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1  Introduction 

1.1 Origin of human immunodeficiency viruses 

Since the discovery that the acquired immunodeficiency syndrome (AIDS) is caused by 

infection with a lentivirus (Barré-Sinoussi et al., 1983), it has become clear that the causative 

agent, subsequently termed human immunodeficiency virus (HIV) originated from several 

independent cross-species transmissions of simian immunodeficiency viruses (SIVs) to 

humans (Sharp and Hahn, 2011). To date, SIVs have been detected in more than 40 different 

non-human primate species, but only three of them (chimpanzees, gorillas and sooty 

mangabeys) have successfully transmitted their viruses to humans (D’arc et al., β015; Hirsch 

et al., 1989; Keele et al., 2006). The precursors of HIV-1 group M, which accounts for more 

than 90% of the 36.9 million HIV infections worldwide (UNAIDS, 2015), as well as the 

precursors of HIV-1 group N are SIV strains found in the central subspecies of chimpanzees 

(cpzPtt; Pan troglodytes troglodytes) (Keele et al., 2006). In contrast, HIV-1 group O and P 

originated from SIVs infecting gorillas (SIVgor; Gorilla gorilla gorilla), who themselves 

got infected by chimpanzees (Takehisa et al., 2009; Van Heuverswyn et al., 2006). SIVcpz 

in turn, is the result of successive cross-species transmission and recombination events 

involving precursors of today’s SIVrcm from red-capped mangabeys (Cercocebus 

torquatus) and SIVgsn/mon/mus infecting Cercopithecus species (Bailes et al., 2003). To 

date, nine groups (A-I) of the second human immunodeficiency virus (HIV-2) have been 

described, each of them representing an individual transmission of SIVs from sooty 

mangabeys (smm; Cercocebus atys) to humans (Ayouba et al., 2013; Hirsch et al., 1989). 

 

1.2 HIV replication cycle 

HIV replication is initiated by interaction of the viral envelope (Env) glycoprotein with CD4 

on the surface of susceptible target cells, predominantly T cells and macrophages. Env is a 

homotrimer composed of highly glycosylated gp120/gp41 heterodimers (Wilen et al., 2012). 

Binding of the gp120 subunit to CD4 and a chemokine receptor (CCR5 or CXCR4) induces 

conformational changes that expose the gp41 fusion peptide, which allows fusion of the viral 

and cellular membranes (Wilen et al., 2012). The fusion event releases the viral capsid, 

containing essential proteins, such as reverse transcriptase and integrase, and two copies of 

the single-stranded RNA genome into the host cell cytoplasm. Partially shielded from innate 

immune sensors by the controlled disassembly process of the capsid, viral RNA is reverse 

transcribed and subsequently transported into the nucleus, where it is integrated into the host 
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genome (Le Sage et al., 2014; Sauter and Kirchhoff, 2016). After transcription, HIV RNAs 

are transported to the cytoplasm where they are either translated into viral proteins or 

packaged into newly assembling viral particles (Freed, 2015). The formation of new progeny 

virions involves the assembly of the Gag and Gag-Pol precursor proteins, as well as the Env 

glycoprotein at the plasma membrane. Final maturation of the viral particles occurs during 

and after budding through proteolytic processing of Gag and Gag-Pol polyproteins into 

structural proteins required for capsid formation and the viral enzymes protease, reverse 

transcriptase and integrase (Freed, 2015). In contrast, post-translational processing of the 

Env precursor protein occurs already during its transport to the cell surface (Checkley et al., 

2011). The gp160 Env precursor protein is produced on the rough endoplasmic reticulum 

from a bicistronic mRNA and concomitantly glycosylated with N- and O-linked 

oligosaccharide side chains (Checkley et al., 2011). The oligomerization of gp160 into 

trimers is followed by its transport to the Golgi apparatus, where cellular furin and furin-like 

proteases mediate the cleavage of gp160 into the surface glycoprotein gp120 and the 

transmembrane glycoprotein gp41 (Hallenberger et al., 1992). As the gp120/gp41 trimers 

traffic through the Golgi complex, high-mannose oligosaccharide side chains undergo 

further trimming and processing to hybrid or complex-type glycans (Checkley et al., 2011; 

Doores et al., 2010). After maturation, Env glycoproteins are transported to the plasma 

membrane, where they are incorporated into budding progeny virions. 

 

1.3 Restriction factors 

Nearly every step of the retroviral replication cycle is targeted by host-encoded restriction 

factors, which represent key effectors of innate antiviral immunity and serve as important 

barriers to cross-species transmission of viral pathogens (Kirchhoff, 2010; Kluge et al., 2015; 

Krupp et al., 2013). Despite their structural and functional diversity, antiretroviral restriction 

factors such as APOBEC3G, TRIM5α, SERINC3/5, SAMHD1 and tetherin share several 

characteristics. Restriction factors are typically inducible by interferons (IFNs), exhibit 

evolutionary signatures of positive selection pressure and are often evaded or directly 

counteracted by the virus (Daugherty and Malik, 2012; Harris et al., 2012; Malim and 

Bieniasz, 2012). Based on these common characteristics, we have identified additional 

human proteins with potential antiretroviral functions (McLaren et al., 2015), among them 

the guanylate-binding protein 5 (GBP5). 

 

http://www.nature.com/nrmicro/journal/v13/n8/full/nrmicro3490.html#df5
http://www.nature.com/nrmicro/journal/v13/n8/full/nrmicro3490.html#df6
http://www.nature.com/nrmicro/journal/v13/n8/full/nrmicro3490.html#df6
http://www.nature.com/nrmicro/journal/v13/n8/full/nrmicro3490.html#df7
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1.3.1 Guanylate-binding proteins (GBPs) 

Guanylate-binding proteins (GBPs) belong to the family of large guanosine triphosphatases 

(GTPases) and are cytokine-inducible proteins that hydrolyze GTP to both GDP and GMP 

(Olszewski et al., 2006; Schwemmle and Staeheli, 1994; Tripal et al., 2007). In humans, 

seven closely related paralogs (GBP1-7), originating from gene duplication events, have 

been identified (Olszewski et al., 2006). These 67-73 kDa proteins exhibit a bidomain 

architecture consisting of a globular N-terminal G-domain harboring the GTPase activity, 

and a C-terminal helical domain (CTHD) required for protein-protein interactions (Kim et 

al., 2012). Some GBPs contain an isoprenylation motif at their C-terminus, where farnesyl 

(GBP1) or geranylgeranyl (GBP2 and GBP5) lipid moieties can be attached to anchor these 

cytosolic proteins to membranes of the Golgi apparatus (Modiano et al., 2005; Tripal et al., 

2007). Due to their inducibility by interferons, it is not surprising that GBPs play a key role 

in cell-intrinsic immunity against diverse bacteria and protozoa such as Chlamydia, 

Mycobacteria, Toxoplasma, Listeria, and Salmonella species (Kim et al., 2012). 

Furthermore, GBP3 and particularly GBP1 have been shown to possess antiviral activity 

against dengue, hepatitis C, vesicular stomatitis, encephalomyocarditis and influenza viruses 

(Anderson et al., 1999; Itsui et al., 2009; Nordmann et al., 2012; Pan et al., 2012). During 

my doctoral thesis we found that GBP5, the closest relative of GBP1, reduces the infectivity 

of HIV-1 (McLaren et al., 2015), and I further characterized its role in antiretroviral 

immunity. 

 

1.3.2 Tetherin 

Another well-established antiretroviral restriction factor is tetherin. Tetherin is an interferon-

inducible type II transmembrane protein consisting of an N-terminal transmembrane domain 

and a C-terminal glycosylphosphatidylinositol (GPI) anchor that are separated by a flexible 

extracellular coiled-coil domain (Kupzig et al., 2003). This unusual topology allows tetherin 

to restrict the release of a broad variety of enveloped viruses by inserting one of its membrane 

anchors into the membrane of budding virions, while the other one remains in the plasma 

membrane (Jouvenet et al., 2009; Kong et al., 2012; Neil et al., 2008; Sakuma et al., 2009; 

Sarojini et al., 2011; Van Damme et al., 2008). The importance of tetherin in antiviral 

immunity is underscored by the fact that many viruses, including primate lentiviruses, have 

evolved antagonists of this restriction factor (Kluge et al., 2014; Le Tortorec and Neil, 2009; 

Neil et al., 2008; Sauter et al., 2009; Van Damme et al., 2008).  
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Notably, inhibition of virus release is not the only function of tetherin in antiretroviral 

immunity. Upon binding of budding virions, two conserved tyrosine residues within the 

YDYCRV motif in the cytoplasmic tail of tetherin are phosphorylated, inducing the 

activation of the canonical NF-κB signaling pathway (Galão et al., 2014; Hotter et al., 

2013b). Thus, tetherin is not only a restriction factor but also acts as a pattern recognition 

receptor (PRR) that induces the NF-κB-dependent expression of interferons (IFNs) and 

proinflammatory cytokines (Cocka and Bates, 2012; Galão et al., 2012; Hotter et al., 2013b; 

Tokarev et al., 2013). Interestingly, also the restriction factor TRIM5α does not only directly 

interfere with retroviral replication by deregulating the uncoating process of the viral capsid, 

but also acts as PRR that activates NF-κB upon recognition of the retroviral capsid (Pertel 

et al., 2011; Stremlau et al., 2004). This shows that NF-κB activation is a central part of the 

innate immune response to retroviral infections. 

 

1.4 NF-κB 

Sensing of pathogen-associated molecular patterns (PAMPs) by PRRs such as tetherin, but 

also T cell activation via the CD3 T cell receptor (TCR) complex, or stimulation with TNFα 

and other cytokines converge in the activation of the transcription factor NF-κB (Cheng et 

al., 2011; Hoffmann and Baltimore, 2006). In the canonical NF-κB pathway, the IκB kinase 

complex, consisting of the two enzymatically active subunits IKKα and IKK , as well as the 

regulatory subunit IKK /NEMO, mediate the phosphorylation of the NF-κB inhibitor IκB at 

two conserved serine residues. Phosphorylation of IκB creates a recognition site for -TrCP, 

which induces proteasomal degradation of IκB and allows the translocation of NF-κB into 

the nucleus. There, NF-κB regulates a variety of cellular processes, such as inflammation, 

cell growth, apoptosis and antimicrobial immune responses (Hoffmann and Baltimore, 2006; 

Skaug et al., 2009). 

Notably, NF-κB plays a key role in lentiviral replication. On the one hand, binding of NF-κB 

to highly conserved κB sites within the viral long terminal repeat (LTR) promoter is required 

for efficient transcription of viral genes. This function of NF-κB involves enhanced DNA 

access for RNA-polymerase II (RNAPII) through p300-mediated chromatin acetylation and 

increased processivity of RNAPII through P-TEFb-mediated phosphorylation (Chan and 

Greene, 2012). On the other hand, NF-κB also induces the expression of type I IFNs and 

other proinflammatory cytokines thereby establishing an antiviral cellular state (Chan and 

Greene, 2012). One central goal of my doctoral thesis was to clarify how primate lentiviruses 

cope with these opposing roles of NF-κB. 
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1.5 Accessory proteins of HIV-1 

While the gag, env and pol genes, encoding for structural proteins (Gag, Env) and essential 

viral enzymes (reverse transcriptase, integrase, protease), are present in all retroviruses, 

primate lentiviruses such as SIV or HIV-1 encode up to six additional genes (Figure 1). 

These include the tat and rev genes, which encode regulatory proteins required for efficient 

transcription of the viral genome and the nuclear export of incompletely spliced viral mRNA 

species, respectively (Malim et al., 1989; Mancebo et al., 1997). Four additional genes (vif, 

vpr, vpu, nef) encode so-called accessory proteins. These are often dispensable in vitro, but 

required for efficient replication in vivo, because they counteract antiviral factors, facilitate 

immune evasion and modulate cellular processes to promote viral replication. 

 

Figure 1: The HIV-1 genome. Flanked by the long terminal repeat (LTR) promoters, HIV-1 encodes 

nine genes. The four accessory genes vif, vpr, vpu and nef are highlighted in blue. 

 

1.5.1 Vif 

The accessory protein Vif efficiently counteracts the host restriction factor APOBEC3G by 

inducing its polyubiquitination and subsequent proteasomal degradation (Sheehy et al., 

2003, 2002; Yu et al., 2003). Thereby Vif prevents the incorporation of APOBEC3G into 

viral particles and the induction of lethal G-to-A hypermutations that occur through cytidine 

deamination during reverse transcription. 

 

1.5.2 Vpr 

Vpr is a basic protein, encoded by all primate lentiviruses, that is incorporated into viral 

particles through interaction with the Gag-derived p6 protein. Thus, Vpr is readily present 

upon entry of the virus into target cells, even though de novo synthesis occurs at late stages 

of the viral replication cycle (Cohen et al., 1990; Guenzel et al., 2014). Several functions, 

such as regulation of the initiation and accuracy of reverse transcription (Guenzel et al., 

2012; Schröfelbauer et al., 2005; Stark and Hay, 1998), enhancement of nuclear import of 

the pre-integration complex (Heinzinger et al., 1994; Sherman et al., 2001) and induction of 

apoptosis (Mishra et al., 2007) have been assigned to Vpr. Recently, it has been shown that 
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the long-known ability of Vpr to induce a cell-cycle arrest in the G2 phase (He et al., 1995; 

Jowett et al., 1995) results from the premature activation of the structure-specific 

endonuclease regulator SLX4 complex (SLX4com) (Laguette et al., 2014). Furthermore, 

recruitment of the SLX4-associated MUS81-EME1 endonucleases by Vpr induces the 

degradation of reverse transcription intermediates (RTIs) and prevents their recognition by 

PRRs and the induction of antiviral immune responses (Laguette et al., 2014). Besides the 

reduced immune sensing of HIV-derived RTIs, Vpr may also directly suppress 

proinflammatory gene expression by targeting the NF-κB signaling cascade (Kogan and 

Rappaport, 2011; Muthumani et al., 2002; Venkatachari et al., 2007). However, the 

modulation of NF-κB activity by Vpr is controversial and most studies are limited to the 

analysis of a single lab-adapted HIV-1 vpr allele and can therefore not reflect the functional 

diversity of distinct primate lentiviral Vpr proteins. 

 

1.5.3 Vpu 

The acquisition of a vpu gene was a relatively recent event during primate lentiviral evolution 

that occurred in a precursor of SIVs infecting Cercopithecus monkeys. Vpu is therefore only 

found in the SIVgsn/mon/mus/den linage, SIVcpz, SIVgor as well as in HIV-1 (Barlow et 

al., 2003; Cohen et al., 1990; Courgnaud et al., 2003, 2002; Dazza et al., 2005). Vpu is 

co-expressed with the Env glycoprotein from bicistronic RNAs at a late stage of the viral 

replication cycle. It consists of a short N-terminal luminal domain, a transmembrane domain 

and a cytoplasmic domain with two alpha-helices that are linked by a hinge region containing 

two highly conserved serine residues which are phosphorylated by casein kinase II (CKII) 

(Maldarelli et al., 1993; Schubert et al., 1992; Schubert and Strebel, 1994). Phosphorylation 

of the serine residues enables Vpu to interact with the adapter molecule -TrCP, which is 

required for the ability of Vpu to mediate the proteasomal degradation of CD4 and to inhibit 

NF-κB (Bour et al., 2001; Margottin et al., 1998; Schubert et al., 1998). Furthermore, HIV-1 

M Vpu counteracts the host restriction factor tetherin to enhance virion release and to inhibit 

NF-κB activation induced by virion retention (Galão et al., 2012; Neil et al., 2008; Sauter et 

al., 2009; Van Damme et al., 2008). 
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1.5.4 Nef 

Nef is a multifunctional viral accessory protein expressed throughout the viral replication 

cycle. Nef recruits endocytic adapter proteins to downmodulate various host proteins 

including CD4, MHC-I, CD28 and CXCR4 from the surface of infected cells (Garcia and 

Miller, 1991; Hrecka et al., 2005; Schwartz et al., 1996; Swigut et al., 2001). Furthermore, 

Nef increases virion infectivity by preventing the incorporation of the restriction factors 

SERINC3 and SERINC5 into progeny virions (Rosa et al., 2015; Usami et al., 2015). 

Similarly, most SIVs use their Nef protein to ensure efficient release of progeny virions by 

counteracting the restriction factor tetherin (Sauter et al., 2009; Zhang et al., 2009). While 

Nef is expressed by all primate lentiviruses, some of its functions vary considerably between 

different primate lentiviral lineages. For example, the ability of Nef to downmodulate CD3 

to reduce the responsiveness to T cell stimulation, was lost in most primate lentiviruses that 

encode a vpu gene (Schindler et al., 2006). At the beginning of my doctoral thesis, the only 

two known exceptions were SIVden, which expresses Vpu and is still able to downmodulate 

CD3, and SIVolc which lost the ability to downmodulate CD3 although it does not encode 

a vpu gene (Schmökel et al., 2011).  
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2  Results and discussion 

2.1 Nef proteins of HIV-1 group O antagonize tetherin 

Most SIVs use their Nef protein to counteract the tetherin ortholog in their respective host 

species. However, due to a five amino acid deletion in its cytoplasmic tail, human tetherin 

is resistant to counteraction by SIV Nefs (Zhang et al., 2009). Thus, tetherin represents an 

important barrier for cross-species transmissions from SIVs to humans. At the beginning of 

my doctoral thesis, it was assumed that the less prevalent HIV-1 groups N, O, and P lack 

efficient tetherin antagonists, whereas the pandemic group M viruses mastered the tetherin 

hurdle by switching from Nef- to Vpu-mediated tetherin counteraction (Sauter et al., 2009). 

We found, however, that Nef proteins of HIV-1 group O viruses evolved activity against 

human tetherin by targeting a conserved region adjacent to the protective deletion (Kluge et 

al., 2014). Replication analyses in primary cells revealed that this Nef-mediated 

counteraction of human tetherin increases the resistance of HIV-1 group O viruses to IFNs. 

Interestingly, the Nef protein of the inferred most recent common ancestor (MRCA) of 

contemporary group O strains was already active against human tetherin (Kluge et al., 2014). 

Thus, Nef-mediated counteraction of tetherin may have evolved early after cross-species 

transmission and facilitated the epidemic spread of HIV-1 group O, which has infected 

approximately 100,000 individuals (Mourez et al., 2013). 

 

2.2 A naturally occurring missense variant abrogates the signaling activity 

of tetherin 

In order to broaden our understanding of the structural determinants underlying tetherin’s 

antiviral effects and to investigate whether these might be influenced by naturally occurring 

mutations in the tetherin gene, we investigated the effect of seven rare non-synonymous 

polymorphisms that change the amino acid sequence of this restriction factor (Y8H, R19H, 

N49S, D103N, E117A, D129E and V146L). We determined infectious virus yield from 

HEK293T cells cotransfected with constructs expressing wild-type or mutant forms of 

tetherin and a proviral HIV-1 construct and found that all tetherin variants inhibited virus 

release to the same extent. Moreover, the sensitivity of tetherin to counteraction by HIV-1 

Vpu, which targets domains in the transmembrane domain of tetherin, was not affected by 

the seven mutations analyzed (Sauter et al., 2013). Thus, these naturally occurring tetherin 

variants do most likely not represent an evolutionary advantage for the direct control of 

HIV-1 replication or spread.  
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To test whether the polymorphisms affect the signaling activity of tetherin, we determined 

the ability of the tetherin variants to activate NF-κB-dependent expression of a luciferase 

reporter construct in transfected HEK293T cells. Interestingly, the R19H mutation which is 

located in the N-terminal cytoplasmic tail of tetherin nearly completely abrogated the ability 

of tetherin to activate NF-κB (Sauter et al., 2013). Our results were confirmed by Galão and 

colleagues who showed that, together with an YDYCRV motif (amino acids 6-11), the R19 

residue in the cytoplasmic tail is required to link tetherin to the cortical actin network via 

RICH2. This allows Src-family kinase-dependent tyrosine phosphorylation at amino acids 6 

and 8 and subsequent NF-κB activation upon virion retention (Galão et al., 2014). 

The mechanisms evolved by HIV-1 to counteract tetherin do not only guarantee efficient 

release of newly formed virions but also limit NF-κB activation and induction of an antiviral 

immune response upon sensing of budding virions (Galão et al., 2012; Hotter et al., 2013b; 

Kluge et al., 2014; Sauter et al., 2015). However, tetherin is clearly not the only PRR that 

may sense HIV replication and a variety of additional innate sensors are able to mount a 

robust antiviral immune response upon detection of retroviral infection (Sauter and 

Kirchhoff, 2016). The next part of my thesis aimed at elucidating the mechanisms that HIV-1 

and related primate lentiviruses have evolved to inhibit innate signaling pathways 

independently of the involved PRRs. A special focus was set on the regulation of the 

canonical NF-κB pathway, since this transcription factor not only induces expression of 

various cellular antiviral genes, but is also crucial for transcription of viral genes. 

 

2.3 Modulation of viral and antiviral gene expression by primate 

lentiviruses 

2.3.1 HIV-1 Vpu inhibits activation of NF-κB but does not degrade IRF3 

Several innate immune signaling cascades triggered by viral PAMPs converge in the 

activation of IRF3 and NF-κB. These central transcription factors drive the expression of 

IFNs and interferon-stimulated genes (ISGs), including a variety of antiviral restriction 

factors. In 2012, Doehle and colleagues suggested that HIV-1 Vpu mediates the degradation 

of IRF3 by a lysosome-dependent mechanism to suppress innate antiviral immune responses 

(Doehle et al., 2012a, 2012b). 

Initially, I wanted to test whether Vpu proteins from various primate lentiviruses differ in 

their ability to degrade IRF3, which might confer a fitness advantage to these viruses and 

could explain why some HIV-1 groups spread more efficiently than others. To this end, I 
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transfected HEK293T cells with increasing doses of expression plasmids for various Vpu 

proteins and monitored endogenous IRF3 levels by Western blot. Surprisingly, IRF3 levels 

remained constant, even at the highest doses of Vpu (Hotter et al., 2013a). I also performed 

Western blot analyses of highly susceptible SupT1 cells infected with wt or vpu-deficient 

strains of HIV-1, but again, IRF3 levels were unaffected in both cases (Hotter et al., 2013a). 

To exclude that weak effects of Vpu were missed due to bulk analysis of the cells by Western 

blot, I also performed flow cytometric analyses of transfected HEK293T cells and infected 

peripheral blood mononuclear cells (PBMCs). While my positive control, the rotavirus 

protein NSP1 (Graff et al., 2007), clearly led to a degradation of IRF3, HIV-1 Vpu had no 

effect on the expression levels of this transcription factor (Hotter et al., 2013a). My finding 

that HIV-1 Vpu is unable to mediate the degradation of IRF3 has recently been confirmed 

in an independent study (Manganaro et al., 2015). 

Although IRF3 expression was not affected, I wondered whether Vpu might block the 

induction of innate antiviral immune responses as suggested by Doehle and colleagues 

(Doehle et al., 2012a, 2012b). Indeed, Vpu potently suppressed Sendai virus (SeV)-mediated 

activation of the IFN  promoter (Hotter et al., 2013a), confirming previous findings (Doehle 

et al., 2012b; Galão et al., 2012). Notably, the activity of the IFN  promoter is not only 

regulated by IRF3 but also NF-κB (Panne et al., 2007). When I mutated the NF-κB consensus 

sequence in the IFN  promoter, SeV infection still activated the promoter, albeit to a lesser 

extent than the wild-type control. However, Vpu was no longer able to block its activation 

(Hotter et al., 2013a; Sauter et al., 2015). Thus, HIV-1 Vpu suppresses the induction of 

antiviral immune responses by inhibiting NF-κB rather than through degradation of IRF3 

(Hotter et al., 2013a).  

Since HIV-1 group M Vpu is a potent tetherin antagonist, it is able to block NF-κB activation 

induced by virion retention (Galão et al., 2012). We found that Vpu also inhibits NF-κB 

signaling, independently of its ability to counteract tetherin, by a mechanism involving 

stabilization of the NF-κB inhibitor IκB (Hotter et al., 2013a; Sauter et al., 2015). This is in 

agreement with published results showing that Vpu blocks NF-κB activation by 

sequestration of the adapter molecule -TrCP, which is required for the proteasomal 

degradation of IκB (Bour et al., 2001). However, -TrCP sequestration is neither sufficient 

nor essential for Vpu-mediated suppression of NF-κB activation (Sauter et al., 2015) and I 

identified mutations outside the -TrCP binding motif that rendered Vpu selectively 

defective in NF-κB inhibition. Whereas an HIV-1 group M virus expressing mutant Vpu 

(R50K) failed to suppress NF-κB activation (Figure 2 A), Vpu-mediated downmodulation 
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of CD4 and tetherin, as well as its ability to antagonize tetherin-dependent virion retention 

was preserved (Figure 2 B-D). 

 

Figure 2: A mutation (R50K) outside the β-TrCP binding motif renders Vpu selectively 

defective in NF-κB inhibition. (A) NF-κB activation in HEKβ9γT cells cotransfected with an 

NF-κB-dependent firefly luciferase reporter construct, a constitutively active, NF-κB-independent 

Gaussia luciferase construct for normalization, and proviral constructs for HIV-1 M CH293 (wt) or 

mutants thereof that either lack vpu expression (vpu-) or express a mutant version of Vpu (Vpu 

R50K). Bars indicate the relative NF-κB activation by the viruses compared to a vector control (n = 

4 ± SEM). (B/C) CD4 and tetherin surface expression on human PBMCs infected with wt HIV-1 M 

CH293 or mutants thereof that either lack vpu expression (vpu-) or express a mutant version of Vpu 

(Vpu R50K). Results of five individual blood donors are shown, normalized to the vpu-deficient 

virus. The mean value ± SEM is indicated. (D) Infectious virus yield from HEK293T cells 

cotransfected with increasing doses of tetherin and proviral constructs for HIV-1 M CH293 (wt) or 

mutants thereof that either lack vpu expression (vpu-) or express a mutant version of Vpu (Vpu R50K) 

(n = 1 ± SD from three technical replicates). 

 

To determine whether the ability of Vpu to directly interfere with canonical NF-κB 

activation is conserved among different primate lentiviruses, we analyzed 33 vpu alleles 

from all groups of HIV-1 and SIVs encoding this accessory gene. With the exception of Vpu 

proteins of HIV-1 group N, which have been shown to be generally inactive in important 

Vpu functions (Sauter et al., 2009), all tested Vpus efficiently blocked NF-κB activation 

(Sauter et al., 2015). To analyze NF-κB activation in infected cells over time, I generated a 

T cell line expressing a short-lived version of an NF-κB-dependent firefly luciferase reporter. 

Whereas infection with wild-type viruses did not induce the expression of the reporter gene, 

vpu-deficient HIV-1 strains activated NF-κB signaling (Sauter et al., 2015). In agreement 

with this, lack of Vpu-expression in infected PBMCs resulted in the establishment of an 

antiviral state characterized by marked expression of NF-κB target genes such as HLA-B, 

tetherin and IFNb (Sauter et al., 2015). Our finding that Vpu is required to prevent antiviral 

gene expression during infection and the fact that this inhibitory effect is highly conserved 

among primate lentiviral Vpu proteins (Chen et al., 2015; Pickering et al., 2014; Sauter et 
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al., 2015) suggest that Vpu-mediated NF-κB inhibition plays an important role in vivo. 

However, NF-κB is not only a key regulator of antiviral immune responses but also crucial 

for efficient initiation of LTR-mediated viral transcription. I therefore investigated how 

primate lentiviruses cope with these opposing roles of NF-κB. 

 

2.3.2 Nef and Vpu balance viral and antiviral gene expression 

Accessory proteins are well-known to modulate cellular processes in order to optimize viral 

replication. We hypothesized that a tight temporal regulation of NF-κB activation might 

allow efficient initiation of viral gene expression, while limiting antiviral immune responses. 

Since Nef is expressed as one of the earliest viral proteins, we initially tested 39 different 

HIV and SIV nef alleles for their ability to modulate NF-κB activity. With the exception of 

the Nef proteins from SIVgsn, SIVmon, SIVmus, SIVagm and SIVrcm, all tested Nefs 

further enhanced NF-κB activation if NF-κB was activated by a constitutively active mutant 

of IKK  (Sauter et al., 2015). Notably, Nef did not affect NF-κB activation in the absence 

of other stimuli, suggesting that it boosts responsiveness to other signals (Pertel et al., 2011; 

Postler and Desrosiers, 2012), rather than activating NF-κB directly (Sauter et al., 2015). 

Furthermore, the ability of Nef to enhance NF-κB activation correlated with its ability to 

activate LTR-driven expression of viral genes (Sauter et al., 2015). Thus, most primate 

lentiviruses use their Nef protein to boost NF-κB activation early in the viral replication 

cycle to initiate efficient LTR-mediated viral transcription. 

Western blot analyses of infected cells showed that Nef is expressed about three hours prior 

to Vpu (Sauter et al., 2015). This time frame might be sufficient for Nef to initiate LTR-

driven proviral transcription via enhanced activation of NF-κB, before Vpu suppresses 

NF-κB activity at later time points to inhibit the expression of antiviral genes. The 

transactivating protein Tat, which is also expressed early during the viral replication cycle, 

is able to maintain viral gene expression (Karn and Stoltzfus, 2012), as soon as Vpu is 

expressed (Figure 3). Notably, Vpu blocked NF-κB activation even in the presence of Nef, 

showing that the late Vpu-mediated inhibition is dominant over the initial Nef-mediated 

activation of NF-κB (Sauter et al., 2015).  
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Figure 3: The accessory proteins Nef and Vpu balance viral and antiviral gene expression. The 

early protein Nef boosts NF-κB activation to initiate viral gene expression, whereas the late protein 

Vpu suppresses NF-κB activation to inhibit the expression of antiviral genes. The transactivating 

protein Tat maintains LTR-driven viral gene expression independently of NF-κB activation. 

 

We found that the ability of Nef to activate NF-κB and Vpu-mediated inhibition of NF-κB-

dependent antiviral gene expression is highly conserved among most tested alleles (Sauter 

et al., 2015). This suggests, that a tight temporal regulation of NF-κB activity is important 

for efficient replication of primate lentiviruses. Notably, however, only HIV-1 and few 

closely related SIVs encode a vpu gene. I therefore investigated, which other strategies might 

be employed by HIV-2 and most SIV strains to suppress innate immune activation and 

antiviral gene expression. 

 

2.3.3 Primate lentiviruses lacking vpu use Nef or Vpr to suppress immune activation  

The Nef proteins of many primate lentiviruses suppress T cell activation and NF-κB-

mediated antiviral gene expression by downmodulating the CD3 T cell receptor (TCR) from 

the surface of infected cells (Paul and Schaefer, 2013; Schindler et al., 2006; Schmökel et 

al., 2011). This Nef function was lost in the majority of vpu-containing viruses, suggesting 

that Vpu-mediated NF-κB inhibition abolished the selection advantage of Nef-mediated 

suppression of T cell activation (Sauter et al., 2015; Schindler et al., 2006). Analysis of a 

large panel of different Nef proteins in infected PBMCs revealed two exceptions to this rule, 

i.e. SIVcol and SIVolc infecting colobus (Colobus guereza) and olive colobus (Procolobus 

verus) monkeys, respectively. Although these viruses do not encode a vpu gene, their Nef 

proteins are not able to downmodulate CD3 (Hotter, unpublished data; Schmökel et al., 

2011). We investigated whether the accessory protein Vpr might be able to compensate for 

the lack of Vpu-mediated NF-κB inhibition and Nef-mediated CD3 downmodulation in 

these viruses. 
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While most HIV and SIV vpr alleles further enhanced TNFα-induced NF-κB activity or had 

a neutral phenotype, Vprs of SIVcol and SIVolc potently inhibited the activation of NF-κB 

(Figure 4). Notably, SIVwrc from western red colobus monkeys (Piliocolobus badius), 

representing the closest relative of SIVolc, was not able to inhibit NF-κB via Vpr, but 

efficiently downregulated CD3 via Nef (Figure 4). We found that NF-κB inhibition by 

SIVolc Vpr involves the stabilization of IκB, whereas SIVcol Vpr seems to target a step 

further downstream in the NF-κB signaling cascade. Notably, SIVolc Vpr potently 

suppressed NF-κB activation during infection of a T cell line and reduced expression of 

IFN  in infected PBMCs as efficiently as viruses using Vpu to inhibit NF-κB (Hotter, 

unpublished data). 

 

Figure 4: SIVcol and SIVolc Vpr inhibit NF-κB. Vpr-mediated modulation of NF-κB activity in 
HEK293T cells cotransfected with an NF-κB-dependent firefly luciferase reporter construct, a 

constitutively active, NF-κB-independent Gaussia luciferase construct for normalization and 

expression constructs for the indicated vpr alleles. NF-κB was activated by addition of TNFα. Orange 

bars: viruses that express Vpu and lack Nef-mediated CD3-downmodulation; green bars: viruses that 

do not express Vpu but downmodulate CD3 via Nef; blue bars: viruses that do not express Vpu and 

lack Nef-mediated CD3-downmodulation (n = 3 ± SEM). 
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Our results show that primate lentiviruses have evolved at least three alternative strategies 

to suppress NF-κB-dependent immune induction (Figure 5). While most viruses 

downregulate CD3 via Nef or use Vpu to inhibit NF-κB, the only two viruses that do not 

encode vpu and fail to downmodulate CD3 via Nef, use their Vpr protein to inhibit NF-κB 

(Hotter, unpublished data; Sauter et al., 2015). 

 

Figure 5: Phylogenetic tree of primate lentiviral evolution highlighting different strategies to 

suppress NF-κB-mediated immune induction. 

 

Nef proteins of most SIVs modulate T cell activation and NF-κB activity in at least two 

distinct ways. Whereas Nef downmodulates CD3, it also enhances NF-κB activity to initiate 

efficient viral transcription during the early phase of the replication cycle (Sauter et al., 

2015). These two effects seem contradictory, but it might well be that Nef stimulates NF-κB 

more rapidly than it is able to efficiently remove CD3 from the cell surface. However, we 

found that primate lentiviruses switched several times during their evolution from Nef-

mediated CD3-downmodulation to Vpu- or Vpr-mediated NF-κB inhibition. Thus, it might 

confer a selective advantage to the virus if stimulation and inhibition of NF-κB are exerted 

by two different proteins. One advantage might be that Vpu and Vpr target a central step in 

the NF-κB signaling cascade by stabilizing IκB. Therefore, they are able to block NF-κB 

signaling induced by multiple stimuli, whereas Nef specifically targets CD3. Furthermore, 

Vpu and Vpr are both expressed late during viral replication. This allows high levels of LTR-

driven viral gene expression through initial Nef-mediated enhancement of NF-κB activity. 
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Notably, Vpr is the only accessory protein that is specifically incorporated into viral particles 

and transported to new target cells. However, I found that NF-κB inhibition requires de novo 

synthesis of Vpr (Hotter, unpublished data). Thus, my findings show that primate 

lentiviruses have evolved a tight temporal regulation of NF-κB activation, involving the 

accessory proteins Nef, Vpu, and Vpr to ensure efficient initiation of viral transcription while 

limiting antiviral immune induction.  

 

2.4 Identification of GBP5 as a restriction factor of HIV-1 

An important part of innate immune responses to viral infections is the induction of antiviral 

restriction factors. To identify novel antiviral proteins, we performed a genome-wide screen 

for factors that share characteristics of known restriction factors (McLaren et al., 2015). Out 

of 21,389 genes, we found 841 to be under gene-wide positive selection. Of these 841 genes, 

30 were selected for functional validation as they are upregulated during HIV-1 infection (n 

= 11), interacting with HIV-1 proteins (n = 14) or both (n = 5). Overexpression of a strikingly 

high proportion of these candidate genes in HEK293T cells significantly inhibited HIV-1 by 

targeting different steps of the viral replication cycle. Furthermore, we confirmed that 

mRNA expression of most candidate factors in CD4+ T cells is significantly increased by 

type I IFNs, making it conceivable that they are part of the innate antiviral immune response 

(McLaren et al., 2015). Especially guanylate-binding protein 5 (GBP5) attracted our 

attention since it specifically reduced the infectivity of progeny virions. Thus, GBP5 was 

selected for in-depth functional characterization. 

Cotransfection of GBP5 with proviral constructs in HEK293T cells revealed that GBP5 

specifically interferes with Env glycosylation and reduces virion incorporation of mature 

gp120. Retroviral particles produced in the presence of GBP5 are only poorly infectious and 

characterized by impaired fusion with target cells. Mutational analyses revealed that 

C-terminal isoprenylation, which is necessary for Golgi-localization of GBP5, but not its 

GTPase activity is required for antiretroviral activity. Thus, our results suggest that GBP5 

impairs Env function by targeting its processing and carbohydrate trimming in the Golgi 

apparatus. In addition, we demonstrated that GBP5 is expressed in CD4+ T cells and 

macrophages, the main target cells of HIV, and confirmed that its expression can be further 

enhanced by type I and II IFNs. Notably, basal GBP5 expression levels in macrophages from 

19 different blood donors showed a striking inverse correlation with the infectious virus 

yield from these cells. Knockdown experiments of GBP5 using siRNA in primary human 

macrophages or the CRISPR/Cas9 system in THP-1 cells confirmed that GBP5 controls HIV 
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replication by inhibiting infectivity of progeny virions and that GBP5 is a key effector of the 

antiviral IFN response (Krapp et al., 2016). 

