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1 Introduction 

1.1 Restriction factors 

A first line of defense against viral infections are so called restriction factors, which 

are part of the innate immune response and inhibit various steps of the viral 

replication cycle (reviewed in [1]). Antiretroviral restriction factors are a very 

heterogeneous group of cellular proteins, yet they often share some common traits. 

In general, they are considered (i) to significantly reduce viral replication, (ii) to be 

inducible by interferons (IFNs), resulting in their upregulation upon activation of the 

innate immune system in response to viral infection, (iii) to be under positive 

selection due to the constant arms race between virus and host and (iv) to interact 

with viral proteins [2]. Some well-studied examples for restriction factors of human 

immunodeficiency virus (HIV) include APOBEC3G (apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide-like 3G), which induces lethal G to A hypermutations 

in the viral genome [3–5], SAMHD1 (SAM domain and HD domain-containing 

protein 1), which depletes the cellular dNTP pool and thereby inhibits reverse 

transcription of the viral RNA genome [6, 7], TRIM5α (tripartite motif-containing 

protein 5, isoform α), which binds to the viral capsid and induces its untimely 

uncoating [8–10], and tetherin (also known as bone marrow stromal cell antigen 2 

(BST2)/CD317/HM1.24), which inhibits release of progeny virions from the host cell 

[11, 12]. 

In order to replicate and spread efficiently, viruses have to overcome these 

restrictions. For example, the lentiviral protein Vif (virus infectivity factor) counteracts 

APOBEC3G [5], while capsid mutations allow the virus to evade restriction imposed 

by TRIM5α [13, 14]. Due to this continuous arms race, restriction factors are often 

counteracted or evaded in a species-specific manner and therefore pose a 

significant barrier to successful zoonotic transmission of viruses from one species 

to another. One well-characterized example is tetherin, which played an important 

role during the emergence of pandemic HIV-1 [15]. 
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1.2 The host restriction factor tetherin 

1.2.1 Structure and topology 

The restriction factor tetherin (BST2/CD317/HM1.24) is an IFN-inducible type 2 

transmembrane protein located predominantly at the plasma membrane and, to a 

lesser extent, in the trans-Golgi network (TGN) [16]. In addition to its N-terminal 

transmembrane domain (TMD), it harbors a second membrane anchor at its 

C-terminus (Figure 1). This glycosylphosphatidylinositol (GPI) anchor is 

incorporated into lipid rafts, i.e. specialized, detergent resistant membrane 

microdomains rich in cholesterol and sphingomyelin [16]. The two membrane 

anchors are connected by a flexible coiled-coil ectodomain harboring two N-linked 

glycosylation sites and three cysteines that mediate homodimerization [17, 18]. In 

humans, the N-terminal cytoplasmic tail of tetherin has a length of 22 amino acids 

and harbors a dual tyrosine motif (YxY) (Figure 1), known to interact with adaptor 

protein 2 (AP-2) and RICH2 (RhoGAP interacting with CIP4 homologs protein 2) 

[19, 20]. A shorter isoform of tetherin, however, which is expressed from an 

alternative in-frame start codon twelve amino acids downstream of the first start 

codon, lacks this motif (Figure 1) [21]. While recruitment of AP-2 regulates recycling 

of tetherin between the TGN and the plasma membrane [22, 23], RICH2 mediates 

association with the apical actin cytoskeleton in polarized cells [19, 20]. Moreover, 

the YxY motif is also involved in activation of the transcription factor NF-κB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) [24, 25].  
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Figure 1. Sequence and topology of the host restriction factor tetherin. The amino acid 

sequence of human tetherin is shown on top. The unique topology of tetherin is shown at the bottom. 

The transmembrane domain and the coiled-coil ectodomain are highlighted in light and dark blue, 

respectively. Cysteines involved in dimer formation are shown in red and a YxY motif in the 

N-terminus is highlighted in green. This motif has been shown to interact with AP-2 and RICH2. 

Furthermore, this motif is part of a YxYxx motif required for tetherin-mediated activation of NF-κB. 

The GPI anchor serves as a localization signal and is inserted into lipid rafts.  

 

1.2.2 Antiviral activity 

In 2008, Van Damme et al. and Neil et al. found that release of HIV particles is 

inhibited by tetherin (by then only known as BST2) and that this inhibition is 

countered by the viral protein unique (Vpu) [11, 12]. Interestingly, Perez-Caballero 

et al. showed that an artificial protein adopting a tetherin-like topology was still 

antivirally active, even though it did not share any sequence homology with tetherin 

[17]. This implies that tetherin does not target any specific viral protein. This is further 

supported by the observation that tetherin is active against a variety of enveloped 

viruses, including other retroviruses (alpha-, beta-, gamma-, and deltaretroviruses, 

lenti- and spumaviruses) [26], filoviruses (Ebola and Marburg virus) [27], 

arenaviruses (Lassa and Machupo virus) [27], herpesviruses (Kaposi’s sarcoma-

associated herpesvirus, Herpes simplex virus 1 and 2) [28–30], rhabdoviruses 

(Vesicular stomatitis virus) [31], flaviviruses (hepatitis C virus) [32], paramyxoviruses 

(Sendai and Nipah virus) [33], and orthomyxoviruses (Influenza A virus) [34, 35]. In 

addition, it was shown that even though the antiviral activity of tetherin is ancient 
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and evolved at least 450 million years ago, before the divergence of cartilaginous 

fish from bony vertebrates [36, 37], its amino acid sequence is highly variable. This 

indicates that tetherin was – and probably still is – under high selection pressure for 

sequence changes, probably due to the coevolution with different viral antagonists. 

Despite this high sequence variability, all tetherin orthologs described so far adopt 

the unusual topology comprising two membrane anchors, connected by a flexible 

coiled-coil ectodomain, arguing for high selection pressure to maintain the overall 

structure of this protein [36, 37]. 

Following gene expression, viral proteins assemble at lipid rafts, where budding is 

initiated [38]. During the budding process, one of the two membrane anchors of 

tetherin is incorporated into the newly forming viral membrane while the other one 

remains attached to the cellular membrane, thereby inhibiting release of newly 

formed viral particles by physically tethering them to the cell membrane [17, 39] 

(Figure 2). Altogether, few dozen tetherin dimers are required to tether each virus 

particle to the cell membrane [39]. 

 

Figure 2. Inhibition of virus release by the restriction factor tetherin. The GPI anchor but not 

the TMD of tetherin is located in special membrane compartments called lipid rafts. Lipid rafts are 

also the sites at which viral proteins preferentially assemble and where budding is initiated. During 

the budding process, the GPI anchor is preferentially incorporated into the newly forming viral 

membrane while the TMD remains in the cellular membrane. As a result, tetherin inhibits virus 

release by physically tethering the virus particle to the host cell. This tethering mechanism also 

triggers activation of the transcription factor NF-κB and the induction of an antiviral immune response.  
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While in principle both membrane anchors can be incorporated into the virion, it has 

been shown that there is a 3- to 5-fold preference for the incorporation of the GPI 

anchor into the viral membrane [39]. Thus, the N-terminal cytoplasmic domain 

containing the YxY motif is still accessible to cellular proteins. This not only allows 

endocytosis of tethered viruses in an AP-2 dependent manner [11, 40], but also the 

activation of the canonical NF-κB signaling cascade upon tethering of budding 

virions. Thus, tetherin not only inhibits virion release, but also acts as an innate 

sensor activating an NF-κB-driven immune response [24, 25].  
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1.3 Human immunodeficiency viruses 

HIV is the causative agent of the acquired immunodeficiency syndrome (AIDS) [41, 

42], which is a major health burden and still causes about 1 million deaths each year 

[43]. In 2016, almost 37 million people were living with HIV and the numbers are still 

rising, as every year almost 2 million people are newly infected. To date, more than 

35 million people have died of AIDS-related illnesses [43]. HIV predominantly infects 

CD4+ T cells and, if infection is not treated, leads to their progressive loss [44, 45]. 

The concomitant impairment of the immune system results in the emergence of 

opportunistic infections that ultimately lead to death. Until now, no effective vaccine 

or cure of HIV has been developed. 

1.3.1 The origins of HIV 

HIV was first described by Barré-Sinoussi et al. in 1983 [41]. A few years later, in 

1986, another related human retrovirus was identified [46]. The two viruses were 

subsequently called HIV-1 and HIV-2. While HIV-1 is responsible for more than 

95 % of all HIV infections worldwide, HIV-2 has only infected about 1 to 2 million 

people and is largely restricted to West Africa [47]. Notably, individuals infected with 

HIV-2 usually show a slower disease progression than HIV-1 infected individuals 

[48].  

A first hint to the origin of HIV arose when a related simian retrovirus was isolated 

from rhesus macaques (Macaca mulatta) suffering from immunodeficiency [49]. 

Until now, simian immunodeficiency viruses (SIVs) have been identified in more 

than 40 non-human primate species and only few of them have been shown to 

cause immunodeficiency in their natural host. Using phylogenetic analyses, the 

simian origin of HIV could be resolved (reviewed in [50]). 

HIV-1 comprises four phylogenetically diverse groups, termed M, N, O and P, each 

resulting from an independent zoonotic transmission event. While group M and N 

viruses originated from SIVcpz infecting Central chimpanzees (Pan troglodytes 

troglodytes) [51–53], groups O and P are most closely related to SIVgor infecting 

Western lowland gorillas (Gorilla gorilla gorilla) [54, 55]. SIVgor, in turn, emerged 

after zoonotic transmission of SIVcpz to gorillas [56] (Figure 3). 

HIV-2 consists of nine groups (A to I), all resulting from independent zoonotic 

transmissions of SIVsmm infecting sooty mangabeys (Cercocebus atys) [57–59]. Of 
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those, only groups A and B have spread epidemically. Together, they account for 

1 to 2 million HIV infections, while for the other groups only single cases are known. 

SIVsmm was also inadvertently transmitted to rhesus macaques in captivity, giving 

rise to SIVmac [60, 61] (Figure 3). In contrast to sooty mangabeys, which rarely 

develop disease, rhesus macaques progress to immunodeficiency upon infection 

with SIVmac [49]. 

 

Figure 3. The origins of HIV. Human immunodeficiency viruses are divided into two types, HIV-1 

and HIV-2. HIV-1 is further subdivided into four groups (M, N, O and P), which are the result of 

independent cross-species transmissions of SIVcpz and SIVgor infecting Central chimpanzees (Pan 

troglodytes troglodytes) and Western lowland gorillas (Gorilla gorilla gorilla), respectively. HIV-2 

comprises at least nine groups (A to I), which resulted from independent cross-species transmissions 

of SIVsmm infecting sooty mangabeys (Cercocebus atys). SIVsmm was also transmitted to rhesus 

macaques (Macaca mulatta) giving rise to SIVmac (reviewed in [50]). Monkey icons by Iana Kauri 

were purchased from Creative Market. Modifications and print are in agreement with the Creative 

Market license terms [62]. 

One of the differences between HIV-1 and HIV-2 is the presence of a vpu gene in 

HIV-1 and its simian precursors (Figure 4) [63], which most likely also induced 

changes in Nef (negative factor) function. Vpu has been shown to down-modulate 

several surface proteins, including the cell surface receptor CD4, thereby preventing 

superinfection, enabling efficient virus release and reducing immune activation [64]. 
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This function is crucial for the virus and is not only performed by Vpu, but also Nef 

and the envelope glycoprotein Env [65]. Furthermore, Vpu inhibits activation of 

NF-κB during late stages of the viral replication cycle to limit antiviral gene 

expression by the host [66]. Vpu achieves this by sequestration of the adaptor 

protein β-TrCP (beta-transducin repeats-containing protein), thereby inhibiting 

proteasomal degradation of the inhibitor of NF-κB (IκB) [66]. Most viruses lacking 

Vpu suppress NF-κB activation by Nef-mediated down-modulation of CD3, which is 

part of the T cell receptor (TCR) complex [67, 68]. This is thought to result in reduced 

chronic immune activation [69], potentially explaining why many SIVs are non-

pathogenic in their natural hosts. Viruses that have acquired a vpu gene, however, 

have lost the ability to down-modulate CD3 [70], while other immunomodulatory 

functions of Nef were retained. For example, Nef down-modulates cell surface 

expression of the HIV entry receptor CD4, the TCR costimulatory receptor CD28 

and MHC-I (major histocompatibility complex I). Furthermore, Nef up-regulates 

CD74 (MHC-II invariant chain), thereby inhibiting MHC-II maturation and antigen 

presentation [71].  

 

Figure 4. Genomic organization of HIV-1 and HIV-2. Both HIV-1 and HIV-2 contain the essential 

retroviral genes gag, pol and env (shown in light grey), encoding for structural proteins, enzymes and 

envelope glycoproteins, respectively. The regulatory genes tat and rev (shown in dark grey) are 

important regulators of viral replication. The accessory genes vif, vpr and nef are present in both 

HIV-1 and HIV-2 (shown in white), while HIV-1 additionally encodes vpu (shown in blue) and HIV-2 

additionally encodes vpx (shown in red).  
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1.3.2 The role of tetherin during the emergence of HIV 

SIVcpz and SIVgor, the direct precursors of HIV-1, use their Nef protein to 

counteract the tetherin ortholog of their respective host species. Nef recruits AP-2, 

which enhances endocytosis of tetherin from the cell surface and induces its 

intracellular sequestration, thereby removing it from the sites of viral budding [15, 

72–74]. Intriguingly, these Nef proteins are poorly active against human tetherin, 

since they target a region in the cytoplasmic tail of simian tetherin that is absent from 

the human ortholog due to a five amino acid deletion (Figure 5) [74]. As a result, 

human tetherin poses a significant hurdle for successful transmission of the 

respective primate lentiviruses from apes to humans. HIV-1 group M has mastered 

this hurdle by switching from Nef- to Vpu-mediated counteraction of human tetherin. 

In contrast to Nef, Vpu interacts with human tetherin via its TMD [11, 12]. It reduces 

anterograde transport of tetherin from the TGN to the cell surface and induces its 

polyubiquitination, targeting it for endolysosomal degradation [75, 76]. Group N 

viruses are also able to counteract human tetherin using their Vpu protein, albeit 

much less efficiently than group M viruses [15]. Yet, group N viruses appear to be 

still in the process of adapting to humans and may eventually acquire efficient 

tetherin-counteraction [77]. In contrast, group O viruses adapted their Nef protein to 

counteract the tetherin ortholog of their new human host. More specifically, HIV-1 O 

Nefs evolved to target a region in the cytoplasmic tail of human tetherin that is 

adjacent to the protective deletion (Figure 5) [78]. Finally, HIV-1 group P is unable 

to counteract human tetherin using either Nef, Env or Vpu [79]. Interestingly, the 

ability to counteract human tetherin coincides with efficient viral spread in the human 

population. Group M viruses, encoding a potent tetherin antagonist, have infected 

more than 70 million individuals, accounting for more than 95 % of all HIV infections 

worldwide. Group O viruses, expressing a Nef protein with the ability to counteract 

human tetherin, have also spread considerably and are responsible for about 

100,000 infections. In contrast, group N and P viruses with only about 20 and 2 

known infections worldwide encode only poor or no tetherin antagonists, 

respectively. 
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Figure 5. Counteraction of tetherin by HIV-1 and its simian precursors. SIVcpz and SIVgor 

counteract tetherin of their respective host species using their Nef proteins. However, those Nefs are 

inactive against human tetherin due to a protective deletion in its cytoplasmic tail (highlighted in red). 

HIV-1 groups M and N have switched to Vpu-mediated counteraction of human tetherin, with group 

M Vpu being much more potent than group N Vpu. HIV-1 group O has adapted its Nef protein to 

target a region adjacent to the deletion (highlighted in gray). No tetherin antagonist has been 

identified in HIV-1 group P. Monkey icons by Iana Kauri were purchased from Creative Market. 

Modifications and print are in agreement with the Creative Market license terms [62]. 

The direct precursor of HIV-2, SIVsmm, also uses Nef to counteract sooty 

mangabey tetherin. Like the Nef proteins of SIVcpz and SIVgor, SIVsmm Nef is 

largely inactive against human tetherin [72, 74]. This suggests that HIV-2 also has 

to adapt to the tetherin ortholog of its new human host in order to spread efficiently. 

