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1 Introduction 

1.1 The AIDS pandemic and the evolution of HIV-1 

The acquired immunodeficiency syndrome (AIDS) is caused by the human 

immunodeficiency virus (HIV). The clinical picture of AIDS was first described in 1981 

(Gottlieb et al., 1981; Masur et al., 1981) and HIV was identified as the causative agent 

shortly thereafter (Barré-Sinoussi et al., 1983). Until today, 78 million people have been 

infected with HIV and 35 million people have already succumbed to the disease (UNAIDS, 

fact sheet 2016). In 2015, 36.7 million people were living with HIV, most of them in Sub-

Saharan Africa. Despite huge research and education efforts there are still about 2.1 million 

new infections worldwide each year and 1.1 million deaths (UNAIDS, global report 2016). 

There are two types of HIV: HIV-1 and HIV-2. The latter is less pathogenic, largely 

restricted to Western Africa (Campbell-Yesufu and Gandhi, 2011) and substantially less 

prevalent than HIV-1 (Sharp and Hahn, 2011; Tebit and Arts, 2011), HIV-1 is subdivided 

into four distinct groups that differ considerably in their (geographic) spread and prevalence 

in the human population. While HIV-1 group M is responsible for the current AIDS 

pandemic, the three other groups (N, O, and P) are mainly found in Cameroon and 

surrounding countries (Mourez et al., 2013). Today, we know that the different types and 

groups of HIV evolved after independent cross-species transmissions of simian 

immunodeficiency viruses (SIVs) from primates to humans (Sharp and Hahn, 2010). Soon 

after the discovery of HIV, related SIVs were found in captive and wild-living monkeys and 

apes and more than forty SIVs infecting African non-human primate species have been 

detected until today (Locatelli and Peeters, 2012; Pandrea et al., 2008; Sharp and Hahn, 

2010). SIV infecting chimpanzees (SIVcpz) is the direct precursor of HIV-1 groups M and 

N, as well as SIV infecting gorillas (SIVgor) (Sharp and Hahn, 2010). SIVgor has 

subsequently been transmitted to humans, giving rise to HIV-1 groups O and P (D’arc et al., 

2015). HIV-2 originated from SIVs infecting sooty mangabeys (SIVsmm) (Sharp and Hahn, 

2010). At least nine independent transmissions of SIVsmm to humans occurred, giving rise 

to HIV-2 groups A-I (Ayouba et al., 2013). 

Group O has infected several ten thousand people and represents 0.4-2.2 % of infections in 

Cameroon (Ayouba et al., 2001; Brennan et al., 2008; Peeters et al., 1997; Vessiere A, 

Rousset D et al., 2010; Villabona-Arenas et al., 2015). Less than 20 HIV-1 N infections 

(Delaugerre et al., 2011) and only two cases of HIV-1 P have been described (Plantier et al., 
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2009; Vallari et al., 2011). One reason for the small case numbers of groups N and P could 

be the possible shorter time of circulation in the human population. Group N arose around 

1963 (Wertheim and Worobey, 2009). A meaningful estimation of the circulation time of 

group P is not possible, since only two sequences are available (Sauter et al., 2011). Groups 

O and M both arose around 1920 (Lemey et al., 2004; Worobey et al., 2008).  

1.2 HIV-1 group O 

Since its discovery in 1990 (De Leys et al., 1990) and the definition as a distinct group 

(Charneau et al., 1994a), it has long been suspected that the direct precursor of HIV-1 group 

O is SIVgor, because group O strains are more closely related to known SIVgor than to 

SIVcpz strains (Van Heuverswyn et al., 2006; Takehisa et al., 2009). Nevertheless, the 

possibility remained that previously undescribed, closely related SIVcpz strains were 

transmitted to gorillas and humans at around the same time, giving rise to both SIVgor and 

HIV-1 group O (Sharp and Hahn, 2011). Recently, an SIVgor strain, very closely related to 

HIV-1 group O, was discovered in a gorilla population in central Cameroon, strongly 

suggesting that SIVgor from that population is the direct source of HIV-1 group O (D’arc et 

al., 2015). 

HIV-1 group O strains are very diverse. Classifications into three clades (Roques et al., 

2002), five clusters (Vallejo et al., 2003; Yamaguchi et al., 2002) or only two lineages based 

on a mutation at a certain position in the reverse transcriptase gene (Tebit et al., 2010) have 

been proposed. Unfortunately, the clades, clusters and lineages overlap and no consensus 

classification has been agreed on yet (Leoz et al., 2015; Mourez et al., 2013). 

The earliest known case of an HIV-1 group O infection is a Norwegian sailor, who visited 

Africa several times in the 1960s and infected his wife and daughter in his homeland 

(Jonassen et al., 1997). Although this demonstrates that HIV-1 group O was already present 

in Europe at that time, it has not spread significantly outside of Cameroon where it stably 

represents 0.4-2.2 % of all HIV infections (Ayouba et al., 2001; Brennan et al., 2008; Peeters 

et al., 1997; Vessiere A, Rousset D et al., 2010; Villabona-Arenas et al., 2015). According 

to Faria et al., 2014, group O has spread with about the same growth rate as group M until 

1960. Group M then transitioned to a faster phase of exponential growth, while group O’s 

growth rate did not increase (Faria et al., 2014). In contrast, sequence analyses of Leoz et 

al., 2015 indicate the presence of two phases of exponential growth during the evolution of 

group O: a first one from 1940 to 1960 and a second one from 1970-1990 (Leoz et al., 2015). 

Still, group O failed to become pandemic. Previous studies tried to determine viral factors 
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that could be a reason for this limited spread and found that group O strains are generally 

less fit in replication assays than group M viruses (Ariën et al., 2005; Geuenich et al., 2009). 

In an ex vivo fitness study in peripheral blood mononuclear cells (PBMCs), strains of group 

O were 10-100-fold less fit compared to strains of group M in a pairwise competition 

experiment (Ariën et al., 2005). In a second ex vivo infectivity study in human tonsil 

explants, the differences were less pronounced. Here, group O was about 5 to 8 times less 

fit, than group M, but showed a similar ability to deplete cluster of differentiation (CD) 4+ 

T cells (Geuenich et al., 2009). Initially, it has been suggested that one reason for the limited 

spread of HIV-1 group O in the human population may be the lack of an effective antagonist 

of the antiviral factor tetherin (Petit et al., 2011; Sauter et al., 2009; Vigan and Neil, 2011; 

Yang et al., 2011).  

1.3 The antiviral factor tetherin 

Tetherin is an interferon (IFN) inducible host restriction factor of innate immunity with a 

molecular mass of 30 -36 kilo Dalton (Van Damme et al., 2008; Neil et al., 2008). It consists 

of a short N-terminal cytoplasmic tail, followed by a transmembrane domain (TMD), which 

is connected by an extracellular coiled-coil domain to a C-terminal glycosyl-

phosphatidylinositol (GPI) anchor (Kupzig et al., 2003) (Figure 1). Tetherin forms 

homodimers via disulfide-bonds and has two N-linked extracellular glycosylation sites 

(Kupzig et al., 2003) (Figure 1). Via its GPI anchor, tetherin is associated with lipid-rafts, 

the sites of viral budding (Kupzig et al., 2003; Nguyen and Hildreth, 2000). The unusual 

topology of tetherin with two transmembrane anchors is critical for its antiviral activity 

(Perez-Caballero et al., 2009).  

During the viral budding process, one of tetherin’s membrane anchors is incorporated into 

nascent virions, while the other stays inside the plasma membrane of the cell (Figure 2). 

Thereby, budding viruses are physically “tethered” to the cell membrane and to each other 

(Figure 2). As a consequence, they are not released from the infected cell and thus infection 

of new target cells by cell-free viruses is hindered, while cell-to-cell spread might still occur 

(Van Damme et al., 2008; Jolly et al., 2010; Neil et al., 2008; Perez-Caballero et al., 2009). 

Tethered virions are ultimately endocytosed and degraded (Miyakawa et al., 2009; Neil et 

al., 2008) (Figure 2). This also protects the cell from being killed by cytotoxic T cells, since 

tethered virions get opsonized by antibodies, which triggers antibody depenent cellular 

cytotoxicity (ADCC) (Alvarez et al., 2014; Arias et al., 2014).  
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Figure 1. Structural determinants of tetherin-mediated restriction of virus release and signalling. 

Schematic representation of tetherin’s structure with the TMD and the GPI anchor, connected via the 

extracellular coiled-coil domain. The cysteines mediating the dimerization, the glycosylated asparagines and 

the leucine residues that are important for multimerization and virus release are highlighted in red. Additionally 

important amino acids in the cytoplasmic tail of tetherin are highlighted, like the dual tyrosine motif (in red) 

that mediates adapter protein (AP) binding and together with the following CRV motif (in red) are crucial for 

NF-κB activation The alternative start site at M13 is highlighted in blue. The cytoplasmic tail sequence of 

human (HU) tetherin 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 site of the five amino acid deletion in human tetherin is highlighted in yellow. Reprinted from 

Journal of Molecular Biology, 425(24), Hotter, D., Sauter, D., & Kirchhoff, F., Emerging role of the host 

restriction factor tetherin in viral immune sensing4956–4964, 2013, with permission from Elsevier. 

Besides directly restricting virus release, human tetherin also acts as a pattern recognition 

receptor, which activates the transcription factor nuclear factor 'kappa-light-chain-enhancer' 

of activated B-cells (NF-κB) and thus induces expression of proinflammatory genes upon 

binding of virions (Galᾶo et al., 2012; Tokarev et al., 2013). This activity maps to amino 

acids 6 to 12, which also comprise a dual tyrosine motif (YDYCRV in human tetherin) 

(Galᾶo et al., 2012) (Figure 1). This motif has been shown to regulate endocytosis and 

recycling of tetherin via its interaction with clathrin associated adaptor proteins (APs) 

(Masuyama et al., 2009; Rollason et al., 2007). 

There are two isoforms of human tetherin: the full-length isoform, called long-tetherin, and 

a 12 amino acid shorter version, called short-tetherin (Cocka and Bates, 2012). Short-tetherin 

is generated by translation from an alternative start codon, located 13 codons downstream of 

the first ATG (Figure 1). Both isoforms are expressed at comparable levels and able to retain 

budding virions at the cell surface (Cocka and Bates, 2012). The absence of the dual tyrosine 



Introduction 

5 

 

endocytosis motif in short-tetherin may even result in higher quantities at the cell surface 

and thus increase the virion tethering activity (Cocka and Bates, 2012). Notably, however, 

the lack of this motif also prevents initiation of NF-κB signaling upon binding of nascent 

virions (Cocka and Bates, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tetherin inhibits a wide range of enveloped viruses including ebolavirus, Kaposi’s sarcoma-

associated herpesvirus, Herpes simplex virus 1 and Chikungunya virus. Many of these have 

evolved counteraction mechanisms (Blondeau et al., 2013; Jones et al., 2013; Lopez et al., 

2010; Mansouri et al., 2009). Most SIVs, including the direct precursors of HIV-1, SIVcpz 

and SIVgor, use their accessory protein negative factor (Nef) to counteract tetherin in their 

respective host species (Sauter et al., 2009; Zhang et al., 2009). Human tetherin, however, is 

resistant to SIV-Nef as it contains a five amino acid deletion in its cytoplasmic tail (Figure 

1) and thus lacks the Nef binding site (Serra-Moreno et al., 2013; Zhang et al., 2009). Upon 

cross-species transmission, pandemic HIV-1 group M and (to a lesser extent) rare group N 

strains have switched to the accessory protein viral protein u (Vpu) to overcome the hurdle 

imposed by human tetherin (Sauter et al., 2009, 2012). It has been proposed, that this switch 

was a prerequisite for the pandemic spread of HIV-1 group M (Sauter et al., 2009). 

 

Figure 2. Tetherin-mediated restriction of virus release. The 

antiviral factor tetherin contains two membrane anchors, a TMD 

and a GPI-anchor, connected via a coiled-coil domain, and forms 

dimers. During the budding process of nascent virions, one of 

tetherin’s membrane anchors becomes incorporated into the viral 

membrane and crosslinks it to the cell. Virions accumulate at the 

cell surface and get subsequently internalized. GPI, glycosyl-

phosphatidylinositol; TMD, transmembrane domain Reprinted 

with permission from Macmillan Publishers Ltd: Nature Reviews 

Microbiology, Martin-Serrano and Neil, 2011 
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1.4 The accessory protein Nef 

Nef is one of four accessory proteins of HIV-1 and performs a multitude of functions. Nef 

has a molecular mass of 27-35 kDa and is associated with cellular membranes via an N-

terminal myristoyl anchor, which is critical for its functions (Bentham et al., 2006). While 

most of the protein consists of a folded core, the N- and C-terminus of Nef are flexible and 

unstructured. Nef’s C-terminus harbors a flexible loop, which contains a highly conserved 

ExxxLL motif (Geyer et al., 2001). This motif is recognized by AP of the clathrin-associated 

endocytic machinery. By hijacking this machinery, Nef is able to mis-traffic a variety of 

diverse (surface) proteins (Landi et al., 2011). 

Nef is expressed very early in the viral replication cycle and creates an environment in the 

host cell that is beneficial for efficient replication. By modulating the expression of several 

cell surface receptors, it facilitates viral immune evasion (Landi et al., 2011; Sugden et al., 

2016; Tokarev and Guatelli, 2011). For example, downmodulation of the major 

histocompatibility complex (MHC)-I impairs presentation of virus-derived peptides on the 

cell surface and thereby killing of the infected cell by cytotoxic T-cells (CTLs) (Collins et 

al., 1998). Downmodulation of CD4, the main entry receptor of HIV, prevents superinfection 

(Benson et al., 1993; Wildum et al., 2006) and enables efficient release of newly formed 

virions by preventing interactions between the viral envelope protein (Env) and CD4 (Lama 

et al., 1999; Ross et al., 1999). Furthermore, this Nef function also disrupts CD4-based 

immune responses (Landi et al., 2011). Another well-conserved function of Nef is the 

upmodulation of the invariant chain (li)/CD74 (Schindler et al., 2003). This results in cell 

surface expression of immature MHC-II molecules on antigen presenting cells. Thereby, 

presentation of viral proteins is hampered and the immune response suppressed (Stumptner-

Cuvelette et al., 2001). Nef also increases the infectivity of newly formed virions (Miller et 

al., 1995; Münch et al., 2007; Vermeire et al., 2011). With the discovery of two new 

restriction factors, serine incorporator (SERINC)3 and SERINC5, the underlying 

mechanism has recently been resolved (Rosa et al., 2015; Usami et al., 2015). Incorporation 

of these cellular proteins into the viral membrane impairs cytoplasmic delivery of the viral 

core in the newly infected cell (Rosa et al., 2015). Nef-mediated downmodulation of 

SERINC from the cell surface prevents incorporation into newly formed virions and 

enhances infectivity (Rosa et al., 2015; Usami et al., 2015). 

Finally, most SIVs use their Nef protein to counteract tetherin (Jia et al., 2009; Sauter et al., 

2009; Zhang et al., 2009). SIV Nef removes tetherin from the sites of viral budding by 
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inducing its AP-2 dependent internalization (Figure 3). This Nef activity depends on amino 

acids in and around the conserved ExxxLL motif in the C-terminal flexible loop (Serra-

Moreno et al., 2013; Zhang et al., 2011). Mutations around this motif resulted in 

reacquisition of Nef-mediated tetherin antagonism in a chimpanzee infected with an HIV-1 

strain (Götz et al., 2012). In addition to AP2 recruitment, direct interaction of Nef with 

tetherin is required for its counteraction activity (Serra-Moreno et al., 2013) (Figure 3). As 

mentioned above, the interaction has been mapped to five amino acids in the cytoplasmic 

tail of tetherin that are absent in the human orthologue (Jia et al., 2009; Sauter et al., 2009; 

Serra-Moreno et al., 2013; Zhang et al., 2009). This renders human tetherin resistant to 

counteraction by SIV Nef so that tetherin poses a hurdle for successful cross-species 

transmission of many SIVs to humans (Sauter et al., 2009, 2010). 

