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ABSTRACT 

Human Immunodeficiency Virus (HIV) type 1 and type 2 are two related 

lentiviruses that have strikingly divergent features in terms of transmission rates, 

distribution, pathogenesis, and clinical outcomes. In places where both viruses coexist, 

individuals infected with HIV-2 showed less susceptibility to incident HIV-1 infection. 

Moreover, dual infected individuals may have better outcomes compared to their HIV-1 

counterparts. Attempts to decipher the mechanisms underlying these stark differences 

between HIV-1 and HIV-2 have been underway since the discovery of these two infections 

in the 1980s. Many factors have been proposed including SAM and HD domain containing 

deoxynucleotides triphosphate triphosphohydrolase 1 (SAMHD1) and Vpx, type I 

interferon (IFN) responses, CD8+ cytotoxic T cells responses, and HIV-2 specific antibody 

responses. 

We studied the kinetics of HIV-1 and HIV-2 single infection with fluorescent in 

situ hybridization (FISH) coupled with microscopy, and with qPCR. Our data indicated 
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that HIV-1 infection in TZM-bl cells proceeded quickly upon viral entry. It led to a faster 

integration into the host cell genome, and to higher rates of transcription with 

transcriptional bursts than those observed with HIV-2. On the other hand, HIV-2 was 

slower with a roughly two hours delay in reverse transcription completion and integration 

relative to HIV-1. Analysis the state of the chromatin around HIV-1 and HIV-2 long 

terminal repeat (LTR) promoters showed that both LTRs had similar active chromatin 

marker H3K9me2 levels, and should be equally accessible to host transcription machinery. 

Host RNA polymerase II (RNAP II) occupancy analysis at each LTR promoter start sites 

showed less occupancy in the case of HIV-2 LTR. 

Secondly, we demonstrated that under laboratory conditions, HIV-1 and HIV-2 can 

infect the same target cell, a phenomenon known as dual infection. We found that when 

HIV-2 infects the target cell at the same time or before HIV-1 infection, HIV-1 infection 

is inhibited. Under these conditions, inhibition was non-reciprocal meaning that HIV-2 

inhibits HIV-1 but the reverse was not true. It was also dose-dependent as the higher the 

HIV-2 multiplicity of infection (MOI) used the higher the inhibition of HIV-1 infection. 

We identified two mechanisms. The first mechanism involved type I IFN responses that 

had broad effects on gene expression in the target cell. We also identified a second 

mechanism that was selective for HIV-1, other retroviruses such as Murine Leukemia Virus 

(MLV) and Rous Sarcomas Virus (RSV) were not sensitive to HIV-2-mediated inhibition. 

HIV-1 selective inhibition was mediated through HIV-2 TAR. This latter mechanism used 

a block of HIV-1 LTR-driven transcription at the elongation phase by decreasing HIV-1 

Tat protein availability through competition between HIV-1 TAR and HIV-2 TAR for 

HIV-1 Tat protein. Mapping the sequences of HIV-2 TAR element required for the 



 

 xiv 

downmodulation showed that any two-stem loop structure including the HIV-2 stem loop 

2 was inhibitory to HIV-1 infection. 
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CHAPTER I: GENERAL INTRODUCTION OF HIV/AIDS 

I. 1. The epidemic of HIV/AIDS 

Since its onset, human immunodeficiency virus (HIV) has infected roughly 75 

million people, and claimed the lives of 32 million people worldwide (1-2). HIV is the 

etiological agent of acquired immune deficiency syndrome (AIDS) in which a weakened 

immune system in HIV-infected individuals (< 200 CD4+ T lymphocytes/ml of peripheral 

blood) renders those with the condition susceptible to opportunistic infections (3-20). With 

the development of highly active anti-retroviral therapy (HAART), HIV infection has 

moved from a death sentence to a chronic infection with a lifelong treatment (1-20). As of 

2018 (figure I-1), roughly 38 million people were living with HIV around the world (1-2). 

Among them, 23.3 million had access to HAART, and the number of newly infected 

individuals was slowly decreasing, and estimated to be 1.7 million in 2018 versus 3.2 

million in 1999 at the peak of the HIV/AIDS epidemic (1-2). 

Two genetically related HIVs have been described, HIV type 1 and HIV type 2 (21-

28). HIV-1 resulted from the zoonotic transmission of SIV chimpanzee, itself a product of 

recombination between SIVs from red capped mangabeys and guenons, while HIV-2 is 

derived from SIV sooty mangabey (21-28). HIVs diverge in terms of nucleotide sequences, 

geographic distribution, rates of transmission, pathogenesis, and mortality rates. HIV-1 is 

responsible for the current global pandemic (figure I-2 and table I-1), whereas HIV-2 is 

mainly restricted to West Africa, with sporadic cases outside of that region (29-33). HIV 

types 1 and 2 are further classified into groups (HIV-1), subtypes or clades (both), and 
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recombinant forms (both) based on their sequence homology (4-7,17,20), their frequency, 

and their geographical localization (1-2,14,16,19). 

HIV-1 has four groups (table I-1), each resulting from a distinct zoonotic 

transmission, the main group also called group M, the outlier group (group O), the non-M 

and non-O group also referred to as group N, and finally the group P which is the latest to 

be described (29,32). HIV-1 group M is the most common group, and it includes ten 

subtypes (A, B, C, D, E, F, G, H, J, and K) and hundreds of circulating or unique 

recombinant forms (CRF or URF). HIV-1 group M, subtype B is the common clade found 

in Western countries (29,32), whereas non-B clades such as the HIV-1 subtype C 

predominates in South Africa (the most affected country in the world) and India (figures 

I-1 and I-2). The CRF02_AG is the prevalent strain of HIV-1 group M in Western Africa. 

HIV-2 is not divided into groups, but is subdivided into six subtypes (A, B, C, D, E, and 

F). Except for HIV-2 subtypes A and B, no other subtype has been reported to be 

transmitted from human to human. Subtypes C to F have been found in unique individuals 

and no cases of transmission exist so far (29,32). HIV-2 clades A and B are responsible for 

almost every case of HIV-2 infections around the world (20). And in 2010, a research group 

in Japan described the first recombinant HIV-2 virus to be isolated from a patient in the 

CRF01_AB virus (17). 

HIV-2 has shown slower transmission rates for most transmission routes 

(12,14,16,34), lower pathogenesis with an asymptomatic phase before the advent of 

HAART twice as long as HIV-1’s, and a slower progression to AIDS and lower mortality 

risks overall (12-13,15,18,35-36,38-42,44). Moreover, HIV-2 incidence and prevalence are 

rapidly declining pointing to a possible disappearance of the infection (14,16,19). In its 
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traditional epicenters such as Guinea Bissau, HIV-2 infection has been replaced by HIV-1 

infection (14,16,19). In places where both types of HIV coexist, cases of patients infected 

with both viruses have been reported (45-55). These cases are referred to as HIV-1 and 

HIV-2 dual-infections. 
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Figure I-1: Global Distribution of adults (15-49 years old) living with HIV in 2017 

The prevalence of HIV was estimated based on reports from participating countries 

and color-coded from light yellow corresponding to countries with very low prevalence in 

the population of 15 years old to 49 years old, to dark red corresponding to very high 

prevalence (2).  
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Table I-1: Genetic diversity of HIV 

The genetic diversity of HIV is illustrated through its classification into two types, 

HIV-1 and HIV-2. These two differ in their sequence homology, originate from different 

SIVs, have different distribution in the world. HIV-1 has a global repartition with several 

strains grouped into four different groups M, N, O and P. HIV-2 does not have groups. 

(32).  
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Figure I-2: Global Distribution of HIV-1 clades (subtypes and CRFs) 

HIV-1 clades or subtypes have different geographical distribution with the clade B 

representing the sole strain in the Americas and Western Europe. Non-clades B were the 

more frequent outside of these two regions with clades A, C and the CRF02_AG as major 

players (32).  
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I. 2. Human immunodeficiency viruses (HIVs) 

HIV-1 and HIV-2 belong to the family of the Retroviridae, the subfamily of the 

Orthoretrovirinae, and to the genus of Lentiviruses (3,5,8,12). They evolved from non-

human primate immunodeficiency viruses that infect either Central African chimpanzees 

(SIVcpz for HIV-1) or West African sooty mangabeys (SIVsm for HIV-2), and were 

introduced into the human populations between 1920 and 1940 (21-28). They are 

enveloped viruses with two copies of single stranded positive sense ribonucleic acid (RNA) 

of 9.2 to 9.6 kbps size for HIV-1 and approximately 9.8 kbps for HIV-2 (3,8,12). They also 

carry within their viral particle several viral factors and enzymes necessary for successful 

infection as shown in figure I-3 (33). 

HIV-1 and HIV-2 have very little sequence homology for any given viral genes. 

Yet, both viruses have an overall similar genome organization as the related SIVs (figure 

I-4) (32). They all have a capped 5’ m7 GpppU LTR that represents the regular viral 

promoter (41). That promoter is regulated by the cellular RNA polymerase II, and it drives 

viral gene expression during infection (56-77). HIV-2 LTR has a longer sequence of 

roughly 400 nucleotides whereas HIV-1 has a shorter sequence of roughly 200 nucleotides 

(figure I-5) (41). The transactivation RNA (TAR) element is around 60 nucleotides for 

HIV-1, and 160 nucleotides long in HIV-2 (41,56-77). Viral LTRs contain regulatory 

elements that are different in each one of the HIVs. For instance, HIV-2 lacks the NFAT 

binding sites that are present in HIV-1 LTR (78). 

The viral promoter is followed by three main groups of viral genes (GAG, POL and 

ENV), and the viral genome ends with a polyadenylated 3’ LTR that is a reverse replicate 

of the 5’LTR. HIV LTRs transcribe various viral RNAs. These RNA species are either 
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non-spliced as the subgenomic RNA, or singly spliced as the envelope mRNA, or multiple 

times spliced products as the Rev mRNA. The subgenomic RNA contains a stop codon 

within the POL gene, and in 95% of the cases, only the Gag polyprotein is synthesized. 

The Gag polyprotein contains the matrix protein, the capsid protein, the nucleocapsid 

protein, the late domain proteins and two spacer proteins. These components are involved 

in viral assembly and budding from the infected cells. In 5% of the cases, there is a 

ribosomal frameshift that produces a Gag-Pol polyprotein. Pol contains components such 

as reverse transcriptase with its Rnase H domain, protease, and integrase (12,29,33,72). 

The third polyprotein produced during HIV infection is the HIV Env polyprotein. 

It is a glycoprotein that contains two subunits, the transmembrane subunit (gp41 for HIV-

1) and the extra cellular subunit (gp120 for HIV-1). The Env glycoprotein is heavily 

glycosylated and trafficked to the viral assembly sites at the plasma membrane of the 

infected cells. Spliced RNA species give rise to viral regulatory genes: transactivation 

protein (Tat) and the unspliced and partially spliced RNA species export protein (Rev).  

Further spliced transcripts code for the accessory proteins Nef, Vif and Vpr that are 

common to both HIV-1 and HIV-2. Two other accessories genes are specific for each one 

of the HIVs, the Vpu (HIV-1) or Vpx (HIV-2), and specific antibodies raised against their 

products can be used to tell apart their respective infection in cell culture during dual 

infections (12,29,31,33). 
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Figure I-3: HIV-1 mature and immature viral particles 

Schematic view of the HIV particle, corresponding electron micrograph (right) and 

immunoblot bands (left). Gp = Glycoprotein; p = protein; SU = surface protein; TM = 

transmembrane protein; gp160 (precursor of SU and TM); RT = reverse transcriptase; IN 

= integrase; CA = capsid protein; MA = matrix protein; PR = protease; NC = nucleic acid 

binding protein; LI = link protein. MHCs (major histocompatibility complexes) are HLA 

antigens. Graphic from Hans Gelderblom, at the Robert Koch Institute, Berlin, Germany. 

Reproduced with the permission #4735151500896 from Karger Publishers (33). 
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Figure I-4: Genome map and organization of HIV-1 and HIV-2 

The genomes of HIV-1, HIV-2, SIVcpz, SIVagm, and SIVsm are organized in 

similar ways. From the 5’ end to the 3’ end, all have a 5’ LTR that is shorter in HIV-1 than 

HIV-2. The Gag gene follows right after the LTR. Then come the Pol and Env genes. 

Besides the three main genes, HIV-1 and HIV-2 have in common several regulatory and 

accessory genes such as Vif, Vpr, Tat, Rev, and Nef. They differ by two accessory genes 

that are each specific of each virus, HIV-1 Vpu and HIV-2 Vpx. The 3’ end has also an 

LTR that is an identical reverse of the 5’ end LTR (32). 
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Figure I-5: HIV 5’ LTR promoters’ structure 

Both HIV-1 and HIV-2 genomes start with a 5’ m7 G followed by the 

transactivation response RNA element (TAR). The predicted structure of HIV-2 TAR is 

twice as long as experimentally derived HIV-1 TAR. It has a duplicated stem loop 1 in 

stem loop 2, and an additional third stem loop 3 at its 3’ end. HIV-1 TAR was resolved by 

NMR, and it has only one stem loop. The TAR in each virus is followed by the 

polyadenylation signal sequence second stem in HIV-1 LTR structure and fourth in HIV-

2’s. Then comes the primer binding site that is longer in HIV-2 than in HIV-1. The 

dimerization signal, the packaging signal, and the splice donor represent the next three stem 

loops found in HIV-1 5’ LTR promoter right before the AUG start codon. HIV-2 has on 

top of these three stem loops, two additional stem loops (41). Reproduced with the 

permission #4731100977953 from Oxford University Press. 
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I. 3. The virus life cycle 

Virus entry: 

The primary target cell for HIVs are CD4+ T lymphocytes, and they have a lytic 

replication cycle in the infected cells (29,33,79-82). The cycle starts with the recognition 

and the attachment to the CD4 receptor on the surface of the target cell (figure I-6) 

(29,33,79-82) through their envelope glycoproteins (gp120). This attachment leads to 

conformational changes consisting of rearrangements of the variable loops V1-V3 of 

gp120. The gp120 through its V3 loop binds to either the CCR5 or CXCR4 coreceptor on 

the target cell surface. This binding exposes the second viral envelope glycoprotein (gp41) 

that inserts itself into the target cell plasma membrane. Upon insertion, gp41 forms a six-

helix bundle that brings both viral and cellular membranes into contact. By doing so, gp41 

triggers the fusion of the two membranes, and the release of the viral core into the 

cytoplasm of the target cell completing the entry phase of the viral life cycle (29,33,79-82). 

 

Cytoplasmic trafficking: 

Upon release of the viral core into the cytoplasm (figure I-6), HIV reverse 

transcriptase starts the process of synthesizing a double stranded viral DNA from the two 

copies of viral RNA to generate a viral pre-integration complex (PIC) (83-84). The PIC 

contains the viral DNA that has a CA dinucleotide at its 3’ end. The CA dinucleotide is 

removed by HIV integrase (IN) in a process called 3’ end processing before becoming a 

provirus (83-84). Viral DNA can be linear which constitutes the majority of the species 

present in an infected cell. It can have various aberrant forms resulting from autointegration 

events in which the HIV IN proceeds to the strand transfer reaction within the same linear 
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vDNA (82). The HIV PIC also contains other virally imported factors such as Vpr and 

capsid (p24). Although, it is still controversial, reverse transcription seems concurrent to 

the process of uncoating which involves cellular factors such as transportin-3 (TNPO3), 

cleavage and polyadenylation specific factor 6 (CPSF6), cyclophilin A, and kinesin that 

get recruited to the capsid core during the cytoplasmic transit (80,85-91). A partially 

uncoated core favors reverse transcription (84). It helps with the use of macromolecules 

transport mechanisms (80). And it shields the newly synthesized viral DNA from cellular 

cytoplasmic sensors (93-96) in order to evade immune sensors such as the cyclic GMP-

AMP Synthetase (cGAS). 

