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1. Introduction  

1.1 Discovery, origin and genomic organization of HIV  

In 1981, Gottlieb et al. described a new disease associated with diverse opportunistic 

infections indicative of a severely defective immune system. After intensive research the virus 

causing the immunodeficiency could be isolated from blood samples of AIDS (Acquired 

Immunodeficiency Syndrome) patients in 1983[35] and was termed Human Immunodeficiency 

Virus-1 (HIV-1) and assigned to the family of Retroviridae in the lentivirus subfamily in 1986 

[19]. In the same year an HIV-1-related virus was isolated from the blood of an African AIDS 

patient and named Human Immunodeficiency Virus-2 (HIV-2) [18]. The discoverers of HIV, 

Barré-Sinoussi and Montagnier, have been awarded the 2008 Nobel Prize in Medicine.  

An estimated, 33.2 million people are globally infected with HIV and 2.5 million new 

infections and 2.1 million deaths were reported in 2009 (www.unaids.org). This makes AIDS 

one of the most frequent causes of death worldwide. The infection cannot be cured, but the 

development of Highly Active Anti-Retroviral Therapy (HAART), which combines different 

antiretroviral drugs targeting several steps in the viral replication cycle, has increased the life 

expectance of HIV-1-infected individuals, particularly in industrialized countries[74]. However, 

complete elimination of HIV is not possible because the virus integrates it‟s genome into that of 

the host cell and persists in long living quiescent memory CD4+ T cells [43]. In addition, HIV-1 

mutates at high rates and can rapidly become resistant to all available drugs [44].  

HIV-1 and HIV-2 were introduced into the human population by zoonotic transmissions 

and are very recent pathogens. About 40 African nonhuman primate species are naturally 

infected with related lentiviruses, but at least some of them do not develop disease [39,88]. HIV-

1 originated from cross-species transmission of SIVcpz P.t.t. (Pan troglodytes troglodytes) to 

humans, giving rise to HIV-1 groups M and N [51]. The origin of HIV-1 O is currently unclear, 

because its closest SIV relatives have been detected in gorillas. Thus, chimpanzees may have 

transmitted HIV-1 group O-like viruses independently to gorillas and humans, or first to gorillas 

that subsequently transmitted the virus to humans[27]. SIVcpz itself appears to be a recombinant 

of lentiviruses now found in red-capped mangabeys (SIVrcm) and greater spot-nosed monkeys 

(SIVgsn) or closely related species [8]. HIV-2 resulted from multiple zoonotic transmissions of 

SIVsmm from sooty mangabeys [49]. Although both HIV-1 and -2 are pathogenic in humans, the 
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simian ancestors of HIV-2 infect their natural hosts (sooty mangabeys) without causing disease 

[39] . Recent data show that SIVcpz causes AIDS in chimpanzees and that the life expectance of 

SIVcpz-infected chimpanzees in the wild is significantly decreased [53,98].  

 

 

 The RNA genomes of HIV and SIV encompass about 9.2 to 9.8 kb and contain the gag, 

pol and env genes (Fig. 1). The genome is flanked by sequences known as the Long Terminal 

Repeats (LTRs) which act as promoter. Gag encodes the capsid (CA), matrix (MA) and 

nucleocapsid (NC) proteins, pol the viral enzymes necessary for replication (reverse transcriptase 

(RT) and RNase H, protease (PR), integrase (IN)) and env encodes the glycoproteins (gp120 and 

gp41), which mediate viral entry. HIV-1 also possesses several additional genes, i.e. tat and rev 

encoding essential regulatory proteins and vif, vpr, vpu and nef encoding accessory 

proteins[62,105]. The HIV-1 accessory proteins modulate infected cells and their local 

environment to ensure effective viral persistence, replication, dissemination and transmission in 

vivo. However, they are dispensable for viral replication in some cell lines in vitro [62]. The Vif 

(virion infectivity factor) protein counteracts a cellular restriction factor, APOBEC3G, which 
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causes lethal hyper-mutations in the viral genome [99]. Vpu (viral protein unknown) degrades 

CD4 and promotes virus release by counteracting the cellular restriction factor „tetherin‟ [31,70]. 

Vpr (viral protein R) arrests cellular proliferation in the G
2 

phase of the cell cycle, promotes 

cellular differentiation and interacts with cellular proteins involved in DNA repair [4,62].  

 

1.2 Nef: a multifunctional viral persistence factor  

The accessory nef gene is unique to HIV and SIV. It encodes a protein of 27-35 kDa that 

is abundantly expressed early during the viral life cycle. Based on NMR structure analyses Nef 

can be dissected into four major regions: a flexible myristoylated N-terminal anchor domain, a 

loop containing a proline-rich region, a conserved well-ordered globular core structure and a C-

terminal flexible loop. N-terminal myristoylation of Nef is critical for membrane association and 

essentially all of its functions [15,16,32,33,68,84]. 

Nef performs a wide variety of activities to evade the immune system, including down-

modulation of CD4, MHC class I and MHC class II, up-regulation of Ii and enhancement of viral 

infectivity and replication [66,67,92,94]. Recently, it has been shown that some SIV Nefs can 

also counteract an interferon-α induced host restriction protein called „tetherin‟ in a species 

specific manner [107]. Many activities of Nef are conserved across different lineages of HIV and 

SIVs [20, 22-24] and in combination they help the virus to persist efficiently in the infected host 

by facilitating evasion or counteraction of the immune system [57]. 

It has been shown that Nef alleles from HIV-2 and the great majority of SIVs including 

SIVagm can downregulate TCR-CD3 with high efficiency, whereas those of HIV-1 and its 

simian counterparts from chimpanzees, gorillas and some Cercopithecus monkeys fail to perform 

this function [92]. Phylogenetic analyses revealed that Nef-mediated down-modulation of TCR-

CD3 were lost twice during primate lentiviral evolution.  Firstly, after a vpu gene was acquired 

by an ancestor of SIVgsn/mus/mon now found in Cercopithecus monkeys and secondly, when 

SIVrcm recombined with a vpu containing precursor of SIVgsn/mus/mon in chimpanzees to 

become SIVcpz [8]. It has also been shown that Vpu suppresses tetherin to facilitate virion 

release [69,70,71]. It has been proposed, that viruses carrying a vpu gene could afford to lose the 

ability to down-modulate CD3 and hence to cause higher levels of immune activation because 
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they are able to counteract the host restriction induced by high levels of inflammatory IFN-α 

[72]. 

Efficient T cell activation by APCs requires the interaction of the MHC-II/antigen 

complex in addition to a co-stimulatory signal mediated by the binding of CD28 to B7 

[6,12,25,95,103]. HIV-1 Nefs manipulate this process by reducing CD4 surface expression and 

impairing MHC-II antigen presentation. In comparison to HIV-1 nef alleles, most SIV and HIV-

2 Nefs are also capable to efficiently downregulate CD3, CD28 and CXCR4, most likely to 

suppress T cell activation, migration and apoptosis [40]. The inability of HIV-1 Nefs to interfere 

with TCR signaling may contribute to the high levels of immune activation and apoptosis 

associated with progression to AIDS in infected humans [15,25,33]. In summary, primate 

lentiviral Nef proteins generally perform a large number of activities which help the virus to 

persist efficiently in the infected host by facilitating evasion of the immune system and by 

increasing virus spread.  

 

1.3 Nef: natural and experimental SIV infection and clinical outcome   

 Nef is commonly considered a “virulence” factor because disrupted nef genes are 

associated with an attenuated clinical course in HIV-1 and SIVmac infection 

[17,58,67,68,91,93]. Early studies with a SIVmac molecular clone showed that a large deletion 

in nef greatly attenuates viral replication and pathogenicity in infected macaques [56]. Simian 

immunodeficiency viruses (SIVs) have been identified in over 40 African nonhuman primate 

(NHP) species. SIV infection in macaques, compared to SIV infection of African nonhuman 

primates (NHPs) such as African green monkeys (AGMs), sooty mangabeys (SMs) and 

mandrills differs in one fundamental aspect: clinical outcome. While macaques infected with 

SIVmac progress relatively rapidly to AIDS, African NHPs naturally or experimentally infected 

with their species-specific SIV rarely develop disease [10,34,59,73,79,80,81,100] . SIVagm 

infection of rhesus macaques does not result in persistent high viremia and AIDS, whereas 

pigtailed (Pt) macaques infected with a particular strain of SIVagm (ver90) or with SIV l‟hoest 

or SIVsun succumb to AIDS [11,23,40,55,56]. SIVagm.ver155 does not induce AIDS in Pt 

macaques in contrast to SIVagm.ver90. This suggests that host factors can play an important role 

in clinical outcome. 
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Natural SIV infections share many similarities with human immunodeficiency virus 

(HIV) infections, including high levels of viral replication, high mutation rates and marked 

depletion of mucosal CD4
+
 T cells during acute infection (reviewed in references 

[73,75,102,106]). However, the striking difference between non-pathogenic SIV and pathogenic 

HIV /SIVmac infections occur during the chronic infection, is the lack of chronic T-cell 

activation in the natural hosts despite ongoing viral replication. Importantly, African green 

monkey (AGM) and sooty mangabey (SM) hosts of SIV show only an early transient increase in 

immune activation and do not develop AIDS[10,13,14,34]. Whereas pathogenic HIV/SIVmac 

infections shows chronic immune activation, accelerated T-cell proliferation, increased pro-

inflammatory cytokines, impaired regulatory T-cell responses, increased apoptosis, increased 

microbial translocation and continuous loss of mucosal CD4
+
 T cells during chronic infection. 

Similarities and differences between pathogenic and nonpathogenic SIV infection are listed 

below (Table1). 

It is also suggested that viral properties that differentiate SIVagm and SIVsmm from HIV-1 and 

its chimpanzee (CPZ) precursor, SIVcpz, such as the lack of a vpu gene and the expression of 

Nef proteins that block the activation of virally infected T cells by T-cell receptor (TCR)- CD3 

down-modulation [76,80,100,102], may also contribute to an anti-inflammatory environment. 
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1.4 SIV infection of African green monkeys as a model for AIDS pathogenesis. 

The use of animal models in the study of human diseases has had obvious advantages; 

fundamental properties of the disease can be investigated more invasively and thoroughly, while 

drug and vaccine toxicity and efficacy in animal models can provide blueprints for ensuing trials 

in human subjects, limiting the risk, time and cost of trials in humans. Comparisons of 

nonpathogenic and pathogenic primate lentiviral infections have become an important area of 

AIDS research. Infection of rhesus macaques by SIVmac is widely used as animal model 

although it does not cause disease in its original host, the African sooty mangabey (SM) but 

shows AIDS-like disease in rhesus macaques [100]. Experimental “nonpathogenic” models have 

been developed by infection of (African-origin) AGM species with their respective variants of 

SIVagm, infection of sooty mangabeys with SIVsmm, and infection of mandrills with SIVmnd-1 

and SIVmnd-2. Although some infectious SIVsmm clones exist [104], SMs are classified as 

endangered and can thus not be used for invasive studies. In contrast, AGMs are available in 

large numbers in captivity and there is no restriction concerning in vivo experimentation. The 

study of these models showed that in naturally and experimentally SIV-infected African 

monkeys, the dynamics of plasma viral load (VL) is surprisingly similar to human 

immunodeficiency virus-infected humans and SIVmac-infected rhesus macaques (Rh).  
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Given the endangered nature of other African NHP species currently used in AIDS 

research, AGMs would be the primate model of choice to explore viral determinants of the lack 

of pathogenicity in natural hosts infected with SIV: they are abundant and widely spread 

throughout sub- Saharan Africa, and they have a high prevalence of SIVagm infection in the wild 

[82,83]  . Therefore, AGMs represent the largest reservoir of SIV. Different species of AGMs 

(vervet [Chlorocebus pygerythrus], grivet [C. aethiops], tantalus [C. tantalus], and sabaeus [C. 

sabaeus]) each carry their own SIVagm subtypes, named SIVagm.ver, SIVagm.gri, SIVagm.tan, 

and SIVagm.sab, respectively [3,26,28,41,42,65].  To date a number of infectious molecular 

clones (IMCs) from vervet (TYO-1, 155, 3, and 9063), grivet (GRI-1), tantalus (TAN-1), and 

sabaeus (SAB-1) monkeys have been described [3,7,28,47,48,101]. However, all of these were 

obtained after extensive passage in human cell lines, and many exhibit features selected by in-

vitro propagation, such as a truncated transmembrane envelope glycoprotein (gp41) or nonsense 

mutations in accessory genes [7,28,47,101]. Since it is unknown to what extent in vitro culture 

alters in vivo viral properties, existing SIVagm clones may not be suitable for in vivo 

pathogenesis experiments. Generation of SIVagm infectious molecular clone from naturally 

infected AGMs which has not been passaged in cell culture and faithfully reproduces the 

nonpathogenic properties would be an important resource to identify viral properties that 

contribute to the lack of disease progression in the natural AGM hosts. 
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1.5 Scientific aims:  

HIV infected humans progress to AIDS, whereas some African nonhuman primate species, 

naturally infected with related SIVs do not develop disease. Identifying the reasons for the 

different clinical outcome of pathogenic and non-pathogenic primate lentiviral infections should 

provide key insights into the pathogenesis of AIDS. Yet, in vivo studies have been hampered by 

a paucity of infectious molecular clones (IMCs) of SIV suitable to dissect the viral and host 

factors responsible for the nonpathogenic phenotype. The first aim of my thesis was to generate 

infectious molecular clones of SIVagm that have not been adapted to growth in cell culture.  To 

explore the possible relevance of viral properties that differentiate HIV-1 from non-pathogenic 

SIVs, the second aim was to generate “HIV-1 like” derivatives of SIVagm that express a 

functional Vpu protein that antagonizes AGM tetherin and an HIV-1 Nef protein that is unable to 

down-modulate TCR-CD3. The third aim was to generate, characterize and identify mutant 

SIVagm Nef alleles that are selectively impaired in specific functions, with a particular focus on 

CD3 down-modulation and tetherin counteraction. The overall goal was thus to develop SIVagm 

clones that allow to clarify whether properties characteristic for HIV-1 are associated with 

increased pathogenicity in the natural AGM host of SIV.  