In case of the epidemic HIV-2 group A, it has been shown that the Env glycoprotein 

counteracts human tetherin, most likely via interaction of the ectodomains [80] 

(Figure 6). Like SIV Nef, HIV-2 group A Env induces the internalization of tetherin in 

a clathrin-dependent manner and sequesters it in intracellular compartments [81, 

82]. Yet, nothing is known regarding the counteraction of human tetherin by the 

remaining groups of HIV-2. 
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Figure 6. Counteraction of tetherin by HIV-2 and its simian precursors. Like SIVcpz and SIVgor, 

SIVsmm and SIVmac counteract tetherin of their respective host species using their Nef proteins. 

However, these Nefs fail to antagonize human tetherin. While HIV-2 group A has been shown to use 

its Env glycoprotein to counteract human tetherin, the anti-tetherin activity of HIV-2 groups B – I 

remained unclear. Monkey icons by Iana Kauri were purchased from Creative Market. Modifications 

and print are in agreement with the Creative Market license terms [62]. 
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1.4 Scientific aims 

While the coevolution of tetherin and HIV-1 has been studied in detail, the role of 

this restriction factor during the emergence of HIV-2 is less clear. SIVsmm, the direct 

simian precursor of HIV-2, uses its Nef protein to counteract sooty mangabey 

tetherin. However, tetherin has been suggested to hamper successful zoonotic 

transmission of SIVsmm to humans due to the inability of SIVsmm Nef to counteract 

the human ortholog [74]. HIV-2 group A viruses mastered this hurdle as their 

envelope (Env) proteins counteract human tetherin by inducing its internalization 

and intracellular sequestration [81]. Yet, it has remained unclear how/whether other 

HIV-2 groups are able to evade tetherin restriction and if other immunomodulatory 

properties contribute to the differential spread of different groups of HIV-2. Here, I 

systematically compared immunomodulatory activities of Env and Nef proteins from 

epidemic and rare groups of HIV-2, as well as their SIVsmm precursor. I not only 

investigated whether/how different groups of HIV-2 counteract the host restriction 

factor tetherin, but also characterized the ability of Nef to modulate expression of 

CD4, CD3, CD28, MHC-I and CD74. The aim of my thesis is to clarify whether 

tetherin counteraction correlates with differential spread of HIV-2. This will provide 

further insights into the relevance of this restriction factor as a barrier to zoonotic 

transmission and spread of zoonotic viruses in the human population. 
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2 Material and methods 

2.1 Material 

2.1.1 Cell culture  

2.1.1.1 Eukaryotic cell lines 

Cell line Description 

HEK293T  Human embryonic kidney cell line, which was transformed by 

human adenovirus type 5 and stably expresses the SV40 

(simian virus 40) large T antigen, allowing the replication of 

plasmids containing the SV40 origin of replication [83]. 

ATCC (#CRL-3216) 

TZM-bl  HeLa cell derivative used as reporter cell line for HIV 

infection; stably expressing human CD4, CCR5 and CXCR4 

as well as luciferase and β-galactosidase under the control of 

the HIV-1 long terminal repeat (LTR) promoter [84]. 

NIH AIDS Reagent Program (#8129) 

HeLa TR HeLa cell derivative stably transfected with plasmid pRS 

encoding a scrambled shRNA (OriGene) [12, 85]. Cell were 

kept under puromycin selection to avoid plasmid loss. Kindly 

provided by Nicoletta Casartelli. 

HeLa T3 HeLa cell derivative stably transfected with plasmid 

pRS-TI357703 encoding a 29-mer shRNA against tetherin 

mRNA (OriGene) [12, 85]. Cells were kept under puromycin 

selection to avoid plasmid loss. Kindly provided by Nicoletta 

Casartelli. 

 

2.1.1.2 Primary cells 

Cells Origin 

PBMCs  Peripheral blood mononuclear cells (PBMCs) of humans 

were isolated from buffy coats of healthy donors obtained 

from the German Red Cross Blood Donor Service Baden-

Württemberg at Ulm University by Biocoll gradient 

centrifugation. 
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2.1.1.3 Bacteria 

Strain Description 

Escherichia coli 

XL-2 blue 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac F´ proAB 

lacIqZΔM15 Tn10 (Tetr) 

E. coli XL-2 blue 

MRF’ 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac F´ proAB 

lacIqZΔM15 Tn10 (Tetr) McrA-, McrCB-, McrF-, Mrr-, HsdR- 

NEB® Stable 

Competent E. coli 

(High Efficiency) 

F' proAB+ lacIq ∆M15 Tn10 (Tetr) ∆(ara-leu) 7697 araD139 

fhuA ∆lacX74 galK16 galE15 e14- Φ80dlacZ∆M15 recA1 

relA1 endA1 nupG rpsL (StrR) rph spoT1 ∆(mrr-hsdRMS-

mcrBC) 

NEB® 5-alpha 

Competent E. coli  

fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 

gyrA96 recA1 relA1 endA1 thi-1 hsdR17 

 

2.1.2 Media 

2.1.2.1 Eukaryotic cell culture 

Medium Manufacturer 

DMEM Dulbecco’s Modified Eagle Medium  

Gibco/Life Technologies 

RPMI Medium 

1640 

Roswell Park Memorial Institute Medium 

Gibco/Life Technologies 

Opti-MEM® Gibco/Life Technologies 

 

2.1.2.2 Bacterial culture 

Medium Manufacturer/composition 

LB medium Lysogeny broth medium 

10 g/L BactoTM Tryptone, 5 g/L BactoTM Yeast Extract, 8 g/L 

NaCl and 1 g/L glucose in distilled water; supplemented with 

Ampicillin (100 mg/L) or Kanamycin (50 mg/L) before use.  

LB agar 15 g/L BactroTM Agar in LB medium; supplemented with 

Ampicillin (100 mg/L) or Kanamycin (50 mg/L) before use. 

S.O.C. Medium Super Optimal broth with Catabolite repression 

Invitrogen/Life Technologies or New England Biolabs 
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2.1.3 Nucleic acids 

2.1.3.1 Expression vectors and plasmids 

Vector Description and application 

pBR_NL4-3_ 

IRES eGFP 

Modified pBR-322 expression vector containing tetR and 

ampR genes [86, 87]. It encodes the full provirus of HIV-1 (M) 

NL4-3 and co-expresses enhanced green fluorescence 

protein (eGFP) via an internal ribosome entry site (IRES) [88]. 

pBR_NL4-3 vpu- 

env- nef-_IRES 

eGFP 

pBR expression construct containing a full HIV-1 (M) NL4-3 

provirus deficient in env, nef and vpu expression and 

expressing eGFP via an IRES. The vpu open reading frame 

(ORF) was disrupted by a deletion including the vpu start 

codon. Env stop was generated by insertion of two 

nucleotides inducing a frameshift resulting in a premature 

stop codon. Nef stop was generated by mutation of the nef 

start codon and introduction of two subsequent stop codons. 

Nef genes of interest were inserted into this construct via the 

unique restriction sites HpaI and MluI. 

pCG_bst2 Expression vector based on the immediate early (IE) 

promoter of human cytomegalovirus (CMV) expressing an 

ampR gene [89]. The unique restriction sites XbaI and MluI 

were used to insert human or sooty mangabey (smm) bst2.  

pCG_nef_IRES 

eGFP 

The unique restriction sites XbaI and MluI were used to insert 

AU1 tagged nef or vpu genes. IRES eGFP was inserted via 

the unique restriction site BamHI.  

pCAGGS_env CMV-IE promoter based expression vector containing an 

ampR gene [90]. This vector was used to express AU1 tagged 

Env glycoproteins of HIV and SIV. 

pBluescript II 

KS+_7312A 

(SNAG variant) 

Expression vector containing an ampR gene and a multiple 

cloning site within a LacZ controlled gene [91]. It encodes the 

full provirus of HIV-2 (AB) 7312A. Two unique restriction sites 

SnaBI and AgeI were generated to allow exchange of a large 

part of env [92]. Kindly provided by Beatrice H. Hahn. 

pBluescript II 

KS+_7312A Δenv 

pbluescript II KS+ expression construct containing a full HIV-2 

(AB) 7312A provirus. Parts of the env gene were deleted by 

digestion with NsiI and MfeI and subsequent religation. Kindly 

provided by Beatrice H. Hahn. 

pHIT/G CMV promoter based expression construct for the 

glycoprotein of vesicular stomatitis virus (VSV) [93]. 
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2.1.3.2 Viral genes analyzed 

Viral strain Refs Analyzed genes and their source 

HIV-2 (A) ROD10  [94, 95] env (MH541055), nef (KY272752): amplified from 

previously described proviral construct 

HIV-2 (A) BEN 

 

[96] env (M30502.1): synthesized by BaseClear (Leiden); 

SnaBI and AgeI restriction sites were inserted to 

facilitate subcloning into pBluescript II KS+_7312A 

nef (MH541058): amplified from previously described 

proviral construct 

HIV-2 (B) UC1  

 

[97, 98] env (L07625.1): amplified from previously described 

expression plasmid, kindly provided by Beatrice H. 

Hahn 

nef (L07625.1): synthesized by Biomatik (Cambridge, 

Canada); an internal XbaI site was silenced to facilitate 

subcloning into pCG_IRES eGFP 

HIV-2 (B) ALT  

 

[99, 100] env, nef (X61240.1): synthesized by BaseClear 

(Leiden); SnaBI and AgeI restriction sites were inserted 

in env to facilitate subcloning into pBluescript II 

KS+_7312A 

HIV-2 (AB) 7312A 

SNAG variant 

[92] env, nef (L36874.1): amplified from previously 

described proviral construct, kindly provided by 

Beatrice H. Hahn 

HIV-2 (F) NWK08  [101, 102]  env (MH541056), nef (MH541057): directly amplified 

from patient DNA 

HIV-2 (G) Abt96  [103, 104] env, nef (AF208027.1): synthesized by GenScript 

(Piscataway); ambiguous sites were replaced by the 

respective nucleotide in the HIV-2 consensus 

sequences 

HIV-2 (H) 12034  [105] env, nef (AY530889.1): synthesized by GenScript 

(Piscataway) 

HIV-2 (I) 07IC-

TNP3  

[57] env, nef (KC693505.1): synthesized by Biomatik 

(Cambridge, Canada); ambiguous sites were replaced 

by the respective nucleotide in the HIV-2 consensus 

sequences 

SIVsmm (L1) 

PGm5.3  

[106] env (AF077017.1), nef (FJ400519.1): amplified from 

previously described proviral construct 

SIVsmm (L1) 

FBr12w7  

[107, 108] env, nef (KF477993): amplified by reverse transcription 

polymerase chain reaction (RT-PCR) from plasma of a 

naturally infected sooty mangabey 
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SIVsmm (L2) 

M926  

 

[109] env (JX860420): synthesized by BaseClear (Leiden); 

SnaBI and AgeI restriction sites were inserted to 

facilitate subcloning into pBluescript II KS+_7312A 

nef: amplified by RT-PCR from plasma of a naturally 

infected sooty mangabey 

SIVsmm (L3) 

M949  

 

[109] env (JX860426): synthesized by BaseClear (Leiden); 

SnaBI and AgeI restriction sites were inserted to 

facilitate subcloning into pBluescript II KS+_7312A; an 

internal KpnI restriction site was silenced to facilitate 

subcloning into pCAGGS 

nef (MH541052): amplified by RT-PCR from plasma of 

a naturally infected sooty mangabey 

SIVsmm (L4) 

G932  

 

[109] env (JX860416): synthesized by BaseClear (Leiden); 

SnaBI and AgeI restriction sites were inserted and an 

internal AgeI restriction site was silenced to facilitate 

subcloning into pBluescript II KS+_7312A 

nef (MH541053): amplified by RT-PCR from plasma of 

a naturally infected sooty mangabey 

SIVsmm (L5) FTq  

 

[109] env (JX860414): synthesized by BaseClear (Leiden); 

SnaBI and AgeI restriction sites were inserted to 

facilitate subcloning into pBluescript II KS+_7312A; an 

internal KpnI restriction site was silenced to facilitate 

subcloning into pCAGGS 

nef (MH541054): isolated from supernatants of 

SIVsmm infected sooty mangabey PBMC culture 

SIVsmm (L6) 

D215  

 

[110] env, nef (JX860413): synthesized by BaseClear 

(Leiden); SnaBI and AgeI restriction sites were inserted 

in env to facilitate subcloning into pBluescript II 

KS+_7312A 

SIVmac 239  

 

[95] env (AF077017.1), nef (FJ400519.1): amplified from 

previously described proviral construct 

SIVtan  

 

[111] env (U58991.1): amplified from previously described 

expression plasmid 

HIV-1 (M) NL4-3   env, nef, vpu (KM390026.1): amplified from previously 

described proviral construct 
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2.1.3.3 Primers 

Target gene fw/rv Sequence (5‘  3‘) 

nef subcloning into pBR_NL4-3 vpu- env- IRES eGFP 

NL4-3 env; HpaI  fw GCTGTTAACTTGCTCAATGCCACAGCC 

rv CTTATAGCAAAATCCTTTCCAAGCCC 

HIV-2 (A) ROD10 

nef; MluI  

fw GGATTTTGCTATAAGATGGGTGCGAGTG 

rv CTACGCGTTAACTAAATGGTATTCCTCTTG 

HIV-2 (AB) 7312A 

nef; MluI 

fw GGATTTTGCTATAAGATGGGATCGGC 

rv CTACGCGTTACTCTGTAGGTATGCC 

HIV-2 (B) 

UC1/ALT nef; 

MluI 

fw GGATTTTGCTATAAGATGGGATCAGCTGGTTCCAAG 

rv CTACGCGTTACTCCTTCTCTGGTAATC 

SIVsmm (L1) 

FBr12w7/PGm5.3 

nef; MluI 

fw GGATTTTGCTATAAGATGGGTGCCGCTG 

rv CTACGCGTTAGCTTGTTTCCTTCTTG 

HIV-2 (I) 07IC-

TNP3 nef; MluI 

fw GGATTTTGCTATAAGATGGGTGCCAGTG 

rv CTACGCGTTAGCTAGTTTCCTTCTTGTC 

HIV-2 (B) ALT 

nef; MluI 

rv CTACGCGTTAATCTGTAGGTATCCCTCTTGC 

SIVsmm (L6) 

D215 nef; MluI 

fw GGATTTTGCTATAAGATGGGTGGAGTTGG 

rv CTACGCGTTACTGCATCAGCTGTTTCC 

nef-AU1 subcloning into pCG_IRES eGFP 

SIVsmm (L3/4/5) 

nef; XbaI 

fw CGTCTAGAATATGGGTGGAGCTGGTTC 

SIVsmm (L2) 

M926 nef; XbaI 

fw CGTCTAGAATATGGGTGCCGCTGGTTC 

SIVsmm (L2/4/5) 

nef; MluI 

rv CTACGCGTTATATATAGCGATAGGTGTCGCTAGTTTCCTTCTTG 

SIVsmm (L3) 

M949 nef; MluI 

rv CTACGCGTTATATATAGCGATAGGTGTCGCTGTTTCCTCCCTTG 

env-AU1 subcloning into pCAGGS 

HIV-2 (A) BEN 

env; EcoRI, AflII 

fw CGGAATTCCCACCATGGAGCCTGG 

rv CTCTTAAGTCTCAGCCAGTCCCTGATTGC 

HIV-2 (B) ALT 

env; EcoRI, AflII 

fw CGGAATTCCCACCATGGCATATTTTAGC 

rv CTCTTAAGCTGTCCCAATAATGTTTGTCAC 

SIVtan env; 

EcoRI, KpnI 

fw CGGAATTCCCACCATGGGACCATTAAGG 

rv CTGGTACCTATATATAGCGATAGGTGTCGTTGAACCACC 
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env subcloning into pBluescript II KS+_7312A 

HIV-2 (I) 07IC-

TNP3 env; SnaBI, 

AgeI 

fw GTACTCAATACGTAACTGTTTTCTATGGC 

rv GAGGAGAACACCGGTCTATACCCTTTC 

generation of SIVsmm env mutants 

SIVsmm (L6) 

D215 R218Q 

fw AGTGTCATTCaAGAGTCTTGTG 

rv TGTATTACAATGGTTCATATAG 

SIVsmm (L2) 

M926 Q224R 

fw TCTGTTATTCgAGAATCCTGTG 

rv AGTGTTACAATGATTCATATAAC 

HIV-2 (AB) 7312A 

env; upstream of 

SnaBI 

fw GGATGTCTTGGGAATCAGCTGC 

SIVsmm (L2) 

M926 env; middle 

(L2/L6) chimera 

rv CTGGGTCTCCTCCTCCAGGAGC 

SIVsmm (L6) 

D215 env, middle 

(L2/L6) chimera 

fw GCTCCTGGAGGAGGAGACCCAG 

HIV-2 (AB) 7312A 

env; downstream 

of AgeI 

rv CTCTCCACGCGCTTGCAAGAG 

SIVsmm (L6) 

D215 env; middle 

(L6/L2) chimera 

rv CAGGATCTCCTCCTCCTGGCTTTG 

SIVsmm (L2) 

M926 env; middle 

(L6/L2) chimera 

fw CAAAGCCAGGAGGAGGAGATCCTG 

All oligonucleotides were ordered from biomers.net GmbH, Ulm. 