Cytoplasmic trafficking of the partial core uses the dynein motor protein and 

several host factors to bring the PIC towards the nucleus (80). TNPO3 is a karyopherin that 

carries SR protein family members to the nucleus (87-88). SR proteins are involved in 

splicing events, and CPSF6 is a member of that family (85-86). Recruitment of CPSF6 to 

HIV CA has been reported to result in a hyper stable capsid (85-86). Interestingly TNPO3 

and CPSF6 both bind to the capsid lattice (84-86). Cyclophilin A is also recruited to HIV-

1 CA but not HIV-2 CA lattice (97-99). Cyclophilin A binding has been proposed to 

destabilize HIV-1 CA lattice after recruitment. Cytoplasmic trafficking culminates with the 

passage of the PIC through the nuclear pore complexes (NPC) into the nucleus of non-

dividing cells (80,100-103). Nuclear entry also happens with the breakdown of the nuclear 

envelope during mitosis in dividing target cells (80,81,91). 

Of note, several host restrictions factors act between viral fusion and transit of the 

HIV PIC into the nucleus (104-119). For instance, the host SAMHD-1 restricts HIV 

infection by depleting the cytoplasmic pool of deoxyribonucleotides triphosphates (dNTP) 
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available for the synthesis of the viral DNA in non-dividing cells such as macrophages and 

resting CD4 T cells (104). It is counteracted by HIV-2 Vpx that targets it for proteasome 

degradation whereas HIV-1 which lacks Vpx, remains sensitive to its action in MDM and 

poorly infects those cells (104-105). The newly synthesized viral DNA can be subject to 

lethal hypermutations by some members of the human apolipoprotein B mRNA-editing 

enzyme catalytic polypeptide-like 3 (APOBEC3) family of proteins leading to an inactive 

provirus (106-111). It has been hypothesized that cellular APOBEC3 proteins can be 

packaged into viral particles in the producer cells (110). When those virions infect new 

target cells, viral DNA synthesis would be blocked by the impairment of HIV RT 

translocation along the viral RNA and DNA template by APOBEC3 according to the so-

called road-block hypothesis (110). At any rate, HIV Vif targets APOBEC3 family protein 

members for degradation in the producer cell to prevent packaging into the virion, 

subsequent RT impairment, and hypermutations of the viral DNA from occurring (111-

117). HIV capsid proteins can be targeted by various TRIM5 alpha proteins from Old 

World monkeys to human TRIM5 alpha (118-121). TRIM5 alpha is an interferon 

stimulated gene (ISG) that inhibits HIV-1 infection in old world monkeys. However, its 

human counterpart was shown to be less inhibitory power on HIV-1 while exerting a 

stronger restriction on HIV-2. Differences in sensitivity to human TRIM5 alpha originate 

from of their respective capsid proteins. And human TRIM5 alpha builds a mesh around 

the HIV capsid, leading to its premature breakdown and the inhibition of HIV reverse 

transcription (118-121). Another potent ISG that was identified through a comparative 

screening of cell lines that support or not type I IFN-mediated inhibition of HIV-1 is the 

Myxovirus resistance 2 protein (Mx2) (122). It is a human type I interferon-induced GTP-
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binding protein that inhibits HIV-1 and a number of other lentiviruses. MX2 inhibits HIV-

1 infection by blocking the capsid-dependent nuclear translocation of PICs, inhibiting 

infection at an early stage (122). 

 

Nuclear trafficking: 

Nuclear entry starts with the docking of the partial core containing the PIC to the 

NPC through interactions of the capsid lattice with the cytoplasmic filaments of Nup358 

also called RanBP2 (80,98-100). Nup358 cytoplasmic filaments have a cyclophilin A 

domain allowing them to interact with capsid core (80,98-100). After docking to the NPC, 

the partial core goes through of the NPC via its interactions with numerous Nups such as 

Nup62 at the nuclear ring, and Nup153 at the nuclear basket (88,123-124). Inside the 

nucleus of the infected cell, the HIV linear unintegrated DNA is the target of the cellular 

DNA repair machinery (125) that makes from it episomes of 1 LTR circles and 2 LTR 

circles. Due to their exclusive nuclear localization, those episomes can serve as markers of 

nuclear entry for HIV. 

HIV gene expression starts from the linear unintegrated vDNA (figure I-6) under 

the control of HIV Vpr in a Tat-independent manner (82,126-128). Early viral proteins 

needed for successful infection such as HIV Tat, HIV Rev, and HIV Nef are quickly 

expressed before gene expression from the integrated provirus can even start (82,126-126). 

The viral Nef protein downmodulates the surface receptor CD4, the coreceptor CCR5 and 

CXCR4, and MHC class I molecules. This serves a triple purpose. It prevents 

superinfection and its inherent toxicity. It allows proper trafficking of the viral envelope 

glycoprotein to the plasma membrane and the proper budding of progeny virions. It helps 
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avoid CD8+ cytotoxic T lymphocytes (82,122-132). The viral Tat protein increases the 

transcriptional activity of the integrated provirus LTR promoter by hijacking the cellular 

positive transcription elongation factor b (P-TEFb), a kinase to further phosphorylate the 

C-terminal domain (CTD) of RNAP II. The viral Rev protein binds to the Rev responsive 

element (RRE), present in the partially spliced and the unspliced transcripts in order to 

facilitate their export into the cytoplasm through the hijacking of the CRM-1 export 

pathway that otherwise would only export tRNAs, rRNA and other non-mRNAs (82). 

Usually, nuclear translocation is followed by integration into the host cell genome 

of the proviral DNA (figures I-6 and I-7), mediated by HIV IN. By that point, an infected 

cell, the vDNA pool contains the linear unintegrated vDNA, the linear integrated provirus, 

episomes of 1 LTR circles and 2 LTR circles, and auto-integrants. Quantification of total 

vDNA measure all these forms together whereas specific PCR can quantify specific forms 

such as 2 LTR episomes (nuclear entry assessment) and the integrated linear provirus 

(integration assessment). HIV integration preferentially occurs at regions of the host 

genome within the body of highly expressed genes away from the gene promoter region 

(135-137). Highly expressed cellular genes are located within the euchromatin, a loosely 

packed chromatin, rich in gene concentrations, and genetically active (136-137). It has a 

high occupancy of the active histone markers such as H3K4me2, and it is accessible to the 

cellular transcription machinery (RNA polymerase II). Heterochromatin on the contrary is 

a firmly packed chromatin, poor in genes (epigenetic silencing), and genetically inactive 

(136-137). It has low occupancy of markers such as H3K4me2 and it is less accessible to 

the transcription machinery. Reports have shown that interactions of HIV capsid with 

CPSF6, TNPO3, Nup153, as well as HIV IN interactions with the p75 isoform of the 
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transcriptional coactivator lens epithelium-derived growth factor (LEDGF)/p75, help with 

integration sites selection and with the efficiency of the integration process (138-142).  

From the integrated provirus (figure I-7), HIV late gene expression proceeds in 

two transcriptional and two nuclear export steps (143). The HIV LTR promoter drives 

transcription of viral mRNAs by RNAP II. The LTR promoter has been shown to be an 

efficient promoter at initiating transcription. However, transcription mostly stalls at the 

promoter region, and RNAP II is unable to efficiently clear the promoter and elongates the 

newly synthesized transcripts. That first transcriptional step is referred to as basal 

transcription, and it produces mainly abortive RNA transcripts (short transcripts containing 

sequences from the 5’ LTR with no poly A tail) due to a block of the LTR-driven 

transcription by the cellular negative elongation factor (NELF). NELF prevents the further 

phosphorylation of the C-terminal domain (CTD) of RNAP II, thus blocking promoter 

clearance and the elongation phase of transcription (57-78). HIV Tat protein increases the 

phosphorylation state of RNAPII by binding to HIV TAR and recruiting (P-TEFb) 

complex. The P-TEFb complex contains among other factors the cyclin-dependent kinase 

9 (cdk9) and the cyclin T1. Recruitment of the P-TEFb complex allows additional 

phosphorylation of RNAP II CTD serine 2 residues, which in turn allows for promoter 

clearance and for an increase in the transcriptional activity from the LTR. This marks the 

second transcriptional step and results in long and complete viral transcripts (57-77,143). 

Some species of viral transcripts quickly accumulate in the nucleus of the infected 

cells, a phenomenon observed with the technique of FISH coupled to microscopy and 

referred to as transcriptional burst (143). These transcripts are categorized into fully spliced 

transcripts, partially spliced transcripts and non-spliced transcripts. Only fully spliced HIV 
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transcripts are exported outside the nucleus of the infected cells though the cellular 

NF1/NxT1 export pathway (56,143). This corresponds to the first nuclear export phase. 

HIV Rev mediates the nuclear export of all the partially spliced and non-spliced RNA 

species through interaction with the RRE present in all those transcripts (57,143). That 

interaction allows those transcripts to hijack the cellular CRM-1 export pathway to gain 

access to the cytoplasm of the infected cells in order to be translated into viral components. 

This marks the second nuclear export phase, and allows for the expression of all viral 

components required for virion release. 

 

Viral components synthesis, assembly and budding: 

The viral transcripts are translated into viral polyproteins either by polyribosomes 

in the cytoplasm (Gag-Pol and Pol) or at the endoplasmic reticulum (Env, Nef) to perform 

key duties necessary to successful infection (figure I-7). For instance, HIV-1 Vpu and 

HIV-2 envelope downmodulate the human CD4 protein (entry receptor) and tetherin also 

called bone marrow stromal protein 2 (BST2) from the plasma membrane to allow efficient 

budding and release (144-145). Envelope glycoproteins are highly glycosylated in the ER 

and the trans-Golgi network, and traffic to assembly sites at the plasma membrane. HIV 

Gag polyproteins also traffic to the same assembly sites as the envelope glycoproteins, and 

assemble into a lattice there, driven by hexamer formation by CA. HIV nucleocapsid (NC), 

a part of HIV Gag polyprotein recruits two copies of the viral genomic RNA through their 

packaging and dimerization signals (146-147). 

During budding, the Gag polyprotein though its PTAP motif hijacks the endosomal 

sorting complexes required for transport (ESCRT) machinery at the plasma membrane to 
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favor timely budding and release of the maturing viral particles. Gag PTAP motif mimics 

the P(T/S)AP motif of hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) 

to recruit TSG101 (member of ESCRT-I), the accessory protein Alix, the ESCRT-III 

complexes, and Vps4 to constrict and severe the neck of the budding virion from the 

producing cell surface (146). Virus maturation is performed by the viral protease that 

processes the viral polyproteins into their individual components. Virus maturation initial 

and critical step is the maturation of the Gag-Pol precursor. It consists in the 

folding/dimerization of the protease domain and the formation of an active site that is 

capable of catalyzing the hydrolysis of the peptide bonds at crucial sites to release the 

mature protease. Once the mature protease is released from the Gag-Pol polyprotein, it has 

an optimal enzymatic activity and a specificity that allow it to process the Gag and Gag-

Pol polyproteins at precise sites to release a large number of mature proteins required for 

viral assembly and maturation. Mature HIV particles are able to start over the life cycle in 

a new target cell (29,33,80,147). 
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Figure I-6. Replication cycle of HIV and transcription from unintegrated DNA 

Viral fusion and entry require the binding of glycoprotein gp120 to CD4 receptors 

at the cell surface as well as to CCR5 or CXCR4. The viral nucleocapsid enters the 

cytoplasm and uses cytoplasmic dynein to move toward the NPC. The viral RNA is 

retrotranscribed into proviral double-stranded DNA (dsDNA), which can stay in the 

cytosol, where it is highly unstable and exists in a transient, reversible pre-integration latent 

state, or can form a PIC consisting of dsDNA, viral proteins and some host cell proteins. 

When ATP levels are adequate, the pre-integration complex is transported into the nucleus 

through the NPC, and the dsDNA either circularizes as one or two long terminal repeat-

containing circles or is integrated into a host cell chromosome. Prior to integration, or if 

integration is blocked, transcription from unintegrated cDNA may still occur, the template 

for which is unknown. Virally imported Vpr is important in the initial stages of viral gene 

transcription. Translation of multiply-spliced RNA (msRNA) transcripts leads to 

expression of Tat, Nef and Rev. Levels of Rev are insufficient to lead to the export of singly 

spliced and unspliced transcripts. Tat and Nef collectively lead to increased cellular 

activation in resting T-cells. Newly synthesized Tat will also promote viral gene 

transcription. Nef downregulates cell surface CD4, CXCR4, CCR5 and MHC-I (HLA class 

I) (82).  
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Figure I-7. Replication cycle of HIV and transcription from integrated provirus  

After integration, the provirus remains quiescent, existing in a post-integration 

latent state. On activation, the viral genome is transcribed by the synergic interaction of 

cellular transcription factors (nuclear factor-B - NF-B), nuclear factor of activated T cells 

(NFAT) and specificity protein 1 (SP1)) and the viral transactivator, Tat. Rev, a viral 

protein, regulates the cytosolic transport of some of the viral mRNAs, which are translated 

into regulatory and structural viral proteins. New virions assemble and bud through the cell 

membrane, maturing through the activity of the viral protease (96). Reproduced with the 

permission #4731110753580 from Springer Nature. 
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I. 4. HIV-1 infection versus HIV-2 infection 

Both types of HIV have the same transmission routes, the same main target cells 

(CD4+ T lymphocytes), and cause AIDS and death in infected individuals (1-2,30-34,54). 

However, they have several noticeable differences (35-45). With regard to their genome, 

HIV-2 LTR promoter is larger that HIV-1’s (figures I-4 and I-5). It lacks the NFAT 

binding sites and the negative regulatory elements present in HIV-1 LTR promoter making 

it less responsive to cellular activation signals (42). In addition, HIV-2 TAR element is 

much more structured with three TAR stem loops instead one in HIV-1 (42). That peculiar 

feature prevents efficient translation of its viral RNAs, a phenomenon known as post-

transcription control of HIV-2 gene expression (42,149-150). 

HIV-2 is five times less transmissible by sexual route, and 20 to 30 times less 

transmissible from infected mothers to their newborn babies in the absence of antiretroviral 

treatment (ART) due to lower plasma/semen/breastmilk viral loads than HIV-1 

(13,19,32,34-35,37,45). HIV-1 is responsible for the global pandemic whereas HIV-2 is 

sporadic and geographically restricted to Western Africa (1-2,17). During entry, HIV-1 

usually binds to the CD4 receptor and mainly uses two coreceptors in CCR5 and CXCR4. 

HIV-2 uses a variety of coreceptors, and can oftentimes enter the target cells in a CD4-

independent manner (30,34,45,78). That feature might make HIV-2 more susceptible to 

neutralizing antibodies, and increase the host ability to control HIV-2 infection in vivo 

(45,78). 

During cytoplasmic trafficking, HIV-2 uses Vpx to counteract the host restriction 

factor SAMHD-1, and successfully infects monocytic lineage cells (100-101). Whereas 

HIV-1 poorly infects those cells. HIV-1 and HIV-2 differ by their ability to recruit several 
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host factors and/or to evade several host factors and innate immunity (84,151-164). HIV-1 

is less susceptible to the human TRIM5 alpha than HIV-2 (118-121). HIV-2 capsid does 

not recruit cyclophilin A (CypA) likely leading to its DNA being sensed by the host innate 

immunity (44,156-163). Type I IFN response ensues. To counteract that response, HIV-2 

downregulates the functions of interferon regulatory factor 5 (IRF5) (164). HIV-2 Vpx 

reduces expression of toll-like receptor (TLR)-dependent Interleukin 6 (IL6), IL12p40, 

tumor necrosis factor (TNF) alpha (163). Genome-wide expression analysis showed that 

HIV-2 infection preferentially drives plasmacytoid dendritic cells (pDC) differentiation 

into Antigen Presenting Cells (APC) instead of type I interferon-producing cells (163). 