 



MATERIALS AND METHODS   

 

9 

2. Materials and Methods 

2.1 Materials 

2.1.1 Bacteria 

Escherichia coli XL2 Blue
TM

: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 

lac[F´proABlacl
q

ZΔM15 Tn10 (Tet
r

) Amy Cam
r

] (Bullock 

et al., 1987) (Stratagene, Agilent Technologies, 

Waldbronn) 

 

Stbl2
™

:   F
- 
mcrA Δ(mcrBC-hsdRMS-mrr) recA1 endA1lon gyrA96 

thi supE44 relA1 λ
- 
Δ(lac-proAB).  These cells are suitable 

for the cloning of unstable inserts such as retroviral 

sequences or direct repeats. The mcrA mutation and the 

mcrBC-hsdRMS-mrr deletion allow cloning of genomic 

sequences which are methylated. 

 

2.1.2 Eukaryotic cells 

293T: human renal epithelial cell line which was transformed with adenovirus type 5 

and expresses SV40 (simian virus 40) large T-antigen (Graham et al., 1977) 

P4-CCR5: HeLa-CD4/LTR-lacZ reporter cell line, expresses CD4, CXCR4, and CCR5 

receptors, contains β-galactosidase gene under the control of the HIV-1 promoter 

(Carneau et al., 1994). 

TZM-bl cells: which express CD4, CXCR4, and CCR5 and contain Tat-responsive reporter 

genes for β-galactosidase and the firefly luciferase under the control of an HIV-1 

long terminal repeat (LTR) sequence [91,92], were obtained from the NIH 

ARRRP, as contributed by John Kappes and Xiaoyun Wu. 

THP-1: human acute monocytic leukemia cell line (Tsuchiya et al., 1980) 

 

2.1.3 Nucleic acids 

2.1.3.1 Oligonucleotides 

Oligonucleotides were ordered from Biomers (Ulm): 
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1) 5-pBRNL                     1) 5-pBRNL4-3envHpaI GCTGTTAACTTGCTCAATGCCACAGC  

2) 3-pBRNL4-3envEnd CTTATAGCAAAATCCTTTCCAAGCCC 

3) 3-pBRNL4-3 NefMluI       GCACGCGTTTAGGCAGAAGTTGACG 

 

2.1.3.2 Plasmids 

All plasmids contain the gene coding for ampicillin/kanamycin resistance and can be selected 

after transformation by selective media. 

PCR 2.1-TOPO-TA vector:  cloning vector for PCR fragments (Invitrogen, Karlsruhe) 

PBR-NL4-3-nef-IRES-eGFP: modified pBR-322 vector expressing the HIV-1 NL4-3 provirus 

with nef and eGFP from a bicistronic mRNA with the help of an IRES element. 

pCR XL-TOPO vector: cloning vector for PCR fragment 3-10kb (Invitrogen, Karlsruhe) 

 

2.1.4 Enzymes  

Alkaline phosphatase  Roche, Mannheim  

EDTA-Trypsin  EDTA-Trypsin      Invitrogen/Gibco, Karlsruhe  

Restriction endonucleases  BioLabs, Frankfurt  

T4-DNA-ligase     Promega, Mannheim 

 

2.1.5 Reagents 

Sigma, München  Agarose-Ultra, Dithiothreitol (DTT), Ethanol, Isopropanol, 

Methanol, Sodiumdodecylsulphate (SDS), Sodium chloride (NaCl) 

Ratiopharm,    Ulm Ampicillin 

BD/Difco, Heidelberg  Bacto-trypton, Yeast extract 

Merck, Darmstadt  Bromophenol blue, Glucose, N-2-hydroxyethylpiperazine-N´-2-

ethanesulfonic acid (HEPES), Hydrochloric acid (HCl), 

Magnesium chloride (MgCl
2
), Magnesium sulphate (MgSO

4
), 

Paraformaldehyde (PFA), Phenylmethylsulfonylfluorid (PMSF), 

Triton X-100, Tween 20 

Applichem, Darmstadt  Calcium chloride (CaCl
2
), Glycine 
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J.T. Baker, Deventer, NL  Disodium hydrophosphate (Na
2
HPO

4
) 

Invitrogen/Gibco, Karlsruhe Dulbecco´s modified eagle medium (DMEM), Fetal calf serum 

(FCS), Geneticin (G418), Penicillin/Streptomycinsulphate, 

Roswell Park Memorial Institute medium (RPMI-1640) 

Fluka, Neu-Ulm   Ethylene Diamine Tetraacetate (EDTA) 

Biochrom, Berlin   Ficoll separation solution, L-Glutamine 

Roth, Karlsruhe   Glycerol, Potassium chloride (KCl) 

Miltenyi Biotec, Gladbach  Interleukin-2 (IL-2) 

J.M. Gabler Saliter  Milk powder 

USB Corporation, USA  Nonidet P 40 (NP40), Tris 

Amersham Bios., München  Oligo dT, PolyA 

PAA, Marburg   Phosphate buffered saline (PBS) 

Remel, Dartfort, UK   Phytohaemagglutinin (PHA) 

 

2.1.6 Kits 

Phire
TM 

Hot Start DNA polymerase Kit  BioLabs, Frankfurt 

dNTPs      Invitrogen, Karlsruhe 

UltraClean 15 DNA Purification Kit  Dianova, Hamburg 

TA Cloning
® 

Kit     Invitrogen, Karlsruhe 

Quick ligation
TM 

Kit     BioLabs, Frankfurt  

Miniprep Kit      Qiagen, Hilden 

Wizard
TM 

Plus Midiprep Kit    Promega, Mannheim 

Gal-screen substrate     Applied Biosystems, USA 

Luciferase assay system    Promega, Mannheim 

NuPAGE
® 

Novex Bis-tris gels   Invitrogen, Karlsruhe 
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2.1.7 Media 

2.1.7.1 Cell culture media 

Adherent and suspension cells were maintained in DMEM or RPMI-1640, respectively, 

supplemented with 10% (v/v) heat inactivated FCS, 350 μg/ml L-glutamine, 120 μg/ml 

Streptomycinsulphate and 120 μg/ml Penicillin 

 

2.1.7.2 Bacterial media 

LB-medium: 10 g/l Bacto-trypton, 5 g/l yeast extract 8 g/l NaCl and 1 g/l glucose in distilled 

water; pH 7.2 was adjusted with NaOH, 100 mg/l ampicillin was added before use 

LB
AMP 

Agar:  15 g/l agarose-ultra in LB-medium, 100 mg/l ampicillin was added before plating 

SOC Medium: 20 g/l Bacto-trypton, 5 g/l yeast extract, 2.5 mM NaCl, 10 mM MgCl
2
, 10 mM                          

MgSO
4 

and 20 mM glucose in distilled water 

 

2.1.8 Solutions and buffers 

2.1.8.1 Calcium-phosphate transfection 

10x HBS:  8.18% NaCl (w/v), 5.94% HEPES (w/v) and 0.2% Na
2
HPO

4 
(w/v) in distilled 

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

water. The pH was adjusted to 7.12 and sterilized by filtration. 

2 M CaCl
2  

was prepared and sterilized by filtration. 

 

2.1.8.2 Western Blot 

RIPA buffer: 1% Triton X-100 (v/v), 0.15 M NaCl, 50 mM Tris (pH 7.4), 5 mM 

EDTA and 1 mM PMSF in distilled water 

Sample buffer:  0.5 M Tris, 22% Glycerol, 0.1% Bromophenol blue, 10% SDS in 

distilled water, adjust pH to 6.8 

Running buffer:  20x NuPAGE Mes SDS buffer (Invitrogen, Karlsruhe) diluted with 

distilled water 

Transfer buffer:  47.9 mM Tris, 38.6 mM Glycine, 1.3 mM SDS and 20% Methanol 

(v/v) in distilled water, adjust pH to 8.3 
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Wash buffer:    0.2% Tween 20 in PBS 

 

2.1.8.3 SIV-1 p27 capsid-antigen-ELISA 

Lysis solution:   10% Triton X-100 in distilled water 

Wash buffer (10x):  Contains PBS, Tween 20® and 2-chloroacetamide 

Sample diluent:  0.2% Tween 20 in RPMI-1640 

SIV p27 Antigen Standard:  contains detergent-disrupted, heat-inactivated viral antigen, goat 

serum, TritonX-100® and sodium azide 

SIV p27 Detector Antibody:  contains biotin-labeled polyclonal antibody to SIV, milk, Tween®, 

normal human serum and PBS 

Streptavidin peroxidase: contains streptavidin conjugated to horseradish peroxidase, PBS, 

goat serum, and 2-chloroacetamide 

Assay diluent:   contains goat serum, PBS, Triton X-100® and 2- chloroacetamide. 

10x Plate Wash Buffer: contains PBS, Tween 20® and 2-chloroacetamide 

Substrate:   contains tetramethylbenzidine (TMB) and dimethyl sulfoxide. 

Substrate Buffer: contains citrate/acetate buffer, hydrogen peroxide and 2 

chloroacetamide 

Stop solution:    1 N HCl 

 

2.1.8.4 Others 

FACS buffer: 1% FCS in PBS 

50x TAE-buffer: 5Prime, Hamburg  

 

2.1.9 Antibodies 

2.1.9.1 ELISA 

rabbit anti-HIV-1 p24   AIDS Repository, Fredrick, USA 

goat anti-rabbit IgG (H+L) HRP  AIDS Repository, Fredrick, USA 
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2.1.9.2 FACS 

Caltag, Buckingham, UK  anti-CD4-APC 

Becton-Dickinson, Heidelberg  anti-CD3-PE 

Dako, Hamburg    anti-MHC-I-APC 

Ancell, Baypart, USA   anti-CD74-PE 

 

2.2 Methods 

2.2.1 DNA methods 

2.2.1.1 General methods 

The following methods were performed according to Maniatis et al., 1989: 

- Plasmid DNA isolation after alkaline lysis of bacteria 

- Ethanol and isopropanol precipitation of DNA 

- Determination of DNA concentration 

- Agarose gel electrophoresis 

- Restriction digest 

- Dephosphorylation of DNA with alkaline phosphatase 

- Ligation of DNA fragments using T4-DNA-ligase 

 

2.2.1.2 Plasmid DNA preparation 

Plasmid DNA for transfection was prepared using the Wizard
TM 

Plus Midiprep Kit and plasmid 

DNA for cloning and sequencing was prepared using the Miniprep Kit, according to the 

manufacturer´s protocol. The DNA concentration and quality was determined using a 

spectrophotometer (Eppendorf, Hamburg). 

 

2.2.1.3 Isolation of DNA from agarose gel 

Electrophoretically separated DNA fragments were visualized on a UV screen (366 nm) 

(Syngene, USA), and the bands were isolated using a scalpel. Subsequently the DNA was 

purified using the UltraClean 15 DNA purification Kit, according to the manufacturer´s 

instructions. 
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2.2.1.4 Polymerase chain reaction (PCR) 

All PCR reactions were performed with the Phire
TM 

Hot Start DNA polymerase Kit in a PTC-100 

Programmable Thermal Controller (MJ Research Inc). The following PCR conditions were used: 

(1) Initial denaturation: 94°C, 4 min (2) Denaturation: 94°C, 1 min (3) Annealing: Tm-5°C 

(based on primer Tm), 1 min (4) Extension: 72°C (1 min/kb) 30-33 cycles (6) Final extension: 

72°C, 7 min. 

 

2.2.1.5 DNA ligation 

Vector and insert DNA were mixed in the ratio of 1:3 and ligated using the Quick ligation
TM 

Kit 

according to the manufacturer´s instructions. 

 

2.2.1.6 DNA Sequencing 

2 μg of the DNA sample were heat dried in a tube at 58°C. Sequencing was performed by 

MWG-Biotec/Operon (Ebersberg). 

 

2.2.2 Bacterial methods 

2.2.2.1 Bacterial culture 

The used plasmids contained a gene coding for ampicillin resistance. Therefore, transformed 

bacteria were grown in LB medium or on LB agar plates containing ampicillin. The bacteria 

were grown in LB medium for 12-16 h at 37°C on a shaker. 

 

2.2.2.2 Bacterial transformation 

Ligated DNA was incubated with 15 μl of Escherichia coli XL2 Blue
TM 

cells on ice for 20 min. 

After the cells were heat-shocked for 30 sec at 42°C, they were incubated on ice for 2 min, 

followed by the addition of 200 μl SOC medium. The transformed cells were incubated at 37°C 

on a shaker for 30 min and plated on LB agar plates containing ampicillin. The colonies were 

counted to confirm the cloning efficiency. 
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2.2.3 Cell culture 

2.2.3.1 Adherent and suspension cell culture 

The adherent and suspension cells were maintained in 25 cm
2 

or 75cm
2 

cell culture flasks 

(Sarstedt, Nümbrecht) with supplemented DMEM or RPMI-1640, respectively, in a 37°C 

incubator with 5% CO
2
. The cells were split 1:10 or 1:20 regularly twice a week. 