 

2.1.4 Kits and reagents 

Kit Manufacturer 

DNA Ligation Kit Ver 2.1 Takara Bio Inc. 

DreamTaq DNA Polymerase  Thermo Scientific 

FIX&PERM® Cell Fixation and 

Permeabilization Kit 

Nordic-MUbio 

Mini DNA Preparation Kit Qiagen 

PhireTM Hot Start II DNA Polymerase  Thermo Scientific 
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Phusion® High-Fidelity DNA 

Polymerase  

New England BioLabs 

Pierce™ Spin Columns - Screw Cap Thermo Scientific 

Pierce™ Anti-HA Agarose Thermo Scientific 

Q5® Site-Directed Mutagenesis Kit New England BioLabs 

Silica Bead DNA Gel Extraction Kit  Thermo Scientific 

Ultra Clean® 15 DNA Purification Kit MO BIO Laboratories Inc.  

WizardTM Plus Midi DNA Preparation 

Kit 

Promega Corporation 

 

Reagent Manufacturer 

3,3',5,5'-tetramethylbenzidine (TMB) 

SureBlueTM TMB 1-Component 

Microwell Peroxidase Substrate 

SeraCare Life Sciences Inc. 

4-(2-hydroxyethyl)-1-piperazine-

ethanesulfonic acid (HEPES) 

Sigma-Aldrich 

Agarose Sigma-Aldrich 

Ampicillin Ratiopharm 

BactoTM Agar BD Biosciences 

BactoTM Tryptone BD Biosciences 

BactoTM Yeast Extract BD Biosciences 

β-mercaptoethanol (βME) Sigma-Aldrich 

Biocoll Separation Solution Biochrom GmbH 

BlueStar Prestained Protein Marker  Nippon genetics Co. Ltd. 

Bovine serum albumin (BSA) KPL 

Calcium chloride (CaCl2) dihydrate Sigma-Aldrich 

cOmpleteTM ULTRA Tablets, Mini 

EDTA-free  

Roche 

Dimethyl sulfoxide (DMSO) Merck Millipore 

Disodium phosphate (Na2HPO4) AppliChem GmbH 

dNTPs Invitrogen/Life Technologies 
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Dulbecco’s phosphate buffered saline 

(DPBS) [-]CaCl2 [-]MgCl2 

Gibco/Life Technologies 

Ethanol (EtOH) Dispensary 

Ethidium bromide AppliChem GmbH 

Ethylendiaminetetraacetate (EDTA) Biochrom GmbH 

Fetal calf serum (FCS) Gibco/Life Technologies 

Gal-Screen® substrate Applied Biosystems/Life Technologies 

Glucose Carl Roth GmbH + Co. KG 

Glycine AppliChem GmbH 

HiPerSolv CHROMANORM® water VWR 

HIV-1 p24 protein standard Abcam 

Human interleukin 2 (IL-2) Miltenyi Biotec GmbH 

Isopropanol Dispensary 

Kanamycin Invitrogen/Life Technologies 

L-glutamine Gibco/Life Technologies 

PAN-Biotech 

Loading dye Carl Roth GmbH + Co. KG 

Methanol Sigma-Aldrich 

Molecular weight size marker ‘1KB 

plus DNA ladder’ 

Invitrogen/Life Technologies 

NEBuffersTM New England BioLabs Inc. 

Nonidet P-40 (NP-40) USB 

NuPAGETM MES SDS Running Buffer 

(20x) 

Invitrogen/Life Technologies 

Paraformaldehyde (PFA) Merck Millipore 

Penicillin-Streptomycin Gibco/Life Technologies 

PAN-Biotech 

Phytohaemagglutinin (PHA) Oxoid 

Polyethylenimine (PEI), linear, MW 

25,000 

Polysciences, Inc. 

Potassium chloride (KCl) AppliChem GmbH 
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Potassium dihydrogenphosphate 

(KH2PO4) 

AppliChem GmbH 

Protein Loading Buffer (4x) LI-COR® Biosciences 

Puromycin Sigma-Aldrich 

Skimmed milk powder Fluka 

Sodium chloride (NaCl) Fluka 

Sodium dodecyl sulfate (SDS) Fluka 

Sodium fluoride (NaF) Sigma-Aldrich 

Sodium orthovanadate Sigma-Aldrich 

Sucrose Sigma-Aldrich 

Sulfuric acid (H2SO4) 0.5 M Sigma-Aldrich 

Tris AppliChem GmbH 

Tris-acetate-EDTA (TAE) buffer (50x) Carl Roth GmbH + Co. KG 

Triton X-100 Sigma-Aldrich 

Tween® 20 Sigma-Aldrich 

 

2.1.5 Enzymes 

Enzyme Manufacturer 

Restriction endonucleases New England BioLabs Inc. 

Trypsin-EDTA (10x) Gibco/Life Technologies 

Trypsin/EDTA PAN-Biotech 

Alkaline phosphatase Roche 

 

2.1.6 Solutions and buffers 

Application Buffer Composition 

transfection 

(2.2.3) 

HBS 8.18 % NaCl (w/v), 5.94 % HEPES (w/v) and 

0.2 % Na2HPO4 (w/v) in distilled water for 10x 

HBS; for 2x HBS, the 10x stock was diluted 

in distilled water, pH was adjusted to 7.12 

and the solution was sterilized by filtration 

CaCl2 2 M CaCl2 was prepared in distilled water and 

sterilized by filtration 
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PEI 1 g/L solution was prepared by dissolving 

powder in 80 °C HPLC water; after cooling to 

room temperature, pH was adjusted to 7.0 

and the solution was sterilized by filtration 

p24 ELISA 

(2.2.6.2) 

Lysis buffer (cells)  1 % Triton X-100 (v/v) in PBS 

Lysis buffer 

(supernatants) 

10 % Triton X-100 (v/v) in PBS 

Washing buffer PBS-T (0.05 % Tween® 20 (v/v)) 

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

Sample diluent 0.05 % Triton X-100 (v/v) in PBS-T (0.05 % 

Tween® 20 (v/v)) 

Antibody buffer 10 % FCS (v/v) in PBS-T (0.05 % Tween® 20 

(v/v)) 

Flow 

cytometry 

(2.2.7) 

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

Cell fixing solution 2 % PFA (v/v) in DPBS 

Western 

blot 

(2.2.8) 

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

0.5 mM sodium orthovanadate, 0.5 mM NaF, 

0.1 % NP-40 (v/v) in distilled water; pH was 

adjusted to 7.5 

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

20 % methanol (v/v) in distilled water; pH was 

adjusted to 8.3 

Blocking buffer 5 % skimmed milk powder (w/v) or 5 % BSA 

(v/v) in PBS 

Antibody buffer 1 % skimmed milk powder (w/v) in PBS-T 

(0.2 % Tween® 20 (v/v)) 

Washing buffer PBS-T (0.2 % Tween® 20 (v/v) in PBS) 

Co-IP 

(2.2.9) 

Sample washing 

buffer 

TBS-T (0.05 % Tween® 20 (v/v) in TBS) 

other 5x PBS 40.5 mM Na2HPO4, 7.5 mM KH2PO4, 

680 mM NaCl, 13.5 mM KCl in distilled water; 

pH was adjusted to 7.1 

TBS 25 mM Tris, 0.15 M NaCl in distilled water; 

pH was adjusted to 7.2 and the solution was 

sterilized by filtration 
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2.1.7 Antibodies 

Application Antibody and dilution Manufacturer 

p24 ELISA 

(2.2.6.2) 

Mouse mAb anti-p24 (MAK183)  Exbio 

Rabbit serum anti-p24 Eurogentec 

Secondary goat pAb anti-rabbit IgG (Fc), 

HRP-conjugated  

Dianova 

(#111-035-008) 

Flow 

cytometry 

(2.2.7) 

Mouse mAb anti-CD28 (CD28.2), 

APC-conjugated IgG1k; 1:20 

BD Biosciences 

(#559770) 

Mouse mAb anti-CD3 (UCHT1), 

PE-conjugated IgG1k; 1:20 

BD Biosciences 

(#555333) 

Mouse mAb anti-CD4 (RPA-T4), 

PE-conjugated IgG1k; 1:10 

BD Biosciences 

(#555347) 

Mouse mAb anti-CD4 (S3.5), 

APC-conjugated IgG2a; 1:40 

Invitrogen/Life 

Technologies 

(#MHCD0405) 

Mouse mAb anti-CD74 (M-B741), 

PE-conjugated IgG2a; 1:31.25 

Ancell Corporation 

(#226-050) 

Mouse mAb anti-human HLA-A,B,C (W6-

32), APC-conjugated IgG2a; 1:20 

BioLegend 

(#311410) 

Mouse mAb anti-tetherin (RS38E), 

APC-conjugated IgG1k; 1:33.33 

BioLegend 

(#348410) 

Mouse mAb anti-p24 (KC57), FITC-

conjugated IgG1; 1:25 

Beckman Coulter 

(#6604665) 

Mouse mAb anti-tetherin (26F8), IgG1k; 

1:250 

eBioscience 

(#16-3179-82) 

Goat pAb anti-mouse IgG (H+L), APC-

conjugated; 1:333.33 

Life Technologies 

(#A-865) 

Rabbit pAb anti-tetherin, IgG;  

1:200 

Proteintech  

(#13560-1-AP) 

Goat pAb anti-rabbit IgG (H+L), APC-

conjugated; 1:333.33 

Life Technologies 

(#A-21245) 

Mouse IgG1k-isotype control (MOPC-21), 

APC-conjugated; 1:66.67 

BioLegend 

(#400122) 

Mouse IgG2a-isotype control (MOPC-173), 

APC-conjugated; 1:40 

BioLegend 

(#400222) 
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Mouse IgG1k-isotype control (MOPC-21), 

PE-conjugated; 1:10 

BD Biosciences 

(#556027_51-35405X) 

Mouse IgG2a-isotype control, APC-

conjugated; 1:80 

Invitrogen/Life 

Technologies 

(#MG2A05) 

Mouse IgG2a-isotype control, PE-

conjugated; 1:100 

Ancell Corporation 

(#281-050) 

Western 

blot 

(2.2.8) 

Rabbit serum anti-HIV-2 gp105  

1:500 

NIH AIDS reagent 

program (#ARP418) 

Mouse mAb anti-tetherin (26F8) 

1:500 

eBioscience 

(#16-3179-82) 

Rabbit pAb anti-tetherin 

1:500 

Proteintech  

(#13560-1-AP) 

Rabbit pAb anti-AU1  

1:1000 

Novus Biologicals 

(#NB600-453) 

Rabbit serum anti-NL4-3 Vpu 

1:2000 

kindly provided by 

Sebastian Bolduan 

Mouse mAb anti-GAPDH (G-9) 

1:500 

Santa Cruz 

Biotechnology, Inc. 

(#sc-365062) 

Rabbit pAb anti-GAPDH (Poly6314) 

1:200 

BioLegend 

(#631402) 

IRDye® 800CW goat anti-mouse IgG (H+L)  

1:20,000 

LI-COR Biosciences 

GmbH 

IRDye® 800 CW goat anti-rabbit IgG (H+L) 

1:20,000 

LI-COR Biosciences 

GmbH 

IRDye® 680RD goat anti-mouse IgG (H+L) 

1:20,000 

LI-COR Biosciences 

GmbH 

IRDye® 680RD goat anti-rabbit IgG (H+L) 

1:20,000 

LI-COR Biosciences 

GmbH 
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2.1.8 Consumables 

Consumable Manufacturer 

C-Chip Disposable Hemocytometer, 

Neubauer Improved 

Nano EnTek Inc 

Combitips® plus/advanced Eppendorf AG 

ELISA plate High Bind. F Sarstedt AG & Co. KG 

Filter tips (10 µl) Nerbe plus GmbH 

Filter tips (20, 200 µl) Sarstedt AG & Co. KG 

Filtropur V50 0.45 µm Vacuum Filter Sarstedt AG & Co. KG 

Gel loading tips Santa Cruz Biotechnology, Inc. 

Immobilon®-FL Transfer Membrane Merck Millipore 

NuncTM white polystyrene 96-well 

MicrowellTM plates 

Nunclon/Thermo Scientific 

NuPAGE® Novex Bis-Tris gels Invitrogen/Life Technologies 

Polystyrene 5 ml round-bottom tubes Falcon/Corning, Inc. 

Reaction tubes (0.25, 1.5, 2 ml) Sarstedt AG & Co. KG 

Sealing tape Thermo Scientific 

Serological pipettes  

(2, 5, 10, 25, 50 ml) 

Sarstedt AG & Co. KG 

Stericup® & SteritopTM 0.45 µm Merck Millipore 

Tubes (15, 50 ml) Sarstedt AG & Co. KG 

Whatman chromatography paper 2 mm 

CHR 

GE Healthcare 

Cell culture flasks Sarstedt AG & Co. KG 

Cell culture plates Sarstedt AG & Co. KG 

 

2.1.9 Equipment 

Equipment Manufacturer 

Bacteria incubator BD 720 BINDER 

Bacteria incubator RS 422 BINDER 

Bacteria incubator Certomat® IS Sartorius AG 
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Centrifuge 5417C Eppendorf AG 

Centrifuge 5417R Eppendorf AG 

Centrifuge 5427R Eppendorf AG 

Centrifuge 5430 Eppendorf AG 

Centrifuge 5810R Eppendorf AG 

CO2 incubator HERAcell 240 Heraeus 

CO2 incubator Steri-cult 3311 Thermo Scientific 

CytationTM 3 BioTek Instruments, Inc. 

FACSCanto II BD Biosciences 

Flex cycler Analytik Jena AG 

Fluorescence Microscope DM IL LED 

Fluo 

Leica Camera AG 

Gel DocTM XR+ Bio-Rad Laboratories GmbH 

Illuminator HXP 120 C Carl Zeiss AG 

LI-COR Odyssey Imager LI-COR Biosciences GmbH 

Mini-Sub® GT cell Bio-Rad Laboratories GmbH 

Model 200/2.0 Power Supply Bio-Rad Laboratories GmbH 

NanoDropTM 2000 Thermo Scientific 

Orion II Microplate luminometer Titertek-Berthold 

Power PacTM 300 Bio-Rad Laboratories GmbH 

Power PacTM HC Bio-Rad Laboratories GmbH 

The belly dancer/Hybridization water 

bath 

Stovall Life Science, Inc. 

Thermomixer compact/comfort Eppendorf AG 

Trans-Blot® SD Semi-Dry Transfer Cell Bio-Rad Laboratories GmbH 

UV Screen Syngene International 

VeritiTM 96 well Thermal cycler Applied Biosystems/Life Technologies 

VMax® kinetic ELISA microplate reader Molecular Devices, LLC 

XCell SureLockTM Electrophoresis cell Thermo Scientific 

XCell4 SureLockTM Midi-Cell Thermo Scientific 
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2.1.10 Software 

Software Provider 

BD FACSDiva BD Biosciences 

CorelDRAW 2017 Corel Corporation 

FlowJo V10 FlowJo, LLC 

Image LabTM 5.2.1 Bio-Rad Laboratories GmbH 

GraphPad Prism 7 Graphpad Software, Inc. 