One common feature of restriction factors is that they are counteracted by viral proteins, or 

evaded by escape mutations (Harris et al., 2012). Surprisingly, we found that HIV-1 mutants 

lacking Vpu expression were less sensitive to inhibition by GBP5 (Krapp et al., 2016). Since 

vpu and env are translated from a single bicistronic mRNA, Env expression usually depends 

on leaky ribosomal scanning and/or ribosomal shunting (Guerrero et al., 2015). Mutation of 

the vpu start codon allows the immediate translation of env and therefore increases Env 

expression (Schubert et al., 1999). Notably, increased Env expression and reduced sensitivity 

to GBP5 due to mutations in their vpu start codon were found in naturally occurring 

macrophage-tropic HIV-1 strains (Krapp et al., 2016).  

Enhanced Env expression to minimize inhibitory effects of GBP5 at the cost of Vpu 

expression is an uncommon trade-off mechanism, since Vpu itself exerts important functions 

such as counteraction of tetherin or inhibition of NF-κB (Hotter et al., 2013a; Neil et al., 

2008; Sauter et al., 2015; Van Damme et al., 2008). Furthermore, increased Env expression 

and virion incorporation could be detrimental for the virus due to higher susceptibility to 

neutralizing antibodies and antibody-dependent cell-mediated cytotoxicity (ADCC) (von 

Bredow et al., 2015). It is therefore conceivable that inhibition by GBP5 and the viral escape 

through vpu-mutations might be most important in immunosecluded environments, such as 

the brain, where the selective pressure for maintaining Vpu functions and low Env 

expression levels is minor. Furthermore, translation of vpu and env is a very complex process 

that might allow modulations in Env expression levels, while maintaining Vpu expression 

and functions (Krummheuer et al., 2007). Remarkably, under conditions where viral 

replication cannot be well targeted by the host’s immune response, lack of Vpu-mediated 

NF-κB inhibition could even be beneficial for the virus since this would shift the balance 

towards continuously high LTR-mediated gene expression (Sauter et al., 2015). Thus, our 

results do not only identify GBP5 as an antiviral effector of the IFN-response, which is 

counteracted by an unusual trade-off mechanism (Krapp et al., 2016), but may also explain 

the increased frequency of defective vpu genes in primary HIV-1 strains. 
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3  Summary 

Coevolution of primate lentiviruses and their host species is fueled by a continuous arms 

race, in which the host’s immune system induces an antiviral cellular state after sensing of 

the pathogen, whereas the virus evades recognition or directly counteracts antiviral effector 

proteins. One of the best-characterized antiretroviral restriction factors is tetherin, which 

inhibits the release of newly formed progeny virions by physically retaining them at the 

plasma membrane of the infected cell. After cross-species transmission of simian 

immunodeficiency viruses (SIVs) to humans, pandemic HIV-1 group M stains switched 

from Nef- to Vpu-mediated tetherin antagonism. We recently found that viruses from group 

O, the second most common group of HIV-1, are also able to counteract tetherin. These 

viruses have evolved their Nef protein to target a conserved region adjacent to a protective 

deletion that renders human tetherin resistant to SIV Nefs. In contrast, viruses from the rare 

HIV-1 groups N and P lack efficient tetherin antagonists, suggesting that counteraction of 

tetherin is a prerequisite for successful viral spread. 

Analysis of rare non-synonymous polymorphisms in the human tetherin gene, showed that 

none of them affects the ability of tetherin to restrict virus release or its sensitivity to 

lentiviral antagonists. However, tetherin also acts as a pattern recognition receptor inducing 

an antiviral immune response via activation of NF-κB. Interestingly, one of the naturally 

occurring polymorphisms (R19H) located in the cytoplasmic tail of tetherin abrogated its 

ability to act as an innate sensor. It is conceivable that group M Vpus and group O Nefs 

inhibit innate sensing by antagonizing tetherin. We could demonstrate, however, that 

lentiviral Vpu proteins also directly suppress NF-κB signaling, irrespectively of anti-tetherin 

activity.  

NF-κB activation plays a complex role in lentiviral replication. On the one hand, it is 

required for efficient viral gene expression, while, on the other hand, it induces the 

expression of antiviral factors. We showed that primate lentiviruses cope with these 

opposing roles of NF-κB by precisely orchestrating its activation. The early protein Nef 

boosts NF-κB activity to initiate efficient expression of viral proteins, including Tat, which 

can maintain viral transcription independently of NF-κB. This allows the late protein Vpu to 

suppress NF-κB-mediated expression of antiviral genes without inhibiting viral gene 

expression. Furthermore, we found that viruses that do not encode a vpu gene, either use 

their Nef protein to limit T cell activation by downmodulating the CD3 T cell receptor, or 

directly inhibit NF-κB using their Vpr protein. The observation that primate lentiviruses have 

evolved at least three different strategies to inhibit NF-κB activation highlights the 



Summary  19 

importance of this transcription factor in antiretroviral immunity, and illustrates the 

enormous functional plasticity of primate lentiviral accessory proteins. Since the activation 

levels of NF-κB also play a crucial role in the establishment of viral latency and reactivation, 

a better understanding of the regulation of NF-κB activity by primate lentiviral proteins is 

of high interest. 

Despite sophisticated mechanisms to escape innate immune sensing and to inhibit 

downstream signaling pathways, HIV-1 infection causes chronic immune activation 

resulting in the induction of numerous antiviral host restriction factors. Based on common 

characteristics of known restriction factors, we performed a genome-wide screen to identify 

novel antiviral proteins. A surprisingly large proportion of the tested factors showed antiviral 

properties in transient transfection assays. Guanylate-binding protein 5 (GBP5), specifically 

reduced the infectivity of progeny virions and was thus selected for in-depth 

characterization. We found that GBP5 is a key mediator of the antiviral interferon (IFN)-

response that reduces the infectivity of progeny virions by interfering with the proper 

processing and incorporation of the viral envelope (Env) glycoprotein. Furthermore, GBP5 

levels determined infectious virus yield from human macrophages, while mutations in the 

vpu start codon reduced the inhibitory effect of GBP5 by increasing Env expression. Our 

results therefore identify GBP5 as a novel antiretroviral effector of the IFN-response that is 

evaded by an unusual trade-off mechanism. 
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SUMMARY

Most simian immunodeficiency viruses use their Nef

protein to antagonize the host restriction factor teth-

erin. A deletion in human tetherin confers Nef resis-

tance, representing a hurdle to successful zoonotic

transmission. HIV-1 group M evolved to utilize the

viral protein U (Vpu) to counteract tetherin. Although

HIV-1 group O has spread epidemically in humans, it

has not evolved a Vpu-based tetherin antagonism.

Herewe show that HIV-1 groupONef targets a region

adjacent to this deletion to inhibit transport of human

tetherin to the cell surface, enhances virion release,

and increases viral resistance to inhibition by inter-

feron-a. The Nef protein of the inferred common

ancestor of group O viruses is also active against

human tetherin. Thus, Nef-mediated antagonism of

human tetherin evolved prior to the spread of HIV-1

group O and likely facilitated secondary virus

transmission. Our results may explain the epidemic

spread of HIV-1 group O.

INTRODUCTION

Human immunodeficiency viruses (HIVs) are the consequence

of numerous zoonotic transmissions of primate lentiviruses to

humans (Sharp and Hahn, 2011). Both HIV-1 and HIV-2 are clas-

sified into multiple groups, each of which arose from an indepen-

dent transmission of a simian immunodeficiency virus (SIV). The

four groups of HIV-1 (M, N, O, and P) originated from SIVs infect-

ing chimpanzees and gorillas, whereas an SIV from sooty man-

gabeys is the direct precursor of at least nine groups of HIV-2.

However, the viruses resulting from these transmissions have

spread with very different efficiency in the human population.

The AIDS pandemic resulted from a single transmission of a

chimpanzee virus (SIVcpz) that led to the emergence of HIV-1

group M strains. In contrast, HIV-1 group N strains, which are

also of chimpanzee origin, have been detected in fewer than

20 individuals (Delaugerre et al., 2011). The other two groups

of HIV-1 are both more closely related to SIVgor infecting go-

rillas, but again, the two transmissions have had very different

outcomes. HIV-1 group P has only been found in two Cameroo-

nian individuals (Plantier et al., 2009; Vallari et al., 2011), whereas

group O viruses account for 1%–2% of all HIV-1 infections in

Cameroon and neighboring countries in west-central Africa (Ves-

sière et al., 2010). Overall it is estimated that HIV-1 group O has

infected about 100,000 individuals (Mourez et al., 2013).

Differences in adaptation to the new human host are likely one

reason for the differential spread of the four groups of HIV-1

(Sauter et al., 2010; Sharp and Hahn, 2011). In particular, the

host restriction factor tetherin seems to represent a significant

obstacle for successful cross-species transmissions of primate

lentiviruses. Tetherin blocks the release of virions from infected

cells (Neil et al., 2008; Van Damme et al., 2008) and thus contrib-

utes to the control of viral replication in vivo (Liberatore and

Bieniasz, 2011). Most SIVs, including the precursors of HIV-1

and HIV-2, encode Nef proteins, which antagonize tetherin in their

respectiveprimatehosts (Jia etal., 2009;Sauteretal., 2009;Zhang

et al., 2009).However, thehuman tetheringenecontainsadeletion

that removes five amino acids from its cytoplasmic domain and

confers resistance to SIV Nef proteins. It is currently believed

that this presents a barrier to successful spread of SIV among hu-

mans, which can only be overcomeby switching fromNef to other

viral antagonists (Sauter et al., 2009; Yang et al., 2010). Indeed,

during adaptation to humans, HIV-1 groupM and (less effectively)

N viruses evolved the ability to utilize another viral protein (Vpu) to

counteract tetherin (Sauter et al., 2009, 2012). However, previous

studies suggested that HIV-1 group O and P viruses failed to

evolve an effective antagonist of human tetherin (Sauter et al.,

2009, 2011; Petit et al., 2011; Vigan and Neil, 2011; Yang et al.,

2011). Thus, it has remained amystery why HIV-1 groupO viruses

have been capable of infecting tens of thousands of people.

To explore this conundrum, we performed functional analyses

of group O Nef proteins, including their inferred most recent

common ancestor (MRCA). In agreement with previous results

(Sauter et al., 2009; Yang et al., 2010, 2011), group O Nefs had

only modest effects on virus release in transient transfection
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assays. Unexpectedly, however, they efficiently downmodulated

human tetherin from the cell surface by targeting a region imme-

diately adjacent to the deletion. This tetherin downmodulation

function enhanced virus release from primary CD4+ T cells and

increased viral resistance to inhibition by interferon-a (IFNa).

Notably, the MRCA of group O Nefs was also active against hu-

man tetherin, suggesting that this function was acquired prior to

the spread of contemporary HIV-1 O strains. Our results demon-

strate that the five amino acid deletion in human tetherin does not

confer resistance to primate lentiviral Nef proteins and suggest

that gain of antitetherin activity by Nef facilitated the spread of

HIV-1 group O among humans.

RESULTS

HIV-1 GroupONefs Suppress Cell Surface Expression of

Human Tetherin

Previous studies performed in transfected 293T cells suggested

that HIV-1 group O viruses failed to evolve an effective antago-

nist of human tetherin (Sauter et al., 2009; Yang et al., 2011).

We noted, however, that some HIV-1 O Nefs (O-Nefs) increased

virus release slightly in the presence of human tetherin (Sauter

et al., 2009). To examine whether these modest effects were

an indication of antitetherin activity, we tested the effect of eight

contemporary O-Nefs on virus release. All O-Nefs were ex-

pressed at detectable levels (Figure S1A available online) and

exhibited substantially lower potency than the control HIV-1 M

NL4-3 Vpu in the virus release assay (Figure 1A, left). However,

while group M- and N-Nefs were entirely inactive, some

O-Nefs enhanced infectious virus and p24 release above back-

ground in transfected 293T cells (Figure 1A, right).

To determine whether these minor effects on virus release

were associated with Nef-mediated reduction of cell surface

expression of human tetherin, we cotransfected 293T cells

with vectors coexpressing Nef or Vpu and EGFP (or EGFP alone

for control) together with a construct expressing the human teth-

erin ortholog. HIV-1 M Vpus reduced human tetherin cell surface

expression by about 75%, whereas HIV-1 M and N Nefs had no

Figure 1. Antitetherin Activity of HIV-1

Group O Nef Proteins

(A) Virus release from 293T cells cotransfected

with an HIV-1 NL4-3 DvpuDnef construct and

vectors expressing the indicated nef alleles or

human (HUM) tetherin. Virus yield was determined

by p24 ELISA (left) or infection of TZM-bl cells

(right). Data show mean percentages (± SEM)

relative to those detected in the absence of teth-

erin (100%) obtained in three independent exper-

iments. The right panel shows the levels of p24

antigen and infectious virus release in the pres-

ence of 100 ng of HUM tetherin expression

construct. For comparison, results obtained for 18

M- and 9 N-Vpus are shown in the bar diagram.

Stars refer to the difference from the EGFP control

panel. *p < 0.05, **p < 0.01, ***p < 0.001.

(B) Effect of HIV-1 Nefs on surface expression of

human tetherin. Shown are the levels of tetherin cell

surface expression in the presence of HIV-1 group

M Vpus or M-, N-, and O-Nefs relative to those

measured in 293T cells transfected with the EGFP

control vector and tetherin expression plasmid

alone (100%). Each symbol represents one indi-

vidual nef or vpu allele. Shown are average values

derived from four to six independent experiments.

(C) PHA-activated PBMCs were transduced with

VSV-G-pseudotyped vpu-defective HIV-1 NL4-3

constructs expressing the indicated nef alleles

and examined for tetherin surface expression

3 days later. Shown are average levels (± SEM) of

surface expression in virally infected (EGFP+) cells

relative to uninfected cells (100%). *** indicates

that O-Nefs are significantly (p < 0.001) more

active than M-, N-, or P-Nefs.

(D) Nef-dependent reduction of HUM and GOR

tetherin surface expression in 293T cells. Shown

are the levels of tetherin cell surface expression in

the presence of various Nefs relative to those

measured in cells transfected with the control

vector expressing only EGFP. The right panel

shows the average levels of HUM and GOR

tetherin surface expression in the presence of

the three SIVgor and HIV-1 O Nefs (see also

Figure S1).
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significant effects (Figure 1B). Surprisingly, however, coexpres-

sion of each of 15 HIV-1 O Nef proteins clearly reduced cell

surface expression of human tetherin (Figures 1B and S1B).

The only inactive O-Nef was derived from an infectiousmolecular

clone of HIV-1 group O (pCMO2.5) (Tebit et al., 2004), which had

also failed to exhibit antitetherin activity in a previous study (Yang

et al., 2011). Since the CMO2.5 nef allele was also poorly active

in other assays for Nef function (data not shown), we excluded it

from further analyses. Overall, O-Nefs were almost as active as

M-Vpus in downmodulating human tetherin. Since earlier studies

had mainly examined virus release (Sauter et al., 2009; Yang

et al., 2011) or focused only on group O Vpu proteins (Vigan

and Neil, 2011), this group O Nef function has previously gone

unrecognized.

To confirm the effects of O-Nefs on human tetherin in primary

target cells of HIV-1, we cloned several group O nef alleles into

a vpu-defective HIV-1 NL4-3 IRES-EGFP proviral reporter

construct (Schindler et al., 2006). Flow cytometric analyses

showed that HIV-1 group O Nefs decreased cell surface expres-

sion of tetherin substantially in HIV-1-infected human PBMCs,

whereas Nef proteins from HIV-1 group M, N, and P strains

showed only modest effects (Figure 1C). In contrast, the effi-

ciency of Nef-mediated downmodulation of CD4 and MHC-I

was similar in all groups of HIV-1 as well as SIVgor (Figure S1C).

To visualize the effects of Nef on the subcellular localization of

tetherin, we cotransfected 293T cells with constructs expressing

AU1-tagged Nefs or HA-tagged human tetherin and examined

them by laser-scanning confocal microscopy. In the absence

of Nef or in the presence of the group M NL4-3 Nef, tetherin

was localized at the cell surface as well as intracellularly (Figures

S1D and S1E). In contrast, tetherin was detected almost exclu-

sively in intracellular compartments in the presence of the

HJ162 O-Nef (Figure S1F). However, in the presence of the

SIVgor CP2139 Nef, a significant portion of tetherin remained

at the cell surface (Figure S1G). Thus, HIV-1 group O Nefs

evolved the ability to decrease surface levels of tetherin and

sequester it to intracellular perinuclear compartments.

To examine whether O-Nefs specifically adapted to humans,

we analyzed nef alleles from three contemporary SIVgor and

HIV-1 group O strains for their ability to counteract human as

well as gorilla tetherin. Predictably, SIVgor Nefs decreased

surface expression levels of gorilla tetherin more efficiently

than those of human tetherin (Figure 1D). In contrast, HIV-1

group O Nefs were significantly more active against the human

tetherin ortholog (Figure 1D). Thus, HIV-1 O Nefs clearly gained

activity against human tetherin during adaptation to the human

host.

The Nef Protein of the MRCA of HIV-1 Group O

Counteracts Human Tetherin

To assess whether the ability of O-Nefs to suppress cell surface

expression of human tetherin evolved prior to the spread of HIV-

1 groupO in the human population, we inferred the Nef sequence

encoded by the MRCA of group O viruses using maximum-likeli-

hood methods. For comparison, we also inferred the Nef se-

quences of the group M- and N-MRCAs; we synthesized two

M-MRCA Nefs, varying in one residue, to reflect a difference in

the sequences inferred by different reconstruction methods (Fig-

ure S2A). All ancestral Nef proteins were expressed (Figure S2B)

and downmodulated CD4 and MHC-I as efficiently as Nefs

from contemporary group M, N, and O strains (Figure S2C).

The O-MRCA Nef significantly increased the release of infec-

tious HIV-1 in 293T cells transfected with different doses of teth-

erin expression plasmids (Figures 2A and S2D). Notably, the

O-MRCA Nef counteracted both human and gorilla tetherin,

whereas SIVgor Nef was only active against the latter, and M-

and N-MRCA Nefs were inactive (Figure 2B). In agreement

with results from virus release assays, M- and N-MRCA Nefs

affected surface expression of human and gorilla tetherin only

marginally, whereas the O-MRCA Nef reduced expression of

both by 70%–80% in transfected 293T cells (Figure 2C), and

of human tetherin by about 70% in HIV-1-infected PBMCs

(Figure 2D).

Recently, it has been shown that tetherin also acts as an im-

mune sensor of HIV-1 that induces NF-kB-dependent proinflam-

matory responses (Galão et al., 2012). To examine possible

effects of O-Nefs on the signaling activity of human tetherin,

we cotransfected 293T cells with a tetherin expression plasmid,

an NF-kB-dependent firefly luciferase reporter construct, and a

plasmid expressing Gaussia luciferase under the control of a

minimal promoter. Dual-luciferase assays were performed, and

the firefly luciferase signals were normalized to the correspond-

ing Gaussia luciferase signals to compensate for differences in

transfection efficiencies and cell numbers. We found that the

O-MRCA Nef suppressed NF-kB activation almost as efficiently

as the control NL4-3 Vpu, whereas contemporary HIV-1 O nef

alleles did not suppress tetherin-mediated NF-kB activation

(Figure 2E). It has previously been reported that M-Nefs enhance

NF-kB activity (Fortin et al., 2004). To determine whether O-Nefs

share this function, we stimulated NF-kB activation by coexpres-

sion of a constitutively active mutant of IKKb in the presence

of Vpu and various Nef proteins. Interestingly, all contemporary

O-Nefs boosted NF-kB activation, whereas the O-MRCA

Nef had no enhancing effect (Figure 2E). Thus, downstream

activating effects of contemporary O-Nefs may mask possible

inhibitory effects on NF-kB activity through downmodulation of

human tetherin.

HIV-1 Group O Nefs Target a Distinct Region in Human

Tetherin

Nef proteins of primate lentiviruses, including those encoded by

SIVcpz and SIVgor, target the precise region of five amino acids

in tetherin that is deleted in the human ortholog (Jia et al., 2009;

Sauter et al., 2009; Zhang et al., 2009). To determine whether O-

Nefs target a different region, we utilized a ‘‘repaired’’ version of

human tetherin (HUM-rep) in which the deleted residues had

been reintroduced (Sauter et al., 2009) and analyzed the effect

of alanine scanning mutations in the cytoplasmic domain on its

susceptibility to SIVgor and HIV-1 O Nef proteins. As expected

(Sauter et al., 2009), alterations in amino acid residues 14–18

(DDIWK) that are missing in human tetherin disrupted its suscep-

tibility to SIVgor Nef (Figure 3). However, these alterations did

not affect the susceptibility of tetherin to O-MRCA or HJ162

Nefs. In contrast, changes in residues 5–8 (SYDY) impaired

the ability of these O-Nefs to downmodulate tetherin (Figure 3).

Analysis of single alanine scanning mutants confirmed that the

YDY residues in human tetherin play a role in downmodulation

by O-Nefs (Figure S3A). Notably, the O-MRCA Nef tolerated
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changes at the N terminus of human tetherin better than the

HJ162 Nef (Figures 3 and S3A). All mutant forms of tetherin

were efficiently expressed (Figure S3B). These mapping experi-

ments showed that during adaptation to humans HIV-1 O nef al-

leles evolved the capability to target a region in the cytoplasmic

domain of human tetherin that is directly adjacent to the deleted

residues.

Complex Determinants of Group O Nef-Mediated

Antagonism of Human Tetherin

To determine which amino acid changes in Nef conferred the

ability to downmodulate human tetherin, we analyzed a set of

12 chimeras between the active O-MRCA and inactive SIVgor

CP2139 Nefs (Figure 4A). We found that most of these Nef chi-

meras showed functional activities intermediate between the

O-MRCA and SIVgor Nefs. Substitution of the N- and C-terminal

parts of the O-MRCA Nef by those of SIVgor significantly

reduced the effect on cell surface expression of human tetherin

(Figure 4A). Western blot analysis confirmed that these func-

tional differences were not due to different Nef expression levels

(Figure S3A). Analyses of additional chimeras between the HIV-1

O HJ162 or 13127 Nef proteins and the SIVgor Nef confirmed

that residues in the N- and C-terminal region contribute to the

ability of O-Nefs to downmodulate human tetherin (Figure 4B).

Sequence comparison revealed that active and inactive Nefs

differ in at least eight amino acid residues at their C termini (Fig-

ure S4A). Whereas mutation of the C-terminal four of these

residues had no significant effect, mutation of the N-terminal

four residues (K186V, Q188R, S192A, and L195T) significantly

reduced O-MRCA and HJ162 Nef-mediated downmodulation

of human tetherin (Figure 4B). These four residues are in close

proximity of each other and are all exposed at the surface of

Nef (Figure 4C). Thus, they may form a distinct interaction site

with tetherin. However, none of the mutations in HIV-1 O and

SIVgor Nefs fully recapitulated the phenotype of the parental

Nef proteins.

It has been shown that alterations in and near the highly

conserved ExxxLL motif in the C-terminal loop of Nef (Figure 4C)

were critical for the reacquisition of antitetherin activity of a chim-

panzee-adapted HIV-1 strain (Götz et al., 2012). To determine

whether these residuesarealsoessential for theantitetherinactiv-

ity of O-Nefs, we mutated them to the NTS161–163 and VS168/

169 residues found in the inactive NL4-3 Nef (Figure 4D). Func-

tional analyses showed that these amino acid substitutions did

not affect Nef expression levels (Figure S4B), but impaired the

ability of all contemporary HIV-1 ONefs to reduce the cell surface

expression of both human and gorilla tetherin (Figure 4D).

Downmodulation by the O-MRCANef was also reduced by these

changes, albeit less severely and only in the case of human

tetherin. These changes in the variable residues of the otherwise

highly conserved ExxxLL motif (Figure S4C) also disrupted the

modest effect of O-Nefs on virus release in transfected 293T cells

(Figure S4D). In agreement with previous results (Götz et al.,

2012), these alterations in and adjacent to the ExxxLL adaptor

protein interaction site specifically affected tetherin antagonism

and had no significant effect on other Nef functions (Figure 4D,

Figure 2. Functional Analysis of MRCA

HIV-1 Nef Proteins

(A) p24 antigen (left) and infectious virus (right)

release from 293T cells cotransfected with an

HIV-1 NL4-3 DvpuDnef construct and vectors ex-

pressing the NL4-3 Vpu or the O-MRCA Nef and

the indicated amounts of a vector expressing

HUM tetherin. Shown are percentages relative to

those detected in the absence of tetherin (100%).

Values are means from three experiments.

(B) Infectious virus yield from 293T cells co-

transfected with an HIV-1 NL4-3 DvpuDnef

construct and vectors expressing the indicated

nef alleles in combination with plasmids express-

ing HUM or GOR tetherin. Shown are average

values derived from triplicate infections of TZM-bl

indicator cells relative to those obtained in the

absence of tetherin expression vector (100%).

(C) Levels of tetherin cell surface expression in

the presence of HIV-1 group M, N, and O MRCA

Nefs relative to those measured in 293T cells

transfected with the EGFP control vector (100%).

The M-MRCA and M-MRCA P Nefs differ by a

single E to P substitution at their N terminus (Fig-

ure S2A). Values in all panels are means (± SEM)

from at least three experiments.

(D) PHA-activated PBMCs were transduced with

VSV-G-pseudotyped vpu-defective HIV-1 NL4-3

constructs expressing the indicated nef alleles and examined for tetherin surface expression three days later. The results show average levels (± SEM) in virally

infected (EGFP+) cells relative to uninfected cells (100%).

(E) Effect of various Nef and Vpu proteins on NF-kB activation. Activation of NF-kB-dependent firefly luciferase expression in 293T cells cotransfected with

tetherin or constitutively active IKKb, NF-kB-dependent (three NF-kB binding sites) firefly luciferase reporter constructs, a plasmid expressing Gaussia

luciferase under the control of a minimal promoter, and the indicated nef alleles. Shown are average values derived from three experiments (see also

Figure S2).
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data not shown). Thus, these residues are of general relevance for

the ability of Nef to counteract tetherin. However, the determi-

nants of Nef-mediated downmodulation of human tetherin seem

to be complex and involve multiple regions in O-Nef proteins.

HIV-1 O Nefs Impair Transport of Human Tetherin to the

Cell Surface

Next, we explored the mechanism of tetherin downmodulation

by HIV-1 O Nefs. It has been reported that SIV Nefs accelerate

endocytosis of monkey or ape tetherins (Zhang et al., 2011;

Serra-Moreno et al., 2013). To determine whether this is also

the case for the effect of O-Nefs on human tetherin, we analyzed

the levels of total and internalized tetherin at different time points

(Figure 5A, left). We found that the O-MRCA and HJ162 Nefs

increased the relative rate of human tetherin internalization after

1 hr from30% to 50% (Figure 5A, right). This effect was disrupted

by the NTSVS mutations in the HJ162 Nef, but not in the O-

MRCA Nef protein. In contrast to Vpu, O-Nefs increased, rather

than reduced, the total intracellular levels of human tetherin. We

did, however, observe a reduction of a low-molecular-weight

form of full-length human tetherin in the presence of the parental

and mutant O-MRCA Nefs (Figure S5A).

The microscopy data and western blot analyses suggested

that O-Nefs may trap human tetherin in intracellular compart-

ments, where it is protected against proteolytic or lysosomal

degradation, but also kept away from the sites of virus budding.

To further examine this possibility, we utilized a plasmid micro-

injection approach that allows monitoring the transport of newly

synthesized protein pools (Schmidt et al., 2011). Constructs

encoding HA-tagged human tetherin and plasmids encoding

EGFP, or AU-1 tagged Vpu or Nef proteins with differing tetherin

downmodulating capacity, were comicroinjected into the nu-

cleus of HT1080 cells that do not express endogenous tetherin.

As expected (Schmidt et al., 2011), newly synthesized tetherin

was rapidly (2 hr) transported to the plasma membrane in

EGFP-expressing control cells, whereas M-Vpu trapped tetherin

in a perinuclear compartment (Figures 5B and 5C). Anterograde

transport of human tetherin was only slightly reduced by the

SIVgor and group M Nef proteins, whereas the O-MRCA and

HJ162 Nefs inhibited it as efficiently as the M-Vpu (Figures 5B

and 5C). At 6 hr postinjection the O-MRCA and HJ162 Nefs

reduced the frequency of cells expressing human tetherin at

their surface from > 90% to < 10% compared to control cells.

In contrast, the O-MRCA-NTSVS and HJ162-NTSVS mutants

achieved only 40%–60% reduction, similar to the control SIVgor

and HIV-1 M Nefs (Figure 5C). Thus, alterations in and near the

ExxxLL motif that impair the tetherin downmodulation activity

of O-Nefs also reduce their ability to trap human tetherin in a

perinuclear compartment.

Costaining with subcellular markers in cells 2 hr postinjection

identified this compartment as the trans-Golgi network (TGN)

(Figures 5D and S6A), while overlap with markers for early endo-

somes or the ER was not observed (data not shown). Similar

to group M Vpus (Schmidt et al., 2011), O-Nefs induced potent

colocalization of tetherin with the TGN marker TGN46 indicative

of tetherin retention during anterograde transport, and HJ162

Nef even disrupted the organization of the TGN (Figures 5D

and S6A). These effects were not observed when tetherin inter-

action-deficient O-Nefmutants were used. Notably, organization

of the Golgi apparatus was undisturbed in all cases, but O-Nefs

significantly reduced the amounts of tetherin that colocalized

with the Golgi marker GM130 (Figure S6B).

These results suggest that O-Nefs slightly increase human

tetherin internalization, but also impair the anterograde transport

of newly synthesized human tetherin to the cell surface to

retain the restriction factor in the TGN. O-Nefs thus affect teth-

erin anterograde transport at a similar step as M-Vpus, but

may employ different mechanisms to prevent efficient plasma

membrane delivery of the restriction factor.

HIV-1 O Nefs Do Not Antagonize the Short Isoform of

Human Tetherin

Human tetherin is expressed in two isoforms (Cocka and Bates,

2012). The short form is generated by alternative translation initia-

tion fromamethionine residue in thecytoplasmicdomainand lacks

N-terminal serine-threonine and tyrosine motifs, including the re-

gion targetedbyO-Nefs (Figure 6A). This short formwas not signif-

icantly degraded by either M-Vpu or O-Nef proteins (Figure 6B).

Both isoforms of tetherin were expressed at similar levels at the

surface of transfected 293T cells (Figure 6C), and the short isoform

was substantially less sensitive to M-Vpu- and O-Nef-mediated

downregulation than the full-length form (Figure 6D). The modest

effects of O-Nefs on the surface expression of the short isoform

were not affected by the mutations in the C-loop of O-Nefs (Fig-

ure 6D) andmost likely resulted from global effects on cellular traf-

ficking pathways. The envelope glycoprotein of SIV from Tantalus

monkeys (SIVtan) and the NL4-3 Vpu protein, which are known

to target the extracellular (Gupta et al., 2009) and transmembrane

domains of human tetherin, respectively, promoted infectious

virus release in the presence of the short isoform, whereas none

of the O-Nefs displayed significant enhancing effects (Figure 6E).

Thus, in agreement with our finding that O-Nefs target a domain

in the N-terminal region of human tetherin that is missing in the

short isoform, they are only active against the full-length form.

Figure 3. Mapping of Residues in Human

Tetherin Targeted by HIV-1 O Nefs

Effect of alanine substitutions in the cyto-

plasmic part of HUM-rep tetherin on susceptibility

to SIVgor, O-MRCA, and HJ162 nef alleles. Shown

are the levels of tetherin cell surface expression in

the presence of Nef relative to those measured in

cells transfected with the EGFP-only control vec-

tor (100%). Values are averages (± SEM) derived

from three experiments (see also Figure S3).
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Downmodulation of Human Tetherin Reduces IFNa

Sensitivity of HIV-1 in Primary T Cells

Although contemporary O-Nefs reduced cell surface expression

of human tetherin, they exerted only very subtle effects on virus

release. To examine this further, we compared the effects of

wild-type (WT) and mutant O-MRCA and HJ162 Nefs on p24 an-

tigen and infectious virus release directly. Western blot analyses

showed that in the absence of an antagonist, even low levels of

tetherin expression reduced p24 release (Figure S7A, EGFP

panel). Reduced levels of p24 release were also observed in the

presence of the NL4-3 and mutant O-MRCA and HJ162 Nefs,

but not in the presence of Vpu and WT O-MRCA and HJ162

Nefs (Figure S7A). Titration experiments confirmed that the O-

MRCA and HJ162 Nefs increased p24 production, and that the

NTSVS mutations disrupted this effect (Figures S7B and S7C).

To examine the effect of O-Nef mutations that abrogated teth-

erin downmodulation on virus release and replication in primary

T cells, we generated vpu-defective proviral NL4-3 constructs

containing WT and mutant HIV-1 O nef alleles. Notably, the cor-

responding HIV-1 clones differed only in the three to five amino

acids in and near the ExxxLL motif that impaired the ability of

O-Nefs to downmodulate human tetherin, but not CD4 and

MHC-I. Infection of P4-CCR5 indicator cells showed that these

mutations did not affect the infectiousness of progeny virions

(Figure 7A). Next, we determined the efficiency of virus release

in the presence and absence of IFNa treatment. We found that

treatment of primary human T cells with IFNa significantly

increased the levels of tetherin surface expression (Figure 7B)

and strongly suppressed the release of HIV-1 particles (Fig-

ure 7C). Strikingly, however, the tetherin downmodulation

function of O-Nefs was associated with levels of p24 release

Figure 4. Mapping of Residues in HIV-1

O Nefs Involved in Modulation of Human

Tetherin

(A and B) Effect of chimeras between HIV-1 O and

SIVgor Nefs and mutant O-Nefs on cell surface

expression of HUM tetherin. Alterations intro-

duced into the O-MRCA and HJ162 C1 and C2

mutants are shown in Figure S4A.

(C) Localization of amino acid residues involved in

antitetherin activity in the HIV-1 Nef structure. The

alterations in the C1 region of Nef (red) and the

NTS-x4-VS residues (yellow) in NL4-3 Nef critical

for the tetherin antagonism, the acidic residue and

two leucines (blue) of the dileucine motif involved

in the interaction with AP complexes, and two

conserved amino acids in between (orange), are

highlighted.

(D) Effect of changes in and near the ExxxLL motif

of Nef on downmodulation of HUM or GOR teth-

erin and CD4 cell surface expression. Values

represent average expression levels (± SEM; n = 3)

relative to those obtained in the presence of the

vector expressing only EGFP. Color coding in the

alignment corresponds to that in the Nef structure

shown in (C). See also Figure S4.

from primary CD4+ T cells that did not

differ significantly from the WT vpu con-

taining HIV-1 construct (Figure 7C). On

average, the HIV-1 M-Vpu and O-Nef proteins increased p24

production by about 20% in the absence of, and by 40%–50%

in the presence of, IFNa treatment (Figure 7D). In contrast, the

original NL4-3 M-Nef that is not a tetherin antagonist had no sig-

nificant effect on virus release in the presence and absence of

IFNa, and the mutations in the C-loop of O-Nefs significantly

reduced the enhancing activity (Figure 7D). Finally, we analyzed

whether the tetherin downmodulation function of O-Nefs

affected the sensitivity of HIV-1 replication to inhibition by

IFNa. We found that viruses expressing theWT or NTSVSmutant

O-Nef proteins replicated with near-identical kinetics (Figure 7E)

and produced similar quantities of p24 antigen (Figure 7F) in the

absence of IFNa. In cells pretreated with 500 U/ml IFNa, how-

ever, HIV-1 constructs expressing WT O-Nefs replicated more

effectively and released higher quantities of p24 antigen than

those encoding tetherin-inactive Nef proteins. In comparison,

complete lack of Nef function reduced viral replication in both

the absence and presence of IFNa (Figure 7E). Coinfection

experiments confirmed that viruses expressing WT O-Nefs that

downmodulate human tetherin outcompeted those containing

the mutant nef alleles in IFNa-treated primary T cell cultures

(data not shown). Thus, the antitetherin activity of O-Nefs

promotes virus release (Figure 7F) and counteracts the antiviral

effect of IFNa (Figure 7G) in primary CD4+ T cells.

DISCUSSION

In the present study, we demonstrate that, in contrast to SIVcpz,

SIVgor, and other HIV-1 Nefs, HIV-1 O Nef proteins efficiently

reduce cell surface expression of human tetherin. We further

show that this antitetherin activity depends on a region in the
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N-terminal cytoplasmic domain of tetherin located directly adja-

cent to the deletion in the human protein. Notably, the Nef protein

of the inferred common ancestor of contemporary HIV-1 groupO

strains targets the same region and is an effective antagonist of

human tetherin. Thus, the activity of Nef against human tetherin

apparently evolved prior to the epidemic spread of HIV-1 group

O. This function was previously missed since the only proviral

group O clone analyzed (CMO2.5) (Yang et al., 2011) encodes

a functionally defective nef allele, and since contemporary

O-Nefs are only poorly active in promoting virus release from

transfected 293T cells (Figure 1A; Sauter et al., 2009; Yang

et al., 2011). In contrast, O-Nefs clearly increased virus release

and enhanced virus resistance to inhibition by IFNa in primary

CD4+ T cells (Figure 7). It is thus tempting to speculate

that Nef-mediated tetherin antagonism facilitated the spread of

groupO viruses in the human population by counteracting innate

immune responses characteristic of acute HIV-1 infection (Par-

rish et al., 2013; Fenton-May et al., 2013).