 

2.2.3.2 Isolation of primary AGM blood cells 

Buffy coat (lymphocyte concentrate from 500 ml whole blood), obtained from the blood bank 

(Ulm), was diluted 1:3 with PBS containing 2% FCS. Ficoll separating solution was overlayed 

with the diluted blood and centrifuged at 1600 g for 20 min without brakes. The white interphase 

layer formed by peripheral blood mononuclear cells (PBMCs) was transferred in a fresh tube and 

washed twice with PBS containing 2% FCS. After separation and washing 2x10
6

cells/ml were 

cultured in supplemented RPMI-1640. For viral infection cells were pre-stimulated with 1 μg/ml 

PHA and 10ng/ml IL-2 for 3 days. 

 

2.2.4 Protein and enzyme methods 

2.2.4.1 SIV-1 p27 antigen ELISA 

Viruses were quantified based on their p27 core antigen content using the SIV-1 p27 antigen 

capture assay kit (Zeptometrix Corp., Buffalo, NY) according to the manufacturer´s instructions. 

Briefly, virus stocks were lysed with Triton X-100 solution resulting in the release the p27 capsid 

protein. The lysed and diluted antigens were transferred in p27 antibody coated microwell plates 

(Zeptometrix Corp., Buffalo, NY) where the p27 antigen binds to biotin-labeled polyclonal 

antibody. After incubation the unbound capsid proteins were removed by washing. Then the 

samples were incubated with a streptavidin conjugated with horse radish peroxidase (HRP) 

followed by the addition of TMB peroxidase substrate which results in the development of a blue 

color. The reaction was stopped with 1 N HCl. The colour intensity, which is proportional to the 

amount of p27 capsid antigen in ng/ml, was measured at 450 nm and 650 nm with the 

Thermomax microplate reader (Molecular devices, UK). 
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2.2.4.2 Western blot 

Quantification of virion release from transiently transfected 293T cells expressing the proviral 

HIV-1 constructs with the mutant nef alleles was prepared with RIPA buffer. Viral proteins were 

separated by SDS-Polyacrylamide gel electrophoresis using NuPAGE
® 

Novex Bis-tris gels 

(Invitrogen, Karlsruhe), as recommended by the manufacturer. The proteins in the gel were 

transferred onto a nitrocellulose membrane (Millipore, Schwalbach) using a Trans-Blot SD 

Semi-Dry electrophoretic Transfer Cell (BioRad, München). The transferred membranes were 

blocked for 1 h with 10% milk solution and then incubated overnight with the respective primary 

antibodies. Unbound antibodies were removed with washing buffer. Secondary antibodies 

conjugated with phosphatase were added to the membrane and incubated for 1 h at room 

temperature. After washing the membrane, BCIP/NBT phosphatase substrate (KPL, Maryland, 

USA) was added to develop the color. 

 

 

2.2.5 Viral methods 

2.2.5.1 Virus stock preparation by transfection of 293T cells 

Virus stocks were generated by transient transfection of 293T cells using the calcium-phosphate 

precipitation method. One day before transfection, 0.2x10
6 

293T cells were seeded in 6-well 

plates (Greiner Bio-one, Frickenhausen). At a confluence of 50-75% the cells were used for 

transfection. For this 5 μg DNA was mixed with 13 μl 2 M CaCl
2 

and the total volume was made 

up to 100 μl with water. This solution was added drop wise to 100 μl of 2xHBS. The transfection 

cocktail was vortexed for 5 sec and added drop wise to the cells. The transfected cells were 

incubated for 8-16 h before the medium was replaced by fresh supplemented DMEM. 48 h post 

transfection, virus stocks were prepared by collecting the supernatant and centrifuging it at 1300 

rpm for 3 min. Virus stocks were stored at 4°C for up to two weeks. For the preparation of VSV-

G pseudo-typed viruses 5μg DNA of the proviral constructs and 1μg of the pHIT60 plasmid were 

used. 
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2.2.5.2 Infection of primary AGM cells and cell lines 

For infection of suspension cells (primary or cell lines) 1 million cells were incubated with 50 ng 

p27 of VSV-G pseudo-typed virus stocks at 37°C for 4-6 h. Then 3 ml supplemented RPMI-

1640 was added. PBMCs or CD4+ T cells where further incubated in the presence of 10ng/ml 

IL-2. 3 days post infection cells were used for FACS analyses. 

 

2.2.5.3 FACS analysis: Modulation of surface markers 

Infected cells were washed with 500 μl FACS buffer and stained with 100 μl FACS buffer 

containing 1-10 μl PE- or APC-conjugated antibodies (see manufacturer). The cells were 

incubated for 30 min at 4°C and then washed with 1 ml FACS buffer to remove unbound 

antibody. The cells were fixed with 200 μl FACS buffer containing 2% PFA and incubated for 

30 min at 4°C. For FACS analyses a FACSCalibur from Becton-Dickinson was used. 

 

2.2.5.4 Infectivity assay (β-galactosidase assay) 

One day before infection, TZM-bl/P4R5 cells were seeded (5000 cells/well) in F-96-well plates 

(Greiner Bio-one, Frickenhausen). Virus stocks were normalized for p27 content and infections 

were performed with various concentrations. Three days post infection, the supernatants were 

removed and 40 μl of 1:1 diluted Gal-sceen
® 

substrate in PBS was added to each well. After 30 

min incubation at room temperature, the cell lysates were transferred into a F-96-Nunclon-delta 

white micro-well plate (Nunc
TM

, Langenselbold) and the light emission was monitored with an 

Orion Microplate Luminometer (Berthold Detection systems, Pforzheim). The enzyme activity 

was measured as relative light units/second (RLU/sec) using the computer program Simplicity 

4.02 (Berthold detection systems). 

 

2.2.6 Computer programs and data analyses 

For the analysis of nucleotide and peptide sequences the following programs were used: 

- Sequence reverse complementor (http://bioinformatics.org/sms/rev_comp.html) 

- Alignment program MultiAlin V5.4.1 (http://prodes.toulouse.inra.fr/multalin/) 

- DNA/amino acid program Expasy-tool (http://www.expasy.org/tools/dna.html) 

- Gene construction Kit V2.0 program from Bob Gross and Anders Putte 
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- Sequence analysis program Chroma 1.62 

- Phylogenetic tree construction by the Bayesian method using the general reversible 

(GTR) model of evolution 

For FACS analyses the computer program CellQuest-Pro from Becton Dickinson was used. 

Statistical analyses were performed with the PRISM program version 4.0 (Abacus Concepts, 

Berkeley, CA, USA) and Microsoft Excel. P-values were calculated using the two-tailed 

unpaired Student´s-T-test. 

 

2.3 Generation of infectious molecular clones of SIVagmSab92018 

2.3.1 Passage history of Sab92018 

To generate a high titer virus stock of the original Sab92018 strain, identified in a wild-caught 

adult sabaeus monkey from Senegal, without in vitro propagation, plasma from the index animal 

was used to infect a captive sabaeus monkey (92018) originating from Senegal by intravenous 

inoculation and subsequently replenished by infecting a second sabaeus monkey originating from 

St. Kitts [22]. This Caribbean AGM, termed EI43, was also infected by intravenous inoculation 

with uncultured plasma with 300 50% tissue culture infectious doses (TCID50s) [80]. Sab92018 

thus represents a naturally occurring SIVagm strain that was never adapted in tissue culture. 

Sab92018 was passaged only twice in its natural host. Moreover, to maintain the quasispecies 

complexity of the original viral strain, in vivo passage was performed using sufficiently large 

inocula. Importantly, there was no evidence of increased viral loads or altered pathogenicity 

following the two passages [22,59,76]. Animal EI43 was euthanized 9 days post inoculation and 

maximum volumes of blood were collected. Plasma and peripheral blood mononuclear cells 

(PBMCs) were separated and frozen in aliquots at -80°C. The new plasma virus stock was 

named SIVagmSab92018 (EI43) and quantified by real-time PCR, and the titer was determined 

on SupT1 as described previously [22,76]. 

 

2.3.2 Generation of near-full-length SIVagmSab92018 genomes by conventional PCR  

High-molecular-weight DNA was isolated by phenol-chloroform extraction from the PBMCs 

obtained from animal EI43 9 days postinfection (p.i.). Near-full-length genomes were amplified 

by nested PCR using the expand long-template PCR system (Roche) according to the 
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manufacturer‟s instructions. Long terminal repeat (LTR) regions were amplified separately in a 

single-round PCR. The resulting 768-bp amplicon was cloned into pCR-Script SK+ and used to 

generate a complete provirus.  

 

2.3.3 Single-genome amplification of 5' and 3'genomic halves 

Viral RNA was extracted from plasma of animal EI43, collected 9 days p.i. using the QIAamp 

viral RNA minikit (Qiagen). cDNA was synthesized using SuperScript III reverse transcriptase 

(Invitrogen) and strain-specific primers a829r (5'-CCAAAGAGG 

TCTGACTATCCAAAGCTTTTC-3') for the 5' half, and a796r (5'-CTCCTCC 

CTGGAAAGTCCCGCT-3') for the 3' half, respectively. Single genome amplification was 

performed as described previously [37, 92, 93]. Briefly, cDNA was serially diluted and 

distributed in replicates of eight PCRs in 96-well plates. Dilutions in which positive wells 

constituted less than 30% of PCRs were identified and used for additional amplifications. At 

these dilutions, most wells contained amplicons from single cDNA molecules. PCR 

amplifications were carried out using 1× Platinum Taq high-fidelity PCR buffer, 2 mM MgSO4, 

0.2 mM each deoxynucleoside triphosphate, 0.2 µM each primer, and 0.02 U/µl of Platinum 

high-fidelity polymerase in 20-µl reactions for the first round and 50-µl reactions for the second 

round. The nested primers for generating 5'-half genome amplicons (covering U5, gag, and pol) 

included 798f (5'-CAAGTGTGTGCCCATTTATTCCTCAG-3') and a829r (5'-

CCAAAGAGGTCTGACTATCCAAAGCTTTTC-3') in the first round and a799f (5'-

GTAAAACCCTGGTTTACTAAGGATCCCTG-3') and a828r (5'-

TTCCTGTATCACCACTGCTCCTTCTCCTTTCCA-3') in the second round, respectively. The 

nested primers for generating 3' half genome amplicons (covering vif, vpr, rev, tat, env, nef, and 

U3) included a787f (5'-TGYTGGTGGGGAAAIATAGAGCACAC-3') and a796r (5'-

CTCCTCCCTGGAAAGTCCCGCT-3') for the first round, and a788f (5'-C 

ACAATTTTAAAAGAAARGGRGGRATTGGGG-3') and a797r (5'-GGATG 

TGGTTTTGTGGTTAGGCAGA-3') for the second round, respectively. The PCR conditions 

were as follows: 94°C for 1 min and then 35 cycles of 94°C for 15 s, 55°C for 30 s, and 68°C for 

5 min and 30 s, followed by a final extension of 15 min at 68°C. One microliter of the first-round 
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reaction was transferred as template to the second round. Amplicons were gel purified and 

sequenced directly using an ABI 3730 DNA analyzer. 

 

2.3.4 Molecular cloning of Sab92018 transmitted/founder virus 

To clone full-length SIVagmSab T/F virus, 5' and 3' half genome SGA amplicons and 426 bp of 

LTR sequence were obtained following conventional PCR. This sequence was then synthesized 

(Blue Heron Biotechnology, Bothell, WA) as two fragments, 4,707 bp and 5,322 bp in length, 

which were joined at a unique BglI site (Fig. 2). NotI and MluI cloning sites attached during 

synthesis at the 5' and 3' ends of the half-genome fragments, respectively, facilitated cloning into 

the pCR-XL-TOPO vector. The clone, designated pSab92018ivTF, was grown in XL2-MRF 

cells at 30°C (Stratagene). 

 

2.3.5 Cell culture and virus stocks  

TZM-bl cells, which express CD4, CXCR4, and CCR5 and contain Tat-responsive reporter 

genes for β-galactosidase and the firefly luciferase under the control of an HIV-1 long terminal 

repeat (LTR) sequence, were obtained from the NIH ARRRP, as contributed by John Kappes and 

Xiaoyun Wu. These cells and 293T cells were maintained in Dulbecco‟s modified Eagle‟s 

medium containing 10% fetal bovine serum. For the generation of virus stocks, 293T cells were 

transfected with proviral constructs by the calcium phosphate method as described previously 

[64]. The medium was changed after overnight incubation, and virus was harvested 24 h later. 

Residual cells in the supernatants were pelleted, and the supernatants were stored at 80°C. The 

content of viral p27 capsid antigen was quantified by SIV core p27 antigen capture assay kit 

(Zeptometrix Corp., Buffalo, NY). Quantification was done according to the manufacturer‟s 

instructions (refer methods 2.2.4.1). 

 

2.3.6 Western blotting 

To assess viral gene expression, 293T cells were transfected with 5 µg of DNA of the 

SIVagmSab constructs A5, E2, Sab92018ivTF, and SAB-1. Two days post transfection, cells 

were lysed in 500 µl radioimmunoprecipitation assay (RIPA) buffer. To analyze viral particles 

produced from the molecular clones, 500 µl of the culture supernatants was centrifuged at 14,000 
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rpm for 30 min, and the resulting pellets were resuspended in 25 µl RIPA buffer. Proteins were 

separated on a 4 to 12% NuPAGE Novex Bis-Tris precast gel (Invitrogen) and transferred to 

polyvinylidene difluoride (PVDF) microporous membranes (Millipore, Bedford, MA) by 

electroblotting. Viral proteins were detected using serum from an AGM infected with 

SIVagmsab92018 and probed with horseradish peroxidase-conjugated goat anti-human 

immunoglobulin G (γ- chain-specific) secondary antibody (Sigma). Antibody complexes were 

detected by DAB (3, 3'-diaminodbenzidine; Vector Labs).  