Upon nuclear entry, HIV-1 recruits LEDGF/p75 or hepatoma-derived growth 

factor-related protein 2 (HRP2) (138-142). These two host factors tether the viral pre-

integration complex to the host cell DNA to facilitate integration (45). HIV-2 interactions 

with these factors are still completely known (45). Unlike HIV-1, HIV-2 tends to integrate 

in the opposite direction of the transcriptional direction of the host gene, making it 

susceptible to transcriptional interference and latency (38,45). 

The duration of HIV-1 clinical asymptomatic phase is 9.8 year-median with only 

5-15% of long term non-progressors (LTNP) versus more than 18 year-median for HIV-2 

and 86-95% of LTNPs (36-37,39,43,45). LTNPs are infected individuals that maintain a 

plasma viral load below 5,000 copies/ml without antiretroviral treatment. Despite similar 

proviral loads (11-12,14,41), HIV1-infected individuals have higher virus replication rates, 

and higher plasma viral loads than their HIV2-infected counterparts (11-12,14,16) due the 

post-transcriptional block of HIV-2 replication (42,149-151). In term of incidence, HIV-1 

is slowly decreasing (from more than 10% at the beginning of the epidemic to less than 4% 
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currently) in the era of HAART whereas HIV-2 is disappearing (from 8% at the beginning 

of the epidemic to less than 1% currently) (1-2,15,20,45,49). 

Efforts have been made over the years to decipher the mechanisms that underlie 

HIV-2 low pathogenicity in the hope of learning cues from the retroviral biology that might 

help in addressing challenges in HIV-1 cure, in HIV vaccine strategies, and in the design 

of safe and effective lentiviral delivery vectors for gene therapy. It has been reported that 

HIV-2 low pathogenicity could be related to low transcription rates in vivo which in turn 

could explain the low plasma viral load measured in HIV2-infected individuals 

(12,14,16,36,37,40,46). Transcriptional interferences have been described to be often 

associated with HIV-2 infection in vivo due to its propensity to integrate in the opposite 

direction of the host cell genes (39). Moreover HIV-2 unlike HIV-1 was subject to a strong 

immunological control with potent type I interferon responses, potent HIV-2 specific 

antibody responses, and potent HIV-2 specific CD8+ T cell responses (129-140,162). 

Determinants of these observations were proposed to be related to events during the initial 

HIV-2 infection including the induction of type I IFN responses. 

Previous studies of the kinetics of HIV-1 and HIV-2 infection have shown 

differences in human monocytes-derived macrophages (MDM) and dendritic cells which 

HIV-1 was unable to efficiently infect. The restriction of infection in those cells was 

attributed to SAMHD1, a restriction factor that is counteracted by the viral factor Vpx 

present only present in HIV-2 particles (104-105). Successful HIV-2 infection of 

macrophages led to a type I interferon response (151-157) which in turn primed HIV-2 

specific adaptive immunity (127-132,165). In CD4+ T lymphocytes, infection kinetics 

seemed similar, but there are differences in replication rates, and in integration sites 
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selection that clearly point to deeper trafficking differences. It has been proposed that HIV-

1 recruits CPSF6 and CypA as key factors for trafficking upon entry (98-99). Unlike HIV-

1, HIV-2 was unable to recruit CypA due to differences in its capsid protein. 

 

I. 5. HIV-1/HIV-2 dual infections  

Shortly after the discovery of HIV-2, cases of HIV-1 and HIV-2 dual infection were 

reported in patients from Western Africa (45-55). However, to our knowledge, no cases of 

single cells infected with both viruses have been reported in HIV-infected individuals. 

Even though there is indirect evidence that coinfections and superinfections occur at the 

single cell level (figures I-8 and I-9), in HIV-infected patients (4,6-7,161). The challenges 

and ethical issues related to identifying dually infected single cells seem unsurmountable 

as most HIV-infected cells reside in deep tissues that cannot be collected on living 

individuals. Nonetheless, understanding the interplay between these two viruses during 

dual infections is still of interest. 

One of the first report that attempted to shed light on the interplay between HIV-1 

and HIV-2 infections was a report by Travers et al (166-167). It revealed that HIV-2 

protects HIV2-monoinfected individuals against HIV-1 infection. HIV-2 protection against 

HIV-1 infection appeared independent of the CD4+ cells count in the HIV-2-infected 

individuals, but seemed related to neutralizing antibodies against HIV-2 that cross-reacted 

with HIV-1 (166-167). In 2012 and 2014, two other reports demonstrated that HIV-2 in 

some HIV-1/HIV-2 dual-infected individuals led to better clinical outcomes in terms of 

long survival rates, and low mortality risks (168-169). However, the authors could not 

show a direct correlation between immunity and the protective status conferred by HIV-2. 
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In vitro studies have also reported on HIV-1 and HIV-2 interplay in cell culture 

(170-176). The HIV-2 Rev protein was shown to be a dominant negative of HIV-1 Rev 

that inhibits its function when it is overexpressed (170). In addition to HIV-2 Rev, two 

independent groups have shown that HIV-2 Vpx also inhibited HIV-1 infection upon 

overexpression (171,176). The incorporation of the Vpx protein into HIV-1 viral particles 

during viral assembly led to a drop in their infectivity. Of note, none of these two viral 

factors (HIV-2 Rev and Vpx) reported to be involved in HIV-1 inhibition had an inhibitory 

effect on the HIV-1 LTR activity (170-171,176). 

HIV-1 and HIV-2 LTR promoters can be efficiently transactivated by HIV-1 Tat 

protein (41,172). However, the reverse was not true as HIV-2 Tat protein efficiently 

transactivates only the cognate HIV-2 LTR. In their report, Rappaport et al suggested that 

HIV-2 directly inhibited HIV-1 LTR activity when both viruses infected the same target 

cell (171). They suggested a mechanism by which HIV-2 appears to discriminate between 

its own LTR and the non-cognate HIV-1 LTR. They demonstrated that HIV-2 

transactivation requires less stem loops than those present in the normal HIV-2 TAR. And 

they ruled out HIV-2 Tat protein as a factor involved in HIV-1 inhibition (171). 

In an attempt to map the HIV-2 sequences involved in the HIV2-mediated 

inhibition of HIV-1 LTR activity, Arya et al performed extensive deletions of the HIV-2 

genome (172). They showed that the first 321 nucleotides of HIV-2 genome (5’ end to the 

PBS) to the exclusion of any other part of the viral genome, were enough to downmodulate 

HIV-1 LTR activity (172). The use of gene therapy strategies against HIV-1 infection to 

target the transactivation mechanism of HIV-1 transcription in order to block replication 
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in cell culture was explored (173-174). Of all the decoys of HIV-1 Tat protein tested, HIV-

2 TAR was the most potent. 
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Figure I-8: Coinfections and superinfections 

Evolution of Diversity in HIV-1 during the typical viral life cycle and creation of 

unique recombinant forms in the context of coinfection with two subtypes. RT denotes 

reverse transcriptase. Recombinant virus is referred to as a Unique Recombinant Form 

(URF) when they restricted to one geographical location, and as a Circulating Recombinant 

Form when they are found in at least two geographically distinct regions of the world 

(CRF). The frequency of recombination (number of recombination events at a particular 

gene per total number of recombination events throughout the HIV-1 genome) varies 

according to viral gene involved: 35% for Env, 25% for Gag, 20% for Pol, and 10% for 

the accessory genes (7). 

 

  

Taylor et al., NEJM, 2008 
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Figure I-9: HIV-1 circulating and unique recombinant forms 

(a) Mosaic structures of HIV-1 circulating recombinant forms (CRF) documented 

in Africa. For instance, CRF01-AE has various sequences originating from two distinct 

subtypes of HIV-1, subtype A and subtype E that were recombined during reverse 

transcription as explained in figure I-8. The sequences are color-coded based on the 

subtype of origin as follow subtype A in red, subtype E in green, subtype G in dark blue, 

subtype D in light magenta, subtype F in light blue, subtype J in yellow, subtype K in 

orange; and subtype C in light green. Unclassified sequences are represented with empty 

squares, and portions that were not analyzed with sequencing are drawn in grey. 

(b) Mosaic structures of HIV-1 from unique complex recombinants involving two CRFs, 

and mosaic structure of an intergroup M/O recombinant HIV-1 strain. Sequences from 

HIV-1 CRF02-AG are in dashed red; those from CFR06-cpx are in dashed blue; those from 

the HIV-1 group O are in green. Unclassified sequences and none sequenced portions are 

drawn as described in (b) (165). Reproduced and adapted with the permission 

#4731550184050 from Wolters Kluwer. 
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CHAPTER II: MATERIALS AND METHODS 

 

II. 1. Materials 

Cell lines and drug treatments 

HeLa-derived TZM-bl cells expressing CD4, CXCR4 and CCR5 at their surface 

and carrying two reporter genes (beta-galactosidase and luciferase) were used in this study. 

They were obtained from the NIH AIDS Repository Program (NIH ARP) (catalog #8129) 

(177-180). The TZM-GFP cells were derived from the TZM-bl cell line by stably 

transducing a gene coding eGFP under HIV-1 LTR (181). Human embryonic kidney cancer 

cells (HEK 293 FT) were from Fischer Thermo Scientific (Invitrogen, Carlsbad, CA). HEK 

293 cells are adenovirus transformed, and the HEK 293 T variants additionally express the 

SV 40 large T antigen. Vero cells are a kidney epithelium cell line derived from African 

green monkeys, and lack a cluster of genes (~ 9 Mbps deletion) coding for type I interferons 

(182). Anti-HIV drugs raltegravir (RAL), tenofovir (TDF), and nelfinavir (NFV) were 

obtained the NIH ARP. Human recombinant interferon beta (IFN) was obtained from 

STEMCELL Technology (catalog #78113, Saint Louis, Missouri, USA). 

 

Viral infectious clones, reporter constructs, and other plasmids 

The following two plasmids were provided by the NIH ARP, HIV-1 subtype B 

laboratory-adapted clone plasmid pNL4.3 (catalog #114) (183), and HIV-2 subtype B 

molecular clone plasmid pST (catalog #12444) (184-185). A chimeric Nef pNL4.3 

construct with part HIV-2 (amino acids 1 to 61) and part HIV-1 (amino acids 62 to 206) 

Nef genes was generated. The dual fluorescence reporter eGFP/mKO2 HIV-1 pNL4.3 
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plasmid was built as described for the ARP reagent DuoFluo (R7GEmC), catalog #12595 

(186) with mKO2 driven by the eIF1𝛼 promoter instead of m-Cherry. An eGFP/E2-

Crimson pNL4.3 construct was also used. Unlike the eGFP/mKO2 pNL4.3, it contains 

eGFP in frame within HIV-1 Nef gene and consequently under control of the HIV-1 LTR, 

and E2-Crimson outside of the HIV-1NL4.3 backbone after the 3’LTR, under control of the 

CMV early-immediate promoter, to serve as a control for transfection efficiency. 

A dual reporter eGFP/E2-Crimson Rous Sarcomas Virus (RSV) plasmid was built 

as described for the eGFP/E2-Crimson pNL4.3 construct with eGFP under control of the 

RSV LTR promoter. Three single reporter plasmids were used in this study (eGFP pNL4.3, 

and a tandem-dimer (td)-tomato murine leukemia virus, and a CMV-driven td-tomato 

expressing plasmids). Reporter viruses have either eGFP under HIV-1 LTR, or td-tomato 

under MLV LTR promoter. The vesicular stomatitis virus (VSV) glycoprotein-expressing 

plasmid (pVSV-G) used in these studies, was obtained from Invitrogen (pMD-G, Carlsbad, 

CA). HIV-2 full-length (FL) TAR element (TAR-2, 160 nucleotides) and several mutants 

of its, were cloned into an expression vector pTZU6+27 to generate pTAR-2 and mutants 

pTAR-2. The td-tomato expressing plasmid served as an external control for transfection 

efficiency and had a CMV early-immediate promoter. Reporter viruses have either eGFP 

under HIV-1 LTR, or td-tomato under MLV LTR promoter. 

 

  



 

 42 

Microscopes, flow cytometer, and other instruments 

Two epifluorescence microscopes were used to image live and fixed samples, the 

ix80 (Olympus, Center Valley, PA) and the Cytation 5 automated epifluorescence 

microscope (BioTek, Winooski, VT). The confocal microscope sp8 (Leica Microsystems, 

Wetzlar, Germany) was also used to produce images from fixed cells. The flow cytometer 

Accuri C6? (Becton Dickinson, Warwick, RI) was used to analyzed stained cells in lieu of 

microscopes where indicated. The spectrophotometer Nanodrop (Thermo Fischer 

Scientific, Rockford, IL) was used to quantify nucleic acid concentration of DNA and RNA 

preparations. The Enspire plate reader (Perkin-Elmer, Walthman, MA) was used to 

measure optical densities (O.D), and fluorescence signals where indicated. The sonicator 

Bioruptor (Diagneode, Sparta, NJ) was used to breakdown genomic DNA samples during 

the ChIP assays. Two real time PCR machines were used in these projects, the PIKO Real 

PCR machine (Thermo Fischer scientific, Rockford, IL) and the CFX Connect Real-Time 

PCR Detection System (Bio Rad, Hercules, CA). For regular PCR runs, the PIKO PCR 

machine (Thermo Fischer scientific, Rockford, IL) was used. 

 

II. 2. Methods 

Cell culture, transfection and virus preparation 

The cell lines used in these projects were grown and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10 % of fetal bovine serum (TZM-

bl cells, TZM-GFP cells, and Vero cells) or in DMEM supplemented with 10 % FBS, non-

essential amino acids, sodium pyruvate, L-glutamine, and penicillin/streptomycin (HEK 

293 FT cells). Transfection was performed in 75 T flask with 14 µg of plasmid DNA to 
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make replication competent viruses (wild-type HIV-2, wild type HIV-1 and Nef chimeric 

HIV-1) or in small dishes (6-well and 12-well plates) with 0.8 to 2 µg of plasmid DNA for 

other applications. Lipofectamine 3000 was used along with DMEM only and Opti-MEM 

to make the DNA mixture before transfection. Non-replication competent viral 

preparations were made using the respective reporter virus plasmids. Reporter viruses have 

either eGFP under HIV-1 LTR, or td-tomato under MLV LTR promoter. The vesicular 

stomatitis virus (VSV) glycoprotein-expressing plasmid used for viral pseudotyping, 

referred to herein as pVSV-G, was obtained from Invitrogen (pMD-G, Carlsbad, CA). The 

next day after transfection, the medium was replaced with growth medium described above 

supplemented with geneticin (Gibco?). Virus preparations were collected at days 3 and 4 

post-transfection and filtered through 0.2 µm sterile filters. Filtrates (4 parts) were mixed 

a lentiviral concentration solution (1 part) and placed at 4 °C for 4 days to precipitate viral 

particles in filtrates. Mixtures were spun down at 1,640g for 30 minutes at 4 °C to pellet 

down precipitates, and supernatants were discarded. A second centrifugation at the same 

speed for 5 minutes at 4 °C helped in eliminating droplets stuck on the edges of the 

centrifugation tube with a pipette. Dry pellets were resuspended into 5 mL of serum-free 

DMEM, aliquoted into smaller volumes, and stored at -80 °C before use. 

