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Abstract: Tetherin is an antiviral restriction factor made by mammalian cells to protect
them from viral infection. It prevents newly formed virus particles from leaving infected
cells. Its antiviral mechanism appears to be remarkably uncomplicated. In 2 studies
published in PLoS Pathogens electron microscopy is used to support the hypothesis that the
tethers that link HIV-1 virions to tetherin expressing cells contain tetherin and are likely to
contain tetherin alone. They also show that the HIV-1 encoded tetherin antagonist that is
known to cause tetherin degradation, Vpu, serves to reduce the amount of tetherin in the
particles thereby allowing their release.

Restriction factors are a class of interferon inducible proteins that are active against retroviruses as
well as other unrelated viruses. They include TRIM5, active against retroviruses [1] and recently
described to be active against herpes viruses [2], and the APOBEC3 proteins APOBEC3G and
APOBEC3F, which are active against retroviruses and hepatitis B virus [3,4], reviewed in [5]. In
early 2008 a further restriction factor dubbed tetherin, previously referred to as BST2/CD317/HM1.24,
was described [6,7]. Tetherin has antiviral activity against a broad range of unrelated viruses including
retroviruses [6,7], filoviruses [8,9], arena viruses [9] and herpes viruses [10,11]. It has been
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demonstrated to tether nascent HIV-1 virions to the plasma membrane, preventing their release from
the infected cell [6]. Subsequently, these virions are recruited back into the cell in endosomes and
targeted to the lysozome [6,7,12,13]. Two recent papers in PLoS Pathogens [14,15] have attempted
an ultrastructural characterization of tetherin and illustrated how it forms the tether between infected
cell and nascent virus. Tetherin thus represents the altruistic activity of an infected cell to prevent
viruses from leaving its membrane to infect new cells.
Tetherin is a type II integral membrane protein of between 28 and 36kDa, with a predicted transmembrane and coiled coil regions as well as a predicted glycophospatidinylinositol (GPI) anchor
site [16]. Thus both ends of tetherin are connected to the plasma membrane and both of these
connections are required for restriction of HIV-1 [17]. Tetherin has also been shown to exist as a
dimer and is glycosylated at two sites in its extracellular domain [16,18]. Dimerisation via cysteine
cross links is also required for tethering function, as mutation of all three extracellular domain cysteine
residues to alanine abrogates antiviral activity without altering tetherin’s surface expression
levels [17,19]. Furthermore, N-linked glycosylation at position 92 but not 65 impacts on anti-HIV
activity [19]. Some differences in tethering mechanisms between different viruses are suggested by
the observation that N-linked glycosylation does not appear to impact on antiviral activity against
Lassa or Marburg viruses [9].
In order to replicate in the presence of tetherin sensitive viruses are obliged to antagonize tetherin
and remove it from the site of viral budding, generally the plasma membrane. Several groups have
demonstrated that the HIV-1 viral protein U (Vpu) counteracts the antiviral activity of human
tetherin [6,7], and that it does this in a species-specific manner. Vpu therefore acts against human
tetherin but not tetherin from other species [20,21]. Since then a number of other virus encoded
countermeasures have been described including the Nef protein from a variety of simian
immunodeficiency viruses (SIVs) [22-24] the envelope glycoproteins from HIV-2 [25], SIV from
Tantalus monkeys [21] and Ebola virus [26] as well as the RING CH ligase K5 of HHV-8 or
Kaposi’s sarcoma associated herpes virus (KSHV) [10,11,27]. The envelope proteins from HIV-2 and
SIVtan have also been shown to be species-specific antagonizing tetherins from the hosts in which
they replicate but not distantly related tetherins [25,28]. Phylogenetic analyses have demonstrated
clear evidence for positive selection during primate evolution in tetherin genes and point mutants at the
positively selected residues impact on sensitivity to both Vpu and SIV envelope proteins. This
suggests that similar Env/Vpu proteins might have provided selection pressure for tetherin
evolutionary change during primate evolution [20,21,28].
Tetherin is expressed on the plasma membrane of a variety of cell lines, including HeLa, Molt4, H9,
and Jurkat as well as primary T and B cells and macrophages [6,18,29,30]. It also localises to
perinuclear compartments, notably the Trans Golgi Network (TGN) [16,31]. A model whereby
tetherin continually cycles between the cell surface and the TGN with a proportion targeted for
degradation whilst new molecules are translated, is most consistent with current data [32]. Human,
murine and rat tetherins have been shown to localise to lipid microdomains or rafts at the plasma