 

2.3.7 Viral infectivity and coreceptor usage 

The infectivity of virions produced by the various SIVagmSab clones was determined in TZM-bl 

cells, seeded in 96-well plates at a density of 5000 cells/well and infected after overnight 

incubation with virus stocks containing 10 ng of p27 capsid antigen produced by transiently 

transfected 293T cells. Two days p.i., viral infectivity was detected using a galactosidase screen 

kit from Tropix as recommended by the manufacturer. β-Galactosidase activities were quantified 

as relative light units (RLU) per second with an Orion Microplate luminometer. TZM-bl cells 

were also used to determine the coreceptor preference of the SIVagmSab92018ivTF clone. Cells 

were seeded at 5,000 cells/well in 96-well plates overnight and then treated with Maraviroc (10 

nM) and/or AMD3100 (10 µM) for 1 h. Infections were performed using virus stocks containing 

normalized quantities of p24 or p27 antigen (10 ng). After 48 h of incubation at 37°C, 

supernatant was removed, and cells were processed for detection of β-Galactosidase activity as 

described above. To further analyze the coreceptor usage of the SIVagmSab92018ivTF clone, 

GHOST cells were used as previously described [64]. The six GHOST cell lines used express 

CD4 alone or together with the viral coreceptors CCR5, CXCR4, BOB/GPR15, and Bonzo/ 

STRL33 and contain the gene encoding the green fluorescent protein (GFP) under the control of 

the HIV LTR (34). A total of 5 × 10
4
 cells were exposed to virus stocks containing 10 ng of p24 

or p27 antigen produced by transient transfection of 293T cells. Three days after infection, the 

percentage of virally infected GFP-positive cells was analyzed by fluorescence-activated cell 

sorting (FACS). Uninfected cells were used as a negative control. 
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2.3.8 Viral replication in African green monkey PBMCs 

PBMCs from SIV-uninfected AGMs (n = 4), were isolated by density gradient centrifugation 

over lymphocyte separation medium (MP Biomedical, Irvine, CA). Briefly, blood was layered 

over density gradient medium in a ratio of 2:1 and centrifuged at 18°C at 400 × g for 25 min. The 

monolayer containing PBMCs was resuspended with RPMI 1640 medium supplemented with 

10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin (1 mg/ml; 

Invitrogen, CA) for subsequent studies. Freshly isolated PBMCs were stimulated with 10 µg 

phytohemagglutinin (PHA) per ml of medium for 2 days followed by overnight incubation in 

interleukin- 2 (IL-2) medium. Activated PBMCs (5 × 10
6
) were infected with virus stocks 

containing 4 ng of p27 capsid antigen of the SIVagmSab92018ivTF clone produced by 

transiently transfected 293T cells or the parental SIVagmSab92018 (EI43) plasma stock at 37°C 

for 4 h; cells were then washed extensively to remove any cell-free virus. Cells were maintained 

in IL-2 medium for 4 weeks. Virus production in culture supernatants was monitored weekly by 

SIV P27 antigen capture assay. An aliquot of PBMCs was also depleted of CD8
+
 cells by a 

positive selection procedure (CD8 microbead kit; Miltenyi Biotech, Auburn, CA). This was done 

to improve the levels of viral replication since the CD4/CD8 T-cell ratio is relatively low (about 

1/4) in uninfected AGMs. The CD8
+
-depleted cells were then stimulated with 10 g/ml PHA for 2 

days, followed by overnight incubation in IL-2 medium. A total of 5 × 10
5
 CD8

+
-depleted cells 

were infected as described above for the PBMCs. For 4 weeks, one-half of the supernatant was 

collected every third day and replaced with fresh IL-2-containing medium. Virus production in 

culture supernatants was monitored by SIV p27 antigen capture assay. 

 

2.3.9 Infection of AGMs 

Virus stock of Sab92018ivTF derived from the supernatant of transiently transfect 293T cells 

containing 4 ng of p27 capsid antigen was used to infect one Caribbean AGM housed at the 

Tulane National Primate Research Center (TNPRC), an Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) International facility, was infected with a 

Additionally, viral replication was compared to that recorded in five AGMs infected with 300 

TCID50 of the SIVagmSab92018 (EI43) plasma stock. This study was approved by the Tulane 

University Institutional Animal Care and Use Committee (IACUC) and the animals were fed and 
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housed according to regulations set forth by the Guide for the Care and Use of Laboratory 

Animals [98] and the Animal Welfare Act. Blood was collected from the animals at two 

preinfection times (days -15 and -7), at the time of virus inoculation, biweekly for the first 2 

weeks, weekly for the next 4 weeks, and monthly thereafter, up to 100 days p.i. Twelve more 

Caribbean AGMs imported from Barbados were infected intravenously with 500 ng of p27 

capsid antigen of the SIVagmSab92018ivTF and its variant viral clones at the German Primate 

Centre. This animal experiment was licensed by the ethical board enacted through the German 

Animal Welfare Act under no. 33.11.42502- 04-094/08 issued by the Lower Saxony State Office 

for Consumer Protection and Food Safety. Blood was collected from all animals two to three 

times before infection and at regular intervals after infection. Plasma viral loads were determined 

as previously described [76].  

 

2.3.10 Viral RNA quantification 

Viral RNA was extracted from 200 µl plasma using the Magattract Virus Mini kit (Qiagen, 

Hilden, Germany) and the M48 robotic system (Qiagen, Hilden, Germany). For quantification, 5 

µl of the elate were reverse transcribed and amplified using the one-step QuantiTect Probe RT-

PCR Kit (Qiagen, Hilden, Germany) and the 7500 Real Time PCR system (Applied Biosystem) 

according to the manufactures description. The reaction mixture contained 15 µM of each 

oligonucleotide: LTR forward (5'-CTG GGT GTT CTC TGG TAA G-3'), LTR- reverse (5'-CAA 

GAC TTT ATT GAG GCA AT-3'), and probe (6-carboxyfluorescein-CGA ACA CCC AGG 

CTC AAG CTG G-6-carboxytetramethylrhodamine). Reverse transcription was performed for 

30 min at 50
o 

C, followed by a denaturing step at 95
o
C  for 10 s. Amplication was performed for 

45 cycles: 15 s at 95
o 

C, 45 s at 55
o 

C, 34 s at 72
o 

C. For calculation of absolute viral RNA copy 

numbers, a serially diluted standard RNA was reverse transcribed and amplified in parallel. 

Cloning and in vitro transcription of the standard RNA was essentially done as described  [76]. 

 

2.3.11 Flow cytometric analysis for CD4
+
 T-cells 

CD4
+ 

T-cell proportions were determined by staining whole-blood leukocytes with a pre-titrated 

antibody cocktail comprising anti-CD11a-allophycocyanin (APC) (clone HI 111), CD3-

Alexa700 (clone SP34-2) and CD4-Horizon V450 (clone L200), all obtained from Becton 
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Dickinson (BD). Following staining with the antibody mixture, red blood cells were lysed with 

BD FACS lysing solution and labeled lymphocytes were analyzed for their expression of cell 

surface markers by flow cytometry on an LSR II flow cytometer (Becton Dickinson, Heidelberg, 

Germany). Lymphocyte populations were gated based on forward and side scatter characteristics 

and then exclusion of doublets and expression of CD11a, followed by that of CD3. Data were 

generated with BD FACS Diva 6.1.3 Software before analysis with FlowJo 8.8 Software 

(Treestar). 

 

2.3.12 Nucleotide sequence accession number  

The sequence of the molecular SIVagmSab92018ivTF clone generated in this study has been 

submitted to GenBank under accession no. HQ378594. 

 

2.4 Generation of SIVagm expressing heterologous Vpu and Nef 

2.4.1 Molecular cloning of “HIV-1 like” SIVagm expressing GSN Vpu and HIV-1Nef 

To clone GSN vpu in SIVagm CON backbone, AflII (4160) and PstI (4520) restriction enzyme 

sites were eliminated from the SIVagm CON genome by SOE-PCR to create unique sites. For 

cloning purpose, a 1,041 bp gene fragment containing partial tat (orf1) at 5' end, full length GSN 

vpu and partial env at 3'end was chemically synthesized. PstI and AflII cloning sites attached 

during synthesis at the 5' and 3' ends of the gene fragment, respectively, facilitated cloning into 

SIVagm CON backbone. XL-TOPO SIVagm CON vector and chemically synthesized GSN vpu 

fragments were digested with AflII and PstI restriction enzymes. The vector and the insert were 

separated on agarose gel and purified using the Ultraclean DNA purification kit. The purified 

DNA fragments were ligated overnight at 16° C using T4 DNA ligase and transformed in STBL-

2. Positive clones were screened and confirmed by sequencing using vpu fragment specific 

primers. The GSN vpu containing clone is designated as SIVagm CGU. 

To replace AGM nef with HIV-1 NA7 nef, the AGM nef start codon was silenced thereby, 

removing the overlap between the AGM env and nef genes. NA7 nef gene was then inserted 

downstream of env.  1,350 bp gene fragment with partial env and EcoRI restriction site at 5' end, 

full length HIV-1 NA7 nef and part of 3' SIVagm LTR and MluI restriction site at the 3' end 

respectively, was chemically synthesized. XL-TOPO SIVagm CON vector and chemically 
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synthesized gene fragment were digested with EcoRI and MluI restriction enzymes. The vector 

and the insert were separated, purified and ligated as described above. Transformation was done 

in STBL-2. Positive clones were screened and confirmed by sequencing using gene specific 

primers. The resulting SIVagm CON clone with NA7 nef gene is called SIVagm CN1. SIVagm 

CON variants with both GSN vpu and NA7 nef is designated as SIVagm CGU1N. 

 

2.4.2 Infectivity assay (β-galactosidase assay) 

To determine the infectivity of virions produced by SIVagm CON variant clones, TZM-bl cells 

were seeded in 96-well plates at a density of 5000 cells/well and infected after overnight 

incubation with virus stocks containing 10 ng of p27 capsid antigen produced by transiently 

transfected 293T cells. Two days p.i., viral infectivity was detected using a galactosidase screen 

kit from Tropix as recommended by the manufacturer. β-Galactosidase activities were quantified 

as relative light units (RLU) per second with an Orion Microplate luminometer. 

 

2.4.3 Western blotting 

To assess viral gene expression, 293T cells were transfected with 5 µg of DNA of the 

SIVagmSab constructs A5, E2, Sab92018ivTF, and SAB-1. Two days post-transfection, cells 

were lysed in 500 µl radioimmunoprecipitation assay (RIPA) buffer. To analyze viral particles 

produced, 500 µl of the culture supernatants was centrifuged at 14,000 rpm for 30 min, and the 

resulting pellets were resuspended in 25 µl RIPA buffer. Proteins were separated on a 4 to 12% 

NuPAGE Novex Bis-Tris precast gel (Invitrogen) and transferred to polyvinylidene difluoride 

(PVDF) microporous membranes (Millipore, Bedford, MA) by electroblotting. Viral proteins 

were detected using serum from an AGM infected with SIVagmsab92018 and probed with 

horseradish peroxidase-conjugated goat anti-human immunoglobulin G (γ- chain-specific) 

secondary antibody (Sigma). Antibody complexes were detected by DAB (3, 3'-

diaminodbenzidine; Vector Labs).  
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2.4.4 Generation of SIVagm CGU1N Gaussia -luciferase construct 

For optimization of vpu Kozak sequence for optimal Env expression, Gaussia luciferase was 

cloned downstream of vpu in CGU1N clone, replacing gp120 region of env without affecting the 

regulatory elements RRE in gp41. Briefly, a gene fragment of CGU1N from PstI (6275) till 3' 

end of vpu was amplified using forward primer, 6275 F (5'-AGGAGCTGCAGCGGC-3') and 

reverse primer with short overlap of Gaussia luciferase gene, 6679 R (5'- 

GTTCGAAGTCTAAAGGAGT-3'). Gaussia luciferase was amplified using gene specific 

primer including short overlap sequences of vpu at 5' and gp41 sequences at 3' end.  Next the 

gp41 env till EcoRI restriction site (8189) was amplified using forward 8189 (5'- 

GACTAACCTGCAGGCCCATTGG) and reverse 8909R (5'-CTGGCAGAAAGAATTC) gene 

specific primers. These three PCR fragments were put together by SOE-PCR. Final PCR product 

was gene cleaned and cloned in TA vector for sequence verification. XL-TOPO CGU1N vector 

and G-luciferase PCR fragments were digested with PstI and MluI restriction enzymes. The 

vector and the insert were separated on agarose gel and purified using the Ultraclean DNA 

purification kit. The purified DNA fragments were ligated overnight at 16° C using T4 DNA 

ligase and transformed in STBL-2. Positive clones were screened and confirmed by sequencing 

using gene specific primers. The resulting CGU1N clone with Gaussia luciferase gene is called 

CGU1N G-Luc. Further the vpu Kozak sequences were altered using specific primers by SOE-

PCR. 

 

2.4.5 Gaussia luciferase assay 

To assess the optimal vpu Kozak sequence by G-luciferase expression. 293T cells were 

transfected with pXL-TOP CGU1N vpu Kozak variants. At 3 days post-infection, 50 μl of the 

culture supernatant and 50 μl of the washing control were analyzed for Gaussia luciferase 

activity using the Gaussia-Juice Kit (P.J.K) as recommended by the manufacturer. Luciferase 

activities were determined using the Orion microplate luminometer (Berthold). Reporter 

activities in all controls were <1,000 RLU/s. 
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2.5 Cloning of mutant SIVagm nef alleles in proviral vectors 

Splice overlap extension (SOE) PCR was done to clone the PCR amplified AGM Nef mutants 

into pBR-HIV-1-NL4-3-IRES-eGFP vector. Nef mutants with 5' env overlap and 3' MluI 

restriction enzyme site were generated by site-directed mutagenesis, using specific primers (see 

2.1.3.1). NL4-3 env region was amplified by standard PCR (see 2.1.3.1). Both PCR products 

were separated on an agarose gel and purified using the UltraClean 15 DNA purification Kit. The 

purified PCR fragments were combined in another PCR reaction using the primers 1 and 3. 