 

Design and cloning of the HIV-2 TAR expression vectors 

HIV-2 full-length (FL) TAR element (TAR-2, 160 nucleotides) was cloned into 

pZTU6+27, a small nucleolar RNA expression vector that uses a U6 promoter, obtained 

from Addgene, (Cambridge, MA, USA; catalog #25573) (174-176,187). That plasmid is 

referred to as FL pTAR-2. RNA structure predictions were performed with the UNAFold 
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software from Integrated DNA Technologies (IDT, Coralville, IA, USA) (188) to guide 

mutational deletions within the FL TAR-2. The resulting TAR-2 mutants were cloned into 

the pTZU6+27 backbone as described above. These plasmids are referred to as based upon 

the specific stem loops they contain. For instance, the full-length TAR deleted of the poly 

A sequence contains stem loops 1, 2, 3. It will be referred to as SL1+2+3 pTAR-2. The 

pNL4.3 construct with a chimeric Nef was generated by inserting the c-terminus domain 

of HIV-2 Nef sequence in lieu of HIV-1 Nef c-terminus. The pNL4.3 backbone kept its 

HV-1 Nef N-terminus. 

 

Infection assays and drug treatment 

Cells were plated onto glass coverslips, 96, 24, 12 and 6-well plates, and left to 

attach overnight. Attached cells were infected with HIV-1 and/or HIV-2 at MOI of 2 at 24 

hours post-infection (hpi). Infected cells were incubated for various incubation times 

depending on the purpose of the experiments. Infection was performed in 4 x 104 TZM-bl 

cells on a glass coverslip format for the time course of infection using either the replication 

competent HIV-1NL4.3 or HIV-2ST. Time of addition assays (TOA) with RAL and TDF were 

performed in 1 x 106 TZM-GFP cells on in 6-well plate format with either the replication 

competent HIV-1NL4.3 or HIV-2ST. The glass coverslip samples and the 6-well plates were 

fixed with 4% paraformaldehyde every 2-hr. starting from 2 hpi up to 24 hpi. Fixed 

coverslips were processed with RNAscope reagents and fixed 6-well plates were 

counterstained with DAPI and imaged with the Cytation 5. 

For the study of HIV-1 and HIV-2 dual infections, the infection assays were 

performed in 1 x 104 TZM-bl cells in 96-well plate format for 36 to 48 hr. with replication 
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competent HIV-1NL4.3 and HIV-2ST to assess the effects of the order of infection on HIV-1 

inhibition during dual infections. VSV glycoprotein-pseudotyped dual reporter 

eGFP/mKO2 HIV-1NL4.3 and the replication competent HIV-2ST were used to infect 5 x 103 

TZM-bl cells for one to five days. For the infection of Vero cells, VSV(G)-pseudotyped 

HIV-2ROD and the dual reporter HIV-1NL4.3 were used as described for the TZM-bl cells. 

To test the effects of FL TAR-2 and its mutants, VSV(G)-pseudotyped eGFP reporter HIV-

1 and td-Tomato MLV were produced in HEK 293 FT cells in the presence of the control 

pTZU6 or FL pTAR-2 or one of its mutants. Virus supernatants were collected at 48 hr. 

post-transfection and frozen at -80 °C before their use. Single reporter HIV-1 and MLV 

were used to infect fresh HEK 293 FT cells for 48 hr. For chromatin immunoprecipitation 

(ChIP), HIV-1 infections and HIV-1/HIV-2 dual infections were performed in 1 x 106 

TZM-bl cells for 24, 48 and 72 hr. Two anti-HIV drugs, the strand transfer inhibitor 

raltegravir (RAL) and the nucleoside inhibitor of HIV reverse transcriptase tenofovir 

(TDF) were used at 1 µM and 2 µM respectively. They were added 1 hr before infection. 

Recombinant IFN was used at 1000 units/mL to treat non-infected TZM-bl cells for 24 hr., 

48 hr. and 72 hr. 

 

Time course of infection and fluorescence in situ hybridization (FISH) 

Every two hours, starting from 4 hpi, the coverslips were fixed with 4% 

paraformaldehyde for 30 minutes at room temperature, then washed twice with sterile PBS. 

The fixed coverslips were dehydrated at room temperature for 5 minutes with successively 

ethanol 50%, ethanol 70% and ethanol 100%. The last dehydration step consisted to 

incubate coverslips at room temperature for 10 minutes with ethanol 100%. Dehydrated 
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coverslips were stored for up to 6 months at -20 °C before further processing. Stored 

coverslips were rehydrated at room temperature with successively ethanol 70% (2 min.), 

ethanol 50% (2 min.) and PBS (10 min.). Rehydrated samples were permeabilized with 1% 

PBS-tween 20% for 10 min. Samples were protease-digested at 40 °C with protease III 

from the RNAscope kit (Advanced Cell Diagnostic – ACD, Newark CA). Protease-

digested samples were incubated with the corresponding vRNA probe targeting the sense 

genomic vRNA for 2 hrs. at 40 °C. Unbound probe was removed with two successive 

washes. The vDNA probe (ACD, Newark, CA) combined with equal volume of a 

hybridization buffer was added to samples and incubated at 40 °C for 2 hrs. That probe 

targets the antisense strand of the double stranded viral DNA. The hybridization buffer 

contains ethylene carbonate, dextran sulfate, Triton X-100, milliQ water. Unbound probe 

was washed away twice. A series of amplifiers were added to the samples (Amp 1 to 4) to 

visualized the nucleic acid signals. DAPI staining completed the staining procedure. 

Stained coverslips were mounted on slide with prolong gold antifade (Invitrogen, Carlsbad, 

CA). The antifade was allowed to hardened overnight. The slides were sealed with nail 

polish before imaging. 

 

Microscopy and flow cytometry assays 

Infected cells were either imaged live or fixed with 4% PFA for 30 min., 

immunostained with specific antibodies, then image. TZM-bl cells infected with 

replication competent viruses were stained using specific antibodies against HIV-1 Vpu 

and HIV-2 Vpx. TZM-bl cells and Vero cells infected with eGFP/mKO2 reporter virus 

were imaged live because the mKO2 fluorescence signal is lost upon fixation. Samples 
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were imaged with the Olympus ix80 inverted manual epifluorescence microscope or with 

the Cytation 5 inverted automated epifluorescence microscope at 4X, 10X, and 20X 

magnification. HEK 293 cells transfected with eGFP/E2-Crimson plasmids (HIV-1 and 

RSV) and single reporter virus (HIV-1 and MLV) transduced HEK 293 FT cells were 

harvested, fixed, and analyzed using an Accuri C6 flow cytometer (Becton Dickinson, 

Warwick, RI). RNAscope samples were imaged with the inverted manual confocal 

microscope Leica sp8 equipped with a 60 X/1.4 glycerol immersion objective, and tunable 

supercontinuum white light LASER. Twenty to 30 frames were taken per time point and 

per run. Each time point was repeated at least once. Images were analyzed with the Leica 

application software version X (LASX), and the complementary deconvolution module 

Huygens Professional software version X (scientific volume imaging software). Nucleic 

acid dots were counted, and their cytoplasmic or nuclear localization assessed with the 

open source Cell Profiler software. 

 

Enzyme linked immunosorbent assay (ELISA) 

Supernatants (2 mL) were collected from transfected TZM-GFP cells for p24 

(capsid) ELISA, and lysed with 200 µL of lysis buffer (phosphate buffer saline – PBS, 10% 

triton X-100, trypan blue). Anti-HIV-1 capsid (anti-p24) antibody was made from NIH 

ARP hybridoma (catalog #1513) (189). Corner-notched Pierce 96-well plates (catalog 

#15041, Thermo Scientific, Rockford, IL) were coated overnight with 4 µg/ml of the anti-

p24 antibody, in presence of a coating buffer (30 mM NaCO3, 68 mM NaHCO3, pH 9.4-

9.8). Coated plates were treated with a blocking buffer (PBS, 1% bovine serum albumin, 

5% sucrose, 0.05% NaN3) for 3 hr. HIV-1 capsid protein was expressed in E. coli to 
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generate a recombinant p24 stock of 11 mg/ml (190-191). To construct a standard curve, 

the stock solution was diluted with a capsid dilution buffer (25 mM Tris-HCl pH 8.1, 40 

mM NaCl), then a series of 2-fold dilutions was done, starting at 60 ng/ml. Subsequently, 

100 µL of the culture supernatants or the diluted recombinant p24 solutions were added to 

each well (triplicates per sample), and incubated overnight at 4 °C. A home-made 

biotinylated secondary Ig anti-HIV-1 polyclonal antibody (non-biotinylated Ig, NIH ARP 

catalog #3957) (192), was added to each well (100 µL, 37 °C for 1 hr.). Streptavidin 

conjugated to horseradish peroxidase – (HRP, 100 µL) was added to the well, and 

incubated at 37 °C for 30 min. A substrate for the HRP, trimethylbenzidine (catalog 

#555214, Becton Dickinson, Warwick, RI) was added to each well (100 µL) for 30 min. at 

room temperature. The reaction was stopped with 50 µL of 2 N sulfuric acid, followed by 

reading the optical density at 450 nm. Quantities of p24 in samples were determined using 

the standard curve from the recombinant p24 serial dilutions. Values were corrected to the 

starting volume of sample collected for analysis. 

 

Transcription assessment 

The effects of HIV-2 TAR expression were studied following transfection of 

constructs into in 1 x 106 TZM-GFP cells for 48 hr in 6-well plate format. These cells were 

transfected with 2 µg of pTZU6 control or FL pTAR-2, and 50 ng of the fully infectious 

molecular clone pNL4.3, and 10 ng of pCMV_td-tomato (transfection efficiency control) 

in the presence of lipofectamine 3000 transfection reagent (catalog #3000008, Invitrogen, 

Carlsbad, CA). Successfully transfected cells became red (transfection+) and green (HIV-

1+). HEK 293 FT cells and Vero cells were transfected under the same conditions. For 
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flow cytometry, transfections were done for 48 hr on 1 x 105 HEK 293 FT cells in 12-well 

plates with 800 ng of pTZU6 control or pTAR-2 (or mutants) plus 20 ng of dual reporter 

pNL4.3 or RSV. The next day after transfection, the medium was replaced with the fresh 

culture medium supplemented with geneticin (Sigma, Saint-Louis, MO) to enhance viral 

particles production. Analysis of flow cytometry data normalized the mean fluorescence 

intensity (MFI) of LTR-driven eGFP expression (successful LTR transactivation) to the 

MFI of the CMV-driven E2-Crimson expression (transactivation independent control) to 

determine the ratio of eGFP MFI to E2-Crimson MFI for successfully transfected cells 

(flow chart gate. Subsequently, the ratios from cells co-transfected with pTAR-2s (FL and 

mutants) were normalized to the ratios from the pTZU6 control cells. The latter were set 

to 1 to plot the data. 

 

RT-qPCR and qPCR techniques 

Transfected or infected TZM-bl cells were harvested and divided into 200 µL 

cellular vDNA samples in sterile PBS, and 200 µL of cellular vRNA samples in RNAlater 

(Invitrogen, Carlsbad, CA). Samples were stored at -80 °C before further processing. 

Nucleic acids were extracted with the QiaAmp DNA Blood mini Kit and RNeasy minikit 

(Qiagen, Germantown, MD). Nucleic acids extracts were quantified with NanoDrop 

spectrophotometer (Invitrogen, Carlsbad, CA) and 200 ng of them was used in each RT-

qPCR or qPCR assay. Two types of RT-qPCR and qPCR were used in this study. The first 

one is a SYBR green-based assay and the second type is a Taqman molecular beacon-based 

assay using sets of primers and probes (table II-1). Amplification conditions are listed in 

table II-2. The high capacity cDNA synthesis kit, the one-step SYBR green-based RT-
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qPCR cell-to-Ct kit, the PowerUp SYBR green qPCR, and the Absolute qPCR Low Rox – 

based qPCR kits (Invitrogen, Carlsbad, CA) were used following the manufacturer’s 

recommendation. PCR conditions used in these studies are listed in table II-2. 

 

Chromatin immuno-precipitation (ChIP) assay 

In a 6-well plate, 1x106 TZM-bl cells were plated per well. The following day, HIV-

1 and HIV-2 infection were performed at MOI ~0.2 at 24 hrs. post-infection (hpi) each for 

24, 48 and 72 hr. Infected cells were fixed with 1% formaldehyde for 10 min. The fixation 

reaction was quenched with glycine 125 mM for 5 min. And the cells were washed twice 

with sterile ice-cold PBS. The cells were harvested using a single-use cell scraper, and 

collected with PBS into 1.5 mL microtube. Cells suspensions were spun down to recover 

cell pellet, which were lysed in the presence of 300 µL of ChIP lysis buffer (1% SDS, 10 

mM EDTA, 50 mM Tris HCl pH 8.0) supplemented with protease inhibitor cocktail (PIC) 

(catalog #P8340, Sigma-Aldrich, Saint Louis, MO) for 20 min. on ice. Lysates were 

sonicated for 75 min. (75 sonication cycles of 30 s on/30 s off) with the Bioruptor 

(Diagneode, Sparta, NJ). Sonicated lysates were cleared at 1 x 104 g for 15 min., and 

cleared supernatants were transferred into new 1.5 mL microtubes. 10% of cleared 

supernatant was stored at -80 °C as input sample. The remaining supernatant was split 

equally into samples for IP.  

Rabbit anti-Histone H3K4me2 antibody (catalog #ab32356, Abcam, Cambridge, 

MA) and rabbit normal IgG conjugated to agarose (catalog #2729S, Invitrogen, Carlsbad, 

CA) antibodies were used at 0.5 µg/IP to control for H3K4me2, and at 1 µg/IP otherwise. 