Image StudioTM Lite Ver 5.0 LI-COR Biosciences GmbH 

Mendeley Mendeley Ltd 

Microsoft Office 2016 Microsoft Corporation 

Multalin http://multalin.toulouse.inra.fr/multalin/ [112] 

Odyssey Image Studio LI-COR Biosciences GmbH 

Simplicity 4.02 Titertek-Berthold 

SoftMax® Pro Molecular Devices, LLC 
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2.2 Methods 

2.2.1 Cloning 

2.2.1.1 Polymerase chain reaction 

Polymerase chain reaction (PCR) was performed according to the manufacturers’ 

instructions using either of the following kits: PhireTM Hot Start II DNA Polymerase 

(Thermo Scientific), DreamTaq DNA Polymerase (Thermo Scientific), Phusion® 

High-Fidelity DNA Polymerase (New England BioLabs) or Q5® Site-Directed 

Mutagenesis Kit (New England BioLabs). Thermal cycles were performed in a Flex 

cycler (Analytik Jena AG) or a VeritiTM 96 well Thermal cycler (Applied 

Biosystems/Life Technologies). 

2.2.1.2 Restriction digest 

DNA constructs were digested using enzymes and buffers from New England 

BioLabs according to the given instructions. 

2.2.1.3 DNA purification from agarose gels 

Following PCR or restriction digest, DNA fragments were separated in agarose gels 

(1 % agarose (w/v) in 1x TAE buffer) containing ethidium bromide. Subsequently, 

DNA was visualized at 366 nm using an UV Screen (Syngene International) or the 

Gel DocTM XR+ (Bio-Rad Laboratories GmbH) detection system. Bands of the 

correct size were cut out and DNA was purified using the UltraClean® 15 DNA 

Purification Kit (MO BIO Laboratories Inc) or the Silica Bead DNA Gel Extraction Kit 

(Thermo Scientific) according to the manufacturers’ instructions. 

2.2.1.4 Ligation 

Digested and purified insert and vector DNA were mixed and ligated using the DNA 

Ligation Kit Ver.2.1 (Takara Bio Inc.) according to the manufacturer’s instructions. 

After Q5® Site-Directed Mutagenesis, the reaction mixture was treated with the KLD 

(kinase, ligase, DpnI) mixture to remove template DNA and ligate newly synthesized 

PCR products according to the manufacturer’s instructions. 

2.2.1.5 Transformation 

5 µl of the ligated constructs were mixed with 12 µl of chemically competent bacteria. 

XL-2 blue were used for transformation with stable constructs, XL-2 blue MRF’ were 

used for unstable proviral constructs and NEB® Stable Competent bacteria were 

used for some unstable pCAGGS_env expression constructs. After incubation on 
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ice for 20 min, a heat-shock was performed at 42 °C for 30 s (XL-2 blue) or 37 °C 

for 2.5 min (XL-2 blue MRF’; NEB® Stable Competent bacteria). After 2.5 min 

incubation on ice, 200 µl of S.O.C. Medium was added and the mixture was 

incubated at 37 °C for 60 min (XL-2 blue) or 30 °C for 90 min (XL-2 blue MRF’; NEB® 

Stable Competent bacteria). Finally, bacteria were plated onto LB agar plates 

supplemented with ampicillin (100 mg/L) or kanamycin (50 mg/L). After overnight 

incubation at 37 °C or 30 °C, single colonies were selected and used to inoculate 

appropriate amounts of LB medium supplemented with ampicillin or kanamycin. 

Transformation of bacteria with PCR products from Q5® Site-Directed Mutagenesis 

was performed according to the manufacturer’s instructions. 

2.2.1.6 Plasmid DNA preparation 

Plasmid DNA for cloning and sequencing was isolated from 5 ml bacterial culture 

using the Mini DNA Preparation Kit (Qiagen) according to the manufacturer’s 

protocol. Plasmid DNA for transfection of eukaryotic cell lines was isolated from 

150 ml bacterial culture using the WizardTM Plus Midi DNA Preparation Kit 

(Promega) according to the manufacturer’s instructions. Concentration and quality 

of the isolated DNA were determined using the NanoDropTM 2000 

spectrophotometer (Thermo Scientific). 

2.2.1.7 DNA sequencing 

For sequencing, DNA constructs were sent to Eurofins MWG GmbH, Ebersberg or 

Microsynth AG Seqlab, Göttingen. Reaction mixtures were prepared according to 

the instructions given by the service providers. 

2.2.2 Cell culture 

HEK293T, TZM-bl and HeLa TR and T3 cells were cultured in DMEM supplemented 

with 10 % heat-inactivated fetal calf serum (FCS) (v/v), 2 mM L-glutamine, 100 μg/ml 

streptomycin and 100 units/ml penicillin. HeLa TR and T3 cells were additionally 

treated with puromycin (1 µg/ml). 

Human peripheral blood mononuclear cells (PBMCs) were cultured in RPMI Medium 

1640 supplemented with 10 % heat-inactivated FCS (v/v), 2 mM L-glutamine, 

100 μg/ml streptomycin and 100 units/ml penicillin. Furthermore, they were treated 

with 1 ng/ml human interleukin-2 (IL-2) to induce T cell proliferation. Prior to 

infection, cells were stimulated with 1 µg/ml phytohaemagglutinin (PHA) for 3 d. 



Material and methods 

31 

All cells were kept at 37 °C with 90 % relative humidity and 5 % CO2. Adherent cells 

were split when they were at least 90 % confluent.  

During stimulation, PBMCs were cultured at a density of 1.5x106 cells per ml 

medium. After infection, they were kept at 106 cells per ml medium. 

One day prior to transfection, 0.5x106 HEK293T or 0.3x106 HeLa TR and T3 cells 

were seeded per well of a 6-well plate. For measurement of infectious virus yield 

(2.2.6.1), 6,000 TZM-bl cells were seeded per well of a 96-well plate. 

At the time point of transfection, HEK293T cells were 60-70 % confluent, while HeLa 

cells reached up to 90 % confluence. Directly before transfection, cell culture 

medium was exchanged. 

2.2.3 Transfection 

2.2.3.1 Calcium-phosphate transfection 

HEK293T cells were transfected using the calcium-phosphate method. For this, 

5-6 µg of DNA were mixed with 13 µl CaCl2 and the volume was adjusted to 100 µl 

with distilled water. 100 µl 2x HBS was added dropwise and thoroughly mixed by 

pipetting several times, before dropwise adding 200 µl of the total mixture to cells in 

6-well plates. 6-18 h post-transfection (hpt), medium was changed. Cells were used 

for analysis 2 d post-transfection (dpt). 

2.2.3.2 PEI transfection 

HeLa TR and T3 cells were transfected using linear polyethylenimine (PEI), MW 

25,000. For this, 3 µg DNA was diluted in 200 µl Opti-MEM before adding 9 µg of 

PEI. The solution was mixed by vortexing, incubated at room temperature (RT) for 

10-15 min and added dropwise to the cells. 6-18 hpt, medium was changed. Cells 

were used for analysis 2 dpt. 

2.2.4 PBMC isolation 

Human PBMCs were isolated from buffy coats of healthy donors obtained from the 

German Red Cross Blood Donor Service Baden-Wuerttemberg at Ulm University. 

To reduce cell aggregation, the buffy coat was diluted with Dulbecco’s phosphate 

buffered saline (DPBS) before carefully transferring the mixture onto equal amounts 

of Biocoll Separation Solution (Biochrom GmbH). After centrifugation at 1200 rcf for 

20 min, PBMCs were harvested from the intermediate layer between the lighter 
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plasma and the denser separation solution. To remove remaining separation 

solution, the cells were washed twice in DPBS before they were resuspended in 

RPMI Medium 1640 supplemented with 10 % heat-inactivated FCS, 2 mM 

L-glutamine, 100 μg/ml streptomycin and 100 units/ml penicillin. Cells were seeded 

into cell culture flasks at a density of 1.5x106 cells per ml and treated with 1 ng/ml 

human IL-2 to promote T cell proliferation and 1 µg/ml of the mitogen PHA for T cell 

activation.  

2.2.5 PBMC transduction 

For the production of infectious virus stocks, HEK293T cells were transfected with 

1 µg pHIT/G_VSV-G and 5 µg of env- and vpu-deficient HIV-1 (M) NL4-3 proviral 

constructs expressing heterologous Nef proteins or HIV-2 (AB) 7312A proviral 

constructs expressing heterologous Env ectodomains. 2 dpt, supernatants were 

harvested, centrifuged at 3000 rpm for 5 min to remove remaining cells and cell 

debris and used to transduce activated human PBMCs. For this, 106 PBMCs in 50 µl 

medium were transferred into each well of a round bottom 96-well plate. After 

addition of 150 µl virus stock, the plate was centrifuged for 2 h at 1200 rcf and 37 °C. 

Afterwards, 150 µl of the supernatant were removed and the cells were washed in 

2 ml DPBS to remove input virus. Cells were finally resuspended in RPMI Medium 

supplemented with FCS, L-glutamine, streptomycin and penicillin. Furthermore, 

cells were treated with 1 ng/ml IL-2 to promote T cell proliferation. 3 d post-infection 

(dpi), cells were used for analysis. 

2.2.6 Virus release assays 

HEK293T cells were transfected with 4 µg of env- and vpu-deficient HIV-1 (M) NL4-3 

proviral constructs expressing heterologous Nef proteins, 1 µg of pHIT/G_VSVg and 

increasing amounts of human or sooty mangabey (smm) tetherin (0, 12, 37, 111, 

333 ng) or with 4 µg of an env-deficient HIV-2 (AB) 7312A provirus, 0.5 µg of 

pHIT/G_VSV-G 1 µg of expression constructs for various Env glycoproteins and 

increasing amounts of smm tetherin (0, 4, 12, 37, 111 ng). Empty vector was added 

to adjust the total amount of DNA per well to 6 µg. TR and T3 HeLa cells were 

transfected with 2 µg of an env-deficient HIV-2 (AB) 7312A provirus, 0.5 µg of 

pHIT/G_VSV-G and 0.5 µg of expression constructs for various Env glycoproteins 

or with HIV-2 (AB) 7312A proviral constructs expressing heterologous Env 

ectodomains of SIVsmm (L2) M926 and (L6) D215, mutants thereof carrying point-
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mutations or chimeras containing half of each protein. 2 dpt, supernatants were 

harvested and used to infect TZM-bl reporter cells to determine infectious virus yield 

(2.2.6.1). In parallel, p24 or p27 content in both cells and supernatants was 

determined using a home-made p24 ELISA (enzyme-linked immunosorbent assay) 

(2.2.6.2). p24 ELISA was also used to determine virus release from transduced 

PBMCs. 

2.2.6.1 β-galactosidase assay 

TZM-bl cells stably express human CD4, CCR5 and CXCR4, enabling infection with 

HIV and SIV. Furthermore, they contain genes for β-galactosidase and firefly 

luciferase under the control of the viral LTR promoter, which is activated by the viral 

protein Tat (transactivator of transcription). Therefore, the amount of 

β-galactosidase and firefly luciferase produced upon infection with HIV or SIV is a 

measure for the infectious virus yield.  

One day prior to infection, 6,000 TZM-bl cells were seeded per well of a 96-well 

plate. 3 dpi, supernatants were removed from the cells and 40 µl of Gal-Screen® 

substrate (Applied Biosystems/Life Technologies) was added. After 30 min 

incubation at RT, 35 µl of the cell lysates were transferred into white 96-well 

MicrowellTM plates (Nunc) and luminescence was measured using an Orion II 

Microplate luminometer (Titertek-Berthold). Enzymatic activity was measured as 

relative light units per second (RLU/s) using the Software Simplicity 4.02 (Berthold 

detection systems). 

2.2.6.2 p24 ELISA 

The viral protein p24 (HIV-1) or p27 (HIV-2) forms the viral capsid, which encloses 

the viral RNA genome. The amount of p24/p27 per virus particle is very stable, 

making it a robust measure for the amount of virus particles produced. The home-

made p24 ELISA detects HIV-1 p24 as well as HIV-2 p27. 

High Binding ELISA plates (Sarstedt) were coated with 100 µl monoclonal mouse 

anti-p24 antibody (MAK183; EXBIO) in PBS by over-night incubation at RT. 

Between each of the following steps, plates were washed three times with PBS-T 

(0.05 % Tween® 20 in PBS). After coating, the plates were blocked by incubation 

with 150 µl 10 % FCS in PBS for 2 h at 37 °C. Cell pellets of one well of a 6-well 

plate (HEK293T, HeLa cells) or 2x106 PBMCs were lysed in 200 µl 1 % Triton X-100 
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(v/v), while 180 µl of cell-free supernatants were lysed in 20 µl 10 % Triton X-100 

(v/v). The samples were diluted with sample buffer (0.05 % Triton X-100 in PBS-T) 

to reach appropriate concentrations and 100 µl were transferred to the ELISA plates 

together with a two-fold serial dilution of a HIV-1 p24 protein standard (Abcam; 

starting concentration: 100 ng/ml). After over-night incubation at RT, the plates were 

treated with 100 µl of rabbit antiserum against p24 (Eurogentec) in 10 % FCS in 

PBS-T for 1 h at 37 °C, followed by incubation with 100 µl of a secondary 

horseradish peroxidase (HRP)-coupled goat antibody against rabbit IgG (Fc) 

(Dianova) in 10 % FCS in PBS-T for another hour at 37 °C. Finally, 100 µl of 

SureBlueTM TMB 1-Component Microwell Peroxidase Substrate (SeraCare Life 

Sciences Inc.) were added and incubated for 20 – 30 min at RT. The reaction was 

stopped by addition of 50 µl 0.5 M H2SO4 and absorption was measured at 450 nm 

and 650 nm with a VMax® kinetic ELISA microplate reader (Molecular devices). 

p24/p27 concentrations were calculated using the software SoftMax® Pro (Molecular 

devices). Virus release was calculated as the amount of cell-free p24/p27 released 

into the supernatant relative to the amount of cell-associated p24/p27. 

2.2.7 Flow cytometry 

HEK293T cells were transfected with 111 ng human or smm tetherin, 1 µg 

pHIT/G_VSV-G and 4 µg of env- and vpu-deficient HIV-1 (M) NL4-3 proviral 

constructs expressing heterologous Nef proteins as well as eGFP via an IRES. 

2 dpt, cells were collected and stained with a primary mouse mAb against tetherin 

(26F8; eBioscience) for 30 min at 4 °C and subsequently a secondary goat pAb 

against mouse IgG (H+L) (A-865; Life Technologies) for 30 min at 4 °C. To control 

for unspecific binding, staining with secondary antibody only was performed. Finally, 

cells were fixed with 2 % paraformaldehyde (PFA) in DPBS (v/v) for 1 h at 4 °C. To 

compare expression of human and smm tetherin, HEK293T cells were transfected 

with 37 ng of expression constructs for either protein. 2 dpt, cells were stained for 

tetherin expressed at the cell surface by either of the following antibodies: APC-

coupled mouse mAb against tetherin (RS38E; BioLegend) or the respective isotype 

control (MOPC-21; BioLegend), primary mouse mAb against tetherin (26F8; 

eBioscience) and secondary goat pAb against mouse IgG (H+L) (Life Technologies) 

or primary rabbit pAb against tetherin (proteintech) and secondary goat pAb against 

rabbit IgG (H+L) (Life Technologies). 
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HeLa TR cells were transfected with 2 µg of an env-deficient HIV-2 (AB) 7312A 

provirus, 0.5 µg of pHIT/G_VSV-G and 0.5 µg of expressing constructs for various 

Env glycoproteins or with HIV-2 (AB) 7312A proviral constructs expressing 

heterologous Env ectodomains of SIVsmm (L2) M926 and (L6) D215, mutants 

thereof carrying point-mutations or chimeras comprising half of each protein. 2 dpt, 

cells were collected and stained with an APC-conjugated mouse mAb against 

tetherin (RS38E; BioLegend) or the respective isotype control (MOPC-21; 

BioLegend) before they were fixed with Fixation reagent A (FIX&PERM® Cell 

Fixation and Permeabilization Kit, Nordic-MUbio) for 1 h at 4 °C. To detect 

intracellular p27 capsid proteins, cells were stained using a FITC-coupled mouse 

mAb against p24 (KC57; Beckman Coulter) in Permeabilization reagent B 

(FIX&PERM® Cell Fixation and Permeabilization Kit, Nordic-MUbio). For analysis, 

cells were resuspended in FACS buffer (1 % FCS in DPBS (v/v)). 