These PCR products were again purified and cloned as a pool into the PCR 2.1-TOPO-TA vector 

(TA Cloning
® 

Kit) according to the manufacturer´s protocol. Single clones were sent for 

sequencing. By using the introduced restriction sites, the nef alleles were cloned into the pBR-

HIV-1-NL4-3-IRES-eGFP vector. 

 

2.5.1 Modulation of surface receptors by SIVagm nef alleles 

Flow cytometric analyses was done in human PBMCs transduced with VSV-G pseudotyped 

virus stocks derived from 293T cells transfected with pBR-NL4-3 Nef IRES eGFP construct 

expressing mutant nef alleles. Infected cells were washed with 500 μl FACS buffer and stained 

with 100 μl FACS buffer containing 5-10 μl CD3 PE and MHC-I APC or CD74-PE and CD4 

APC-conjugated antibodies (see manufacturer).The cells were incubated for 30 min at 4°C and 

then washed with 1 ml FACS buffer to remove unbound antibody. The cells were fixed with 200 

μl FACS buffer containing 2% PFA and incubated for 30 min at 4°C. For FACS analyses a 

FACSCalibur from Becton-Dickinson was used. GFP positive cells were gated and analyzed for 

receptor modulations. n-fold up-regulation of Ii or down-modulation
 
of the remaining surface 

receptors was calculated by dividing the mean fluorescence
 
intensity obtained on human PBMCs 

expressing
 
different mutant nef alleles by the mean

 
fluorescence obtained from control construct

 

containing a disrupted nef gene 

 

2.5.2 Western blot: Virion release 

For quantification of virion release in the presence of AGM tetherin, 293T cells were transiently 

co-transfected with pBR-NL4-3 Nef IRES eGFP constructs with the mutant nef alleles and 

pCGCG AGM tetherin at various concentrations. 2 day post transfection culture supernatants 
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were harvested. To analyze viral particle release, 500 µl of culture supernatant was centrifuged at 

14,000rpm for 30 min. The resulting pellets were resuspened in 25 µl of RIPA buffer. Viral 

proteins were separated by SDS-Poly acrylamide gel electrophoresis using NuPAGE
® 

Novex 

Bis-tris gels (Invitrogen, Karlsruhe), as recommended by the manufacturer. The proteins in the 

gel were transferred onto a nitrocellulose membrane (Millipore, Schwalbach) using a Trans-Blot 

SD Semi-Dry electrophoretic Transfer Cell (BioRad, München). The transferred membranes 

were blocked for 1 h with 10% milk solution and then incubated overnight with anti p24 primary 

antibodies. Unbound antibodies were removed with washing buffer. Secondary antibodies 

conjugated to IRDye800CW were added to the membrane and incubated for 1 h at room 

temperature.  Fluorescent signals were detected and quantitated using LICOR Odyssey scanners. 
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3. Results 

3.1 Generation of SIVagmSab proviral clones.  

 HIV shares many biological and structural features with SIV. Thus, infection of monkeys 

with SIV is a useful model for HIV infection. Understanding the lack of disease progression in 

nonpathogenic SIV infections is essential for deciphering the pathogenesis of human AIDS. 

However, in vivo studies have been hampered by a paucity of infectious molecular clones of SIV 

suitable to dissect the viral and host factors responsible for the nonpathogenic phenotype. To 

generate a physiologically relevant SIVagm proviral clone, a virus stock (Sab92018) that had 

never been propagated in vitro was selected. This SIVagm strain was originally identified in a 

wild-caught sabaeus monkey from Senegal and thus represents a viral lineage that circulated in 

the wild [22]. To generate high-titer viral stocks without in vitro propagation, plasma from this 

chronically infected animal was used to infect a captive sabaeus monkey (92018) and 

subsequently a Caribbean AGM termed EI43. In each case, this was done by intravenous 

inoculation of plasma, followed by the harvest of plasma from the experimentally infected 

animal at peak viral replication [22,76]. The plasma stocks of Sab92018 have already been 

studied extensively in vitro and in vivo, and the biological properties of this strain are thus well 

known[22,29,30,38,76,77,78,79,80].  

 

3.1.1 Generation of SIVagmSab clones by conventional PCR.  

 By conventional bulk PCR amplification, two near-full length infectious molecular 

clones were generated from PBMC DNA of EI43 and subsequently cloned in pCR-XL-TOPO 

vector. Two such clones, termed E2 and A5, were selected for proviral construction because 

sequence analysis revealed that both carried uninterrupted gag, pol, vif, vpr, tat, rev, env, and nef 

genes, as well as intact cis-regulatory sequence elements, such as the TATA box, the primer-

binding site, the ribosomal frame shift region at the gag-pol junction, and the polypurine tract. 

Both clones were thus reconstructed to contain full-length LTRs. However, in vitro 

characterization showed that the two clones produced virions that were only poorly infectious 

and failed to replicate in CD4
+
 target cells in vitro (data not shown). Thus, conventional PCR and 

cloning approaches failed to generate biologically active clones of SIVagmSab92018, despite 

yielding fragments with seemingly intact genes. 
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3.1.2 SGA analysis identifies a transmitted/founder SIVagmSab genome.  

Plasma collected from animal EI43 during the acute phase of infection was used to 

generate 5' (n = 10) and 3' (n =13) SGA genome halves and sequenced directly (Fig. 2A). As 

shown in Fig. 2B, the resulting amplicons exhibited a substantial amount of sequence diversity, 

consistent with the fact that monkey EI43 was infected with virus from a chronically infected 

animal. However, one low-diversity lineage among both the 5' and 3' amplicons was revealed by 

phylogenetic analysis. This comprised sequences that differed by only few nucleotides (indicated 

by brackets in Fig. 2B). Such discrete low-diversity lineages represent the progeny of T/F 

viruses, whose sequences can be inferred by determining their consensus sequences 

[52,54,86,87]. Since both 5' and 3' consensus sequences were identical in the 298-bp region of 

sequence overlap, they represented the same T/F virus. Missing LTR sequences were derived by 

conventional PCR (using a high-fidelity polymerase) and sequenced directly. The entire T/F 

virus genome was synthesized as two fragments, which were joined at a unique BglI site (Fig. 

2C).  

The full-length Sab92018 T/F virus was 10,004 bp in length and carried intact gag, pol, 

vif, vpr, tat, rev, env, and nef genes. Like the previously reported SAB-1 molecular clone and the 

genomes of SIVsmm and HIV-2 [47], the Sab92018 T/F virus had a single NF-κb binding site in 

its LTR, three NF-AT interaction sites and duplicated TAR sequences. Known cis regulatory 

sequence elements were also preserved. Unlike other molecular clones of SIV obtained after 

extensive in vitro propagation, the Sab92018ivTF env gene encoded a full length gp41 with a 

cytoplasmic tail of 157 amino acids (aa). The predicted length of the Sab92018ivTF Vpr protein 

is 138 aa, which is similar to that of SAB-1 (140 aa) but longer than those of SIVagmVer and 

SIVagmGri (120 aa) [47]. As expected, in phylogenetic trees of Env amino acid sequences, 

Sab92018ivTF clustered closely with SAB-1 and P1, forming a species-specific clade within the 

SIVagm radiation. 
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Fig.2. Molecular cloning of a SIVagmSab transmitted/founder virus. (A) Single-genome 

amplification was used to generate 5‟ (n = 10) and 3‟ (n = 13) half-genome sequences (drawn to 

scale) from the plasma of a sabaeus monkey acutely infected with a high-titer stock of isolate 

SIVagmSab92018. (B) Phylogenetic trees and Highlighter plots of 5‟ (top row) and 3‟ (bottom 

row) half-genome sequences. Tick marks indicate differences compared to the top sequence, 

which also represents the inferred transmitted/founder sequence (red, T; green, A; blue, C; and 

orange, G). Trees were inferred by the neighbor-joining method and are midpoint rooted. The 

scale bar represents 0.002 substitutions per site. Discrete low-diversity lineages representing the 

progeny of a transmitted founder virus are indicated by brackets. (C) The consensus sequence of 

low-diversity lineages was used to synthesize the Sab92018ivTF genome as proviral halves. 

Flanking NotI and MluI restriction sites and an internal BglI site allowed cloning into the pCR-

XL TOPO vector. 
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3.1.3 SIVagmSab transmitted/founder virus is infectious and replicates efficiently in Molt-4 

clone 8 cells.  

To determine whether the Sab92018ivTF clone produces infectious virus, TZM-bl 

indicator cells were infected with 293T cell-derived virus stocks containing 10 ng of p27 capsid 

antigen and β-galactosidase activities determined 2 days later. Previously described SAB-1 and 

TAN-1 clones (22, 60) were used as positive controls. In contrast to the SIVagmSab A5 and E2 

proviruses derived by conventional PCR, the Sab92018ivTF clone yielded highly infectious viral 

particles (Fig. 3A) that replicated efficiently in Molt-4 clone 8 cells (Fig. 3B). Western blot 

analyses were performed to determine whether this was due to altered protein expression or 

particle assembly. The results showed that A5, E2, and Sab92018ivTF proviral constructs 

expressed all major viral proteins at levels similar to those of the SAB-1-positive control (Fig. 

3C). Moreover, transfection-derived supernatants contained viral particles that could be pelleted 

(Fig. 3C). Thus, the replication block in the A5 and E2 proviruses must be due to defects 

following protein expression and virion assembly.  

 

Fig.3. Functional characterization of the transmitted/founder Sab92018ivTF clone.  

(A) TZM-bl indicator cells were infected with the indicated SIVagm molecular clones. Infections 

were performed with virus stocks containing 10 ng of p27 antigen. ivTF, SIVagmSab92018ivTF. 

(B) Replication of SIVagmSab92018ivTF in Molt-4 clone8 cells. OD, optical density. (C). 

Western blot analysis of cellular extracts of 293T cells transfected with the indicated molecular 

clones of SIVagmSab (left) and virions pelleted from the culture supernatant (right). 
 

3.1.4 SIVagmSab 90218ivTF virus uses CCR5 and BONZO/STRL33 for viral entry. 

Coreceptor tropism of SIVagm 90218ivTF was analyzed using two specific small-molecule 

coreceptor antagonists: i.e., Maraviroc, which specifically blocks CCR5(R5)-tropic HIV-1 
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infection; and AMD3100, a specific inhibitor of CXCR4(X4)-mediated HIV-1 entry. The X4-

tropic wild-type HIV-1 NL4-3 strain, an R5-tropic derivative, SIVmac239, and SIVagm SAB-1 

were analyzed in the same experiment for control. As expected, AMD3100 blocked wild-type 

NL4-3 infection, whereas Maraviroc specifically inhibited the R5-tropic HIV-1 derivative (Fig. 

4A). Infection of SIVmac239, SIVagmSAB-1 and SIVagm90218ivTF was inhibited by 

Maraviroc but not affected by AMD3100 (Fig. 4A), demonstrating that all three molecular 

clones of SIV utilize R5 but not X4 for entry into TZM-bl cells. However, infection by 

SIVagm92018ivTF and SIVmac239 was not blocked entirely, suggesting that these viruses 

utilized alternative coreceptors to gain entry into TZM-bl cells.  

To further investigate the coreceptor tropism of SIVagm92018ivTF, GHOST cells, which 

stably express CD4 alone or together with different coreceptors/orphan receptors and contain the 

GFP reporter gene under the control of the viral LTR promoter, were infected with virus stocks 

containing normalized amounts of p24 or p27 antigen. In agreement with published data [21,24], 

SIVmac239 infected cells expressing CCR5 or the orphan receptors BOB/GPR15 and BONZO/ 

STRL33 (Fig. 4B). Unexpectedly, Sab92018ivTF utilized BONZO/STRL33 about as efficiently 

as R5 for entry into GHOST target cells (Fig. 4B). Sab92018ivTF also infected GHOST cells 

expressing X4 and BOB/GPR15, albeit with lower efficacy. Thus, like most primary SIV and 

HIV-1 strains, Sab92018ivTF utilizes R5 for infection but is also able to enter cells via 

alternative coreceptors, particularly BONZO/STRL33.  

 

Fig.4. Determination of Sab92018ivTF coreceptor tropism.  

(A) TZM-bl cells were left untreated (control) or pretreated with specific inhibitors of CCR5 

(Maraviroc), CXCR4 (AMD3100), or a combination thereof prior to infection with the indicated 

molecular clones of HIV-1 or SIV. (B) Coreceptor usage by SIVagmSab92018ivTF and the 
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indicated control viruses was tested in GHOST cells expressing CD4 alone (parental) or together 

with CCR5, CXCR4, or the orphan receptors BOB/GPR15 and BONZO/STRL33. 

 

3.1.5 SIVagmSab 90218ivTF virus replicates efficiently in AGM PBMCs. 

 To compare the replicative capacities of the Sab92018ivTF clone and its parental 

SIVagmSab92018 strain, PBMCs isolated from SIV-uninfected AGMs were infected with virus 

stocks produced in 293T cells, transfected with SIVagmSab92018ivTF or the parental 

SIVagmSab92018 (EI43) plasma stock. Virus production in culture supernatants was monitored 

weekly by SIV P27 antigen capture assay. Sab92018ivTF replicated efficiently in the presence of 

CD8
+
 T cells, only in the PBMCs from two of four animals. Replication in PBMCs from the 

remaining two AGMs was markedly reduced, but titers were higher than those of the parental 

SIVagmSab92018 isolate, which did not replicate to detectable levels (Fig. 5A). In contrast, a 

productive infection was established by both cloned and uncloned SIVagm strains in AGM 

PBMCs in the absence of CD8
+
 T cells (Fig. 5B). Again, the Sab92018ivTF clone consistently 

replicated with higher efficiency than the parental SIVagmSab92018 isolate in cells derived from 

all four animals examined. These results demonstrate that the Sab92018ivTF clone shows high 

replication fitness in primary cells derived from its natural AGM host. 