membrane [16,33,34] and both human and murine orthologues are internalized in a clathrin dependent
pathway [32,34]. Rollason and colleagues also showed that this process involves a dual tyrosine motif
in murine tetherin mediating binding to the AP1 and AP2 adaptor complex with subsequent
internalisation towards the trans Golgi network [32].
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Direct evidence that tetherin itself, tethers virions first came from Perez-Caballero and colleagues
who showed through domain swapping and mutagenesis experiments that configuration rather than
primary protein sequence was required for the tethering phenotype [17]. They were able to construct a
protein with similar domain organization but no sequence homology to tetherin, which could also
tether virions and was insensitive to HIV-1 Vpu. These investigators also presented evidence
suggesting that tetherin is a parallel homodimer. They hypothesized that it incorporates into the viral
membrane using either of its two membrane anchors, and that this configuration was sufficient for
antiviral activity (Figure 1). It remains unclear whether the dimers of tetherin that span the plasma and
viral membranes have a preference for which membrane anchor ends up in the cell membrane and
which ends up in the virion although there is some evidence that the GPI anchor is favored in the cell
membrane and the TM anchor in the virus [17] (Figure 1D). Deletion of either the TM domain or the
GPI anchor abrogates antiviral activity suggesting that anti-parallel dimers with monomeric links to
the membrane as shown in Figure 1 B do not exist or cannot effectively tether. However, several of the
possible configurations shown in Figure 1 may co-exist and it will be difficult to prove that any
particular configuration does not play a role in the antiviral tethers.
The two recent studies report the findings of immuno-electron microscopy studies confirming that
tetherin is found in the physical bridge between nascent virions and the plasma membrane [14,15]. In
agreement with Perez-Caballero and colleagues [17] they also find that tetherin co-sediments in
sucrose gradients with viral particles produced by transfection of Vpu-deleted virus into cells stably
expressing HA-tagged tetherin [14,15]. A number of investigators have seen large aggregations of
virions apparently attached to one another [6,7] suggesting that tetherin in virion membranes can
mediate virion-virion tethering. Using both transmission electron microscopy and cryosection electron
microscopy Hammonds and colleagues investigate this using their own polyclonal rabbit anti-tetherin
antisera and secondary goat anti-rabbit antibody conjugated to gold [14]. They show that the areas
between adjacent virions in the chains stain for tetherin confirming that they are indeed linked by
tetherin. Very low levels of background staining were found with these techniques with 91% of gold
beads being found within 50nm of visible particles.
Interestingly, tetherin was not found uniformly on the plasma membrane. Instead, it was often
found in foci some of which did not appear to be associated with any underlying structure. In some
cases these foci appeared to be clathrin-coated pits, consistent with observations of AP2-mediated
endocytosis of rodent tetherin associated with such structures [16]. The identity of the other
concentrations is unclear but may represent preferred sites of budding that correspond to the
cholesterol rich lipid microdomains or rafts that have previously been associated with tetherin [16,32].
A further intriguing finding was the observation of strong gold labeling in filamentous structures that
connected the plasma membrane to virions at some distance. The filaments are too long to be
explained by single tetherin dimers suggesting that they may contain membrane packed with tetherin
molecules that contribute to the tethering mechanism. The authors argue that this is not an artefact of
the sample preparation although the importance of this observation is yet to be fully elucidated.
Together, these observations support the notion that tetherin is appropriately placed within the
membrane to target viral budding.
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Figure 1. Tetherin tethers newly formed virions to cells. (A) Tetherin exists as a dimer
in cell membranes. It tethers newly formed mature virions to infected cells preventing their
release by forming tethers as the virus buds from the host cell membrane. The tethers may
consist of parallel dimers (B-D) or anti-parallel dimers (E) although parallel dimers are
likely to be favored [17]. It is unclear whether the parallel dimers preferably insert the GPI
anchor (C) or the TM domain (D) into the virus membrane although both configurations
may contribute to tethering. The fact that deleting either the GPI anchor or the TM domain
prevents tethering suggests that either configurations B and E are not an important
component of the tethering mechanism or that a single tethering domain is not enough to
tether virions [17].