Mouse anti-full-length RNAPII antibody (catalog #ab817, Abcam, Cambridge, MA), 
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mouse anti-serine-2 phosphorylated RNAPII antibody (catalog #ab5095, Abcam, 

Cambridge, MA), mouse anti-serine-5 phosphorylated RNAII antibody (ab5408, Abcam, 

Cambridge, MA), mouse normal IgG conjugated to agarose (sc-2343, Santa Cruz, Dallas, 

TX) antibodies were used at 1 µg/IP. Rabbit anti-threonine 186-phosphorylated cyclin-

dependent kinase 9 (p-cdk9 – catalog #2449S, Cell Signaling Technology, Danvers, MA, 

USA), and rabbit IgG isotype control (ab37415, Abcam, Cambridge, MA) were used at 3 

µg/IP. Protein G beads (catalog #10004D, Invitrogen, Carlsbad, CA) were coated overnight 

at 4 °C with these antibodies. 50 µL of antibody-coated beads were added to corresponding 

IP samples and incubated overnight at 4 °C. Samples were washed successively with 1 mL 

each of four different washing buffers, the low salt wash buffer (SDS 0.1%, Triton X-100 

1%, EDTA 2 mM, TrisHCl pH 8.0 20 mM, NaCl 150 mM, H2O), the high salt wash buffer 

(SDS 0.1%, Triton X-100 1%, EDTA 2 mM, TrisHCl pH 8.0 20 mM, NaCl 500 mM, H2O), 

the lithium chloride (LiCl) wash buffer (LiCl 0.25 mM, NP40 1%, sodium deoxycholate 

1%, EDTA 1 mM, TrisHCl pH 8.0 10 mM, H2O), and the Tris-EDTA wash buffer 

(TrisHCl pH 8.0 5 mM, EDTA 0.5 mM). Elution was performed twice with 125 µL freshly 

made ChIP elution buffer (SDS 1%, NaHCO3 0.1 M, H2O) at 37 °C for 15 min. each. Input 

samples were thawed on ice, and 250 µL of ChIP dilution buffer supplemented with PIC 

was added to them. IP eluates and input samples were de-crosslinked overnight at 65 °C 

with 10 µL of 5 M NaCl. The samples underwent proteinase K digestion (1 µL of 20 

mg/mL stock solution) at 45 °C for 90 min. Digested samples were cleaned up with the 

Wizard SV Gel and PCR Clean-Up system from Promega (catalog# A9282) and eluted into 

80 µL of nuclease-free water. qPCRs using primers and probes against regions flanking 

HIV-1, and GAPDH transcription start sites were performed with 2-3 µL of eluates. 
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Statistical analysis 

Experiments were independently repeated two to three times. Replicate values from 

each independent experiment were plotted. Statistical significance was assessed with the p 

value for binary comparison (unpaired t test) and with one-way ANOVA tests for multiple 

comparisons of the mean ± standard errors of the means as described in each case. The 

specific corrected one-way ANOVA tests are indicated in the figure legends. 
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Table II-1: Primers, oligonucleotides and gene blocks used in this study 
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Assay Primers (5’ to 3’) Probe 
Forward Reverse FAM – NQF 

GAPDH mRNA CGCTCTCTGCTCCTCC
TGTTC  

CGCCCAATACGACCAA
ATCCG  

- 

HIV-1 Gag RNA quantification CGAGAGCGTCGGTATT
AAGC  

AACAGGCCAGGATTAA
GTGC  

CCCTGGCCTT
AACCGAATT 

HIV-1 abortive transcripts 

quantification 

CGCGAGAAACTCCGTC
TTG  

GCTGCCCACACAATAT
GTTTTA 

CCGGGCCGTA
ACCT 

HIV-1 TSS AGTGGCGAGCCCTCAG

ATCCTGCATATAAGCA 

GTGGGTTCCCTAGTTAG

CCAGAGAGCTCCC 

TGGGTCTCTC

TGGTTAGACC

AGATCTGAGC 

GAPDH TSS CGCCCCCGGTTTCTAT

AAATTGAGCCCGCA 

CACCTGGCGACGCAAA

AGAAGATGCGGC 

- 

HIV-1 TSS + 1kbp AGTGGCGAGCCCTCAG

ATCCTGCATATAAGCA 

GTGGGTTCCCTAGTTAG

CCAGAGAGCTCCC 

TGGGTCTCTC

TGGTTAGACC

AGATCTGAGC 

GAPDH TSS + 1 kbp CGCCCCCGGTTTCTAT

AAATTGAGCCCGCA 

CACCTGGCGACGCAAA

AGAAGATGCGGC 

- 

HIV-2 Nef DNA and RNA 

quantification 

GTCCCAAGAAGGATC

AGGCAGGG 

GCTTGTACGAGCCTTTC

TCCCC 

TCGCCCTCCT

GTGAGGGA 

HIV-2 Gag mRNA 

quantification 

CGCGAGAAACTCCGTC

TTG 

GCTGCCCACACAATAT

GTTTTA 

CCGGGCCGTA

ACCT 

FL HIV-2 TAR generation GCAGCACATATACTAG

TCGACCAGTCGCTCTG

CGGAGAGGCT 

CGGACCGAAGTCCGCT

CTAGAAGCTTTATTAAG

AGGTCTTTT 

- 

SL1+2+3 TAR generation GCAGCACATATACTAG

TCGACCAGTCGCTCTG

CGGAGAGGCT 

CGGACCGAAGTCCGCT

CTAGACCAGTGCCGGC

CAAGCACTGG 

- 

SL1+2 TAR generation GCAGCACATATACTAG

TCGACCAGTCGCTCTG

CGGAGAGGCT 

CGGACCGAAGTCCGCT

CTAGACTAGCAGGGAA

CACCCAGGCT 

- 

SL2+3+polyA TAR generation GCAGCACATATACTAG

TCGACCAGTCGCTCTG

CGGAGAGGCT 

CGGACCGAAGTCCGCT

CTAGACCAGTGCCGGC

CAAGCACTGG 

- 

SL2+3 TAR generation GCAGCACATATACTAG

TCGACCTAGCAGGTAG

AGCCTGGGTG 

CGGACCGAAGTCCGCT

CTAGACCAGTGCCGGC

CAAGCACTGG 

- 
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SL1+3 TAR generation (gene 

block from IDT) 

GCAGCACATATACTAGTCGACGTCGCTCTGCGGAGAGGCTGGCAGA

TTGAGCCCTGGGAGGTTCTCTCCAGCCTCTCACCAGTGCTTGGCCGG

CACTGGGCAGACGGCTCTAGAGCGGACTTCGGTCCG 

SL1 TAR generation GCAGCACATATACTAG

TCGACCAGTCGCTCTG

CGGAGAGGCT 

CGGACCGAAGTCCGCT

CTAGAGCTGGAGAGAA

CCTCCCAGGG 

 

SL2 TAR generation 

(hybridization at RT for 1 hour) 

GCAGCACATATACTAG

TCGACCTAGCAGGTAG

AGCCTGGGTGTTCCCT

GCTAG 

CGGACCGAAGTCCGCT

CTAGACTAGCAGGGAA

CACCCAGGCTCTACCTG

CTAG 

 

SL3 TAR generation 

(hybridization at RT for 1 hour) 

GCAGCACATATACTAG

TCGACCCAGTGCTTGG

CCGGCACTGG 

CGGACCGAAGTCCGCT

CTAGACCAGTGCCGGC

CAAGCACTGG 

 

HIV-2 TAR RNA 

quantification 

AGTCGCTCTGCGGAGA

GGCTG 

AGCTTTATTAAGAGGTC

TTTA 

 

pTZU6 and pTAR DNA 

quantification 

GCACATATACTAGTCG

ACAGTCGCTCTGCGGA

GAGGC 

ACCGAAGTCCGCTCTA

GATCTGCCAATCCGAA

TCTGT 

 

pTAR constructs sequencing 

primer (hU6) 

GAGGGCCTATTTCCCATGATT 

Chimeric HIV-1/HIV-2 Nef 

generation (gene block from 

IDT) 

CTAAAGAATAGTGCTGTTAACTTGCTCAATGCCACAGCCATAGCAG

TAGCTGAGGGGACAGATAGGGTTATAGAAGTATTACAAGCAGCTTA

TAGAGCTATTCGCCACATACCTAGAAGAATAAGACAGGGCTTGGAA

AGGATTTTGCTATAAGATGGGGGCGAGTGGATCCAAGAAGCGTTCC

GAGCCTTCGCGAGGGCTACGGGAGAACTCTTACAAACGCCTGGAG

AGGCTTCTGGGGGACACTGGGACAAATTGGGAGGGGAATACTTGC

AGTCCCAAGAAGGATCAGGCAGGGGGCAGAAATCGCCCTCCTGTG

AGGGACGGCGGTATCAACAGGGAGATTTTATGAATACCCCATGGA

GAGCCCCAGCAGAAGGGGAGAAAGGCTCGTACAAGCAACAAAATA

TGGATGATGTAGATTCAGATGATGATGACCTAGTAGGGGTCCCTGT

CACACCAAGAGTACCATTAAGAGAAATGACATATAGATTGGCAAG

AAATATGTCACATTTGATAAAAGAAAAGGGGGGACTGGAAGGGCT

AATTCACTCCCAAAGAAGACAAGATATCCTTGATCTGTGGATCTAC

CACACACAAGGCTACTTCCCTGATTGGCAGAACTACACACCAGGGC

CAGGGGTCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGT

ACCAGTTGAGCCAGATAAGGTAGAAGAGGCCAATAAAGGAGAGAA
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CACCAGCTTGTTACACCCTGTGAGCCTGCATGGAATGGATGACCCT

GAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTC

ATCACGTGGCCCGAGAGCTGCATCCGGAGTACTTCAAGAACTGCTG

ACATCGAGCTTGCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGG

AGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATGC

TGCATATAAGCAGCTGCTTTTTGCCTGTACTGGGTCTCTCTGGTTAG

ACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACT

GCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGT

GCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTT

TTAGTCAGTGTGGAAAATCTCTAGCAGCCGGCTGTGCGGGAGAACG

G 
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Table II-2: PCR conditions used in this study 
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 Reverse 

transcription 

Initial 

step 

Step 3 Step 4 Step 5 Step 6 Step 7 

Phusion PCR - - 98 °C 

30 s 

98 °C 

10 s 

60 °C 

30 s 

72 °C 

150 s 

72 °C 

7 min. 

GoTaq PCR - - 95 °C 

120 s 

95 °C 

30 s 

60 °C 

30 s 

72 °C 

120 s 

72 °C 

7 min. 

PowerUp qPCR - 50 °C 

120 s 

95 °C 

120 s 

95 °C 

30 s 

60 °C 

60 s 

- 

SYBR-green 

RT-qPCR 

48 °C 

30 min. 

- 95 °C 

120 s 

95 °C 

30 s 

60 °C 

60 s 

- 

High capacity 

cDNA synthesis 

37 °C 

2 hr. 

- - - - - 

 

Step 3: Heat stable Taq polymerase activation step 

Step 4: Denaturation step 

Step 5: Hybridization step 

Step 6: Elongation step 

Steps 4-6 were repeated 35 times (35 cycles). 

Step 7: Final elongation step (Phusion and GoTaq PCRs) or SYBR green melting curve 

step (others)  
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CHAPTER III: HIV-2 INHIBITS HIV-1 GENE EXPRESSION VIA 

TWO INDEPENDENT MECHANISMS DURING CELLULAR 

CO-INFECTION 

 

III. 1. Introduction 

Since its onset, human immunodeficiency virus (HIV) has infected roughly 75 

million people, and claimed the lives of 32 million people worldwide (1-2). Two 

genetically related HIVs have been described, HIV type 1 and HIV type 2 (21-28). HIV-1 

and HIV-2 diverge in terms of nucleotide sequences, geographic distribution, rates of 

transmission, pathogenesis, and mortality rates. HIV-1 is responsible for the current global 

pandemic, whereas HIV-2 is mainly restricted to West Africa, with sporadic cases outside 

of that region (29-33). HIV-2 has shown slower transmission rates for most transmission 

routes (12,14,16,34), lower pathogenesis with an asymptomatic phase before the advent of 

HAART twice as long as HIV-1’s, and a slower progression to AIDS and lower mortality 

risks overall (12-13,15,18,35-36,38-42,44). In places where both types of HIV coexist, 

cases of patients infected with both viruses have been reported (45-55). These cases are 

referred to as HIV-1 and HIV-2 dual-infections. 

The present study assessed the specific roles of type I interferon responses (innate 

immunity), and HIV-2 TAR element in controlling concurrent or subsequent HIV-1 

infection during dual infections. It showed that the order in which HIV-1 and HIV-2 

infections occur, was relevant to HIV-1 inhibition by HIV-2. It also demonstrated that both 

type I interferon responses and HIV-2 TAR mediate inhibition of HIV-1 infection. 

Importantly, these two mechanisms were not mutually exclusive. As each of them occurred 
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independently at specific time points after infection. Direct inhibition was mapped to a 

minimum two stem loops structure from HIV-2 TAR involving its second stem loop. 

Moreover, this study provides evidence that HIV-2 TAR-mediated inhibition did not target 

other retroviruses such as Murine Leukemia Virus (MLV) and Rous Sarcoma Virus (RSV), 

and was not cytotoxic in that the cellular promoters tested were not affected. 

 

III. 2. Results 

Inhibition of HIV-1 infection by HIV-2 is dependent on order of addition. 

We set out to visualize dual infection in cell culture using specific markers of HIV-

1 and HIV-2. The two viruses have each a unique accessory gene (HIV-1 Vpu and HIV-2 

Vpx) for which specific antibodies are available. Anti-Vpu and anti-Vpx antibodies were 

tested for cross-reactivity against the non-cognate HIV and showed none (data not shown). 

They also showed no reactivity against non-infected samples. Therefore, immunostaining 

of HIV-infected cells with these antibodies is specific and can be used to identify HIV-1 

and HIV-2 infected cells. Next, infection, immunostaining, and imaging conditions were 

optimized to consistently achieve 75-80% infection of TZM-bl cells at 48 hours post 

infection (data not shown). 

To determine whether infection with either of the two viruses (HIV-1 or HIV-2) 

influences infection by the other, a time-of-addition assay was performed to compare 

simultaneous and sequential infections. Based on a previous report (139), we estimated that 

the window between viral entry and CD4 receptor downmodulation during HIV-1 infection 

would be approximately 12 hours. We thus performed dual infections within that time 

window. For sequential infection, the second virus was added to the target cells 12 hours 
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after the first virus. Infected cells were incubated for 48 hours following addition of the 

first virus (fig. III-1). We found that HIV-2 strongly inhibited HIV-1 infection when added 

before HIV-1 (drop from 80% to 8% HIV-1-positive cells) or at the same time (from 80% 

to 20%) (fig. III-1 and III-2). Notably, HIV-1 did not affect HIV-2 infection, when added 

simultaneously with, or prior to HIV-2 (fig. III-1 and III-2). These data indicate that HIV-

2 infection inhibits HIV-1 infection, but HIV-1 infection does not inhibit HIV-2 infection. 
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Figure III-1: Effect of the order of HIV-1 and HIV-2 infection on viral replication in 

co-infected TZM-bl cells. 

TZM-bl cells were infected with replication competent HIV-1 and HIV-2 (MOI of 

2 each virus titrated in TZM-bl cells). In co-infection experiments i, ii, and iii (rows 2, 3, 

and 4) HIV-1 was added at t0, t0, and t12, (zero, zero, and 12 hours post infection by the 

first virus), whereas HIV-2 was added at t12, t0, and t0. All experiments were terminated at 

t48. Images were acquired by an automated Cytation 5 epifluorescence microscope. Sample 

images from three independent experiments for each condition are shown. Anti-Vpu 

(Alexa Fluor 550) and anti-Vpx (Alexa Fluor 488) antibodies are shown in red and green, 

respectively; DNA was stained with DAPI (blue). Scale bar represents 100 µm. 
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Figure III-2: Quantitation of HIV-1 and HIV-2 in co-infected cells 

The proportion of Vpu-positive (HIV-1-infected) cells (filled bars) and the 

proportion of Vpx-positive (HIV-2-infected) cells (empty bars) for dual infection 

conditions i, ii, and iii (described in A) are shown. Averages from three independent 

experiments are shown ± standard errors of the means. 
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HIV-2 infection affects both HIV-1 transduction and gene expression. 

 Having demonstrated the inhibitory effect of HIV-2 on HIV-1 infection using 

replication-competent viruses, we sought to determine the specific step of infection at 

which inhibition occurs. Previous reports have suggested that the HIV-2 Vpx protein can 

interfere with HIV-1 replication by inhibiting HIV-1 reverse transcription and by 

decreasing infectivity of HIV-1 viral particles produced during co-infection (166,171). To 

address confounding effects from possible secondary infections as well as the challenges 

involved in accurately determining transduction efficiencies, we used a system that enables 

concomitant measurement of HIV-1 transduction as well as HIV-1 transcriptional activity. 

Our approach was based on a VSV(G)-pseudotyped eGFP/mKO2 dual reporter HIV-1 (fig. 