 

Fig.5. Replication of SIVagm Sab92018ivTF in AGM PBMCs. 

(A)  PBMCs or (B) PBMCs depleted of CD8
+
 T cells derived from four AGMs were infected 

with the parental SIVagmSab92018 strain or the 92018ivTF molecular clone. Virus production 

was monitored by p27 antigen ELISA. 
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3.1.6 SIVagmSab 90218ivTF virus replicates efficiently and maintains stable CD4
+
 T-cell in 

African green monkeys. 

To evaluate whether the T/F clone was also able to establish a productive infection in vivo, 

initially one Caribbean AGM (Chlorocebus sabaeus) was infected intravenously with virus stock 

produced by transfection of 293T cells. Five other AGMs received the parental 

SIVagmSab92018 strain, for comparison. Sab92018ivTF clone replicated about as efficiently in- 

vivo as the parental SIVagmSab92018 strain (Fig. 6A). Peak levels of viral RNA were observed 

at 10 days p.i. for the molecular Sab92018ivTF clone (7.91 X 10
6
 copies/ ml) and at 8 days p.i. 

for the uncloned Sab92018 virus [(2.81±1.91) X 10
7
 copies/ml]. Most importantly, 

Sab92018ivTF established a set-point viral load by day 42 p.i., ranging from 10
5
 to 10

6
 copies 

per ml and which was maintained up to day 100 p.i. (Fig. 6A). During the chronic phase of 

infection the levels of Sab92018ivTF replication were comparable or even higher than those 

detected in the wild-type SIVagmSab92018- infected animals. 

  

Fig.6A. Replication of SIVagmSab90218ivTF in African green monkeys. 

Viral RNA loads in one AGM infected with SIVagmSab92018ivTF and five animals that 

received the uncloned parental SIVagmSab92018 strain at the TNPRC.  
 

To further examine the replication fitness of Sab92018ivTF in vivo, three additional 

AGMs were infected at the German Primate Research Center. The results showed that the 

SIVagm Sab92018ivTF molecular clone replicated persistently at high levels for almost 1 year of 

follow-up (Fig. 6B). Furthermore, the three infected AGMs maintained stable CD4
+
 T-cell 

counts (Fig. 6C) and did not show signs of disease progression (data not shown). 
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Fig.6B. Replication of SIVagmSab90218ivTF in African green monkeys.  
Levels of plasma viremia in three sabaeus monkeys infected with SIVagmSab92018ivTF at the 

German Primate Center. Individual animal numbers are indicated by five-digit numbers.  

 

 

 

Fig.6C. SIVagmSab90218ivTF maintains stable CD4
+
 T-cell counts in African green 

monkeys. CD4
+
 T-cell counts in three sabaeus monkeys infected with SIVagmSab92018ivTF at 

the German Primate Center. Individual animal numbers are indicated by five-digit numbers. The 

vertical line marks the time point of infection.  

 

In summary, I have generated the first replication-competent molecular clone of SIVagm 

that has not been adapted to growth in cell culture and recapitulates the biological properties of 

the naturally occurring parental SIVagmSab90218 strain and will thus be an important tool to 

identify viral properties that may contribute to the lack of disease progression in the natural 

AGM host. 
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3.2 Generation and in vitro characterization of SIVagmSab90218ivTF variants. 

Viral properties such as the lack of a vpu gene and the expression of Nef proteins that 

block the activation of virally infected T cells by down-modulating TCR-CD3, differentiate 

SIVagm and SIVsmm from HIV-1 and its chimpanzee (CPZ) precursor, SIVcpz.  To explore the 

relevance of viral determinants that differentiate HIV-1 from non-pathogenic SIVs, more “HIV-

1 like” derivatives of the Sab92018ivTF clone expressing the SIVgsn Vpu, which antagonizes 

AGM tetherin [69,70,72,107] and/or the HIV-1 Nef protein which is unable to down-modulate 

TCR-CD3 was generated. 

 

3.2.1 Generation of SIVagm expressing heterologous Vpu and Nef. 

For convenient naming „SIVagmSab90218ivTF‟ is referred as SIVagm CON. To clone the 

SIVgsn vpu in the SIVagm CON backbone, unique AflII and PstI restriction sites were created 

upstream of env by eliminating AflII (4160) and PstI (4520) sites by SOE-PCR in SIVagm CON 

genome via site-directed mutagenesis. The SIVgsn vpu gene with flanking 5′ PstI and 3′ AflII 

restriction enzyme sites was chemically synthesized and cloned into SIVagm CON. The SIVgsn 

vpu containing clone is designated as SIVagm CGU. To replace AGM nef with HIV-1 NA7 nef, 

the AGM nef start codon was silenced to eliminate the overlap between the AGM nef and env 

genes.  The HIV-1 NA7 nef gene with flanking EcoRI and MluI restriction sites was chemically 

synthesized and cloned into SIVagm CON backbone via EcoRI and MluI restriction sites 

downstream of env. The resulting SIVagm CON clone with NA7 nef is referred as SIVagm CN1. 

The SIVagm CON clone which contains both GSN vpu gene and HIV-1 NA7 nef gene is 

designated as SIVagm CGU1N. The genomic organization of all SIVagm CON variants is shown 

in Fig. 7. 
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Fig.7. Genomic organization of SIVagm CON variants. 

SIVagm CON; SIVagmsab90218ivTF molecular clone expressing AGM Nef, SIVagm C1N; 

SIVagmsab90218ivTF molecular clone expressing HIV-1 NA7 Nef, SIVagm CGU1N; 

SIVagmsab90218ivTF molecular clone expressing HIV-1 NA7 Nef and SIVgsn Vpu, SIVagm 

CGU; SIVagmsab90218ivTF molecular clone expressing SIVgsn Vpu. Yellow, Blue and 

Orange represent SIVagm Nef, SIVgsn Vpu and HIV-1 NA7 Nef, respectively. 

 

3.2.2 Optimization of the vpu Kozak sequence. 

To determine whether the SIVagm CON clones expressing heterologous Vpu and Nef, 

produce infectious virus, TZM-bl indicator cells were infected with 293T cell-derived virus 

stocks containing 10 ng of p27 capsid antigen and β-galactosidase activities were determined two 

days later (Fig: 8). The results showed that SIVagm CON and C1N are highly infectious, 

whereas the infectivity of vpu containing SIVagm constructs is reduced. Since the HIV-1 env is 

translated by “leaky” scanning of ribosomes past the vpu AUG [5,60,96] the presence of a strong 

vpu Kozak sequence most likely reduced infectivity by affecting Env expression. The Kozak 

sequence is a short sequence of three nucleotides upstream of the start codon (AUG), which 
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plays a major role in the initiation of the translation process. The amount of protein synthesized 

from a given mRNA is dependent on the strength of the Kozak sequence. To optimize Env 

expression, I mutated the vpu Kozak sequence by SOE-PCR. Kozak changes from AGT to CGT 

resulted in increased viral infectivity, comparable to SIVagm CON, whereas changes to GGC, 

GCG, GCT, ACA, AAA and AAC led to poorly infectious or non-infectious virions.  

 

Fig.8. Vpu Kozak change from AGT to CGT restores SIVagm infectivity.  

TZM-bl cells were infected with the indicated SIVagm CON variant molecular clones with vpu 

Kozak changes. Infections were performed with virus stock containing 10ng of p27 antigen. Two 

days post infection β-galactosidase activity was measured. WT; wild-type. Koz; Kozak sequence. 

In order to optimize vpu Kozak sequence for optimal Env expression, a highly sensitive 

Gaussia luciferase reporter construct was generated. Briefly, the Gaussia luciferase gene was 

cloned downstream of vpu, replacing the gp120 coding region of env in the SIVagm CGU1N 

backbone. Vpu Kozak sequence was then altered from stronger to weaker by SOE-PCR and 

Gaussia luciferase expression was quantified. Briefly, 293T cells were transfected with G-luc 

plasmid with various mutations in the vpu Kozak region. At 48hrs after transfection, culture 

supernatants were harvested and G-luciferase activity measured. Clones with original strong vpu 

Kozak sequences AGT and altered ACA and AAC showed low levels of Gaussia luciferase 

expression, whereas weaker Kozak sequence (CGT) resulted in higher expression (Fig. 9). The 
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CGT vpu Kozak sequence allowed higher level of downstream luciferase expression and this 

optimal Kozak sequence was selected for further in vitro characterization. 

 

Fig.9. Vpu Kozak changes from AGT to CGT increases downstream Gaussia luciferase 

expression. G-luciferase activity from 293T culture supernatant transfected with indicated 

SIVagm CON vpu Kozak changes (top). The Kozak consensus sequence in eukaryotic mRNA 

(bottom). 

 

The Env expression of SIVagm CON variants was quantified by western blot. The results 

showed detectable levels of gp120 and 160 for both SIVagm CON and CN1, whereas Env 

expression for vpu containing clones with original Kozak sequence was undetectable. Western 

blot analysis also confirmed increased Env expression for AGT to CGT Kozak changes which 

was comparable to SIVagm CON and decreased or undetectable levels of Env expression for 

GGC, GCG, GCT, ACA, AAA and AAC changes (Fig.10). 
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Fig.10. Vpu Kozak changes from AGT to CGT increases Env expression. 

Western blot analysis of cellular extracts of 293T cells transfected with the indicated mutant 

SIVagm vpu Kozak variants. 

 

 

3.2.3 SIVagm CON and Vpu containing derivatives counteract AGM tetherin. 

 To analyze the ability of SIVagm CON variants to counteract AGM tetherin, 293T cells 

were cotransfected with SIVagm CON variants and different concentrations of AGM tetherin. 

SIVagm CON with disrupted Nef was used as negative control. Culture supernatants were 

harvested 24 hours later and TZM-bl indicator cells were infected with 50μl of serially diluted 

supernatants. Infectious virion release was determined by quantifying β-galactosidase activity 

48hrs post infection. Our results showed AGM tetherin was efficiently antagonized even at high 

concentrations by SIVagm CON expressing wild type AGM Nef, CGU1 (which expresses GSN 

Vpu) and CGUN1 (which expresses both HIV-1 Nef and GSN Vpu), whereas the C1N  clone 

containing only NA7 Nef failed to counteract AGM tetherin (Fig. 11). This was expected 

because the HIV-1 Nef does not antagonize tetherin [46,61,89,90]  
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Fig.11. SIVagm CON and its Vpu variants efficiently counteract AGM tetherin. 

Virion release from 293T cells following co-transfection with 2µg of SIVagm CON variant 

proviral plasmids and increasing amounts (12.5ng, 25ng, 50ng, and 100ng) of plasmids 

expressing WT AGM tetherin. Infectious virus was determined as percentage of that detected in 

the absence of tetherin (100%) in TZM-bl indicator cells.  

 

 

3.2.4 SIVagm CON variants replicate efficiently in AGM PBMCs and Molt4 cl-8 cells.  

To compare the replicative capacities of SIVagm CON and its variants in Molt4 clone 8 

cells and in AGM PBMCs, cells were infected with virus stock containing 10ng of p27 capsid 

antigen of SIVagm CON variants produced by transiently transfected 293T cells. Virus 

production was monitored by p27 antigen ELISA. Our results showed SIVagm CON variants 

replicated efficiently in both AGM PBMCs and in Molt4 clone 8cells. However, all variants 

were less active than the wild-type.  SIVagm CON and its NA7 Nef variants showed higher 

levels of p27 production as compared to CGU in both Molt4 clone 8 cells and AGM PBMCs. 

These results demonstrate high replication fitness of SIVagm CON variants in primary cells 
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derived from its natural AGM host (Fig. 12). 

 

Fig.12. Replication kinetics of SIVagm CON variants. 

(A) Molt4 clone8 cells and (B) AGM PBMCs were infected with SIVagm CON variants. Virus 

production was monitored by p27 antigen ELISA. 

 

 

3.2.5 Replication of the SIVagm CON variants in African green monkeys: Viruses with 

properties that are found in the wild replicate efficiently. 

To evaluate whether the SIVagm CON variants were able to establish a productive 

infection in vivo, twelve Caribbean African green monkeys (Chlorocebus sabaeus) were infected 

intravenously in four groups, with SIVagm CON variants‟ virus stocks containing 100ng p27 

antigen produced by transfection of 293T cells. Blood was collected from all animals two to 

three times before infection and at regular intervals after infection. Various biological samples 

such as blood, duodenal and lymph node biopsies have been collected from the infected AGMs 

for various immunological and virological studies. The dynamics of plasma RNA viral load of 

SIVagm CON variants in AGMs (Chlorocebus sabaeus) is shown in fig. 11 A-D. Individual 

animals are indicated by five-digit numbers. The detection limit of viral RNA by quantitative 

RT-PCR was approximately 100 copies/ml of plasma. Values were determined as described in 

materials and methods. 
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SIVagm CON variants‟ plasma viremia peaked at day 10, which is in agreement with 

studies by Muller-Trutwin, and O. M. Diop. et al using the same SIVagmsab92018 strain. 

SIVagm CON peak plasma viral load ranged between 6.14 × 10
5 

and 3.4 × 10
6
 copies/ml and 

established a set-point viral load by day 42 post infection, ranging from 2.03 × 10
3 

and 5.5 × 10
4 

copies per ml, which was maintained up to week 62 post infection (Fig. 13A).  