To detect surface protein levels, PBMCs transduced with env- and vpu-deficient 

HIV-1 (M) NL4-3 proviral constructs expressing heterologous Nef proteins as well 

as eGFP via an IRES were stained with the following antibodies or the respective 

isotype controls: APC-conjugated mouse mAb against tetherin (RS38E; BioLegend) 

or isotype control (MOPC-21; BioLegend); APC-conjugated mouse mAb against 

CD4 (S3.5; Invitrogen) or isotype control (Invitrogen); PE-conjugated mouse mAb 

against CD4 (RPA-T4; BD Biosciences) or isotype control (MOPC-21; BD 

Biosciences); PE-conjugated mouse mAB against CD3 (UCHT1; BD Biosciences) 

or isotype control (MOPC-21; BD Biosciences); APC-conjugated mouse mAb 

against CD28 (CD28.2; BD Biosciences) or isotype control (MOPC-21; BioLegend); 

APC-conjugated mouse mAb against HLA-A,B,C (W6-32; BioLegend) or isotype 

control (MOPC-173; BioLegend); PE-conjugated mouse mAb against CD74 (M-

B741, Ancell Corporation) or isotype control (Ancell Corporation). Before analysis, 

cells were fixed in 2 % PFA in DPBS (v/v). 

To measure tetherin surface expression, PBMCs transduced with HIV-2 (AB) 7312A 

proviral constructs expressing heterologous Env ectodomains were stained with an 

APC-conjugated mouse mAb against tetherin (RS38E; BioLegend) or the respective 

isotype control (MOPC-21; BioLegend). Intracellular p27 capsid protein was stained 

using a FITC-coupled mouse mAb against p24 (KC57; Beckman Coulter). For 

analysis, cells were resuspended in FACS buffer (1 % FCS in DPBS (v/v)). 
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The fluorescence of stained cells was detected by multi-color flow cytometry 

(FACSCanto II, BD FACSDiva; BD Biosciences). The mean fluorescence intensity 

(MFI) of the target proteins in the eGFP/FITC positive cell population was 

normalized to the MFI of eGFP/FITC negative cells of the same sample before 

normalization to the respective negative control.  

2.2.8 Western blot 

To analyze protein expression, HEK293T cells were transfected with 5 µg of 

expression plasmids for either AU1 tagged Nef proteins, AU1 tagged Env 

glycoproteins or HIV-2 (AB) 7312A proviral constructs expressing heterologous Env 

ectodomains. 2 dpt, cells were harvested and lysed in Co-IP lysis buffer (150 mM 

NaCl, 50 mM HEPES, 5 mM EDTA, 0.5 mM sodium orthovanadate, 0.5 mM NaF, 

0.1 % NP-40 (v/v) [pH 7.5]). The lysates were mixed with 22.5 % protein loading dye 

and 2.5 % -mercaptoethanol (ME) and boiled at 95 °C for 5 min. Proteins were 

separated in 4-12 % Bis-Tris gels (NuPAGE® Novex Bis-Tris gels, Invitrogen) and 

blotted onto PVDF membranes by semi-dry blotting. After blocking in 5 % milk (w/v) 

or bovine serum albumin (BSA) (v/v) in PBS, Nef proteins were labeled using a 

primary rabbit pAb against the AU1 tag (Novus Biologicals), while chimeric and wild-

type Env glycoproteins were labeled using a rabbit antiserum against HIV-2 gp105 

(NIH AIDS reagent program, ARP418). GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase) served as loading control and was probed using a mouse mAb 

(G-9; Santa Cruz Biotechnology). Secondary fluorochrome-labeled goat anti-rabbit 

IgG (H+L) antibodies (IRDye®; LI-COR Biosciences) were used to allow detection 

using the LI-COR Odyssey Imager (LI-COR Biosciences) and Odyssey Image 

Studio (LI-COR Biosciences).  

To ensure similar expression levels of human and smm tetherin in HEK293T cells, 

the cells were transfected with increasing amounts (0, 12, 37, 111, 333 ng) of 

expression constructs for either protein. 2 dpt, cells were harvested for Western blot 

sample preparation. After separation in 4-12 % Bis-Tris gels (NuPAGE® Novex Bis-

Tris gels, Invitrogen) and blotting onto PVDF membranes by semi-dry blotting, the 

membrane was blocked in 5 % milk (w/v) in PBS. Tetherin was detected using a 

mouse mAb (26F8; eBioscience) or rabbit pAb (proteintech) against tetherin. 

GAPDH was included as loading control. 
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2.2.9 Co-immunoprecipitation 

To analyze whether Env glycoproteins exerting anti-tetherin activity directly interact 

with this protein, a Co-immunoprecipitation (Co-IP) experiment was performed. To 

this end, HEK293T cells were transfected in triplicates with 111 ng of an expression 

construct for HA-tagged human tetherin or an empty vector and 4 µg of HIV-2 (AB) 

7312A proviral constructs expressing heterologous Env ectodomains. 2 dpt, cells of 

triplicates were pooled, washed with Tris buffered saline (TBS) and lysed in 400 µl 

Co-IP lysis buffer (150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.5 mM sodium 

orthovanadate, 0.5 mM NaF, 0.1 % NP-40 (v/v) [pH 7.5]). After removal of remaining 

cell debris, protein concentrations were adjusted. 250 µl of the lysates were 

transferred onto Pierce™ Spin Columns together with 20 µl of Pierce™ Anti-HA 

Agarose beads. The columns were sealed and the mixture was incubated over night 

at 4 °C with end-over-end shaking. Afterwards, the columns were centrifuged for 

10 s at 16,000 rcf and the flow-through was discarded. After washing three times 

with 500 µl TBS-T (0.05 % Tween® 20 (v/v) in TBS), 25 µl protein loading dye diluted 

in Co-IP lysis buffer was added to the columns and incubated for 5 min at 95 °C. 

Subsequently, the columns were centrifuged again and the flow-through was 

collected before adding 1.5 µl ME. Normal Western blot sample preparation was 

performed for the remaining lysates for input control. Both input control and Co-IP 

samples were subjected to Western blot analysis. HIV-2 and SIVsmm Envs were 

detected using a rabbit antiserum against HIV-2 gp105 (NIH AIDS reagent program, 

ARP418). NL4-3 Vpu was detected using a rabbit antiserum kindly provided by 

Sebastian Bolduan. Finally, tetherin was detected using a rabbit pAb (proteintech). 

GAPDH served as loading control and to validate Co-IP specificity and was detected 

using a rabbit pAb (Biolegend). 

2.2.10 Statistical analysis 

All statistical analyses were performed with two-tailed Student’s t-test or one-sample 

t-test using GraphPad Prism 7. P values ≤0.05 were considered significant. 

Correlation analyses were done using the linear regression module. 

2.2.11 Sequence alignments 

Alignments of Nef and Env protein sequences were prepared using MultAlin 

(http://multalin.toulouse.inra.fr/multalin/) [112]. 
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2.2.12 Ethical statement 

Experiments involving human PBMCs were reviewed and approved by the 

Institutional Review Board (i.e., the Ethics Committee of Ulm University). Before 

donating blood, all individuals and/or their legal guardians provided written informed 

consent. Blood samples were anonymized prior to use. No non-human primates 

were involved in this study. 
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3 Results 

3.1 HIV-2 and SIVsmm strains analyzed in the present study 

To date, studies on anti-tetherin activity and other immunomodulatory functions of 

HIV-2 focused on group A and, to a lesser extent, group B viruses [69, 70, 81, 82, 

113]. To gain more comprehensive insights into the ability of different strains of 

HIV-2 and SIVsmm to counteract tetherin and modulate other host proteins, I 

analyzed several groups of HIV-2 as well as different lineages of SIVsmm (Table 1). 

The SIVsmm isolates analyzed comprised PGm5.3 and FBr12w7 (lineage 1), M926 

(lineage 2), M949 (lineage 3), G932 (lineage 4), FTq (lineage 5) and D215 

(lineage 6). With the exception of PGm5.3, all SIVsmm strains represent primary 

isolates directly amplified from plasma of infected animals or after short-term 

passage in sooty mangabey PBMCs [106, 108, 110, 114]. The HIV-2 isolates 

analyzed in the present study were ROD10 and BEN (epidemic group A), UC1 and 

ALT (epidemic group B), 7312A (circulating recombinant form (CRF) of groups A 

and B, hereafter called group AB), NWK08 (group F), Abt96 (group G), 12034 

(group H) and 07IC-TNP3 (group I). Additionally, I included SIVmac 239 as a 

control, since this virus also originated from SIVsmm and infected macaques rapidly 

develop AIDS-like disease [49]. HIV-2 groups C to E could not be analyzed, since 

neither sequences nor primary patient samples were available.  

  



 

 

Table 1. HIV-2 and SIVsmm strains analyzed in the present study. First published in Heusinger et al., 2018 [115]. Modified with permission from ASM. 

Virus 

Lineage/ 

group and 

prevalence 

Isolate(s) 

analyzed 
Origin Isolation method Refs 

SIVsmm 

1 

PGm5.3 
pig-tailed macaque, experimental infection, 

Yerkes Regional Primate Research Center 

 

virus isolated from lymph nodes was passaged in 

human PBMCs and CEMx174 cells before 

isolation of genomic viral DNA 

[106] 

SM2_ 

FBr12w7 

sooty mangabey, 3-5 years old, experimental 

infection, Yerkes Regional Primate Research 

Center 

direct isolation of viral RNA from plasma [108, 114] 

2 M926 

sooty mangabey, male, 16 years old, natural 

infection, Tulane National Primate Research 

Center 

viral RNA was isolated from plasma of infected 

animals or from tissue culture supernatants of 

short-term sooty mangabey PBMC cultures, in 

which primary SIVsmm isolates were propagated 

[110] 

3 M949 

sooty mangabey, male, 14 years old, natural 

infection, Tulane National Primate Research 

Center 

4 G932 

sooty mangabey, female, 30 years old, natural 

infection, Tulane National Primate Research 

Center 

5 FTq 

sooty mangabey, male, 13 years old, natural 

infection, Yerkes National Primate Research 

Center 

6 D215 

sooty mangabey, female, 24 years old, natural 

infection, Tulane National Primate Research 

Center 

4
0
 

R
e
s
u

lts
 



 

 

SIVmac n.a. 239 
rhesus macaque, experimental infection, New 

England Regional Primate Research Center 

isolation of viral DNA from HUT-78 cells infected 

with serum 
[49, 116] 

HIV-2 

A 

(~ 92 % of 1 – 2 

million HIV-2 

infections) 

ROD10 
male AIDS patient 

32 years old, Cape Verde, France 
isolation of viral DNA from infected CEM cells 

[46, 94, 

117] 

BEN 

male patient with asthenia, impaired mental 

functions and peripheral neuropathy 

42 years old, Mali, Libya, Saudi-Arabia, Germany 

isolation of viral DNA from infected Molt4 clone 8 

cells 
[96, 118] 

B 

(~ 8 % of 1 – 2 

million HIV-2 

infections) 

UC1 
male patient with neurologic symptoms 

Ivory Coast 
isolation of viral DNA from infected SupT1 cells [97, 98] 

D205_ 

ALT 

healthy female 

Ghana 

isolation of viral DNA from human umbilical cord 

blood lymphocytes upon coculture with patient 

PBLs 

[119] 

CRF01_ AB 

(7 cases known) 
7312A 

male patient with lymphadenopathy, cutaneous 

anergy and skin abscesses 

32 years old, Ivory Coast 

isolation of viral DNA from human PBMCs upon 

coculture with patient PBMCs 
[58] 

F 

(2 cases known) 
NWK08 

male patient with T cell depletion 

68 years old, Sierra Leone, USA 

isolation of viral DNA from human PBMCs or 

CEMx174 cells upon coculture with patient 

PBMCs 

[101] 

G 

(1 case known) 
Abt96 

asymptomatic blood donor 

Ivory Coast 
direct isolation of viral RNA from plasma [103, 104] 

H 

(2 cases known) 
12034 

male AIDS patient with cerebral 

neurocysticercosis 

31 years old, Ivory Coast, France 

direct isolation of proviral DNA from PBMCs [105] 

I 

(1 case known) 

07IC-

TNP3 

male individual, health status unknown 

8 years old, Ivory Coast 
direct isolation of proviral DNA from blood [57] R
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It was demonstrated that SIVsmm uses its Nef protein to counteract the tetherin 

ortholog of its original simian host [74], whereas HIV-2 group A uses its Env 

glycoprotein to counteract human tetherin [81]. To investigate the adaptation of 

different groups of HIV-2 to human tetherin, I therefore decided to analyze Nef and 

Env proteins of all virus strains mentioned.  
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3.2 Nef-mediated down-modulation of CD4 and CD3 is conserved 

among SIVsmm and HIV-2 

Nef is a multifunctional protein dysregulating various immunomodulatory proteins 

[71, 120]. Sequence alignments revealed that functional motifs in Nef are largely 

conserved between HIV-2 and SIVsmm/mac (Figure 7). These include the 

N-terminal myristoylation site MGxxxS, which mediates membrane interaction [121] 

as well as sites that interact with other cellular proteins to modulate signaling and 

protein trafficking (reviewed in [122]). The latter comprise the Yxx and ExxxL[L/V] 

motifs that bind to APs [123, 124] and an acidic cluster involved in the interaction 

with PACS-1 (phosphofurin acidic cluster sorting protein 1) [125, 126]. Furthermore, 

Nef contains a proline-rich motif (PxxPxR) binding to SH3 (Src homology 3) domains 

[127], an RR motif important for Pak (p21-activated kinase) activation [128, 129] and 

a DD motif interacting with V1H (subunit H of the vacuolar membrane ATPase) 

[130]. Notably, SIVsmm (L5) FTq and HIV-2 (H) 12034 Nefs lack the SH3 domain. 

The N-terminal AP binding domain is absent from Nef proteins of the lab-adapted 

SIVsmm (L1) PGm5.3 and both HIV-2 group A strains (ROD10, BEN). However, 

amino acids known to be important for CD3 and CD4 down-modulation by SIVmac 

Nef [69, 131] are present in most SIVsmm and HIV-2 Nefs analyzed. A notable 

exception is the PA motif that is deleted in HIV-2 group B and the recombinant (AB) 

7312A strain. This motif has been shown to be important for Nef-mediated down-

modulation of CD4 [69]. 
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Figure 7. Alignment of Nef proteins analyzed in the present study. The N-terminal myristoylation 

site mediating membrane-association is highlighted in blue. Sites known to be involved in the 

interaction of Nef with CD3 and CD4 are shown in green. Motifs that were shown to interact with 

other cellular proteins are highlighted in yellow. Dashes indicate gaps that were introduced to 

improve the alignment. AP, adaptor protein; bdg., binding; PACS-1, phosphofurin acidic cluster 

sorting protein 1; SH3, Src-homology 3; Pak1/2, p21-activated kinase 1/2; V1H, subunit H of the 

vacuolar membrane ATPase. First published in Heusinger et al., 2018 [115]. Modified with 

permission from ASM. 

 

To compare the effects of the different Nefs independent of other viral proteins, all 

nef genes were inserted into the same proviral backbone. Within the HIV-1 (M) 

NL4-3 provirus, vpu and env gene expression was disrupted to exclude their effects 
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on tetherin and CD4. Furthermore, eGFP was expressed from a bicistronic mRNA 

together with Nef via an IRES (Figure 8) to allow identification of infected cells. 

 

Figure 8. Genomic organization of the HIV-1 (M) NL4-3 proviral construct expressing 

heterologous Nef proteins. All nef genes analyzed in the present study were inserted into the 

original HIV-1 nef ORF (highlighted in orange). Expression of vpu and env genes was disrupted 

(indicated by *) and eGFP was expressed from the nef ORF via an IRES. 