III-3) in lieu of the replication competent HIV-1. In this system, fluorescent mKO2 is 

expressed under control of the constitutively active eukaryotic translation initiation factor 

1 α (eIF1α) core promoter, and is directly proportional to the transduction rates of HIV-1 

(fig. III-3). In contrast, signal intensity of eGFP is dependent on HIV-1 LTR promoter 

activity and is correlated to HIV-1 gene expression. Any cell transduced with the reporter 

virus fluoresces red, and transduced cells with an active provirus additionally fluoresce 

green (fig. III-4). Non-transduced cells do not fluoresce, while transduced cells with latent 

or defective provirus fluoresce red only. Simultaneous transduction with HIV-1 and 

infection with HIV-2 were performed in TZM-bl cells for one to five days, infections were 

staggered such that the entire 96 well plate could be live imaged at day 6 post-infection 

(fig. III-5). Simultaneous transduction of HIV-1 with HIV-2 infection decreased both 

cellular promoter-driven mKO2 signal and HIV-1-associated eGFP signal at 48 hpi and 72 

hpi, respectively (fig. III-6, III-7). 
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Figure III-3: Genome organization of DuoFluo HIV-1 pNL4.3 plasmid used for HIV-

1 transduction experiments. 

The mKO2 fluorescent protein expression is under the control of the eIF-1α core 

promoter and is expressed in transduced cells. The eGFP protein expression is under the 

control of the HIV-1 LTR promoter. 
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Figure III-4: Dual fluorescence HIV-1 transduction outcomes 

Schematic indicating possible outcomes of transduction with the HIV-1 reporter 

virus shown in (figure III-3). 
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Figure III-5: Dual infection images in TZM-bl cells 

Representative images for each time point of infection (HIV-1 transduction + HIV-

2 infection) in TZM-bl cells are shown. Scale bar represents 100 µm. 
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Figure III-6: Effects of HIV-1 transduction + HIV-2 infection on eIF1α-driven 

mKO2 expression in TZM-bl cells 

The percentage of HIV-1-transduced cells was determined from the images shown 

in (C). Representative images for each time point of infection (HIV-1 transduction + HIV-

2 infection) in TZM-bl cells are shown. Scale bar represents 100 µm. 
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Figure III-7: Effects of HIV-1 transduction + HIV-2 infection on HIV-1 LTR-driven 

eGFP expression in TZM-bl cells 

The percentage of HIV-1-transduced cells with an active provirus was determined 

from the images shown in (C), n = 3 independent experiments. The Sidak’s (corrected one-

way ANOVA test) multiple comparison test was used. 
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HIV-2 infection triggered type I interferon responses by 48 hours post-infection. 

Having observed an effect of HIV-2 infection not only on HIV-1 gene expression 

but also on HIV-1 transduction (fig. III-8), we examined whether HIV-2 infection results 

in induction of cellular innate immunity, such as the type I interferon (IFN) response, which 

in turn could suppress HIV-1 transduction and possibly replication. Notably, it has been 

previously reported that HIV-2 successfully infects target cells while eliciting innate 

immunity (97-98,189-191). We first measured IFN beta (IFN𝛽) mRNA expression levels 

during individual HIV-1 or HIV-2 infections (fig. III-8). Our data showed that HIV-1 

infection elicited a modest increase in IFN𝛽 mRNA at 48 and 72 hpi, whereas HIV-2 

infection resulted in a strong IFN𝛽 response (substantially more than HIV-1), especially at 

48 hpi. That increase matched the levels of IFN𝛽 mRNA measured in TZM-bl cells treated 

with recombinant IFN𝛽 protein (fig. III-8). It also coincided with the decrease in the 

cellular promoter activities (eIF1α-driven mKO2 expression) (fig. III-5, III-6). 
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Figure III-8: Interferon (IFN) 𝛽 mRNA analysis by RT-qPCR 

Data were plotted as fold-change of IFN𝛽 mRNA relative to the negative control 

and normalized to GAPDH mRNA. Infected HIV samples were compared to IFN𝛽-treated 

control cells and non-treated cells (n = 3 independent experiments). The Tukey’s (corrected 

one-way ANOVA test) multiple comparison test was used. 
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HIV-2 inhibition of HIV-1 is independent of type I interferon responses. 

 Having shown that HIV-2 can efficiently upregulate IFN response in the time-frame 

of our co-infection experiments, we next determined whether the inhibitory effect of HIV-

2 infection on HIV-1 replication is solely dependent on IFN production. To do this we 

repeated the experiment in Vero cells. Vero cells have a deletion in chromosome 12 that 

has removed the genes coding for type I IFNs. Consequently, they cannot produce IFNα 

and IFN𝛽	(177). To ensure that no type I IFNs were provided to target cells through the 

inoculum, virus preparations were pelleted by centrifugation, the supernatants removed, 

and viruses were resuspended into 5 mL of fresh DMEM. Vero cells were processed as 

described for TZM-bl cells. Importantly, we observed that in the absence of type I IFN 

production, the eIF1α-driven mKO2 signal from the HIV-1 reporter virus was no longer 

inhibited by co-transduction with HIV-2 (fig.  III-9 and III-10). Remarkably, HIV-1 LTR-

driven eGFP expression was still inhibited by co-transduction with HIV-2 (fig. III-11). 

These data strongly suggest that HIV-2 suppresses LTR-driven HIV-1 replication 

independently of type I IFN responses. 
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Figure III-9: Dual infection images in Vero cells 

Images were obtained as described in figures 1G and 1H. Sample images for each 

time point of infection in Vero cells are shown (scale bar = 100 µm). 
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Figure III-10: Effects of dual transduction on eIF1α-driven mKO2 expression in 

Vero cells 

Quantification was performed as described in figure III-9. 
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Figure III-11: Effects of dual transduction on HIV-1 LTR-driven eGFP expression in 

Vero cells 

Quantification was performed as described in figure 1I. Error bars are standard 

errors (n = 3 independent experiments). Sidak’s multiple comparison test was used in figure 

III-8 and figure III-9. 
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HIV-1 LTR-driven transcription is inhibited by the TAR-2 element. 

 The TAR-2 (or HIV-2 TAR) has been reported to inhibit transcription from the 

HIV-1 LTR (169). We therefore hypothesized that the TAR-2 element could be responsible 

for inhibition of the HIV-1 gene expression observed in our experiments. To test that 

hypothesis, replication competent HIV-2 and a TAR-2-expressing construct were used 

respectively in an infection assay and in a transfection assay for 48 hours. TAR-2 

expression levels in these experiments were compared using RT-qPCR with pTZU6 

plasmid (containing U6 rather than TAR-2) used as a control. We found that 

overexpression yielded significantly higher amounts of TAR-2 than HIV-2 infection in 

TZM-GFP cells, both measured at 48 hours post-infection and post-transfection (fig. III-

12). A transfection strategy was devised in which TAR-2 was transfected at a ratio of 40:1 

relative to pNL4.3 in different cell lines (fig. III-13). TZM-GFP cells, HEK 293 FT cells, 

and Vero cells were transfected with the plasmids as described above, with a td-tomato 

expressing plasmid as an additional control for transfection efficiency. ELISA for HIV-1 

p24 capsid was performed on the culture supernatants from these transfections and showed 

that HIV-1 viral particle release was drastically reduced (90% decrease compared to the 

controls) in the presence of TAR-2 (fig. III-14). We also found that inhibition of HIV-1 

was not dependent on the cell-type used (fig. III-14).  

To explore the significant drop in HIV-1 virion release in the presence of TAR-2 

element, intracellular HIV-1 DNA and RNA were quantified with qPCR and RT-qPCR 

respectively. The results indicated that HIV-1 Gag mRNA significantly decreased (> 100-

fold relative to the vector control) in the presence of TAR-2 element (fig. III-15). This 

points to a block in HIV-1 LTR-driven transcription. Such a block could occur at the 
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initiation step or at the elongation step of RNA Polymerase II transcription. Short viral 

transcripts are a hallmark of an abortive transcription as opposed to long polyadenylated 

transcripts that indicate a complete transcription process. The short viral transcripts which 

result from RNA polymerase early transcription complexes inability to clear the LTR 

promoter and proceed downstream of the transcriptional start site (TSS), were quantified 

with RT-qPCR. The data showed that HIV-1 LTR-driven transcription in the presence of 

TAR-2 produced short transcripts, even though the levels of longer HIV-1 transcripts were 

greatly reduced (fig. III-15, III-16). 

 

  



 

 89 

Figure III-12: HIV-2 TAR RNA expression levels 

FL pTAR-2 was transfected into TZM-GFP cells at 2 µg for 48 hours. Another set 

of TZM-GFP cells were concurrently infected with HIV-2 at a MOI of 0.8 for 48 hours. 

Transfected and infected cells were harvested, and intra-cellular HIV-2 TAR RNAs were 

quantified with RT-qPCR using specific primers. 
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Figure III-13: Strategy for transfection 

1 x 106 TZM-bl cells or HEK 293 FT cells or Vero cells were plated into 6-well 

plates (2 plates/cell type/experiment), and let to attach overnight. Each plate was 

transfected with replication competent pNL4.3 (50 ng), pCMV-td tomato (10 ng) to control 

for transfection efficiency, and pZTU6 or full-length pTAR-2 (2,000 ng) for 48 hours. 

Supernatants from the two plates were collected to perform ELISA (duplicate samples per 

experiment). The first batch of transfected cells was fixed with 4% PFA for 30 minutes, 

and counterstained with DAPI. Stained plates were imaged with the Citation 5 automated 

epifluorescence microscope. The second batch was trypsinized and the transfected cells 

were collected in two aliquots for viral DNA analysis and viral RNA analysis. Three 

independent experiments were performed. 
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Figure III-14: Virus release analysis with ELISA p24 

Culture supernatants were analyzed with an in-house ELISA p24 technique. 

Quantifications were performed using a p24 standard curve. For each cell line, the pTZU6 

control was set at 100%. FL pTAR-2 was normalized to it (n = 3 independent runs). 
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Figure III-15: HIV-1 Gag RNA levels in transfected cells 

Transcription from transfected pNL4.3 plasmid was measured with RT-qPCR using 

the primers described in table 1. The quantity of Gag RNA was divided by the number of 

viral DNA templates to get the ratio of viral Gag RNA to viral DNA templates. 
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Figure III-16: HIV-1 short transcription analysis during transfection 

HIV-1 short RNA transcripts (first 200 nucleotides from the 5’ end of the virus) 

were quantified using specific primers. The unpaired t test was used in figure III-10, figure 

III-13 and figure III-14 
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TAR-2-mediated transcription inhibition is specific to HIV-1 LTR. 

 To rule out a potential design artifact or toxicity, the TAR-2 construct was tested 

against two other retroviruses, murine leukemia virus or MLV (gamma-retrovirus) and 

Rous sarcoma virus or RSV (alpha-retrovirus). First, HIV-1 and MLV reporter viruses 

were produced in the presence or absence of TAR-2 and used to infect HEK 293 FT cells 

(fig. III-17). The proportion of transduced cells (green for HIV-1, red for MLV) obtained 

with reporter virus preparations made in the presence of FL pTAR-2 was compared to that 

of the reporter virus preparations made in the presence of the pTZU6 control plasmid (fig. 

III-18 and III-19). There was a decrease in the proportion of HIV-1 positive cells in the 

TAR-2 samples relative to control, whereas the proportions of MLV positive cells 

remained similar under both conditions (fig. III-18 and III-19). These data indicated that 

TAR-2 targeted HIV-1 LTR promoter, but not the MLV LTR promoter. 

Next, a co-transfection of the dual reporter eGFP/E2-Crimson RSV plasmid or the 

dual reporter eGFP/E2-Crimson pNL4.3 was performed with either the control pTZU6 or 

the FL pTAR-2 for 24 hours (fig. III-20). The mean fluorescence intensity (MFI) of the 

eGFP signals from the specific viral promoters (HIV-1 LTR or RSV LTR promoters) were 

normalized to the MFI of the CMV-driven E2-Crimson signal in the successfully 

transfected cells (fig. III-21 and III-22). The co-transfection assay also showed that unlike 

HIV-1 LTR promoter, RSV promoter was not targeted by TAR-2 (fig. III-21 and III-22). 

Collectively, these data support a selective inhibition of the HIV-1 LTR promoter by TAR-

2, rather than a general suppression of LTR mediated transcription. 
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Figure III-17: Strategy outline for HIV-1/MLV reporter virus experiments 

1 x 105 HEK 293 FT cells were plates into 12-well plates, and let to attach 

overnight. Attached cells were transfected with eGFP expressing pNL4.3 (20 ng), td-

tomato expressing MLV (100 ng), pCMV-VSV(G) to pseudotyped the viruses, and either 

pTZU6 or pTAR-2 or one of its mutants (800 ng). The next day, the culture medium was 

changed and transfected were incubated for a total of 48 hours before supernatant were 

collected and frozen at -80 C. A new batch of HEK 293 FT cells were plated into 12-well 

plates, and let to attach overnight. The next day, virus supernatants containing the VSV(G)-

pseudotyped viruses were thawed at room temperature, and used to infect the seeded cells 

for 48 hours. Infected cells were trypsinized, collected into 1.5 mL sterile microtubes, and 

fixed with 4% PFA for 30 minutes. Fixed cells were analyzed with the Accuri flow 

cytometer to identify HIV1-infected cells and MLV-infected cells. The ratios of HIV1-

infected cells were normalized to MLV-infected cells. The ratios obtained from viruses 

made in the presence of pTAR-2 and its mutants were compared to those of viruses made 

in the presence of the control pTZU6. Three independent experiments were performed. 
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Figure III-18: Assessment of HIV-2 TAR effects on MLV 

In the presence of FL pTAR-2 or pTZU6 control, VSV(G)-pseudotyped eGFP 

expressing HIV-1 and tomato-expressing MLV reporter viruses were produced and used 

to transduce HEK 293 FT cells. Transduced cells were analyzed with flow cytometry, 

representative plots are shown. 
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Figure III-19: TAR-2 effects on MLV versus HIV-1  

The percentage of HIV-1-transduced cells and MLV-transduced cells with reporter 

viruses made in the presence of the control pTZU6 or the FL pTAR-2 vectors are plotted. 
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Figure III-20: Strategy outline for HIV-1/RSV reporter virus experiments 

1 x 105 HEK 293 FT cells were plates into 12-well plates, and let to attach 

overnight. Attached cells were transfected with dual reporters eGFP/E2-Crimson 

expressing pNL4.3 or RSV (20 ng), and either pTZU6 or pTAR-2 or one of its mutants 

(800 ng). The eGFP expression was driven by the HIV-1 LTR promoter or the RSV LTR 

promoter. The E2-Crimson expression was driven by a CMV early intermediate promoter. 

The next day, the culture medium was changed and transfected were incubated for a total 

of 48 hours. Transfected cells were trypsinized, collected into 1.5 mL sterile microtubes, 

and fixed with 4% PFA for 30 minutes. Fixed cells were analyzed with the Accuri flow 

cytometer to identify HIV1-transfected cells and RSV-transfected cells. The mean 

fluorescence intensity of the eGFP signal was normalized to that of the E2-Crimson signal. 

The ratios MFI eGFP/td-tomato of HIV-1 and RSV in the presence of pTAR-2 were 

compared to those made in the presence of the control pTZU6. Three independent 

experiments were performed. 
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Figure III-21: TAR-2 effects on RSV versus HIV-1 (flow chart) 

Representative plots of flow charts from transfection experiments performed with 

a dual reporter eGFP/E2-Crimson RSV vector for 24 hours in HEK 293 FT cells. 
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Figure III-22: TAR-2 effects on RSV versus HIV-1 (MFI quantitation) 

The ratio of the mean fluorescence intensity (MFI) of the eGFP signal to the MFI 

of the E2-Crimson was calculated. The ratio eGFP MFI to E2-Crimson MFI in the control 

pTZU6-transfected cells was set at 100%, those of the FL pTAR2-transfected cells were 

normalized to the pTZU6 control. 
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Deletion mutagenesis of TAR-2 to identify the minimal region capable of inhibiting HIV-1 

transcription. 