Vpu appears to accelerate the net loss of active tetherin from the cell surface via TRCP mediated
ubiquitination and subsequent targeting to either the proteasome or lysosome, or both [35-37].
However, Fitzpatrick and colleagues used a virion capture assay using beads coated with anti-tetherin
ectodomain antibody to show that Vpu does not entirely remove tetherin from virion envelopes [15].
This suggests that a small amount of tetherin can be tolerated on the virion surface and allow efficient
budding. Most recently Habermann and colleagues have used quantitative immuno-EM and
surprisingly found that tetherin is enriched relative to the plasma membrane in cell-free and cell
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associated virions and in viral buds in HeLa cells, independently of Vpu, supporting the notion that
tetherin’s activity is dependent on its localisation within microdomains in the plasma membrane [38].
Haberman’s observations also show that some tetherin is found in free virions, despite the prescence of
Vpu. Now that the ultra-structural details of tetherin’s direct action are better understood it will be
interesting to see the results of experiments which follow the fate of tethered virions at such resolution.
It will also be important to further elucidate the details of tetherin’s exact conformation in relation to
plasma and viral membranes, as well as the homeostatic mechanisms regulating surface expression.
We also look forward to in vivo studies that evaluate the functional importance of this intriguing
protein.
Acknowledgments
R.K.G. and G.J.T. are supported by fellowships (WT081772MA and WT076608) from the
Wellcome Trust.
References and Notes
1.

Stremlau, M.; Owens, C.M.; Perron, M.J.; Kiessling, M.; Autissier, P.; Sodroski, J. The
cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old World monkeys.
Nature 2004, 427, 848-853.
2. Reszka, N.; Zhou, C.; Song, B.; Sodroski, J.G.; Knipe, D.M. Simian TRIM5alpha proteins reduce
replication of herpes simplex virus. Virology, 398, 243-250.
3. Sheehy, A.M.; Gaddis, N.C.; Choi, J.D.; Malim, M.H. Isolation of a human gene that inhibits
HIV-1 infection and is suppressed by the viral Vif protein. Nature 2002, 418, 646-650.
4. Turelli, P.; Mangeat, B.; Jost, S.; Vianin, S.; Trono, D. Inhibition of hepatitis B virus replication
by APOBEC3G. Science 2004, 303, 1829.
5. Huthoff, H.; Towers, G.J. Restriction of retroviral replication by APOBEC3G/F and TRIM5α.
Trends Microbiol. 2008, 16, 612-619.
6. Neil, S.J.; Zang, T.; Bieniasz, P.D. Tetherin inhibits retrovirus release and is antagonized by
HIV-1 Vpu. Nature 2008, 451, 425-430.
7. Van Damme, N.; Goff, D.; Katsura, C.; Jorgenson, R.L.; Mitchell, R.; Johnson, M.C.; Stephens,
E.B.; Guatelli, J. The Interferon-Induced Protein BST-2 Restricts HIV-1 Release and Is
Downregulated from the Cell Surface by the Viral Vpu Protein. Cell Host Microbe 2008, 3,
245-252.
8. Jouvenet, N.; Neil, S.J.; Zhadina, M.; Zang, T.; Kratovac, Z.; Lee, Y.; McNatt, M.; Hatziioannou,
T.; Bieniasz, P.D. Broad-spectrum inhibition of retroviral and filoviral particle release by tetherin.
J. Virol. 2009, 83, 1837-1844.
9. Sakuma, T.; Noda, T.; Urata, S.; Kawaoka, Y.; Yasuda, J. Inhibition of Lassa and Marburg virus
production by tetherin. J. Virol. 2008, 83, 2382-2385.
10. Mansouri, M.; Viswanathan, K.; Douglas, J.L.; Hines, J.; Gustin, J.; Moses, A.V.; Fruh, K.
Molecular mechanism of BST2/Tetherin downregulation by K5/MIR2 of Kaposi's sarcoma
herpesvirus. J. Virol. 2009, 83, 9672-9681.