 

 

 

 

 

 

 

 

 

1.5 The accessory protein Vpu 

Vpu is only expressed by a subset of primate lentiviruses, i.e. SIVs infecting greater spot-

nosed- (SIVgsn), mona- (SIVmon), mustached- (SIVmus) and dent’s mona- (SIVden) 

monkeys, as well as HIV-1 and its direct precursors SIVcpz and SIVgor (Barlow et al., 2003; 

Courgnaud et al., 2002, 2003; Dazza et al., 2005; Huet et al., 1990; Takehisa et al., 2009). 

Vpu has a size of around 80 amino acids and consists of a short N-terminal region, an alpha-

helical TMD, and two cytoplasmic α-helices connected by a short hinge region, and a C-

terminal tail (Maldarelli et al., 1993; Park et al., 2003; Wray et al., 1995, 1999).  

Like Nef, Vpu is multifunctional. Vpu cooperates with Nef in the downmodulation of CD4, 

by targeting newly synthesized CD4 for proteasomal degradation (Willey et al., 1992). This 

Figure 3: Nef-mediated tetherin 

antagonsim. Nef (shown in red) 

interacts with the cytoplasmic tail of 

tetherin (shown in blue) and recruits 

AP-2 (shown in green) via a trafficking 

motif in its C-loop. This leads to 

clathrin-mediated endocytosis and 

intracellular sequestration of tetherin. 

Reprinted from Sauter 2014. 
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prevents Env-CD4 interaction in the endoplasmic reticulum (ER), which would hamper 

processing and transport of mature Env products to viral assembly sites (Dubé et al., 2010). 

To induce the degradation of CD4, Vpu binds the adaptor protein beta-transducin repeat 

containing E3 ubiquitin protein ligase (β-TrCP), upon phosphorylation of two serine residues 

in its hinge region (Margottin et al., 1998). β-TrCP subsequently recruits the E3 ubiquitin 

ligase complex, which labels CD4 for proteasomal degradation (Binette et al., 2007; 

Magadán et al., 2010; Schubert et al., 1998). A second function, where Nef and Vpu 

cooperate, is the regulation of NF-κB activation. While the early expressed Nef protein 

boosts NF-κB activation to initiate effective viral transcription, the later expressed Vpu 

inhibits NF-κB to suppress the induction of antiviral factors (Sauter et al., 2015). Vpu has 

also been shown to downregulate natural killer, T and B cell antigen (NTB-A) and CD1d 

from the cell surface, which enables evasion of natural killer (NK) and natural killer T (NK-

T) cell recognition, respectively (Moll et al., 2010; Shah et al., 2010). 

 

 

 

 

 

 

 

 

 

Figure 4: Vpu-mediated tetherin antagonism. Vpu (shown in red) uses its TMD do interact with the TMD 

of tetherin (shown in blue). It inhibits anterograde transport of tetherin and additionally recruits β-TrCP and 

the E3-ubiquitin ligase machinery (shown in green). This leads to ubiquitination (shown in turquoise) and 

subsequent endolysosomal degradation of tetherin. TMD- transmembrane domain. Reprinted from Sauter 

2014. 

Evolution of Vpu-mediated anti-tetherin activity has been proposed to be a prerequisite for 

the pandemic spread of HIV-1 group M (Sauter et al., 2009, 2010). Tetherin antagonism by 

Vpu depends on direct interaction of the TMDs of both proteins (Dubé et al., 2010; McNatt 

et al., 2013) (Figure 4). Furthermore, the two serine residues in the hinge region of Vpu are 

required for full anti-tetherin activity. Their phosphorylation regulates the recruitment of 
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AP-1 and AP-2 and induces the mis-trafficking of tetherin (Figure 4), which is also 

dependent on an ExxxLV motif in the second cytoplasmic α-helix of Vpu (Galao et al., 2012; 

Kueck et al., 2015). Trafficking of newly synthesized tetherin to the plasma membrane is 

blocked and tetherin is rerouted to the trans-Golgi network (TGN) instead (Dubé et al., 2011; 

Schmidt et al., 2011). Additionally, phosphorylation of the two serine residues recruits β-

TrCP, which leads to ubiquitination and degradation of tetherin via the endolysosomal 

pathway (Douglas et al., 2009; Mitchell et al., 2009) (Figure 4). 

1.6 Scientific Aims 

The antiviral factor tetherin poses a significant barrier for effective zoonotic transmissions 

of SIVs from monkeys and apes to humans. It has been proposed that overcoming this hurdle 

is a prerequisite of effective viral spread in the human population and that only group M 

adapted so successfully that it spread worldwide and caused the current AIDS pandemic. In 

case of group O, it has been reported that it failed to evolve an effective antagonist of human 

tetherin. Still it was able to infect around 100,000 people and in the beginning has spread 

almost as efficiently as group M. The aim of this study was to clarify whether HIV-1 group 

O was indeed able to become endemic in Central Africa without any tetherin antagonist. 

Previous studies have not used primary target cells of HIV-1 and mainly focused on virus 

release from transfected 293T cells overexpressing the respective proteins. I therefore 

determined the ability of group O Nef and Vpu proteins to reduce tetherin cell surface levels 

and to promote virus release, also in primary cells. I further examined whether other known 

functions, like CD4 and MHC-I down- and CD74 upmodulation as well as inhibition of 

NFκB activation and inhibition can still be fulfilled by O-Vpus and O-Nefs. I additionally 

included the proteins of the inferred most recent common ancestors of O-Nefs and O-Vpus, 

which represent the last common node in a phylogenetic tree of proteins found today, to 

investigate whether possible anti-tetherin activity was present prior to the spread in the 

human population. Finally, I examined a new molecular clone of group O, the strain 

RBF206, to investigate whether my findings are relevant also in the original group O context 

in primary cells. 
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2 Material and methods 

2.1 Material 

2.1.1 Cell culture and bacteria 

2.1.1.1 Cell culture 

Cell lines: 

HEK293T:  human embryonic kidney 293 large T antigen cells: a human renal 

epithelial cell line, which was transformed with adenovirus type It 

expresses the simian virus 40 (SV40) large T antigen (Graham and 

Smiley, 1977). 

TZM-bl:  a HeLa cell line derivative, which expresses high amounts of human 

CD4, C-C chemokine receptor (CCR) 5 and C-X-C chemokine 

receptor type (CXCR) 4. Contains firefly luciferase and 

  ß-galactosidase genes under the control of the HIV-1 long terminal 

repeat  (LTR)  promoter (Platt et al., 1998). 

P4 MAGI CCR5+: a HeLa cell line derivative, which expresses CD4 and CCR5. Contain

ß-galactosidase gene under the control of the HIV-1 LTR promoter 

(Charneau et al., 1994b). 

Primary cells: 

hPBMCs:   human peripheral blood mononuclear cells 

hCD4+T cells  human CD4+ T cells 

 

Biocoll separation solution  Biochrom, Berlin 

Dulbecco’s modified eagle medium (DMEM) Gibco/LifeTechnologies; Darmstadt  

Dynabeads® Human T-Activator CD3/CD28  Gibco/LifeTechnologies; Darmstadt  

Ethylendiamintetraacetate (EDTA)-trypsine  Gibco/LifeTechnologies; Darmstadt  

Fetal calf serum (FCS)  Gibco/LifeTechnologies; Darmstadt 

Interferon α (IFNα)  ThermoFisher Scientific, USA 

Interleukin-2 (IL-2)  Sigma-Ark, München 
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L-glutamine   Gibco/LifeTechnologies; Darmstadt  

Penicillin/Streptomycin  Gibco/LifeTechnologies; Darmstadt 

Phosphate-Buffered Saline (PBS) Invitrogen/LifeTechnologies; Darmstadt 

Phytohaemagglutinin (PHA)    Murex, Burgwedel 

Rosette Sep™ Human CD4+ T cell enrichment cocktail 

   Stemcell Technologies, Köln 

Roswell Park Memorial Institute medium (RPMI-1640) 

   Gibco/Life Technologies, Darmstadt 

Calcium-phosphate  2 M CaCl2 was prepared and sterilized by filtration. 

HBS (10x) 8.18 % NaCl (w/v), 5.94 % HEPES (w/v) and 0.2 % Na2HPO4 (w/v)in  

 distilled water. For a 2x HBS preparation, the 10x stock solution was 

diluted with distilled water. The pH was adjusted to 7.1 and the 

solution was sterilized by filtration. 

2.1.1.2 Bacteria 

Escherichia coli (E. coli) XL2-Blue: 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lacF’ proAB 

lacIqZM15 Tn10 (Tetr) Amy Camr (Bullock et al., 1987).  

Escherichia coli (E. coli) XL1-Blue MRF´  

strain:Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 

recA1 gyrA96relA1 lac [F´ proAB lacIqZΔM15 Tn10 (Tetr)]  

(Jerpseth et al., 1992). 

Ampicillin (Amp)  ratiopharm; Ulm 

Bacto-agar  BD; Heidelberg  

Bacto-tryptone  BD; Heidelberg 

Bacto-yeast extract BD; Heidelberg 

Dimethyl sulfoxide (DMSO)   Fluka; Neu-Ulm 

Glucose Roth; Karlsruhe 

Kanamycin (Kan)  Invitrogen/LifeTechnologies; Darmstadt 

SOC medium  Invitrogen/LifeTechnologies; Darmstadt 
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Luria Bertani (LB) medium 

 10 g/l bacto-tryptone, 5 g/l yeast extract, 8 g/l NaCl, 1 g/l glucose, aqua dist.   

LB Amp Agar 

 15 g/l agar, 100 mg/l ampicillin in LB medium 

LB Kan Agar 

 15 g/l agar, 100 µg/l kanamycin in LB medium 

2.1.2 Plasmids 

pBR322 Construct with a length of 4361 bp, containing ampicillin and 

tetracyclin resistance genes (Bolivar et al., 1977; Watson et al., 

1988). Proviral constructs were inserted via the unique 

restriction sites for MluI and NheI. 

pcDNA3.1(+) CMV-promoter based expression vector (Invitrogen/Life  

 Technologies; Darmstadt). Contains ampicillin resistance gene 

for selection in bacteria. 

pCG CMV-promoter based expression vector in which the vpus  

 were cloned via the restriction sites MluI and XbaI. It promotes  

 eGFP expression via an IRES (Tanaka and Herr, 1990). 

Contains ampicillin resistance gene for selection in bacteria. 

pNF-κB (3x) firefly luciferase 

 Reporter construct, which expresses firefly luciferase under 

the control of three NF-κB response elements (Karl et al., 

2009); kindly provided by Bernd Baumann. 

pSMART topo LC Amp  Cloning kit by Lucigen. Vector contains a repressor of 

promoter sequence to ensure low copy numbers and ampicillin 

resistance gene for selection in bacteria. Proviral sequence of 

HIV-1 O RBF206 was inserted via the restriction site NotI and 

MluI. 

pTAL Gaussia luciferase Reporter construct, which expresses Gaussia luciferase under 

the control of a minimal TATA-like (TAL) region from the 

herpes simplex virus thymidine kinase (HSV-TK) promoter 
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(Thermo Scientific #16147); Gaussia luciferase was inserted 

via NcoI and XbaI in exchange for firefly luciferase in the 

original pTAL-Luc construct (Clontech #631909). 

2.1.3 Used oligonucleotides 

Oligonucleotides were obtained from biomers.net GmbH (Ulm).  

Table 1: Oligonucleotides used in this study.  

Name 

Forward 

(fw)/ 

Reverse 

(rv) 

 

 

Sequence 5’->3’ Allele purpose vector 

AS192 

rv 

ctacgcgttatatatagcgatag

gtgtccagatcatcaatatccc

aagg NL4-3 vpu 

C-AU1 tag, 

MluI 

pCGCG 

AS440 
rv 

ctacgcgttatatatagcgatag

gtgtcgagcatgtgaaaagc BQ664 vpu 

C-AU1 tag, 

MluI 
pCGCG 

AH464 
fw 

cgtctagaatatgcatcataga

gatctgctagc HJ389 vpu XbaI 
pCGCG 

AH466 
rv 

ctacgcgttatatatagcgatag

gtgtccaattcaaacatggg HJ389 vpu 

C-AU1 tag, 

MluI 
pCGCG 

DS103 
rv 

ctacgcgttatatatagcgatag

gtgtcgtctttgttgaagag HJ428 nef 

C-AU1 tag, 

MluI 
pCGCG 

KMII_96 

fw ggatgacagtgactatgaatcc

aacggggaggaagaacagg 

RBF206 

vpu 

GTTE>ES

NG 

introduces 

mutations 

pCGCG 

KMII_97 

rv cctgttcttcctccccgttggatt

catagtcactgtcatcc 

RBF206 

vpu 

GTTE>ES

NG 

introduces 

mutations 

pCGCG 

KMII_98 
fw gacagtgattatggaaccactg

aagaagaagaacaag 

HJ389 vpu 

ESSG>GT

TE 

introduces 

mutations 
pCGCG 

KMII_99 
rv cttgttcttcttcttcagtggttcc

ataatcactgtc 

HJ389 vpu 

ESSG>GT

TE 

introduces 

mutations 
pCGCG 

KMII_107 
rv ctagataatattttagattatata

gcc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

KMII_108 
fw ggctatttagtcttaagagatatt

tagag 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

KMII_109 
rv ctctaaatatctcttaagactaa

atagcc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

KMII_110 
rv 

tcactgtcatccttgatttc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 
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KMII_111 
fw 

gatgacagtgattatgaaagc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

KMII_112 
rv 

tcactgtcatccctgacctc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

KMII_113 
fw 

gatgacagtgactatggaacc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

KMII_115  
fw ggctatataatctaaaatattatc

tagaaaaaagaaacc 

HJ389/ 

RBF206 

vpu 

chimera 

cloning 
pCGCG 

SK51 
fw 

cgtctagaatatgggaaacgc

atggagc 
O MRCA 

nef XbaI 
pCGCG 

SK80 

rv 

ctacgcgttatatatagcgatag

gtgtcatccttgttaaacagttct

gg 
O MRCA 

nef 

C-AU1 tag, 

MluI 

pCGCG 

SK115 
fw 

cgtctagaatatgggaaacgtc

ttagggaaaagc HJ162 nef XbaI 
pCGCG 

SK116 
rv 

ctacgcgttatatatagcgatag

gtgtcgtccttgttgaag HJ162 nef 

C-AU1 tag, 

MluI 
pCGCG 

SK117 
fw 

cgtctagaatatgggaaacgta

ttgacaaaaag 13127 nef XbaI 
pCGCG 

SK118 
rv 

ctacgcgttatatatagcgatag

gtgtcgtccttctgg 13127 nef 

C-AU1 tag, 

MluI 
pCGCG 

SK144 

fw 

cgtctagaatatg 

ggaaataagtggagcaaaag

c RBF206 nef XbaI 

pCGCG 

SK145 
rv 

ctacgcgttatatatagcgatag

gtgtctttggggaagagttctg RBF206 nef 

C-AU1 tag, 

MluI 
pCGCG 

SK156 
rv 

gcttactgggtgcagcaggctt

gtgttttcg 
HJ162 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK157 
fw 

cgaaaacacaagcctgctgca

cccagtaagc 
HJ162 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK158 
rv 

gattactaactggatgcaggag

actagtattctc 
HJ162 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK159 
fw 

gagaatactagtctcctgcatc

cagttagtaatc 
HJ162 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK176 
fw cgtctagaatatggaagacgg

ggataagcgc 

human 

tetherin 

(ΔM1-P12) XbaI 
pCGCG 

SK177 
rv ctacgcgtcactgcagcagag

cgctg 

human 

tetherin 

(ΔM1-P12) MluI 
pCGCG 

SK186 
fw 

gagaatactagcctcctacatc

cagttagt 

HJ036 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK187 
rv 

actaactggatgtaggaggcta

gtattctc 

HJ036 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK188 
fw 

gagaatactagcctcctgcatc

cagttagt 

HJ100 nf 

NTSVS 

introduces 

mutations 
pCGCG 
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SK189 
rv 

actaactggatgcaggaggct

agtattctc 

HJ100 nf 

NTSVS 

introduces 

mutations 
pCGCG 

SK190 
fw 

gagaacactagtctcctacatc

cagttagt 

HJ428 

nefNTSVS 

introduces 

mutations 
pCGCG 

SK191 
rv 

actaactggatgtaggagacta

gtgttctc 

HJ428 

nefNTSVS 

introduces 

mutations 
pCGCG 

SK192 
fw 

gagaatactagcctcctgcatc

cagttagc 

HJ256 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK193 
rv 

gctaactggatgcaggaggct

agtattctc 

HJ256 nef 

NTSVS 

introduces 

mutations 
pCGCG 

SK194 

fw 

cgtctagaat 

atggggaacgcattaagaaaa

agc 

 