Several O-Nefs analyzed in the present study have previously

been examined for their antitetherin activity, but only in virus

release assays in transfected 293T cells (Sauter et al., 2009;

Yang et al., 2011). This assay is commonly used because it

allows the testing of restriction factors from different species,

and because M-Vpus show a robust phenotype in this experi-

mental setting. HIV-1 O Nefs enhance virus release in trans-

fected 293T cells only marginally (Figure 1A). However, in

primary CD4+ T cells, the tetherin downmodulation function of

O-Nefs enhanced virus release and reduced the inhibitory effect

of IFNa as efficiently as the M-Vpu protein (Figure 7), although

they were inactive against the short isoform of human tetherin

(Figure 6). Why the antitetherin activity of HIV-1 O Nefs is more

evident in primary CD4+ T cells than in transfected 293T cells

remains to be determined, but one possible explanation is that

contemporary O-Nefs antagonize human tetherin only at physio-

logically relevant, but not at higher, expression levels. Notably,

only the O-MRCA Nef suppressed tetherin-mediated NF-kB

activation and lacked the downstream stimulatory effect on

NF-kB (Figure 2E). Counteraction of human tetherin without

suppression of NF-kB activation by contemporary O-Nefs may

thus reflect advanced adaptation to the human host.

The tetherin downmodulation function of O-Nefs increased the

efficiency of virus release, but enhanced HIV-1 replication only in

CD4+ T cells that were pretreated with IFNa (Figure 7E). Type I

interferon levels are particularly high during acute HIV-1 infec-

tion, which is characterized by a cytokine storm. To counteract

the antiviral effects of this innate immune response, transmitted

founder viruses are significantly more resistant to inhibition by

IFNa than HIV-1 strains that persist during chronic infection (Par-

rish et al., 2013; Fenton-May et al., 2013). Thus, the impact of

Nef-mediated downmodulation of human tetherin may be most

significant during the earliest stages of virus infection.

Evolutionary analyses suggest that HIV-1 group O was trans-

mitted to humans early in the 20th century and thus entered the

human population roughly at the same time as group M viruses

(Lemey et al., 2004). Group O viruses have infected tens of thou-

sands of people, mostly in Cameroon and neighboring countries.

Although groupOprevalence is lower than that of pandemic HIV-

1 group M, it is substantially higher than that of groups N and P,

which have been detected in fewer than 20 individuals. It is thus

tempting to speculate that the Nef-mediated antitetherin activity

may have facilitated its spread in the human population. Our

finding that this specific O-Nef function reduced the sensitivity

of HIV-1 to inhibition by IFNa is in agreement with this hypothesis

and the previously proposed role of tetherin antagonism in virus

transmission (Gupta and Towers, 2009; Sauter et al., 2010).

However, the effects of O-Nef on viral replication in CD4+ T

lymphocytes (Figure 7E) were weaker than those previously

reported for Vpu (Neil et al., 2007). One potential explanation is

that the mutant O-Nefs may retain some modest antitetherin

activity (Figure 7C). Furthermore, differences in the antitetherin

mechanism and efficacy of O-Nefs and M-Vpus and/or in

the experimental conditions, such as the concentration and

IFN subtypes used, may contribute. In either case, the results

of the present study add to existing evidence that the pandemic,

epidemic, and rare HIV-1 groups have achieved different

degrees of adaptation to the human host. Pandemic group M

strains seem to have cleared the tetherin barrier by evolving

highly efficient Vpu-mediated counteraction of this restriction

factor. Group N strains have evolvedmodest Vpu-mediated anti-

tetherin activity (Sauter et al., 2009; Yang et al., 2010) and are still

in the process of adaptation (Sauter et al., 2012), while group

P-derived Vpu andNef proteins are functionally indistinguishable

from their SIVgor counterparts (Sauter et al., 2011; Yang et al.,

2011). Our finding that HIV-1 O has adapted to humans and

evolved Nef-mediated activity against human tetherin further

illustrates that adaptive processes are highly dynamic, and that

primate lentiviruses utilize multiple avenues to overcome the

restriction factors in a new host.

It has previously been shown that residues in and near the

ExxxLL motif in the C-loop are critical for the interaction of SIV

and chimpanzee-adapted HIV-1 Nefs with the cytoplasmic

domain of tetherin, but not for other Nef functions (Zhang

et al., 2011; Götz et al., 2012; Serra-Moreno et al., 2013). We

found that these residues are also important for the ability of

HIV-1 O Nefs to downmodulate tetherin. They were not respon-

sible, however, for their ability to target a distinct region since

they affected downmodulation of both human and gorilla teth-

erin. The exact alterations that are critical for the ability of O-

Nefs to specifically target human tetherin seem to be complex

and require further investigation. Previous studies suggest that

adaptor protein 2 (AP-2)-dependent endocytosis plays a key

role in Nef-mediated downmodulation of tetherin (Zhang et al.,

2011; Serra-Moreno et al., 2013). Adaptor protein recruitment

seems to be well preserved in O-Nefs since they were fully active

in downmodulating CD4, which depends on AP-2-mediated

endocytosis. Unexpectedly, however, we found that the O-

MRCA and HJ162 Nefs enhanced the rate of internalization of

human tetherin only slightly, but clearly inhibited the transport

of tetherin to the cell surface. Thus, Nef may exploit different

mechanisms to reduce the levels of tetherin at the cell surface.

Recently, it has been shown that HIV-1 Vpu hijacks AP-1-depen-

dent trafficking pathways to counteract tetherin (Jia et al., 2014).

Since AP-1 predominantlymediates vesicular transport from and

to the TGN, this interference likely accounts for the reduction of

tetherin anterograde transport at the level of the TGN. Our results

suggest that O-Nefs may employ a similar mechanism to inter-

fere with transport of tetherin beyond the TGN, which is reminis-

cent to Nef-mediated downmodulation of MHC-I. The observed
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Figure 5. Mechanism of Downmodulation of Human Tetherin by HIV-1 O Nefs

(A) Effects of O-Nefs on cell surface expression and internalization of HUM tetherin. 293T cells were transfectedwith vectors expressing tetherin and the indicated

Nef proteins or only EGFP as control. Cells were stained with antitetherin antibodies, incubated at 37�C for different time points, and analyzed by FACS. The left

panel shows the total and intracellular (after acidic wash) MFIs of HUM tetherin expression. The right panel shows the percentage of internalized tetherin in the

presence of the indicated Nef proteins or the absence of Nef. Values represent averages derived from three independent experiments.

(B) Effect of O-Nefs on transport of newly synthesized HUM tetherin to the cell surface. The nuclei of HT1080 cells were comicroinjected with a HUM tetherin

expression plasmid together with vectors encoding EGFP, NL4-3 Vpu, or the indicated Nef proteins. About 200 cells were microinjected and analyzed.

Microphotographs show representative examples. Cell circumferences are indicated by white dashed lines. Scale bar, 10 mM.

(legend continued on next page)
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effects of O-Nefs on TGN organization and Golgi residence of

tetherin also suggest, however, that they have evolved a slightly

different molecular mechanism than Vpu to antagonize human

tetherin that will be important to dissect in further studies.

In summary, we show that O-Nefs are antagonists of human

tetherin and target a region in the cytoplasmic domain that is pre-

served in the human ortholog of this restriction factor. Thus, the

five amino acid deletion in the cytoplasmic domain of human

tetherin does not confer complete protection against antago-

nism by primate lentiviral Nef proteins. This has implications for

assessing future zoonotic transmission risks, because tetherin

represents an important species barrier, and the great majority

of primate lentiviruses use Nef to counteract tetherin in their

respective hosts (Sauter et al., 2009; Zhang et al., 2009; Jia

et al., 2009). The fact that primate lentiviruses do not necessarily

have to switch from Nef to other viral factors to antagonize

human tetherin further emphasizes their enormous plasticity to

adapt to new host environments.

(C) Histogram bars depict the relative percentage of cells showing the different categorization (plasma membrane and intracellular versus intracellular only) for

each time point from about 200 cells analyzed.

(D) O-Nefs trap newly synthesized HUM tetherin at the trans-Golgi network (TGN). Shown are representative confocal microphotographs of HT1080 cells mi-

croinjected as described in (B) that were analyzed for the distribution of the TGNmarker 46 at 2 hr postinjection. Depicted are overviews and zoom of the merged

tetherin (red) and TGN46 (green) channel. Cell circumferences are indicated by white dashed lines. Scale bar, 10 mM (see also Figure S5).

Figure 6. O-Nefs Do Not Antagonize the Short Isoform of Human Tetherin

(A) Amino acid alignment of the long and short isoforms of HUM tetherin.

(B) Expression of the short form of human tetherin in the presence of Vpu or the indicated Nef proteins. 293T cells were cotransfected with plasmids expressing

the indicated tetherin variants and Vpu or the indicated Nef proteins and examined by western blot 2 days later.

(C) Surface levels of tetherin expression on 293T cells transfected with constructs expressing the long or short isoforms of human tetherin. Results in (C)–(E) show

mean values (± SEM) derived from three to six transfections.

(D) Downmodulation of the two isoforms of human tetherin by the indicated viral proteins. Shown are the levels of cell surface expression relative to those obtained

in the presence of the vector expressing only EGFP.

(E) Virus release from 293T cells cotransfected with an HIV-1 NL4-3 DvpuDnef construct and vectors expressing the indicated viral proteins and a plasmid

expressing the short isoform of HUM tetherin. Virus yield was determined by p24 ELISA (left) and infection of TZM-bl cells (middle). The right panel shows the

correlation between both measurements (see also Figure S6).

Cell Host & Microbe

HIV-1 Group O Nefs Antagonize Human Tetherin

Cell Host & Microbe 16, 639–650, November 12, 2014 ª2014 Elsevier Inc. 647



EXPERIMENTAL PROCEDURES

Generation of MRCA Sequences

Nef MRCA sequences were inferred using both codon and nucleotide evolu-

tionary models as outlined in the Supplemental Experimental Procedures.

Expression Vectors

Bicistronic CMV promoter-based pCG expression vectors coexpressing vpu,

nef, CD4, or tetherin and EGFP or DsRed2, respectively, have been described

(Sauter et al., 2009). Splice-overlap extension PCR with primers introducing

XbaI and MluI restriction sites flanking the reading frames was used to

Figure 7. Role of O-Nef-Mediated Downmodulation of HUM Tetherin in HIV-1 Infectivity and Replication Fitness

(A) P4-CCR5 indicator cells were infected with vpu-defective HIV-1 NL4-3 IRES-EGFP constructs containing the indicated nef genes or a defective nef allele.

Infections were performed in triplicate with virus stocks containing 100 ng of p24 antigen. Shown are average values (± SEM) compared to the infectivity of the

nef-defective HIV-1 construct (100%).

(B) Levels of tetherin cell surface expression in uninfected PBMC cultures (n = 3) in the absence and presence of IFNa.

(C) Efficiency of p24 release in CD4+ T cells infected with HIV-1 NL4-3 constructs expressing the indicated nef alleles. Values present percentages of cell-free p24

antigen out of the total p24 detected in the presence and absence of IFNa and were derived from infections of T cells derived from three PBMC donors, each

performed in triplicate. Cell-free and cell-associated p24 antigen was quantified by ELISA at 5 days postinfection. The O nef alleles were examined in the context

of a vpu-defective NL4-3 construct. Constructs expressing the WT NL4-3 nef or containing disrupted vpu and/or nef alleles were examined for control.

(D) Enhancement of p24 release by HIV-1 group M and N accessory proteins. Data were derived from the experiment shown in (A). Shown are mean values (±

SEM; n = 3–9) obtained for the increase of p24 release by the presence of indicated viral genes in the HIV-1 NL4-3 proviral construct compared to the control

construct lacking intact vpu and nef genes.

(E) Virus replication in CD4+ T cells in the presence and absence of IFNa. The replication kinetics of HIV-1 NL4-3 constructs expressing the indicated Nef proteins

are shown in CD4+ T cells from three donors in the absence (upper lines) and presence (lower lines) of 500 U/ml IFNa. Results showmedian values of p24 antigen

production (± SEM; n = 3). Please note that the upper curves overlay one another.

(F) Cumulative p24 antigen release in the culture supernatant over 10 days of viral replication in the absence (left) and presence (right) of IFNa. Shown are mean

values (± SEM) for NL4-3 constructs expressing the O-MRCA and WT O-Nefs (HJ162, HJ428, HJ256) or the respective NTSVS mutant forms.

(G) Ratio of p24 production in the presence and absence of IFNa is plotted for each virus at 5 days postinfection. Symbols are the same as in (B) (see also

Figure S7).
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generate chimeric nef alleles as well as tetherin and nef mutants. PCR frag-

ments were purified from agarose gels and inserted into the pCG vector using

standard cloning techniques. All PCR-derived inserts were sequenced to

confirm their accuracy.

Cell Culture and Transfections

239T and TZM-bl cells were cultured and transfected or infected as described

in the Supplemental Experimental Procedures. PBMCs were isolated using

lymphocyte separation medium (Biochrom) and cultured as outlined in the

Supplemental Experimental Procedures.

Flow Cytometric Analysis

To determine the effect of Vpu and Nef on CD4 and tetherin cell sur-

face expression, 293T cells were transfected by the calcium phosphate

method with 1 mg of a CD4 or tetherin expression vector coexpressing

EGFP and 5 mg of pCG EGFP/Vpu or Nef constructs expressing EGFP

alone or together with Vpu or Nef. Two days posttransfection CD4 or teth-

erin expression was examined by FACS analysis as described previously

(Schindler et al., 2006). See Supplemental Experimental Procedures for

details.

Tetherin Antagonism

The capability of Vpu and Nef to antagonize tetherin was determined essen-

tially as described (Sauter et al., 2009). For details, see the Supplemental

Experimental Procedures.

Western Blot

Expression of Vpu, Nef, and tetherin was examined as described in the

Supplemental Experimental Procedures.

Sequence Analyses

Vpu or Nef amino acid sequences were aligned using multiple sequence align-

ment with hierarchical clustering (http://multalin.toulouse.inra.fr/multalin). Vpu

and Nef sequences were drawn from the HIV Sequence Database (http://

www.hiv.lanl.gov/content/index).

Nef Model Building

Structure diagrams based on the SF2 Nef were displayed with PyMOL (http://

www.pymol.org; accession number, 3RBB).

Microscopy

Confocal microscopy was performed using an LSM710 confocal microscope

(Carl Zeiss) as outlined in the Supplemental Experimental Procedures.

Endocytosis Assay

293T cells were transfected with tetherin and Nef expression constructs as

described previously (Götz et al., 2012). Surface tetherin was stained 48 hr

posttransfection, and endocytosis was allowed up to 60 min. Endocytosed

tetherin was measured by FACS. For details, see the Supplemental Experi-

mental Procedures.

Tetherin Anterograde Biosynthetic Transport Assay

HT1080 cells were microinjected and analyzed by confocal microscopy as re-

ported previously (Schmidt et al., 2011). See the Supplemental Experimental

Procedures for details.

Analysis of Viral IFNa Sensitivity

Negatively selected CD4+ T cells were either pretreated with 500 U/ml

IFNa2, or not, for 24 hr and subsequently infected with viral stocks containing

2 ng reverse transcriptase activity. Virus production was monitored by p24

ELISA.

Statistical Analysis

All statistical calculations were performed with a two-tailed unpaired Student’s

t test using GraphPad Prism 5.0. p values < 0.05 were considered significant.

Correlations were calculated with the linear regression module.
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activity of tetherin/BST-2 without affecting its
effect on virus release
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Abstract

Background: Tetherin (or BST-2) is an antiviral host restriction factor that suppresses the release of HIV-1 and other

enveloped viruses by tethering them to the cell surface. Recently, it has been demonstrated that tetherin also acts

as an innate sensor of HIV-1 assembly that induces NF-κB-dependent proinflammatory responses. Furthermore, it

has been reported that polymorphisms in the promoter and 3‘ untranslated region of the bst2 gene may affect the

clinical outcome of HIV-1 infection. However, non-synonymous polymorphisms in the bst2 open reading frame

have not yet been described or functionally characterized.

Results: Mining of the Exome Variant Server database identified seven very rare naturally occurring missense

variants of tetherin (Y8H, R19H, N49S, D103N, E117A, D129E and V146L) in human populations. Functional analyses

showed that none of these sequence variants significantly affects the ability of tetherin to inhibit HIV-1 virion

release or its sensitivity to antagonism by HIV-1 Vpu or SIVtan Env, although Y8H alters a potential YxY endocytic

motif proposed to play a role in virion uptake. Thus, these variants do most likely not represent an evolutionary

advantage in directly controlling HIV-1 replication or spread. Interestingly, however, the R19H variant selectively

abrogated the signaling activity of tetherin.

Conclusions: Restriction of HIV-1 virion release and immune sensing are two separable functions of human

tetherin and the latter activity is severely impaired by a single amino acid variant (R19H) in the cytoplasmic part

of tetherin.

Background
Tetherin (BST-2, CD317, HM1.24) is an interferon-

induced host restriction factor that inhibits the release of

HIV, Ebola, Lassa, Herpes and other enveloped viruses

from infected cells by tethering nascent virions to the

plasma membrane [1-5]. Tetherin is a dimeric type II

transmembrane protein with a size of 30–36 kDa [6]. It

contains a cytoplasmic N-terminal region, a transmem-

brane domain, a glycosylated coiled-coil extracellular do-

main, and a C-terminal glycosylphosphatidylinositol (GPI)

anchor [6]. The unusual topology of this restriction factor

with both a transmembrane domain and a GPI anchor

allows it to directly tether budding virions to host cells

with one membrane anchor sticking in the virion and the

other one remaining in the cellular membrane [7]. The

coiled-coil domain of tetherin seems to provide confor-

mational flexibility to allow this anchoring process [8].

Most simian immunodeficiency viruses (SIVs), including

the direct precursors of HIV-1 infecting chimpanzees and

gorillas, use their accessory Nef protein to antagonize

tetherin of their respective host species [9-11]. Human

tetherin, however, contains a five amino acid deletion in

its cytoplasmic domain that evolved in hominids after

their divergence from chimpanzees [12] and confers resis-

tance to Nef [9-11]. The pandemic major (M) group of

HIV-1 managed to switch from Nef to Vpu to counteract

the human tetherin orthologue [10]. In contrast, with a

single documented exception [13], the rare HIV-1 group

N, O, and P strains have apparently thus far failed to

evolve effective antagonists during adaptation to humans
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[10,13-15]. Thus, efficient tetherin antagonism may have

been a prerequisite for the efficient spread of the AIDS

pandemic [16]. A recent study suggests that the cytoplas-

mic deletion not only rendered human tetherin resistant

to Nef but also enhanced its ability to act as an innate

sensor of HIV-1 assembly that induces NF-κB-dependent

proinflammatory responses [17].

Like other antiviral host restriction factors, such as

TRIM5α (tripartite motif 5-α) proteins that induce

untimely uncoating of the viral capsid and APOBEC3G

(apolipoprotein B mRNA-editing enzyme, catalytic poly-

peptide-like 3G) that causes lethal hypermutation of the

viral genome, bst2 shows evidence of positive selection

[18,19]. It has been reported that polymorphisms in the

human trim5α, APOBEC3G and bst2 genes are associated

with the clinical course of HIV-1 infection supporting a

relevant role of these restriction factors in vivo [20-25].

Previous investigations of the bst2 gene focused on varia-

tions in the promoter or 3’ untranslated region that

may affect the expression levels of this restriction factor

[25]. Here, we characterized seven rare variants of the

human bst2 gene that change the amino acid sequence

of this restriction factor (Y8H, R19H, N49S, D103N,

E117A, D129E and V146L). We demonstrate that one of

these missense variants, R19H, disrupts the signaling

activity of human tetherin without impairing its ability

to restrict HIV-1 release.

Results
Non-synonymous polymorphisms in the human bst2 gene

A database search of the Exome Variant Server (http://evs.

gs.washington.edu/EVS/), containing data on the exonic

genetic variability of human genes as identified by exome

sequencing of a several thousand individuals of European

and African American descent, was performed in April

2012 to identify potential missense variants of tetherin. As

expected from previous studies [18,19], we did not find

any common non-synonymous polymorphisms in human

bst2 with a minor allele frequency (MAF) > 1%. However,

the initial analysis allowed to identify eight very rare

missense variants (MAF < 0.05%) in different human

populations, although one of them (H68Y) was omitted

from the database in subsequent releases and therefore

probably was a false positive finding. Of the remaining

seven missense variants, four (Y8H, R19H, N49S, D103N)

were detected in people of European American descent,

two (E117A, D129E) in African Americans and one

(V146L) in both populations (Table 1). The single nucleo-

tide polymorphisms (SNPs) are distributed throughout the

bst2 gene (Figure 1A). Two of the predicted amino acid

changes (Y8H, R19H) are located in the cytoplasmic N-

terminal region, one (N49S) adjacent to the transmem-

brane domain, and four (D103N, E117A, D129E and

V146L) in the extracellular coiled-coil region (Figure 1B).

Most of these alterations do not affect previously defined

functional domains or structural motifs (Figure 1A), such

as the GPI attachment signal, the two N-linked glycosy-

lation sites or the three cysteine residues that are critical

for homodimerization [6,26]. The exception is Y8H that

affects a non-canonical YxY motif (Figure 1A). It has been

reported that this motif is involved in the endocytic

recycling of tetherin and that its ability to interact with

adaptor protein complexes promotes virion uptake and

subsequent degradation in lysosomes [27].

Missense variants of human tetherin do not impair its

ability to restrict virion release

To examine whether these seven variants may affect the

cell surface expression levels of tetherin, we transfected

293T cells with vectors expressing wild-type and mutant

forms of tetherin and analyzed them by flow cytometry

two days post transfection. Notably, we used two different

antibodies for detection because the E117A substitution

disrupted the previously described epitope (L116-L127) of

the anti-BST-2 antibody from Chugai Pharmaceuticals

[28] (Figure 2A) and the D129E substitution abrogated the

interaction with the eBioscience antibody (Figure 2B). Our

analyses showed that most tetherin variants were expres-

sed as efficiently as wild-type tetherin on the cell surface

(Figure 2B). Only the N49S substitution which is located

just outside of the transmembrane domain (Figure 1B)

significantly reduced the cell surface expression levels of

Table 1 Non-synonymous polymorphisms in the tetherin open reading frame

Allele count

Amino acid change rsID European American African American All Conservation (phastCons) Clinical link

Y8H rs141648094 G = 4/A = 8596 G = 0/A = 4406 G = 4/A = 13002 0.0 Not known

R19H - T = 2/C = 8598 T = 0/C = 4406 T = 2/C = 13004 0.0 Not known

N49S rs144978205 C = 6/T = 8594 C = 0/T = 4406 C = 6/T = 13000 0.591 Not known

D103N - T = 1/C = 8599 T = 0/C = 4406 T = 1/C = 13005 0.0010 Not known

E117A - G = 0/T = 8600 G = 1/T = 4405 G = 1/T = 13005 0.135 Not known

D129E - C = 0/G = 8600 C = 2/G = 4404 C = 2/G = 13004 0.0 Not known

V146L - A = 3/C = 8597 A = 1/C = 4405 A = 4/C = 13002 0.0 Not known
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tetherin. Western blot analysis confirmed that only the

N49S variant significantly reduced the total levels of

tetherin expression (Additional file 1: Figure S1). As

expected, the D129E mutation disrupted the epitope of the

eBioscience antibody and the E117A mutation prevented

detection by the Chugai antibody. Although it has been

reported that certain mutations in the cytoplasmic tail may

affect the glycosylation pattern and maturation of tetherin

[17] this was obviously not the case for these naturally oc-

curring polymorphisms (Additional file 1: Figure S1A, B).

Since Y8H alters a previously described non-canonical

YxY endocytosis signal [27], we also analyzed whether

this mutation may affect the internalization rate of

tetherin. We found that the Y8H variant showed a mark-

edly reduced internalization rate compared to the major

form of human tetherin (Figure 2C). However, the dis-

ruptive effect of the Y8H change alone was less severe

than the combined mutation of both tyrosine residues

(Y6A, Y8A).

To test whether the amino acid variations affect the

anti-retroviral activity of tetherin, we measured infectious

virus yields from 293T cells following cotransfection of a

vpu-deleted HIV-1 proviral construct [29] with various

quantities of tetherin expression plasmid. We found that

all tetherin variants potently inhibited infectious virus re-

lease in a dose-dependent manner and that even the N49S

variant that showed modestly reduced levels of cell surface

expression inhibited virion release as efficiently as wild-

type tetherin (Figure 3). Thus, the seven rare missense

variants analyzed had no significant effect on the ability of

tetherin to restrict HIV-1 release.

Missense variants do not confer resistance to HIV-1 M Vpu

or SIVtan Env

Next, we examined the susceptibility of the tetherin

variants to antagonism by Vpu by cotransfecting 293T

cells with an HIV-1 proviral construct containing an

intact vpu gene and constructs expressing the various

tetherin proteins. As expected from previous studies

[10], the release of wild-type HIV-1 was substantially less

inhibited by tetherin than the vpu-defective derivative

(Figure 4, upper panel). The seven tetherin variants were

all as active against vpu-expressing HIV-1 as wild-type

tetherin (Figure 4). This result implies that these mis-

sense variants do not affect the susceptibility of tetherin

to counteraction by Vpu. Some primate lentiviruses use

their Envelope (Env) proteins instead of Vpu to counter-

act tetherin by targeting the extracellular domain of

tetherin [30,31]. Since most of the tetherin polymor-

phisms are located in the extracellular part we wondered

whether they may confer resistance to Env. To test this,

we analyzed the Envelope protein of SIVtan, infecting

Tantalus monkeys, which has been shown to efficiently

counteract human tetherin [30]. Experiments in transi-

ently transfected 293T cells demonstrated that the

SIVtan Env reduced the surface expression of all tetherin

variants by about 40% (Figure 5A, B) and generally

enhanced infectious virus release (Figure 5C). Thus,

none of the polymorphisms affected the sensitivity of

tetherin to SIVtan Env.

The R19H variant disrupts the signaling activity of human

tetherin

In the following experiments we analyzed the impact of

the seven naturally occurring variants on the signaling

activity of human tetherin [17,32,33]. To examine this,

B
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Figure 1 Localization of missense variants in human tetherin.

(A) Codons containing non-synonymous variants in the tetherin

gene are boxed in red. Non-synonymous exchanges are indicated

above the nucleotide sequence and the predicted amino acid

changes are shown below the protein frame. The Kozak sequence of

the tetherin gene is highlighted in grey and both alternative start

codons are indicated by arrows. Cysteine residues involved in

dimerization and the two N-linked glycosylation sites are indicated

in yellow and green respectively. ω marks the omega site of GPI

anchor addition. (B) Schematic presentation of the position of the

variants in regard to the structural elements of tetherin. Tetherin is

depicted as a dimer and the two glycosylation sites are indicated.
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we cotransfected 293T cells with tetherin expression

plasmids, NF-κB dependent or independent firefly luci-

ferase constructs and a reporter plasmid expressing

gaussia luciferase under the control of a minimal pro-

moter. Dual luciferase assays were performed and the

firefly luciferase signals were normalized to the corre-

sponding gaussia luciferase signals to compensate for

differences in transfection efficiencies. In agreement with

published data [17,33], wild-type tetherin strongly in-

duced NF-κB activation and substitution of the N-

terminal Y residues (Y6A, Y8A) disrupted this effect

(Figure 6A). In contrast, alterations in the extracellular

coiled-coil region of tetherin (D103N, E117A, D129E

and V146L) did not significantly affect the ability of

tetherin to promote NF-κB-dependent gene expression.

Notably, the Y8H polymorphism did not reduce the sig-

naling activity of tetherin either (Figure 6A) indicating

that one N-terminal tyrosine-residue is sufficient for this

function. In agreement with the modest reduction of its

expression at the cell surface (Figure 2), the N49S tetherin

variant showed a weakly but significantly reduced activity

in NF-κB activation (Figure 6A). Most notably however,

the R19H substitution significantly reduced the signaling

activity of tetherin (Figure 6A). Thus, this positively

charged arginine residue is critical for the ability of human

tetherin to efficiently induce NF-κB-dependent gene ex-

pression but is dispensable for the restriction of HIV-1

virion release. We confirmed these findings using a

reporter vector that contains six instead of three NF-κB

binding sites and by using 293 instead of 293T cells

(Additional file 2: Figure S2). To exclude artifacts due

to high expression levels of tetherin, we titrated the

tetherin expression vectors over two orders of magnitude.

Activation of NF-κB by the R19H and Y6A, Y8A mutants

was generally reduced (Additional file 2: Figure S2).

To determine tetherin-dependent NF-κB activation in

case of heterozygosity we cotransfected expression vec-

tors for wild-type and R19H tetherin in equal amounts.

Activation of NF-κB was significantly higher in mixed

wt/R19H samples compared to R19H tetherin alone

and comparable to wild-type tetherin (Figure 6B). Thus,

wild-type tetherin is acting in a dominant fashion

and may rescue signaling in wt/R19H heterozygous

individuals.
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Figure 2 Effect of variants on cell surface expression and internalization of tetherin. (A) FACS analysis of 293T cells transfected with

vectors expressing the indicated tetherin variants. Shown are results obtained with the antibody from Chugai Pharmaceuticals (B) Cell surface

expression levels of all tetherin variants. Shown are average values ± SD (n = 2) of the mean fluorescence intensities (MFIs) measured for the

indicated tetherin variants relative to those obtained for the wild-type tetherin protein (100%). (C) Internalization rate of surface tetherin in 293T

cells transfected with the indicated tetherin variants. Shown are average values ± SEM (n = 2).
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Figure 3 Effect of variants on the ability of tetherin to restrict virion release. Virus release from 293T cells following transfection with a

vpu-deficient proviral HIV-1 NL4-3 construct and varying amounts of plasmids expressing the indicated tetherin variants. Infectious virus yield was

determined by infection of TZM-bl indicator cells and is shown as a percentage of that detected in the absence of tetherin (100%). Shown are

average values ± SD derived from two independent experiments, each performed in triplicate.
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Figure 4 Effect of variants on the susceptibility of tetherin to antagonism by Vpu. Virus release from 293T cells following transfection with

the wild-type proviral HIV-1 NL4-3 construct and varying amounts of tetherin expression plasmids. Results obtained with the vpu-deficient proviral

construct are shown in the upper panel for comparison. Infectious virus release was determined as described in the legend of Figure 3. Shown

are average values ± SD derived from two independent experiments, each performed in triplicate.
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expression in 293T cells transiently cotransfected with tetherin, NF-κB-dependent (three NF-κB binding sites) or -independent firefly luciferase

constructs and a reporter plasmid expressing gaussia luciferase under the control of a minimal promoter. The results show mean values ± SD of

three independent transfections. (B) Equal amounts of vectors expressing wild-type and R19H tetherin were transfected to mimic heterozygosity.

Mean values ± SD of four independent experiments in triplicates are shown.

Sauter et al. Retrovirology 2013, 10:85 Page 6 of 10

http://www.retrovirology.com/content/10/1/85



Discussion
In this study, we functionally characterized seven very

rare sequence variants of human tetherin. Our results

show that none of them significantly reduces the ability

of tetherin to restrict HIV release or its sensitivity to

antagonism by HIV-1 Vpu or SIVtan Env. However,

although these variants are very rare and do most likely

not directly affect the control of HIV-1 replication or

transmission, they led to two interesting observations.

First, mutation of Y8H that affected a previously des-

cribed YxY motif in the cytoplasmic tail of tetherin [27]

did not impair its antiviral or signaling activity. Second,

we found that substitution of R19H disrupts the signaling

activity of human tetherin without reducing its capability

to inhibit virus release. Thus, these two key functions of

human tetherin are genetically separable.

Our finding that the Y8H substitution that shows a

minor allele frequency of about 0.05% in Caucasians and

seems to be absent in African Americans (Table 1) did

not significantly affect the antiviral activity of human

tetherin is in agreement with previous findings, showing

that the presence of one of these two tyrosine residues

and not the conservation of an YxY-based motif is criti-

cal for endocytosis of tetherin and its signaling activity

[17,27,33]. Interestingly, however, the Y8H substitution

reduced the internalization rate of tetherin albeit not as

drastically as the double Y6A/Y8A mutation. Thus, our

data confirm, that efficient endocytosis of tetherin is not

required for the activation of NF-κB [17]. Notably, how-

ever, the relevance of the two N-terminal tyrosine residues

for the steady state surface levels and endocytosis of

human tetherin is somewhat controversial. Rollason and

coworkers reported that tetherin was efficiently interna-

lized if Y6 or Y8 were mutated individually, whereas the

double mutant Y6A/Y8A was not endocytosed [34]. In

our experiments, however, the Y8H change clearly re-

duced the internalization rate of tetherin (Figure 2C).

Notably, Rollason et al. mutated the tyrosine residues to

alanine and the introduction of the aromatic histidine

residue may explain the discrepancy. Masuyama et al.

performed similar analyses and described a slightly increa-

sed surface expression of the single mutants compared to

wild-type tetherin but did not observe any change of the

internalization rate [27]. A third study reported that

even the double-mutant Y6A/Y8A was robustly endocyto-

sed indicating that the YxY motif is not required for the

constitutive internalization of tetherin [35].

The disruptive effect of the R19H substitution (MAF of

0.015%) on the signaling activity of tetherin came as a

surprise since the Neil group has previously demonstrated

that amino acids 9 to 11 (CRV) are critical for this func-

tion [17]. In the previous study alanine substitutions at

positions 17 to 21 (DKRCK) impaired tetherin-mediated

signaling but also reduced its steady state expression levels

thus precluding meaningful functional analyses [17].

Notably, Galão and coworkers introduced triple alanine

scanning mutations in the cytoplasmic domain of tetherin.

Thus, their data do not contradict our finding that the

arginine at position 19 is critical for the ability of tetherin

to mediate efficient immune signaling but not for its anti-

viral activity or steady-state surface expression levels. It is

tempting to speculate that both, residues 9 to 11 (CRV)

and R19 may be important for the signaling activity of hu-

man tetherin because they are flanking a putative TRAF6

binding motif. The consensus motif (PxExx[Ar/Ac]) is

only present in human tetherin and the CRV9-11 and R19

residues are flanking this site (CRVPMEDGDKR). Struc-

tural analyses have shown that at least eight amino acid

residues (xxPxExx[Ar/(Ac]) are involved in TRAF6 bind-

ing [36], which may explain why mutation of CRV/AAA

disrupted this interaction [17]. Interestingly, this putative

TRAF6 binding motif emerged due to a hominid-specific

deletion of the DDIWK motif in tetherin. This deletion is

generally absent in tetherin orthologues of non-human

primate species which induce little if any NF-κB activation

[17]. Potentially, this may explain why deletion of the

DDIWK motif enhanced NF-κB activation by an ape

tetherin orthologue and vice versa its reintroduction into

human tetherin severely impaired this signaling activity

[17]. In contradiction to an important functional role of

this putative TRAF6 interaction motif it has been reported

that mutations in this region (P12-D17) do not disrupt

tetherin-mediated signaling [17]. Notably, a recent study by

Tokarev and colleagues could not co-immunoprecipitate

tetherin with TRAF6 [37] and we were also unable to detect

an interaction between tetherin and TRAF6 although we

employed a variety of experimental systems including co-

immunoprecipitations, reporter protein complementation

assays and in vitro binding assays using purified proteins

(data not shown). Thus, further studies on the functional

impact of R19H, the humanoid-specific deletion, and the

potential TRAF6 binding site in tetherin seem highly

warranted.

The missense variants examined in the present study

did not significantly affect the susceptibility of tetherin

to antagonism by HIV-1 group M Vpu or SIVtan Env. It

is noteworthy, however, that other viruses have also

evolved antagonists of tetherin targeting the domains

affected by these polymorphisms. For example, human

Kaposi's sarcoma-associated herpesvirus (KSHV) encodes

the RING-CH E3 ubiquitin ligase K5 that targets K18 in

the cytoplasmic tail of tetherin for ubiquitination and sub-

sequent degradation [38]. Similar to SIVtan, HIV-2 also

uses its envelope glycoprotein to counteract tetherin by

targeting the extracellular domain of this restriction factor

[30,31]. Notably, the HIV-2 Env is only active against

endogenous tetherin [30]. Thus, we were unable to deter-

mine whether the polymorphisms affect the susceptibility
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of tetherin to HIV-2 Env counteraction. In support of a

selective pressure some of the positions that are poly-

morphic in humans or adjacent residues show variations

between different primate species. For example, changes

of YxY to CxY or FxY are found in the tetherin ortholgues

of Sykes’ monkeys, talapoins and new world monkeys,

respectively. Furthermore, talapoin tetherin contains the

R19H changes analyzed in the present study and African

green monkeys, Patas monkeys and Francois’ leaf mon-

keys contain a cysteine instead of an arginine residue at

this position [39]. Thus, it will be of interest to further

examine the effect of these variants analyzed on the

susceptibility of tetherin to various viral antagonists.

The N49S substitution that was detected in European

(MAF of 0.05%) but not in African Americans sig-

nificantly reduced the tetherin surface expression and

signaling activity by about 20% to 30% (Figures 2 and 6).

We did not observe a significant effect of N49S on the

anti-HIV-1 activity of human tetherin although the

mutant tended to be slightly less active than the wild-

type form (Figure 4). Recently, it has been reported that

a 19-base-pair insertion polymorphism in the promoter

region of bst2 may be associated with faster disease pro-

gression and reduced expression levels of this restriction

factor [25]. Whether or not the reduced surface expres-

sion of the N49S tetherin variant has an impact on the

clinical outcome of HIV-1 infection remains to be deter-

mined and this will not be an easy task, given the rarity

of this variant.