Since immunomodulatory functions of Nef contribute to viral replication and 

pathogenicity [132], I performed a comparative analysis of Nef-mediated modulation 

of CD4, CD3, CD28, MHC-I and CD74 in infected human PBMCs by measuring cell 

surface expression of the different receptors. Most Nef proteins decreased CD4 and 

CD3 surface levels by more than 80 % (Figure 9). Notable exceptions were HIV-2 

(B) ALT Nef, which reduced CD3 surface expression by only 40 %, and SIVsmm 

(L2) M926 and HIV-2 (I) 07IC-TNP3 Nefs, which were inactive in most assays. As 

expected, wild type HIV-1 was unable to decrease CD3 surface expression as this 

Nef function was lost in the viral lineage that gave rise to HIV-1 [70]. In contrast to 

the down-modulation of CD4 and CD3, modulation of CD28, MHC-I and CD74 was 

more variable. In general, variability between SIV Nefs was lower than between 

HIV-2 Nefs. Furthermore, SIV Nefs reduced CD28 surface levels on average more 

efficiently than HIV-2 Nefs (76.72 % versus 39.49 %, p=0.0131; generally inactive 

SIVsmm (L2) M926 and HIV-2 (I) 07IC-TNP3 Nefs excluded) (Figure 9, middle 

panel). While all SIVsmm Nefs reduced MHC-I surface expression by about 60 %, 

effects of HIV-2 Nefs on this antigen-presenting molecule varied considerably. HIV-2 

(A) BEN and (H) 12034 Nefs reduced MHC-I by almost 80 %, (B) UC1 Nef had no 

effect and (F) NWK08 Nef even increased MHC-I surface expression by almost 

30 %. CD74 surface expression was unaffected by HIV-2 (A) BEN, (B) UC1 and (G) 

Abt96 Nefs, whereas (B) ALT and (F) NWK08 Nefs were highly active and 

upregulated CD74 by more than 8- and 11-fold, respectively. Thus, down-

modulation of CD4 and CD3 is highly conserved between SIVsmm and HIV-2, while 

modulation of CD28, MHC-I and CD74 by Nef is more variable. 
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Figure 9. Nef-mediated modulation of cell surface expression of CD4, CD3, CD28, MHC-I and 

CD74. Human PBMCs were infected with VSV-G pseudotyped env- and vpu-deficient HIV-1 (M) 

NL4-3 viruses expressing the indicated Nef proteins and eGFP via an IRES. 3 dpi, cell surface 

expression of CD4, CD3, CD28, MHC-I and CD74 was analyzed by flow cytometry. The mean 

fluorescence intensity (MFI) of infected (i.e. eGFP positive) cells was normalized to uninfected (i.e. 

eGFP negative) cells within the same sample and the vpu- env- nef- negative control was set to 

100 %. On the left, mean values of 3-11 independent experiments ± standard error of the mean 
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(SEM) are shown. Asterisks indicate statistically significant differences compared to the negative 

control (*, p≤0.05; **, p≤0.01; ***, p≤0.001). Exemplary primary data are shown on the right. First 

published in Heusinger et al., 2018 [115]. Modified with permission from ASM.  
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3.3 HIV-2 and SIVsmm Nefs fail to antagonize human tetherin 

In general, Nefs are considered to be inactive against human tetherin [74]. However, 

it has been shown that lentiviral Nef proteins can adapt to human tetherin, as in case 

of HIV-1 group O [78]. I therefore analyzed the effect of HIV-2 Nef on human 

tetherin. Given the apparent non-functionality of some Nefs, I first investigated 

expression of AU1-tagged Nef proteins by transfection of HEK293T cells and 

subsequent Western blot analysis. As shown in Figure 10A, all Nef proteins were 

expressed and migrated at the expected molecular weight. Notably, however, 

protein levels of the inactive SIVsmm (L2) M926 Nef were lower than those of the 

other SIV Nef proteins. Virally encoded (untagged) Nef proteins could not be 

detected, since no appropriate antibody was available. Subsequently, I analyzed 

tetherin surface expression in infected human PBMCs and observed that most Nefs 

significantly decreased cell surface expression of human tetherin. HIV-2 (A) BEN 

and (H) 12034 Nefs were as active as the HIV-1 (M) Vpu positive control and 

decreased tetherin surface levels by more than 60 % (Figure 10B). However, it was 

demonstrated before that reduced surface expression and rescue of the inhibition 

of virus release imposed by tetherin are not always concomitant [133]. I therefore 

also determined virus release from those cells by quantifying p24 capsid protein in 

the supernatants relative to cell-associated p24. In contrast to HIV-1 (M) Vpu, which 

increased virus release by almost 3-fold, most SIV and HIV-2 Nefs had no significant 

effect (Figure 10C, left panel). Only HIV-2 (F) NWK08 Nef induced an almost 80 % 

increase in virus release. There was no evidence for a general adaptation of HIV-2 

Nefs to human tetherin as most were unable to increase virus release similar to their 

SIVsmm precursor (Figure 10C, right panel). 
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Figure 10. Nef-mediated counteraction of tetherin in infected human PBMCs. (A) HEK293T 

cells were transfected with pCG expression plasmids for the indicated AU1-tagged proteins. 2 days 

post-transfection (dpt), cells were lysed and protein expression was analyzed by Western blot. Nef 

and Vpu proteins were detected using an antibody against the AU1-tag. GAPDH served as loading 

control. (B) Human PBMCs were infected with VSV-G pseudotyped env- and vpu-deficient HIV-1 (M) 

NL4-3 viruses expressing the indicated Nef proteins and eGFP via an IRES. 3 dpi, cell surface 

expression of tetherin was analyzed by flow cytometry. The tetherin MFI of infected (i.e. eGFP 

positive) cells was normalized to uninfected (i.e. eGFP negative) cells within the same sample and 

the vpu- env- nef- negative control was set to 100 %. On top, mean values of 3-12 independent 

experiments ± SEM are shown. Exemplary primary data is shown at the bottom. (C) In parallel, p24 

ELISA was performed to quantify p24 capsid protein in the cell lysates and culture supernatants. p24 

release was calculated as follows: p24 release = p24supernatants/p24cells. The vpu- env- nef- negative 

control was set to 100 %. On the left, mean values of 4-12 independent experiments are shown. On 

the right, values were grouped into SIV and HIV-2 Nefs. n.s., not significant. Asterisks in (B) and (C) 

indicate statistically significant differences compared to the negative control (*, p≤0.05; **, p≤0.01; 

***, p≤0.001). First published in Heusinger et al., 2018 [115]. Modified with permission from ASM. 

To compare the activity of different Nefs against human and sooty mangabey (smm) 

tetherin, I investigated virus release from transfected HEK293T cells. To this end, 

cells were co-transfected with increasing amounts of human or smm tetherin, vpu- 

and env-defective HIV-1 (M) NL4-3 proviral constructs expressing the indicated Nef 

proteins and the G protein of vesicular stomatitis virus (VSV-G) to allow infection of 
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reporter cells. To ensure similar expression of the two orthologs, cell surface (Figure 

11A) and total protein levels (Figure 11B) of smm and human tetherin were analyzed 

by flow cytometry and Western blot analysis, respectively, using different antibodies. 

The affinity of the antibodies depended on the assay, yet cell surface and total 

expression levels of the two orthologs were similar. Subsequently, infectious virus 

yield in the presence of increasing amounts of human (Figure 11C) or smm tetherin 

(Figure 11D) was measured using TZM-bl reporter cells, which express 

β-galactosidase upon HIV infection. While the negative control lacking Vpu, Env and 

Nef was strongly inhibited by both human and smm tetherin, wild type HIV-1 was 

efficiently released in the presence of human tetherin (Figure 11C and D, left 

panels). As expected, most SIV Nefs increased infectious virus yield in the presence 

of smm tetherin by about 50 % (Figure 11D, second panel), but showed only weak 

activity against human tetherin (Figure 11C, second panel). In general, SIV Nefs 

increased infectious virus yield in the presence of smm, but not human tetherin, 

while HIV-2 Nefs were inactive against both orthologs (Figure 11E). 

Infectious virus yield can also differ due to differences in infectivity, for example by 

Nef-mediated counteraction of the restriction factor SERINC5 (serine incorporator 

5) [134, 135]. Therefore, I also measured p24 capsid concentrations released from 

cells transfected with 37 ng human or smm tetherin and normalized it to cell-

associated p24 (Figure 11F). Both orthologs inhibited virus release of the control 

lacking Vpu and Nef by more than 90 %. Wild type HIV-1 expressing Vpu, however, 

was efficiently released in the presence of human tetherin (Figure 11F, left panel). 

All SIV Nefs significantly increased virus release in the presence of smm tetherin, 

while only SIVsmm (L1) FBr12w7 and (L5) FTq Nefs induced a weak (~ 2-fold) 

increase in virus release in the presence of human tetherin. Of the HIV-2 isolates, 

only (A) BEN, (B) ALT and (G) Abt96 Nefs increased virus release in the presence 

of smm tetherin and (A) BEN and (G) Abt96 Nefs also showed modest effects in the 

presence of human tetherin, increasing virus release by 3.5- and 2.3-fold, 

respectively (Figure 11F, left panel). On average, however, HIV-2 Nefs showed little 

if any activity against human and smm tetherin (Figure 11F, right panel). Conversely, 

SIV Nefs counteracted smm tetherin more efficiently than human tetherin (Figure 

11F, right panel). Taken together, these data show that HIV-2 Nefs did not evolve 

activity against human tetherin.  
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Figure 11. Nef-mediated counteraction of human and sooty mangabey tetherin in HEK293T 

cells. (A and B) HEK293T cells were transfected with expression constructs for human (hum) or 

sooty mangabey (smm) tetherin. 2 dpt, (A) cell surface expression and (B) total expression levels of 

tetherin were determined by flow cytometry and Western blot analysis, respectively. (C to E) 

HEK293T cells were transfected with increasing amounts of (C) human or (D) smm tetherin, vpu- 

and env-deficient HIV-1 proviral constructs expressing the indicated Nef proteins and VSV-G to allow 

infection of reporter cells. 2 dpt, supernatants were harvested and used to infect TZM-bl reporter 
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cells. 3 dpi, infectious virus yield was measured and normalized to the sample without tetherin. Mean 

values of 3-11 independent experiments ± SEM are shown. (E) The area under the curve (AUC) of 

the titrations shown in (C) and (D) was calculated and normalized to the respective vpu- env- nef- 

negative control. Values were grouped into SIV and HIV-2 Nefs. n.s., not significant. (F) Cells were 

transfected as described for (C to E); however, a fixed amount of 37 ng tetherin was used. p24 

content in cells and supernatant was determined by p24 ELISA, and p24 capsid release was 

calculated as follows: p24 release = p24supernatants/p24cells. Mean values of 4-11 independent 

experiments ± SEM are shown. On the left, values were normalized to the release in the absence of 

tetherin. On the right, values were normalized to the respective vpu- env- nef- negative control and 

grouped into SIV and HIV-2 Nefs. Asterisks in (E) and (F) indicate statistically significant differences 

compared to the negative control (*, p≤0.05; **, p≤0.01; ***, p≤0.001). First published in Heusinger 

et al., 2018 [115]. Modified with permission from ASM. 
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3.4 HIV-2 A, AB, F, G and I Envs counteract human tetherin 

It has been demonstrated that HIV-2 group A viruses use their Env glycoprotein to 

counteract human tetherin [81, 82, 113], yet it was unknown whether/how other 

groups of HIV-2 cope with this restriction factor. Since HIV-2 Nefs showed little if 

any activity against human tetherin, this raised the question whether also other 

groups of HIV-2 may use Env for tetherin counteraction.  

I decided to investigate the effect of the different Envs on tetherin surface expression 

in primary cells infected with viruses carrying the different Env glycoproteins, which 

represents a more physiological model than overexpression experiments. For this, 

I took advantage of a special variant of HIV-2 (AB) 7312A, which contains the unique 

restriction sites SnaBI and AgeI (and was therefore named SNAG) in env (Figure 

12A) [92]. This enables the exchange of a large part of env without affecting tat, rev 

and nef. The fragment contains about 80 % of the env gene, starting 69 nucleotides 

downstream of the start codon and ending 36 nucleotides upstream of tat2/rev2. It 

encodes most of the ectodomain, which was shown to mediate interaction with 

tetherin [81], the TMD and an intracellular 10 amino acid fragment including the 

AP-2 binding site. In addition to Envs of the different SIVsmm lineages and HIV-2 

groups, the Env protein of SIVtan infecting Tantalus monkeys (Chlorocebus 

tantalus) was included, since this protein counteracts human and smm tetherin 

[111]. Western blot analysis revealed that all chimeric Env glycoproteins were 

expressed (Figure 12B), while infection of TZM-bl reporter cells confirmed that most 

Env chimeras were functional and able to promote infection (Figure 12C). Env 

chimeras containing ectodomains of HIV-2 (A) BEN, (B) ALT and (H) 12034, 

however, appeared to be non-functional, even though they were expressed, and 

required pseudotyping with VSV-G to enable infection.  

Subsequently, I used the proviral constructs expressing chimeric Env glycoproteins 

to infect human PBMCs. To assure similar infection rates, all viruses were 

pseudotyped with VSV-G. Interestingly, I observed a decrease in cell surface levels 

of tetherin in the presence of many HIV-2 Env chimeras, while modest effects were 

also detectable with SIVsmm Envs (Figure 12D). In agreement with previous 

findings [136], HIV-2 (A) ROD10 Env reduced tetherin surface expression by about 

45 %, but also the presence of HIV-2 (AB) 7312A, (F) NWK08, (G) Abt96 and (I) 

07IC-TNP3 Envs decreased tetherin surface levels by about 30 % on average. 
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Surprisingly, also in the presence of SIVsmm (L2) M926 Env surface expression of 

human tetherin was reduced by about 40 %. More importantly, many HIV-2 and 

SIVsmm Envs also significantly increased virus release (Figure 12E), and this effect 

correlated well with the reduction of tetherin surface levels (Figure 12F). HIV-2 (A) 

ROD10, (AB) 7312A and SIVsmm (L2) M926 Envs induced the strongest increase 

of about 3.5- to 4-fold. Unexpectedly, SIVtan Env was unable to decrease tetherin 

surface levels or increase virus release. In summary, the analysis of HIV-2 (AB) 

7312A expressing heterologous Env chimeras revealed that not only HIV-2 group A 

uses Env to counteract human tetherin, but also groups AB, F and G, as well as 

several primary SIVsmm isolates. 

 

Figure 12. Env-mediated counteraction of human tetherin in infected human PBMCs. (A) 

Genomic organization of the SNAG variant of HIV-2 (AB) 7312A, which contains two unique 
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restriction sites SnaBI and AgeI, allowing the exchange of a large portion of env. This fragment 

encodes about 80 % of env and contains most of gp105 (light green), the whole ectodomain of gp36 

(dark green), the TMD (blue) as well as the AP-2 biding site (yellow). (B) HEK293T cells were 

transfected with proviral constructs expressing heterologous Env ectodomains. 2 dpt, cells were 

lysed and protein expression was analyzed by Western blot. Env chimeras were detected using an 

antiserum against HIV-2 gp105. GAPDH served as loading control. (C) In parallel, infectivity of 

chimeric HIV-2 constructs expressing heterologous Env ectodomains was determined by infection of 

TZM-bl reporter cells. One exemplary experiment performed in triplicates ± SEM is shown. (D to F) 

Human PBMCs were infected with VSV-G pseudotyped chimeric HIV-2 viruses expressing 

heterologous Env ectodomains. 3 dpi, (D) tetherin surface expression and (E) p27 capsid release 

were determined as described for Figure 10B and C. The Δenv negative control was set to 100 %. 

Mean values of 3-11 independent experiments ± SEM are shown. (F) Correlation of tetherin surface 

expression shown in (D) and p27 release shown in (E). Asterisks in (D) and (E) indicate statistically 

significant differences compared to the Δenv negative control (*, p≤0.05; **, p≤0.01; ***, p≤0.001). 

First published in Heusinger et al., 2018 [115]. Modified with permission from ASM. 

