2 surface
downmodulation. Clearly, more work needs to be done to
sort out which of the effects of Vpu on BST-2, ie, surface
expression, degradation, or intracellular sequestration, are
critical for the enhancement of virus release.

Other Viruses Encode Vpu-Like Factors

As noted above, the ability to enhance virus release is not
unique to Vpu. In fact, some HIV-2 isolates have been known
for many years to encode a Vpu-like activity in their Env
glycoproteins (GPs) (Bour and others 1996; Bour and Strebel
1996; Ritter and others 1996; Abada and others 2005; Douglas
and others 2009; Le Tortorec and Neil 2009). Interestingly,
the Env GP of SIVtan also encodes a Vpu-like activity. In fact,
SIVtan Env has broad specificity and can target BST-2 from
Tantalus monkeys, rhesus monkeys, sooty mangabeys, and
humans, but not from pigs (Gupta and others 2009b). Both
HIV-2 and SIVtan Env proteins cause downregulation of

140 ANDREW AND STREBEL



BST-2 from the cell surface (Douglas and others 2009; Gupta
and others 2009b; Le Tortorec and Neil 2009; Lopez and others
2010). Unlike Vpu, however, these Env proteins do not cause
degradation of BST-2 (Douglas and others 2009; Gupta and
others 2009b; Le Tortorec and Neil 2009; Lopez and others
2010). Also, Vpu interacts with BST-2 through its TM domain,
whereas HIV-2 and SIVtan Env presumably interact with
BST-2 through their ectodomains (Fig. 1) (Gupta and others
2009b; Le Tortorec and Neil 2009; Lopez and others 2010).
This is consistent with our previous finding that the Vpu-like
activity of HIV-2 Env can be controlled by a single amino acid
change in its ectodomain (Bour and others 2003).

Intriguingly, a similar Vpu-like activity was now also
shown for the Nef protein of several simian immunodefi-
ciency viruses, including SIVmac and SIVagm ( Jia and others
2009; Sauter and others 2009; Zhang and others 2009; Yang
and others 2010). Like Vpu, SIV Nef functions species spe-
cific and does not target human BST-2 but can antagonize
rhesus macaque, pig-tail macaque, or African green monkey
BST-2 ( Jia and others 2009; Sauter and others 2009; Zhang
and others 2009; Yang and others 2010). As with HIV-2 Env,
SIV Nef induces cell-surface downmodulation without af-
fecting the stability of BST-2 (Douglas and others 2009; Jia
and others 2009). Vpu targets the TM domain and HIV-2 Env
the ectodomain, whereas Nef targets the cytoplasmic domain
of BST-2 (Fig. 1) ( Jia and others 2009; Zhang and others 2009;
Yang and others 2010). In particular, a G/DDIWK motif that
is missing in human BST-2 appears to be critical for Nef
antagonism ( Jia and others 2009; Zhang and others 2009).
Transfer of this motif to human BST-2 rendered the protein
sensitive to SIV Nef (Sauter and others 2009; Yang and others
2010), suggesting that this motif is necessary and sufficient
for sensitivity to SIV Nef.

Aside from these retroviral Vpu-like factors, the K5 pro-
tein of Kaposi sarcoma–associated herpesvirus was shown to
reduce levels of endogenous BST-2 in HeLa cells (Bartee and
others 2006). In the absence of K5 or when BST-2 is over-
expressed, KSHV release is reduced (Mansouri and others
2009; Pardieu and others 2010). K5 targets BST-2 for lyso-
somal destruction via the MVB pathway (Mansouri and
others 2009). K5-mediated reduction of BST-2 levels involves
ubiquitination of lysine 18 in the BST-2 cytoplasmic domain
followed by endosomal degradation (Mansouri and others
2009; Pardieu and others 2010). The ability of K5 to replace
Vpu in HIV-1 virus release is dependent on lysine 18 (Pardieu
and others 2010). Vpu also induces ubiquitination of lysines in
the BST-2 cytoplasmic tail. However, mutation of these resi-
dues does not affect the ability of Vpu to downregulate BST-2
(Pardieu and others 2010). This suggests that K5 functions
mechanistically different from Vpu, Nef, or Env.