Conclusions
We show that seven very rare sequence variants (Y8H,

R19H, N49S, D103N, E117A, D129E and V146L) do not

significantly affect the potency of human tetherin in

inhibiting the release of HIV-1 particles or its sensitivity to

antagonism by HIV-1 Vpu or SIVtan Env. The R19H vari-

ant, however, selectively abrogated the ability of tetherin to

induce NF-κB-dependent gene expression. Thus, inhibition

of virus release and immune sensing are separable func-

tions of human tetherin and the arginine residue at amino

acid position 19 plays a critical role in the latter activity.

Methods
Expression vectors

Bst2 was cloned into the CMV promoter-based pCGCG

expression vector coexpressing DsRed2 as previously

described [10]. Single nucleotide polymorphisms were

inserted using splicing by overlap extension PCR. To

ensure expression of both isoforms [33] the genuine

Kozak sequence was used. The pCAGGS vector express-

ing SIVtan Env was kindly provided by Ravindra Gupta

[30]. The NF-κB firefly luciferase reporter plasmids

containing three or six NF-κB binding sites were kindly

provided by Bernd Baumann.

A minimal promoter gaussia luciferase construct was

purchased from Clontech (#631909) and used for nor-

malization. It contains the TATA-like promoter (pTAL)

region from the Herpes simplex virus thymidine kinase

(HSV-TK) that is not responsive to NF-κB. The gaussia

luciferase in the pTAL vector was replaced by firefly luci-

ferase using NcoI/XbaI and the resulting construct was

used as a negative control for the NF-κB reporter plasmid.

Proviral constructs

Generation of the HIV-1 NL4-3-based proviral construct

coexpressing eGFP via an IRES and the vpu-deficient

mutant thereof has been described previously [29,40].

Cell culture and transfections

TZM-bl, 293T and 293 cells were grown under standard

conditions in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum, antibiotics and

L-glutamine. 293T and 293 cells were transfected using the

calcium-phosphate precipitation method.

FACS

To determine the cell surface expression levels of

tetherin, 293T cells were transfected with expression

vectors for GFP (1 μg) and tetherin (4 μg). To analyze

the effect on SIVtan Env on tetherin surface expression

levels, 293T cells were cotransfected with expression

vectors for GFP (1 μg), tetherin (1 μg) and SIVtan Env

(4 μg). Two days post transfection cells were analyzed by

flow cytometry essentially as described previously [13].

Briefly, cells were stained with an unconjugated anti-BST-

2 antibody from Chugai Pharmaceuticals or eBioscience

and an APC-conjugated secondary anti-mouse antibody

(Invitrogen). Fluorescence of stained cells was detected by

two-color flow cytometry and tetherin expression was

determined as mean fluorescence intensity of tetherin-

APC in GFP expressing cells. Notably, the previously

described epitope (L116-L127) of the antibody from

Chugai Pharmaceuticals [28] is disrupted by the E117A

substitution and the D129E substitution impaired the

interaction with the eBioscience antibody (Figure 2).

Western blot

To monitor tetherin expression, 293T cells were trans-

fected with expression vectors for tetherin (2.5 μg) and

GFP (2.5 μg). Two days post transfection cells were

harvested, lysed in M-PER buffer (Thermo Scientific)

and cell lysates were separated in 4-12% Bis-Tris gels

(Invitrogen). After gel electrophoresis proteins were

transferred to PVDF membranes and probed with an

anti-BST-2 antibody from Chugai Pharmaceuticals or

eBioscience. For internal controls, blots were incubated

with antibodies specific for GFP (290-50, abcam) and β-

actin (8227-50, abcam). Subsequently, blots were probed
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with anti-mouse or anti-rabbit IRDye Odyssey antibodies

and proteins detected using a LI-COR Odyssey scanner.

Internalization assay

To determine the internalization rate of tetherin, 293T

cells were cotransfected with GFP and tetherin expression

vectors. 40 h post transfection, surface tetherin was

stained as described above and cells were incubated for 0,

5, 10, 20, 30 or 60 min at 37°C to allow internalization of

tetherin. After incubation, surface staining was removed

with an acidic wash (pH 2.0) in one half of the samples.

The other half remained untreated for normalization. The

amount of stained tetherin was quantified by flow cytome-

try. The internalization rate was determined by dividing

the MFI of the internalized tetherin (samples with acidic

wash) by the MFI of the cells without acidic wash.

Virus release assay

To determine the ability of tetherin to restrict the release

of infectious virions, 293T cells were seeded in six-well

plates and transfected with 5 μg of HIV-1 NL4-3 IRES

eGFP (wild-type or vpu-deficient) and different dilutions

of tetherin expression vectors (250, 100, 50, 25, 12.5, and

6.25 ng). To determine the ability of SIVtan Env to

antagonize tetherin, 293T cells were cotransfected with

4 μg of vpu-deficient HIV-1 NL4-3 IRES eGFP, 1 μg of

vectors expressing SIVtan or HIV-1 M NL4-3 Env and

varying amounts of tetherin expression vectors. Two days

post transfection supernatants were harvested and the

yield of infectious HIV-1 was determined by a 96-well

infection assay on TZM-bl indicator cells.

NF-κB reporter assay

Transfections for luciferase assays were performed in

96-well plates and each transfection was performed in

triplicates. Tetherin expression plasmids (75 ng) were

transfected in 293T cells along with NF-κB-dependent

or -independent firefly luciferase constructs (125 ng)

and a pTAL promoter gaussia luciferase reporter plas-

mid (25 ng). 48 h post transfection, dual luciferase assays

were performed. Firefly luciferase signals were norma-

lized to the corresponding gaussia luciferase signals.

Statistical analysis

All statistical calculations were performed with a two-

tailed unpaired Students-t-test using Graph Pad Prism

Version 5.0. P values <0.05 were considered significant.

Variant database

Single nucleotide variants were accessed from the Exome

Variant Server, NHLBI GO Exome Sequencing Project

(ESP), Seattle, WA (URL: ) (April 2012).

Additional files

Additional file 1: Figure S1. Expression of tetherin variants: 293T cells

were transiently transfected with expression vectors for the indicated

tetherin variants. Cells were lysed two days post transfection and total

tetherin levels were determined by immunoblotting using anti-tetherin

antibodies from (A) Chugai Pharmaceuticals or (B) eBioscience. GFP and

β-actin served as transfection and loading controls, respectively. (C) The

tetherin signal intensities were quantified and normalized to β-actin. The

mean ± SEM of three independent blots incubated with the anti-BST2

antibody from Chugai Pharmaceuticals is shown.

Additional file 2: Figure S2. Impact of variants on the ability of

tetherin to activate NF-κB. (A) Activation of NF-κB-dependent firefly

luciferase reporter gene expression in 293T or 293 cells transiently

cotransfected with tetherin, NF-κB-dependent or -independent firefly

luciferase constructs and a reporter plasmid expressing gaussia luciferase

under the control of a minimal promoter. 3x and 6x NF-κB indicates a

reporter vector with three or six NF-κB binding sites, respectively. Mean

values ± SD of three independent transfections are shown. (B) Titration of

the tetherin expression vectors. 293T cells were cotransfected with

tetherin, NF-κB-dependent (three NF-κB binding sites) or -independent

firefly luciferase constructs and a reporter plasmid expressing gaussia

luciferase under the control of a minimal promoter. The mean of three

independent transfections is shown.
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Abstract

Tetherin (BST-2, CD317) is an interferon-inducible cellular factor that inhibits the release of diverse enveloped
viruses by tethering them to the cell surface. Its importance in antiviral immunity is underscored by the
observation that various viruses have evolved antagonists against this restriction factor. Accumulating
evidence suggests that this is not only due to its ability to inhibit virus release but that tetherin also acts as an
innate immune sensor of viral infections that activates NF-κB to induce an inflammatory response. Furthermore,
tetherin modulates immune activation through interactions with the immunoglobulin-like transcript 7 (ILT7,
LILRA4). This surface receptor is specifically expressed on plasmacytoid dendritic cells, which are the main
producers of type I interferons in response to viral infections. Here, we summarize someof our current knowledge
about the role of tetherin as a viral immune sensor and discuss how the accessory HIV-1 (human
immunodeficiency virus type 1) Vpu protein counteracts this effect.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Over the last decade, it has become clear that
humans and other mammals are equipped with a
variety of specific cellular antiviral factors. These
so-called “host restriction factors” inhibit retroviral
replication at different steps of the viral life cycle, are
usually induced by type I interferons (IFNs), show
signatures of positive selection, and are counteracted
by virus-encoded antagonists [1–3]. The three most
extensively studied antiviral factors are APOBEC3G
(apolipoprotein B mRNA-editing enzyme, catalytic
polypeptide-like 3G), a cytidine deaminase that
suppresses reverse transcription and introduces lethal
G-to-A substitutions into the HIV-1 (human immuno-
deficiency virus type 1) genome [4]; TRIM5α (tripartite
motif 5-alpha), which binds incoming viral capsids in
the cytoplasm and deregulates uncoating [5]; and
tetherin (BST-2, CD317, or HM1.24), which tethers
budding virions to the cell surface of infected cells
[6,7].More recently, the deoxynucleoside triphosphate
triphospho-hydrolase SAMHD1 (sterile alpha motif
and histidine/aspartic acid domain-containing protein
1) has been identified as a factor that inhibits infection
of non-dividing cells such as dendritic cells (DCs),

monocytes, macrophages, and resting CD4+ T cells
at an early step of the viral life cycle [8–10]. Whereas
HIV-2 and some simian immunodeficiency viruses
(SIVs) such as SIVmac are able to overcome this
restriction by Vpx- or Vpr-mediated counteraction of
SAMHD1,HIV-1 does not encode anantagonist of this
restriction factor. In addition to APOBEC3G, TRIM5α,
tetherin, and SAMHD1, further antiviral restriction
factors remain to be discovered or characterized
[11,12].
Most host restriction factors interact specifically with

viral pathogens. Thus, they are also well qualified to
act as pattern-recognition receptors (PRRs) and to
activate immune signaling pathways. TRIM5α, for
example, does not only serve as a restriction factor but
also activates the TAK1 kinase and stimulates AP-1
andNF-κBsignaling upon sensing of retroviral capsids
[13]. Recent evidence suggests that tetherin is also
acting as a viral sensor that stimulates NF-κB
activation and triggers an antiviral response [14–16].
This effect is diminished by the HIV-1 Vpu protein that
also counteracts tetherin-mediated restriction of virus
release [6,7]. In this review, we summarize some of
our knowledge on the role of tetherin in viral sensing
and immune activation. Moreover, we discuss how
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HIV-1 Vpu may diminish these effects. The detailed
mechanism of how tetherin restricts release of
enveloped viruses, as well as its antagonism by
various viral factors, has been addressed in several
recent in-depth reviews [2,3,17] and is thus only briefly
mentioned.

Antiviral Effect of Tetherin and
Antagonism by HIV

Tetherin is an unusual type II transmembrane
protein that contains both an N-terminal transmem-
brane domain and a C-terminal glycosyl-phosphatidy-
linositol (GPI) anchor [18] (Fig. 1). The extracellular
part forms a long α-helix, which adopts a canonical
coiled-coil structure that contains three cysteines that
form disulfide bonds with the corresponding cysteines
of a second tetherin molecule [19] (Fig. 1). Most likely,
tetherin causes viral retention because one trans-
membrane anchor remains in the cellular plasma
membrane, whereas the other sticks in the viral
membrane [20,21]. A recent study by Venkatesh and
Bieniasz [22] suggests that there is a three- to fivefold
preference for the insertion of the GPI anchor rather
than the transmembrane domain into viral particles.
This preferential exposure of the N-terminus to the
cytoplasm may allow the activation of NF-κB in
infected cells.

Primate lentiviruses exploit no less than three
factors (Vpu, Nef, or Env) to antagonize tetherin [23]:
Vpu is used by HIV-1 and some SIVs infecting
Cercopithecus monkeys to counteract tetherin
[6,7,24,25]. Vpu interacts with the transmembrane
domain of tetherin in a highly specific manner and
targets it to the trans-Golgi network for proteasomal
and/or lysosomal degradation by a βTrCP-depen-
dent mechanism [26–31]. Interestingly, however,
mutation of the βTrCP-binding motif only partially
abrogates the anti-tetherin activity of Vpu. It has
been suggested that Vpu counteracts tetherin in a
βTrCP-independent manner by sequestering it
within endosomal compartments [31–33]. Notably,
downmodulation of cell surface expression and/or
degradation of tetherin seems dispensable for the
enhancement of virion release in some cell lines [34].
Thus, the exact mechanism of Vpu-mediated
tetherin antagonism is currently unknown, although
it seems clear that Vpu keeps the restriction factor
away from the sites of virion budding. Most primate
lentiviruses that do not encode Vpu, as well as
SIVcpz and SIVgor, the vpu-expressing direct
precursors of HIV-1 that infect chimpanzees and
gorillas, respectively, exploit their multifunctional Nef
proteins to antagonize tetherin [24,35,36]. Recently,
it has been shown that this effect involves a direct
physical interaction between Nef and tetherin and is
dependent on clathrin-mediated endocytosis [37].
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Fig. 1. Structural determinants of tetherin-mediated signaling. Schematic representation of the major domains of human
tetherin including the C-terminal cytoplasmic tail, the transmembrane domain, the long α-helical extracellular coiled coil,
and the C-terminal GPI anchor. Residues that are crucial for tetherin-mediated NF-κB activation are highlighted in red.
These include the cytoplasmic YxY clathrin adaptor binding motif as well as the adjacent CRV motif, the cysteine residues
mediating tetherin dimerization via disulfide bonds, the glycosylated asparagines, and leucine residues L70 and L123 that
are required for tetherin multimerization and restriction of viral release, respectively. The highly conserved alternative
translation start site at M13 allows the generation of the signaling defective short isoform of tetherin. The human (HU)
cytoplasmic tetherin amino acid sequence is aligned with sequences from chimpanzees (CPZ), gorillas (GOR), African
green monkeys (AGM), and rhesus macaques (MAC). Amino acid identity is indicated by dots and gaps are indicated by
dashes. The human-specific deletion is highlighted in yellow.
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Finally, the Env proteins of some HIV-2 and SIVagm
strains also act as tetherin antagonists and seem to
interact with its ectodomain to sequester it to
intracellular compartments [38–40].

Induction of Tetherin

Tetherin is constitutively expressed at low levels in
many cell types, including primary CD4+ T cells,
macrophages, and DCs. It is well established that
tetherin expression is strongly induced by type I IFNs
[41]. Indeed, the tetherin promoter contains a single
interferon regulatory factor (IRF) binding site that
renders it responsive to IFN-α [42]. However, the
tetherin promoter contains a variety of additional
regulatory sequences including binding sites for
NF-AT and NF-κB as well as multiple consensus
sequence motifs related to IFN and interleukin 6
responses (ISRE and GAS elements) [43]. In fact, a
recent study showed that tetherin is upregulated

upon expression of IRF-1 and activated forms of IRF-3
and IRF-7, even in the absence of STAT-dependent
type I IFN signaling [42]. Furthermore, stimulation of
Toll-like receptor (TLR) 3 and TLR8, mediating
activation of IRF proteins, upregulated tetherin ex-
pression in peripheral bloodmononuclear cells prior to
engagement of the type I IFNpathway [42]. Altogether,
these findings show that tetherin is induced by signals
that also trigger type I IFN production, suggesting that
the induction of the type I IFN response and tetherin is
linked and supporting a relevant role of this restriction
factor in the early intrinsic immune response.

Viral Sensing and NF-κB Activation
by Tetherin

Although most prominently known for its ability to
restrict virion release, tetherin was actually identified
earlier in a whole-genome cDNA screen for factors
that induce NF-κB activation [44]. Recent studies
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Fig. 2. Involvement of tetherin in immune signaling. The IFN-inducible tetherin molecule restricts the release of mature
virions from infected cells. Sensing of viral particles together with tetherin multimerization/clustering may recruit a signaling
complex that is associated with TRAF- and Ubc13-dependent ubiquitin-mediated activation of the TAK1 kinase complex
that induces IKK-mediated phosphorylation and proteasomal degradation of IκB to allow NF-κB-dependent gene
expression. HIV-1 Vpu interferes with NF-κB activation by sequestering βTrCP and/or by tetherin cell surface
downmodulation. Viral retention and rerouting of tethered virions to endosomal compartments may increase the
recognition of viral pathogen-associated molecular patterns by TLRs and other PRRs, leading to enhanced expression of
antiviral genes such as type I IFNs, inflammatory cytokines, and tetherin, via the IRF pathway. Interaction between tetherin
and ILT7 on pDCs creates an inhibitory feedback loop that limits the TLR-induced expression of IFNs and inflammatory
cytokines. We speculate that tetherin may facilitate antibody opsonization by increasing the abundance of viral antigens at
the surface (Evans, personal communication). Antibody recognition by specialized effector cells carrying Fc receptors may
induce cytokine release and killing of the infected cell.
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confirmed that transient transfection as well as
cross-linking of cell surface tetherin induces NF-κB
activation [14–16,45]. One possible mechanism is
that the unusual topology (transmembrane domain
and GPI anchor) may allow tetherin to organize and/
or stabilize lipid rafts that may act as NF-κB signaling
platforms [45]. Interestingly, virion tethering signifi-
cantly increases tetherin-dependent induction of
NF-κB activity and induces the expression of
proinflammatory cytokines [14]. It has been reported
that the YxY motif in the cytoplasmic domain of
tetherin (Fig. 1) is critical for its signaling function but
dispensable for restriction of virion release [14–16].
The YxY motif interacts with members of the clathrin
adaptor protein family (AP-2 and AP-1) to regulate
the trafficking of tetherin between the plasma
membrane and the trans-Golgi network and/or
recycling endosomes [46,47]. Thus, these results
suggested that tetherin internalization may play a
role in its signaling function. Notably, the endocytic
uptake of tethered virions may potentially increase
the recognition of viral components, such as viral
RNAs that become accessible to membrane-resi-
dent TLRs upon virion degradation, by cellular
PRRs. Thus, tetherin-mediated endocytosis may
enhance NF-κB- as well as IRF-dependent expres-
sion of antiviral genes (Fig. 2). Accumulating
evidence suggests, however, that the cytoplasmic
tyrosine residues also play a role in mediating signal
transduction independently of their interaction with
adaptor protein complexes. The Neil group showed
that combined mutation of Y6A and Y8A disrupted
the interaction of human tetherin with TRAF6 [14], a
member of the TNF receptor-associated factors
(TRAFs) that belong to the family of E3 ubiquitin
ligases and are involved in NF-κB activation [48].
Together with the E2 ubiquitin conjugating enzyme
Ubc13, TRAF6 acts to polymerize K63-linked poly-
ubiquitin chains and to regulate the activity of the
transforming growth factor-β-activated kinase-1
(TAK1) complex consisting of TAK1 as well as the
regulatory subunits TAK1-binding protein (TAB)1
and TAB2 [49,50]. This complex phosphorylates and
activates the IKK complex, which induces the
activation of the canonical NF-κB pathway through
phosphorylation and subsequent proteasomal deg-
radation of the NF-κB inhibitor IκB [51] (Fig. 2).
Notably, tetherin was also coimmunoprecipitated
with TAB1, TAK1, and TAB2, as shown in a recent
publication by Tokarev et al., and the interaction with
TAB1 and TAK1 also required the YxY motif [15]. In
contrast to Galão et al., however, this study could not
confirm an interaction with TRAF6 but rather
observed an interaction with TRAF2. In further
support of an important role of TRAF-dependent
signaling, siRNA knockdown of TAK1, TRAF6,
TRAF2, and Ubc13 [14] and pharmacological
inhibition of TAK1 [15] abolished NF-κB activation
induced by tetherin overexpression. Finally, expres-

sion of dominant-negative mutants of IKKβ [16] and
IκB [15] also confirmed that tetherin-dependent
NF-κB activation occurs via the canonical pathway.
Notably, mutations in the three cysteine residues

(C53, C63, and C91) (Fig. 1) that stabilize tetherin
homodimers through intermolecular disulfide bonds
[18,19,43,52] also reduceNF-κB activation [14,15,45].
Further residues within the tetherin ectodomain where
mutations have been found to affect NF-κB activation
include L123 [14], L70, and the two N-linked glycosyl-
ation sites (N65 andN92) [15]. These findings suggest
that a structural integrity of the coiled-coil ectodomain
and especially the dimerization or multimerization of
tetherin are a prerequisite for efficient signaling.
However, it is under debate whether the GPI anchor
also plays a role in tetherin-mediated viral immune
sensing [14,15,45].
Interestingly, efficient viral immune sensing and

stimulation of NF-κB-induced inflammatory re-
sponses may be an evolutionarily recent function
that has been acquired by human tetherin but seems
to be absent in monkey and weak in greater ape
tetherin orthologues. Specifically, it has been shown
that three amino acid residues (CRV9–11) adjacent
to the Y6xY8 motif are also involved in NF-κB
activation [14] (Fig. 1). These residues are present in
the human and chimpanzee tetherin orthologues
that show some signaling activity but absent in the
tetherins of other non-human primate species that
lack the NF-κB activation function [14]. It is however
unknown whether gorilla tetherin, which also con-
tains the CRV motif, is able to activate NF-κB.
Furthermore, it has been reported that the 5-ami-
no-acid deletion in the cytoplasmic tail that is
characteristic for human tetherin greatly increases
its signaling capacity [14]. Notably, it has been
shown that a second isoform of human tetherin that
is detectable in primary cells and generated by
alternative translation initiation from a conserved
methionine residue at amino acid position 13 in the
cytoplasmic domain has distinct biological proper-
ties [16]: This short isoform lacks the N-terminal YxY
and CRV motifs and thus fails to induce NF-κB
activation (Fig. 1). Moreover, incorporation of the
short tetherin isoform into tetherin multimers reduces
the NF-κB activity induced by homo-oligomers of the
full-length tetherin isoform [16]. The short isoform
seems to be more resistant to antagonism by Vpu
and is thus particularly effective in inhibiting the
release of wild-type HIV-1 particles. Thus, it is
tempting to speculate that humans may have
evolved two isoforms of tetherin to ensure both
effective viral immune sensing and potent restriction
of virus release. However, experimental proof for this
hypothesis is currently sparse and it is evident that
Vpu significantly increases virus release from IFN-
treated primary cells. Thus, the relevance of the
short isoform of tetherin for the restriction of virus
release in vivo requires further study.
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HIV-1 Vpu Inhibits NF-κB Activation

Vpu counteracts tetherin, at least in part, by
decreasing its concentration at the cell surface and
by inducing its βTrCP-dependent proteasomal degra-
dation [7,26,31]. Thus, it is not surprising that Vpu
inhibits tetherin-mediated NF-κB activation [14,15].
However, tetherin-induced NF-κB activation is also
inhibited by mutant Vpus that are not tetherin antago-
nists and unable to downmodulate this restriction factor
from the cell surface [14,15]. These findings are
consistent with the results of other studies suggesting
that Vpu targets a factor further downstream in the
NF-κB signaling cascade [53–56] (Fig. 2).
It is well established that Vpu interacts with βTrCP

via a phosphorylation-based motif (DpSGXXpS) to
mediate proteolytic degradation of CD4 [57]. Within
these ternary complexes, Vpu itself is not degraded
but forms stable complexeswithβTrCP resulting in the
redistribution of βTrCP to Vpu-containing membrane
fractions [57]. SinceVpu accumulates in infected cells,
it acts as a dominant-negative inhibitor of βTrCP by
mediating its sequestration [54] and is associated with
the accumulation of βTrCP substrates, such as
β-catenin [58], p53 [59], and IκB [54]. Binding of IκB
to NF-κB retains the transcription factor as an inactive
complex in the cytoplasm. Phosphorylation of IκB by
IKK allows efficient interaction with βTrCP via a
DpSGXXpS motif and subsequent ubiquitin-depen-
dent degradation of IκB [60]. Thus, it is plausible that
Vpu inhibits NF-κB activation by preventing the
degradation of IκB. In support of a relevant role of
this mechanism in vivo, it has been shown that Vpu
inhibits Toll-dependent immune responses to fungal
infections by inhibiting Toll-mediated degradation of
Cactus, the homolog of IκB in aDrosophilamodel [56].
Notably, however, mutant Vpus that contain alter-
ations in two serine residues (S52 and S56) that are
phosphorylated by casein kinase II [61] and critical for
interaction with βTrCP [57] showed some residual
activity in inhibiting the Toll pathway in the Drosophila
model [56] and in suppressing tetherin-induced
signaling [15]. These findings indicate that there
might be a complementary mechanism, independent
of the sequestration of βTrCP, by which Vpu reduces
tetherin-mediated activation of NF-κB.

ILT7-Dependent Effects of Tetherin

It is well known that tetherin binds to immunoglobin-
like transcript 7 (ILT7, other synonymsare LILRA4and
CD85g) [62], a receptor exclusively expressed on
plasmacytoid DCs (pDCs) [63,64]. ILT7 is a negative
regulatory receptor that is found on resting pDCs and
strongly downregulated after viral or bacterial stimula-
tion [63,65]. The interactionwith tetherin initiates ILT7–
FcεRIγ complex-dependent signaling events, involv-
ing ITAM-mediated activation of Src and Syk kinases,

to inhibit production of IFNs and other proinflammatory
cytokines by pDCs [62,66] (Fig. 2). Furthermore, the
interaction of tetherin with ILT7 induces the internal-
ization of the restriction factor [62]. Based on these
observations, it has been suggested that the ILT7–
tetherin interaction may downmodulate TLR-induced
cytokine responses in pDCs in a negative-feedback
manner [67]. More recently, however, it has been
shown that tetherin blockade does not affect pDC
activation in peripheral blood mononuclear cell cul-
tures stimulated with either TLR7/9 ligands or HIV-1
[65]. Thus, an alternative possibility is that tetherin-
mediated ILT7 cross-linking may act as a homeostatic
regulatory mechanism on immature circulating pDCs,
rather than a negative feedback for activated mature
pDCs that have downregulated ILT7 [65]. While
tetherin is globally upregulated in infected and unin-
fected cells in response to type I IFNs, Vpu-mediated
downmodulation of tetherin occurs only in a small
subset of infected cells. Thus, although Vpu-mediated
reduction of tetherin cell surface expression may be
associated with decreased negative signaling via the
ILT7–tetherin pair, its effects on pDC activation and
type I IFN induction are probably negligible. Notably, it
has been suggested that the induction of type I IFNs by
pDCsmay play a key role in the pathogenesis of AIDS
[68]. Thus, further studies on the role of Vpu in chronic
immune activation and inflammation seem highly
warranted.

Perspectives

Although important progress has been made in
understanding the function of host restriction factors,
muchabout their dual role in antiviral immunedefense,
that is, direct antiviral effects and immune sensing to
initiate and boost innate immune responses, remains
to be elucidated. For example, it is poorly understood
how tetherin translates the sensing of budding virions
into anNF-κBactivating signal, andwhether clustering
of virion–tetherin complexes at lipid rafts plays a role in
this process. Furthermore, it will be interesting to
investigate whether tetherin may represent a link
between innate and adaptive immunity by enabling the
opsonization of trapped virions and the subsequent
killing of infected cells by natural killer cells (Fig. 2).
Work by Arias and Evans suggests that Vpu protects
HIV-1-infected cells from antibody-dependent cell-
mediated cytotoxicity by counteracting tetherin (DT
Evans, personal communication). Notably, the tether-
ing and immune signaling activities of tetherin seem to
be genetically separable [14,15]. Thus, it should be
possible to clarify their relative importance in the
antiviral immune defense in future studies. Another
interesting aspect is that (in contrast to the tethering
activity) the signaling activity of tetherin may be an
evolutionarily recent function that has only been
acquired by greater apes and was boosted by the
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5-amino-acid deletion in the cytoplasmic tail that is
characteristic for human tetherin. It will be worthwhile
to further investigate whether, when, how, and why
tetherin and other antiviral factors may have acquired
additional activities that augment their antiviral
potency.
It will also be interesting to determine to which extent

the typeandefficacy of the viral tetherin antagonistmay
influence the potency of the antiviral immune response,
the levels of immune activation, and the efficacy of viral
spread. For example, it has been shown that Vpu
reduces immune sensing of pandemic HIV-1 major M
strains [14]. Whether or not the Vpu proteins of
non-pandemic or rare group O, N, and P strains that
show little (N) or no (O, P) anti-tetherin activity
[24,25,69] are also capable of suppressing viral
immune sensing is currently unknown. It is known,
however, that HIV-1 group O strains can cause AIDS
[70–72]. Thus, lack of Vpu-dependent tetherin antag-
onism is obviously not generally associated with the
induction of protective immune responses. Nonethe-
less, further studies aiming to define possible differ-
ences between pandemicMand non-pandemic or rare
group O, N, and P HIV-1 infections in the antiviral
immune response, the viral loads in plasma and genital
fluids, and the clinical course of infection may provide
important insights into viral transmission and patho-
genesis and seem highly warranted.
Finally, it is clear that the virus has to establish a

delicate balance in inducing immune activation and
in modulating the transcriptional machinery of the
cell. For example, on the one hand, it is advanta-
geous for HIV-1 to induce NF-κB activation because
efficient LTR-dependent viral gene expression de-
pends on this transcription factor [73,74]. On the
other hand, NF-κB induces numerous immune
factors that may help to control viral infections. In
fact, it is evident that HIV and SIV fine-tune NF-κB
activity through multiple interconnected mechanisms
[75–79] and that the levels of NF-κB activation may
play an important role in viral latency and pathogen-
esis [74,80]. A better understanding of the regulation
of these processes and the mechanisms underlying
viral immune sensing may help to develop more
effective vaccines, to find ways to prevent harmful
levels of chronic inflammation, and perhaps even to
reduce the amount of latent viral reservoirs.
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HIV-1 Vpu Does Not Degrade Interferon Regulatory Factor 3

Dominik Hotter, Frank Kirchhoff, Daniel Sauter

Institute of Molecular Virology, Ulm University Medical Center, Ulm, Germany

It has been reported that HIV-1 Vpu mediates the degradation of interferon regulatory factor 3 (IRF-3) to avoid innate immune

sensing. Here, we show that Vpu does not deplete IRF-3 from transfected cell lines or HIV-1-infected primary cells. Further-

more, the Vpu-dependent suppression of beta interferon expression described in previous studies could be ascribed to inhibi-

tion of NF-�B activation. Thus, Vpu suppresses innate immune activation through inhibition of NF-�B rather than degradation

of IRF-3.

The viral protein U (Vpu) of HIV-1 is a 16-kDa integral mem-
brane protein produced together with Env during the late

stage of the viral replication cycle. The Vpu proteins of pandemic
HIV-1 group M (major) strains interact with the cytoplasmic tail
of newly synthesized CD4 in the endoplasmatic reticulum to me-
diate its polyubiquitinylation and proteasomal degradation (1, 2).
Degradation of the CD4 receptor may facilitate virion release, pre-
vent superinfection, and enhance the incorporation of functional
Env proteins into progeny viral particles. Second, Vpu promotes
virion release (3, 4) by counteracting the restriction factor tetherin
(BST-2), which tethers nascent virions to the cell surface (5, 6).
Recent studies have suggested that Vpu also reduces cell surface
expression of the natural killer (NK) cell ligands NTB-A and PVR
(7, 8) and the lipid-antigen-presenting protein CD1d (9) to pro-
tect HIV-1-infected cells against NK cells and natural killer T
(NKT) cells, respectively. Finally, it has been reported that Vpu
mediates depletion of interferon regulatory factor 3 (IRF-3), a
transcription factor that plays a central role in pathogen recogni-
tion receptor (PRR) signaling, to avoid innate immune sensing in
virus-infected cells (10, 11).

Vpu is only encoded by HIV-1 and its simian immunodefi-
ciency virus (SIV) precursors. We and others have shown that the
Vpu proteins of group M, N, O, and P strains of HIV-1, which
resulted from independent zoonotic transmissions, and their SIV
counterparts exhibit fundamental functional differences (12–16).
Perhaps most notably, only Vpus of pandemic group M strains
have acquired the capability to antagonize tetherin while main-
taining their CD4 function during adaptation to humans (12). In
comparison, Vpu proteins of rare HIV-1 group N strains are usu-
ally weak tetherin antagonists and fail to degrade CD4, and those
of nonpandemic HIV-1 group O and P strains lack significant
anti-tetherin activity (12–16). Obviously, differences in the abili-
ties of these viruses to avoid innate immune sensing of virally
infected cells by the Vpu-mediated counteraction of IRF-3 may
also play a role in their replication fitness and spread in the human
population. Thus, the initial goal of the present study was to ex-
amine whether these primate lentiviral Vpus also differ in their
abilities to degrade IRF-3 (10, 11).

First, we tried to confirm the published data that suggested that
the HIV-1 NL4-3 Vpu induces effective IRF-3 degradation in es-
tablished cell lines (10). To examine this, we transfected HeLa cells
expressing endogenous IRF-3 with different doses of pCG vectors
coexpressing AU1-tagged NL4-3 Vpu and enhanced green fluo-
rescent protein (eGFP) (12) by using Lipofectamine (Invitrogen)
according to the manufacturer’s instructions. To monitor cellular

and viral antigen expression, the cells were lysed in mammalian
protein extraction reagent (Thermo Scientific) 2 days posttrans-
fection, and cell lysates were separated in 4-to-12% bis-Tris gels
(Invitrogen). Proteins were transferred onto polyvinylidene diflu-
oride (PVDF) membranes and probed with anti-IRF-3 antibody
(Santa Cruz Biotechnology). Subsequently, blots were probed
with anti-mouse or anti-rabbit IRDye Odyssey antibodies (Li-
Cor), and proteins were detected using a Li-Cor Odyssey scanner.
For controls, blots were incubated with antibodies specific for
�-actin (Abcam) and AU1 (Covance). The results showed that
NL4-3 Vpu was efficiently expressed but did not induce a reduc-
tion of IRF-3 expression levels (Fig. 1A). To further challenge this
unanticipated finding, we analyzed the effect of Vpu on endoge-
nous IRF-3 expression in 293T cells, which were also used in the
previous studies (10, 11). In contrast to HeLa cells, only one IRF-
3-specific band could be detected in unstimulated 293T cells,
which is consistent with previous results (10, 24). Although Vpu
was efficiently expressed in a dose-dependent manner, we did not
observe an effect of Vpu on the levels of endogenously expressed
IRF-3 (Fig. 1B). In agreement with published data, expression of
NSP1-NCDV, a nonstructural protein of the Nebraska calf diar-
rhea rotavirus reduced IRF-3 expression levels, whereas NSP1
from a closely related porcine rotavirus (OSU) was inactive (13–
15) (Fig. 1C). To examine the effect of Vpu on activated IRF-3, we
treated the cells with poly(I·C), a synthetic analog of double-
stranded RNA. Induction of innate immune signaling responses
by poly(I·C) was verified by activation of the beta interferon
(IFN-�) promoter (Fig. 1D). In agreement with our previous re-
sults, Vpu failed to reduce the expression levels of activated IRF-3
(Fig. 1D).

To examine a possible effect of Vpu on IRF-3 expression in
HIV-1-infected T cells, we transduced SupT1 cells with vesicular
stomatitis virus G protein (VSV-G)-pseudotyped HIV-1 NL4-3
constructs containing intact or defective vpu genes (20). Virus
stocks were generated by transient transfection of 293T cells as
described previously (21). To activate immune signaling, cells
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were infected with Sendai virus (SeV) 2 days postransduction, as
reported in previous studies (10, 11, 16). SeV infection and im-
mune activation were confirmed by cytopathic effects and in-
creased NF-�B and IFN-� reporter gene activities (data not
shown). Three days postransduction, cells were lysed and ana-
lyzed by Western blotting. To further validate our results, we uti-
lized three different IRF-3 antibodies, including the one (desig-
nated MD) used in the previous studies of Doehle and colleagues
(10, 11, 17). Irrespective of the antibody used, we detected similar
levels of IRF-3 in cells infected with wild-type or vpu-defective
HIV-1 constructs (Fig. 1E). To exclude that we might miss Vpu-
mediated effects on IRF-3 expression levels due to allele-specific
differences, we infected cells with NL4-3-based constructs ex-
pressing different vpu alleles without overlapping env sequences.

To generate these constructs, we first eliminated the vpu-env over-
lap and subsequently inserted an internal ribosome entry site
(IRES) element downstream of vpu to restore env expression. Just
like wild-type HIV-1 NL4-3, derivatives expressing JR-CSF or re-
paired YU2 Vpu failed to induce significant degradation of IRF-3
in transduced SupT1 cells (Fig. 1F). The expression of functional
Vpu from the IRES-env constructs has been shown before (12)
and was confirmed by a reduction of mature virions (i.e., p24) in
the cell lysates due to the counteraction of tetherin and/or degra-
dation of CD4 (Fig. 1F).