 

HJ036 nef XbaI 

pCGCG 

 

SK195 
rv 

ctacgcgttatatatagcgatag

gtgtc gtccttgaggaaaag 

 

HJ036 nef 

C-AU1 tag, 

MluI 
pCGCG 

SK196 
fw 

cgtctagaatatgggaaacgtg

ttgggaaaagg 

 

HJ100 nef XbaI 
pCGCG 

 

SK197 
rv 

ctacgcgttatatatagcgatag

gtgtcggccttggggaagagc 

 

HJ100 nef 

C-AU1 tag, 

MluI 
pCGCG 

SK199 
fw 

gctcttcaacaaagacgacac

ctatcgctatatataacgcgtag HJ428 nef XbaI 
pCGCG 

SK200 
fw 

cgtctagaatatgggaaactta

ctgggaaaagatag HJ256 nef XbaI 
pCGCG 

 

SK201 
rv 

ctacgcgttatatatagcgatag

gtgtcgtccttgttaaagagc 

HJ256 nef C-AU1 tag, 

MluI 
pCGCG 

SK258 
fw 

cgtctagaatatgcatcaaagg

gacgtg 
RBF206 

vpu XbaI 
pCGCG 

SK259 
rv 

ctacgcgttagagttcaaacat

gggattatc 
RBF206 

vpu 

C-AU1 tag, 

MluI 
pCGCG 

SK284 
rv ggtgcgccgcgcttgctc 

O MRCA 

nef 

LL>>AA 

introduces 

mutations 
pCGCG 

SK285 
fw gagcaagcgcggcgcacc 

O MRCA 

nef 

LL>>AA 

introduces 

mutations 
pCGCG 

SK286 
rv gctggatgcgcggcactagc 

HJ162 nef 

LL>>AA 

introduces 

mutations 
pCGCG 

SK287 
fw gctagtgccgcgcatccagc 

HJ162 nef 

LL>>AA 

introduces 

mutations 
pCGCG 

SK288 
rv gctggatgcgcggcgctagc 

13127 nef 

LL>>AA 

introduces 

mutations 
pCGCG 

SK289 
fw gctagcgccgcgcatccagc 

13127 nef 

LL>>AA 

introduces 

mutations 
pCGCG 

SK460 

fw 
ggctatttagtcttaaggaatat

aggaaaatattaag 

RBF206 

/NL-43 

vpuc 

chimera 

cloning 

pCGCG 

SK461 
rv 

cttaatattttcctatattccttaa

gactaaatagcc 

RBF206 

/NL-43 

vpuc 

chimera 

cloning 
pCGCG 
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SK462 
fw 

ggctatttagtcttaagatatatc

aagcaaataag 
RBF206/ 

BQ664 vpu 

chimera 

cloning 
pCGCG 

SK463 
rv 

cttatttgcttgatatatcttaaga

ctaaatagcc 

RBF206/ 

BQ664 vpu 

chimera 

cloning 
pCGCG 

SK464 
fw 

ggctatataatctaaaagaatat

aggaaaatattaag 

HJ389/ 

NL4-3 vpu 

chimera 

cloning 
pCGCG 

SK465 
rv 

cttaatattttcctatattcttttag

attatatagcc 

HJ389/ 

NL4-3 vpu 

chimera 

cloning 
pCGCG 

SK466 
fw 

ggctatataatctaaaaatatat

caagcaaataag 

HJ389/ 

BQ664 vpu 

chimera 

cloning 
pCGCG 

SK467 
rv 

cttatttgcttgatatatttttagat

tatatagcc 

HJ389/ 

BQ664 vpu 

chimera 

cloning 
pCGCG 

DS102 
rv 

ctacgcgttagtctttgttgaag

agctc HJ428 nef MluI 
pBR 

DS108 
rv 

ctacgcgttagtccttgaggaa

aaggtc HJ036 nef MluI 
pBR 

DS552 
fw 

gctgttaacttgctcaatgccac

agcc NL4-3 env 

HpaI, NL43 

env  
pBR 

DS553 
rv 

cttatagcaaaatcctttccaag

ccc NL4-3 env end NL43 env 
pBR 

KMII_1 
fw 

ggattttgctataagatgggga

acgcattaag HJ036 nef 

adds end of 

NL4-3 env 
pBR 

KMII_5 
fw 

ggattttgctataagatgggga

atgcattgagg HJ428 nef 

adds end of 

NL4-3 env 
pBR 

KMII_11 
fw 

ggattttgctataagatgggaa

ataagtggagcaaaagc RBF206 nef 

adds end of 

NL4-3 env 
pBR 

KMII_54 
fw 

cgccgcggatatgcatcatag

agatctg HJ389 vpu SacII 
pBR 

KMII_55 
rv 

cgccatggctacaattcaaaca

tggg HJ389 vpu NcoI 
pBR 

KMII_56 
fw 

cgccgcggatatgcagcatag

ggatctg 
pCMO2.5 

vpu SacII 
pBR 

KMII_57 
rv 

cgccatggtcatggctcaaac

atggg 

pCMO2.5 

vpu NcoI 
pBR 

KMII_58 
fw 

cgccgcggatatgctaatgcat

caaagg 
RBF206 

vpu SacII 
pBR 

KMII_59 

rv 

cgccatggttagagttcaaaca

tgggattatcaaagccgtgatt

atgcataagatcc 
RBF206 

vpu 

NcoI, silneces 

internal NcoI 

pBR 

SK146 
rv 

ctacgcgttatttggggaagag

ttctgggtg RBF206 nef MluI 
pBR 
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2.1.4 Restriction enzymes 

HpaI NEB enzymes; Frankfurt 

MluI NEB enzymes; Frankfurt 

NcoI NEB enzymes; Frankfurt 

SacII NEB enzymes; Frankfurt 

XbaI NEB enzymes; Frankfurt 

2.1.5 Polymerase chain reaction (PCR) 

dNTPs  Invitrogen/Life Technologies; Darmstadt 

HiPerSolv Chromanorm water VWR; France 

Phire™ Hot Start II DNA polymerase Kit  Fisher Scientific GmbH; Schwerte 

DreamTaq™ DNA Polymerase Fisher Scientific GmbH; Schwerte 

2.1.6 Cloning and DNA purification 

Agarose  Roth; Karlsruhe 

DNA Ligation Kit Ver.2.1 Takara Bio Inc. Takara Bio INC; Japan  

Ethanol  Sigma-Aldrich; Steinheim 

Ethidiumbromide Sigma-Aldrich; Steinheim 

HiPerSolv Chromanorm water VWR; France 

Isopropanol  Merck; Darmstadt 

Loading Dye Roth; Karlsruhe 

Miniprep Kit  Qiagen; Hilden 

Molecular weight size marker “1 kb ladder”  Invitrogen/Life Technologies; Darmstadt 

Restriction endonucleases  BioLabs; Frankfurt 

TAE buffer, 50x 5Prime GmbH; Hamburg 

UltraClean® DNA Purification Kit  MoBio Laboratories Inc.; USA 

Wizard™ Plus Midiprep Kit  Promega; USA 
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2.1.7 Western blot 

Antibodies 

 α-tetherin (B02P) abnova 

 α -AU-1 (NB600-453) Novus Biologicals; USA 

 α -β-actin rb (ab8227)  Abcam; UK 

 α-p24 ms (ab9071) Abcam; UK 

 Goat α -mouse IRDye Odyssey 280RD (926-32220)  

  Li-COR; USA 

 Goat α -rabbit IRDye Odyssey 800CW 800CW (926-32211)   

  Li-COR; USA 

Antibody buffer 

 0.2 % Tween-20 (v/v) in PBS with 1 % milk powder (w/v)  

β-mercaptoethanol (β-ME) Sigma-Aldrich; Steinheim  

Blocking buffer         PBS with 5 % milk powder (w/v)  

Blot paper BioRad; USA 

Co-IP cell lysis buffer 150 mM NaCl, 50 mM HEPES, 5 mM 

EDTA, 0.5 mM sodium orthovanadate, 

0.5 mM NaF, 0.1 % NP40 (v/v); pH adjusted 

to 7.5 

Complete ULTRA Tablets, Mini EDTA-free Roche, Penzberg 

Immobilon®-FL Transfer Membrane  Merck Millipore; USA 

Milk powder Roth; Karlsruhe 

NuPAGE® Antioxidant  Invitrogen/LifeTechnologies; Darmstadt 

NuPAGE® LDS sample buffer (4x) Invitrogen/LifeTechnologies; Darmstadt 

NuPAGE® MES SDS Running Buffer  Invitrogen/LifeTechnologies; Darmstadt 

NuPAGE® Novex Bis-tris gels  Invitrogen/LifeTechnologies; Darmstadt 

PBS Invitrogen/LifeTechnologies; Darmstadt 

Precision PlusProtein Standard  Bio-Rad; USA 
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Sodiumdodecylsulfate (SDS) Sigma-Aldrich; Steinheim 

Transfer buffer   47.9 mM Tris, 38.6 mM glycine, 1.3 mM 

SDS, 20 % methanol (v/v) in distilled water; 

adjusted pH to 8.3  

Tween-20  Roth; Karlsruhe 

Wash buffer 0.2 % Tween-20 (v/v) in PBS 

2.1.8 Fluorescence-activated cell sorting (FACS) 

Antibodies 

α- CD4/APC (clone S3.5) Invitrogen/LifeTechnologies; Darmstadt 

α- tetherin/APC (clone RS38E)  BioLegend; USA 

α- HLA-ABC/R-PE (clone W6/32) Dako; USA 

α- CD74-R/PE (clone M-B741) Ancell; USA 

α- p24/FITC (clone KC57) Beckman Coulter; USA 

IgG1,κ Isotype Ctrl/APC BioLegend; USA 

IgG2a Isotype Ctrl/APC Invitrogen/LifeTechnologies; Darmstadt 

IgG2a Isotype Ctrl/R-PE Ancell; USA 

FACS buffer 1 % FCS (v/v) in PBS 

FIX&PERM® Kit ADG; Netherlands 

Paraformaldehyde (PFA)  Merck; Darmstadt 

PBS Invitrogen/LifeTechnologies; Darmstadt 

MLN4924 Medchem Express 

2.1.9 β-galactosidase assay 

Gal-screen® substrate Applied Biosystems; USA 

2.1.10 Enzyme-linked immunosorbent assay (ELISA)  

Antibodies 

mouse α-p24 monoclonal (MAK183)  EXBIO; Czech Republic 

rabbit α-p24 polyclonal Eurogentec; Belgium 
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goat α-rabbit IgG, Fc-HRP (111-035-008) 

 Dianova; Hamburg 

Antibody diluent  0.05 % Tween-20 (v/v) in 10 % FCS (v/v) in 

PBS 

Blocking solution 10 % FCS (v/v) in PBS 

ELISA plate, high binding, F Sarstedt; Nürnbrecht 

HIV-1 p24 standard Abcam; UK 

Lysis solution 10 % Triton X-100 in distilled water 

PBS Invitrogen/LifeTechnologies; Darmstadt 

Sample diluent  0.05 % Tween-20 (v/v) in 0.05 % (v/v) 

Triton X-100 PBS 

Stop solution 0.5 M H2SO4 

SureBlue™ TMB Peroxidase Substrate KPL; USA 

Triton X-100  Sigma-Aldrich; Steinheim 

Tween-20 Roth; Karlsruhe 

Wash buffer 0.05 % Tween-20 in PBS (v/v) 

2.1.11 Dual luciferase assay 

Coelenterazine PJK; Kleinbittersdorf 

Luciferase Assay Systems Promega; Mannheim 

Luciferase Cell Culture Lysis 5x reagent Promega; Mannheim 

Poly-L-lysine Sigma Aldrich; München 

2.1.12 Consumables 

All plastic consumables not otherwise stated were obtained from Sarstedt, Nürembrecht. 

2.1.13 Software 

BD FACSDiva ™ BD Biosciences 

CorelDRAW X4 Corel 

GraphPad Prism 5 GraphPad Software 
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Microsoft Office Microsoft Corporation 

Odyssey Image Studio LI-COR 

Simplicity 4.02 Berthold Detection systems 

SoftMax® Pro Molecular Devices 

2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Cell lines 

293T, TZM-bl and P4 MAGI CCR5+ cells were cultured in DMEM supplemented with 

2 nM L-glutamine, 100 µg/ml streptomycin, 100 units/ml penicillin and 10% (v/v) heat 

inactivated FCS. Cells were maintained in 25 cm2, 75 cm2  or 175 cm2  cell culture flasks 

(Sarstedt, Nürmbrecht) and split 1:10 twice a week, when they were 90 % confluent. 

2.2.1.2 Isolation and cultivation of primary cells 

hPBMCs:  Lymphocyte concentrate from 500 ml whole blood was diluted 1:4 

with PBS. The same volume of Ficoll separating solution was overlaid 

with the blodd solution and centrifuged at 1200 rcf for 20 min with 

the brakes off. The white interface (buffy coat), made up of PBMCs 

was transferred to a fresh tube via a seropipette. Cells were washed 

twice with PBS and cultured in RPMI supplemented with 2 nM L-

glutamine, 100 µg/ml streptomycin, 100 units/ml penicillin and 

10 % (v/v) heat inactivated FCS (1 Mio cells in 2/3 ml RPMI). For 

stimulation prior to virus infection 1 µg/ml PHA and 10 ng/ml IL-2 

were added for three days. 

hCD4+T cells Human CD4+ T cells were negatively selected using the Rosette 

Sep™ Human CD4+ T cell enrichment cocktail by Stemcell 

Technologies. For 1 Mio cells 200 µl lymphocyte concentrate from 

500 ml whole blood were diluted with 350 µl PBS, mixed with 30 µl 

of Rosette cocktail and allowed to stand for 30 min. Then T cells were 

isolated and cultured analogous to the isolation of hPBMCs. For 

stimulation 10 ng/ml IL-2 and Dynabeads® Human T-Activator 

CD3/CD28 were added at a ratio of 1:3 (8.3 µl/1 Mio cells). 
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2.2.2 Cloning 

2.2.2.1 PCR 

PCR was performed using the Phire Hot Start DNA Polymerase Kit according to the 

manufacturer’s protocol in a PTC-100 Programmable Thermal Controller (Veriti, Applied 

Biosystems). DreamTaq polymerase was used for very short gene products. 

2.2.2.2 Restriction digestion 

Digestion was performed using NEB enzymes according to the manufacturer’s instructions 

using the appropriate NEB buffer. 

2.2.2.3 Isolation of DNA from agarose gel 

DNA fragments were separated by gel electrophoresis (agarose gel (0.7 % -2 %(w/v), 

depending on the length of the desired product, containing ethidium bromide) and visualized 

on a UV screen (366 nm) (Syngene). The bands of the desired length were cut out and, the 

DNA was purified from the gel using the UltraClean 15 DNA purification Kit according to 

the manufacturer’s instructions. 

2.2.2.4 Ligation 

Vector and insert DNA were mixed at a ratio of 1:4 and ligated using the DNA Ligation Kit 

Ver.2.1 according to the manufacturer’s instructions. 

2.2.2.5 Transformation 

Ligation mix was incubated with 15 μl of E. coli XL2-Blue cells on ice for 20 min. After a 

heat-shock at 42 °C for 30 s the bacteria were incubated on ice for 2.5 min. After addition 

of 200 μl SOC medium the transformed cells were incubated at 37 °C on a shaker for 40 min 

and plated on LB agar plates containing the appropriate antibiotic. 

2.2.2.6 Mini preparation 

Plasmid DNA for cloning and sequencing was prepared with the Miniprep Kit according to 

the manufacturer’s protocol. The DNA concentration and quality was determined using the 

Nano Drop spectrophotometer (peqlab, Erlangen). 