To exclude that any effects are lost due to the N- and C-termini of HIV (AB) 7312A 

in the chimeric Env glycoproteins, I decided to also analyze full-length Env 

glycoproteins using Env expression constructs. Again, Env expression was 

analyzed by Western blot (Figure 13A). While all HIV-2 Envs were readily 

detectable, only weak signals were obtained for SIVsmm (L3) M949 and (L6) D215 

Envs. Yet, when investigating their ability to promote infection of pseudotyped env-

deficient HIV-1 and HIV-2 viruses, all SIVsmm and most HIV-2 Envs were functional 

(Figure 13B). Like the Env chimeras, HIV-2 (A) BEN, (B) ALT and (H) 12034 Envs 

were unable to promote infection. To test the effect of the different Envs on human 

tetherin, I used HeLa cells, which endogenously express this antiviral protein. In this 

setup, SIVtan Env decreased tetherin surface levels by more than 50 % (Figure 

13C). Even though the effect was less pronounced for HIV-2 and SIVsmm Envs, 

most of them induced a significant reduction in tetherin surface levels with HIV-2 (A) 

ROD10, (AB) 7312A, SIVsmm (L2) M926, (L3) M949 and (L4) G932 Envs reducing 

tetherin surface expression by more than 30 %, an effect similar to that of HIV-1 (M) 

Vpu (Figure 13C). Importantly, SIV and HIV-2 Envs also increased virus release by 

2.5- and 2.7-fold, respectively, and this effect was lost upon tetherin knockdown 

(Figure 13D). When comparing the enhancement of virus release from tetherin-

expressing and tetherin-knockdown HeLa cells, I observed significant differences 

for SIVsmm (L1) PGm5.3 and FBr12w7, (L2) M926, (L4) G932 and (L5) FTq as well 

as HIV-2 (A) ROD10, (AB) 7312A, (F) NWK08, (G) Abt96 and (I) 07IC-TNP3 Envs 



Results 

56 

(Figure 13E), indicating that this effect is tetherin dependent. Thus, Env proteins 

counteract human tetherin. Intriguingly, increase in virus release correlated with the 

ability to decrease tetherin surface expression in HeLa cells (Figure 13G, upper 

panel). In addition, virus release from HeLa cells also correlated with virus release 

from PBMCs. The correlation was further improved by exclusion of SIVtan, which 

had been active in HeLa cells but inactive in PBMCs, contradicting previous findings 

[111] (Figure 13G, lower panel). In summary, the experiments in infected primary 

cells and transfected HeLa cells demonstrate that Env-mediated tetherin 

counteraction is present throughout several groups of HIV-2 as well as various 

evolutionarily distinct lineages of SIVsmm. 
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Figure 13. Env-mediated counteraction of human tetherin in HeLa cells. (A) HEK293T cells were 

transfected with expression constructs for the indicated full-length Env glycoproteins. 2 dpt, cells 

were lysed and protein expression was investigated by Western blot. Env was detected using an 

antiserum against HIV-2 gp105. GAPDH served as loading control. (B) In parallel, infectivity of env-

deficient HIV-1 and HIV-2 viruses pseudotyped with the indicated Env glycoproteins was determined 

by infection of TZM-bl reporter cells. One exemplary experiment performed in triplicates ± SEM is 

shown. (C to E) HeLa cells were transfected with an env-deficient HIV-2 (AB) 7312A proviral 

construct, expression constructs encoding the indicated Env glycoproteins and VSV-G. (C) 2 dpt, 

tetherin surface expression was determined by flow cytometry. Mean values of 3-6 independent 
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experiments are shown. (D and E) In parallel, p27 capsid release from control and tetherin-

knockdown HeLa cells was determined by ELISA. In (D), all values were normalized to virus release 

of the vector control from tetherin expressing HeLa cells. n.s., not significant. In (E) virus release 

from tetherin-expressing (control) and tetherin-knockdown HeLa cells was normalized to the 

respective vector control. Mean values of 3-8 independent experiments ± SEM are shown. Asterisks 

in (C), (D) and (E) indicate statistically significant differences compared to the negative control 

(*, p≤0.05; **, p≤0.01; ***, p≤0.001). (F) Tetherin expression in HeLa cells encoding a tetherin-specific 

or control (ctrl) shRNA. Knockdown of tetherin was confirmed by flow cytometry. (G) The upper panel 

shows the correlation of tetherin surface expression shown in (C) and virus release shown in (E). In 

the lower panel, correlation of virus release from HeLa cells shown in (C) and PBMCs (Figure 12E) 

with (dotted grey line) and without (solid black line) SIVtan Env is shown. First published in Heusinger 

et al., 2018 [115]. Modified with permission from ASM. 

While all SIVsmm Envs had some effects on tetherin expression and virus release, 

there were also clear differences. For example, SIVsmm (L2) M926 Env increased 

virus release as efficiently as the most active HIV-2 (A) ROD10 and (AB) 7312A 

Envs, whereas SIVsmm (L6) D215 Env had no significant effect and (L4) G932 

showed an intermediate phenotype (Figure 12E, 13E). To answer the question 

whether this reduced anti-tetherin activity of (L6) D215 Env is the result of reduced 

Env/tetherin interaction, Co-IP was performed (Figure 14). In the samples after pull-

down, tetherin was detectable in the respective samples, indicating that pull-down 

was successful (Figure 14, pull-down). As expected, the amount of HIV-1 (M) NL4-3 

Vpu, which served as positive control, was considerably higher in the presence of 

human tetherin, confirming a direct interaction between these two proteins. All 

chimeric Env glycoproteins were detected in the input samples and appeared at the 

expected height (Figure 14, input). After pull-down, only weak signals were 

detectable for the different Envs, yet they were stronger upon pull-down together 

with tetherin for HIV-2 (AB) 7312A, SIVsmm (L4) G932 and (L6) D215, but not 

SIVsmm (L2) M926 Env. This indicates that the reduced anti-tetherin activity of (L6) 

D215 compared to other SIVsmm Envs is not due to a lack of protein-protein 

interaction. 
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Figure 14. Co-immunoprecipitation of Env with human tetherin. HEK293T cells were transfected 

with expression plasmids for HA-tagged human tetherin or empty vector and proviral constructs 

harboring the indicated Env ectodomains or expression constructs encoding HIV-1 (M) NL4-3 Vpu. 

2 dpt, cells were lysed and agarose beads coated with anti-HA antibodies were used to pull down 

human tetherin. Subsequently, Western blot analysis of input control and pull-down was performed. 

HIV-2 and SIVsmm Env were detected using an antiserum against HIV-2 gp105. NL4-3 Vpu was 

detected using an antiserum kindly provided by Sebastian Bolduan. Human tetherin was detected 

using an anti-tetherin antibody. GAPDH served as loading control and to control for pull-down 

specificity.  

To narrow down the residues in SIVsmm Env important for anti-tetherin activity, I 

compared amino acid sequences of the inactive SIVsmm (L6) D215 Env to active 

SIVsmm Envs. I identified few changes that were unique to SIVsmm (L6) D215 Env, 

including an arginine residue at position 218 and a lysine at position 425, where all 

other SIVsmm Envs analyzed harbored a glutamine. Interestingly, Schmitt et al. 

found an arginine to glutamine substitution at position 218 in SIVsmm Env after in 

vivo passage in humanized mice, suggesting that it may represent an adaptive 

mutation to human cells [137]. To test the relevance of this amino acid for tetherin 

counteraction, I introduced the R218Q mutation in the inactive SIVsmm (L6) D215 

and the reverse mutation Q224R in the highly active (L2) M926 Env. Additionally, I 

generated chimeras of the inactive (L6) D215 and the active (L2) M926 to narrow 

down the regions in Env involved in anti-tetherin activity (Figure 15A). All mutant 

and chimeric Env glycoproteins were expressed from the HIV-2 (AB) 7312A proviral 

backbone (Figure 15B) and promoted infection. However, the chimera containing 

the N-terminal part of SIVsmm (L6) D215 Env and the C-terminal part of (L2) M926 

Env was less infectious (Figure 15C). (L2) M926 Env decreased tetherin surface 

expression in HeLa cells by about 50 %, while the (L6) D215 Env was inactive. 

However, neither did the Q224R mutation in (L2) M926 Env lead to a loss of function, 
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nor did the R218Q exchange in (L6) D215 Env result in increased anti-tetherin 

activity. Notably, the chimeric Env glycoprotein comprising the C-terminal half of the 

active (L2) M926 Env reduced tetherin surface levels as efficiently as the parental 

(L2) M926 construct, while the chimera containing the N-terminal half of (L2) M926 

Env showed almost no activity against human tetherin (Figure 15D). Thus, our 

mutational analyses revealed that the membrane proximal part of the central domain 

contains regions that are required for anti-tetherin activity of SIVsmm Env. 

 

Figure 15. Mapping of anti-tetherin activity in SIVsmm Env. (A) Genomic organization of the 

SNAG variant of HIV-2 (AB) 7312A, encoding SIVsmm (L2) M926 or (L6) D215 Env ectodomains, 

with or without point mutations Q224R or R218Q, respectively, or chimeras comprising half of these 

two Env isolates. (B and C) HEK293T cells were transfected with proviral constructs expressing the 

indicated Env mutants/chimeras. (B) 2 dpt, cells were lysed and Western blot analysis was 

performed. Env was detected using an antiserum against HIV-2 gp105. GAPDH served as loading 

control. (C) In parallel, infectivity of chimeric HIV-2 constructs expressing the indicated Env 

ectodomains was determined by infection of TZM-bl reporter cells. One exemplary experiment 

performed in triplicates ± SEM is shown. (D) HeLa cells were transfected with HIV-2 constructs 

expressing the indicated Env ectodomains. 2 dpt, tetherin surface expression was determined by 

flow cytometry. Mean values of 5 independent experiments ± SEM are shown. n.s., not significant. 

Asterisks in (D) indicate statistically significant differences compared to the Δenv negative control 

(*, p≤0.05; **, p≤0.01; ***, p≤0.001). First published in Heusinger et al., 2018 [115]. Modified with 

permission from ASM. 
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3.5 SIVsmm Envs counteract both human and smm tetherin 

The observation that most SIVsmm Envs counteract human tetherin came as a 

surprise, since most of these virus strains had never been passaged in human cells. 

To examine whether SIVsmm uses both Env and Nef to counteract tetherin in its 

simian host, I analyzed the activity of SIVsmm Envs against smm tetherin in 

transfected HEK293T cells. As positive control, I included SIVsmm (L1) FBr12w7 

Nef, which had shown the strongest effect against smm tetherin before (Figure 11F). 

While env-defective HIV-2 (AB) 7312A was strongly inhibited by smm tetherin, co-

expression of (L1) FBR12w7 Nef increased infectious virus yield compared to the 

vector control (Figure 16A, left panel). Furthermore, all SIVsmm Envs increased 

infectious virus yield, with (L2) M926 Env showing the strongest and (L1) FBr12w7 

Env showing the weakest effect (Figure 16A, left panel). On average, SIVsmm Envs 

increased infectious virus yield by about 50 %, as efficiently as (L1) FBr12w7 Nef 

(Figure 16A, right panel). Notably, there was no (inverse) correlation between Env- 

and Nef-mediated counteraction of smm tetherin (Figure 16B). Conversely, activity 

of SIVsmm Envs against smm tetherin correlated with their activity against human 

tetherin (Figure 16C). Altogether, my results show that SIVsmm encodes two 

tetherin antagonists: Nef and Env. While SIVsmm Nef is inactive against human 

tetherin, SIVsmm Env counteracts both human and smm tetherin. Thus, SIVsmm is 

preadapted to the human host. 

 

Figure 16. Env-mediated counteraction of smm tetherin. (A) HEK293T cells were transfected 

with an env-deficient HIV-2 (AB) 7312A provirus, expression plasmids for the indicated Env or Nef 

proteins and increasing amounts of smm tetherin. 2 dpt, infectious virus yield was determined by 

infection of TZM-bl reporter cells. Mean values of 4 independent experiments ± SEM are shown on 

the left. On the right, the AUC was calculated and normalized to the vector control. Values were 

grouped into SIVsmm Envs and Nef. Asterisks indicate statistically significant differences compared 

to the negative control (***, p≤0.001). (B) Correlation analysis of Nef-mediated enhancement of virus 
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release shown in Figure 11E and Env-mediated enhancement of virus release shown in (A). 

(C) Correlation analysis of Env-mediated counteraction of human tetherin shown in Figure 13E and 

Env-mediated counteraction of smm tetherin shown in (A). First published in Heusinger et al., 2018 

[115]. Modified with permission from ASM. 
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4 Discussion 

The host restriction factor tetherin is often counteracted in a species-specific manner 

and HIV-1 had to adapt to the human tetherin ortholog in order to spread efficiently 

in the human population [11, 12, 15, 78, 79]. In contrast, the role of human tetherin 

in the evolution and spread of HIV-2 remained poorly understood. While SIVsmm, 

the precursor of HIV-2, uses its Nef protein to counteract tetherin of its original sooty 

mangabey host, HIV-2 group A counteracts the human ortholog using its Env 

glycoprotein. However, it had remained unclear whether/how other groups of HIV-2 

antagonize this restriction factor and if tetherin counteraction correlates with viral 

spread of different groups of HIV-2. The results of my thesis demonstrate that 

human tetherin does not constitute an effective barrier to the emergence of HIV-2 

because its simian precursor SIVsmm is able to antagonize human tetherin without 

further adaptation. Analyzing the anti-tetherin activity of Env proteins of different 

groups of HIV-2 and SIVsmm, I found that SIVsmm Env counteracts both sooty 

mangabey and human tetherin with similar efficiency. Hence, SIVsmm encodes two 

tetherin antagonists: Nef and Env. Furthermore, epidemic and rare groups of HIV-2 

both use their Env glycoproteins to counteract human tetherin. Thus, the 

preadaptation of SIVsmm to human tetherin helps to explain the zoonotic 

transmission of SIVsmm on at least nine independent occasions and the emergence 

of HIV-2. 

In contrast to SIVsmm Env, which counteracts both sooty mangabey and human 

tetherin, SIVsmm Nef fails to antagonize the human ortholog due to a protective 

deletion in its cytoplasmic tail [74]. In agreement with this, most SIVsmm and HIV-2 

Nefs tested were unable to enhance virus release in the presence of human tetherin. 

Nevertheless, the majority of Nef proteins decreased tetherin surface levels in 

infected human PBMCs. It has been shown that decreased tetherin surface 

expression and increased virus release do not always correlate [133] and tetherin 

surface levels might be affected by other Nef functions. For example, SIVsmm and 

HIV-2 Nefs inhibit T cell activation by down-modulation of CD3 and CD28 [69] and 

generally affect the cellular trafficking machinery [71, 120], which might influence 

surface expression of various cellular proteins. In my experiments, only HIV-2 (F) 

NWK08 Nef modestly increased virus release from PBMCs but not transfected 

HEK293T cells. It is known that Nef-mediated antagonism of human tetherin can be 

cell type specific. For example, HIV-1 group O Nefs are poorly active against human 
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tetherin in transfected HEK293T cells but increase virus release from infected 

primary CD4+ T cells, which endogenously express tetherin [78]. Therefore, HIV-2 

(F) NWK08 Nef might possess weak activity against human tetherin. In HEK293T 

cells, most SIVsmm Nefs increased infectious virus yield as well as p24 release in 

the presence of smm but not human tetherin. In contrast, HIV-2 Nefs showed little if 

any activity against both tetherin orthologs. Even though HIV-2 (A) BEN and (G) 

Abt96 Nefs slightly increased virus release in the presence of transiently expressed 

human tetherin, this was not confirmed in PBMCs. Therefore, this observation must 

be considered with caution. Altogether, HIV-2 Nefs showed little if any ability to 

increase virus release, arguing against a human-specific adaptation of HIV-2 Nefs 

to this restriction factor.  