To exclude the possibility that some subtle effects of Vpu on
IRF-3 were missed because the cells were examined in bulk, we
next performed fluorescence-activated cell sorting (FACS)-based
assays. The pCG vectors used in these experiments coexpress the

FIG 1 Vpu does not reduce IRF-3 expression levels. (A) HeLa cells were transfected with increasing concentrations (0, 0.5, 1.5, and 4.5 �g in all
experiments) of an expression plasmid for NL4-3 vpu. The values provided below panels A to D and F give the intensity of the IRF-3 signal, normalized
to the �-actin control. For better comparison, the mock value was always set as 1.0 in each panel. (B) 293T cells were transfected with increasing
concentrations of an expression plasmid for NL4-3 vpu. (C) 293T cells were transfected with 5 �g of control plasmid or expression plasmids for NCDV
(active against IRF-3) or OSU (not active against IRF-3) NSP1 (15). Western blotting was performed 24 h later with an IRF-3 antibody kindly provided
by Michael David. (D) 293T cells were transfected with increasing concentrations of Vpu expression plasmid. To stimulate IRF-3-dependent signaling,
cells were cotransfected with 2 �g poly(I·C). Poly(I·C) stimulation was monitored in an IFN-� promoter reporter luciferase assay (right panel). At 2 days
posttransfection, cells were lysed and Western blotting was performed. The membrane was incubated with antibodies against IRF-3 and AU1. �-Actin was
used as a loading control and for normalization (left panel). (E) SupT1 cells were transduced with VSV-G-pseudotyped virus stocks of wild-type or
vpu-defective HIV-1 NL4-3. To induce IRF-3-dependent signaling, cells were coinfected with SeV 24 h before lysis at 3 days postransduction. Western blot
analysis was performed using three different anti-IRF-3 antibodies (from Santa Cruz Biotechnology [SC], a gift from Michael David [MD], and AR1).
Staining for the viral p55 and p24 Gag antigens was performed to monitor HIV-1 infection. �-Actin was used as loading control. (F) SupT1 cells were
transduced with the indicated VSV-G-pseudotyped HIV-1 constructs and analyzed by Western blotting 3 days later. IRES-env proviral constructs allowed
the expression of vpu alleles independent of overlapping env sequences.
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gene of interest and eGFP from the same RNA via an IRES and
thus allow the direct comparison of IRF-3 expression levels in
transfected and untransfected cells (18). Since previous studies
suggested that Vpr and Vif may also affect IRF-3 expression (16,
17), we included constructs expressing these accessory genes in
our studies. 293T cells were transfected with these expression con-
structs, and 24 h later the cells were fixed, permeabilized (Fix &
Perm cell permeabilization kit; ADG), and examined for IRF-3
expression by flow cytometric analysis using unconjugated anti-
IRF-3 (Santa Cruz Biotechnology) and Alexa Fluor 647-conju-
gated anti-rabbit antibodies (Invitrogen) (Fig. 2A). To determine
the relative IRF-3 expression levels, the mean AF647 fluorescence
intensity (MFI) of transfected (eGFP�) cells was normalized to the
MFI of the untransfected (eGFP�) cell population after subtrac-
tion of isotype control values. We found that Vpu, Vpr, and Vif
had no significant effect on IRF-3 expression levels, whereas NSP1
(NCDV) reduced it by about 40% (Fig. 2A and B).

To examine the effects in HIV-1-infected SupT1 cells we uti-
lized a variety of HIV-1 NL4-3-based proviral constructs coex-
pressing eGFP via an IRES element (12, 19, 20). These constructs
have the advantage that all viral genes are expressed from the wild-
type HIV-1 long terminal repeat promoter and via the regular
splicing sites. Thus, they represent a highly sensitive system to
examine the effects of accessory proteins, such as Vpu, on the
expression levels of cellular proteins in HIV-1-infected cells (12,
19, 21). Our results showed that individual or combined deletions
in the viral accessory vpu, vpr, and nef genes had no significant
effect on IRF-3 expression levels in HIV-1-infected T cells (Fig. 3A
and B). To examine the effects in primary target cells of HIV-1, we
transduced peripheral blood mononuclear cells (PBMCs) with
wild-type and vpu-deficient HIV-1 virions. Flow cytometric anal-
yses revealed that an intact vpu gene had no effect on IRF-3 ex-
pression levels but reduced tetherin expression by about 40% (Fig.
3C and D). This magnitude of tetherin degradation is in agree-
ment with published data (22–26) and verified functional expres-
sion of Vpu.

It has previously been shown that Vpu reduces IRF-3-de-
pendent expression of IFN-� (10, 11). To examine this, we
cotransfected 293T cells with a pCG-based plasmid expressing

HIV-1 WITO Vpu (or an empty vector as control) and con-
structs containing the firefly and Gaussia luciferases (in a 5:1
ratio) under the control of the IFN-� and pTAL promoters,
respectively. We used the WITO vpu for these experiments
because it is derived from a transmitted/founder subtype B
HIV-1 group M strain (27) and is thus more relevant for the in
vivo situation than the T cell line-adapted molecular HIV-1
NL4-3 clone. Previous studies showed that the WITO Vpu is
highly active in degrading CD4 and counteracting tetherin
(12). The pTAL promoter construct contains a minimal TATA-
like promoter (pTAL) region from the herpes simplex virus
thymidine kinase (HSV-TK) promoter (Clontech) that is non-
responsive to IRF-3 and NF-�B, and this served as an internal
control for transfection efficiencies. For immune activation,
cells were infected with SeV at 24 h posttransfection, and the
luciferase activities were determined 1 day later. The firefly
luciferase signals were normalized to the corresponding
Gaussia luciferase signals. In agreement with published data
(10), SeV induced IFN-� promoter activity �20-fold and Vpu
substantially reduced this activation (Fig. 4A). Control exper-
iments confirmed, however, that the IRF-3 expression levels
remained unchanged in the presence of WITO Vpu (Fig. 4B),
suggesting that Vpu may inhibit IFN-� promoter activity by an
IRF-3-independent mechanism. Recently, it has been reported
that Vpu impairs viral immune sensing by suppressing teth-
erin-induced NF-�B activation (28). Thus, we examined
whether NF-�B may play a role in the induction of IFN-�. In
agreement with this possibility, we found that the IFN-� pro-
moter contains binding sites for both IRF-3 and NF-�B (Fig.
4C). Thus, the reporter construct used in previous studies (11,
12) may not be specific for IRF-3 activation. To determine
whether the IFN-� promoter is responsive to NF-�B, the activ-
ity of the IFN-� promoter-dependent firefly luciferase was ex-
amined after activation of NF-�B through cotransfection of a
constitutively active mutant of IKK� (IKK� ca). Luciferase ac-
tivities were determined 2 days posttransfection as described
above. The results demonstrated that IFN-� promoter activity
was about 40-fold enhanced by NF-�B activation and that this
effect was greatly diminished by Vpu (Fig. 4D). Notably, ex-

FIG 2 Vpu, Vpr, and Vif do not affect the level of IRF-3 expression. (A) 293T cells were transfected with 5 �g of pCG vectors coexpressing NL4-3 Vpu, Vpr, or
Vif proteins and eGFP via an IRES. A vector coexpressing NCDV NSP1 and yellow fluorescent protein (YFP) was used as a positive control. The cells were
permeabilized at 24 h posttransfection and stained for IRF-3 (Santa Cruz Biotechnology) for FACS analysis. (B) Levels of IRF-3 expression in the presence of the
indicated expression constructs relative to the empty vector control (set as 100%). Data are mean values (� the standard errors of the means) derived from three
independent experiments.
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pression of constitutively active IKK� did not increase the lev-
els of endogenous IRF-3 in transiently transfected 293T cells
(Fig. 4E). Next, we examined the effect of SeV and Vpu on
NF-�B activation with the help of a reporter vector that ex-
pressed firefly luciferase under the control of three NF-�B
binding sites. We found that SeV induced the NF-�B-depen-
dent firefly luciferase expression about 6-fold and that this in-
duction was greatly diminished in the presence of Vpu (Fig.
4F). The analysis of 293T cells cotransfected with NF-�B-de-
pendent firefly luciferase, the pTAL promoter Gaussia lucifer-
ase construct, and expression plasmids for constitutively active
IKK� and Vpu confirmed that Vpu inhibits NF-�B induction
(Fig. 4G). This inhibition is not allele specific and has been
confirmed for a variety of different primate lentiviral Vpu pro-
teins, including that encoded by the NL4-3 molecular clone (D.
Sauter and F. Kirchhoff, unpublished observations). These re-
sults confirmed that Vpu may suppress viral immune sensing
and the secretion of inflammatory cytokines such as IFN-� but
further suggest that these effects are due to inhibition of NF-�B
activation rather than IRF-3 degradation.

In summary, we showed here that Vpu does not significantly
deplete IRF-3, even at very high expression levels. Notably, our
studies involved the analysis of primary human cells infected with

wild-type and vpu-defective HIV-1 strains, which allowed us to
readily distinguish between infected and uninfected cells and to
monitor other Vpu functions, such as degradation of tetherin (12,
21). The fact that even this highly sensitive experimental system
failed to reveal a significant effect of Vpu on IRF-3 expression
levels strongly argues against Vpu-mediated degradation of IRF-3.
Our results confirm, however, that Vpu reduces viral immune
sensing (10). However, this effect involved modulation of NF-�B
rather than IRF-3-dependent signaling. Vpu-mediated inhibition
of NF-�B signaling may explain most results from previous re-
ports (10, 11). Notably, data supporting a direct role of Vpu on
IRF-3 expression were sparse in the studies of Doehle and cowork-
ers, and the effects of HIV-1 infection on IRF-3 expression levels
have been variable for different data sets; for example, a complete
lack of IRF-3 protein expression was observed in some Western
blot assays, but IRF-3 was still readily detectable by microscopy
and remained unchanged in one coimmunoprecipitation experi-
ment in the presence of Vpu (10). Furthermore, unspecific effects
of virus infection on cell viability may have contributed to the
reduction of IRF-3 expression in some experiments. In either case,
our observation that Vpu inhibits NF-�B activation may have
important implications, since this transcription factor plays a ma-
jor role in the induction of antiviral immune responses. Currently,

FIG 3 Lack of vpu, nef, or vpr expression does not affect IRF-3 expression levels in HIV-1-infected T cells. (A) SupT1 cells were infected with virus stocks of
different NL4-3 IRES eGFP mutants. At 3 days postinfection, cells were permeabilized and stained for IRF-3 (Santa Cruz Biotechnology) to perform FACS
analysis. (B) Levels of IRF-3 expression in cells infected with the indicated mutant NL4-3 constructs relative to the wild-type virus (wt; set as 100%). Data are
means (� standard errors of the means [SEM]) derived from three independent experiments. (C) PBMCs were transduced with VSV-G-pseudotyped virus
stocks of wild-type or vpu-defective NL4-3 IRES eGFP mutants. PBMCs were stimulated with interleukin-2 and phytohemagglutinin for 3 days prior to
transduction. At 3 days postransduction, the cells were permeabilized and stained for IRF-3 (Santa Cruz Biotechnology) or tetherin (eBioscience) for FACS
analyses. (D) Mean levels (� SEM; n � 3) of IRF-3 and tetherin expression in cells transduced with the vpu-defective virus relative to the wild-type control (set
as 100%) are indicated.
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we are investigating whether the effect of Vpu on NF-�B activity is
conserved between different primate lentiviruses and the mecha-
nism(s) underlying this Vpu function.
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SUMMARY

NF-kB is essential for effective transcription of pri-

mate lentiviral genomes and also activates antiviral

host genes. Here, we show that the early protein

Nef of most primate lentiviruses enhances NF-kB

activation. In contrast, the late protein Vpu of HIV-1

and its simian precursors inhibits activation of NF-

kB, even in the presence of Nef. Although this effect

of Vpu did not correlate with its ability to interact

with b-TrCP, it involved the stabilization of IkB and

reduced nuclear translocation of p65. Interestingly,

however, Vpu did not affect casein kinase II-medi-

ated phosphorylation of p65. Lack of Vpu was asso-

ciated with increased NF-kB activation and induction

of interferon and interferon-stimulated genes (ISGs)

in HIV-1-infected T cells. Thus, HIV-1 and its simian

precursors employ Nef to boost NF-kB activation

early during the viral life cycle to initiate proviral tran-

scription, while Vpu is used to downmodulateNF-kB-

dependent expression of ISGs at later stages.

INTRODUCTION

NF-kB (nuclear factor kappa-light-chain-enhancer of activated B

cells) is an inducible transcription factor that is ubiquitously

expressed and regulates the expression of numerous genes in-

volved in cell survival, inflammation, and immunity (Ghosh and

Hayden, 2012; Napetschnig and Wu, 2013). NF-kB also regu-

lates the antimicrobial immune response, including the expres-

sion of interferon-stimulated genes (ISGs) that protect against

viral pathogens (Pfeffer, 2011).

Not only is NF-kB a key mediator of antiviral immune re-

sponses, but it is also exploited by viruses for efficient trans-

cription of viral genes (Chan and Greene, 2012). For example,

binding of NF-kB p50/p65 heterodimers to the tandem kB sites

in the HIV-1 long terminal repeats (LTRs) is critical for viral repli-

cation. The p50/p65 dimers initiate HIV-1 transcription by asso-

ciating with p300, thereby increasing the accessibility of the LTR

for the cellular RNA polymerase II (RNAPII) (Williams et al., 2006).

Furthermore, p50/p65 dimers recruit the P-TEFb complex to in-

crease the processivity of RNAPII and to support RNA elongation

(Williams et al., 2007).

The opposing roles of NF-kB on virus transcription and innate

responses make it necessary for HIV-1 and other primate lentivi-

ruses to tightly regulate its activation. For the accessory protein

Nef, enhancing (Herbein et al., 2008; Mangino et al., 2011), inhib-

itory (Bandres and Ratner, 1994; Niederman et al., 1992), and no

(Yoon and Kim, 1999) effects on NF-kB activity have been re-

ported. Nef is abundantly expressed throughout the viral life

cycle and induces changes in protein trafficking, signal transduc-

tion, and gene expression to promote viral replication and im-

mune evasion. Many simian immunodeficiency viruses (SIVs)

use Nef to counteract the restriction factor tetherin that retains

nascent virions at the cell surface (Jia et al., 2009; Sauter et al.,

2009; Zhang et al., 2009). In contrast, pandemic HIV-1 and SIVs

infectingCercopithecusmonkeysutilize theirVpuprotein tocoun-

teract tetherin (Van Damme et al., 2008; Neil et al., 2008; Sauter

et al., 2009). It has also been reported that tetherin acts as an

innate sensor that activates an NF-kB-mediated antiviral immune

response and that this effect is counteracted by the anti-tetherin

activity of Vpu (Cocka and Bates, 2012; Galão et al., 2012,

2014; Tokarev et al., 2013). However, earlier studies suggested

that Vpu suppresses NF-kB activation by preventing the poly-

ubiquitination and degradation of IkB through sequestration of

the adaptor protein b-TrCP (Akari et al., 2001; Bour et al., 2001).

While many studies investigated the effect of HIV-1 on NF-kB

activation, results were often discrepant and mostly obtained

using the T cell line-adapted NL4-3 molecular clone. Thus, it re-

mains unknown howprimary HIV-1 strains and other primate len-

tiviruses modulate NF-kB activity and how they ensure effective

proviral transcription while minimizing the activation of antiviral

responses. To address these questions, we analyzed nef and

vpu alleles representing nearly the entire spectrum of primate
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lentiviruses. We focused on these accessory genes because

their products have been implicated in the modulation of NF-kB

activity and cooperate in other functions, such as downmodula-

tion of CD4 (Lindwasser et al., 2007). We show that the vast ma-

jority of Nef proteins increase NF-kB activity, while Vpu proteins

inhibit the activation of NF-kB independently of their anti-tetherin

function by stabilizing IkBandpreventing nuclear translocation of

p65. Notably, Vpu-mediated inhibition of NF-kB activation is

dominant over the stimulatory effect of Nef and associated with

decreased expression of ISGs. Thus, Nef appears to increase

NF-kB activity early during the viral life cycle (i.e., from viral entry

to expression of Tat, Rev, and Nef from completely spliced viral

RNAs) to initiate proviral transcription, whereas Vpu downmodu-

lates NF-kB activity during later stages (i.e., during expression of

Vpu, Vpr, Vif, and structural proteins from singly and unspliced

viral RNAs) to suppress the antiviral immune response.

RESULTS

Primate Lentiviral Nef Proteins Boost IKKb-Mediated

NF-kB Activation

Activation of NF-kB involves ubiquitination and proteasomal

degradation of its inhibitor IkB (Figure 1A). In the absence of

IkB, NF-kB is translocated into the nucleus, where it binds to

the promoter regions of its target genes. To analyze NF-kB acti-

vation, we took advantage of a reporter vector expressing firefly

luciferase under the control of three NF-kB binding sites and

determined DNA binding and nuclear translocation of p65 by

electrophoretic mobility shift assay (EMSA) and fluorescence

microscopy. Furthermore, we monitored the expression levels

of IkB and activating phosphorylation of p65 at serine 529 by

flow cytometric analyses (Figure 1A).

To determine the effect of primate lentiviral Nef proteins on

NF-kB activity, we analyzed 39 HIV and SIV nef alleles represent-

ing all four groups of HIV-1 (M, N, O, and P), their direct precur-

sors SIVcpz from chimpanzees and SIVgor from gorillas, as well

as a variety of additional SIVs, including the vpu-containing

SIVgsn, SIVmus, and SIVmon strains. To determine the impact

of Nef on NF-kB activation, we cotransfected 293T cells with

vectors coexpressing Nef and enhanced GFP (EGFP) together

with the NF-kB-dependent firefly luciferase reporter construct

and a constitutively active mutant of IKKb. Coexpression of

most Nef proteins from SIVcpz, SIVgor, and HIV-1 enhanced

IKKb-mediated NF-kB activation �2- to 4-fold. Similarly, HIV-2,

SIVsmm, SIVolc, and SIVden Nefs boosted NF-kB activity (Fig-

ure 1B). In contrast, SIVgsn/mus/mon, SIVagm, and SIVrcm

nef alleles did not promote NF-kB activation (Figure 1B). To iden-

tify possible reasons for these differences in Nef function, we

also examined the effect of the Vpr protein on NF-kB activity.

In agreement with published data (Ayyavoo et al., 1997), HIV-1

and SIVcpz Vprs inhibited NF-kB, but the opposite was observed

for SIVgsn/mus/mon Vprs (Figure 1C). Thus, some primate lenti-

viruses may utilize Vpr instead of Nef to boost NF-kB activation,

although it will be important to confirm these effects in cells from

the respective host species.

Since Vpu has been shown to affect NF-kB activation (Akari

et al., 2001; Bour et al., 2001; Galão et al., 2012), we next exam-

ined whether the presence of a vpu gene, which is specific to

HIV-1 and its simian precursors (Schindler et al., 2006), is asso-

ciated with differences in the ability of Nef to modulate NF-kB

activation. We found that nef alleles derived from primate lentivi-

ruses encoding vpuwere not significantly more active (287.3% ±

32.2%, n = 26) than those lacking this accessory gene (226.1% ±

30.9%, n = 13) (Figure 1B).

Overexpression of human tetherin activates the canonical NF-

kB pathway (Cocka and Bates, 2012; Galão et al., 2012; Tokarev

et al., 2013). To determine whether Nef modulates tetherin-

induced NF-kB activation, we cotransfected 293T cells with

the NF-kB dependent firefly luciferase reporter construct,

expression vectors for human tetherin, and various nef alleles.

In general, the effects of Nef on tetherin-dependent NF-kB acti-

vation were modest and did not differ significantly between vi-

ruses encoding vpu or not (Figures 1D). In contrast, HIV-1 and

SIVcpz Nefs clearly enhanced TNFa and p65-induced NF-kB

activation (Figures S1A and 2A). Notably, Nef did not affect

NF-kB activity in the absence of other stimuli (Figure S1B), indi-

cating that it modulates responsiveness to stimulation rather

than activating NF-kB directly.

To obtain insights into the mechanisms underlying Nef-medi-

ated modulation of NF-kB activity, we analyzed a subset of five

nef alleles that differed the most in their effect on NF-kB activa-

tion (Figure 2B). EMSA and immunofluorescence microscopy

revealed that Nef does not affect the quantity of nuclear p65

(Figures S1C and S1D). To elucidate the impact on viral tran-

scription, we compared LTR activation in the presence of

Nefs that enhanced (HIV-1 and SIVcpz) or suppressed (SIVmus

and SIVmon) NF-kB activation (Figure 2C, left). We found that

the former enhanced LTR promoter activity �3- to 6-fold,

whereas the latter had only modest effects (Figure 2C, middle).

Similarly, transcription of the HIV-1 provirus was enhanced by

HIV-1 and SIVcpz, but not by SIVmus or SIVmon Nefs (Fig-

ure 2C, right). Increased NF-kB activation correlated with

enhanced LTR promoter activity and proviral transcription (Fig-

ure 2D). To further examine the effect of Nef on proviral tran-

scription, we infected human peripheral blood mononuclear

cells (PBMCs) with HIV-1 IRES EGFP constructs. In these

constructs, EGFP expression is an indicator of proviral tran-

scription, since EGFP is expressed together with Nef from a

biscistronic RNA via the regular LTR promoter and splice sites.

We found that intact HIV-1 and HIV-2 nef genes increased LTR-

dependent EGFP expression �2-fold in infected primary cells

(Figure 2E). Thus, many primate lentiviruses including HIV-1,

HIV-2, and their SIV precursors use Nef to boost viral transcrip-

tion through NF-kB activation.

To determine which domains in Nef are involved in increasing

NF-kB activity, we examined 21 mutants of an HIV-1 nef allele

(NA7) derived directly from an infected patient (Figure S2A)

(Greenberg et al., 1997). All mutant Nefs were efficiently ex-

pressed (Figure S2B). Functional analyses showed that multiple

amino acid residues across the Nef sequence are important for

efficient enhancement of NF-kB activity (Figure S2C). For

example, mutations in the (PxxP)3 region that interacts with

SH3 domain-containing cellular kinases as well as two acidic

C-terminal residues (E154/E155) were critical for Nef-mediated

enhancement of NF-kB activity. Moreover, enhancement of

NF-kB activity was separable from other Nef functions, such
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as downmodulation of CD4 and MHC-I and stimulation of HIV-1

replication in PBMC cultures, which also contribute to efficient

replication in human PBMCs (Kirchhoff et al., 2008). However,

we found a significant correlation (R2 = 0.3208; p = 0.0054) be-

tween Nef-mediated enhancement of NF-kB activity and virion

infectivity, suggesting that both aremediated by overlapping do-

mains. For example, changes of R71A, D86A, and E154A/E155A

disrupted these two activities but had little if any effect on other

Nef functions (Figure S2C).

Primate Lentiviral Vpus Inhibit NF-kB Activation

Next, we examined the effects of Vpu on NF-kB activity. Initially,

we focused on tetherin-induced NF-kB activation because it has

been shown that HIV-1 groupMVpus suppress this effect (Galão

et al., 2012; Tokarev et al., 2013). To determinewhether suppres-

sion of NF-kB activation by Vpu is conserved among primate len-

tiviruses, we analyzed 33 vpu alleles from essentially all groups

of HIV-1 and SIV encoding this accessory gene. As shown in

the left panel of Figure 3A, most primate lentiviral Vpus inhibited

Figure 1. Stimulation of NF-kB Activity by Primate Lentiviral Nef Proteins

(A) Schematic of the canonical NF-kB signaling pathway. Inducers used in this study are highlighted by yellow boxes and methods used to monitor the activation

levels of NF-kB in light blue boxes.

(B) Nef boosts IKKb-induced NF-kB activation. 293T cells were cotransfected with the indicated nef alleles, a firefly luciferase reporter construct under the control

of three NF-kB binding sites, a Gaussia luciferase construct for normalization, and expression vectors for a constitutively active mutant of IKKb (ca IKKb) as

inducer of NF-kB. Luciferase activities were determined 40 hr posttransfection. Each data point represents one nef allele from the respective groups of primate

lentiviruses. Mean values of three to six transfections are shown in (B) and (D). In the right panel, nef alleles were grouped based on the presence or absence of a

vpu gene in the respective viruses. HIV-1 group N was excluded from this analysis because their Vpus are poorly active.

(C) Vpr proteins of SIVgsn/mus/mon promote NF-kB activation. 293T cells were transfected and analyzed as described above. Results showmean values (±SEM)

from six transfections.

(D) Effect of Nef on tetherin-inducedNF-kBactivation. 293T cells were transfected as described for (B), using human tetherin as inducer of NF-kB. Each data point

represents one nef allele.

See also Figure S1.
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tetherin-induced NF-kB activation. The exception were Vpu pro-

teins from HIV-1 group N, which are also poor tetherin antago-

nists (Sauter et al., 2012) (Figure 3A). Nonetheless, the finding

that SIVcpz, SIVgor, and HIV-1 group O Vpus were active in

this assay came as a surprise, since these viruses use Nef

instead of Vpu to antagonize tetherin in their respective hosts

(Sauter et al., 2009; Kluge et al., 2014). Thus, vpu alleles known

to differ in their ability to antagonize tetherin did not differ in their

ability to suppress tetherin-induced NF-kB activation (Figure 3A,

right panel), suggesting that Vpu targets a later step in the NF-kB

signaling pathway. Indeed, we found that most Vpu proteins

blocked IKKb-induced NF-kB activation by >90% (Figure 3B),

which was conserved in all lineages of SIV and HIV-1 (except

group N), including all group M subtypes (Figures 3A–3C). We

also examined the effects of tetherin and IKKb at different doses

and found that Vpu inhibits both of them with similar efficacy

(Figure S3A). While primate lentiviral Nef proteins enhanced IKK-

b-induced (but not tetherin-induced) NF-kB activation (324.7% ±

34.5%, n = 44; versus 95.1% ± 9.0%, n = 37; mean values ±

SEM), HIV-1 and SIV Vpus suppressed this process (Figure 3D,

left). These differences were particularly striking for Nef and

Vpu proteins from pandemic HIV-1 M strains: the former

increased IKKb-induced NF-kB up to 10-fold (mean 462.7% ±

119.6%, n = 10), and the latter reduced it by up to 50-fold

(mean 11.9% ± 7.1%, n = 7) (Figure 3D, right).

Recruitment of b-TrCP by Vpu Is Not Sufficient

for Inhibition of NF-kB

Our finding that Vpu suppressed IKKb-induced NF-kB activa-

tion suggested that it may target the IKK complex directly or

interfere with a factor downstream in the NF-kB signaling

pathway. The effects of Vpu on NF-kB activation were similar

to those of a transdominant-negative mutant of b-TrCP and

the poxvirus A49 protein, which sequesters b-TrCP (Figure 4A)

Figure 2. Primate Lentiviral Nef Proteins Stimulate Viral LTR Activity

(A) Nef-mediated modulation of NF-kB activation by different inducers. 293T cells were transfected with the indicated nef alleles as described for Figure 1B and

activated via TNFa stimulation (25 ng/ml) or cotransfection of tetherin, ca IKKb, or p65. Stars indicate statistically significant differences (*p < 0.05, **p < 0.01,

***p < 0.001). Mean values of three to six transfections (±SEM) are shown in (A)–(C).

(B) 293T cells were transfected with nef alleles differing strongly in their effect on NF-kB activity as described for Figure 1B using ca IKKb as inducer.

(C) 293T cells were cotransfected with Nef expression vectors, ca IKKb, a Gaussia luciferase construct for normalization, and an NF-kB-dependent firefly

luciferase reporter vector (left), an HIV-1 LTR firefly luciferase reporter construct (middle), or a nef and env defective proviral HIV-1 NL4-3 IRES luciferase construct

(right).

(D) Correlations between the levels of NF-kB activity and (upper) LTR-driven or (lower) proviral expression of a luciferase reporter gene.

(E) Levels of EGFP expression in PBMC cultures infected with HIV-1 IRES EGFP constructs expressing the NL4-3 or HIV-2 BEN nef alleles or containing a

disrupted nef gene (nef�). Results were obtained from infections of three PBMC donors.

See also Figure S2.
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(Mansur et al., 2013). It has been suggested that NL4-3 Vpu

inhibits the degradation of IkB by acting as a transdominant

inhibitor of b-TrCP (Bour et al., 2001). This effect was pro-

posed to be dependent on a DSGxxS motif in Vpu that is

phosphorylated at the serine residues by casein kinase II

(CKII) and interacts with b-TrCP to recruit the E3 ubiquitin-

ligase SCF (Skp1, Cullin, F-box) complex (Douglas et al.,

2009; Mangeat et al., 2009; Margottin et al., 1998). Thus, it

was unexpected that mutation of these serine residues to

alanine in two HIV-1 (CH106) and SIVcpz (EK505) Vpus

reduced, but not fully disrupted, their ability to suppress NF-

kB activation (Figures 4B and S3B). Consistent with this, the

mutant Vpus maintained some activity in reducing the binding

of p65/p50 dimers to DNA (Figure 4C). Of note, the Vpu of the

T cell line-adapted NL4-3 clone, which has been utilized in

most previous studies, was substantially less active in

reducing IKKb-induced NF-kB activation (62.0% ± 9.5%)

than the Vpu proteins of 28 other HIV-1 M strains analyzed

(5.3% ± 1.3%; p < 0.0001).

To examinewhether the capability of various Vpus to suppress

NF-kB activation correlated with their ability to interact with

b-TrCP, we fused the N-terminal fragment of a click beetle

luciferase to the C terminus of various Vpus and the C-terminal

fragment of this luciferase to theN terminus of b-TrCP (Figure 4D,

upper). We found that both wild-type HIV-1 (CH106) and SIVcpz

(EK505) Vpus that block NF-kB activation as well as a group N

(YBF30) Vpu that increases its activation interacted efficiently

with b-TrCP (Figure 4D, lower). As expected (Sauter et al.,

2012), mutation of the serine phosphorylation sites impaired

the interaction of Vpu with b-TrCP. However, the effects of

various Vpu proteins onNF-kB activity did not correlate with their

b-TrCP binding capacity. Furthermore, Vpu stabilized IkBa upon

stimulation with TNFa (Figures 4E and S4A). This effect was

partially abrogated by serine to alanine mutations in the DSGxxS

b-TrCP binding motif. Since p65 and Vpu are both phosphory-

lated by CKII (Schubert et al., 1992), we also examined whether

phosphorylation of p65 at Ser529, a known target of CKII (Wang

et al., 2000), is inhibited by Vpu, but we found that this was not

the case (Figures 4F and S4B). Thus, Vpu stabilizes IkB in a

b-TrCP-dependent manner but also inhibits NF-kB activation

by mechanisms that are independent of b-TrCP and CKII

sequestration.

Figure 3. Inhibition of NF-kB Activation by Vpu

(A and B) 293T cells were transfected with the indicated vpu alleles as described for Figure 1B using (A) human tetherin or (B) ca IKKb as inducer. Each data point

represents one vpu allele. Mean values of three to nine transfections are shown in (A)–(C). In the right panels, the data sets were grouped based on the ability of

Vpu to antagonize human tetherin. HIV-1 N Vpus cannot be clearly assigned to the active or defective group and are thus not shown.

(C) Inhibition of NF-kBactivation by Vpus of different subtypes of HIV-1 groupM. 293T cells were transfectedwith vpu alleles from the indicated HIV-1M subtypes

as described for Figure 1B using ca IKKb as inducer.

(D) Comparison of Nef- and Vpu-mediated modulation of ca IKKb- and tetherin-induced NF-kB activation.

See also Figure S3.
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Figure 4. Mechanism of Vpu-Mediated Inhibition of NF-kB Activation

(A) 293T cells were cotransfected with luciferase constructs as described for Figure 1B and expression vectors for the indicated vpu alleles, poxvirus protein A49,

or a dominant-negative mutant of b-TrCP1. TNFa stimulation (25 ng/ml), overexpression of tetherin, ca IKKb, or p65were used to activate NF-kB. (A) and (B) show

mean values (±SEM) derived from three to nine transfections.

(B) Effect of mutations in the DSGxxS b-TrCP interaction site of various Vpus on IKKb-induced NF-kB stimulation. 293T cells were transfected with the indicated

vpu alleles as described for Figure 1B, using ca IKKb as inducer.

(legend continued on next page)

Cell Reports 10, 586–599, February 3, 2015 ª2015 The Authors 591



Vpu Inhibits Nuclear Translocation of p65

To define the determinants within Vpu that are involved in NF-

kB inhibition, we performed triple-alanine scan mutagenesis in

the cytoplasmic domains of two HIV-1 (WITO, CH106) Vpus.

Western blot analyses showed that all mutant Vpus were effi-

ciently expressed (Figure S4C). Whereas mutations in the

DSGxxS b-TrCP binding motif abolished the ability of WITO

Vpu to block NF-kB activation, the effects of these mutations

were less pronounced in CH106 Vpu (Figure S4D). In addition

to mutations of the serine residues that are phosphorylated

and critical for b-TrCP binding, some alanine mutations in the

first a-helix of Vpu (i.e., RAE49-51AAA) impaired inhibition of

NF-kB activation. This is in agreement with recent findings

showing that mutations of not only the b-TrCP binding site but

also adjacent residues R45, R49, E51, G59, and E62 are re-

quired for efficient Vpu-mediated inhibition of tetherin signaling

(Pickering et al., 2014). Thus, this region in Vpu appears to affect

NF-kB activity by both b-TrCP-dependent and independent

mechanisms.

We next analyzed whether subcellular localization is important

for the ability of Vpu to suppress NF-kB activation. To address

this, we fused the NL4-3, CH106, and EK505 Vpus to a signal

(KKDQ) previously shown to retain Vpu in the endoplasmic re-

ticulum (ER) (Skasko et al., 2011). This completely disrupted

the modest anti-NF-kB activity of NL4-3 Vpu (Figure S4E). In

comparison, the CH106 and EK505 KKDQ-Vpus still inhibited

NF-kB activation, albeit with an �4-fold lower potency than the

parental forms. Thus, transport of Vpu to a post-ER compart-

ment is required for full anti-NF-kB activity.

Finally, we microscopically analyzed the subcellular localiza-

tion of p65 in the presence of wild-type (WT) and mutant Vpus

before and after activation with TNFa. These analyses showed

that WT HIV-1 (NL4-3, EK505, and CH106) Vpu proteins effi-

ciently inhibited nuclear translocation of p65 (Figures 5 and

S5). The SS/AA mutations in the DSGxxS motif of these Vpus

largely abolished this activity. Thus, Vpu is a potent inhibitor of

nuclear translocation of p65.

Vpu Suppresses NF-kB-Dependent Immune Activation

in a Dominant Manner

Our results suggested that Nef increases NF-kB activity early

during the viral life cycle, whereas Vpu suppresses it during the

late stage. Since Nef is expressed throughout the viral life cycle,

we reasoned that the effect of Vpumust be dominant. Consistent

with this, Vpu prevented IKKb-induced NF-kB activation even in

the presence of Nef (Figure 6A). To examine the effects of Nef

and Vpu on NF-kB activity in HIV-1-infected cells, we generated

a derivative of the SupT1 T cell line stably expressing a short-

lived version of the firefly luciferase under the control of an

NF-kB-dependent promoter. This cell line, named SupD1, was

infected with VSV-G pseudotyped HIV-1 M molecular clones

as well as vpu-defective mutants thereof, and the levels of NF-

kB-dependent luciferase activity were measured at different

times posttransduction. We found that Nef was expressed prior

to Vpu (Figure 6B) and that defective vpu genes were associated

with substantially higher levels of NF-kB activation (Figure 6C).

While the decline of NF-kB activity at later time points was likely

due to virus-induced cytopathic effects, the observed differ-

ences in NF-kB activation were not due to different replication

rates (Figure S6A). Finally, analysis of the subcellular localization

of p65 in cells transduced with WT and vpu-defective HIV-1

(CH167 and CH293) infectious molecular clones before and after

activation with TNFa showed that Vpu blocks translocation of

p65 from the cytoplasm to the nucleus in HIV-1-infected cells

(Figure 6D).

To examine whether Vpu affects the expression of antiviral

genes viamodulation of NF-kB, we analyzed the effect of various

Vpus on the transcriptional activity of the IFNb promoter upon

stimulation with Sendai virus. Vpu proteins from both primary

HIV-1 group M (WITO, CH106) and SIVcpz (EK505) strains

reduced IFNb promoter activity by�95% (Figure 7A). In contrast,

NL4-3 and group N (YBF30) Vpus achieved only 70% and 33%

inhibition, respectively. Most importantly, mutations in the two-

serine phosphorylation sites in the DSGxxS b-TrCP interaction

motif did not reduce the ability of HIV-1 (NL4-3, CH106) and

SIVcpz (EK505) Vpu proteins to suppress IFNb promoter activity.

The effects of these Vpu proteins on NF-kB activation and IFNb

promoter-dependent gene expression correlated significantly

(R2 = 0.89; p = 0.0001).

It is controversial whether Vpu inhibits innate immune activa-

tion by degradation of IRF-3 (Doehle et al., 2012) and/or inhi-

bition of NF-kB (Hotter et al., 2013). To further examine this,

we mutated the single NF-kB site in the IFNb promoter (Fig-

ure 7B, upper panel). As expected, this mutation abolished

responsiveness of the IFNb promoter to NF-kB activation via

IKKb (Figure 7B, left panel) and reduced induction by Sendai

virus (Figure 7B, middle and right panel). However, the

mutated promoter was not inhibited by Vpu (Figure 7B, right

panel). These results show that Sendai virus induces IFNb pro-

moter activity in 293T cells through both NF-kB and IRF-3 and

confirmed that Vpu suppresses activation through inhibition of

NF-kB and not IRF-3.