2.2.2.7 Sequencing 

6 μl of Mini-prep DNA or 3 μl of Midi-prep DNA (filled up to 15 µl with HiPerSolv 

Chromanorm water) and 15 µl Primer (10 pmol/µl) per sample were sent to Eurofins MWG 

GmbH for sequencing. 
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2.2.2.8 Midi preparation 

Plasmid DNA for transfection was prepared by using Wizard Plus Midiprep Kit. The DNA 

concentration and quality was determined using the Nano Drop spectrophotometer (peqlab, 

Erlangen). 

2.2.2.9 Transfection 

One day prior to transfection, 0.4x106 HEK293T were seeded in 6-well plates. For the dual 

luciferase assay and the click-beetle assay, 25,000 HEK293T cells were seeded in 96-well 

plates (white plates for click-beetle assay), pre-coated with poly-L-lysine.  

2.2.2.10 Calcium-phosphate transfection 

Appropriate amount of DNA and 13 µl 2 M CaCl2 were mixed and filled up to a volume of 

100 µl with distilled water. 100 µl 2x HBS was added dropwise to the DNA mixture. After 

mixing via pipetting 5 times the mixture was added dropwise to the cells (200 µl for 6-well, 

10 µl for 96-well). Cells were incubated for 8-16 h before medium was replaced by fresh 

medium. 24 h or 48 h post-transfection cells were used for analysis. 

2.2.3 Western blot 

To monitor virus release, 293T cells were transfected with 5 µg of NL4-3 IRES eGFP 

constructs expressing the RBF206 Vpu and/ or Nef, or a nef- and vpu- deficient construct, 

and increasing amounts of a tetherin expression plasmid. Two days post-transfection cells 

were harvested, lysed in Co-IP buffer containing 1 % SDS and a protease inhibitor cocktail 

and cell lysates were separated in 10 % SDS-PAA gels in a Tris-Tricine buffer system. After 

gel electrophoresis, proteins were transferred onto PVDF membranes and probed with anti-

p24 and anti-tetherin antibody. For internal controls, blots were incubated with antibodies 

specific for actin. Subsequently, blots were probed with anti-mouse or anti-rabbit IRDye 

Odyssey antibodies and proteins detected using a LI-COR Odyssey scanner. 

2.2.4 FACS  

293T cells:  To determine the effect of Vpu and Nef on cell surface expression of CD4, or 

tetherin HEK293T were transfected in 6-well plates by the calcium phosphate 

method, with 1 μg of an expression vector for the respective surface molecule 

and 5 μg of pCG constructs expressing eGFP alone (as control) or together 

with Vpu or Nef.  
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hPBMCs or hCD4+ T cells: 

 To determine the effect of Vpu and Nef on cell surface expression of CD4, 

CD74, MHC-I, and tetherin in primary cells, hPBMCs or hCD4+ T cells 

were either infected or transduced (VSVG-pseudotyped) with NL4-3 IRES 

eGFP mutants expressing different Nef and Vpu proteins or with the HIV-

1 O clone RBF206 and vpu- and/or nef-deficient mutants thereof. 

Two days post-transfection or three days post infection/transduction surface molecule 

expression was analyzed via flow cytometry with the BD FACS CantoII (BD Biosciences). 

APC-conjugated anti-tetherin (Biolegend) and anti-CD4 (invitrogen) antibodies were used 

for staining of tetherin and CD4, respectively. PE-conjugated anti-HLA-ABC (Dako) and 

anti-CD74 (Ancell) antibodies were used for staining of MHC-I and CD74, respectively. To 

stain the intracellular p24 antigen an anti-p24 (Beckman Coulter) antibody was used together 

with the FIX&PERM® Kit (ADG). The fluorescence of stained cells was detected by two- 

or three-color flow cytometry and Vpu- or Nef mediated down-modulation of cell surface 

receptors was calculated (BD FACSDiva software). For exogenously expressed proteins, the 

mean fluorescence intensity (MFI) obtained for cells transfected with the control construct 

expressing only eGFP was compared to the MFI obtained for cells co-expressing Vpu or Nef 

and eGFP to determine the efficiency of down-regulation. For endogenously expressed 

proteins, the MFI of untransfected cells (eGFP negative) was compared to the MFI of 

transfected cells (eGFP positive). The transfection of the control construct expressing only 

eGFP served as reference. 

2.2.5 Virus release assays 

To determine the capability of Vpu and Nef to antagonize Tetherin, HEK293T were seeded 

in 6-well plates and transfected with 4 μg of NL4-3 Δvpu, Δnef IRES eGFP, 1 μg vpu or nef 

expression plasmid and different amounts of a tetherin expression vector (6.25, 12.5, 25, 

100, and 250 ng). Two days post-transfection, supernatants were harvested and analyzed for 

infectious virus yield by a 96-well infection assay on TZM-bl indicator cells (2.2.5.1) and 

the release of p24 antigen by a homemade ELISA (2.2.5.2). Release was calculated as the 

percentage of p24 in the supernatant relative to the total amount found in the supernatant and 

the cells. 
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2.2.5.1 β-galactosidase assay 

TZM-bl cells were seeded in 96-well plates (6000 cells/well). On the following day, cells 

were infected with supernatants of transfected 293T cells. Three days post-infection, the β-

Galactosidase activity was measured in the cells after addition of 1:2/1:4 diluted Gal-screen 

substrate in PBS using an Orion Microplate Luminometer (Berthold Detection systems). The 

enzyme activity was measured as relative light units/second (RLU/s) using the Software 

Simplicity 4.02 (Berthold detection systems). 

2.2.5.2 ELISA 

Sarstedt high binding ELISA plates were coated with a mouse anti-p24 monoclonal antibody 

at room temperature overnight in a wet chamber. Plates were washed with wash buffer and 

blocked with blocking solution for 2 h. Virus stocks and cells were lysed with Triton X-100 

(10 % and 1 % respectively). Blocked plates were washed again and lysed virus samples 

were transferred to the ELISA 96-well plates in an appropriate dilution. Additionally, the 

dilution series of the p24 standard was added to the ELISA plates. After incubation 

overnight, plates were washed and incubated with a rabbit anti-HIV-1 p24 polyclonal 

antibody for one hour. Plates were washed again and incubated with a goat anti-rabbit 

antibody conjugated with horseradish peroxidase for another hour followed by the addition 

of TMB peroxidase substrate, after another washing step. The reaction was stopped with 0.5 

M H2SO4 after 20 min. The plates were measured at 450 nm and 650 nm with the 

Thermomax microplate reader using the SoftMax Pro software (both Molecular devices). 

2.2.6 Dual luciferase assay 

293T cells were seeded in 96-well plates (25.000/well) coated with poly-L-lysine were 

transfected with 2 µg of an NF-κB-dependent firefly luciferase construct, 0.5 µg of a Gaussia 

luciferase construct, and 2 µg (high amount) or 0.125 µg (low amount) expression constructs 

for the indicated vpu or nef allels. As activator for NFκB either a tetherin expression 

construct (1.0 µg) or an expression construct of a constitutively active mutant of IKKβ (0.25 

µg for Figure 5 D; 0.8 µg for Figure 10 C). Two days post-transfection Firfely luciferase 

activity was measured in the cells and Gaussia luciferase activity was measured in the 

supernatant for normalization using an Orion Microplate Luminometer (Berthold Detection 

systems). The enzyme activity was measured as relative light units/second (RLU/s) using 

the Software Simplicity 4.02 (Berthold detection systems). 
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2.2.7 Virus replication kinetics 

500.000 negatively selected CD4+ T cells stimulated with CD3/CD28 beads were either 

pretreated with 500 U/ml IFNα2, or not, 24 h prior to infection with viral stocks containing 

500 ng p24. Virus production in the supernatant and the cells was monitored by p24 ELISA 

every two days. Separate samples for each time point were used and half of the medium was 

replaced every two days, containing 1000 U/ml IFNα. 

2.2.8 Sequence analysis and statistics 

Vpu and nef sequences were obtained from the HIV Sequence Database (www.hiv.lanl.gov). 

The sequence of the HIV-1 group O strain RBF206 was obtained from Jean-Christophe 

Plantier. 

Vpu and Nef amino acid sequences were aligned using multiple sequence alignment with 

hierarchical clustering (http://multalin.toulouse.inra.fr/multalin).  

The activities of vpu and nef alleles were compared using a two-tailed Student’s t test. The 

PRISM package version 4.0 (Abacus Concepts, Berkeley, CA) was used for all calculations. 

http://www.hiv.lanl.gov/
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3 Results 

3.1 Nef-mediated anti-tetherin activity 

3.1.1 O-Nefs reduce tetherin cell surface levels in transfected HEK293T cells 

It has been reported that HIV-1 group O does not encode an antagonist of human tetherin 

(Sauter et al., 2009; Yang et al., 2011). In some cases, however, we noted a slight increase 

in virus release from HEK293T cells cotransfected with human tetherin and O-Nefs (Sauter 

et al., 2009), suggesting that a weak anti-tetherin activity may be present in O-Nefs that 

could have been underestimated due to the experimental setup, and/or the Nef proteins 

selected and might be more pronounced in primary target cells. Increase of virus release by 

M-Vpu is usually associated with a decrease in tetherin cell surface levels, since tetherin is 

removed from the sites of viral budding (Van Damme et al., 2008; Mitchell et al., 2009), I 

examined the effect of O-Nefs and O-Vpus on surface tetherin by cotranfection of HEK293T 

cells with a tetherin expression plasmid and vectors coexpressing Nef or Vpu and eGFP via 

an IRES. To determine whether anti-tetherin activity evolved prior to the spread of HIV-1 

group O in the human population, I also included the inferred most recent common ancestors 

(MRCA) of HIV-1 O-Nef and O-Vpu. The sequences of those were calculated using the 

sequences of contemporary O-Nefs and O-Vpus and reconstructing the phylogenetic tree 

back to the last common node (Kluge et al., 2014). 

Surprisingly, all tested O-Nefs strongly downmodulated human tetherin (Figure 5). This 

activity of O-Nefs was not recognized before, because previous studies have exclusively 

focused on the analysis of virus release (Sauter et al., 2009; Yang et al., 2011) or have only 

tested O-Vpus (Vigan and Neil, 2011). Also in my study, all tested O-Vpus, failed to 

substantially decrease tetherin cell surface expression, with one exception. The Vpu of strain 

RBF206 was as active as RBF206 Nef and NL4-3 Vpu (Figure 5). This HIV-1 O strain was 

isolated from a 47-year-old woman in France (Berg et al., 2015). It belongs to clade B 

(Roques et al., 2002) or cluster II (Vallejo et al., 2003; Yamaguchi et al., 2002) of HIV-1 

group O and does not harbor the Y181C resistance mutation in reverse transcriptase (Tebit 

et al., 2010). which characterizes the currently predominating group O viral population (Leoz 

et al., 2015). Thus, HIV-1 group O Nefs seem to be active against human tetherin, while O-

Vpus are mostly not able to downmodulate human tetherin. However, downmodulation of 

tetherin by RBF206 Vpu suggests that some HIV-1 O strains may evolve various strategies 

to counteract this restriction factor. 
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Figure 5. Effects of HIV-1 O Nef and Vpu proteins on surface expression of human tetherin. 293T cells 

were cotransfected with a tetherin expression plasmid and pCGCG plasmids expressing the indicated Vpu or 

Nef allelels with eGFP via an IRES or eGFP alone (empty vector). 24 h post transfection tetherin surface 

expression was analyzed via flow cytometry. The left panel shows examples of primary data with the mean 

fluorescence intensities (MFI) used to calculate the levels of surface expression. The bar diagrams on the right 

show the levels of tetherin surface expression in the presence of the indicated Vpu or Nef protein, relative to 

cells transfected with the empty vector control (100 %). Values are derived from five independent experiments. 

*, p<0.05; **, p<0.01; ***, p<0.001. Reprinted from (Mack et al., 2017), © American Society for 

Microbiology. 

3.1.2 O-Nefs reduce tetherin cell surface levels in PBMCs 

All tested O-Nefs significantly reduced cell surface expression of human tetherin in 

transfected HEK293T cells, compared to the corresponding O-Vpus (Figure 5). To examine 

the relevance of this effect in primary target cells of HIV-1, I replaced the nef gene in a vpu-

deficient IRES eGFP reporter construct of NL4-3 with several O-nef alleles. For comparison, 

I also included the MRCA nefs of groups M and N, as well as contemporary nefs of groups 

M, N and P. An NL4-3 construct lacking Vpu and Nef expression served as negative control 

and a construct expressing NL4-3 Vpu, but no Nef, was used as positive control. PBMCs 

were transduced with vesicular stromatitis virus-glycoprotein (VSV-G)-pseudotyped viral 

particles. Subsequent analysis via flow cytometry showed that all O-Nefs strongly decrease 

tetherin cell surface expression, while Nefs of group M, N and P did not show significant 

effects (Figure 6). Nefs of all groups significantly decreased CD4 and MHC-I surface 

expression, while effects on CD74 upmodulation were variable, even within single groups 

(Figure 6). 



Results 

29 

 

 

Figure 6. Cell surface molecule modulation by O-Nefs. PHA activated PBMCs were transduced with VSVG-

pseudotyped viral particles of vpu- and env- deficient NL4-3 IRES eGFP constructs containing the indicated 

nef allels. Three days post transduction cells were analyzed for surface expression of tetherin, CD4, MHC-I 

and CD74 via flow cytometry. The upper panel shows examples of primary data with the mean fluorescence 

intensities (MFI) used to calculate the levels of surface expression. The bar diagrams on the bottom show 

average values (±SEM) of surface expression in infected cells (eGFP+), relative to uninfected cells. The sample 

infected with the vpu-, env- and nef- deficient construct represents 100 %. Values are derived from at least 

three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001.  
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3.1.3 O-Nefs only have a minor effect on virus release from HEK293T cells 

Previous studies suggested that O-Nefs are unable to promote virus release (Sauter et al., 

2009; Yang et al., 2011). To review whether the ability to downmodulate tetherin from the 

cell surface, really does not correlate with an enhancement of virus release, I determined the 

amount of infectious virus in the supernatant of transfected HEK293T cells via infection of 

TZM-bl reporter cells. I also quantified virus release by measuring the amount of the viral 

capsid protein p24 in the supernatant and the cells and calculating the ration of p24 found in 

the supernatant, compared to the total amount. I therefore transfected HEK293T cells with a 

vpu- and nef- deficient NL4-3 construct, increasing amounts of a tetherin expression plasmid 

and expression plasmids of the indicated Nef or Vpu alleles. Only the O MRCA Nef was 

able to significantly increase infectious virus yield (Figure 7A) and p24 release (Figure 7 B). 

In contrast, both were only slightly increased by the contemporary O Nefs tested (Figure 7 

A, B). Thus, although O-Nefs efficiently decrease surface levels of human tetherin, they 

have only minor effects on virus release in transfected HEK293T cells. 

3.1.4 O-Nefs specifically adapted to human tetherin 

SIVgor, infecting western lowland gorillas, is the direct precursor of HIV-1 group O (D’arc 

et al., 2015). To examine possible human adaptation, I compared the activity of HIV-1 O- 

and SIVgor-Nefs against human and gorilla tetherin. As expected, contemporary SIVgor-

Nefs were active against gorilla tetherin, but only had modest effects on human tetherin cell 

surface levels (Figure 7 C). O-Nefs retained their ability to downmodulate gorilla tetherin, 

but were significantly more active against human tetherin, indicating that they specifically 

adapted to the human orthologue of tetherin (Figure 7 C). Interestingly, the O MRCA Nef, 

representing an early HIV-1 O isolate, was very active against both gorilla and human 

tetherin and downmodulated both orthologues by about 80 % (Figure 7 C). SIVgor Nefs are 

unable to antagonize human tetherin, because they target the five amino acids that are 

missing in the human orthologue (Sauter et al., 2009; Serra-Moreno et al., 2013; Zhang et 

al., 2009). Via an alanine scan of the cytoplasmic tail of human tetherin, with the five amino 

acid deletion reintroduced, we showed that O-Nef-mediated counteraction depends on amino 

acids directly adjacent to the deletion in human tetherin (Kluge et al., 2014). 
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Figure 7. Functional characterization of O-Nef proteins. (A) Effect of O-Nefs on infectious virus yield. 