 

AGMs infected with CN1 (which does not antagonize AGM tetherin and is unable to 

down-modulate TCR-CD3) showed peak plasma viral load ranging between 1.2 × 10
5 

and 9.54 × 

10
5
 copies/ml, which dropped to levels between 1.25 × 10

2 
and 2.7 × 10

2 
copies per ml by day 42 

post infection and was maintained at 1.55 × 10
3
 up to week 62 post infection, with the exception 

AGM 14631, which showed plasma VL of 1.35 × 10
2
 copies/ml at 62 weeks post infection (Fig 

14 C). B. Jacquelin et al has shown that nonpathogenic SIV infection of African green monkeys 

induces a strong but rapidly controlled type I IFN response [45,76], suggesting tetherin 

antagonism is essential to establish persistent infection (Fig. 13B). 

 

In AGMs infected with CGU1N “HIV-1 like” virus, peak plasma viral load ranged between 4.4 

× 10
4 

and 1.13 × 10
5
 copies/ml and the set point viral load ranged between 8.04 × 10

3 
and 3.39 × 

10
4 

copies per ml and was maintained till 62 weeks post infection (Fig. 13C). During the chronic 

phase of infection the levels of CGU1N replication were as high as those detected in the SIVagm 

CON infected animals.   

 

The CGU infected AGMs plasma viral load was below the detection limits. However at 47 

weeks post infection, 1.35 × 10
2
 copies/ml of VL could be measured (Fig 13D). 
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Fig.13. Replication of SIVagm CON variants in African green monkeys. Levels of plasma 

viremia in sabaeus African green monkeys infected with SIVagm CON variants. Individual 

animal numbers are indicated by five-digit numbers. The limit of viral RNA detection is 

approximately 100 copies/ml of plasma. 

 

3.3 Generation of SIVagm Nef mutants. 

Primate lentiviruses have evolved multifunctional accessory proteins that manipulate host 

functions to promote the viral life cycle. Nef performs a variety of functions, such as down-

modulation of CD4, CD28 and MHC class I (MHC-I) and enhancement of viral replication and 

infectivity, which are conserved between HIV-1 and SIVs [1,20,57]. However, SIVagm Nef is 

not studied in detail like SIVmac239 Nef. In order to get insights on SIVagm Nef function, a 

panel of SIVagm Nef mutants with two to five alanine changes was generated, to identify 

selective mutants with a major focus on CD3 down-modulation and tetherin counteraction. Nef 

mutants were generated by splice overlap extension (SOE) PCR and cloned into pBR-HIV-1-NL4-3-
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IRES-eGFP vector.  Sequence alignment of SIVagm wild-type Nef and the mutants generated are 

shown in the Fig. 14. The effects of mutant SIVagm nef alleles on CD3, CD4, MHC-I, and Ii 

(CD74) surface expression and infectivity enhancement were investigated and the results are 

summarized in Table 2 and outlined in the next paragraphs.  

 

 

Fig.14. Sequence alignment of SIVagmSab Nef and its mutants. Boxes indicate known 

protein motifs and their cellular binding partners (in parentheses).  

 

3.3.1 Effects of mutations in SIVagmSab Nef on surface receptor modulation.  

 To identify SIVagmSab nef alleles that are impaired in specific functions splice overlap 

extension (SOE) PCR was performed to generate AGM Nef mutants, which were then cloned 

into the pBR-HIV-1-NL4-3-IRES-eGFP vector for functional analysis. Flow cytometric analyses 

were done in activated human PBMCs transduced with VSV-G pseudotyped virus stocks derived 

from 293T cells transfected with pBR-NL4-3 Nef IRES eGFP constructs expressing mutant nef 

alleles. pBR-NL4-3 IRES eGFP with a disrupted nef gene or the wild type SIVagm nef allele 

were used as negative and positive controls, respectively. 
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FACS analysis showed that SIVagm Nef triple alanine substitution at positions 21-23 

partially disrupted MHCI down-modulation and CD74 upregulation but had no effect on CD4 

and CD3 down-modulation. Mutants with N-terminal alanine substitutions from 30-44 amino 

acid showed wild-type phenotype and remained fully functional in down-modulating CD3, CD4 

and MHC-I and upregulating CD74 (Table. 2). It is shown that the SH3 domain-binding surface 

and the acidic motif in HIV-1 Nef regulate trafficking of class I MHC complexes [37].  Our 

results showed SIVagm Nef with mutated acidic motif (82DEE) is partially defective in down 

modulation of MHC-I and CD4 and 80DNDEE mutation disrupts the ability of Nef to 

downregulate CD3, CD4 and MHC-I (Table. 2). Nef mutant, SIVagm 89AAA, with disrupted 

PxxP motif of SH3-binding domain is selectively defective in class I MHC downregulation, in 

agreement with publications on HIV-1 Nef from other groups  [34, 39] (Table. 2). Most of the 

core domain mutants are defective in the analyzed surface receptor modulation. Interestingly, 

two of the SIVagm core Nef mutants at position 114-116 KGG to triple alanine and G139A 

showed 50 percent reduced activity in CD3 down modulation but remained functional in other 

activities (Table. 2). In addition, the C-terminal di-leucine motif  is known to interact with 

cellular adaptor protein (AP) in HIV-1 Nef and is essential for sorting into clathrin-coated pits 

and for downregulation of CD4 [37]. The di-leucine motif mutant with disrupted adaptor protein 

(AP) binding site is defective in both CD4 down-modulation and CD74 upregulation (Table. 2). 

The selective SIVagm 89AAA mutant Nef will be a valuable tool to understand the significance 

of MHCI down-modulation in vivo. 
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Table.2. Summary of cell surface receptor modulation by SIVagm Nef mutants in human 

PBMCs.

 

Flow cytometric analyses of human PBMCs transduced with VSV-G pseudotyped virus stocks 

derived from 293T cells transfected with pBR-NL4-3 Nef IRES eGFP construct expressing 

indicated mutant nef alleles. N-fold up-regulation of Ii or down-modulation
 
of other surface 

receptors was calculated by dividing the mean fluorescence
 
intensity obtained from human 

PBMCs expressing
 
different mutant nef alleles by the mean

 
fluorescence obtained from control 
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construct
 
containing a disrupted nef gene. The relative infectivity enhancement (n-fold) is 

compared to the nef minus control virus. SD, Standard deviation. 

 

3.3.2 Effects of mutations in SIVagmSab Nef on viral infectivity. 

Nef mediated enhancement of virion infectivity and stimulation of viral replication are 

fundamental properties of primate lentiviruses [28, 30]. However, the mechanisms and motifs 

involved in infectivity enhancement by Nef are poorly understood. To quantify the infectivity 

enhancement by different mutant nef alleles, P4-CCR5 cells were infected with virus stocks 

containing 5ng of p24 capsid antigen produced by transiently transfected 293T cells and β-

galactosidase activities were determined 2 days later. HIV NL4-3, containing the intact wild-type 

nef gene, is 14.8-fold more infectious than the isogenic nef minus control construct [66], whereas 

the SIVagmSab wild-type Nef enhanced infectivity 8.9-fold. Our results showed N-terminal 

mutant Nefs enhance virion infectivity as efficiently as wild-type SIVagm Nef. Interestingly 

34AAA and 40AAA mutants enhanced virion infectivity 14.1 and 14.7 fold respectively, which 

is comparable to NL4-3 Nef. Nef alleles with mutations in the acidic and SH3 binding domain 

are 6-8 fold less active in infectivity enhancement than the wild-type. Moreover, these mutants 

are also defective in CD4 and MHC-1 down-modulation respectively. Most of the core domain 

mutants show reduced infectivity enhancement and have pleiotropic effects (Table. 2). 

Correlation analysis of infectivity enhancement with other Nef functions showed significant 

positive association between infectivity enhancement and efficiency of CD4 down-modulation 

(R
2
=0.4625; p < 0.0001) and no significant correlation between infectivity enhancement and 

efficiency of CD3, MHCI downregulation and CD74 upregulation (fig.15).  
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Fig.15. Correlation between infectivity enhancement and surface receptor modulation by 

SIVagmSab mutant nef alleles.  

 

3.3.3 The SIVagm Nef counteracts the host restriction factor Tetherin and N-terminal 

mutations disrupt tetherin antagonism. 

 Zhang et al showed that SIVagm Nef can counteract AGM tetherin, which is genetically 

separable from other Nef activities. To determine the critical domain of SIVagm Nef protein 

which confers species specific anti-tetherin activity, a panel (Table 2) of SIVagm Nef mutant 

alleles was analyzed for the effect on virion release. 293T cells were co-transfected with SIVagm 

Nef mutants and different quantities of SIVagm tetherin expression vectors. The amount of 

released infectious virion in the culture supernatant was detected by infecting TZM-bl cells and 

by quantifying p24 content by western blot. 

Our results showed N-terminal α-helical region (30-46amino acid) mutants are drastically 

defective in virion release in the presence of AGM tetherin (Fig.16), active in CD4, CD3 and 

MHC1 down-modulation but partially defective in Ii chain up regulation. The core domain and 
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C-terminal mutants of Nef are generally defective in modulation of all surface receptors analyzed 

as well as virion release.  

 

Fig.16. Effect of SIVagm Nef mutants on virion release in the presence of the AGM 

tetherin. The 293T cells were cotransfected with pBR-NL4-3 Nef IRES eGFP construct 

expressing indicated mutant nef alleles (2 µg) and  pCGCG vectors expressing GFP alone or 

together with AGM tetherin (50 ng). Culture supernatants were obtained 2 days later and used to 

measure the quantity of infectious HIV-1 by western blot analysis. Virion lysates were probed 

with an anti-HIV-1 capsid p24 monoclonal antibody. 
  
 

Mutants with alanine substitution from 30-32, 40-43 and 44-46 in the N-terminal region 

are impaired AGM tetherin counteraction but fully active in CD3, CD4 and MHC-I down-

modulation. Next, mutants targeting the N-terminal α-helical region without affecting the Env 

amino acid sequences were generated. Like alanine mutants most of these mutants were 

defective in tetherin antagonism and active in surface receptor modulation (Table 3). 

Interestingly mutating di-serine to di-leucine at position 39-40 disrupted the ability of Nef to 

counteract AGM tetherin completely. FACS analysis revealed that the di-leucine mutant is active 

in CD4 and CD3 down-modulation but partially lost its ability to down-modulate CD74 (Ii) and 
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class I MHC molecules. Unlike di-leucine changes which disrupt tetherin counteraction, changes 

to di-histidine show partial activity against AGM tetherin (Fig.17). 

Table.3. Summary of surface receptor modulation and tetherin antagonism by SIVagm N-

terminal Nef mutants.  

 

Flow cytometric analyses of human PBMCs transduced with VSV-G pseudotyped virus stocks 

derived from 293T cells transfected with pBR-NL4-3 Nef IRES eGFP construct expressing 

indicated mutant nef alleles. 293T cells were cotransfected with pBR-NL4-3 Nef IRES eGFP 

construct expressing indicated mutant nef alleles (2 µg) and pCGCG vectors expressing GFP 

alone or together with AGM tetherin (50 ng). Culture supernatants were obtained 2 days later 

and used to measure the quantity of infectious HIV-1. Infectious virion release was determined 

by infecting TZM-bl indicator cells and calculated as percentage of that detected in the absence 

of tetherin (100%). 
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Fig.17. Anti-tetherin activity of SIVagm N-terminal Nef mutants. 

Infectious virion release, measured using TZM-bl indicator cells, following co-transfection of 

293T cells with HIV-1(WT/mutant AGM Nef) or HIV-1(del Nef) proviral plasmids and 

decreasing amounts (125ng, 50ng, 25ng, 5ng, 6.25ng and 3.13ng) of plasmids expressing wild-

type AGM tetherin. Infectious virion release was determined by infection of TZM-bl indicator 

cells and calculated as percentage of that detected in the absence of tetherin (100%). 

 

In order to investigate whether the secondary structure of N terminal Nef is affected by 

changes in di-serine motif, we used online software for secondary structure prediction from PBIL 

(France). The results suggest that changes from di-serine to di-leucine may disrupt the secondary 

structure of N-terminal α-helix of Nef and thus tetherin counteraction by SIVagm Nef. Lim, et al 

demonstrated that the site of Nef interaction in the cytoplasmic domain of tetherin is under the 

strongest selective pressure in hominoids and Old world monkeys [46].  Our results suggest 

possible interaction of N-terminal flexible α-helical region of SIVagm Nef with cytoplasmic 

domain of AGM tetherin.  

To summarize, I generated SIVagm Nef mutant selectively defective in AGM tetherin 

counteraction. Our results suggest that di-serine motif at position 39-40 amino acid is critical for 

maintaining N-terminal α-helical structure of Nef, which may interact with the cytoplasmic 

domain of AGM tetherin for its counteraction. Most of the experiments on tetherin antagonism 
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have been done in vitro and their role in vivo is unclear, therefore the selective SIVagm Nef 

mutants will be an important tool to understand the role of tetherin antagonism in viral spread in 

vivo. 
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4. Discussion 

 In my thesis, I have generated and functionally characterized three full-length molecular 

clones derived from an SIVagmSab strain that has only been propagated in its natural AGM host. 

Two clones (A5 and E2) derived by conventional PCR produced poorly infectious virions that 

were replication defective, In contrast, another clone, Sab92018ivTF, generated by chemical 

synthesis of consensus sequences based on SGA, representing a transmitted/founder (T/F) virus 

which replicated efficiently both in vitro and in vivo. Virus generated from the T/F infectious 

molecular clone (IMC) exhibited CCR5 tropism and the ability to establish a productive and 

persistent infection in AGMs in vivo. These biological properties were very similar to those of 

the parental SIVagmSab92018 strain. Thus, I have generated the first IMC that exhibits the 

properties of nonpathogenic SIV infection and is not compromised by interim propagation in 

tissue culture. 