(C) Vpu reduces p65-DNA association. 293T cells were transfected with the indicated expression vectors. Nuclear extracts were prepared and EMSA was

performed 24 hr posttransfection. The 50-labeled oligonucleotide probes corresponding to the HIV-1 NF-kB sites or to an Oct-1 consensus were incubated with

nuclear extracts. Numbers provide the mean intensities of the p65/p50 signals normalized to Oct1 of two independent experiments.

(D) Interaction of Vpu with b-TrCP. 293T cells were transfected with equal amounts of plasmids expressing b-TrCP N-terminally fused to the C-terminal fragment

of click beetle green and Vpu C-terminally fused to the N-terminal fragment of click beetle green. After 40 hr, click beetle luciferase activity was determined in

living cells by addition of D-luciferin and quantification of bioluminescence. The mean values of three transfections ±SEM are shown.

(E) Vpu stabilizes IkBa. 293T cells were transfected with plasmids expressing the indicated vpu alleles or a dominant-negative mutant of IKKb (dom. neg. IKKb).

Cells were stimulated 24 hr posttransfection with TNFa (10 ng/ml) or left untreated. Fifteen minutes after stimulation, cells were harvested, fixed, and

permeabilized and levels of IkBa were analyzed by flow cytometry. Stars indicate a statistically significant stabilization of IkB compared to the vector control

(*p < 0.05; **p < 0.01).

(F) Vpu does not affect phosphorylation of p65 at Ser529. Levels of phosphorylated p65 (Ser529) were determined by flow cytometry as described for Figure 4E.

See also Figure S4.
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Wealsoquantified the release of 80 cytokines fromSupD1cells

infectedwithWTand vpu-defectiveHIV-1 (CH167). A quantitative

protein array of the supernatants (Figure S6B) revealed that pro-

ductionof four genes (eotaxin 1, insulin-like growth factor-binding

proteins IGFBP1 and IGFBP2, as well as hepatocyte growth fac-

tor [HGF]) was markedly increased in cells infected with the vpu-

deficient virus (Figures 7C and S6C). Notably, these four genes

are known to be induced by NF-kB (Pahl, 1999). Furthermore,

HGF and eotaxin 1 are both ISGs, and high plasma levels of the

latter are associated with reduced susceptibility to infection in

the SIV/macaque model (Promadej-Lanier et al., 2010). Interest-

ingly, it has been reported that a single-nucleotide polymorphism

in the eotaxin 1 promoter affects susceptibility to HIV-1 infection

(Modi et al., 2003). In contrast, none of 48 genes known not to

be regulated by NF-kB were affected by the absence of Vpu.

Finally, we analyzed the expression of ICAM-1 and MHC-I on

infected primary cells. Both proteins are key players of inflam-

matory immune responses and established targets of NF-kB

(Baumann et al., 2007; Girdlestone et al., 1993). The surface

levels of ICAM-1 and MHC-I increased by 35% to 73% on

PBMCs and human lymphoid aggregate cells (HLAC) infected

with vpu-deficient HIV-1 compared to cells infected with the

wild-type virus (Figures 7D and S6D). Next, we infected PBMCs

with wild-type or vpu-defective HIV-1 CH167 and CH198 con-

structs and determined the effect of Vpu on the transcriptional

levels of IFNb and several NF-kB- and IFN-dependent genes.

Figure 5. Vpu Inhibits Nuclear Translocation of p65

HeLa cells were transfected with plasmids expressing EGFP alone (vector) or also the indicated Vpu proteins. Cells were treated or not with TNFa for 15 min and

analyzed by microscopy 24 hr after transfection. Subcellular localization of endogenous p65 was monitored by indirect immunofluorescence. Cells transfected

with the Vpu expression or control constructs were identified by detection of EGFP expression. Nuclei of transfected cells are indicated by white arrows in the

close-up images on the right. The lower panel shows the quantity of nuclear and cytoplasmic p65 in cells expressing no (�), medium (+), or high (++) levels of

EGFP (and hence Vpu). All samples were blinded, to avoid an experimenter-caused bias in the results. Scale bars indicate 10 mm. The results were derived from

the analysis of 213–416 individual cells.

See also Figure S5.
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Figure 6. Vpu Suppresses NF-kB Activation in HIV-1-Infected Cells in a Dominant Manner

(A) 293T cells were transfected with the indicated HIV-1M JR-CSF nef and/or vpu alleles as described for Figure 1B.Mean values of three transfections ±SEM are

shown.

(B and C) SupD1 cells stably expressing a short-lived version of the firefly luciferase under the control of an NF-kB-dependent promoter were infected with (B)

HIV-1 CH167 or (C) the indicated VSV-G pseudotyped HIV-1 strains. Cells were harvested at the indicated time points posttransduction to determine (B) viral

(legend continued on next page)
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On average, lack of Vpu was associated with �100-fold

increased induction of IFNb and �3- to 5-fold increased expres-

sion of ICAM-1, HLA-B, IFI44L, and tetherin (Figures 7E and 7F).

These alterations were observed in bulk mRNA preparations

and only �4% of the cells were infected by HIV-1 (Figure 7G).

Thus, the results suggest that lack of Vpu is associated with

�75- to 125-fold increased expression levels of these ISGs in

HIV-1-infected primary T cells.

protein expression or (C) the activation levels of NF-kB. The graph in (B) shows the signal intensities of Vpu, Nef, and Env expression relative to those obtained at

32 hr posttransduction (100%).

(D) HeLa cells were transduced with wild-type or vpu-defective HIV-1 CH167 and CH293 constructs and analyzed as described in the legend to Figure 5. HIV-1-

infected cells were identified by staining with a Nef-specific antibody. Nuclei of transduced cells are indicated by white arrows in the close-up images on the right.

The lower panel shows the quantity of nuclear and cytoplasmic p65 in cells expressing no (�), medium (+), or high (++) levels of Nef (and hence HIV-1). All samples

were blinded to avoid an experimenter-caused bias in the results. Scale bars indicate 10 mm. The results were derived from the analysis of 354–519 individual

cells.

See also Figure S6.

Figure 7. Vpu Suppresses the Induction of IFNb and ISGs

(A) 293T cells were cotransfected with the indicated vpu alleles, a firefly luciferase reporter construct under the control of the IFNb promoter, and a Gaussia

luciferase construct for normalization. Cells were infected with Sendai virus 16 hr posttransfection to activate the IFNb promoter. Luciferase activities were

determined 40 hr posttransfection. The mean values of two independent experiments in triplicates ±SEM are shown.

(B) Top: mutation introduced into the IFNb promoter firefly reporter construct. 293T cells were cotransfected with plasmids expressing theWITO Vpu (or an empty

vector control) together with wild-type or NF-kB unresponsive IFNb promoter firefly and control Gaussia luciferase constructs. Cells were stimulated by infection

with Sendai virus (SeV) 24 hr posttransfection and luciferase assays were performed 16 hr later. Firefly luciferase signals were normalized to the corresponding

Gaussia luciferase signals.

(C) Cytokine release from SupD1 cells infected with the HIV-1 M CH167 construct or a vpu-deficient mutant thereof. Shown are cytokines levels obtained for the

vpu-deficient mutant relative to the wild-type virus (100%), grouped into target and nontarget genes of NF-kB. Cytokines that were markedly induced in the

absence of Vpu are highlighted Eo1, Eotaxin1.

(D) Effect of Vpu on ICAM-1 and MHC-I expression in HIV-1-infected primary cells. PBMCs or HLACs were transduced with HIV-1 M CH167 wild-type or a vpu-

deficient mutant thereof. Three days postinfection, ICAM-1 and MHC-I surface levels were analyzed by flow cytometry. The mean values of three to five in-

dependent experiments ±SEM are shown.

(E and F) PBMCs from six different donors were transduced with wild-type or vpu-defective HIV-1 CH167 and CH198 constructs. Cells were harvested 72 hr

posttransduction. Total cellular RNA was isolated and reversely transcribed, and mRNA expression levels of (E) IFNb or (F) the indicated NF-kB target genes and

ISGs were measured by quantitative real-time PCR. (E)–(G) show mean values of 12 transductions ±SEM.

(G) The percentage of HIV-1-infected PBMCs used in (E) and (F) was determined by flow cytometry after intracellular p24 staining.

Cell Reports 10, 586–599, February 3, 2015 ª2015 The Authors 595



DISCUSSION

In this study, we show that the great majority of HIV-1 and SIV

Nefs increase NF-kB activity, including in primary PBMCs. It is

well established that Nef is abundantly expressed during the

earliest stages of the viral replication cycle and that NF-kB acti-

vation is essential for effective proviral transcription. Thus, our

results suggest that most primate lentiviral Nef proteins activate

NF-kB to initiate efficient viral transcription. However, NF-kB

also induces the expression of many antiviral host factors. To

suppress this induction, HIV-1 and its SIV precursors employ

Vpu during the later stages of the viral life cycle. The inhibitory ef-

fect of Vpu is dominant over the stimulatory effect of Nef (Fig-

ure 6A), and vpu-defective HIV-1 constructs induce substantially

higher levels of NF-kBactivity (Figure 6C) aswell as IFNb and ISG

expression (Figure 7) in infected T cells than the corresponding

wild-type viruses. Thus, it seems clear that HIV-1 and its SIV pre-

cursors use Nef and Vpu to fine-tune NF-kB activity during the

viral life cycle to achieve both efficient viral replication and im-

mune evasion.

Vpu proteins from the rare HIV-1 group N strains showed

significantly lower activity in suppressing NF-kB activation than

those from pandemic HIV-1 M strains and SIVcpz. This further

supports the hypothesis that HIV-1 N Vpus lost important func-

tions following cross-species transmission, such as the ability

to reduce the surface expression of CD4 (Sauter et al., 2009,

Sauter et al., 2012). Lack of Vpu-mediated inhibition of NF-kB

was associated with increased transcriptional activity of the

IFNb promoter. It will be interesting to determine whether

HIV-1 N strains induce stronger innate immune responses than

pandemic HIV-1 group M strains.

Vpu proteins suppressed tetherin-mediated NF-kB activation

irrespective of their ability to antagonize this protein’s effect on

virus release, suggesting multiple interactions with the signaling

pathway. We found that Vpu-mediated degradation of tetherin

and inhibition of nuclear translocation of p65 both contribute to

the suppression of NF-kB activity. However, the exact mecha-

nism underlying Vpus ability to inhibit NF-kB activation remains

to be established. It has been suggested that Vpu prevents

degradation of IkB by acting as a transdominant-negative inhib-

itor of b-TrCP (Bour et al., 2001). In agreement with this, IkB sta-

bilization and inhibition of p65 nuclear translocation depend on

the presence of an intact b-TrCP binding motif and interaction

of Vpu with b-TrCP was essential for full inhibition. However,

Vpu proteins that failed to recruit b-TrCP were still able to inhibit

binding of p65 to its target sequences and to reduce NF-kB-

dependent gene expression (Figures 4B and 4C). Thus, the inter-

action of Vpu with b-TrCP is neither required nor sufficient for

the inhibition of NF-kB activation. A possible explanation is

that the NL4-3 Vpu used in most studies is a much weaker inhib-

itor of NF-kB activation than vpu alleles derived from primary

HIV-1 strains. Furthermore, the disruptive effect of SS/AA muta-

tions in the DSGxxS b-TrCP interaction motif is more severe in

the NL4-3 Vpu than in most primary HIV-1 Vpus, further empha-

sizing the importance of using primary HIV-1 genes. Notably,

mutations in the DSGxxS site may not only prevent b-TrCP

binding but also alter the structure and function of the C-terminal

Vpu domain (Coadou et al., 2003).

The results of the present study add to the evidence that early

HIV-1 gene products, i.e., Nef and Tat, promote NF-kB activa-

tion, whereas late products, such as Vpu, suppress it (Akari

et al., 2001; Bour et al., 2001; Felzien et al., 1998; Fiume et al.,

2012; Herbein et al., 2008; Leulier et al., 2003; Liu et al., 2013;

Mangino et al., 2011; Roux et al., 2000; Varin et al., 2005). How-

ever, we also show that there is a tight interplay between Nef

and Vpu function, strongly suggesting that the opposing effect

of these two viral factors optimize viral transcription in the face

of innate antiviral responses. The importance of timing, along

with the fact that accessory proteins from primary HIV-1 show

functional differences from the lab-adapted NL4-3 strain, thus

provide an explanation for previous seemingly discrepant

results.

Finally, we provide new insight into why Nef proteins of vpu-

containing primate lentiviruses lost their ability to downmodulate

TCR-CD3 from the cell surface. Stimulation via the TCR-CD3 re-

ceptor also induces NF-kB activation and thus expression of im-

mune genes. It seems that most primate lentiviruses prevent this

by Nef-mediated downmodulation of the TCR-CD3 receptor

from the cell surface, whereas HIV-1 and its vpu-containing sim-

ian precursors utilize Vpu to prevent NF-kB activation at a later

step of the signaling pathway. However, Nef proteins that down-

modulate TCR-CD3 boost IKKb-induced NF-kB activation as

efficiently as Nefs lacking this function. Thus, these Nef proteins

uncouple stimulation of NF-kB activation in infected T cells from

the interaction with antigen-presenting cells. It is thus possible

that Nef may stimulate NF-kB more rapidly than it takes to effi-

ciently remove TCR-CD3 from the cell surface.

CONCLUSIONS

In summary, our data show that Nef and Vpu exert opposing

effects on NF-kB activity and tightly regulate the activation of

this transcription factor to ensure efficient viral transcription

while minimizing the expression of antiviral genes. Nef does

not enhance NF-kB activation on its own, but it augments the

responsiveness to other stimuli, most likely because a certain

state of cellular activation is needed to allow productive virus

infection.We also show that primate lentiviral Vpu proteins inhibit

NF-kB activation and antiviral gene expression independently of

their anti-tetherin activity. Thus, a tight regulation of NF-kB by

Nef and Vpu seems critical for viral replication, immune evasion,

and pathogenesis.

EXPERIMENTAL PROCEDURES

Expression Vectors

Cloning of vpu, nef, and tetherin alleles into the bicistronic cytomegalo-

virus promoter-based pCG expression vector coexpressing the GFP was per-

formed as described previously (Sauter et al., 2009). PCR with primers intro-

ducing XbaI and MluI restriction sites flanking the reading frames was used

to generate mutant or chimeric vpu and nef alleles for cloning into the pCG

vector.

Proviral HIV-1 Constructs

Generation of HIV-1 NL4-3-based proviral constructs and infectious molecular

clones of T/F and CC HIV-1 strains has been described previously (Parrish

et al., 2013; Schindler et al., 2006).
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Cell Culture and Transfections

Cells were cultured and transfected as described in Supplemental Experi-

mental Procedures.

NF-kB Activation

Dual luciferase assays with an NF-kB-dependent firefly luciferase and

a Gaussia luciferase construct under the control of a minimal pTAL pro-

moter for normalization were performed to determine the effect of Nef or

Vpu on NF-kB activity as described in Supplemental Experimental

Procedures.

EMSA

Nuclear extracts were prepared, and EMSAs with an HIV-1 NF-kB probe were

performed as previously described (Van Lint et al., 1996). See Supplemental

Experimental Procedures for details.

Viral LTR Activity

To determine whether Nef enhances viral promoter activity via modulation of

NF-kB, 293T cells were cotransfected with expression vectors for nef and a

constitutively active mutant of IKKb, a Gaussia luciferase construct for normal-

ization, and an HIV-1 LTR firefly luciferase reporter construct (LTR_Luc) or an

NL4-3 nef- and env-deficient proviral construct coexpressing firefly luciferase

via an IRES (HIV-1_IRES_Luc). Luciferase activities were determined 40 hr

posttransfection.

Microscopic Analyses of p65

Subcellular localization of p65 in the presence of Nef or Vpu was monitored by

indirect immunofluorescence as outlined in Supplemental Experimental

Procedures.

Click Beetle Luciferase Assay

Generation of Vpu constructs fused to fragments of click beetle luciferase

and a protocol of this assay have been described previously (Sauter et al.,

2012).

NF-kB Activity in HIV-1-Infected Cells

The effect of HIV infection on NF-kB activity was determined as outlined in

Supplemental Experimental Procedures.

IFNb Promoter Activity

To examine whether Vpu suppresses the expression of innate immunity genes,

293T cells were cotransfected with a firefly luciferase reporter construct under

the control of the IFNb promoter or a variant thereof with mutated NF-kB bind-

ing site, a Gaussia luciferase construct for normalization, and expression

vectors for vpu or an empty vector control. Cells were infected 16 hr posttrans-

fection with Sendai virus to activate the IFNb promoter. Luciferase activities

were determined 40 hr posttransfection.

Cytokine Array

Differences in cytokine release from cells infected with WT or vpu-deficient

CH167 were determined using a cytokine array as described in Supplemental

Experimental Procedures.

qRT-PCR

Gene expression levels were determined by qRT-PCR as outlined in Supple-

mental Experimental Procedures.

Flow Cytometry

Flow cytometric analyses were performed as outlined in Supplemental Exper-

imental Procedures.

Statistical Analysis

All statistical calculations were performed with a two-tailed unpaired Stu-

dent’s t test using Graph Pad Prism Version 5.03. p values < 0.05 were

considered significant. Correlations were calculated with the linear regres-

sion module.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and six figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2014.12.047.
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Abstract

Background: Known antiretroviral restriction factors are encoded by genes that are under positive selection pressure,
induced during HIV-1 infection, up-regulated by interferons, and/or interact with viral proteins. To identify
potential novel restriction factors, we performed genome-wide scans for human genes sharing molecular and
evolutionary signatures of known restriction factors and tested the anti-HIV-1 activity of the most promising candidates.

Results: Our analyses identified 30 human genes that share characteristics of known restriction factors. Functional
analyses of 27 of these candidates showed that over-expression of a strikingly high proportion of them significantly
inhibited HIV-1 without causing cytotoxic effects. Five factors (APOL1, APOL6, CD164, TNFRSF10A, TNFRSF10D) suppressed
infectious HIV-1 production in transfected 293T cells by >90% and six additional candidates (FCGR3A, CD3E, OAS1,
GBP5, SPN, IFI16) achieved this when the virus was lacking intact accessory vpr, vpu and nef genes. Unexpectedly,
over-expression of two factors (IL1A, SP110) significantly increased infectious HIV-1 production. Mechanistic studies
suggest that the newly identified potential restriction factors act at different steps of the viral replication cycle,
including proviral transcription and production of viral proteins. Finally, we confirmed that mRNA expression of
most of these candidate restriction factors in primary CD4+ T cells is significantly increased by type I interferons.

Conclusions: A limited number of human genes share multiple characteristics of genes encoding for known
restriction factors. Most of them display anti-retroviral activity in transient transfection assays and are expressed in
primary CD4+ T cells.

Keywords: Host restrictions factors, Evolutionary genomics, HIV-1

Background

Antiretroviral innate defense genes such as TRIM5α,

APOBEC3G, BST2/Tetherin, and SAMHD1 exhibit char-

acteristic evolutionary signatures of powerful selective

pressures reflecting a long-standing evolutionary arms

race between the host and viral pathogens [1]. A second

common characteristic of these genes is that they are

interferon-inducible and differentially expressed during

HIV infection [2,3]. Furthermore, they frequently interact

directly with viral proteins, either to exert their antiviral

activity or because they are targeted by viral antagonists

[4-6]. Thus, evolutionary and molecular characteristics,

such as positive selection in primate genomes, differential

expression during infection, and interaction with viral

components might constitute a distinct signature of genes

endowed with antiviral activity.

We leveraged the availability of complete genome se-

quences of several primate species (human, chimpanzee,

gorilla, orangutan, macaque, marmoset, tarsier, bush-

baby, and mouse lemur) to perform a genome-wide

screen for genes carrying the signatures of known host

restriction factors. To address this, we examined which

human genes that are differentially expressed during
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HIV-1 infection, and/or encode host factors interacting

with viral proteins have also been subject to diversifying

selection during primate evolution. Candidates carrying

the most promising combined signatures were exam-

ined for their effects on different steps of the HIV-1

replication cycle. We emphasized the confirmation of

the IFN-induced nature of the candidates, their significant

expression in HIV-1 target cells, the efficient reduction of

infectious virus production in the over-expression screen,

and a particular emphasis on genes that affected the infec-

tiousness of HIV-1 more severely than viral gene expres-

sion and/or showed some specificity for the LTR promoter.

The combination of bioinformatics criteria with a broad

functional screen allowed bringing a large data set of genes

to a manageable list of candidates for further analyses. Our

results demonstrate that over-expression of a surprisingly

high proportion of these genes inhibits infectious HIV-1

production and suggest that the viral accessory proteins

Vpr, Vpu and/or Nef may diminish the antiviral effect of

some of these cellular factors.

Results
Genes that are induced during HIV-1 infection have a

distinct evolutionary profile

To examine the contribution of differences in cellular

gene expression to viral control, we have previously gen-

erated transcriptome data from CD4+ T cells of

untreated HIV-1 infected individuals with different viral

loads [3,7]. Additional gene expression data were

obtained from published sources on lymph nodes during

HIV-1 infection [8]. We also assessed the evidence for

evolutionary pressure on all genes by comparing human

gene sequences to those of eight additional simian and

prosimian species (see methods) and calculated a gene-

wide ratio of non-synonymous (dN) to synonymous (dS)

substitutions (gene dN/dS). We found that genes whose

expression is positively correlated to viral load in CD4+

T cells (n = 180) or induced in lymph nodes (n = 360) of

HIV-1 infected persons had higher dN/dS values than

the genome-wide median for primates (CD4+ T cell gene

set, dN/dS 0.25 vs 0.18, p <10−5, and lymph node gene

set dN/dS 0.28 vs 0.18, p <10−5) (Figure 1A). Genes with

dN/dS values inflated above the genome-wide reference

could either be evolving under more neutral selection,

or could have within them certain codons evolving

under positive selection that bring up the gene-wide dN/

dS value. Across these expression datasets, 30 genes up-

regulated during HIV-1 infection were under positive

selection (dN/dS >1).

We next examined whether such an evolutionary pattern

is also observed in other human infections [9-12]. Com-

pared with the dN/dS genome median of 0.18, genes that

are differentially expressed during Dengue virus infec-

tion (n = 158), salmonellosis (n = 205), or active

tuberculosis (n = 251) generally had higher dN/dS

values (Dengue, 0.22, p = 0.02; salmonellosis 0.20, p =

0.04; and tuberculosis 0.23, p = 2×10−5) (Figure 1B). A

similar pattern was identified for three curated sets of in-

nate immunity genes (http://www.innatedb.ca; n = 1714)

that displayed a statistically significant shift to high dN/dS

values (all p < 2×10−4) (Figure 1C). Altogether, these re-

sults demonstrate that genes associated with infection and

immune response show distinctly higher dN/dS values in

primates. Although a higher dN/dS value could be indi-

cative of relaxed constraint rather than positive selec-

tion [13], immune-related genes have consistently been

observed to evolve with higher dN/dS values and show

evidence for codon-specific positive selection [14].

We then extended the analysis to genes described in

the NCBI HIV-1 protein interaction database (n = 1251)

and in the global landscape of HIV-human protein com-

plexes (n = 350) [15]. These sets of genes had a significantly

lower median dN/dS than the genome-wide median for

primates (0.14 and 0.13 vs 0.18, respectively, both p <10−5,

Figure 1C). The shift to conservation is comparable

to that of other characteristically conserved genes

such as those of the OMIM Mendelian disease data-

base (n = 1289) (Figure 1C). This most likely reflects

the fact that HIV has to interact with numerous well-

conserved cellular factors (“HIV dependency factors”)

to complete its replication cycle. Although the two

HIV interaction datasets were more conserved, 35

genes had dN/dS >1. As indicated below, some genes

under positive selection were common to both the

expression and the interaction datasets.

Selection of 30 candidate restriction factors for

experimental validation

Our initial evolutionary scan identified 841 genes (out of

a total of 21,389) with a dN/dS ratio > 1 (Figure 2A). We

next evaluated in detail the functional profile of this sub-

set by assessing their level of upregulation during HIV-1

infection in vivo, and/or evidence for interaction with

viral proteins (see Methods) resulting in an initial short-

list of 57 genes (Additional file 1: Table S1). To confi-

dently assess the genes' evolutionary signatures, we used

the codon-level analysis package (codeml) in the Phylo-

genetic Analysis Using Maximum Likelihood (PAML

[16]) software on curated multiple alignments of primate

genes (see Methods). This method averages per-codon

dN/dS estimates across a gene and assesses the evidence

for codon-level selection using maximum likelihood esti-

mation. Of the initial 57 candidates, we selected 30 genes

for functional analyses based on significant evidence of

positive selection at one or more amino acid sites

(Additional file 1: Table S1). Eleven of these 30 candidate

genes were chosen because they are upregulated during

HIV-1 infection, 14 have been shown to interact with viral
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proteins, and five fulfill both criteria (Figure 2A). As a

proof-of-principle, TRIM5α and APOBEC3G were iden-

tified in the screen. Consistent with previous reports

[17,18], BST2 and SAMHD1 reached dN/dS ratios of

0.78 and 0.49, respectively; therefore, they were not

shortlisted on the basis of global dN/dS ratios, although

they displayed codon-specific positive selection. To also

consider factors displaying only codon-specific positive

selection, we additionally performed a second screen

and ranking approach that are described below.

Cell based assays for assessment of restriction

To examine possible antiviral effects of the candidate

genes, we developed cell-based assays to determine their

impact on HIV-1 gene expression, virus production and

viral infectivity. A total of 27 candidate genes Additional

file 1: Table S1 were cloned into a bi-cistronic vector coex-

pressing the gene of interest and the blue fluorescent pro-

tein (BFP) via an internal ribosome entry site (IRES)

(Figure 2B). Three of the 30 genes (PARP9, SGOL2,

SPAG5) could not be PCR amplified and cloned from

cDNA of primary blood cells. 293T cells were cotrans-

fected with the gene expression constructs and HIV-1

NL4-3-based proviral IRES/eGFP constructs. The latter ex-

press Nef and the enhanced version of the green fluores-

cent protein (eGFP) from the same viral RNAs [19]. Thus,

the green fluorescence intensity is an indicator of early viral

gene expression. To identify possible antagonistic effects of

the viral Vpr, Vpu and Nef proteins on the candidate

gene products, we screened them for inhibition of a

wild-type (wt) NL4-3-based HIV-1 construct and an

otherwise isogenic derivate thereof (named Δ3) containing

defects in these three accessory genes (Figure 2B). The ef-

fect of candidate genes on early LTR-driven gene ex-

pression was quantified by fluorescence-activated cell

sorting (FACS) at 36 to 48 hours post-transfection

(Figure 2C). To monitor the expression of late viral

gene products, virus release and infectivity of progeny

virions, we assessed the quantity of cell-associated

and cell-free p24 capsid antigen and the infectivity of

the viral supernatants (Figure 2C). The FACS-based

assay allowed us to readily determine the percentage of

cells expressing the proviral HIV-1 genome and the

cellular candidate genes both alone and in combination

(Figure 2D). Importantly, none of the 27 candidate genes

caused significant cytotoxic effects or reduced the meta-

bolic activity of the cells under the experimental condi-

tions used to determine their antiviral activity (Additional

file 2: Figure S1).

A high proportion of candidate genes display anti-HIV-1

activity

We found that most candidate genes reduced the fre-

quency of HIV-1-expressing (eGFP+) cells, on average

by about 30% (Figure 3A, Additional file 2: Figure S2

and Additional file 1: Table S1). Expression of four
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Figure 1 Evolutionary pattern of the protein coding genome in primates. Probability density curves of continuous dN/dS values for genes (A)
upregulated in CD4+ T cells and in lymph nodes during infection with HIV-1 in vivo in humans, (B) genes differentially regulated during infection of
humans with other pathogens and (C) datasets of human innate immunity genes including: an innate immune specific set (Innate DB), genes curated
by the Immunogenetic Related Information Source (IRIS) and a manually curated list of immune genes (Immunome), the NCBI HIV interaction
database (Interaction DB), the global landscape of HIV-human protein complexes from Jaeger et al. (Jaeger) [15], and of genes associated with
Mendelian disorders in OMIM. The kernel smoothed density estimates (density) of dN/dS values for sets of genes is plotted. The height of the
curves is relative to the number of genes with the observed dN/dS values. The genome-wide background dN/dS values for 17,755 genes is
shown in grey. Statistically significant differences (Kolmogorov-Smirnov statistics p ≤ 0.05) were observed for distributions towards greater dN/
dS values for genes differentially expressed in CD4+ T cells and lymph nodes during HIV-1 infection, in infection with Dengue virus, Salmonella

typhic and tuberculosis, and for distributions towards smaller dN/dS values for genes involved in HIV-1-human interaction datasets and in the
catalog of Mendelian disorders.
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candidate genes (APOL1, APOL3, APOL6 and

TNFRSF10D) achieved more than 50% inhibition,

whereas two genes (IFI44L, SP110) slightly increased

the frequency of eGFP+ cells. The effects of the candi-

date genes on wt and Δ3 HIV-1 constructs in the

FACS-based assay correlated significantly (R2 = 0.93; p

< 0.0001) (Additional file 2: Figure S3A). This was ex-

pected because defects in the vpr, vpu and nef genes

should not affect early viral gene expression upon

transfection of proviral HIV-1 constructs.

The FACS-based assay also provides an indication for

the strength of viral gene expression based on the eGFP

mean fluorescence intensity (MFI) since Nef and eGFP

are expressed from the same double-spliced bi-cistronic

RNA. We found that most candidate genes suppressed

LTR-dependent eGFP expression (Figure 3B) and ob-

served a significant but imperfect correlation (R2 = 0.57,

p < 0.0001) between the effects of the candidate genes on

the percentages of eGFP+ cells and the MFIs of eGFP

(Additional file 2: Figure S3B). In addition to the four fac-

tors mentioned above (APOL1, APOL3, APOL6 and

TNFRSF10D), two additional candidates (OAS1 and IFI16)

reduced the MFI of eGFP by more than 50% (Additional

file 2: Figure S2 and Additional file 1: Table S1).

Figure 2 Experimental setup of the screen and the different measurements involved. (A) In orthogonal screens, 841 human genes were identified to
be under positive selection, of which only 30 were retained as candidates (11 were upregulated during HIV-1 infection, 14 reported to interact with
viral proteins, and 5 fulfilled both criteria). (B) Schematic presentation of the bi-cistronic constructs coexpressing the gene candidate together with the
blue fluorescent protein (BFP) under the control of a CMV promoter and the HIV-1 NL4-3-based IRES-eGFP proviral reporter construct. The position of
premature stop codons in the vpr, vpu and nef genes of the Δ3 derivative are indicated by stars. (C) Overview of the experimental outline to determine
the effect of cotransfected gene candidates on early viral gene expression (detection of eGFP by FACS) and late viral gene expression (cell-associated
p24 antigen ELISA), virion release (cell-free p24 antigen ELISA) and viral infectivity (TZM-bl reporter assay). (D) Examples of primary FACS data. 293T cells
were transfected with the indicated proviral constructs and expression vectors and analyzed by flow cytometry 48 h later.
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On average, the candidate genes suppressed the levels of

intracellular p24 by 49.1% (Figure 3C) and cell-free p24

production by 48.2% (Figure 3D) for the wt virus. All can-

didate genes that reduced p24 antigen expression and pro-

duction in cells infected with the wt HIV-1 construct also

inhibited the Δ3 virus but the effects were often stronger,

i.e. 72.5% (p = 0.028) reduction of cell-associated and

63.8% reduction of cell-free p24 production (Figures 3C

and 3D). A total of eight cellular factors (APOL1, APOL6,

TNFRSF10A, TNFRSF10D, IFI16, CD164, FCGR3A and

TRIM5α) caused >90% reduction of p24 release by the Δ3

virus (Additional file 2: Figure S2). We found a significant

correlation between the quantities of cell-free and cell-

associated p24 antigen (R2 = 0.62 p < 0.0001) (Additional

file 2: Figure S3) and none of the 27 factors analyzed spe-

cifically suppressed virion assembly and/or release in the

transient transfection assay.

Altogether, over-expression of more than half (15 of

27) of the candidate genes reduced the production of in-

fectious wt HIV-1 by more than 75% and five factors

(APOL1, APOL6, TNFRSF10A, TNFRSF10D and CD164)

achieved >90% inhibition (Figure 3E, Additional file 2:

Figure S2 and Additional file 1: Table S1). All candidate

factors that suppressed the production of infectious wt

F

A B C D E

Figure 3 Identification of candidate genes that affect HIV-1 replication. (A) HIV-1-expressing (eGFP+) cells and (B) mean eGFP fluorescence inten-
sities in the presence of over-expressed gene candidates at 48 h post transfection. (C) Levels of infectious HIV-1 determined by infection of TZM-
bl indicator cells with the culture supernatant of transfected 293T cells. (D, E) cell-free (CF) and cell-associated (CA) p24 antigen levels from 293T
cell cultures cotransfected with wt or vpr, vpu and nef defective (Δ3) HIV-1 constructs and gene candidate expression vectors. All panels provide
values relative to those measured in 293T cultures cotransfected with the wt and Δ3 proviral HIV-1 constructs and the control vector expressing
BFP only (100%). Each symbol represents the average value obtained from three independent experiments for each of the gene candidates ana-
lyzed. All candidates that reduced the values <50% in the FACS-based and <10% in the remaining assays are highlighted in green and selected
genes that showed enhancing effect are indicated in red. (F) Unsupervised clustering of the different readouts allows inspection of similar activ-
ities across genes, and of the correlation between the various steps, for wt and Δ3 HIV-1.
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HIV-1 also inhibited the Δ3 HIV-1 construct (Additional

file 2: Figure S3A). However, the inhibitory effects on

the Δ3 HIV-1 mutant were frequently even more pro-

nounced. In addition to the candidates listed above, six

additional cellular genes (OAS1, CD3E, GBP5, FCGR3A,

IFI16, and SPN) achieved >90% reduction of infectious

HIV-1 production if the virus was lacking intact vpr, vpu

and nef genes (Figure 3E, Additional file 2: Figure S2

and Additional file 1: Table S1). Two factors (IL1A and

SP110) enhanced the production of infectious HIV-1.

The enhancing effect was particularly pronounced for

the Δ3 HIV-1 construct (Figure 3E, Additional file 2:

Figure S2 and Additional file 1: Table S1). Altogether,

the levels of viral infectivity and cell-free p24 correlated

well (R2 = 0.66; p < 0.0001) although the effects on the

former were frequently more pronounced (Additional

file 2: Figure S3B). Some factors, such as GBP5 and SPN

reduced virion infectivity more severely (16.4% and

23.9%) than the release of p24 antigen (59.9% and

132.5%) (Figure 3F, Additional file 2: Figure S2 and

Additional file 1: Table S1) and may thus impair the in-

fectiousness of progeny virions.

To obtain first insights into the possible mechanisms

underlying the inhibitory effects, we examined whether

the reduced levels of eGFP+ (HIV-1-expressing) cells

correlate with the levels of infectious virus production

(Figure 3F). We found a significant but imperfect correl-

ation (R2 = 0.23; p = 0.0094) (Additional file 2: Figure

S3B) suggesting that reduction of viral gene expression

or translation is important but not the only inhibitory

mechanisms. For example, the TNFRSF10 genes reduced

eGFP expression in the FACS-based assay substantially

less effectively than APOL1, APOL3 and APOL6 but

achieved a similar reduction in infectious virus production

(Figure 3F, Additional file 2: Figure S2 and Additional file

1: Table S1).

Candidate restriction factors inhibit HIV-1 in a

dose-dependent manner

To further verify the antiretroviral activities, we next

measured infectious virus yields from 293 T cells after

cotransfection with fixed quantities of wt or Δ3 HIV-1

NL4-3 proviral vectors and increasing doses of plasmids

expressing 13 selected candidate genes. These titration

experiments confirmed that APOL1, APOL6, TNFRSF10A,

TNFRSF10D, CD164, OAS1, CD3E and FCGR3A inhibit

HIV-1 in a dose-dependent manner (Figure 4). The titra-

tion analyses also showed that some genes (APOL1,

APOL6, CD164 and CD3E) reduced the yield of infectious

wt HIV-1 slightly less efficiently than of the Δ3 virus.

Interestingly, FAS generally increased infectious HIV-1

production at low expression levels but significantly

reduced it at the highest dose of expression plasmids

(Figure 4). We also verified that SP110 and IL1A

increased the infectious virus yield. Strikingly, IL1A

increased infectious virus yield by up to 3.5-fold for the

wt and even up to 7-fold for the Δ3 construct. Finally,

we examined the effects of the interferon-induced IFI44

and IFI44L. Notably, the latter reduced infectious HIV-

1 yield more efficiently (Figure 4) although both genes

share a significant degree of sequence homology.

Altogether, the titration experiments confirmed that

many of the newly identified candidate restriction

factors suppress infectious HIV-1 production in transi-

ently transfected 293T cells.

A high proportion of candidates affect the activity of viral

promoters

The FACS-based assays suggested that some of the can-

didate factors may reduce the transcription of viral

genes. To examine the effect of the candidate factors on

HIV-1 promoter activity, we cotransfected 293T cells

with a firefly luciferase reporter vector controlled by the

HIV-1 LTR, plasmids coexpressing the candidate genes

and BFP, and a construct expressing the NL4-3 Tat pro-

tein. For comparison, we also analyzed the effects on the

herpes simplex virus thymidine kinase (HSV-TK) and

cytomegalovirus immediate early (CMV-IE) promoters.