293T cells were cotransfected with an HIV-1 nef- and vpu-deficient NL4-3 construct, pCGCG vectors 

coexpressing eGFP and Vpu or Nef, and increasing amounts of a construct expressing tetherin. Supernatants 

were harvested two days later and the quantity of infectious HIV-1 was determined by infection of TZM-bl 

indicator cells and measurement of the β-Galactosidase activity three days post infection. Shown is the average 

infectious virus yield (±SEM) relative to that detected in the absence of tetherin (100%) obtained from at least 

three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (B) Effect of O-Nefs on p24 release. 293T 

cells were transfected as described in panel A and the levels of p24 in the culture supernatant and in cell lysates 

were determined by ELISA. P24 release represents the p24 quantity in the supernatant relative to the total p24 

amount in the supernatant and cellular lysates. The values obtained in the absence of tetherin represent 100%. 

Data show mean percentages of at least three independent experiments (±SEM) *, p<0.05; **, p<0.01; ***, 

p<0.001. (C) Cell surface reduction of human and gorilla tetherin by HIV-1 O- and SIVgor-Nef proteins. 293T 

cells were cotransfected with an expression plasmid for human or gorilla tetherin and pCGCG plasmids 

expressing the indicated Vpu or Nefallelels together with eGFP via an IRES or eGFP alone (empty vector). 24 

h post transfection tetherin surface expression was analyzed via flow cytometry. Shown are average levels  

Legend continued on the next page 
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(±SEM) of tetherin surface expression in the presence of the indicated Nef proteins, relative to cells transfected 

with the empty vector control (100 %). Values are derived from three independent experiments. *, p<0.05; **, 

p<0.01; ***, p<0.001. (D) Effect of O-Nefs on NFκB activation. 293T cells were cotransfected with a vector 

expressing the indicated Nef allele, and vectors expressing a firefly luciferase reporter construct under the 

control of three NF-kB binding sites, a Gaussia luciferase construct for normalization and either an expression 

vectors for a constitutively active mutant of IKKb or tetherin as inducer of NF-kB. Luciferase activities were 

determined 48 h post transfection. Shown are average levels (±SEM) of NFκB activation in the presence of the 

indicated Nef proteins, relative to cells transfected with the empty vector control (100 %). Values are derived 

from three independent experiments. 

3.1.5 O-Nefs enhance NF-κB activation 

Tetherin senses budding HIV-1 virions and subsequently activates the canonical NF-κB 

signaling cascade to induce antiviral immune responses (Galᾶo et al., 2012). To test whether 

O-Nefs affect the sensing activity of tetherin, I cotransfected HEK293T cells with a tetherin 

expression plasmid and expression plasmids for different O-Nefs, together with an NF-κB-

dependent firefly luciferase reporter construct and a Gaussia luciferase construct under the 

control of a minimal promoter for normalization. The O MRCA Nef efficiently suppressed 

tetherin-mediated NF-κB activation, while all tested contemporary O-Nefs were unable to 

do so (Figure 7 D). Notably, primate lentiviral Nef proteins boost activation of NF-κB early 

during infection to initiate viral gene expression via the LTR-promoter, while the late protein 

Vpu inhibits NF-κB activation to suppress the antiviral immune responses (Akari et al., 

2001; Bour et al., 2001; Herbein et al., 2008; Mangino et al., 2011; Sauter et al., 2015). To 

test potential tetherin-independent effects of O-Nefs on NF-κB activation, I repeated the 

experiment in the presence of a constitutively active mutant of IKKβ instead of the tetherin 

expression plasmid. In this setting, the O MRCA Nef had no effect, while all contemporary 

O-Nefs enhanced NF-κB activation (Figure 7 D). These enhancing effects may have masked 

putative inhibitory effects of contemporary O-Nefs on tetherin-mediated NF-κB activation. 

3.1.6 Amino acids in the C-loop of Nef are critical for anti-tetherin activity 

Nef harbors a highly conserved ExxxLL motif in its C-terminal loop (Figure 8 A, B). This 

motif is critical for many of its functions, such as downmodulation of CD4 from the cell 

surface (Aiken et al., 1994; Leonard et al., 2011). Besides the motif itself, changes in and 

near it were necessary for the regain of anti-tetherin activity in a chimpanzee experimentally 

infected with HIV-1 (Götz et al., 2012). The respective residues are conserved in O-Nefs but 

differ from those found in M-Nefs (Figure 8 A). To generate mutants of O-Nefs selectively 
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defective for tetherin downmodulation, I mutated residues 2-4 (with the E of the ExxxLL 

motif being residue 1) to the amino acids NTS found in the group M NL4-3 Nef and amino  

 

Figure 8. Importance of amino acids in and around the ExxxLL motif for O-Nef mediated anti-tetherin 

function. (A) Alignment of the C-loop of O-Nefs in comparison to NL4-3 Nef. The aspartic acid (E) and the 

two leucines (L) are highlighted in blue, the amino acids in and around the ExxxLL motif that are important 

for Nef-mediated anti-tetherin function are highlighted in yellow, while the two amino acids following the 

motif that do not play a role in tetherin antagonism are highlighted in orange. (B) Localization of the ExxxLL 

motif in the C-loop of Nef. The same colours as in panel (A) were used to indicate the position of the ExxxLL 

motif and following important amino acids in the C-loop of Nef. (C) Effect of amino acid changes in and 

around the ExxxLL motif of O-Nefs on tetherin and CD4 downmodulation. 293T cells were cotransfected with 

an expression plasmid for human tetherin or CD4 and pCGCG plasmids expressing the indicated wt or mutant 

O-Nef allelels together with eGFP via an IRES or eGFP alone (empty vector). 24 h post transfection tetherin 

and CD4 surface expression was analyzed via flow cytometry. Shown are average levels (±SEM) of tetherin 

(left) or CD4 (right) surface expression in the presence of the indicated Nef proteins, relative to cells transfected 

with the empty vector control (100 %). Values are derived from three independent experiments. *, p<0.05; **, 

p<0.01; ***, p<0.001. (D) Effect of disruption of the ExxxLL motif on anti-tetherin activity of O-Nefs. 293T 

cells were cotransfected with an expression plasmid for human tetherin and pCGCG plasmids expressing the 

indicated wt or mutant O-Nef allelels together with eGFP via an IRES or eGFP alone (empty vector). 24 h post 

transfection tetherin surface expression was analyzed via flow cytometry. Shown are average levels (±SEM) 

of tetherin surface expression in the presence of the indicated Nef proteins, relative to cells transfected with 

the empty vector control (100 %). Values are derived from at least four independent experiments. *, p<0.05; 

**, p<0.01; ***, p<0.001. 
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acids 9 and 10 to VS (Figure 8 A). These mutations (termed NTSVS mutations) significantly 

decreased the ability to downmodulate tetherin, while CD4 downmodulation (Figure 8 C) 

and increase of virion infectivity (Figure 10 A) were not affected. Mutation of the two 

leucine residues in the ExxxLL motif to alanines completely abrogated the ability of O Nefs 

to downmodulate tetherin (Figure 8 D). 

 

3.1.7 O-Nefs inhibit tetherin transport to the cell surface 

It has been reported that SIV Nefs accelerate endocytosis of tetherin (Serra-Moreno et al., 

2013; Zhang et al., 2011). Thus, I analyzed whether O-Nefs use the same mechanism to 

reduce tetherin cell surface levels. Therefore, I determined the internalized and the total 

amount of tetherin at different time points. The relative rate of tetherin internalization was 

moderately increased from 30 % to 50 % after one hour by wt and NTSVS mutant O MRCA 

and wt HJ162 Nef, but not by the HJ162 NTSVS mutant (Figure 9 A). 

To elucidate whether O-Nefs instead inhibit transport of tetherin to the cell surface, a plasmid 

microinjection approach was used by the Fackler group, in Heidelberg, which allows 

monitoring of the transport of newly synthesized protein (Schmidt et al., 2011). In eGFP 

expressing control cells, tetherin appeared at the cell surface within two hours. Expression 

of the O MRCA Nef and the contemporary O-Nef HJ162 inhibited transport of tetherin to 

the cell surface and tetherin instead accumulated in a perinuclear compartment (Figure 9 B, 

C). The Nefs with the NTSVS mutations only slightly reduced the anterograde transport of 

tetherin, similar to the control Nefs from SIVgor and NL4-3 (Figure 9 B, C). Further 

experiments identified the perinuclear compartment, in which tetherin is trapped, as the 

trans-Golgi network (Figure 9 D). Thus, O-Nefs impair the anterograde transport of tetherin 

to the cell surface and sequester it to the TGN, a mechanism similar to that of M-Vpus (Dubé 

et al., 2011; Schmidt et al., 2011). 
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Figure 9. Mechanism of tetherin cell surface reduction by O-Nefs. (A) Effect of O-Nefs on internalization 

of human tetherin. HEK293T cells were cotransfected with a tetherin expression construct and constructs 

expressin the indicated Nefs and eGFP via an IRES or eGFP alone. Cells were incubated for one hour and total 

and intracellular (after acidic wash (AcW)) tetherin expression levels were determined via flow cytometry at 

different time points (left panel). The right panel shows the percentage of internalized tetherin in the presence 

of the indicated Nef allele. Values (±SEM) are derived from three independent experiments. (B) Effect of O-

Nefs on the transport of newly synthesized tetherin to the cell surface. A tetherin expression construct and 

constructs expressing the indicated vpu or nef allele were comicroinjected into the nuclei of HT1080 cells. Cell  

Legend continued on the next page 
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surface expression of tetherin was monitored over time. White dashed lines indicate cell circumferences. Scale 

bar, 10 µM (C) Localization of tetherin at different time points. 200 cells were analyzed and the percentages 

of intracellular tetherin and tetherin at the plasma membrane were calculated. (D) Newly synthesized tetherin 

gets trapped in the trans-Golgi network (TGN). Cells were microinjectes as described in (B) and stained with 

the TGN marker 46 (green) and for tetherin (red) 2 h post injection. White dashed lines indicate cell 

circunferences. Scale bar, 10 µM. Experiments in panels B-D were performed by François M. Pujol from the 

Fackler group. Adapted from Cell Host & Microbe, 16(5), Kluge, S. F., Mack, K., Iyer, S. S., Pujol, M., 

Heigele, A., Learn, G. H., Usmani, S.M., Sauter, D., Joas, S., Hotter, D., Bibollet-Ruche, F., Plenderleith, L. 

J., Peeters, M., Geyer, M., Sharp, P. M., Fackler, O. T., Hahn, B. H., Kirchhoff, F., Nef Proteins of Epidemic 

HIV-1 Group O Strains Antagonize Human Tetherin,639-650, 2014, with permission from Elsevier. 

3.1.8 O-Nefs increase virus release from CD4+ T cells in the presence of IFNα 

The NTSVS mutations in and around the ExxxLL motif abrogated the ability of O-Nefs to 

downmodulate tetherin (Figure 8 C) without affecting CD4 downmodulation (Figure 6 C) or 

enhancement of virion infectivity (Figure 10 A). To assess whether this loss of function 

affects virus release and replication in primary CD4+ T cells, I generated otherwise 

completely isogenic proviral vpu-defective NL4-3 constructs containing wt or NTSVS 

mutant O-nef alleles. Our collaboration partners, the Hahn group in Philadelphia, infected 

CD4+ T cells with these constructs and monitored viral replication and virius release in the 

presence and absence of IFNα via measurement of p24 in the supernatant and in the cells. In 

the absence of IFNα, viruses expressing wt and mutant O-Nefs replicated with 

indistinguishable kinetics (Figure 10 B) and there was no difference in the total p24 found 

in the supernatant over 10 days (Figure 10 C). In the presence of IFNα, however, viruses 

harboring the wt nef alleles replicated more efficiently (Figure 10 B) and total p24 

production was significantly increased (Figure 10 C) compared to viruses harboring the 

mutated nef alleles. The presence of a tetherin antagonist enhanced p24 release significantly, 

especially in cells pretreated with IFNα (Figure 10 D). These results indicate that O-Nefs are 

able to promote virus release in CD4+ T cells and counteract the antiviral effect of IFNα. 



Results 

37 

 

 

Figure 10. Effect of O-Nef-mediated anti-tetherin activity on infectivity and replication fitness. (A) Effect 

of the NTSVS mutations on infectivity. P4-CCR5 reporter cells were infected with 100 ng of vpu-deficient 

NL4-3 constructs expressing the indicated Nef allele. Infection was determined by measurment of the β-

galactosidase activity three days post infection. Values (±SEM) are derived from three independent 

experiments. (B) Effect of O-Nefs on virus replication in the presence and absence of IFNα. CD4+ T cells were 

infected with vpu-deficient NL4-3 constructs expressing the indicated nef allele (or NL4-3 Vpu as control). 

Cell free p24 in the supernatant was measured via ELISA over time. Values (±SEM) are derived from at least 

three independent experiments. (C) Cumulative p24 antigen in the supernatant in the presence and absence of 

IFNα. and cell associated p24 was measured over time. Values (±SEM) are derived from panel (B). (D) 

Enhancement of p24 release by O-Nefs. Cell free and cell associated p24 was measured over time. Release 

was calculated as the percentage of cell free p24 compared to the total p24 amount. Values represent the 

enhancement of release compared to the vpu- and nef-deficinet NL4-3 construct. Values (±SEM) are derived 

from at least three independent experiments. Experiments is panels (B), (C) and (D) were performed by Shilpa 

S. Iyer from the Hahn group. Adapted from Cell Host & Microbe, 16(5), Kluge, S. F., Mack, K., Iyer, S. S., 

Pujol, M., Heigele, A., Learn, G. H., Usmani, S.M., Sauter, D., Joas, S., Hotter, D., Bibollet-Ruche, F., 

Plenderleith, L. J., Peeters, M., Geyer, M., Sharp, P. M., Fackler, O. T., Hahn, B. H., Kirchhoff, F., Nef Proteins 

of Epidemic HIV-1 Group O Strains Antagonize Human Tetherin,639-650, 2014, with permission from 

Elsevier. 

3.2 Vpu-mediated anti-tetherin activity 

3.2.1 HIV-1 O RBF206 Vpu downmodulates tetherin in PBMCs 

The only O-Vpu that downmodulated tetherin from the cell surface was the RBF206 isolate 

(Figure 5). To confirm its activity in primary HIV-1 target cells, I cloned the RBF206 vpu 

and six other O vpus into an NL4-3 IRES eGFP construct, where the vpu and env overlap 
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had been eliminated and restriction sites had been introduced (Sauter et al., 2009). This 

construct enables the easy exchange of vpu genes via SacII and NcoI restriction sites, but 

lacks env expression. I transduced PHA-activated PBMCs with VSV-G-pseudotyped viral 

particles and analyzed tetherin and CD4 cell surface expression via flow cytometry three 

days later. Only RBF206 Vpu significantly reduced tetherin cell surface levels, while all 

tested Vpus downmodulated CD4 (Figure 11). Thus, the ability of HIV-1 O RBF206 Vpu to 

downmodulate human tetherin was not an overexpression artifact, but it also occurs at 

physiological levels after infection of primary target cells of HIV-1. 

 

Figure 11. Downmodulation of tetherin and CD4 by RBF206 Vpu. PHA activated PBMCs were transduced 

with VSVG-pseudotyped viral particles of nef- and env- deficient NL4-3 IRES eGFP constructs containing the 

indicated vpu allels. Three days post transduction cells were analyzed for surface expression of tetherin and 

CD4 via flow cytometry. The upper panel shows examples of primary data with the mean fluorescence 

intensities (MFI) used to calculate the levels of surface expression. The bar diagrams on the bottom show 

average values (±SEM) of surface expression in infected cells (eGFP+), relative to uninfected cells. The sample 

infected with the vpu-, env- and nef- deficient construct represents 100 %. Values are derived from three 

independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. Reprinted from (Mack et al., 2017), © 

American Society for Microbiology. 