Finally, the Ebola GP also inhibits virus release (Neil and
others 2007; Kaletsky and others 2009). Functionally, the
Ebola GP has much in common with the other BST-2 an-
tagonists already discussed. For instance, Ebola GP physi-
cally interacts with BST-2 but, like HIV-2 and SIVtan Env,
does not affect steady-state levels of BST-2 (Kaletsky and
others 2009). Unlike Vpu, Ebola GP is broadly active and
able to overcome the inhibitory effects of multiple tetherins,
including an artificial tetherin molecule (Lopez and others
2010). Interestingly, Ebola GP can overcome BST-2 restriction
without significant effect on cell surface expression (Lopez
and others 2010). This is reminiscent of our own finding that
efficient HIV-1 release from BST-2–expressing cells is Vpu

dependent but can occur in the absence of measurable BST-
2 cell-surface downmodulation (Miyagi and others 2009).
Therefore, it remains to be shown whether Vpu, Env, Nef, K5,
and GP employ a common strategy to antagonize BST-2 or
whether these proteins evolved independent modes of action.

Is BST-2 a Viral Restriction Factor?

A final point concerns the question of whether or not BST-
2 deserves the label of viral restriction factor. It is true that
BST-2 can potently inhibit the release of viral particles, es-
pecially if the protein is overexpressed. Also, the fact that
multiple viral proteins such as HIV-1 Vpu, HIV-2 Env, SIV
Nef, or KSHV K5 have evolved to target BST-2 could suggest
that this protein presents a problem that these viruses need
to control. On the other hand, one could argue that BST-2
does not so much represent a threat to virus spread as it
offers an opportunity for the virus to control its mode of
transmission. There are several arguments to support such a
view. First of all, BST-2 does not actually restrict replication
of Vpu-deficient HIV-1 but simply shifts virus spread from a
cell-free to a cell-to-cell mode (Schubert and others 1995)
(Fig. 2). Indeed, Vpu-deficient HIV-1 replicates in tissue
culture with the same kinetics as wild-type virus except that
the levels of cell-free virus are lower (Strebel and others 1988;
Terwilliger and others 1989; Klimkait and others 1990; Fri-
borg and others 1995). It is also noteworthy that the effect of
Vpu on virus replication in human PBMC is quite modest,
consistent with the low BST-2 levels in these cells (Schubert
and others 1995; Miyagi and others 2009; Schindler and
others 2010). The effect of BST-2 on virus secretion from
monocyte-derived macrophages is more pronounced (Schu-
bert and others 1995; Schindler and others 2010). However,
even in these cultures, Vpu-deficient HIV-1 was able
to spread via cell–cell mode (Schubert and others 1995).

FIG. 2. Cell-free versus cell-to-cell transmission of HIV-1 is
modulated by BST-2. In the top half of the figure, the unre-
stricted transmission of virions by cell-free virions is shown.
This situation applies to viruses expressing Vpu and/or
viruses replicating in BST-2–negative cells. In the absence of
Vpu, virions produced from BST-2–expressing cells re-
main tethered to the surface of the donor cell (bottom half
of the figure). These particles are fusion competent and
fully infectious (Klimkait and others 1990) and can fuse
with an adjacent target cell to establish a cell-to-cell virus
transmission.
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Another reason to believe that viruses can use BST-2 to their
advantage is that some HIV-1 isolates, including the ADA
clone AD8 (Theodore and others 1996) or the LAV Mal
(GenBank accession No. A07116) and Yu2 isolates (GenBank
accession No. HIVYU2X), carry a point mutation in the vpu
initiation codon that disables expression of Vpu. Vpu ex-
pression in these isolates can easily be restored by a single-
nucleotide change. Similarly, the HIV-2 Env protein has the
ability to turn its Vpu-like activity on or off through a single
point mutation in the TM subunit (Bour and others 2003;
Abada and others 2005). This allows the virus to adapt to
changes in the host milieu by switching between cell-free and
cell-to-cell modes of transmission. Based on current knowl-
edge we argue that BST-2 is not a viral restriction factor in
the sense that it limits virus spread. Rather, BST-2 is a
modulator that affects the mode of viral transmission and
may, in fact, help the virus avoid the host’s immune system.
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