Many candidate factors, particularly APOL family mem-

bers and FCGR3A encoding the low affinity immuno-

globulin gamma Fc region receptor III-A, efficiently

suppressed HIV-1 LTR activity (Figure 5). However, the

effects were not specific for HIV-1 since these candidate

factors also inhibited the activity of the CMV-IE and

HSV-TK promoters. Perhaps more notably, several candi-

date genes, e.g. CD1A, CD3E, GBP5 and SPN had little if

any effect on viral LTR activity (Figure 5) but still effi-

ciently prevented the production of infectious HIV-1

(Additional file 2: Figure S2). Thus, the results confirmed

that reduced viral gene expression is an important but not

the only inhibitory mechanism.

A high proportion of candidate genes are interferon-

inducible in CD4+ T cells

The genome-wide screen used gene expression data

from in vivo studies in HIV-positive individuals where

gene expression was correlated to patient viral load

[3,7]. To better dissect the general agreement between

in vivo data with actual interferon inducibility, we

assessed the response of primary CD4+ T cells from

healthy donors to stimulation with interferon alpha,

interferon gamma and to cell activation via the T cell

receptor (TCR). The analysis identified a general agree-

ment between in vivo data and interferon alpha gene

induction, with the majority of the genes being strongly

up-regulated by stimulation (in healthy donors) and by

viral replication in HIV+ patients (Figure 6). These data

confirm that the in vivo response to HIV infection is
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Figure 4 Titration of the effects of the gene candidates on infectious HIV-1 production. Virus release from 293T cells following transfection with 5 μg
of wt or Δ3 proviral NL4-3 constructs and varying amounts of plasmids expressing the indicated candidate genes. The total quantity of transfected
DNA was adjusted to 7.5 μg with empty vector. Infectious virus yield was determined by infection of TZM-bl indicator cells and is shown as percentage
of that detected in the absence of candidate gene expression. Values represent averages (±SD) derived from triplicate infections and the results were
confirmed in an independent experiment.

Figure 5 Effect of candidate gene expression on viral promoter activity. Effect of the indicated candidates on the activity of the HIV-1 LTR in the
presence of Tat and the CMV-IE and HSV-TK promoters. All data were normalized to the BFP only control construct (100%) and represent average
values (±SEM) derived from three transfections.
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greatly driven by the interferon response, although other

drivers of immune activation, as exemplified here by

TCR stimulation, share parts of the signature. Thus,

many of the candidate genes identified in the present

study are true interferon-stimulated genes (ISGs) as

shown by in vivo and in vitro data and expressed in the

main target cells of HIV-1 in infected humans.

Relaxed screening approach ranks genes with potential

antiviral activity

The first screening imposed a hard threshold for inclu-

sion (dN/dS > 1) to identify genes under (global) positive

selection pressure. Use of this global gene metric is a

useful link to previous literature; however, tools such as

PAML that assess local signatures of selective pressure

and have built-in statistics are becoming a preferred

approach. In particular, genes of some known restriction

factors (e.g. BST2 and SAMHD1) just show signatures of

codon-specific (local) instead of global positive section

pressure. Thus, we explored a second genome-wide

approach to rank genes using several metrics based on

characteristics of innate immunity genes [20]. We ini-

tially considered eight parameters associated with innate

immunity genes: dN/dS value, codon-specific positive

selection (PAML), measurements of cross species adap-

tive evolution, burden of synonymous, missense and

non-sense variation, intolerance to functional variation

and number of paralogs, as well as the in vivo gene

Figure 6 Heat map of expression after stimulation of known HIV-1 restriction factors and gene candidates through the screening approach. On the
left, CD4+ T cells from healthy donors were left unstimulated or stimulated with IFNα, IFNγ or αCD3/CD28. Expression levels of known restriction factors
(blue), and factors identified in the screen (black) were clustered using complete hierarchical clustering. For comparison, the right panel depicts the
correlation between gene expression in CD4+ T cells of HIV infected donors with setpoint viral load (R(VL)). Correlation values were taken from [3].
Positive R(VL) values (yellow) indicate an increased gene expression correlates with an increase in patient viral load (log10 RNA copies/ml).
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expression response to HIV-1 infection. We trained a

model using the set of known HIV restriction factors

(APOBEC3G, BST2/Tetherin, MX2, SAMHD1 and

TRIM5α). Gene parameters were iteratively included/ex-

cluded, and the final set of parameters was selected such

that the sum of the ranks across the known genes was

minimized (see Methods). We present in Additional file

3: Table S2 the top 200 ranked genes. This is a resource

that avoids the strict cutoff criteria of dN/dS >1 to accom-

modate a more extensive set of gene candidates. Known

restriction factors APOBEC3G, TRIM5α, MX2, SAMHD1

and BST2 were ranked 2, 5, 125, 277 and 379 among

15,052 protein-coding genes respectively in the final

model. Overall, 20 of the 30 candidates identified in the

initial screen also ranked above the 95 percentile for the

genome in the second approach, and all but one

(TNFRSF10D) ranked above the 75 percentile.

Discussion
In the present study, we utilized features of known anti-

viral host restriction factors [21], such as evolutionary

signatures of positive selection, expression during HIV

infection, and interaction with viral proteins, to identify

novel cellular factors that inhibit HIV-1. Initially, we per-

formed a canonical genome-wide screen revealing that

only a small proportion of the genome (841 of 21389

genes; 3.9%) shows evidence for positive selection in pri-

mates (dN/dS > 1). Next, we examined which of these

genes are significantly upregulated during HIV-1 infec-

tion in vivo and/or encode for cellular factors known to

interact with HIV-1 proteins. Based on these selection

criteria 30 candidate genes were selected for closer

examination and a strikingly high proportion of them

suppressed infectious HIV-1 production in transfected

293T cells. To consider the fact that known restriction

factors, such as APOBEC3G, BST2 and SAMHD1, show

site-specific rather than global evidence for positive se-

lection, we conducted a second screen with more flex-

ible modeling on features of known HIV restriction

factors to rank genes without imposing strict thresholds

for calling a candidate. All five known restriction factors

(APOBEC3G, TRIM5α, MX2, SAMHD1 and BST2)

ranked within the top 2.5% of all protein-coding genes

examined (average 1.0%). The analysis extends previous

work from our group [17] and work of Meyerson et al.

[22] that searched for signatures of positive selection

among previously described HIV host factor genes. The

current genome-wide analyses allowed identification of

additional genes sharing characteristics of known restric-

tion factors, a useful basis for the identification of novel

intrinsic antiretroviral cellular factors.

To evaluate possible antiviral effects of the selected

genes, we determined their impact on HIV-1 gene ex-

pression, virus production and viral infectivity. A set of

27 genes encoding cellular proteins not previously impli-

cated as HIV-1 restriction factors were amplified from

primary human blood cells and cloned into a bi-

cistronic vector coexpressing the gene candidate BFP.

Over-expression of a striking proportion of candidate

genes (16 of 27; 59%) reduced the production of infec-

tious wt HIV-1 particles by more than 75% without

causing cytotoxic effects and this number was even

higher in the absence of intact vpr, vpu and nef genes

(20 of 27; 74%). For example, genes of the apolipoprotein

L gene family (APOL1, APOL3, APOL6) were generally

very potent inhibitors. All members of this gene family

have rapidly evolved in primates [23], and APOL1 has

been shown to confer immunity to Trypanosoma brucei

that can be countered by a trypanosome-encoded antag-

onist [24]. Members of the TNF-receptor superfamily

(TNFRSF10A and 10D) were also powerful inhibitors.

Notably, TNFRSF10A was also identified as one of the

most potent anti-HIV-1 factors among 380 type I

interferon-stimulated genes in a previous study [25]. An-

other potent inhibitor of HIV-1 was CD164 (also known

as endolyn) a cell adhesion molecule that interacts with

CXCR4 [26]. Furthermore, the high activity of OAS1 is

noteworthy because this interferon-induced factor is

known to generate 2',5'-oligoadenylates which activate

RNase L thus causing viral RNA degradation and inhib-

ition of viral replication [27]. Notably, OAS1 affected the

percentage of HIV-1 infected (eGFP+) cells less severely

than the mean fluorescence intensity of eGFP expres-

sion, which would be expected in the case of RNase L

mediated viral RNA degradation. A similar phenotype

was observed for IFI16, which is involved in transcrip-

tional regulation and plays a role in the sensing of intra-

cellular viral DNA [28,29]. More recently, IFI16 has

been reported as a key player in inducing pyroptosis in

abortively infected quiescent CD4+ T cells, thereby con-

tributing to the massive depletion of CD4+ T cells ob-

served during HIV infection [30,31]. Accumulating

evidence suggest that restriction factors, such as TRIM5α

[32] and BST2/tetherin [33-35] may also act as immune

sensors and direct anti-HIV effects of IFI16 warrant fur-

ther study. Conversely, some genes that displayed anti-

HIV activity are known to be involved in signaling, both in

various cancers (CD164, TNFRSF10A/D, ZWINT, MT1X,

IL3) and immune or T cell activation (GBP5, CD1A).

Thus, these genes may not inhibit HIV-1 directly but

could also induce cellular responses associated with the

expression of other innate immunity factors. This possibil-

ity is in agreement with our observation that some candi-

date factors inhibited various viral promoters. It is also

noteworthy, however, that 293T cells lack many intact

immune signaling pathways and did not express detect-

able levels of interferon after transfection with constructs

expressing the various candidate factors. Further studies
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will be necessary to clearly distinguish between direct and

indirect anti-HIV effects.

Two of the 27 cellular genes examined (SP110 and

IL1A) enhanced production of infectious HIV-1. SP110

is part of a leukocyte-specific nuclear body component

that may also play a role in the regulation of gene tran-

scription. Mutations in SP110 are associated with im-

munodeficiency [36]. It has been reported that this

factor stabilizes EBV mRNAs and enhances lytic viral

gene expression [37]. The strongest enhancing effects on

infectious virus production (up to 7-fold in dose-

dependency studies) were observed for IL1A. This cyto-

kine plays a key role in inflammation and the regulation

of the immune response. It has been reported that HIV-

1-exposed seronegative sex workers show reduced levels

of IL1A expression in their genital mucosa [38]. Thus,

the present results confirm and expand previous data

supporting that these cellular factors may enhance viral

infection and clearly warrant further investigation.

In most cases, the effect of the candidate restriction

genes in the FACS-based assays, intra- and extracellular

p24 levels and infectious virus production correlated

with one another, suggesting that reduced viral gene ex-

pression and/or translation are responsible for the in-

hibitory activity of the cellular factors rather than effects

on virus release or virion infectivity. In support of this,

preliminary data using LTR-luciferase reporter con-

structs suggest that many candidates suppress LTR

activity (Figure 5). Nonetheless, our results also provide

evidence that some candidate genes target different steps

of the viral life cycle. For example, the guanylate-binding

protein 5 (GBP5) and the mucin-like factor SPN (also

known as leukosialin, sialophorin or CD43) reduced viral

infectivity more severely than the levels of cell-free p24

antigen and may thus specifically reduce virion

infectivity. GBP5 is a member of the dynamin superfam-

ily of GTPases, which have been implicated in protection

against various pathogens [39,40]. Another factor

(IFITM3), that was identified by our screen and reduced

infectious virus production, was recently shown to be

incorporated into HIV-1 virions and to impair their

infectiousness [41,42]. SPN regulates CD4+ T cell prolif-

eration and migration and shows reduced expression

and aberrant glycosylation in HIV-1-infected individuals

[43,44]. Thus, it is conceivable that GBP5, SPN and

IFITM3 may affect virion infectivity although the under-

lying molecular mechanisms of the former two remain

to be determined.

Some known host restriction factors, i.e. APOBEC3G,

Tetherin and SAMHD1, were initially discovered be-

cause they are counteracted by viral accessory proteins

[4,5]. We found that the absence of intact vpr, vpu and

nef genes increased the inhibitory effects of several can-

didate factors (e.g. APOL1, APOL6, CD164, GBP5, SPN,

CD3E, ZWINT and PIP) on p24 and infectious virus pro-

duction. However, the differences were generally modest

because even wt HIV-1 was efficiently inhibited at high

expression levels of the candidates. Notably, over-

expression of known restriction factors, such as tetherin,

can also overcome the viral antagonists. Thus, it remains

to be clarified whether the lower intrinsic infectiousness

of the Δ3 HIV-1 construct compared to the wt virus or

specific antagonistic effects of the accessory Vpr, Vpu

and/or Nef are responsible for the observed differences

in susceptibility to inhibition by some candidate factors.

Not all recognized restriction factors would have been

identified under the criteria of the evolutionary genetic

screen because of the criteria that imposed a dN/dS > 1.

We could however demonstrate that alternative ap-

proaches that model several characteristics of innate im-

munity genes ranked all known restriction factors and

most of the novel candidates among the top 5% genes in

the genome. Overall, genes that emerged from the screen

were strongly induced by interferon alpha. These results

indicate that they are bona fide interferon-stimulated genes

(ISGs) that are possibly endowed with antiviral activity.

Our ongoing studies aim to further define the antiviral

mechanisms of the most potent and specific candidate

genes as well as their possible interaction with the

accessory viral proteins.

In summary, we show that the number of cellular

genes showing evolutionary and functional characteris-

tics similar to known host restriction factors is limited.

Interferon treatment induced expression of most of

these genes in CD4+ T cells and over-expression of a

strikingly high proportion of them in transfected 293T

cells inhibited the production of infectious HIV-1. These

results are consistent with the observation that inter-

feron administration, likely through the action of yet to

be characterized interferon stimulated genes, inhibits

HIV and related primate lentiviruses [45,46]. The under-

lying mechanisms and the relevance of these potential re-

striction factors to the control of HIV-1 replication in

relevant viral target cells and in vivo remain elusive and

further characterization of these genes may improve our

understanding of cellular defense mechanisms.

Experimental Procedures

Expression and protein interaction datasets

We used transcriptome data from purified CD4+ T cells

from 128 HIV-1 infected seroconverting individuals repre-

senting the complete range of viral setpoint [3] using Illu-

mina Human HT-12 V3 BeadChip arrays (Illumina).

Patient spVL was calculated as the average of all log10

transformed viral load measurements (RNA copies/ml)

after the acute phase of infection and prior to disease pro-

gression (CD4 < 350 cells/ml) or the initiation of ART as

described [47].
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Association analysis was performed regressing expres-

sion level of each gene on patient spVL controlling for

gender, age, CD4+ T cell viability and batch effect. In

addition, we compiled data from transcriptome analysis

of other active infections that used comparable genome-

wide technologies (Illumina, Affymetrix and other arrays

containing >20,000 human transcripts): the transcrip-

tome of lymph nodes of HIV-infected individuals [8],

and expression analyses of peripheral blood from indi-

viduals with tuberculosis [9], typhoid fever [10], and

dengue [11,12]. Based on the HIV host transcriptome

studies, we defined post-hoc a HIV-1 expressed gene set

that included 527 genes upregulated during in vivo infec-

tion. The NCBI HIV-1-human protein interaction database

(www.ncbi.nlm.nih.gov/RefSeq/ HIVInteractions/) and the

“global landscape of HIV-human protein complexes” [15]

were used to evaluate interactions between HIV-1 and

cellular factors. InnateDB (www.innatedb.ca), a publicly

available database of the genes, proteins, experimentally-

verified interactions and signaling pathways involved in

the innate immune response was included to evaluate the

general profile of genes participating in the response to

microbial infection. Genes were extracted from the

OMIM Gene Map (www.ncbi.nlm.nih.gov/sites/entrez?

db=omim), and a dedicated set was created by including

genes associated with a disease and C = confirmed -

observed in at least two laboratories or in several families.

Codon alignments of primate orthologous genes

Genome-wide codon alignments of orthologous genes for

up to nine simian and prosimian species (human, chim-

panzee, gorilla, orangutan, macaque, marmoset, tarsier,

bushbaby, and mouse lemur) were collected from

Ensembl v57. First, one-to-one orthologous primate gene

trees were gathered from the Ensembl Compara database

by extracting the sub-tree corresponding to all ‘one2one’

primate orthologs of each human gene, as annotated by

Compara’s gene tree reconciliation and homology annota-

tion method [48]. These one-to-one primate gene trees,

which included branch lengths in units of expected nu-

cleotide substitutions per site, were used to guide the rest

of the analysis.

It has been shown that errors in sequencing, annota-

tion and alignment can lead to excessive false positives

in downstream evolutionary analyses [49]. As a result,

efforts were made to avoid including possibly erroneously

sequenced or aligned bases in our dataset. Comparison

between Compara’s protein-based alignments and its

DNA-based alignments showed that the protein-based

alignments often contained missing or alternatively-

spliced exons in otherwise highly similar primate ortho-

logs, leading to stretches of erroneously-aligned bases

and inflated estimates of evolutionary rates and dN/dS

(data not shown). In order to avoid such errors, we

gathered human-flattened genomic alignments by using

exon coordinates from the human Consensus Coding

Sequence (CCDS) transcript, or if no CCDS transcript

was available, the longest human protein-coding tran-

script, to extract all available aligned primate DNA

sequences from the ‘12 eutherian mammals’ DNA-

based multiple genomic alignments from Ensembl's

Enredo-Pecan-Ortheus pipeline [50]. Low-quality gen-

omic sequence was excluded by masking any nucleo-

tides with a PHRED (or PHRED-equivalent) quality

score below 30 (corresponding to an error rate of 1 in

1,000) from the chimpanzee, orangutan, macaque, mar-

moset, tarsier, bushbaby and mouse lemur source

genomes with ‘N’ characters; genome quality scores

were downloaded from the originating institutions for

each genome assembly used in Ensembl v57. Finally,

sequences in the generated alignments were cleaned in

preparation for codon model analysis by masking out

any frameshifting indels (which within these closely-

related primates are more likely to be the result of

sequencing error than true biological indels) and pre-

mature stop codons with ‘N’ characters. The precision

of the genome-wide values of dN/dS was assessed by

contrasting the estimates with those from 126 curated

alignments [17].

The codeml program from PAML v4.4 was used to

evaluate each alignment for evidence of positive selec-

tion acting on one or more amino acid sites throughout

the evolutionary tree of primates. Specifically, we first

used codeml model M0 to infer branch lengths for the

evolutionary tree corresponding to each alignment, and

then we used those branch lengths as input to models M7

and M8 in order to perform a likelihood ratio test (LRT)

for evidence of localized positive selection [51]. P-values

were calculated by comparing the LRT statistic to the chi-

squared distribution with 2 degrees of freedom, and the

set of raw p-values was corrected for multiple testing

using the Benjamini-Hochberg method [52]. The ad-

justed p-value for a given alignment represents the

overall expected false discovery rate when using that

alignment's LRT statistic as a cutoff threshold. Raw and

adjusted p-values for the candidate genes are included

in Table S1.

Statistics

The analysis of the differences in distributions used per-

mutation test (n = 100,000) with Kolmogorov-Smirnov

statistics. Probability density functions for the various

gene sets (Figure 1) were plotted assuming continuous

dN/dS values using kernel density estimates. Statistical

analyses and graphical representations were performed

by using the R package (www.r-project.org). Correlation

analysis was performed using Pearson r evaluation.
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Expression vectors

Bi-cistronic pCG expression vectors containing the im-

mediate early promoter of human cytomegalovirus

(CMV) coexpressing a candidate gene and BFP via an

internal ribosome entry site (IRES) were generated as

described elsewhere [53,54]. Briefly, the candidates were

amplified from human cDNA obtained from primary

blood cells by standard PCR reaction using primers

introducing flanking XbaI and MluI restriction sites for

cloning into the expression vector. All PCR-derived in-

serts were sequenced to confirm their accuracy. Silent

mutations were accepted.

Proviral HIV-1 constructs

Generation of wt HIV-1 (NL4-3-based) proviral reporter

constructs containing a functional nef gene followed by an

IRES and the eGFP gene and the triple mutant (ΔvpuΔ-

nefΔvpr) have been described previously [19,54,55].

Cells and transfection

HEK293T cells were maintained in Dulbecco modified

Eagle medium (DMEM) supplemented with 10% FCS

(1% Glutamine, 1% Penicillin/Streptomycin). A total of

500,000 293T cells per well were seeded in 6-well plates

and transfected with 5 μg DNA (1:1 ratio provirus:candi-

date gene) at a confluence of about 70% by the calcium

phosphate method. TZM-bl cells were kindly provided

by Drs. Kappes and Wu and Tranzyme Inc. through the

NIH AIDS Reagent Program and were kept in DMEM

supplemented with 10% FCS (1% Glutamine and 1%

Penicillin/Streptomycin). TZM-bl cells express large

amounts of CD4, CCR5 and CXCR4 and contain the β-

galactosidase gene under the control of the HIV-1

promoter.

Infectivity assay

The yield of infectious HIV-1 was determined by a 96-

well infection assay using TZM-bl indicator cells. Briefly,

6,000 cells were seeded out in 96-well dishes in a volume

of 100 μl and infected in triplicate after overnight incu-

bation with 10 or 100 μl of virus stocks. Three days later

infection was detected using a galactosidase screen kit

from Applied Bioscience as recommended by the manu-

facturer. β-Galactosidase activities were quantified as

relative light units per second (RLU/s) using an Orion II

Microplate Luminometer (Berthold).

p24 antigen ELISA

Nunc immuno maxi sorb surface 96-well plates were

coated with a mouse anti-p24 monoclonal (MAK183)

antibody (EXBIO) overnight. After blocking, Triton X-

100 lysed supernatants or cells were transferred to

the 96-well plates. The next day, plates were washed

and incubated with a polyclonal rabbit anti-HIV-1

p24 antibody (Eurogentec) for 1 h. Next, plates were

washed and incubated with a goat anti-rabbit antibody

conjugated with horseradish peroxidase (Dianova, 111-

035-008) followed by the addition of TMB peroxidase sub-

strate. The reaction was stopped with 0.5 M H2SO4 and

OD was measured at 450/650 nm.

Flow cytometric analysis

Flow cytometry analysis of BFP and eGFP reporter ex-

pression in 293T cells transfected with bi-cistronic vec-

tors coexpressing the gene candidate and BFP together

with proviral HIV-1 IRES eGFP was performed on a

FACS CANTO II (BD) flow cytometer essentially as de-

scribed previously [54]. For analysis, the percentage of

BFP/eGFP double positive cells was determined in rela-

tion to BFP positive cells in total. All values were nor-

malized to the sample transfected with a control plasmid

coding for no functional protein followed by an IRES

BFP cassette.

Cytotoxicity assay

The potential cytotoxicity of candidate genes was

evaluated by MTT assay. 293T cells (n=20,000) were

transfected in 96-well format with vectors expressing the

candidate genes. After 2 days 10 μl of a 5 mg/ml MTT

(3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium

bromide, Sigma #M2003) solution were added and incu-

bated for three hours. Thereafter cell free supernatant

was discarded, formazan crystals were solubilized in

100 μl DMSO-Ethanol (1:1) and OD was detected at

490/650 nm to evaluate cell viability.

Promoter reporter assays

To determine the modulation of viral promoter activity,

293T cells were cotransfected with equal amounts

(2.5 µg) of firefly luciferase reporter vectors for the HIV-1

long terminal repeat (LTR), HSV thymidine kinase (TK)

and CMV immediate early (IE) promoters as well as vec-

tors coexpressing the candidate genes and BFP. The HIV-

1 LTR promoter was activated by cotransfection of a

plasmid (0.5 µg) expressing HIV-1 NL4-3 Tat if indicated.

40 h post transfection, cells were lysed in Luciferase Cell

Culture Lysis Reagent (Promega, E1531) and firefly lucif-

erase activity was determined using the Promega Lucifer-

ase Assay System (E1501) according to the manufacturer’s

protocol. The pCMV-IE and pHSV-TK red firefly lucifer-

ase reporter vectors were purchased from Thermo Scien-

tific (16156 and 16157, respectively). The 5’-LTR of HIV-1

NL4-3 was inserted into the pGL3 enhancer vector from

Promega (E1771) via XhoI/MluI. HIV-1 NL4-3 Tat was

cloned into a pCG expression vector via XbaI/MluI.
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RNAseq Analysis

Resting CD4+ T cells were purified from two healthy

blood donors by Ficoll gradient separation followed by

negative selection and magnetic separation using the hu-

man CD4+ T Cell enrichment kit supplemented with

anti-HLA-DR, anti-CD25 and anti-CD69 (Stem Cell

Technologies). Cells (106) were incubated for 24 hours,

either with medium only, or with 100 or 1000 IU/ml

interferon α (Roferon-A, Roche) or interferon γ (R&D

Systems), or with 2 μg anti-CD3/1 μg anti-CD28 and

100 U/ml recombinant interleukin-2 (R&D Systems) to

mimic TCR stimulation. After 24 hour incubation, total

RNA extraction was performed using Illustra RNAspin

mini isolation kit (GE Healthcare) and further processed

for mRNA-Seq library preparation (TruSeq RNA sample

prep kit, Illumina). 100 bp paired-end sequencing was

performed using Illumina HiSeq2000. About 140 mio

read pairs were obtained for the samples. Sequencing

reads were quality filtered before alignment using Cuta-

dapt [56] and PrInseq [57]. Cleaned sequencing reads

were aligned to a build genome using SOAPsplice. Gene

expression was assessed by determining the number of

mapped reads per gene using HTSeq-count tool,

followed by DESeq R package normalization. An add-

itional normalization step taking into account the gene

coding length was performed so that the resulting

counts could be compared across samples for a given

gene, and also between genes.

Ranking screen

A set of 15,052 protein-coding genes was annotated with

nine parameters informative for response to HIV-1 infec-

tion or evolutionary history. Parameters included in vivo

response to HIV-1 infection (i.e. expression correlation

with viral load [3], primate dN/dS value, codon-specific

positive selection (PAML), measurements of cross species

adaptive evolution (the McDonald-Kreitman value com-

paring human sequence to chimp, orangutan or rhesus

[58], burden of synonymous, missense and non-sense vari-

ation, intolerance to functional variation (rare variant in-

tolerance score obtained from [59]) and number of

paralogs. Burden of synonymous, missense and non-sense

variation was taken from exome sequence data on ~6,300

individuals sequenced as part of the NHLBI exome se-

quencing project (http://evs.gs.washington.edu/EVS/).

Burden was calculated per gene as the total number of

variants in each class divided by gene length. Genes were

ranked for each parameter (with top ranked genes show-

ing high positive correlation with HIV viral load and high

levels of within and between species diversity) and the

ranks were summed giving equal weight to each measure-

ment. Beginning with all measurements, parameters were

iteratively dropped and re-included (individually and in

combination) in the ranking and the final model was se-

lected based on the set of parameters that optimized the

ranking of known HIV-1 restriction factors. The final set

of parameters included in vivo response to HIV-1 infec-

tion, dN/dS value and evidence for codon-specific positive

selection (PAML P-value).

Additional files

Additional file 1: Table S1. Genes selected on the basis of
evolutionary history in primates, expression during HIV-1 infection
in vivo, or issued from the HIV-1 interaction database. Because of errors
in sequencing, annotation and alignment can lead to excessive false
positives in downstream evolutionary analyses. Therefore, we
assessed dN/dS estimates using both Ensembl Compara’s
protein-based alignments (columns c_m0 and c_m), and DNA-based
alignments of primate sequences generated from genomic DNA
alignments (column g_m0). The “m0” columns (c_m0 and g_m0)
show gene-wide dN/dS values estimated using the SLR software
under a one-ratio model (i.e. one dN/dS value per gene), while the
“m” column (c_m) shows the mean across the gene of all
codon-specific dN/dS estimates using SLR's sitewise model
(Massingham and Goldman, 2005). The raw and adjusted p-values for
sitewise positive selection, measured using the so-called 'site' test for
positive selection (Yang, 2007), are included (column paml_pval, and
Benjamini-Hochberg FDR-adjusted: paml_adj_pval). In column
“Association”, E=differentially expressed during HIV-1 infection in vivo,

I= included in the NCBI HIV-1. interaction database. The effect of the
candidate genes on NL4-3 and D3 HIV-1 is indicated in the
following columns. Each value represents the average values (n≥3)
obtained in the presence of one of the 27 individual candidates
analyzed.

Additional file 2: Figure S1. Assessment of possible cytotoxic effects of
candidate genes. 293T cells were transfected with 2.5 µg of constructs
expressing the candidate genes and the cell viability was examined
two days later by MTT assay. Lack of cytotoxicity was confirmed in the
CellTiter-Glo® Luminescent Cell Viability Assay. All data were
normalized to the BFP only control construct (100%) and are
presented as mean ±SD (n = 3). Figure S2. Assessment of
antiviral effects of candidate genes. Impact of individual candidate
factors on HIV-1 gene expression, release and infectivity. Candidates
were ranked from the left to the right based on their inhibitory effect
on the production of infectious wt HIV‑1 (blue). Results obtained for
the D3 virus (red) are shown for comparison. The detection limit for
CA and CF p24 antigen in the ELISA assay is about 0.5%. Figure S3.

Correlation between the effect of the candidate genes on wt and D3
HIV-1 gene expression, virus release and viral infectivity. (A) Correlation
between the effect of the candidate genes on wt and D3 HIV-1 in the
indicated assays. Each symbol represents the average values (n≥3) obtained in
the presence of one of the 28 individual candidate genes analyzed. Candidate
genes that reduced the values for both wt and D3 virus below 50% (FACS-
based assays) or below 10% (p24 expression and infectious virus production)
are color coded green; those that achieved this only for the D3 construct
yellow; and enhancers of both viruses red. (B) Correlation between the effects
of the candidate genes in the different assays for viral gene expression, p24
antigen production and viral infectivity. The upper panels give the results
obtained for the wt HIV-1 construct and the lower panel provides the data
generated using the D3 mutant construct.

Additional file 3: Table S2. Ranking of candidates in a relaxed
screen. A set of 15,052 protein-coding genes was annotated with nine
parameters informative for response to HIV-1 infection or evolutionary
history. Parameters included in vivo response to HIV-1 infection, dNdS
value, codon-specific positive selection, measurements of cross species
adaptive evolution, burden of synonymous, missense and non-sense
variation, intolerance to functional variation and number of paralogs. We
highlight in yellow genes selected in the main screen, and in blue,
pardigmatic restriction factors.
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SUMMARY

Guanylate binding proteins (GBPs) are an interferon

(IFN)-inducible subfamily of guanosine triphospha-

tases (GTPases)withwell-established activity against

intracellularbacteriaandparasites.Hereweshowthat

GBP5 potently restricts HIV-1 and other retroviruses.

GBP5 is expressed in the primary target cells of

HIV-1, where it impairs viral infectivity by interfering

with the processing and virion incorporation of the

viral envelope glycoprotein (Env). GBP5 levels inmac-

rophages determine and inversely correlate with in-

fectious HIV-1 yield over several orders ofmagnitude,

whichmay explain the high donor variability inmacro-

phage susceptibility to HIV. Antiviral activity requires

Golgi localizationofGBP5, but not itsGTPaseactivity.

Start codon mutations in the accessory vpu gene

frommacrophage-tropic HIV-1 strains conferred par-

tial resistance to GBP5 inhibition by increasing Env

expression. Our results identify GBP5 as an antiviral

effector of the IFN response and may explain the

increased frequencyofdefective vpugenes inprimary

HIV-1 strains.

INTRODUCTION

Restriction factors are cellular proteins that inhibit viral patho-

gens at different steps of their replication cycle (Doyle et al.,

2015). They represent key effectors of innate antiviral immunity

and play an important role as barriers to cross-species transmis-

sions of viral pathogens (Krupp et al., 2013) and in limiting viral

spread in new host species (Kirchhoff, 2010). Antiretroviral re-

striction factors, such as TRIM5a, APOBEC3G, BST2/tetherin,

SERINC3/5, and SAMHD1, show an enormous structural and

functional diversity (Kluge et al., 2015). Nonetheless, they usu-

ally share several characteristics: restriction factors are cell-

intrinsic proteins that are typically inducible by interferons

(IFNs) (Harris et al., 2012). Due to the long-standing evolutionary

arms race with their host species, they often exhibit evolutionary

signatures of enormous selective pressure (Daugherty and

Malik, 2012). Finally, HIV and other viruses have evolved mech-

anisms to counteract or evade restriction factors that pose

a threat to efficient viral replication in vivo. Recently, we used

these characteristics of known antiretroviral restriction factors

to identify additional human proteins sharing these features

(McLaren et al., 2015).

One candidate restriction factor identified by this genome-

wide screen (McLaren et al., 2015) is guanylate binding protein

5 (GBP5). This factor is a member of the IFN-inducible subfam-

ily of guanosine triphosphatases (GTPases) that play key roles

in cell-intrinsic immunity against diverse pathogens, such as

Chlamydia, Mycobacteria, Listeria and Salmonella species, or

Toxoplasma gondii (Kim et al., 2012). Notably, GBP1, which

is the best-characterized GBP protein and closely related

to GBP5, is also involved in the intrinsic defense against

dengue, hepatitis C, vesicular stomatitis, and encephalomyo-

carditis viruses (Anderson et al., 1999; Itsui et al., 2009; Pan

et al., 2012).

We thus selected GBP5 for in depth analysis and found that it

impairs the infectivity of HIV-1 and other retroviruses by inter-

fering with the functionality of the viral envelope (Env) glycopro-

tein. Mutational analyses showed that Golgi localization, but not

the enzymatic activity of GBP5, is crucial for its antiviral function.

Strikingly, the endogenous GBP5 expression levels in human

macrophages correlated inversely with infectious HIV-1 yield

over three orders of magnitude. Knockdown studies confirmed

that GBP5 inhibits infectious virus production in primary human

macrophages. Furthermore, GBP5 contributed significantly to

the antiretroviral effect of IFN-g in macrophage-like differenti-

ated THP-1 cells. Inactivating mutations in the accessory vpu

gene commonly found in macrophage-(M-)tropic and brain-

derived HIV-1 strains conferred partial resistance to GBP5 inhi-

bition by increasing Env expression. Our results suggest that

GBP5 is an important cell-autonomous effector of the innate

antiretroviral immune response.
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RESULTS

GBP5 Impairs Retroviral Infectivity by Interfering with

Env Function

We have previously shown that exogenous expression of GBP5

in transfected HEK293T cells reduces the yield of infectious

HIV-1 NL4-3 (McLaren et al., 2015). Here, we confirmed and

expanded this finding showing that GBP5 reduced the produc-

tion of infectious HIV-1 NL4-3 by �6-fold without significantly

affecting p24 capsid antigen production and virus release (Fig-

ure 1A). To examine whether GBP5 is active against other pri-

mate lentiviruses, we tested its effect on a variety of trans-

mitted/founder (TF) and chronic (CC) HIV-1 strains, as well as

simian immunodeficiency viruses (SIVs) infecting African green

monkeys and macaques. GBP5 reduced the infectious yield of

all these HIV-1 and SIV strains in a dose-dependent manner (Fig-

ures 1B and S1A). Analyses of pseudotyped HIV-1 revealed that

GBP5 impairs the infectivity of viral particles carrying the enve-

lope (Env) proteins of HIV-1, HIV-2, SIV, or murine leukemia virus

(MLV) but is inactive against virions carrying the vesicular stoma-

titis virus glycoprotein (VSV-G) (Figures S1B and S1C).

To further define the effect of GBP5 on retroviral envelope pro-

teins, we performed western blot analyses of HEK293T cells co-

transfected with GBP5 expression vectors and proviral HIV-1

constructs. GBP5 caused a dose-dependent shift in the electro-

phoretic mobility of the Env glycoproteins gp120 and gp160 in

cellular extracts without affecting Gag expression or processing

(Figure 1C). Notably, GBP5 strongly reduced virion incorporation

of correctly sized mature gp120, while increasing virion-associ-

ated levels of its immature gp160 precursor (Figure 1C). Infec-

tious virus yield correlated directly with the levels of virion-asso-

ciated gp120 and inversely with the gp160 content (Figure S1D).

To determine whether the change in electrophoretic mobility

of the Env glycoproteins is due to altered glycosylation, lysates

of HEK293T cells co-transfected with GBP5 and an HIV-1

NL4-3 proviral construct were treated with peptide N-glycosi-

dase F (PNGase F), which removes N-linked oligosaccharides

from glycoproteins. This treatment abolished the GBP5-depen-

dent shift in the electrophoretic mobility of Env (Figure 2A), sug-

gesting that GBP5 interferes with N-linked glycosylation. GBP5

also affected the electrophoretic mobility of MLV Env but had

no effect on the glycosylation pattern of the restriction factor

tetherin (Figure 2B). Thus, GBP5 may preferentially target retro-

viral envelope glycoproteins. In further support of an effect on

HIV-1 Env function and trafficking, GBP5 expression was asso-

ciatedwith 2- to 5-fold reduced detection levels of Env at the sur-

face of virus-producing HEK293T cells (Figures 2C and S2A),

although it did not reduce the total quantity of Env in the cellular

extracts (Figure 1C). To directly examine the effect of GBP5 on

HIV-1 entry, we used a fusion assay that is based on the delivery

of chimeric virion-associated b-lactamase-Vpr proteins (BlaM-

Vpr) into target cells (Cavrois et al., 2002). HIV-1 virions produced

in the presence of GBP5 were significantly impaired in their abil-

ity to infect SupT1 cells and human peripheral blood mononu-

clear cells (PBMCs) (Figures 2D and S2B).