3.2.2 HIV-1 O RBF206 Vpu increases virus release and inhibits NF-κB activation 

To investigate whether the downmodulation of tetherin by RBF206 Vpu is associated with 

an increase in virus release, I determined the amount of infectious virus in the supernatant 

and quantified p24 release as described above. To this end, I transfected HEK293T cells with 

increasing amounts of a tetherin expression plasmid and an NL4-3 construct lacking vpu 

(and nef). RBF206 vpu was provided in trans. NL4-3 Vpu and the OMRCA Nef served as 

positive controls, while the closely related O-Vpu HJ389 that did not downmodulate tetherin 

from the cell surface and an empty vector were included as negative controls. RBF206 Vpu 

rescued infectious virus yield (Figure 12 A) and viral particle release (Figure 12 B) as 

efficiently as NL4-3 Vpu and the O MRCA Nef, while the HJ389 Vpu has no effect. Hence,  
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Figure 12. Functional characterization of RBF206 Vpu. (A) Effect of RBF206 Vpu on infectious virus 

yield. 293T cells were cotransfected with an HIV-1 NL4-3 vpu- and nef-deficient construct, pCGCG vectors 

coexpressing eGFP and Vpu or Nef and eGFP via an IRES, and a construct expressing tetherin. Supernatants 

were harvested two days later and the quantity of infectious HIV-1 was determined by infection of TZM-bl 

indicator cells and measurement of the β-Galactosidase activity three days post infection. Shown is the average 

infectious virus yield (±SEM) relative to that detected in the absence of tetherin (100%) obtained from three 

independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (B) Effect of RBF206 Vpu on p24 release. 

293T cells were transfected as described in panel A and the levels of p24 in the culture supernatant and in cell 

lysates were determined by ELISA. P24 release represents the p24 quantity in the supernatant relative to the 

total p24 amount in the supernatant and cellular lysates. The values obtained in the absence of tetherin represent 

100%. Data show mean percentages of three independent experiments (±SEM) *, p<0.05; **, p<0.01; ***,  

Legend continued on the next page 
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p<0.001. (C) Effect of RBF206 Vpu on NFκB activation. 293T cells were cotransfected with high (left) and 

low (right) amounts of a vector expressing the indicated vpu allele, and vectors of 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 IKKβ as inducer of NFkB. Luciferase activities were 

determined 48 h post transfection. Shown are average levels (±SEM) of NFκB activation in the presence of the 

indicated Vpu proteins, relative to cells transfected with the empty vector control (100 %). Values are derived 

from three independent experiments. Modified from (Mack et al., 2017), © American Society for 

Microbiology. 

 

RBF206 Vpu does not only reduce tetherin cell surface levels, but also promotes viral 

particle release. 

To suppress the induction of antiviral factors such as type I IFNs, Vpus inhibit the activation 

of the transcription factor NF-κB (Akari et al., 2001; Bour et al., 2001; Sauter et al., 2015). 

This activity is conserved among primate lentiviral Vpu proteins (Sauter et al., 2015). To 

determine the ability of RBF206 Vpu to suppress NF-κB activity, I cotransfected HEK293T 

cells with an NF-κB-dependent firefly luciferase reporter construct, a constitutively active 

IKKβ mutant, a vector expressing Vpu and eGFP via an IRES, and a Gaussia luciferase 

construct for normalization. While most Vpus suppressed NF-κB activation only at high 

expression levels (Figure 12 C, left panel), RBF206 and SIVgor Vpu also achieved this at 

low expression levels (Figure 12 C, right panel). Hence, RBF206 Vpu is not only active 

against human tetherin and CD4, but is also a potent inhibitor of NF-κB activation. 

3.2.3 HIV-1 O RBF206 Vpu antagonizes both isoforms of human tetherin 

Tetherin carries an alternative start codon, 13 amino acids downstream of the first 

methionine, and therefore exists in two isoforms (Cocka and Bates, 2012) (Figure 1). While 

the shorter isoform is not able to activate NF-κB signaling, it is less sensitive to HIV-1 M 

Vpu than the long isoform (Cocka and Bates, 2012). Similarly, the short isoform is also 

resistant against HIV-1 group O Nefs as they target amino acids 3 to 6 of this restriction 

factor (Kluge et al., 2014). In contrast, antagonism by the Ebola virus GP, which targets the 

extracellular domain of tetherin, is equally effective against both isoforms (Cocka and Bates, 

2012). To investigate whether HIV-1 O RBF206 and HIV-1 M NL4-3 Vpu use similar 

mechanisms to counteract tetherin, I compared downmodulation of short and long tetherin 

by both Vpus. To this end, HEK293T cells were cotransfected with an expression plasmid 

for either short or long tetherin and the respective Vpu expression plasmid and stained for 

tetherin surface levels one day later. RBF206 Vpu was equally effective against short and 

long tetherin, while the NL4-3 Vpu downmodulated long tetherin significantly better than  
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Figure 13. Effect of RBF206 Vpu on the short isoform of human tetherin. (A) Cell surface reduction of the 

long and short isoform of human tetherin by RBF206 Vpu. 293T cells were cotransfected with a vector either 

expressing long or short tetherin and pCGCG plasmids expressing the indicated Vpu allele and eGFP via an 

IRES or eGFP alone (empty vector). 24 h post transfection tetherin surface expression was analyzed via flow 

cytometry. Shown are average levels (±SEM) of tetherin surface expression in the presence of the indicated 

Vpu proteins, relative to cells transfected with the control vector (100 %). Values are derived from three 

independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (B) Effect of RBF206 Vpu on infectious virus 

yield in the presence of short tetherin. 293T cells were cotransfected with an HIV-1 NL4-3 vpu- and nef-

deficient construct, pCGCG vectors coexpressing eGFP and Vpu or Nef and eGFP via an IRES, and a construct 

expressing tetherin. Supernatants were harvested two days later the quantity of infectious HIV-1 was 

determined by infection of TZM-bl indicator cells and measurement of the β-Galactosidase activity three days 

post infection. Shown is the average infectious virus yield (±SEM) relative to that detected in the absence of 

tetherin (100%) obtained from three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (C) Effect 

of RBF206 Vpu on p24 release in the presence of short tetherin. 293T cells were transfected as described in 

panel B and the levels of p24 in the culture supernatant and in cell lysates were determined by ELISA. P24 

release represents the p24 quantity in the supernatant relative to the total p24 amount in the supernatant and 

cellular lysates. The values obtained in the absence of tetherin represent 100%. Data show mean percentages 

of three independent experiments (±SEM) *, p<0.05; **, p<0.01; ***, p<0.001. Modified from (Mack et al., 

2017), © American Society for Microbiology. 

short tetherin (Figure 13 A). Both Vpus also significantly increased infectious virus yield 

(Figure 13 B) and release of virions (Figure 13 C). Notably, RBF206 Vpu was significantly 

more effective in increasing virion release than NL4-3 Vpu (Figure 13 C). Thus, unlike HIV-
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1 M Vpu and HIV-1 O-Nefs, RBF206 Vpu is highly active against both isoforms of human 

tetherin. 

3.2.4 Anti-tetherin activity of RBF206 Vpu requires four cytoplasmic amino acids 

When comparing the amino acid sequences of the active RBF206 Vpu with inactive O Vpu 

sequences, one major difference was a four amino acid stretch containing the last two amino 

acids of the diserine moitif (Figure 14 A, black box). Instead of ESNG, ESSG or ESDG 

found in other O Vpus, RBF206 contains the amino acids GTTE at that site (Figure 14 A, 

black box). To check the importance of these alterations for tetherin antagonism, I changed 

the amino acids GTTE in RBF206 Vpu to the consensus HIV-1 O sequence (ESNG) and the 

amino acids ESSG in the O-Vpu HJ389 to GTTE. I cloned these vpu mutants into the NL4-

3 backbone and transduced PBMCs with the respective VSV-G-pseudotyped particles. The 

cells were analyzed for tetherin and CD4 cell surface expression three days post transduction 

via flow cytometry. While the reduction of tetherin cell surface levels was neither increased 

in the mutated HJ389 Vpu nor decreased in the mutated RBF206 Vpu, the HJ389 mutant 

lost its ability to downmodulate CD4 (Figure 14 B). Surprisingly, however, mutation of the 

GTTE motif significantly impaired the ability of RBF206 Vpu to increase infectious virus 

yield. Nevertheless, the RBF206 mutant was still able to significantly increase infectious 

virus yield compared to the empty vector (Figure 14 C). These results indicate that the GTTE 

motif in RBF206 is required for full activity against this restriction factor. 
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Figure 14. Determinants of RBF206 Vpu mediated anti-tetherin activity. (A) Alignment of HIV-1 O Vpu 

amino acids. The NL4-3 M-Vpu sequence is shown at the bottom for comparison. The TMD, the cytoplasmic 

part, α-Helix 1, α-Helix 2 and important motifs and residues are indicated. The AxxxAxxxW motif residues in 

the TMD that are important for anti-tetherin activity of M Vpus are highlighted in turquoise. The consensus 

DSGxxS motif is highlighted in yellow. The two phosphorylation sites in the DSGxxS ß-TrCP interaction site 

are indicated. The E/DxxxLL/I/V/M motif involved in targeting of tetherin for endosomal degradation and 

recruitment of AP-1 and AP-2 is highlighted in green. (B) PHA activated PBMCs were transduced with VSVG-

pseudotyped viral particles of nef- and env- deficient NL4-3 IRES eGFP constructs containing the indicated 

vpu allels. Three days post transduction cells were analyzed for surface expression of tetherin and CD4 via 

flow cytometry. Shown are average values (±SEM) of surface expression in infected cells (eGFP+), relative to 

uninfected cells. The sample infected with the vpu-, env- and nef- deficient construct represents 100 %. Values 

are derived from three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (C) 293T cells were 

cotransfected with an HIV-1 NL4-3 vpu- and nef-deficient construct, pCGCG vectors coexpressing eGFP and 

Vpu via an IRES, and a construct expressing tetherin. Supernatants were harvested two days later the quantity 

of infectious HIV-1 was determined by infection of TZM-bl indicator cells and measurement of the β-

Galactosidase activity three days post infection. Shown is the average infectious virus yield (±SEM) relative 

to that detected in the absence of tetherin (100%) obtained from three independent experiments. *, p<0.05; **, 

p<0.01; ***, p<0.001 (D) 293T cells were cotransfected with a tetherin expression plasmid and pCGCG  

Legend continued on the next page 
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plasmids expressing the indicated Vpu allelels with eGFP via an IRES or eGFP alone (empty vector). 24 h post 

transfection tetherin surface expression was analyzed via flow cytometry. Shown are the levels of tetherin 

surface expression in the presence of the indicated Vpu protein, relative to cells transfected with the empty 

vector control (100 %). Values are derived from five independent experiments. *, p<0.05; **, p<0.01; ***, 

p<0.001. (E) 293T cells were cotransfected with an HIV-1 NL4-3 vpu- and nef-deficient construct, pCGCG 

vectors coexpressing eGFP and Vpu via an IRES, and a construct expressing tetherin. Supernatants were 

harvested two days later the quantity of infectious HIV-1 was determined by infection of TZM-bl indicator 

cells and measurement of the β-Galactosidase activity three days post infection. Shown is the average infectious 

virus yield (±SEM) relative to that detected in the absence of tetherin (100%) obtained from three independent 

experiments. *, p<0.05; **, p<0.01; ***, p<0.001. Modified from (Mack et al., 2017), © American Society for 

Microbiology. 

3.2.5 The TMD is required for full anti-tetherin activity of RBF206 Vpu 

To further map the residues in RBF206 Vpu involved in tetherin antagonism, I generated 

chimeras between the active RBF206 Vpu and the inactive (in regards to tetherin 

downmodulation) HJ389 Vpu. To this end, I divided the Vpu protein into three parts 

comprising (1) the TMD, (2) the first cytoplasmic α-helix and (3) the second cytoplasmic α-

helix and joined them together in all püossible combinations. Flow cytometric analyses 

revealed that the RBF206 TMD conferred tetherin downmodulating activity to HJ389 Vpu 

(Figure 14 D), but this did not result in an enhancement of virus release (Figure 14 E). The 

HJ389 TMD abrogated the anti-tetherin activity of RBF206 Vpu (Figure 14 D, E). 

Exchanges of the first and second cytoplasmic α-helices had no significant effect, neither 

positive, nor negative (Figure 14 E). Since it has been shown that the TMD of an M-Vpu is 

sufficient to confer anti-tetherin activity to Vpus of SIVcpz and SIVgor (Kluge et al., 2013), 

I also fused the TMD of RBF206 and HJ389 Vpus to an M Vpu (NL4-3) and an SIVgor Vpu 

(BQ664). Addition of the RBF206 TMD to SIVgor BQ664 Vpu could not increase the 

activity of the latter (Figure 14 D, E). Addition of the RBF206 TMD to NL4-3 Vpu also 

resulted in a complete loss of activity (Figure 14 D, E). These results indicate that the TMD 

is required but not sufficient for the tetherin counteracting activity of RBF206 Vpu and that 

the TMD and the cytoplasmic part of Vpu somehow need to fit together for it to be 

functional.  

3.2.6 RBF206 Vpu does not require the ubiquitin ligase machinery to 

downmodulate tetherin 

It is still under debate whether phosphorylation of the two conserved serines in the hinge 

region between the two cytoplasmic α-helices and subsequent recruitment of β-TrCP and the 

ubiquitin ligase machinery are necessary for downmodulation of tethertin by HIV-1 M Vpu 
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(Dubé et al., 2010; Kueck et al., 2015). To gain further insights into the mechanisms 

underlying tetherin downmodulation by RBF206 Vpu, I used a small molecule inhibitor 

(MLN4924) of the cullin-RING E3 ubiquitin ligase machinery to block this pathway. More 

specifically, PHA-activated PBMCs were transduced with VSV-G pseudotyped env-

deficient NL4-3 constructs expressing NL4-3 or RBF206 Vpu and/or Nef proteins. Two days 

post-transduction, I treated the infected cultures either with DMSO (as control) or 

MLN4924. 24 h later, I examined tetherin and CD4 cell surface expression via flow 

cytometry. RBF206 Vpu and RB206 Nef and NL4-3 Vpu strongly downmodulated tetherin, 

and this effect was not altered by the addition of MLN4924 (Figure 15, left panel). In 

contrast, MLN4942 impaired Vpu- but not Nef-mediated downmodulation of CD4 (Figure 

15, right panel). Thus, downmodulation of CD4 but not tetherin by RBF206 Vpu depends 

on the cellular ubiquitin ligase machinery. 

 

Figure 15. CD4 but not tetherin downmodulation is impaired by an inhibitor of the cullin-RING E3 

ubiquitin ligase machinery. CD4+ T cells activated with CD3/CD28 beads were transduced with VSV-G 

pseudotyped HIV-1 NL4-3 IRES-eGFP constructs containing the indicated vpu and/or nef alleles. Two days 

post transduction, either DMSO or the small-molecule inhibitor MLN4924 (500nM) were added. Cells were 

examined for eGFP and (A) tetherin or (B) CD4 surface expression 24 hours later. Shown are average values 

(±SEM) of surface expression in infected cells (eGFP+), relative to uninfected cells. The sample infected with 

the vpu-, env- and nef- deficient construct represents 100 %. Values are derived from at least three independent 

experiments. *, p<0.05; **, p<0.01; ***, p<0.001. Reprinted from (Mack et al., 2017), © American Society 

for Microbiology. 

3.3 Relative contribution of RBF206 Vpu and Nef to tetherin 

counteraction 

3.3.1 Both Vpu and Nef antagonize tetherin in the context of the NL4-3 backbone 

My results indicated that RBF206 uses both Nef and Vpu to counteract tetherin (Figures 5, 

6, 11, 12). To determine the relative contribution of Vpu and Nef to tetherin counteraction 
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in a proviral context, I generated NL4-3 constructs expressing RBF206 Vpu and Nef, either 

alone or in combination. PBMCs were transduced with VSV-G pseudotypes of these viruses 

and I determined the expression of tetherin and other surface receptors known to be affected 

by Nef and/or Vpu via flow cytometry. In agreement with my previous results, tetherin both 

RBF206 Nef and Vpu downmodulated tetherin down to 45 % and 35 %, respectively. 