Viruses 2010, 2

992

11. Pardieu, C.; Vigan, R.; Wilson, S.J.; Calvi, A.; Zang, T.; Bieniasz, P.D.; Kellam, P.; Towers, G.J.;
Neil, S.J. The RING-CH ligase K5 antagonizes restriction of KSHV and HIV-1 particle release 2
by mediating ubiquitin-dependent endosomal degradation of tetherin. PLoS Pathog. 2010, in
press.
12. Neil, S.J.; Eastman, S.W.; Jouvenet, N.; Bieniasz, P.D. HIV-1 Vpu promotes release and prevents
endocytosis of nascent retrovirus particles from the plasma membrane. PLoS Pathog. 2006, 2,
e39.
13. Neil, S.J.; Sandrin, V.; Sundquist, W.I.; Bieniasz, P.D. An interferon-alpha-induced tethering
mechanism inhibits HIV-1 and Ebola virus particle release but is counteracted by the HIV-1 Vpu
protein. Cell Host Microbe 2007, 2, 193-203.
14. Hammonds, J.; Wang, J.J.; Yi, H.; Spearman, P. Immunoelectron microscopic evidence for
Tetherin/BST2 as the physical bridge between HIV-1 virions and the plasma membrane. PLoS
Pathog., 6, e1000749.
15. Fitzpatrick, K.; Skasko, M.A.; Deerink, T.J.; Crum, J.; Ellisman, M.H.; Guatelli, J.C. Direct
restriction of virus release and incorporation of the interferon induced protein Bst-2 into HIV-1
particles. PLoS Pathog. 2009, in press.
16. Kupzig, S.; Korolchuk, V.; Rollason, R.; Sugden, A.; Wilde, A.; Banting, G. Bst-2/HM1.24 is a
raft-associated apical membrane protein with an unusual topology. Traffic (Copenhagen,
Denmark) 2003, 4, 694-709.
17. Perez-Caballero, D.; Zang, T.; Ebrahimi, A.; McNatt, M.W.; Gregory, D.A.; Johnson, M.C.;
Bieniasz, P.D. Tetherin inhibits HIV-1 release by directly tethering virions to cells. Cell 2009,
139, 499-511.
18. Ohtomo, T.; Sugamata, Y.; Ozaki, Y.; Ono, K.; Yoshimura, Y.; Kawai, S.; Koishihara, Y.; Ozaki,
S.; Kosaka, M.; Hirano, T.; Tsuchiya, M. Molecular cloning and characterization of a surface
antigen preferentially overexpressed on multiple myeloma cells. Biochem. Biophys. Res.
Commun. 1999, 258, 583-591.
19. Andrew, A.J.; Miyagi, E.; Kao, S.; Strebel, K. The formation of cysteine-linked dimers of BST2/tetherin is important for inhibition of HIV-1 virus release but not for sensitivity to Vpu.
Retrovirology 2009, 6, 80.
20. McNatt, M.W.; Zang, T.; Hatziioannou, T.; Bartlett, M.; Fofana, I.B.; Johnson, W.E.; Neil, S.J.;
Bieniasz, P.D. Species-specific activity of HIV-1 Vpu and positive selection of tetherin
transmembrane domain variants. PLoS Pathog. 2009, 5, e1000300.
21. Gupta, R.K.; Hue, S.; Schaller, T.; Verschoor, E.; Pillay, D.; Towers, G.J. Mutation of a single
residue renders human tetherin resistant to HIV-1 Vpu-mediated depletion. PLoS Pathog. 2009, 5,
e1000443.
22. Zhang, F.; Wilson, S.J.; Landford, W.C.; Virgen, B.; Gregory, D.; Johnson, M.C.; Munch, J.;
Kirchhoff, F.; Bieniasz, P.D.; Hatziioannou, T. Nef Proteins from Simian Immunodeficiency
Viruses Are Tetherin Antagonists. Cell Host Microbe 2009, 6, 54-67.
23. Jia, B.; Serra-Moreno, R.; Neidermyer, W.; Rahmberg, A.; Mackey, J.; Fofana, I.B.; Johnson,
W.E.; Westmoreland, S.; Evans, D.T. Species-specific activity of SIV Nef and HIV-1 Vpu in
overcoming restriction by tetherin/BST2. PLoS Pathog. 2009, 5, e1000429.