The previous finding that HIV-2 group A uses its Env glycoprotein to antagonize 

human tetherin [81, 82, 113] raised the question whether this mechanism is shared 

by other groups of HIV-2. Interestingly, I found that most HIV-2 and SIVsmm Envs 

analyzed were able to counteract human tetherin in infected PBMCs and transfected 

HeLa cells. While the effect of HIV-2 (A) ROD10 Env on tetherin surface levels and 

virus release was in agreement with previous findings [81], I could further show that 

most SIVsmm Envs were also active against human tetherin. Moreover, Envs of 

rare HIV-2 groups F, G and I as well as the circulating recombinant form (AB) 7312A, 

expressing a chimeric Env glycoprotein [138] decreased tetherin surface levels and 

increased virus release. Notably, SIVsmm (L2) M926 Env was as effective as the 

most active HIV-2 Envs (i.e. (A) ROD10 and (AB) 7312A). Importantly, most 

SIVsmm isolates analyzed were never passaged in human cells [106, 108, 110, 

114] excluding adaptation due to in vitro passaging. Furthermore, Env glycoproteins 

of SIVsmm strains representing evolutionarily diverse lineages were used [61]. 

Thus, Env-mediated tetherin antagonism seems to be widespread in SIVsmm in 

vivo. 

In case of Env, there was a clear correlation between decreased tetherin surface 

levels and increased virus release. Furthermore, the activity of chimeric Env 

glycoproteins in primary PBMCs correlated with the activity of the full-length Envs in 

HeLa cells. The only exception was SIVtan Env. While the full-length protein was 

highly active against tetherin in HeLa cells, the chimeric glycoprotein was unable to 

decrease tetherin surface levels and increase virus release from PBMCs. Since it 
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was demonstrated before that SIVtan Env is active against human tetherin [111], 

the inactivity of SIVtan Env in human PBMCs came as a surprise. A possible 

explanation for this discrepancy is that SIVtan Env is too distantly related to the 

HIV-2 (AB) 7312A Env to generate a fully functional chimeric protein retaining its 

anti-tetherin activity. 

In contrast to full-length SIVtan and most SIVsmm and HIV-2 Envs, SIVsmm (L6), 

SIVmac 239, HIV-2 (A) BEN, (B) UC1, (B) ALT and (H) 12034 Envs were unable to 

decrease tetherin surface levels and to increase virus release both from PBMCs and 

HeLa cells. Notably, (A) BEN, (B) ALT and (H) 12034 Envs were also unable to 

promote infection and might be generally non-functional. Sequence analysis 

revealed no obvious defects but Western blot analysis showed only a single band 

for these Envs, indicating impaired proteolytic processing of the gp140 Env 

precursor to gp105 and gp36. The lack of anti-tetherin activity in the otherwise 

functional HIV-2 (B) UC1 Env was unexpected, since it belongs to the epidemic 

group B. However, even though tetherin counteraction is important for transmission 

from one individual to another, the selection pressure to retain anti-tetherin activity 

might be reduced during the chronic phase of HIV infection due to reduced immune 

activation and efficient direct cell-to-cell spread [139, 140]. Furthermore, Env is the 

major antigen accessible to the immune system and therefore under high selection 

pressure to acquire evasion mutations, which might interfere with its ability to 

antagonize tetherin. Thus, it is not surprising that Env-mediated tetherin 

counteraction is only conserved in about 50 % of primary HIV-2 group A isolates 

[113]. Furthermore, UC1 was isolated from infected SupT1 cells, a cell line that does 

not express tetherin [141]. Thus, it cannot be excluded that Env proteins of other 

HIV-2 group B isolates possess anti-tetherin activity.  

It has been demonstrated that tetherin and Env interact via extracellular domains 

[80]. To test whether reduced activity of SIVsmm (L6) Env was due to impaired 

interaction with tetherin, Co-IP was performed. I observed that both active (L4) G932 

and inactive (L6) D215 Env were pulled down with human tetherin, while there was 

no band observable for the active (L2) M926 Env. This indicates that interaction of 

Env with tetherin does not necessarily result in tetherin antagonism and that 

inactivity of (L6) D215 Env is not a result of reduced tetherin binding. However, Env 

signals after pull-down were extremely low, making it difficult to draw clear 
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conclusions. Given the weak signals obtained for the different Envs, it is possible 

that Co-IP is not sensitive enough to detect them after pull-down or that sample 

preparation is too harsh, disrupting chemical and physical properties in the 

interaction partners. To address the question of Env-tetherin interaction in more 

detail, further experiments under more physiological conditions are required. 

Possible methods are the mammalian membrane two-hybrid (MaMTH) [142] or click 

beetle luciferase assays, which detect protein-protein interactions in living cells. 

Previous studies identified motifs and residues important for Env-mediated tetherin 

antagonism by HIV-2 A Env. Notably, all Envs analyzed contain the intracellular 

Yxx motif, which recruits AP-2 and thereby induces clathrin-dependent 

endocytosis and intracellular sequestration of tetherin [81, 82, 143, 144]. 

Furthermore, residues K422 in the gp105 subunit and I568, A598, and N659 in gp36 

were found to be important for efficient anti-tetherin activity of ROD10 Env [113, 

145, 146]. With the exception of K422, which is only present in Envs of HIV-2 (A) 

ROD10 and BEN, (B) UC1 and (AB) 7312A, all of these residues are conserved 

among the HIV-2 and SIV strains analyzed in the present study (Figure 17), 

including inactive Env glycoproteins. Thus, while these residues may be required, 

they are not sufficient to confer anti-tetherin activity.  

Conversely, Exline et al. found that the Env of ROD14, which is closely related to 

that of ROD10, acquired some anti-tetherin activity after a few passages in Jurkat 

cells [80]. Mutational analyses revealed that substitutions N793D, K796R and 

D830G were responsible for this gain of anti-tetherin activity. Notably, the authors 

demonstrated that D793 and R796 alone were not sufficient to confer anti-tetherin 

activity to ROD14 and additionally required G830 [80]. However, ROD10 is the only 

Env analyzed in our study that contains these three residues and most Envs tested 

here were active against human tetherin even in the absence of these specific amino 

acids. This indicates that residues D793, R796 and G830 are only important in 

certain Env glycoproteins. 
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Figure 17. Alignment of the gp36 subunit of Env glycoproteins analyzed in the present study. 

The polybasic furin cleavage site where the gp140 precursor is cleaved into gp105 and gp36 as well 

as the transmembrane domain (TMD) are highlighted in blue. An intracellular motif known to recruit 

adaptor proteins is highlighted in yellow. Single amino acids that were shown to be important for anti-

tetherin activity of HIV-2 A Env are shown in green. AP, adaptor protein; bdg, binding; TMD, 

transmembrane domain. First published in Heusinger et al., 2018 [115]. Modified with permission 

from ASM. 

This prompted us to search for other residues and regions in SIVsmm Env that may 

be important for the counteraction of human tetherin. For this, I compared the Env 

glycoprotein of SIVsmm (L2) M926, which showed the highest activity of all SIVsmm 

isolates, and (L6) D215 Env, which was unable to down-modulate tetherin surface 

expression or increase virus release. (L6) D215 is the only SIVsmm Env containing 
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arginine at position 218, while all other SIVsmm Envs harbor a glutamine at this site. 

Even though an arginine to glutamine substitution at this position was identified in 

SIVsmm Env after in vivo passage in humanized mice, indicating a human-specific 

adaptation [137], I found that this residue is not involved in counteraction of human 

tetherin. In line with this, the region conferring the ability to counteract human 

tetherin maps to the membrane-proximal domain of Env. Notably, all residues that 

were previously identified to be involved in anti-tetherin activity (K422, I568, A598, 

N659) are located within this fragment, which comprises the TMD, the whole 

extracellular part of gp36 and a 150 amino acid fragment of the central domain of 

gp105. Further mapping experiments are required to identify which of these regions 

might contain the active site.  

In summary, I found that SIVsmm as well as epidemic and rare groups of HIV-2 use 

their Env glycoprotein to counteract human tetherin. Furthermore, I demonstrate that 

SIVsmm uses both Nef and Env to counteract simian tetherin. It has already been 

shown that some primate lentiviruses can use two different tetherin antagonists and 

anti-tetherin activity of one can be acquired as an adaptation to poor activity of the 

other [147–149]. For example, some HIV-1 group M viruses evolved Nef-mediated 

counteraction of human tetherin to compensate for poor anti-tetherin activity of Vpu 

[148]. Notably, however, Env-mediated tetherin antagonism by SIVsmm was not 

acquired as a compensation for poor activity of Nef against smm tetherin. Since 

SIVsmm Envs counteracted smm and human tetherin with similar efficiencies, both 

might involve identical residues and mechanism(s). This is supported by the finding 

that HIV-2 group A Env targets an alanine motif in the ectodomain of human tetherin 

[80], which is also present in smm tetherin (Figure 18). In contrast, SIVcpz and 

SIVgor, the precursors of HIV-1, use only Nef but not Env to antagonize tetherin. 

Since their Nef proteins are inactive against the human ortholog, HIV-1 had to adapt 

to human tetherin upon transmission to its new host (Figure 18) [15]. Overall, these 

data indicate that counteraction of human tetherin does not require human-specific 

adaptations in SIVsmm Env. Thus, human tetherin did not represent a barrier to 

zoonotic transmission of SIVsmm from sooty mangabeys to humans and the 

emergence of HIV-2.  
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Figure 18. Tetherin counteraction in SIVsmm and SIVcpz/SIVgor. SIVsmm encodes two tetherin 

antagonists: Nef and Env. SIVsmm Nef targets a region in the cytoplasmic tail of simian tetherin that 

is lacking in the human ortholog (highlighted in dark orange) and is therefore inactive against human 

tetherin. Conversely, Env targets a region in the extracellular domain of tetherin, which is conserved 

between human and smm tetherin (highlighted in light orange), and is therefore able to counteract 

both orthologs with similar efficiencies, conferring a selection advantage to SIVsmm upon 

transmission to humans. In contrast, SIVcpz/SIVgor Envs are not active against simian or human 

tetherin. Since their Nefs also target the region that is deleted in human tetherin (highlighted in dark 

green), they can only counteract simian but not human tetherin. This requires the viruses to adapt to 

this restriction factor upon transmission to humans. Therefore, tetherin poses a barrier to zoonotic 

transmission of SIVcpz/SIVgor but not SIVsmm, which is preadapted to human tetherin. Monkey 

icons by Iana Kauri were purchased from Creative Market. Modifications and print are in agreement 

with the Creative Market license terms [62]. 

Notably, tetherin is not the only restriction factor in humans that is counteracted by 

SIVsmm without prior adaptation. SIVsmm Vif is able to counteract human 

APOBEC3G [150, 151], SIVsmm Vpx antagonizes human SAMHD1 [152] and 

SIVsmm Nef is active against human SERINC5 [153]. Nevertheless, HIV-2 shows 

reduced replicative fitness and lower transmission rates than HIV-1 [154]. Thus, the 

reasons for the differential spread of epidemic and rare groups of HIV-2 as well as 
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the attenuated phenotype of HIV-2 infections compared to HIV-1 remain to be 

determined. 

It was demonstrated before that epidemic and rare groups of HIV-2 show similar 

sensitivity/resistance to TRIM5α [155] and SERINC5 [153], whereas only group A 

and B isolates have been tested against SAMHD1 [152] and APOBEC3G [150, 151, 

156]. Yet, motifs previously identified to be involved in SAMHD1 and 

APOBEC3G/3F counteraction [7, 157–161] are conserved between epidemic and 

rare Vpx and Vif proteins, respectively (data not shown). Upon isolation of the HIV-2 

group D strain, it was noted that this virus contains high levels of G to A 

hypermutations [58], indicating that it is susceptible to APOBEC3 proteins. 

Furthermore, it was demonstrated that HIV-2 proviral sequences show higher levels 

of APOBEC3G/3F induced hypermutations than HIV-1 and that HIV-2 group B 

contains more hypermutations that HIV-2 group A [156]. Thus, it is possible that 

APOBEC3 proteins contribute to the confined spread of different groups of HIV-2.  

Besides the well-studied restriction factors mentioned above, there are many others 

that may also determine the spread of HIV-2 in the human population, for example 

IFITMs (interferon induced transmembrane proteins) [162, 163], GBP2/5 (guanylate 

binding protein 2/5) [164], ZAP (zinc-finger antiviral protein) [165] and IFI16 

(interferon inducible protein 16) [166, 167]. However, viral replication and spread 

are not only influenced by counteraction of restriction factors, but also by other viral 

factors such as Nef-mediated modulation of immune receptors [132]. Yet, when 

examining the modulation of CD4, CD3, CD28, MHC-I and CD74 by HIV-2 Nefs, I 

did not observe an obvious association of immunomodulation and viral spread, since 

Nef proteins of rare groups of HIV-2 were on average not less effective than those 

of epidemic groups.  

Most likely, differences in spread are not attributable to a single feature of the virus, 

and future studies will reveal the viral, host or environmental factors that limited the 

spread of different groups of HIV-2 in the human population. 
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5 Summary 

The host restriction factor tetherin inhibits the release of many enveloped viruses 

including HIV from infected cells. Since tetherin is often counteracted in a species-

specific manner, it poses a barrier to successful zoonotic transmission of various 

viruses. For example, evolution of anti-tetherin activity was an important adaptation 

after zoonotic transmission of human immunodeficiency virus type 1 (HIV-1) from 

apes to humans. The direct precursors of HIV-1, simian immunodeficiency viruses 

(SIVs) infecting Central chimpanzees and Western lowland gorillas, utilize their Nef 

(negative factor) proteins to antagonize tetherin in their respective host species. 

However, these Nef proteins are unable to counteract the human ortholog due to a 

protective deletion in its cytoplasmic tail. In order to spread successfully in the 

human population, HIV had to overcome this hurdle. Intriguingly, only pandemic 

HIV-1 group M and epidemic group O evolved potent antagonists of human tetherin, 

while rare groups N and P fail to efficiently counteract this restriction factor. 

In contrast to HIV-1, HIV-2 groups A to I originated from nine independent cross-

species transmission events of SIVsmm infecting sooty mangabeys to humans. 

Similar to SIVcpz and SIVgor, the Nef protein of SIVsmm counteracts tetherin of its 

natural host. In case of epidemic HIV-2 group A viruses, the viral envelope (Env) 

protein has been shown to counteract human tetherin, whereas Nef was inactive in 

this function. However, it has remained unclear how/whether the remaining groups 

of HIV-2 counteract this antiviral protein and how tetherin may have affected the 

evolution and spread of HIV-2 in humans. Furthermore, it remained unclear whether 

differences in other immunomodulatory activities of the multifunctional protein Nef 

may have contributed to the differential spread of rare and epidemic groups of 

HIV-2. 

To address these questions, I analyzed the anti-tetherin activity and other 

immunomodulatory properties of Nef and Env proteins representing HIV-2 groups 

A, B, AB, F, G, H and I, as well as their SIVsmm counterpart. By infecting human 

peripheral blood mononuclear cells (PBMCs) with viruses expressing heterologous 

Nef proteins, I found that the ability to down-modulate cell surface expression of the 

T cell receptors CD4 and CD3 is highly conserved between Nef proteins of HIV-2 

and SIVsmm. In contrast, the effects on CD28, MHC-I and CD74 varied 

considerably. Yet, there was no obvious association of immunomodulation with viral 
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spread. Furthermore, HIV-2 and SIVsmm Nefs generally showed little if any ability 

to increase virus release from infected PBMCs and transfected HEK293T cells. 

Thus, HIV-2 Nefs did not adapt to human tetherin. Conversely, I found that not only 

Env glycoproteins of HIV-2 group A, but also those of groups F, G and I as well as 

a circulating recombinant form (CRF_AB) are able to decrease tetherin surface 

levels and to increase virus release from infected PBMCs and transfected HeLa 

cells. In addition, Envs of several lineages of SIVsmm antagonize human tetherin 

as efficiently as HIV-2 Envs. Notably, most SIVsmm strains analyzed represent 

primary isolates that were never passaged in human cells. Thus, tetherin 

antagonism did not require human-specific adaptations in SIVsmm Env. In line with 

this, SIVsmm Envs were also active against sooty mangabey tetherin. 

Thus, my data show that SIVsmm encodes two tetherin antagonists: Nef and Env. 

While Nef is inactive against human tetherin, Env counteracts it without human-

specific adaptations. This preadaptation of SIVsmm helps to explain why this virus 

has crossed the species barrier from sooty mangabeys to humans on at least nine 

occasions. 
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