Expression of both accessory proteins together decreased tetherin surface levels to 25 % 

(Figure 16 A). Similarly, CD4 was downmodulated by both Vpu and Nef, with the 

combination being most effective (Figure 16 A). Only Nef downmodulated MHC-I (down 

to 40 %) (Figure 16 A), while expression of Vpu alone only had a subtle effect on MHC-I 

surface expression. CD74 surface levels were significantly increased to 300 %, by 

expression of Nef, while Vpu reduced them to 80 %. Expression of both Vpu and Nef led to 

an intermediate phenotype with an increase of CD74 surface levels to only 160 % (Figure 

16 A). These results demonstrate that both RBF206 Vpu and Nef are functional and confirm 

that both proteins downmodulate human tetherin in infected primary cells. 

To further examine the anti-tetherin activities of RBF206 Vpu and Nef, I compared their 

effects on virus release via Western Blot. I cotransfected HEK293T cells with env-deficient 

NL4-3 constructs expressing RBF206 Vpu, Nef, or both and increasing amounts of a tetherin 

expression construct. After two days, I harvested supernatants and cells and determined the 

amounts of the group specific antigen (Gag) via Western Blot analysis. To calculate virus 

release, I divided the amount of Gag found in the supernatant by the total amount. As 

expected, the percentage of released viral Gag proteins decreased with increasing amounts 

of tetherin (Figure 16 B). Expression of both RBF206 Vpu and Nef increased the release of 

Gag proteins into the supernatant without affecting total levels of p24 antigen (Figure 16 B). 

Expression of Vpu was more effective than Nef, while the combination of both accessory 

proteins had the strongest antagonizing effect, (Figure 16 B). 
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Figure 16. HIV-1 RBF206 Vpu and Nef proteins in the NL4-3 backbone (A) Effect of RBF206 Vpu and 

Nef on surface receptors. PHA-stimulated PBMCs were transduced with VSV-G pseudotyped NL4-3 IRES 

eGFP constructs expressing the RBF206 Vpu and/or Nef proteins and analyzed by flow cytometry for surface 

levels of tetherin, CD4, MHC-1 and CD74 three days later. The left panel provides examples for primary data 

and the right panel shows average levels (±SEM) of surface expression in virally infected (eGFP+) cells relative 

to uninfected cells. The sample infected with the vpu- and nef-deficient construct represents 100%. Values are 

derived from three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (B) Virus release (top) and 

representative Western Blot (bottom) from 293T cells transfected with an NL4-3 constructs expressing the 

RBF206 Vpu and/or Nef protein and different amounts of a tetherin expression plasmid (0, 6.25, 25, 100 and 

250 ng). Viral and cellular protein expression in the cellular extracts and the culture supernatant was determined  

Legend continued on the next page 
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two days post transfection. The upper panel shows the levels of Gag antigen (p24 plus p55) in the supernatant 

relative to the total amount of Gag in the supernatant and cellular extracts. The values obtained in the absence 

of tetherin represent 100%. Shown are mean values of three independent experiments (±SEM). Reprinted from 

(Mack et al., 2017), © American Society for Microbiology. 

3.3.2 Only Vpu counteracts tetherin in the original HIV-1 O RBF206 backbone 

To examine the relevance of Vpu and Nef in the original RBF206 virus, we cloned an 

infectious molecular clone of RBF206. Furthermore, we generated mutants of this provirus, 

in which either the vpu or the nef gene, or both, contain premature stop codons. Similar to 

the experiments described above, I transduced CD4+ T cells with these viruses, pseudotyped 

with VSV-G, and measured expression of tetherin, CD4, MHC-I and CD74 by flow 

cytometry. The RBF206 wt construct sownmodulated tetherin to 50 %, while expression of 

Vpu alone in the nef stop construct led to a decrease of surface levels to 40 %. Surprisingly, 

expression of Nef alone in the vpu stop construct did not affect tetherin surface levels (Figure 

17 A). This is in contrast to the results obtained with the HIV-1 M NL4-3 backbone. Notably, 

lack of Nef-mediated anti-tetherin activity in this experimental setup is not due to the lack 

of Nef expression, since Nef was functional in all other tested functions. For example, CD4 

was downmodulated significantly by all constructs: Vpu alone in the nef stop construct 

decreased CD4 surface levels to 25 %, while they were decreased to 45 % by Nef alone in 

the vpu stop construct. The wt construct reduced expression of CD4 on the cell surface by 

75 % down to 25 % (Figure 17 A). MHC-I was downmodulated most effectively by the wt 

construct (by 70 %), while Nef alone in the vpu stop construct decreased surface levels only 

by 50 %, and Vpu alone in the nef stop construct by 30 %. Thus, RBF206 Nef and Vpu 

cooperate in reducing MHC-I surface levels (Figure 17 A). CD74 was upmodulated by Nef 

in the vpu stop construct up to 310 %. This effect was abolished by additional Vpu 

expression in the wt construct, while Vpu expression alone in the nef stop construct even 

diminished CD74 surface levels to 55 % (Figure 17 A). In summary, the results obtained 

with the RBF206 provirus suggest that this virus mainly uses Vpu to counteract tetherin. 

To further clarify the importance of Nef and Vpu for replication and anti-tetherin activity of 

RBF206, I compared viral replication of the wt and mutant constructs in primary CD4+ T 

cells in the presence and absence of IFNα. The amount of p24 in the culture supernatant was 

strongly decreased for all constructs in the presence of IFNα (Figure 17 B). Compared to wt 

RBF206, the disruption of nef had a much stronger effect on viral replication, than the 

disruption of vpu (Figure 17 B). For both the nef-deficient variant, as well as the nef- and 

vpu-deficient mutant, IFNα treatment almost completely abrogated virus replication, while 
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IFNα treatment of the vpu-deficient variant only had a minor effect (Figure 17 B). To 

determine the efficiency of virus release, I calculated the percentage of p24 in the 

supernatant, compared to the total amount for all time points and then calculated the mean 

release. On average, IFNα treatment reduced virus release by 5 % to 10 % (Figure 17 C). 

Disruption of nef had no significant effect on virus release and the mean efficiency of virus 

release was comparable to that of wt RBF206 (Figure 17 C). Disruption of vpu, however, 

significantly decreased the mean efficiency of virus release (Figure 17 C). Together with the 

results obtained by flow cytometry, these results indicate that only Vpu antagonizes tetherin 

in the HIV-1 group O virus RBF206, although Nef seems to be more important for viral 

replication. 

 

Figure 17. Characterisation of the infectious molecular clone RBF206. (A) Receptor modulation by 

RBF206. CD4+ T cells activated with CD3/CD28 beads were transduced with the infectious molecular clone 

RBF206 or the indicated nef and/or vpu defective mutants and examined for tetherin, CD4, MHC-I and CD74 

surface expression three days later. The left panel shows examples for primary data. The mean fluorescence 

intensities (MFIs) used to calculate receptor downmodulation are indicated in the primary data. The bar 

diagrams on the right show average levels (±SEM) of surface expression in virally infected (eGFP+) cells  

Legend continued on the next page 
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relative to uninfected cells. The sample infected with the vpu- and nef-defective construct represents 100%.  

Values are derived from three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (B, C) Role of 

intact vpu and/or nef genes on RBF206 replication and release. (B) Virus replication in CD4+ T cells in the 

presence and absence of IFNα. Replication kinetics of the infectious molecular clone RBF206 and the indicated 

nef and/or vpu defective mutants in the absence and presence of 500 U/ml IFNα. Results show mean values 

(±SEM) of p24 in the supernatant over time derived from infection of CD4+ T cells of six donors. (C) 

Efficiency of p24 release in the presence and absence of IFNα by wt and nef and/or vpu defective mutants of 

RBF206. Values represent the mean percentages of cell-free p24 out of the total p24 detected in the presence 

and absence of IFNα and were derived from infection of CD4+ T Cells from six donors, quantified by ELISA. 

*, p<0.05; **, p<0.01; ***, p<0.001. Modified from (Mack et al., 2017), © American Society for Microbiology. 
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4 Discussion 

For several years, it was thought that HIV-1 group O has not evolved an antagonist of human 

tetherin (Petit et al., 2011; Sauter et al., 2009; Vigan and Neil, 2011; Yang et al., 2011). 

While the prevalence of HIV-1 O is much lower than that of group M, group O viruses have 

infected about 100.000 people in Cameroon and surrounding countries (Vessiere et al., 

2010). In this thesis, I provide evidence that Nef is able to adapt to human tetherin: O-Nefs 

efficiently downmodulate human tetherin from the cell surface. This antagonism enhances 

virus release in CD4+ T cells especially in the presence of IFNα. O-Nefs target a region just 

upstream of the deletion in human tetherin. Unlike SIV-Nefs, O-Nefs do not enhance 

internalization of tetherin substantially, but inhibit transport of newly synthesized tetherin to 

the cell surface, just like M-Vpus. Additionally, I found one HIV-1 O strain that has also 

evolved Vpu as antagonist of human tetherin, which emphasizes the enormous plasticity and 

adaptability of lentiviruses. This also supports the notion that tetherin poses an important 

barrier to zoonotic transmission and that overcoming this restriction is of immense 

significance for viral replication and/or spread. 

Previous studies most likely missed the anti-tetherin function of O-Nefs, because they 

focused on HIV-1 O-Vpus (Petit et al., 2011; Vigan and Neil, 2011), used the molecular 

clone pCMO2.5, which encodes a non-functional Nef protein (Kluge et al., 2014; Yang et 

al., 2011), or examined virus release from HEK293T cells overexpressing tetherin (Sauter 

et al., 2009; Yang et al., 2011). Since the effect of M-Vpus on virus release is readily 

detectable in transfected HEK293T cells and allows testing of different tetherin orthologs or 

mutants, they are commonly used. However, O-Nefs enhance virus release in this assay only 

marginally. This might be due to unphysiological tetherin levels. The anti-tetherin effect of 

O-Nefs, however, was clearly evident in infected CD4+ T cells, the primary target cells of 

HIV-1 in vivo and enhanced viral resistance to the inhibitory effect of IFNα (Figure 10 B, C, 

D). High levels of IFNs are characteristic for acute infection (Fenton-May et al., 2013; 

Parrish et al., 2013) and counteraction of these effects may have facilitated the spread of 

HIV-1 group O in the human population. 

Especially interesting was the counteraction of human tetherin by the O MRCA Nef (Figure 

5, 6). The O MRCA Nef is the inferred most recent common ancestor of contemporary O-

Nefs, representing the Nef protein present before the divergence and significant spread of 

group O. This Nef was already particularly active (Figure 7 A, B). This suggests that anti-

tetherin activity was acquired before the endemic spread of group O and could thus have 
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facilitated it. The fact that the O MRCA Nef reduced cell surface levels of gorilla and human 

tetherin to the same extent, while contemporary O-Nefs were more effective against human 

tetherin supports subsequent specific adaptation of contemporary O-Nefs to the human 

ortholog. O-Nefs were also active in all other tested functions like CD4 and MHC-I 

downmodulation and CD74 upmodulation (Figure 6).  Notably, O-Nefs are also highly 

active in counteracting SERINC5 to enhance virion infectivity (Heigele et al., in press). 

It has been shown that amino acid changes in the C-loop of HIV-1 M Nef around a highly 

conserved ExxxLL motif were critical for reacquisition of potent Nef-mediated anti-tetherin 

activity in a chimpanzee experimentally infected with an HIV-1 M strain (Götz et al., 2012). 

This domain is a classical cargo recognition motif for adaptor proteins (AP) of clathrin 

mediated protein trafficking (Bonifacino and Traub, 2003). I could show that the same amino 

acids in and around the ExxxLL motif, that were critical for reacquisition of Nef-mediated 

anti-tetherin activity in the experimentally infected chimpanzee (Götz et al., 2012), are also 

required for O-Nef mediated anti-tetherin activity (Figure 8 C). While integrity of the motif 

itself is crucial for anti-tetherin function and downmodulation of CD4 (Figure 8 D, data not 

shown), the amino acids in and around the motif are only critical for anti-tetherin function 

(Figure 8 C). Tetherin downmodulation by M-Vpu also depends on a ExxxL[V/M] motif 

present in the second cytoplasmic α-helix of Vpu (Kueck and Neil, 2012). This activity has 

been shown to be AP-1 dependent and results in mistrafficking of tetherin to the TGN, 

instead of the plasma membrane (Dubé et al., 2011; Jia et al., 2014; Schmidt et al., 2011). In 

contrast, reduction of simian tetherin by SIV-Nefs is AP-2 dependent and leads to 

accelerated endocytosis (Serra-Moreno et al., 2013; Zhang et al., 2011). We found that the 

internalization of tetherin was only slightly enhanced by O-Nefs (Figure 9 A), while 

transport of tetherin to the cell surface was strongly inhibited (Figure 9 B, C). O-Nefs trapped 

tetherin in perinuclear compartments similar to M-Vpus (Figure 9 D). This is also 

reminiscent of Nef-mediated downmodulation of MHC-I molecules, which is, however, 

independent of the ExxxLL motif (Jia et al., 2012; Kasper and Collins, 2003; Kasper et al., 

2005; Riggs et al., 1999). How exactly O-Nefs mediate anti-tetherin activity needs to be 

clarified in further studies for example by using dominant negative mutants of specific AP-

1 and AP-2 subunits. 

One interplay between the multifunctional proteins Vpu and Nef moved into focus during 

the last years: the regulation of the transcription factor NF-κB. While Nefs boost NF-κB 

activation early in the viral replication cycle to enable efficient transcription of viral proteins, 
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Vpu inhibits NF-κB activity during later stages to avoid induction of cellular antiviral factors 

(Sauter et al., 2015). Besides the viral control of NF-κB activation, tetherin stimulates NF-κB 

activity upon sensing of a viral infection, triggered by the tethering of budding virions. Nef 

and/or Vpu may directly inhibit this innate signaling activity by down-modulation of tetherin 

from the cell surface (Galᾶo et al., 2012). All contemporary O-Nefs were unable to reduce 

tetherin-stimulated activation of NF-κB (Figure 7 D), despite their ability to downmodulate 

tetherin from the cell surface. In contrast, they all strongly boosted NF-κB activation in the 

presence of a constitutively active mutant of IKKβ (Figure 7 D). This enhancing activity 

may mask putative inhibitory effects that downmodulation of tetherin from the cell surface 

might have. Notably, the O MRCA Nef was an exception: It inhibited tetherin-induced NF-

κB activation and did not boost NF-κB activation in the presence of the constitutively active 

mutant of IKKβ (Figure 7 D). This could mean that initial adaptation to human tetherin by 

the O MRCA Nef came at the cost to boost NF-κB activation. Later adaptation then led to 

reacquisition of the ability to enhance NF-κB activation, while anti-tetherin activity 

decreased. The ability to enhance virus release is much weaker in contemporary O-Nefs 

compared to the O MRCA Nef (Figure 7 A, B), whereas their ability to boost NF-κB 

activation is as strong as that of their direct precursor, SIVgor Nef (Figure 7 D). There might 

be a constant struggle in contemporary O Nefs to balance effects on NF-κB activation and 

on virus release. This struggle could have led to the emergence of Vpu-mediated anti-tetherin 

function in the RBF206 strain. 

Tetherin is expressed in two isoforms and the short one lacks the ability to induce NF-κB 

activation, since it does not contain the YxYCRV dual tyrosine motif (Cocka and Bates, 

2012; Galao et al., 2012; Tokarev et al., 2013) (Figure 1). The dual tyrosine motif is also 

critical for endocytosis and recycling and the short isoform may thus preferentially localize 

to the plasma membrane (Cocka and Bates, 2012; Rollason et al., 2007; Sauter, 2014). 

Interestingly, the short isoform is less sensitive to downmodulation by M-Vpus (Cocka and 

Bates, 2012; Weinelt and Neil, 2014), and it has been proposed that the short isoform may 

therefore play a more important role in inhibition of HIV-1 release (Cocka and Bates, 2012). 