Viruses 2010, 2

993

24. Sauter, D.; Schindler, M.; Specht, A.; Landford, W.N.; Munch, J.; Kim, K.A.; Votteler, J.;
Schubert, U.; Bibollet-Ruche, F.; Keele, B.F.; Takehisa, J.; Ogando, Y.; Ochsenbauer, C.; Kappes,
J.C.; Ayouba, A.; Peeters, M.; Learn, G.H.; Shaw, G.; Sharp, P.M.; Bieniasz, P.; Hahn, B.H.;
Hatziioannou, T.; Kirchhoff, F. Tetherin-Driven Adaptation of Vpu and Nef Function and the
Evolution of Pandemic and Nonpandemic HIV-1 Strains. Cell Host Microbe 2009, 6, 409-421.
25. Le Tortorec, A.; Neil, S.J. Antagonism and intracellular sequestration of human tetherin by the
HIV-2 envelope glycoprotein. J. Virol. 2009, doi:10.1128/JVI.01515-09.
26. Kaletsky, R.L.; Francica, J.R.; Agrawal-Gamse, C.; Bates, P. Tetherin-mediated restriction of
filovirus budding is antagonized by the Ebola glycoprotein. Proc. Natl. Acad. Sci. U. S. A. 2009.
27. Bartee, E.; McCormack, A.; Fruh, K. Quantitative membrane proteomics reveals new cellular
targets of viral immune modulators. PLoS Pathog. 2006, 2, e107.
28. Gupta, R.K.; Mlcochova, P.; Pelchen-Matthews, A.; Petit, S.J.; Mattiuzzo, G.; Pillay, D.;
Takeuchi, Y.; Marsh, M.; Towers, G.J. Simian immunodeficiency virus envelope glycoprotein
counteracts tetherin/BST-2/CD317 by intracellular sequestration. Proc. Natl. Acad. Sci. U. S. A.
2009; 106, 20889-20894.
29. Ishikawa, J.; Kaisho, T.; Tomizawa, H.; Lee, B.O.; Kobune, Y.; Inazawa, J.; Oritani, K.; Itoh, M.;
Ochi, T.; Ishihara, K.; et al. Molecular cloning and chromosomal mapping of a bone marrow
stromal cell surface gene, BST2, that may be involved in pre-B-cell growth. Genomics 1995, 26,
527-534.
30. Goto, T.; Kennel, S.J.; Abe, M.; Takishita, M.; Kosaka, M.; Solomon, A.; Saito, S. A novel
membrane antigen selectively expressed on terminally differentiated human B cells. Blood 1994,
84, 1922-1930.
31. Dube, M.; Roy, B.B.; Guiot-Guillain, P.; Mercier, J.; Binette, J.; Leung, G.; Cohen, E.A.
Suppression of Tetherin-restricting activity upon human immunodeficiency virus type 1 particle
release correlates with localization of Vpu in the trans-Golgi network. J. Virol. 2009, 83,
4574-4590.
32. Rollason, R.; Korolchuk, V.; Hamilton, C.; Jepson, M.; Banting, G. A CD317/tetherin-RICH2
complex plays a critical role in the organization of the subapical actin cytoskeleton in polarized
epithelial cells. J. Cell Biol. 2009, 184, 721-736.
33. Rollason, R.; Korolchuk, V.; Hamilton, C.; Schu, P.; Banting, G. Clathrin-mediated endocytosis
of a lipid-raft-associated protein is mediated through a dual tyrosine motif. J. Cell Sci. 2007, 120,
3850-3858.
34. Masuyama, N.; Kuronita, T.; Tanaka, R.; Muto, T.; Hirota, Y.; Takigawa, A.; Fujita, H.; Aso, Y.;
Amano, J.; Tanaka, Y. HM1.24 is internalized from lipid rafts by clathrin-mediated endocytosis
through interaction with alpha-adaptin. J. Biol. Chem. 2009, 284, 15927-15941.
35. Mitchell, R.S.; Katsura, C.; Skasko, M.A.; Fitzpatrick, K.; Lau, D.; Ruiz, A.; Stephens, E.B.;
Margottin-Goguet, F.; Benarous, R.; Guatelli, J.C. Vpu antagonizes BST-2-mediated restriction of
HIV-1 release via beta-TrCP and endo-lysosomal trafficking. PLoS Pathog. 2009, 5, e1000450.
36. Douglas, J.L.; Viswanathan, K.; McCarroll, M.N.; Gustin, J.K.; Fruh, K.; Moses, A.V. Vpu
directs the degradation of the human immunodeficiency virus restriction factor BST-2/Tetherin
via a {beta}TrCP-dependent mechanism. J. Virol. 2009, 83, 7931-7947.

Viruses 2010, 2

994

37. Mangeat, B.; Gers-Huber, G.; Lehmann, M.; Zufferey, M.; Luban, J.; Piguet, V. HIV-1 Vpu
neutralizes the antiviral factor Tetherin/BST-2 by binding it and directing its beta-TrCP2dependent degradation. PLoS Pathog. 2009, 5, e1000574.
38. Habermann, A.; Krijnse-Locker, J.; Oberwinkler, H.; Eckhardt, M.; Homann, S.; Andrew, A.;
Strebel, K.; Krausslich, H.G. CD317/Tetherin is Enriched in the HIV-1 Envelope and
Downregulated from the Plasma Membrane upon Virus Infection J. Virol. 2010, in press.
© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an Open Access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).