Conventional PCR can generate in vitro artifacts, especially when used to amplify genetically 

diverse sequence mixtures such as viral quasispecies [86]. Single-genome amplification 

precludes Taq polymerase-induced recombination (template switching) and nucleotide mis-

incorporation, thereby ensuring an accurate representation of viral variants as they exist in vivo. 

Notably, most biologically active SIVagm clones available so far (3, 155, 9063, TYO, GRI-1, 

SAB-1, and TAN-1) were generated by lambda phage cloning of proviral DNA which is not 

prone to these same artifacts. In our study, to avoid bulk PCR shortcomings, single-genome 

amplification (SGA) was performed to generate partially overlapping 5' and 3' half genomes 

from plasma viral RNA. Analysis of these amplicons revealed clusters of nearly identical viral 

sequences representing the progeny of T/F viruses, a strategy that has been used in the past to 

generate replication-competent HIV-1 molecular clones [9,87]. Consensus sequence was 

synthesized to generate T/F infectious molecular clone (Sab92018ivTF). Virus generated from 

the T/F IMC exhibited biological properties that were very similar to those of the parental 

SIVagmSab92018 strain. Like the parental SIVagmSab92018 strain, the Sab92018ivTF 

molecular clone mainly uses CCR5 for viral entry but is capable of infecting GHOST cells 

engineered to express high levels of CXCR4. Unexpectedly, Sab92018ivTF entered GHOST 

cells expressing BONZO/ STRL33 as efficiently as those expressing CCR5. In vivo analyses 
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suggest that four Sabaeus monkeys infected with the Sab92018ivTF clone maintained high viral 

loads without developing immunodeficiency during follow-up. To date a number of infectious 

molecular clones (IMCs) from vervet (TYO-1, 155, 3, and 9063), grivet (GRI-1), tantalus (TAN-

1), and sabaeus (SAB-1) monkeys have been described [3,7,28,40,47,48]. However, all of these 

were obtained after extensive passage in human cell lines, and many exhibit features selected by 

in vitro propagation, such as a truncated transmembrane envelope glycoprotein (gp41) or 

nonsense mutations in accessory genes [7,28]. Since it is unknown to what extent in vitro culture 

alters in vivo viral properties, existing SIVagm clones may not be suitable for in vivo 

pathogenesis experiments Thus, I have generated the first infectious molecular clone (IMC) that 

exhibits the properties of nonpathogenic SIV infection but is not compromised by interim 

propagation in tissue culture. In vivo analyses show that Sab92018ivTF faithfully reproduced the 

properties of its parental strain, including CCR5 tropism and the ability to establish a productive 

and persistent infection in AGMs in vivo without developing immunodeficiency. Thus, the newly 

generated Sab92018ivTF strain will be useful tool to characterize viral determinants of 

nonprogression in the natural NHP hosts.  

 One approach to understand viral determinants of in vivo pathogenicity is to generate 

infectious proviral clones and derivatives that differ in virus-specific properties, such as 

accessory gene functions or coreceptor tropism. To study viral properties that differentiate 

SIVagm and SIVsmm from HIV-1 and its chimpanzee (CPZ) precursor, SIVcpz, such as the lack 

of a vpu gene and the expression of Nef proteins that block the activation of virally infected T 

cells by TCR-CD3 down-modulation. Firstly, I generated a replication-competent molecular 

clone of SIVagmSab, Sab92018ivTF which is nonpathogenic to the natural host African green 

monkey. SIVagm Sab92018ivTF lacks vpu gene and encodes Nef that is able to down-modulate 

CD3 and also counteract host tetherin. To explore viral determinants that differentiate HIV-1 

from non-pathogenic SIVs, “HIV-1 like” derivatives of Sab92018ivTF clone expressing the 

SIVgsn Vpu, which antagonizes AGM tetherin [72] and/or HIV-1 Nef which is unable to down-

modulate TCR-CD3 were generated (Fig. 7) [92]. SIVagm CON and C1N are highly infectious, 

whereas the vpu containing SIVagm constructs showed reduced infectivity due to decreased Env 

expression (Fig. 8). It has previously been shown that a minimal uORF within the HIV-1 vpu 

leader allows efficient translation initiation at the downstream env AUG [60]. In order to 
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optimize the vpu Kozak sequence for optimal Env expression, the vpu Kozak sequence was 

mutated from AGT to CGT. The optimized SIVagm CON Vpu variants are capable of 

counteracting AGM tetherin (Fig. 11) and are almost as infectious as wild-type SIVagm. 

SIVagm CON and its variants replicate efficiently in Molt4 clone 8 cells and in AGM PBMCs 

(Fig. 12). Thus, I have generated and characterized first “HIV-1 like” derivatives of SIVagm. 

These clones are highly infectious and replicate efficiently in primary cells derived from natural 

AGM host (fig.12). After detailed characterization of SIVagm CON variants in vitro, twelve 

Caribbean AGM (Chlorocebus sabaeus) in four groups were intravenously infected, with 

SIVagm CON variants‟ virus stocks. Periodic determination of plasma RNA viral loads for 67 

weeks of follow-up showed that SIVagm CON and its variants CGU1N and CN1 are capable of 

establishing a productive infection in vivo (Fig. 13). However the CGU variant which expresses 

the SIVgsn Vpu and SIVagm Nef (which downregulates TCR-CD3) does not replicate 

effectively in vivo, may be due to suboptimal Env expression, whereas CGU1N which expresses 

NA7 Nef (which does not downregulate TCR-CD3) is capable of replicating efficiently, 

suggesting tolerance to these changes. Interestingly, viruses containing both vpu and nef which 

can down-modulate TCR-CD3 have not been reported to exist in nature. Thus, virus containing 

vpu and nef capable of downregulating TCR-CD3 may not be advantageous for virus.    

 Peak levels of viral RNA were observed 10 days p.i. ranging from 10
4
 to 10

6
 copies per 

ml for SIVagm CON, CGU1N and CN1. SIVagm CON and “HIV-1 like” CGU1N established a 

set-point viral load by day 42 post infection in a magnitude of 10
4 

copies per ml which was 

maintained up to week 62 post infection, whereas CN1 (which does not antagonize AGM 

tetherin) showed drop in VL at 42 day p.i. to a range between 1.25 × 10
2 

and 2.7 × 10
2 

copies per 

ml and maintained VL of 1.55 × 10
3 

at 62 w.p.i. (Fig. 13B). It has been shown that 

nonpathogenic SIV infection of African green monkeys induces a strong but rapidly controlled 

type I IFN response [76], suggesting CN1 replication is better immune controlled than SIVagm 

CON. This may explain the attenuated phenotype of nef-deleted SIV in rhesus macaques [2,56], 

thus underscoring the importance of tetherin antagonism in establishment of persistent infection. 

Our results suggest that viruses with properties that are found in nature, replicate efficiently in 

experimentally infected AGMs. Immunological analysis, thus far shows higher levels of immune 

activation in AGMs infected with “HIV-1 like” virus, which is the hallmark of HIV-1 infection 
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in humans. Further detailed evaluation of various immunological and virological parameters will 

give useful insight on viral properties that contribute to disease progression.  

 In order to get novel insights on SIVagm Nef function and to understand its importance 

in vivo, a panel of seventy SIVagm Nef mutants with two to five alanine changes was generated. 

Most of the core domain alanine mutations in SIVagmSab Nef have pleiotropic effects on 

surface receptor modulation (Table. 2). N-terminal mutants are active in CD4, CD3 and MHC-1 

-modulation and partially defective in CD74 (Ii) upregulation. Interestingly, mutant with 

disrupted PxxP motif of SH3-binding domain is selectively defective in class I MHC 

downregulation. The acidic motif mutants 82DEE and 80DNDEE are partially defective in 

down-modulation of MHC-1 and CD4. Most of the mutations in the core domain have 

pleiotropic effects on the Nef activities analyzed, with a major impact on CD3 and MHC-I 

functions.  Two of the SIVagm core domain Nef mutants at position 114-116 KGG to triple 

alanine and G139A show 50% reduced activity in CD3 down-modulation and remained fully 

active in other functions, suggesting down-modulation of CD3 from the cell surface by Nef is 

genetically separable from other functions.  In addition, the C-terminal di-leucine motif which is 

known to interact with cellular adaptor protein (AP) in HIV-1 Nef is essential for downregulation 

of CD4 [36]. Mutations that disrupt the adaptor protein (AP) binding site in the di-leucine motif 

disrupt CD4 down-modulation without affecting other functions. Further, the analysis of SIVagm 

Nef mutant alleles for AGM tetherin antagonism showed alanine mutation in N-terminal region 

of SIVagm Nef disrupts anti-tetherin activity and does not affect CD4, CD3 and MHC-I down- 

modulation. Notably leucine substitutions instead of serine at position 39-40 completely abort 

the ability of Nef to counteract AGM tetherin. Our results also showed, 39-40 di-leucine mutant 

is active in CD4 and CD3 down-modulation but partially defective in its ability to down-

modulate CD74 (Ii) and class I MHC molecules (Table. 3). A comparison of secondary structure 

predictions of di-serine (wild-type) and di-leucine Nef mutant suggests that di-leucine changes 

may affect the N-terminal α-helical region of Nef, suggesting possible critical role of di-serine 

motif in maintaining secondary structure of N-terminal α-helix for AGM tetherin counteraction. 

Human tetherin has a deletion in its cytoplasmic domain which most likely disrupts its 

susceptibility to Nef [89,107]. Our results suggest possible interaction of the N-terminal flexible 

α-helical region with the cytoplasmic domain of AGM tetherin.  
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 Recently identified host restriction factor tetherin, has a broad spectrum of antiviral 

activities against diverse families of enveloped viruses, including retroviruses, filoviruses, 

herpesviruses, and arenaviruses [50,63,85]. In vitro studies on primate lentiviruses show three 

different viral gene products to antagonize tetherin, such as HIV-1 Vpu, HIV-2 Env antagonize 

human tetherin [69,71,72] and  majority of (SIVs) use Nef to counteract the tetherin proteins of 

their simian hosts [89,107]. Role of Vpu and Nef to counteract host tetherin is evident only in 

vitro studies. Recent in vivo studies on macaques infected with Nef deleted SIVmac239 show 

nef-deleted virus that regained a pathogenic phenotype and restored resistance to tetherin by 

compensatory changes in the cytoplasmic domain of SIV gp41[97]. So far Nef functions were 

studied only in SIV/macaque model. Selective SIVagm Nef mutants will therefore be an 

important resource to understand the significance of tetherin counteraction in viral spread and 

persistence in vivo. Thus, the selective mutants that I have generated namely, SIVagm Nef 

mutant, 30AAA which is defective in AGM tetherin antagonism and SIVagm 89AAA mutant 

Nef which is defective in MHC-I down-modulation will be important tools to understand the 

significance of tetherin counteraction and MHCI down-modulation in vivo.  

 Altogether, I have generated the first replication competent infectious molecular clone 

(IMC) of SIVagmSab that fully recapitulates the properties of nonpathogenic SIV infection. 

Furthermore, I have generated and characterized first “HIV-1 like” derivative of SIVagm capable 

of establishing persistent infection in African green monkeys. These molecular clones will be 

valuable resource to identify those viral properties that contribute to the lack of disease 

progression and/or AIDS pathogenesis in the natural AGM hosts. I also identified SIVagm Nef 

mutants that are selectively defective in MHC-I downregulation and tetherin antagonism that will 

help to elucidate the significance of these Nef functions in viral spread and persistence in vivo.  

 

 

 

 

 

 

 



SUMMARY   

 

61 

5. Summary 

Understanding the lack of disease progression in nonpathogenic natural SIV infections is 

essential for deciphering the pathogenesis of AIDS in humans. However, in vivo studies have 

been hampered by a paucity of infectious molecular clones of SIV suitable to dissect which viral 

and host factors contribute to the nonpathogenic phenotype. To overcome this limitation, I first 

generated a replication-competent molecular clone by SGA analysis, representing 

transmitted/founder (T/F) virus, SIVagm Sab92018ivTF (SIVagm CON) that has not been 

adapted to growth in cell culture and replicates to high levels, uses CCR5 for viral entry and is 

non-pathogenic to natural host African green monkeys, thus be an important resource to identify 

those viral properties that contribute to the lack of disease progression in the natural AGM hosts. 

To explore the impact of viral determinants that differentiate HIV-1 from non-pathogenic SIVs 

like Nef mediated downregulation of TCR-CD3, I next generated “HIV-1 like” derivatives of 

SIVagm CON clone expressing SIVgsn Vpu, which antagonizes AGM tetherin and/or HIV-1 

Nef which is unable to down-modulate TCR-CD3. In vivo analyses of these derivatives of the 

SIVagm CON clone showed that SIVagm CON and “HIV-1 like” CGU1N are capable of 

establishing persistent infection in African green monkeys, whereas CN1 (does not antagonize 

AGM tetherin) replication is better immune controlled than SIVagm CON and CGU1N. So far 

immunological analyses show higher levels of immune activation in AGMs infected with “HIV-

1 like” virus. In conclusion the chimeras that I have generated will be valuable tools to identify 

those viral properties that contribute to the lack of disease progression in the natural AGM hosts. 

Also, the SIVagm Nef mutants, 30AAA and 89AAA, selectively defective in AGM tetherin 

antagonism and MHC-I down-modulation, respectively will help to elucidate the significance of 

these Nef functions in viral spread and pathogenicity in vivo.  
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