 We set out to map the specific regions within the 160 nucleotide FL TAR-2 that are 

responsible for inhibition of HIV-1 transcription. FL TAR-2 was predicted to form a four-

stem loop RNA structure using UNAFOLD (IDT) (fig. III-23). We performed deletion 

mutagenesis of FL TAR-2 (primer sets and PCR conditions are described in tables 1 and 

2). Hence, based on the predicted TAR-2 structure (fig. III-23), we generated TAR-2 

mutants with only a single stem loop (SL1, SL2, or SL3), two stem loops (SL1,2, SL1,3, or 

SL2,3), or three stem loops but without the polyA stem loop (SL1,2,3) (fig. III-23). We also 

constructed a TAR-2 variant that was only missing the stem loop 1 (SL2,3,polyA). All 

constructs were cloned into the pTZU6 backbone. The full-length FL pTAR-2 contained 

loops 1,2,3, and polyA.  

These constructs were tested by measuring their effect on the ratio of single reporter 

eGFP HIV-1 over td-tomato MLV viruses that were produced as described in fig. III-17. 

The number of HIV-1-transduced cells (green cells) was normalized to the number of 

MLV-transduced cells (red cells) for each TAR-2 mutant and the control pTZU6 (fig. III-

24). All infectivity ratios (HIV+ cells/MLV+ cells) were expressed relative to reporter 

virus preparations made in the presence of the pTZU6 control. As both the full-length FL 

pTAR-2 and the polyA-deleted SL1,2,3 reduced HIV-1 reporter virus production by 

approximately 65-70%, we concluded that the polyA stem loop is not required for 

suppression of HIV-1 gene expression. Removing further loops revealed that a 

combination of SL2 with either SL1 or SL3 was sufficient to induce partial inhibition of 

HIV-1. The polyA stem loop did not appear to play a role, as SL2,3 and SL2,3,polyA exhibited 
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similar anti-HIV-1 potency. Notably, individual TAR-2 stem loops by themselves were 

unable to downmodulate HIV-1. Hence, the data suggest that HIV-1 inhibition requires of 

a minimum of two stem loops, one of which should be SL2, and the second either SL1 or 

SL3 (fig. III-24).  

 

  



 

 114 

Figure III-23: TAR-2 mutants RNA sequences were uploaded on the UNAFOLD 

prediction software (IDT). 

The software predicted for each mutant, several secondary structures and classified 

them from the most favorable to the least favorable structure in terms of thermodynamics. 

The structures shown above were either the first or the second most favorable secondary 

structures for the mutants. The top two represent the FL TAR-2 and its mutant without the 

poly A sequence, which was cloned into the SL1,2,3 TAR-2 construct. The following two 

correspond to the FL TAR-2 without the first stem loop that was cloned into the SL2,3,polyA 

TAR-2 construct, and the FL TAR-2 with two deletions (minus SL2 and polyA), it was 

cloned into the SL1,3 TAR-2 construct. The next two right below the previous are the FL 

TAR-2 without SL1 and poly A that was cloned into SL2,3 TAR-2 construct, and the FL 

TAR-2 without the SL3 and the poly A that was cloned into the SL1,2 TAR-2 construct. 

The last three represent single stem loop structures of respectively SL1, SL2, and SL3 that 

were cloned into SL1 pTAR-2, SL2 TAR-2, and SL3 TAR-2 constructs. 
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Figure III-24: Differential effects of TAR-2 constructs on HIV-1 and MLV 

transduction 

The proportions of HIV1-infected cells (green cells) and MLV-infected cells (red 

cells) achieved with the viruses made in the presence of the control pTZU6 or the FL 

pTAR-2 constructs were plotted in the graph. The Dunnett’s (corrected one-way-ANOVA 

test) multiple comparison test was used. 
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TAR blocks HIV-1 transcription in the context of infection. 

 TAR-2-mediated blockade of HIV-1 transcription occurred in the context of HIV-

2 co-infection. To understand the delay in inhibition of HIV-1 by the TAR-2 during 

infection (72 hpi vs. 48 hpi for type I IFN responses), the kinetics of TAR-2 RNA 

expression during HIV-2 infection in TZM-bl cells was assessed with RT-qPCR. The data 

showed that TAR-2 RNA transcription reached its peak between 48 hpi and 72 hpi (fig. 

III-25). This suggest that TAR-2 would likely affect measurements of HIV-1 transcription 

by 72 hpi, which is consistent with our microscopy data (fig III-7). Then total HIV-1 viral 

DNA in infected cells was quantified using qPCR and appeared similar in both HIV-1 

single infection and HIV-1/HIV-2 dual infection at all time points (fig. III-26). This 

suggests that HIV-1 cell entry and reverse transcription steps were not affected by HIV-2 

infection. To explore the effects of the TAR-2 on HIV-1 LTR-driven transcription, cell-

associated HIV-1 Gag RNA and exon 1-containing viral RNAs were quantified by RT-

qPCR. All species of HIV-1 viral RNAs including the Gag RNA contain exons 1 (73). The 

results indicated that whereas HIV-1 Gag RNA increased more than 10-fold between 24 

hpi and 72 hpi during single infection, in the presence of TAR-2 it significantly decreased 

(> 6-fold) from 48 to 72 hpi (fig. III-27). There were no significant differences at early 

time points of infection. This suggests either a failure to complete full-length transcripts or 

a block at transcription initiation by 72 hpi. To tease apart the two possibilities, HIV-1 

short transcripts, a hallmark of abortive transcription in which transcription is initiated but 

fails to extend, were quantified and showed similar levels at 24 hpi and 48 hpi in single 

and dual infections (fig. III-28). During co-infection, viral short transcripts significantly 
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increased at 72 hpi (fig. III-28), while long transcripts decreased significantly at the same 

time point (fig. III-27), indicating a block in transcription elongation. 
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Figure IV-25: HIV-2 TAR RNA expression during HIV-2 infection 

TZM-bl cells were infected with replication competent HIV-2 for 24hpi, 48hpi and 

72hpi prior to harvesting. Infected cells were harvested and processed for RT-qPCR to 

quantify genomic RNA and total transcripts during infection. 
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Figure IV-26: HIV-1 total DNA in HIV-infected TZM-bl cells 

Infection was performed as described in the methods section, total viral DNA levels 

were determined by qPCR. 
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Figure IV-27: Quantification of HIV-1 Gag RNA levels in HIV1-infected TZM-bl 

cells 

Long transcript levels were quantified by RT-qPCR. Averages from three 

independent experiments are shown with SEM indicated. 
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Figure IV-28: Quantification of HIV-1 short transcript levels in HIV1-infected TZM-

bl cells 

Short/abortive (D) transcript levels were quantified by RT-qPCR. Averages from 

three independent experiments are shown with SEM indicated. The Tukey’s multiple 

comparison test was used in figure III-23, figure III-25, and figure III-26. 
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TAR-2 prevents HIV-1 transcripts completion. 

In the absence of Tat, the majority of RNA polymerase II (RNAPII) elongating 

complexes stall near the promoter region (73). Within that region, the C-terminal domain 

of RNAPII is heavily phosphorylated on its serine residues in position 5 (serine 5), and less 

phosphorylated on its serine 2 residues. Therefore, stalled RNAPII elongating complexes 

are serine 5 phosphorylated whereas non-stalled complexes are serine 2-phosphorylated 

(55-75). To overcome the stalling, HIV-1 hijacks the ubiquitous positive acting 

transcription elongation factor b (p-TEFb) using its TAR RNA and its Tat protein (55-75). 

Therefore, assessment of the occupancy of active p-TEFb at the HIV-1 TSS is an indirect 

measure of its association with RNAPII initiating complexes as they transition to 

elongating complexes upon binding to active p-TEFb. To confirm that HIV-1 LTR-driven 

transcription was restricted to abortive transcripts, Ser2-P RNAP II occupancy 1 kilobase 

pair (kbp) downstream of the HIV-1 TSS (TSS + 1 kbp) was assessed using ChIP assays. 

Active P-TEFb occupancy downstream HIV-1 promoter region showed that while it 

increased over time during HIV-1 single infection, it decreased during coinfections in 

TZM-bl cells (fig. III-29). Additionally, the occupancy of Ser2-P RNAP II was low at 24 

hpi in both singly and dually infected cells. At 72 hpi the occupancy had significantly 

increased during HIV-1 single infection but remained low in dual infection (fig. III-30). 

This agrees with the quantification of HIV-1 Gag RNA (fig. III-27). To further establish 

that HIV-1 LTR-driven transcription is inhibited during transcription elongation, 

occupancy of Ser5-P RNAPII was assessed at the same location. The data indicate that 

there were almost no stalled RNAPII complexes downstream of the HIV-1 TSS at 24 hpi 

(fig. III-31). Curiously, there was significantly more stalling of RNAPII complexes during 
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HIV-1 single infection at 72 hpi. However, the ratio stalling complexes to elongating 

complexes remained below 1 unlike the ratio in coinfections (data not shown). 

To confirm that TAR2-mediated blockade of HIV-1 transcription occur during 

transcription elongation as suggested by the data on transcription elongation, RNAPII 

occupancy at the HIV-1 transcriptional start site (TSS) was assessed as a marker for 

initiation at 24 hpi (no changes expected) and 72 hpi (differences expected). The data 

indicate that during single infection, active p-TEFb similarly occupied the HIV-1 TSS at 

all time points (fig. III-32). In contrast, active p-TEFb occupancy during coinfection 

seemed to decrease to levels similar to those of the DRB-treated samples from 24 hpi to 72 

hpi. This suggest that TAR-2-mediated inhibition of HIV-1 transcription targets RNAPII 

transitioning from initiating complexes to elongating complexes by countering their 

interaction with active P-TEFb. The occupancy of Ser2-P RNAPII was similar in both 

HIV-1 single infection DRB-treated or not, and in coinfection at all time points (fig. III-

33). This shows that there were no significant differences in the initiation of HIV-1 

transcription between HIV-1 single infection and HIV-1/HIV-2 coinfections. The 

occupancy of Ser5-P RNAPII was higher in HIV1-infected samples treated with DRB and 

in coinfection whereas it was close to nothing in HIV-1 single infection at 24 hpi and 72 

hpi (fig. III-34). This indicates that RNAP II initiating complexes tend to stall around the 

promoter region during coinfection and DRB treatment. 
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Figure IV-29: Active P-TEFb occupancy at 1 kbp downstream of HIV-1 TSS during 

HIV infection  

Single HIV1-infected treated or not with DRB (P-TEFb inhibitor), and dual-

infected TZM-bl cells were processed with ChIP using antibody against the threonine 176-

phosphorylated P-TEFb form (active form), followed with qPCRs using specific primers 

(table 1) spanning a region of the HIV-1 genome located 1kbp downstream of the 

transcription start sites of HIV-1. 
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Figure IV-30: Ser2-P RNAPII occupancy at 1 kbp downstream of HIV-1 TSS during 

HIV infection 

Single HIV1-infected treated or not with DRB (P-TEFb inhibitor), and dual-

infected TZM-bl cells were processed with chromatin immunoprecipitation using antibody 

against the serine 2-phosphorylated form of RNAP II, followed with qPCRs using specific 

primers (table 1) spanning the location 1kbp downstream of the transcription start sites of 

HIV-1. 
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Figure IV-31: Ser5-P RNAPII occupancy at 1 kbp downstream of HIV-1 TSS during 

HIV infection 

Same as previously, except for the antibody used in the immunoprecipitation 

reaction. Antibody against the serine 5-phosporylated RNAP II (stalled form) was used. 

The same primers used in above were used here. 
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Figure IV-32: Active P-TEFb occupancy at the HIV-1 TSS during HIV infection. 

Single HIV1-infected treated or not with DRB (P-TEFb inhibitor), and dual-

infected TZM-bl cells were processed with chromatin immunoprecipitation using antibody 

against the threonine 176-phosphorylated P-TEFb form (active form), followed with 

qPCRs using specific primers (table 1) spanning a region encompassing the HIV-1 TSS in 

the LTR. 
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Figure IV-33: Ser2-P RNAPII occupancy at the HIV-1 TSS during HIV infection  

Single HIV1-infected treated or not with DRB (P-TEFb inhibitor), and dual-

infected TZM-bl cells were processed with chromatin immunoprecipitation using antibody 

against the serine 2-phosphorylated form of RNAP II, followed with qPCRs using specific 

primers (table 1) spanning a region encompassing the HIV-1 TSS in the LTR. 
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Figure IV-34: Ser5-P RNAPII occupancy at the HIV-1 TSS during HIV infection  

Single HIV1-infected treated or not with DRB (P-TEFb inhibitor), and dual-

infected TZM-bl cells were processed with chromatin immunoprecipitation using antibody 

against the serine 5-phosphorylated form of RNAP II, followed with qPCRs using specific 

primers (table 1) spanning a region encompassing the HIV-1 TSS in the LTR. 

 

  



 

 142 

 

 

 

  

HIV-1 24hpi

Dual 24hpi

HIV-1 72hpi

Dual 72hpi

HIV-1/DRB
0

2

4

6

8

10

%
 in

pu
t

Ser5-P RNA Pol II occupancy at HIV-1 TSS

****

**** ns



 

 143 

 
III. 3. Discussion 

In this report, individual cells infected with both HIV-1 and HIV-2 were directly 

imaged, setting the stage to study the interactions between the two viruses under co-

infection conditions. In all cases of HIV-2 protection against HIV-1 reported in the 

literature, HIV-2 infection preceded HIV-1 infection or was at least concurrent to it (162-

165). There have been few reports of cases of HIV-2 superinfection in HIV-1-infected 

individuals conferring protection (51). That suggests that the order of infection might be 

important to the protective effects exerted by HIV-2. Our data support these prior 

observations (51,162-165), as HIV-2 potently suppressed HIV-1 infection when added 

prior to or simultaneously with HIV-1, but had far less impact once HIV-1 infection was 

established. 

HIV-2 infection inhibited simultaneous HIV-1 infection through two main 

mechanisms that were not mutually exclusive: 1) induction of type I IFN responses, and 2) 

HIV-2 TAR-mediated inhibition of HIV-1 transcription. Both mechanisms have been 

reported previously (98-99,127-132,153-160,166-172,189-192), however, these studies 

did not clearly delineate their relative contributions in terms of timing of effect, targets of 

the inhibition, and specificity of the inhibition. Moreover, the previous reports did not map 

the direct inhibition mechanism to any specific sequences within the HIV-2 genome. 

Consistent with these reports (98-99,153-160,189-192), we showed that type I IFN 

responses were induced by HIV-2 around 48 hours post-infection. In our hands, these 

responses were not specific to the HIV-1 LTR and additionally downmodulated the 

expression of a reporter gene under control of an eIF1𝛼 promoter. Importantly, in the Vero 

cell line, which is deficient for type I IFN production, HIV-2 no longer inhibited expression 
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of eIF1𝛼-dependent gene expression but still inhibited HIV-1 infection. These data clearly 

indicated that induction of type I IFN responses was responsible for the broad suppression 

of transcription, but a second more direct inhibition mechanism was able to inhibit 

transcription from the HIV-1 LTR promoter. 