GBP5 Is Expressed inHIV-1 Target Cells andDetermines

Infectious Virus Yield from MDM

GBPs are main target genes of the IFN response and may ac-

count for up to 20% of all proteins induced by IFN-g (Martens

and Howard, 2006). To determine the expression and inducibility

of GBP5 in the primary target cells of HIV-1, we performed west-

ern blot analyses of human CD4+ T cells and monocyte-derived

macrophages (MDMs) that were either left unstimulated or

treated with type I or II IFNs. We also activated CD4+ T cells

with anti-CD3/CD28 beads to mimic stimulation by antigen-pre-

senting cells. We found that both types of IFN efficiently induced

GBP5 expression in CD4+ T cells and MDM (Figures 3A and

A

B

C Figure 1. GBP5 Impairs Infectious HIV-1 Pro-

duction in Transfected HEK239T Cells

(A) HEK293T cells were cotransfected with 2.5 mg

(each) of HIV-1 NL4-3 proviral construct and

GBP5 expression vector. Shown are the quantities

of cell-associated (CA) or cell-free (CF) p24

antigen, and levels of infectious HIV-1 yield as

determined by infection of TZM-bl reporter cells.

All panels provide mean values (±SEM; n = 5)

relative to those measured in HEK293T cultures

cotransfected with the control vector (100%). ***p <

0.001.

(B) Infectious virus yield from HEK293T cells co-

transfected with GBP5 expression vector and the

indicated transmitted-founder (TF) or chronic (CC)

HIV-1 and SIV proviral constructs. Shown are

average values of triplicate infections of TZM-bl cells

with the culture supernatants.

(C) HEK293T cells were co-transfected with constant

quantities of proviral HIV-1 NL4-3 or CH058 proviral

constructs (2.5 mg) and different doses (0, 0.1, 0.25,

0.5, 1.0, or 2.5 mg) of GBP5 expression plasmid or

empty vector. Expression of HIV-1 proteins, GBP5

and b-actin in cellular extracts and HIV-1 Env and

Gag in sucrose gradient-purified virus preparations

in the culture supernatant was determined by western blot. The upper panel shows infectious virus yield as determined by infection of TZM-bl reporter cells. Data

show mean percentages (±SEM; n = 3) relative to those detected in the absence of GBP5 (100%). (See also Figure S1).
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S3A).While IFN-gwas the strongest inducer in CD4+ T cells, both

type I and II IFN increased GBP5 expression �10-fold in human

macrophages (Figure 3A). Notably, TCR-CD3-mediated CD4+

T cell activation also increased the levels of GBP5 expression

�5-fold (Figures 3A and S3A).

To assess whether GBP5 expression is enhanced in HIV-1 in-

fected individuals, we used the Genomic Utility for Association

and Viral Analyses in HIV (GuavaH) database containing a

comprehensive dataset of host genes modulated during HIV

infection (Bartha et al., 2014). Increased viral loads in HIV-1-in-

fected individuals are typically associated with elevated levels

of antiretroviral restriction factors, such as APOBEC3G, TRIM5a,

and tetherin (Rotger et al., 2010). This is because expression

of these proteins is induced as part of the antiviral immune

response, but they are often unable to efficiently inhibit HIV-1

replication due to viral evasion or counteraction. Accordingly,

the levels of GBP5 transcripts correlated (r2 = 0.26; p = 4.1 3

10�10) with the viral RNA loads in HIV-1-infected individuals

(Figure S3B). In agreement with these in vivo data, HIV-1 infec-

tion of cultured MDMs significantly induced GBP5 expression

(Figure S3C).

We noted that basal GBP5 protein levels varied substantially

in the absence of IFNs between macrophages from different

donors (Figure 3B) and investigated whether this might affect

the infectivity of progeny HIV-1 virions. The analysis of MDM

derived from 19 individual blood donors revealed a highly signif-

icant inverse correlation (r2 = 0.81; p < 0.0001) between the

endogenous levels of GBP5 expression and the infectious

HIV-1 yield over three orders of magnitude (Figure 3C). Alto-

gether, our results show that GBP5 is expressed in the main

target cells of HIV-1, IFN-inducible, and upregulated by HIV-1

replication in infected individuals. Furthermore, the data suggest

that GBP5 levels might determine infectious virus yield from

human macrophages.

GBP5 Impairs HIV-1 Infectivity in Human Macrophages

To directly examine whether GBP5 represents a key antiretro-

viral effector in macrophages, we performed GBP5 siRNA

knockdown studies. A �5-fold reduction of GBP5 gene expres-

sion by siRNA silencing increased infectious HIV-1 Bal or AD8

yield �8-fold (Figures 4A and 4B). GBP5 silencing increased

the levels of gp120 in progeny HIV-1 virions �15-fold, whereas

the levels of Gag were only increased �4-fold (Figure 4C). The

latter was a consequence of spreading infection of the macro-

phage-tropic HIV-1 Bal and AD8 strains. After single-round

infection with VSV-G pseudotyped HIV-1 NL4-3 (Figure 4D),

or after HIV-1 AD8 infection in the presence of the protease in-

hibitor Darunavir (Figures S4A and S4B), only infectious virus

production (�8-fold) and Env expression (�3-fold) but not

Gag expression were increased upon GBP5 silencing. In further

support of an effect on Env function, GBP5 knockdown was

associated with enhanced proteolytic processing of the

gp160 Env precursor (Figure S4C) and a shift of the Env bands

in MDM cellular extracts from some donors (Figure 4A, white

arrowheads). Notably, the siRNA had no significant impact

on the expression of GBP1, the closest homolog of GBP5

(Figure S4D).

It has been reported that GBP5 plays a role in NLRP3 inflam-

masome activation (Shenoy et al., 2012). As a result, GBP5

silencing may attenuate expression of other immunity factors.

We found, however, that GBP5 silencing was associated with

increased rather than reduced IL-1b secretion (Figure S4E)

and caspase 1 activation (Figure S4F) in HIV-1-infected MDM.

HIV-1 activates the inflammasome in infected macrophages

(Chattergoon et al., 2014). Thus, increased HIV-1 viral replication

after GBP5 attenuation provides a plausible explanation for

enhanced inflammasome activation. In summary, our data sug-

gest that GBP5 suppresses HIV-1 infectivity in macrophages

despite decreased inflammasome stimulation.

A B

DC

Figure 2. GBP5 Affects Retroviral Env

Glycosylation and Function

(A) HEK293T cells cotransfected with empty con-

trol or GBP5 expression vectors (0.0, 0.5, or 2.5 mg)

and the HIV-1 NL4-3 proviral construct (2.5 mg)

were lysed and left untreated or incubated with

PNGase F to remove all N-linked mannose, hybrid,

and complex oligosaccharides. The results of the

western blot analysis were confirmed in three in-

dependent experiments.

(B) HEK293T cells were cotransfected with

increasing doses of GBP5 (0.0, 0.5, or 2.5 mg) and

constant amounts (1 mg) of vectors expressing

MLV Env (left panel) or tetherin (right panel). 40 hr

post-transfection, cells were lysed for western blot

analysis.

(C) Env cell surface expression in the presence

or absence of GBP5. HEK293T cells were co-

transfected with the indicated proviral HIV-1 con-

structs (2.5 mg) and GBP5 or an empty vector

control (1.0 mg). At 40 hr post-transfection, the

cells were harvested and analyzed for Env surface

expression by flow cytometry. The bars show mean values (±SEM, n = 3) relative to those measured in the absence of GBP5 (100%).

(D) Virus stocks of the indicated HIV-1 strains with incorporated BlaM-Vpr were produced in HEK293T cells in the presence or absence of GBP5 (1 mg) and

normalized for their p24 content (evaluated by ELISA). Normalized virus stocks were used to infect CCR5+ SupT1 cells (left panel) or human PBMCs (right panel)

for 3 to 6 hr. Subsequently, cells were incubated with the CCF2 substrate overnight and analyzed for the number of fusion events by flow cytometry. Shown are

mean values (±SD, n = 3 or 4) in the presence of GBP5 relative to those obtained in the presence of the control vector (100%). (See also Figure S2).
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To further determine the contribution of GBP5 to the antiretro-

viral IFN response, we generated stable knockouts of the GBP5

gene in human THP-1 monocytes, a cell line that differentiates

into a macrophage-like phenotype upon PMA stimulation.

Treatment with IFN-g strongly induced GPB5 expression in the

parental THP-1 cell line but not in three independent GBP5-

knockout clones (A4, A5, and A10) (Figure 4E). In contrast to

primary MDMs (Figure S3), IFN-a had no significant enhancing

effect on GBP5 in the THP-1 cell line (Figure 4E). In agreement

with these results, IFN-a treatment reduced infectious HIV-1

yield about 3-fold in both the parental THP-1 cell lines and the

GBP5-KO derivatives (Figure 4F). In contrast, IFN-g impaired in-

fectious HIV-1 production �6.0-fold in the presence but only

�2.2-fold in the absence of intact GBP5 genes (Figure 4G).

Thus, GBP5 contributes significantly to the IFN-g inducible anti-

retroviral effect in THP-1 cells.

Mutation of C583A Disrupts the Antiviral Activity

of GBP5

The antimicrobial activity of IFN-inducible GTPases may depend

on their GTPase activity (Pawlowski et al., 2011) and/or proper

subcellular localization (Matreyek et al., 2014). To obtain insights

into the underlying inhibitory mechanism of GBP5, we analyzed

mutant proteins containing changes reported to disrupt GTPase

activity (KS51/52AA, T75S), to decrease guanosine binding affin-

ity (D182N), or to prevent isoprenylation and dimerization

(C583A, DC) (Figures 5A and S5A) (Praefcke et al., 2004; Wehner

and Herrmann 2010). All mutant GBP5 proteins were expressed

in transfected HEK293T cells (Figure 5B). However, only the

C583A substitution and C-terminal truncation (DC) disrupted

anti-HIV activity (Figures 5C and S5B), suggesting that isopreny-

lation but not GTPase activity of GBP5 is essential for viral inhi-

bition. Notably, isoprenylation and dimerization are critical for

localization of GBP5 in the Golgi apparatus (Britzen-Laurent

et al., 2010), where the HIV-1 gp160 Env precursor is subjected

to mannose trimming and proteolytic cleavage. Thus, it is

conceivable that GBP5 impairs Env function by affecting its

glycosylation and/or proper processing in the Golgi complex.

Indeed, the anti-HIV-1 activity of mutant GBP5 proteins corre-

lated with their ability to alter the electrophoretic mobility of

Env glycoproteins in cellular extracts and to reduce the gp120

content in progeny HIV-1 virions while increasing the levels of

gp160 (Figures 5B and 5C). The inhibitory effect is GBP5 spe-

cific, since its closely related paralog GBP1 (Figure S5A) that is

also associated with the Golgi apparatus (Modiano et al., 2005)

did not reduce infectious HIV-1 yield (Figure 5C).

Mutations in vpu Increase Env Expression and Confer

Partial Resistance to GBP5

M-tropic HIV-1 strains show high frequencies of defective vpu

genes (Li et al., 1991; Schubert et al., 1999; Theodore et al.,

1996; Thomas et al., 2007). The reasons for this are unknown.

Usually, such mutations should be selected against in vivo since

Vpu performs several functions that are advantageous for HIV-1,

such as the degradation of CD4 (Willey et al., 1992), antagonism

of tetherin to promote virus release (Neil et al., 2008; Van Damme

et al., 2008), and inhibition of NF-kB activity to suppress the

expression of IFN-stimulated genes (Sauter et al., 2015). Vpu

and Env are expressed from the same bicistronic RNA (Schwartz

et al., 1990). Thus, we hypothesized that some HIV-1 strains may

evolve disrupted vpu reading frames to reduce the inhibitory

effects of GBP5 by increasing Env expression (Schubert et al.,

1999). Indeed, deletion of vpu (Dvpu) rendered HIV-1 NL4-3

significantly less sensitive to GBP5 inhibition (Figure 6A) and

enhanced Env expression (Figure S6). Introduction of premature

stop codons in the vpu genes (vpu*) of four primary HIV-1 molec-

ular clones (Figure S6A) also enhanced the levels of Env in

progeny virions �4-fold (Figures 6B and S6) and significantly

attenuated the inhibitory effects of GBP5 (Figure 6C). Titration

experiments confirmed that increased HIV-1 Env (but not

VSV-G) levels attenuate the inhibitory effect of GBP5 on HIV-1

(Figure 6D). Notably, a defective vpu did not result in evasion

from GBP5-mediated inhibition when Env was expressed in

trans (Figure 6D) further supporting that mutations in vpu coun-

teract GBP5 inhibition by increasing proviral Env expression.

Several studies have reported specific mutations in the vpu

translation initiation codon (vpu�), particularly in M-tropic

HIV-1 strains (Li et al., 1991; Schubert et al., 1999; Theodore

A B C

Figure 3. GBP5 Expression Is IFN-Inducible and Correlates Inversely with Infectious HIV-1 Yield

(A) Expression levels of GBP5 in primary monocyte derived macrophages and CD4+ T cells in the presence of the indicated stimuli relative to those measured in

unstimulated cells (100%). Shown are mean values ± SEM derived from eight (MDM) or six (CD4+ T cells) donors.

(B) MDMwere differentiated from PBMCs using human serum (10% v/v) and M-CSF (15 ng/ml) and infected with HIV-1 Bal. The lower panel shows western blot

analysis of GBP5 expression in MDM from eleven blood donors just prior to HIV-1 infection. The upper panel combines the quantified GBP5 expression levels

(orange dots, normalized to GAPDH) with the infectious virus yield from the MDMs 3 days post-infection, determined by TZM-bl infection assay (gray bars).

Shown are mean values (±SEM) from triplicate infections.

(C) Correlation between endogenous levels of GBP5 expression in human MDMs and infectious virus yield 3 days after infection with HIV-1 Bal. The analysis

includes the data from (B) highlighted in orange plus those of eight additional donors. (See also Figure S3).
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et al., 1996; Thomas et al., 2007). To determine the effect of such

naturally occurring mutations on GBP5 inhibition, we ‘‘repaired’’

the vpu start codon in the brain-derived YU2 (Li et al., 1991) and

M-tropic AD8 (Gendelman et al., 1988) HIV-1 clones (Figure S7A).

Control experiments showed that intact vpu genes conferred

tetherin resistance to HIV-1 AD8 and YU2 (Figure S7B), demon-

strating that re-introduction of a vpu initiation codon is sufficient

to restore Vpu activity. However, restoration of the vpu initiation

codon concomitantly reduced Env expression (Figures 7A and

S7C) and increased viral susceptibility to GBP5 inhibition (Fig-

ure 7B) in transfected HEK293T cells. In support of a selective

advantage in vivo, naturally occurring mutations in the vpu

initiation codon also enhanced Env expression (Figure 7C) and

infectious HIV-1 AD8 and YU2 yield in infected macrophages

(Figure 7D). Defective vpu genes were further associated with

�2- to 3-fold increased levels of cell-associated p24 antigen,

A B

C

D

E F

Figure 4. GBP5 Inhibits Infectious HIV-1 Production in Macrophages

(A) Representative western blot and infectious virus production from humanMDMs transfected with control (�, gray bars) or GBP5 (+, orange bars) siRNA at days

6 and 10 of differentiation and subsequently infected with HIV-1 Bal or AD8 on day 11. Shown are the levels of viral and cellular protein expression in the cellular

extracts and the viral supernatant at 6 days post-infection. The upper panel shows the corresponding infectivity of the MDM culture supernatants for TZM-bl

indicator cells (mean values ±SEM from triplicate infections). Arrowheads indicate shifts in electrophoretic mobility of Env in the cell lysate.

(B) Macrophages treatedwith control (CTRL) or GBP5 siRNAwere infected with HIV-1 Bal and analyzed for infectious virus production 3 and 6 days post-infection

(dpi). Shown are mean percentages (±SEM; n = 14) relative to those detected in CTRL cells (100%).

(C) Expression levels of the indicated viral proteins in GBP5 knockdown MDM infected with HIV-1 Bal relative to those measured in cells treated with control

siRNA (100%). Data were derived from three experiments (nine donors in total) and represent mean values ±SEM.

(D) Infectious HIV-1 NL4-3 yield (left) and p24 levels (right) in supernatants of MDM treated with GBP5 or control siRNA and subsequently transduced with VSV-G

pseudotyped NL4-3. Data show mean percentages (±SEM; n = 9) relative to those measured in cells treated with CTRL siRNA (100%).

(E) Expression levels of GBP5 in the parental THP-1 cell line and three GBP5 knockout (KO) clones (A4, A5, and A10) thereof. PMA-differentiated THP-1 cells were

treated with IFNa (500 U/ml) or IFNg (200 U/ml) for 24 hr and subsequently left uninfected or infected with HIV-1 AD8. After 3 days of culture in the presence of

IFNs, cells were harvested and lysed for western blot analysis.

(F) Supernatants of parental and GPB5 KO THP-1 cells infected with HIV-1 AD8 as described in (E) were analyzed for infectious virus production by TZM-bl

infection assay. Shown aremean percentages (±SEM) of four independent experiments relative to those obtained in the absence of IFNs (100%) in control cells or

each of the three GBP5 KO THP-1 cell lines. (See also Figure S4).
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while the levels of cell-free p24 were not significantly affected

(Figure 7D). These data suggest that mutations in the vpu start

codon impair tetherin antagonism and hence virus release in

HIV-1 infected macrophages but enhance proviral transcription

due to the lack of Vpu-mediated NF-kB inhibition (Sauter et al.,

2015) and Env expression. Indeed, knockdown of tetherin

increased infectious HIV-1 release by macrophages >10-fold

(Figure 7E). Silencing of tetherin had the strongest effect on

vpu-defective HIV-1 (Figure 7F), while attenuation of GBP5 was

most beneficial for vpu+ HIV-1 derivatives, particularly at high

levels of endogenous GBP5 expression (Figure 7G). Thus, muta-

tions in vpu that enhance Env expression might help HIV-1 to

minimize inhibitory effects of GBP5 at the cost of increased sus-

ceptibility to tetherin. Such a selection advantage should be

associated with an increased frequency of mutations in the vpu

initiation codons in primary HIV-1 strains. To address this, we

determined the frequency of mutations in the vpu, vif, and vpr

initiation codons in the Los Alamos HIV sequences database.

We found that 1.11% (171/15429) of vpu ATGs but only 0.20%

(32/15817) of vif and 0.37% (56/15177) of vpr initiation codons

were mutated. This difference was highly significant (p <

0.0001) and even more pronounced (vpu: 1.28% [70/5479]

versus vif: 0.17% [8/4638] and vpr 0.34% [17/4935]) if only a

single sequence per patient was included in the analysis to

avoid sampling biases. This increased frequency indicates that

mutations in the start codon of vpu are advantageous for some

HIV-1 strains and/or in specific host environments.

DISCUSSION

In the present study, we demonstrate that GBP5 is an IFN-induc-

ible cellular factor that impairs HIV-1 infectivity by interfering with

Env function. We further show that the endogenous GBP5 pro-

tein levels in macrophages are highly variable and inversely

correlate with the infectious HIV-1 yield. Knockdown studies

confirmed that GBP5 determines infectious virus yield from hu-

man macrophages. Our discovery of GBP5 as a potent HIV-1 in-

hibitor might thus explain the previously observed large donor

variation in the susceptibility of macrophages to HIV-1 infection

(Fouchier et al., 1994; Bol et al., 2009). Naturally occurring point

mutations in the vpu translation initiation codon of HIV-1 coun-

teract the inhibitory effects of GBP5, suggesting a possible

trade-off mechanism in which loss of Vpu functions is tolerated

to reduce sensitivity to GBP5 by increasing Env expression.

Striking variations in the susceptibility of macrophages from

different donors to HIV-1 replication have already been reported

more than two decades ago (Fouchier et al., 1994; Naif et al.,

1999). Only a minor part of this variation could be explained by

the D32 deletion in ccr5 and altered CCR5 coreceptor expres-

sion (Naif et al., 1999; Pesenti et al., 1999). Thus, it has been sug-

gested that the highly variable susceptibility of macrophages to

HIV-1 replication may be due to the differential expression of an

enigmatic innate antiviral cellular factor (Bol et al., 2009). Our

finding that GBP5 protein levels in macrophages from different

blood donors correlate with infectious HIV-1 production over

several orders of magnitude (r2 = 0.81; p < 0.0001; Figure 3C)

together with the strong enhancing effect of GBP5 knockdown

on infectious HIV-1 yield (Figures 4A and 4B) suggest that

GBP5 is the immune factor determining this donor dependency

of macrophages to HIV-1 replication. CD4+ T cells also show

donor-dependent variations in their permissiveness to HIV-1

replication (Ciuffi et al., 2004). Whether or not GBP5 affects

HIV-1 infectivity in primary T cells and contributes to this vari-

ability remains to be determined.

The HIV-1 Env glycoprotein targeted by GBP5 is translated

together with Vpu from a single bicistronic mRNA and Env

expression is usually dependent on leaky scanning of the vpu

AUG initiation codon and/or ribosomal shunting (Guerrero

et al., 2015). Mutation of the vpu start codon results in immediate

translation of Env and therefore increases Env expression (Schu-

bert et al., 1999). Some primary HIV-1 strains may thus evolve

mutations in their vpu initiation codon to increase Env expression

at the cost of Vpu function. However, the benefits of such a regu-

lation and the reasons for its preferred occurrence in M-tropic

HIV-1 strains remained unclear. We verified that mutations in

the start codon of vpu are significantly more frequent than in

the initiation codon of other accessory viral genes and further

show that they can be beneficial to HIV-1 since increased Env

A B

C

Figure 5. Cys583 Is Critical for the Antiretrovi-

ral Activity of GBP5

(A) Schematic presentation of GBP5 showing the

amino acid substitutions tested. The DC mutant ex-

presses a GBP5 variant truncated after amino acid

489. CTHD, C-terminal helical domain.

(B) HEK293T cells were cotransfected with the HIV-1

NL4-3 proviral construct (2.5 mg) and vectors ex-

pressing wild-type or mutant GBP5 proteins or GBP1

(1 mg). Shown are western blot analyses of cellular

extracts and of viral particles obtained after sucrose

gradient purification. The results were confirmed in

two independent experiments.

(C) Infectious HIV-1 production by HEK293T cells

transfected as in (B). Values are percentages relative

to those measured in cultures cotransfected with the

control vector (100%). All bars depict mean values

(±SEM; n = 3–9). (See also Figure S5).
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expression renders the virus less sensitive to GBP5 inhibition

(Figure 7C). Such mutations may be preferentially selected in

cell types and compartments associated with a reduced selec-

tive pressure for Vpu function. Tetherin is efficiently expressed

and restricts HIV-1 release in macrophages (Schindler et al.,

2010) (Figure 7D). In contrast, the selective pressure for Vpu-

mediated CD4 degradation in macrophages is presumably

minimal since they express only low levels of this receptor.

Furthermore, immune evasion activities of Vpu, such as down-

modulation of CD1d, NTB-A, and PVR, may be less critical in

the brain than in lymphatic tissues. Similarly, the levels of neutral-

izing antibodies and antibody-dependent cell-mediated cytotox-

icity (ADCC) that might select for low levels of Env on HIV-1

infected cells and viral particles are presumably low in the immu-

nosecluded environment of the brain. In agreement with differen-

tial selective pressures in this compartment, unique HIV-1 vari-

ants that are not detected in blood may be found in the

cerebrospinal fluid (Schnell et al., 2009). Thus, it is conceivable

that disruptive mutations in vpu that confer partial resistance to

GBP5 by increasing Env expression were most frequently de-

tected in M-tropic and brain-derived HIV-1 isolates.

Macrophages play a key role in the pathogenesis of HIV-asso-

ciated neurological disorders that are observed in up to 50% of

infected individuals and continue to be a problem even under

effective ART (Burdo et al., 2013). Thus, our finding that the

endogenous levels of GBP5 expression strictly correlate with in-

fectious virus yield over several orders of magnitude suggests

that this antiretroviral factor may play a role in the pathogenesis

of neuro-AIDS. It is tempting to speculate that GBP5 may not

only have a direct effect because it governs infectious HIV-1 pro-

duction from macrophages but also indirectly by facilitating the

evolution of vpu-defective HIV-1 strains. Vpu inhibits NF-kB ac-

tivity to suppress the expression of antiviral immune genes and

inflammatory cytokines (Sauter et al., 2015). Thus, HIV-1 strains

lacking the vpu initiation codon may cause higher levels of

damaging inflammation in the brain than viruses containing

functional vpu genes. Furthermore, increased NF-kB activity in

HIV-1-infected macrophages may lead to enhanced LTR-driven

expression of viral genes. This helps to explain why vpu-defec-

tive HIV-1 YU2 and AD8 strains replicate efficiently in macro-

phages (Schubert et al., 1999; Theodore et al., 1996) and

produce similar levels of cell-free virus as their vpu-intact coun-

terparts (Figure 7D). Finally, defective vpu genes should be asso-

ciated with increased numbers of HIV-1 virions tethered to the

surface of infected macrophages and might thus enhance

cell-to-cell transmission and increase viral transport across the

blood-brain barrier.

Our identification of GBP5 as an antiretroviral effector of the

IFN system (Figures 4E and 4F) adds to the accumulating evi-

dence that immunity-related guanosine triphosphatases play a

key role in cell-autonomous immunity against various types of

pathogens. For example, MxB has recently been identified as

an HIV-1 inhibitor (Goujon et al., 2013; Kane et al., 2013), and

GBP1 inhibits various viral pathogens (Anderson et al., 1999; It-

sui et al., 2009; Pan et al., 2012). In accordance with our results

on GBP5, the antiviral activity of MxB depends on subcellular

localization but does not require GTPase activity (Matreyek

et al., 2014). However, MxB restricts nuclear import of the prein-

tegration complex and HIV-1 integration, whereas GBP5 affects

N-linked glycosylation of the HIV-1 Env protein, which is critical

for correct processing and viral infectivity. GBP5-dependent

alterations in the electrophoretic mobility of Env glycoproteins

were most pronounced in HEK293T cells and varied in macro-

phages from different donors. This is not surprising since

N-linked glycosylation in the Golgi apparatus is a highly complex

and cell-type-dependent process (Crispin and Doores, 2015).

More importantly, the results in both cell types consistently

show that GBP5 affects Env processing and incorporation of

A B C

D

Figure 6. Mutations in vpu Increase Env

Expression and Reduce HIV-1 Susceptibility

to GBP5 Inhibition

(A) HEK293T cells were cotransfected with wt or

vpu deleted (Dvpu) HIV-1 NL4-3 (2.5 mg) and

a GBP5 expression construct. Infectious virus

production was determined by TZM-bl infection

assay. Shown are mean values (±SEM) of three

experiments.

(B) Levels of Env expression (determined by west-

ern blot) in the cellular extracts and supernatants of

HEK293T cells transfected with five primary HIV-1

constructs (specified in [C]) containing intact or

disrupted vpu genes. Shown are mean percent-

ages (±SEM) obtained for the vpu-defective (vpu*)

HIV-1 constructs relative to their vpu+ (wt) coun-

terparts (100%).

(C) Infectious virus yield from HEK293T cells co-

transfected with GBP5 expression construct (1 mg)

and the indicated HIV-1 constructs (2.5 mg) relative

to the yield obtained in the absence of GBP5

(100%).

(D) Increasing levels of HIV-1 Env expression

attenuate the inhibitory effect of GBP5. HEK293T

cells were cotransfected with constant amounts of env-deleted HIV-1 NL4-3 constructs containing intact or defective vpu genes (2.5 mg) and a GBP5 (1 mg)

expression (red squares) or control (blue circles) vector and increasing amounts of plasmid expressing the HIV-1 NL4-3 Env or VSV-G. Infectious virus production

was determined by TZM-bl infection assay. Shown are mean values ±SEM from triplicate infections (see also Figure S6).
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mature gp120. This effect is specific since GBP1, which is

closely related to GBP5 and also localized in the Golgi appa-

ratus (Modiano et al., 2005), did not affect HIV-1 infectivity

(Figure S5A).

In summary, we show that GBP5 is a cell-intrinsic antiretroviral

factor, whose expression is induced by IFNs in primary CD4+

T cells and macrophages and evaded by an unusual trade-off

mechanism (i.e., enhanced Env expression at the cost of an

intact vpu gene). Whether or not HIV-1 has also evolved a mech-

anism to antagonize GBP5 directly is under investigation. Our

data are strong evidence that GBP5 governs infectious HIV-1

production in human macrophages. Thus, GBP5 may help to

control HIV-1 infection of the brain and its induction may offer

new prospects for the treatment of HIV-associated neurological

disorders. Our observation that mutations in the start codon of

vpu increase viral susceptibility to tetherin but confer partial

resistance to GBP5 further illustrate the complex interaction

betweenHIV-1 and innate host restriction factors and the striking

ability of the virus for tissue-, cell-type- and/or host-specific

adaptation.

EXPERIMENTAL PROCEDURES

Expression Vectors

GBP5 and GBP1were amplified from human cDNA obtained from PBMCs and

cloned (via XbaI and MluI restriction sites) into the bicistronic pCG expression

vector containing the immediate early promoter of human cytomegalovirus

(CMV) and coexpressing BFP via an internal ribosome entry site (IRES). All

PCR-derived inserts were confirmed by sequencing.

Proviral HIV-1 Constructs

Generation of HIV-1 (NL4-3-based) proviral reporter constructs containing

a functional nef gene followed by an IRES and the eGFP gene ((Schindler

et al., 2006) and generation of infectious molecular clones of TF and CC

HIV-1 strains have been described previously (Parrish et al., 2013). To intro-

duce stop codons at positions 2 and 3 of proviral HIV-1 constructs and to alter

A

B

C

D

E

F

G

Figure 7. Naturally Occurring Alterations in the vpu Start Codon of M-Tropic HIV-1 Strains Reduce Susceptibility to GBP5

(A) Levels of Env expression determined bywestern blot analysis in HEK293T cells transfected with HIV-1 AD8 and YU-2 constructs (2.5 mg) containing ‘‘repaired’’

(vpu+) or defective vpu genes. Values providemean percentages (±SEM, n = 3) obtained for the original vpu�HIV-1 construct relative to the vpu+mutant (100%).

(B) Infectious virus yield from HEK293T cells cotransfected with GBP5 expression construct (1 mg) and vpu+ or vpu� AD8 or YU2 proviral constructs (2.5 mg)

relative to infectious virus production in the absence of GBP5 (100%).

(C) MDMs treated with control, GBP5, or tetherin siRNA were infected with HIV-1 AD8 containing ‘‘repaired’’ (vpu+) or defective vpu genes. At 6 days post-

infection, expression of HIV-1 proteins, GBP5, and b-actin in cellular extracts and HIV-1 Env and Gag in sucrose gradient-purified virus preparations in the

macrophage culture supernatant was analyzed by western blot.

(D) MDMs were infected with HIV-1 AD8 or YU2 containing ‘‘repaired’’ (vpu+) or defective vpu genes, and the levels of cell-associated (CA) and cell-free (CF) p24

antigen were determined by ELISA and infectious virus yield by TZM-bl infection assay. Shown are mean percentages (±SEM, n = 3) obtained for the parental

vpu� HIV-1 construct relative to its vpu+ counterpart (100%).

(E) Infectious virus production fromMDMs that were treated with control (gray bars), GBP5 (orange bars), or tetherin (BST2, green bars) siRNA and subsequently

infected with HIV-1 YU2 containing a ‘‘repaired’’ (vpu+) or defective vpu gene. Shown are the mean levels of infectious HIV-1 (±SEM, n = 3) in the culture

supernatants at 3 days post-infection. Numbers above the bars give n-fold enhancement compared to MDM treated with control siRNA.

(F and G) Enhancement of infectious vpu+ and vpu� HIV-1 AD8 and YU2 production by tetherin (F) or GBP5 (G) knockdown. Each symbol represents the mean

value obtained from triplicate infections of MDMs from one donor. Red circles in (G) indicate high (>300,000 AU) and black circles low (<100,000 AU) levels of

GBP5 expression in untreated MDM from the respective donor. (See also Figure S7).
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the start codon of the HIV-1 YU2 and AD8 vpu genes (Li et al., 1991; Gendel-

man et al., 1988), we used the QuikChange II XL site-directed mutagenesis kit

(Agilent technologies) following the protocol provided by the manufacturer.

Cell Culture and Transfections

HEK239T and TZM-bl cells were cultured and transfected or infected as

described in the Supplemental Experimental Procedures. PBMCs and MDM

were isolated, cultured, and transfected as outlined in the Supplemental

Experimental Procedures.

Virus Production

To generate virus stocks, HEK293T cells were transfected with proviral HIV-1

constructs (5 mg) using a standard calcium phosphate transfection protocol

(Schindler et al., 2006). For the production of VSV-G pseudotyped HIV-1 par-

ticles, the proviral constructs were cotransfected with expression plasmids for

VSV-G (1 mg). For mock infection controls, HEK293T cells were transfected

only with transfection reagents. Supernatants were harvested 40 hr post-

transfection.

Infectivity Assay

Infectious HIV-1 yield was determined by a 96-well infection assay using TZM-

bl indicator cells (kindly provided by Drs. Kappes and Wu and Tranzyme Inc.

through the NIH AIDS Reagent Program). Briefly, 6,000 cells were sown out

in 96-well dishes and infected in triplicate with cell culture supernatants con-

taining infectious virus. Three days later, infection rates were measured using

a galactosidase screen kit (GalScreen-Applied Bioscience) according to the

manufacturer’s instructions. b-galactosidase activities were quantified as rela-

tive light units per second (RLU/s) using an Orion Microplate Luminometer.

P24 Antigen ELISA

Nunc immunomaxi sorb surface 96-well plates were coatedwith amouse anti-

p24 monoclonal (MAK183) antibody (EXBIO) overnight. After blocking, Triton

X-100 (10% v/v) lysed supernatants or cells were transferred to the 96-well

plates. The next day, plates were washed and incubated with a polyclonal rab-

bit anti-HIV-1 p24 antibody (Eurogentec) for 1 hr. Next, plates were washed

and incubated with a goat anti-rabbit antibody conjugated with horseradish

peroxidase (Dianova, 111-035-008) followed by the addition of TMB peroxi-

dase substrate (SureBlue-Medac). The reaction was stopped with 0.5 M

H2SO4, and OD was measured at 450/650 nm.

Flow Cytometric Analysis

Flow cytometry analyses were performed using a FACSCANTO II (BD) flow cy-

tometer. Env surface expression in the presence/absence of GBP5 was deter-

mined by co-staining Env glycoproteins using human anti-gp120 2G12 anti-

body (NIH) and anti-human Alexa Fluor 633 antibody (Invitrogen #A-21091).

Western Blot

Expression of HIV-1 proteins, GBP5 and GBP1 was examined as described in

the Supplemental Experimental Procedures.

Fusion Assay

The fusogenic capacity of particles produced in the presence or absence

of GBP5 was determined using a b-lactamase-based assay, as previously re-

ported (Cavrois et al., 2002). The assay was performed in CCR5-positive

SupT1 cells and human PBMCs, using 0.2 ml CCF2 substrate for 500,000 cells.

Protein Deglycosylation

To investigate the effect of GBP5 on Env glycosylation, cells were lysed in

western blot lysis buffer followed by deglycosylation of the lysates using

PNGase F (New England Biolabs). Deglycosylation was performed under

denaturing reaction conditions according to the manufacturer’s instructions,

and the extent of declycosylation was monitored by western blot analysis as

described above.

IL-1b and Caspase 1 Measurement

IL-1b content in the supernatant of infected macrophages was determined us-

ing an IL-1b ELISA module set (eBioscience #BMS224/2MST). The samples

were tested in a 1:2 dilution according to the manufacturer’s protocol using

Nunc immuno maxi sorb surface 96-well plates. Cleavage of procaspase 1

was determined by western blot analysis of siRNA transfected MDM using

caspase 1 and caspase 1 p10 antibodies (Santa Cruz, #sc-622 and #sc-515).

GBP5 Expression and Viral Loads

The correlation between gbp5 mRNA levels and set-point viral loads in HIV-1

infected individuals was obtained from GuavaH (http://www.guavah.org/),

which contains a comprehensive dataset of host genes modulated during

HIV infection (Bartha et al., 2014).

siRNA Knockdown

Differentiated human macrophages were transfected with siRNA on days 6

and 8 after isolation. Cells were transfected using GBP5-specific (Dharmacon

#L-018178-01-0020), tetherin-specific (Dharmacon #L-011817-00-0020), or

scrambled siRNA (MWG Eurofins) (45 nM) using Lipofectamine RNAiMax

(Life technologies) according to the most recent manufacturer’s instructions.

See Supplemental Experimental Procedures for details.

GBP5 Knockout

THP-1 knockout cells were generated as previously described (Schmidt et al.,

2016). An early coding exon of the GBP5 gene was targeted using the

following sgRNA target site: 50-TTAGTTCTGCTTGACACCGAGGG-30. The

sgRNA construct was obtained from the sgRNAKOLIBRY library (Schmidt

et al., 2015). Following limiting dilution cloning, three cell clones (A4, A5, and

A10) harboring all-allelic frameshift mutants were identified using Outknocker

(Schmid-Burgk et al., 2014).

Frequency of ATG Mutations

All HIV-1 vpr, vif, and vpu sequences available in the Los Alamos database

were aligned using Jalview (Waterhouse et al., 2009) and the frequency

of mutated ATG start codons compared to the total number of sequences

was determined. Details are provided in the Supplemental Experimental

Procedures.

Statistical Analysis

For comparison between primary values, Student’s t tests were performed.

Evaluation of normalized values was done using the one-sample t test or the

Wilcoxon Signed Rank test. Correlation analyses were evaluated by Pearson

r2. ns: p > 0.05, *p% 0.05, **p% 0.01, and ***p% 0.001.
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