In contrast, the HIV-2 envelope protein, as well as the ebola glycoprotein, which both target 

extracellular parts of tetherin (Exline et al., 2015; Lopez et al., 2010) do not discriminate 

between the two isoforms (Cocka and Bates, 2012; Weinelt and Neil, 2014). We showed 

that HIV-1 group O-Nefs, are unable to downmodulate the short isoform of human tetherin, 

since the region that confers sensitivity to O-Nefs lies in the cytoplasmic tail of tetherin, just 

upstream of the deletion (Kluge et al., 2014) and is thus missing in the short isoform. SIVmac 
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Nef, is able to antagonize the short isoform of rhesus tetherin, since the alternative start 

codon lies right before the Nef interaction region (Serra-Moreno et al., 2013; Weinelt and 

Neil, 2014) (Figure 1). Interestingly, RBF206 Vpu was equally active against the long and 

the short isoform of human tetherin (Figure 13 A, B, C; Figure 12 A, B). A similar phenotype 

has also been observed for SIVgsn and SIVmon Vpus as well as for a group N Vpu 

(N1.FR.2011) isolated in France. This N Vpu is highly active in counteracting tetherin, in 

contrast to other N-Vpus, which only acquired weak anti-tetherin activity (Delaugerre et al., 

2011; Sauter et al., 2009, 2012; Weinelt and Neil, 2014). Whether targeting of both isoforms 

shows functional superiority to M-Vpus, or whether M-Vpus specifically adapted to target 

only the long-isoform, remains to be investigated. One mouse strain has been reported, 

which lacks the first tetherin start codon, and this strongly correlated with decreased 

replication and pathogenesis of Friend retrovirus (Barrett et al., 2012). This shows that 

restriction imposed by the short isoform, which is more resistant to counteraction, is 

detrimental to virus replication These findings argue for superiority of RBF206 Vpu to M-

Vpus, since it can downmodulate both isoforms in contrast to M-Vpus. However, it has also 

been proposed that HIV-1 group M Vpus maintain negative tetherin/ILT7 signaling to 

plasmacytoid dendritic cells (pDCs), which attenuates the antiviral IFN response, while still 

rescuing virus release, by keeping the small isoform at the cell surface, but redistributing it 

away from viral assembly sites (Bego et al., 2015). This argues for specific adaptation of M-

Vpus to only downmodulate the long isoform and keeping the short isoform to inhibit IFN 

production by pDCs. In contrast, O-Nefs are only able to reduce cell surface levels of long 

tetherin, but are not able to displace short tetherin away from viral assembly sites (Bego et 

al., in preparation). As consequence, short tetherin molecules get occluded by budding viral 

particles and are not able to suppress the antiviral IFN response of pDCs (Bego et al., in 

preparation). Moreover, the viral particles tethered by the short isoform are not endocytosed 

and degraded but may rather be recognized by antibodies and induce ADCC (Alvarez et al., 

2014; Arias et al., 2014). Since HIV tightly regulates NF-κB activation to balance induction 

of antiviral genes and LTR-driven expression of viral genes (Sauter et al., 2015), it would 

make sense that M-Vpus specifically adapted to differentiate between the two isoforms of 

tetherin to suppress IFN production. Whether the O strain RBF206 or the N strain 

N1.FR.2011 from France induce stronger IFN responses than group M viruses, remains to 

be investigated. 

The determinants of RBF206 Vpu’s anti-tetherin activity seem to be complex. RBF206 

differs to other O-Vpus by at least 30 amino acids. It has been shown that exchanging the 
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TMD of some SIVcpz and SIVgor Vpus with the TMD of HIV-1 M NL4-3 Vpu confers full 

activity against human tetherin (Kluge et al., 2013). However, the TMD of RBF206 alone 

did not confer activity to the O-Vpu HJ389 or the SIVgor-Vpu BQ664 (Figure 14 D, E). 

Still, the TMD of RBF206 is critical for its function since replacement of the RBF206 TMD 

by that of HJ389 rendered it inactive against tetherin (Figure 14 D, E). Given that the TMD 

was of RBF206 origin, it did not matter whether additionally the first or second cytoplasmic 

α-Helix was of RBF206 origin, both led to a further increase in activity. Surprisingly, 

addition of the RBF206 TMD to the active NL4-3 Vpu led to a loss of function (Figures 14 

D, E). It has been shown before that exchanges of TMDs can lead to a loss of anti-CD4 

activity, although both parental Vpus were active (Kluge et al., 2013). Thus, the TMD and 

the cytoplasmic domains need to cooperate for full activity against both tetherin and CD4. 

A diserine motif in the hinge region linking the two cytoplasmic α-helices in Vpu is thought 

to be essential for CD4 degradation (Paul and Jabbar, 1997). Upon binding of CD4 and 

phosphorylation of the two serines by casein kinase II, the adaptor protein β-TrCP and 

subsequently the E3 ubiquitin ligase complex are recruited (Friborg et al., 1995; Margottin 

et al., 1998; Schubert and Strebel, 1994). This leads to poly-ubiquitination of the CD4 

cytoplasmic tail and degradation of CD4 via the proteasome (Binette et al., 2007; Magadán 

et al., 2010; Schubert et al., 1998). All tested O-Vpus downmodulate CD4 from the cell 

surface (Figure 11), although they do not contain the classical M-Vpu β-TrCP binding motif 

DSGxxS, but DSDY[E/D]S instead. Thus, they still contain two serine residues and this 

shows that the β-TrCP binding motif is less strict. This is also confirmed by SIVgor Vpus 

that lack the first serine residue, but are still able to downmodulate CD4 (Kluge et al., 2013; 

Sauter et al., 2009). It has been proposed that a negative charge can mimic the 

phosphorylated serine (Firzlaff et al., 1991; Kanemori et al., 2005). RBF206 Vpu lacks the 

second serine residue and does not contain a negatively charged amino acid at position 5 of 

the motif, like other O-Vpus. Instead, the motif reads DSDYGT, with a threonine in position 

of the serine. This threonine might get phosphorylated instead of the serine residue. This 

threonine is part of a four amino acid stretch (GTTE) in RBF206 Vpu that is conserved in 

all other O-Vpus (mostly ESNG) (Figure 14 A). Exchanging the ESSG sequence in HJ389 

Vpu to GTTE abrogated its ability to downmodulate CD4 (Figure 14 B). This shows that it 

might be context specific whether the threonine residue can make up for the missing serine 

residue or not. RBF206 Vpu remained active against CD4 upon exchange of the GTTE 

sequence to ESNG. That the ubiquitin ligase pathway is essential for downmodulation of 
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CD4 also by group O-Vpus has been confirmed by my results with the small molecule 

inhibitor MLN4924 (Figure 15).  

The role of the diserine motif in tetherin counteraction is controversial. My results with the 

inhibitor MLN4924 show that Vpu-mediated tetherin downmodulation from the cell surface 

is independent of the ubiquitin ligase machinery(Figure 15). Tetherin degradation via the 

endo-lysosomal pathway on the other hand seems to require phosphorylation of the two 

serines and recruitment of β-TrCP (Douglas et al., 2009; Mangeat et al., 2009; Mitchell et 

al., 2009). Depletion of β-TrCP by siRNA knockdown abolishes Vpu-mediated tetherin 

degradation (Douglas et al., 2009). However, this loss in degradation does not lead to 

enhanced restriction of virus release (Tervo et al., 2011). Instead it has been proposed that 

phosphorylation of the two serine residues induces conformational changes, which promote 

interaction of Vpu with AP1 and tetherin (Coadou et al., 2002; Kueck et al., 2015). This in 

turn leads to a block in transport of newly synthesized tetherin to the cell surface (Jia et al., 

2014; Kueck et al., 2015; Schmidt et al., 2011). This block in transport is dependent on the 

DSGxxS motif, but not on β-TrCP (Schmidt et al., 2011). Several studies have shown that 

tetherin degradation and reduction of cell surface levels do not always correlate with an 

enhancement of virus release (Dubé et al., 2010; Kuhl et al., 2011; McNatt et al., 2013; 

Miyagi et al., 2009; Neil et al., 2008). Whether a block of the ubiquitin ligase pathway with 

the inhibitor MLN4924 and therefore a block of degradation leads to enhanced restriction of 

virus release despite tetherin downmodulation still taking place needs to be clarified in 

further experiments. 

In the proviral context RBF206 Vpu and Nef cooperated in the reduction of CD4 cell surface 

levels (Figures 16 A, 17 A). It is known that Nef removes CD4 from the surface in an AP-2 

dependent manner, while Vpu causes degradation of newly synthesized CD4 (Aiken et al., 

1994; Ren et al., 2014; Rhee and Marsh, 1994; Willey et al., 1992). In the RBF206 backbone 

both Vpu and Nef cooperated to downmodulate MHC-I (Figure 17 A). It is established that 

Nef inhibits transport of newly synthesized HLA-A and HLA-B molecules to the cell surface 

(Le Gall et al., 1998; Kasper and Collins, 2003; Kasper et al., 2005). The effect of Vpu on 

MHC-I cell surface levels could be both due to inhibition of NF-κB activity (Sauter et al., 

2015) or due to downregulation of HLA-C molecules, which has recently been published as 

function of some HIV-1 Vpu proteins (Apps et al., 2016). Vpu-mediated HLA 

downmodulation was more pronounced in the original RBF206 backbone than in NL4-3. 

The reason for this needs to be investigated (Figures 16 A, 17 A). With the NL4-3 backbone 
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I used PBMCs, while I used CD4+ T cells with the RBF206 clone. In humans, the different 

HLA subtypes do not seem to be differentially expressed on different leukocyte subtypes 

(Greene et al., 2011), so the use of different cell types does not seem to be the reason. 

However, the cells were not derived from identical donors, so it could be that the donors just 

differed in their immune activation state.  

On CD74 RBF206 Vpu and Nef had opposing effects: Nef fully upmodulated CD74 only in 

the absence of Vpu (Figures 16 A, 17 A). Vpu alone even decreased cell surface levels of 

CD74, while with both proteins, upmodulation of CD74 was only moderate (Figures 16 A, 

17 A). This is reminiscent of the Vpu and Nef effects on NF-κB, where Nef boosts activation 

early in infection, while Vpu inhibits it later in the replication cycle. CD74 is a target gene 

of NF-κB (Pfeffer, 2011), and CD74 upregulation correlates with generalized immune 

activation (Ghiglione et al., 2012). However, the effects of Nef on CD74 surface levels seem 

to be direct and AP-2 dependent (Brenner et al., 2006; Schindler et al., 2003; Stumptner-

Cuvelette et al., 2001) and active upmodulation by Nef independent of NF-κB activation 

seems more plausible since impairment of MHC-II function helps to impair CD4+ T cell 

responses (Stumptner-Cuvelette et al., 2001). In later stages of viral replication, though, the 

inhibitory effect of Vpu on NF-κB and thus the indirect downregulation of CD74 might be 

more advantageous for the virus. 

While I could show that both RBF206 Vpu and Nef are able to antagonize tetherin (Figure 

5, 16) there were some differences depending on the proviral context. In the NL4-3 

backbone, both proteins clearly reduced tetherin cell surface levels (Figure 16 A). Effects by 

Vpu were stronger, but the combination of both was most effective (Figure 16 A). Similarly, 

when I checked for virus release via Western Blot, both Vpu and Nef enhanced release of 

p24 into the supernatant, with both proteins together exerting the strongest effect (Figure 16 

B). Surprisingly, this was not the case in the original RBF206 backbone. Disruption of the 

vpu gene completely abrogated the effects on tetherin cell surface levels, while the nef stop 

variant was as active as the respective wild type control (Figure 17 A). Nef alone was not 

only not able to reduce cell surface levels of tetherin, its presence also seemed to impair the 

anti-tetherin activity of Vpu, since the RBF206 wild type virus reduced cell surface levels 

of tetherin significantly worse than the nef stop mutant (Figure 17 A). Nef was clearly 

expressed and functional, since the vpu stop reduced cell surface levels of CD4 and MHC-I 

and upmodulated CD74 levels (Figure 17 A). When I examined virus replication and release 

in CD4+ T cells in the presence and absence of IFNα, the vpu stop variant could not increase 
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virus release compared to the vpu stop, nef stop variant either, confirming that RBF206 Nef 

does not antagonize tetherin in its genuine proviral context (Figure 17 B). We have shown 

that O-Nefs are able to promote virus release in CD4+ T-cells in the presence and absence 

of IFNα and that mutations that disrupt the downmodulation of tetherin also lead to a 

reduction in virus release (Figure 10). Notably, however, this was tested in the NL4-3 

context. Why the RBF206 backbone impairs Nef’s anti-tetherin activity needs to be 

investigated. Other O-Nefs could be tested in this backbone to see whether this is a general 

effect or RBF206 Nef-specific. Unfortunately, the only other available proviral HIV-1 O 

clone, pCMO2.5, does not express a functional Nef protein (Kluge et al., 2014; Tebit et al., 

2004) and can thus not be used to address this question. Whether the inability of RBF206 

Nef to exert its anti-tetherin function was the reason why RBF206 Vpu evolved as tetherin 

antagonist or whether Nef lost its ability to counteract tetherin in the original backbone upon 

acquisition of this function by Vpu remains unknown. 

In summary, my results show that HIV-1 group O-Nefs evolved as effective tetherin 

antagonists by targeting the region just upstream of the deletion in the cytoplasmic tail of 

this restriction factor. This shows that the deletion in human tetherin does not confer 

complete resistance to primate lentiviral Nef proteins, which makes further successful 

zoonotic transmissions more likely, than previously anticipated. My finding that one O strain 

also evolved Vpu-mediated anti-tetherin activity shows how important it is to antagonize 

this factor and further illustrates that HIV-1 strains are still adapting to the human host. Why 

this strain acquired Vpu-mediated anti-tetherin activity needs to be clarified. It could be that 

the RBF206 Nef was a particular weak tetherin-antagonist. O-Nefs could also generally 

struggle to balance anti-tetherin activity with the enhancement of NF-κB activation or 

another function, which would make it necessary to develop other ways to antagonize 

tetherin. Overall, my results highlight the enormous plasticity and adaptability of primate 

lentiviral proteins to new host environments. 
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5 Summary 

The four groups of HIV-1 are the result of independent cross-species transmissions from 

chimpanzees and gorillas to humans, but only group M is pandemic, while only very few 

cases of groups N and P are known. HIV-1 group O has spread endemically in Cameroon 

and has infected around 100,000 people. One reason for the different outcomes of the four 

transmissions is the antiviral factor tetherin. It has been reported that HIV-1 O Vpu and Nef 

do not antagonize human tetherin. This was surprising, since group O has spread successfully 

in Cameroon and surrounding countries. To address this conundrum, I analyzed a large panel 

of Nef and Vpu proteins and found that O-Nefs downmodulate tetherin as efficiently as M-

Vpus. In infected primary CD4+ T cells the presence of functional O-Nefs enhanced virus 

release and replication, particularly in the presence of IFNα. My study, revealed that O-Nefs 

have evolved to target a region adjacent to the deletion in human tetherin that was thought 

to make it resistant against lentiviral Nef proteins. Furthermore, I could show that amino 

acids in and around the highly conserved ExxxLL motif in the flexible C-terminal loop of 

Nef are critical for anti-tetherin function. In addition, my study demonstrates that O-Nefs 

inhibit transport of newly synthesized tetherin to the cell surface, instead of accelerating 

endocytosis like SIV Nefs. This is similar to the mechanism employed by M-Vpus and Nef-

mediated downmodulation of MHC-I. 

Interstingly, one HIV-1 O strain also evolved Vpu as antagonist of human tetherin. This O-

Vpu is able to antagonize the long and the short isoform of human tetherin, which is in 

contrast to O-Nefs that only antagonize the long isoform. RBF206 Vpu is also a strong 

inhibitor of NF-κB activation. The Nef protein of strain RBF206 seems to be poorly effective 

against human tetherin in its original RBF206 backbone. This could be the reason for 

acquisition of Vpu as tetherin antagonist. Another possibility could be selection pressure on 

Nef by another function that makes it difficult for Nef to maintain anti-tetherin function. It 

could also be that Vpu-mediated antagonism of human tetherin is generally superior to Nef-

mediated antagonism.  

Overall, this thesis shows that human tetherin is not generally resistant to antagonism by 

primate lentiviral Nef proteins. My finding that O-Nefs antagonize human tetherin helps to 

explain the endemic spread of HIV-1 group O. Strain RBF206 has also evolved Vpu to 

counteract tetherin. This shows the importance of overcoming the barrier imposed by this 

antiviral factor. It also demonstrates the enormous plasticity and adaptability of lentiviruses 

to new host environments. 
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