Other viral factors have been proposed to be involved in direct HIV-2 inhibition of 

HIV-1 infection (166-172). They are viral proteins (HIV-2 Rev and Vpx) that require 

overexpression in order to exert anti-HIV-1 effects (166-167,171). The report on HIV-2 

Rev-mediated inhibition of HIV-1 infection claims that HIV-2 Rev protein acts as a 

dominant negative of HIV-1 Rev protein (166). Two other research groups reported 

independently that Vpx-mediated inhibition of HIV-1 occurs during reverse transcription 

(167) and nuclear entry of HIV-1 preintegration complexes (171). Neither HIV-2 Rev nor 

Vpx was reported to be involved in HIV-1 LTR activity downmodulation in the previous 

studies (166-167,171). Therefore, it was unlikely that the direct mechanism at hand could 

be due to any of these factors. The direct mechanism was discernable around 72 hours post-

infection. And previous reports have shown that HIV-1 LTR can be targeted by HIV-2 

TAR in transfection and infection settings, therefore, HIV-2 TAR might be the culprit (168-

170). In such a scenario, the 72 hours delay to the inhibition could be the time needed for 

HIV-2 TAR to reach significant levels in HIV-2-infected TZM-bl cells. In contrast, 

transcription of the HIV-2 TAR RNA from a U6 promoter drove high expression of HIV-

2 TAR RNA at early time points and was associated with rapid inhibition of HIV-1 

transcription.  

Moreover, some reports have claimed that HIV-2 provirus is unable to express its 

viral proteins at high levels comparable to HIV-1 (41,145-150). That inability is due to a 
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strong post-transcriptional control of HIV-2 gene expression exerted by its highly 

structured 5’ untranslated region (UTR) present in all its viral transcripts (145-146). Unlike 

HIV-1 5’UTR, HIV-2 5’UTR is unable to recruit cellular factors required for the translation 

initiation complexes to read through its structure RNAs during translation of viral proteins 

(41,145-150). Therefore, it is unlikely that Vpx and Rev could be highly expressed in vivo 

to exert the reported effects. Accordingly, they should not have prominence for they would 

not be overexpressed from the integrated HIV-2 provirus. Additionally, data from the 

mutational analysis of HIV-2 that removed almost all its genome to the exception of the 

first 321 nucleotides provides further evidence that HIV-2 accessory genes would rather 

play a minor role in HIV-1 inhibition (169). 

Here, we showed that HIV-2 TAR directly inhibited HIV-1 LTR activity by 

limiting its ability to promote full-length transcript synthesis. Transcription was initiated 

but RNA polymerase II was mainly restricted to short transcripts production. This agrees 

with three other reports (166-167,171). Indeed, anti-HIV-1 gene therapy attempts showed 

that HIV-1 and HIV-2 TAR elements can be used as decoy against HIV-1 Tat protein to 

block HIV-1 infection at the transcriptional level (168,171). Of all the HIV-1 Tat protein 

decoys tested, full-length TAR-2 is the most potent (168). We also showed that the direct 

inhibition mechanism reported here appeared to be HIV-1 specific and did not affect other 

retroviruses such as MLV and RSV. Hence, it appears that HIV-2 seems able to specifically 

target HIV-1 LTR-driven transcription. 

In their report, Browning et al. showed that direct inhibition required a 160 

nucleotides long RNA oligo (169). The construct they referred to as full-length TAR-2 

includes the polyadenylation signal at the 5’LTR of HIV-2 (169). We showed that the 
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presence of that sequence was dispensable to HIV-1 inhibition as the full-length TAR-2 

deleted of the polyadenylation signal was as inhibitory as the full-length construct. We also 

demonstrated that, although the most potent inhibition requires three predicted stem loops, 

direct inhibition could be observed with a combination of TAR-2 stem loop 2 in 

combination with stem loop 1 or stem loop 2. A shorter oligo would facilitate further 

investigations of the interface between HIV-2 TAR and HIV-1 Tat. 

With regard to the second stem loop, Fenrick et al. have reported it to be an 

independent TAR element in the context of HIV-2 LTR transactivation (193). Of note, 

their overall predicted structure of TAR-2 was similar to ours to the exception of the 

missing poly A sequence in theirs. They showed that stem loop 2 alone could mediate HIV-

2 LTR transactivation through its interaction with HIV-1 or HIV-2 Tat protein when stem 

loop 1 was deleted. But it had a lesser transactivation potential (four to eight-fold weaker) 

than the first stem loop. Moreover, they demonstrated that the reduced activity of stem loop 

2 was primarily a function of its distance from the 5’ cap, rather than an inability to bind 

Tat (193). Our data on the effects of HIV-2 TAR element on HIV-1 LTR activity suggest 

that no single HIV-2 TAR stem loop provided in trans was able to sequester HIV-1 Tat and 

consequently they had no inhibitory effects on HIV-1 LTR. We found that at least two 

TAR-2 stem loops were required to inhibit HIV-1 LTR activity, and all three were required 

for the maximum inhibition. This finding is contrary to the prior observation that deleting 

a single stem loop can be tolerated with little loss of transcriptional activity (193). As 

proximity to the 5’ cap is strongly associated with improved transcriptional activation, our 

uncapped TAR-2 RNAs may require a more complete structure, and a high level of over 

expression, to effectively compete with the HIV-1 TAR sequence. 
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CHAPTER IV: COMPARATIVE STUDY OF THE KINETICS OF 

INFECTION OF HIV-1 AND HIV-2 

 

IV. 1. Introduction 

Efforts have been made over the years to decipher the mechanisms that underlie 

HIV-2 lower pathogenicity in the hope of learning cues from the retroviral biology that 

might help in addressing the challenges in HIV-1 cure, in HIV vaccine strategies, and in 

the design of safe and effective lentiviral delivery vectors for gene therapy. It has been 

reported that HIV-2 low pathogenicity could be related to lower transcription rates in vivo 

(37) which in turn could explain the lower plasma viral load measured in HIV-2-infected 

individuals (195-196). Transcriptional interferences have been described to be often 

associated with HIV-2 infection in vivo due to its propensity to integrate in the opposite 

direction of the host cell gene (37). Moreover HIV-2 unlike HIV-1 was subject to a stronger 

immunological control with potent type I interferon responses, HIV-2 specific antibody 

responses, and HIV-2 specific CD8+ T cell responses (191). Determinants of these 

observations were proposed to be related to events during the initial HIV-2 infection. 

Unlike HIV-1, early events in HIV-2 infection are not well understood. 

Previous studies of the kinetics of HIV-1 and HIV-2 infection have shown 

differences in human monocytes-derived macrophages (MDM) and dendritic cells which 

HIV-1 was unable to efficiently infected. The restriction of infection in those cells was 

attributed to SAMHD1, a restriction factor that is counteracted by the viral factor Vpx only 

present in HIV-2 particles (197-198). Successful HIV-2 infection of macrophages led to 
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type I interferon responses which in turn primed HIV-2 specific adaptive immunity (98). 

In CD4+ T lymphocytes in which infection kinetics seemed similar, differences in 

replication rates, and in integration sites selection clearly point to deeper trafficking 

differences. Attempts at understanding those trafficking differences have proposed that 

HIV-1 recruits CPSF6 and CypA as key factors for trafficking upon cell entry (99). Unlike 

HIV-1, HIV-2 was unable to recruit CypA due to differences in its capsid protein. 

We hypothesized that besides SAMDH1 and Vpx, they are likely other differences 

in the kinetics of the HIV-1 and HIV-2 that could explain the various outcomes to their 

respective infection. To test that hypothesis, we followed the kinetics of HIV-1 and HIV-

2 infection with fluorescent in situ hybridization (FISH), and qPCR over the first 24 hours 

of infection in TZM-bl cells. We showed that HIV-1 infection in TZM-bl cells proceeded 

quickly upon viral entry. Relative to HIV-2, HIV-1exhibited faster integration into the host 

cell genome, and higher rates of transcription with transcriptional bursts. On the other hand, 

HIV-2 was slower with a roughly two hours delay (relative to HIV-1) in reverse 

transcription completion and integration. Analysis the state of the chromatin around HIV-

1 and HIV-2 LTR promoters at 24 hpi showed that both LTRs had similar active chromatin 

marker H3K9me2 levels, and should be equally accessible to transcription factors. Host 

RNA polymerase II occupancy analysis at each LTR promoter start sites showed less 

occupancy in the case of HIV-2 LTR. 

 

IV. 2. Results 

To identify differences in the kinetics of vRNA and vDNA during the early stages 

of HIV-1 and HIV-2 life cycle, FISH probes specific for each virus (table IV-1) were used 
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to follow them from 4 hpi up to 12 hpi during infection in TZM-bl cells. These probes were 

tested for cross-reactivity against the non-autologous HIV and did not show non-specific 

binding (141). The vRNA and vDNA probes were previously described (141) and are 

summarized in table IV-1. 
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Table IV-1: List of the FISH probes made by ACDBio used in this study 

Several regions of HIV-1 and HIV-2 genome were selected for the design of the 

FISH ZZ probes. Z-shaped are small oligonucleotides of 20-40 nucleotides that bind side 

by side over the length of a specific targeted sequence in the viral genome. Their Z shape 

allows the bind of their base to the target complementary sequence, and the binding of their 

top part to an amplifier of fluorescent signal. For HIV-1NL4.3, two regions were selected for 

the design of specific vRNA and vDNA probes. For HIV-2ST, only one region was selected 

for the design of the vRNA and vDNA probes. The viral RNA probes target the genomic 

RNA from the incoming virus and the one transcribed from the proviral DNA. The viral 

DNA probes detect the complementary strand of the + sense viral DNA. 
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ID Name Catalog # ZZ Description 

PS-1 Hs-HIV-1 311921-C1 10 Anti-sense vRNA probe targeting within 

801-1393bp of HIV-1 genome (Gag-

Pol) 

Accession # NC_001802.1 

PS-2 HIV-1-gag-

pol-C3 

317691-C3 60 Sense vDNA probe targeting within 

507-4601bp of HIV-1 genome (Gag-Pol) 

Accession # NC_001802.1 

PS-3 V-HIV-2-

gag-C3 

446221-C3 20 Anti-sense probe targeting within 1379-

2447bp of HIV-2 genome (Gag) 

Accession # L07625.1 

PS-4 V-HIV-2-

gag-C1 

499981-C1 20 Sense probe targeting within 1379-

2447bp of HIV-2 genome 9Gag) 

Accession # L07625.1 
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Reverse transcription completion appeared to be delayed in HIV-2-infected TZM-bl cells. 

The number of vRNA foci decreased over time from 4 hpi to 10 hpi in HIV-1-

infected TZM-bl cells and from 4 hpi to 12 hpi in HIV-2-infected TZM-bl cells (fig. IV-1, 

IV-2, IV-3). HIV-1 vRNA rapidly decreased between 4 hpi and 6 hpi, time point at which 

more than 90% of vRNA spots had disappeared (p < 0.001, fig. IV-1, IV-2). By 10 hpi, 

rare vRNA spots were still present as shown in fig. IV-1 (bottom panel). HIV-2 vRNA 

slowly decreased during two phases (fig. IV-1, IV-3). The number of spots of vRNA did 

not significantly drop between 4 hpi and 6 hpi, but quickly went down between 6 and 12 

hpi. By that time point, HIV-2 reverse transcription was nearly completed with very few 

vRNA spots that were still accounted for in fig. IV-1 (top panel). 

HIV-1 vDNA reached a peak at 4 hpi (fig. IV-4, IV-5, IV-6). Although it still 

increased until 8hpi, the differences were not significant with FISH. This suggests that 

most of HIV-1 reverse transcription in TZM-bl cells was completed by 6 hpi. Similar to 

HIV-1 infection, HIV-2 vDNA reached its peak at 4 hpi (fig. IV-4, IV-5, IV-7). This 

suggested that the bulk of reverse transcription in HIV-2 could occur within the same time 

frame as HIV-1. However, the delay in completion with HIV-2 was in contrast with that of 

HIV-1 (fig. IV-2, IV-3). Of note, vDNA seemed to drop for both viruses at 14 hpi 

concurrently with nuclear translocation and integration of proviruses into the host genome 

(fig. IV-5, IV-6, IV-7). And HIV-2 vDNA markedly increased between 20 hpi and 22 hpi 

(fig. IV-5, IV-7) before getting back to its previous level. To confirm the apparent two-

hour delay in reverse transcription completion between HIV-1 and HIV-2 in TZM-bl cells, 

we performed a TOA assay with TDF at 2 µM (fig. IV-8). TDF-induced inhibition of HIV-

1 replication in TZM-GFP cells at 72 hpi dropped to 50% between 8 hpi and 10 hpi. That 
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suggests that the majority of reverse transcription products during HIV-1 infection were 

completed approximately by 10 hpi, at which time point the drug lost about 50% of its 

efficacy in the TZM-bl cells. HIV-2 inhibition by TDF reached 50% between 10 and 12 

hpi. TDF potency was essentially lost (inhibition £ 10%) by 12-14 and 14-16 post infection 

by HIV-1 and HIV-2, respectively. 
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Figure IV-1: Staining of HIV-1 and HIV-2 viral RNAs with the FISH probes  

FISH stained samples were imaged at 63X with a confocal microscope Leica SP8 

diode. 20 to 30 frames were randomly picked for each time point. Sample images (various 

zoom focus) from the first stages of the viral life cycle are shown (scale bar 10 µm). 
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Figure IV-2: Quantification of HIV-1 RNAs spots.  

Samples were processed as described in fig. IV-1. The number of HIV-1 RNA spots 

(green spots) and of nuclei (blue objects) were counted for each frame within each time 

point using the Cell Profiler software. Each nucleus accounted for a single cell. For each 

frame, the number of green spots was divided by the number of cells. The ratio of vRNA 

spots/cell per frame was averaged for the 20 to 30 frames taken in each time point for each 

independent experiment. The experiments were repeated at least twice. The averaged ratio 

of HIV-1 RNA spots/cell for each independent experiment were plotted. Data from at least 

two independent experiments were average in the graph. Tukey’s multiple comparison test 

(one-way ANOVA test) was used to assess statistical differences. 
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Figure IV-3: Quantification of HIV-2 RNAs spots  

Samples were processed as described in fig. IV-1. The number of HIV-2 RNA spots 

(green spots) and of nuclei (blue objects) were counted for each frame within each time 

point using the Cell Profiler software. Each nucleus accounted for a single cell. For each 

frame, the number of green spots was divided by the number of cells. The ratio of vRNA 

spots/cell per frame was averaged for the 20 to 30 frames taken in each time point for each 

independent experiment. The experiments were repeated at least twice. The averaged ratio 

of HIV-2 RNA spots/cell for each independent experiment were plotted. Data from at least 

two independent experiments were average in the graph. Tukey’s multiple comparison test 

(one-way ANOVA test) was used to assess statistical differences. 
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Figure IV-4: Staining of HIV-1 and HIV-2 viral DNAs during early phases  

TZM-bl cells were infected, incubated between 4 hrs. and 10 hrs for HIV-1 and 

between 4 hrs and 12 hrs. for HIV-2. Infected samples were fixed, and processed for FISH 

with the corresponding DNA probes as described in the method section. FISH stained 

samples were imaged at 63X with a confocal microscope Leica SP8. 20 to 30 frames were 

randomly collected and processed for each time point. Sample images (various zoom focus) 

from the first stages of the viral life cycle are shown (scale bar 10 µm). 
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 162 

Figure IV-5: Staining of HIV-1 and HIV-2 viral DNAs during late phases.  

TZM-bl cells were infected, incubated between 12 hrs. and 24 hrs for HIV-1 and 

between 12 hrs and 24 hrs. for HIV-2. Infected samples were fixed, and processed for FISH 

with the corresponding DNA probes as described in the method section. FISH stained 

samples were imaged at 63X with a confocal microscope Leica SP8. 20 to 30 frames were 

randomly collected and processed for each time point. Sample images (various zoom focus) 

from the second stages of the viral life cycle are shown (scale bar 10 µm). 
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Figure IV-6: Quantification of HIV-1 DNAs spots at all time points  

The number of HIV-1 DNA spots (red spots) and of nuclei (blue objects – equated 

to cell number) were counted for each frame within each time point using the Cell Profiler 

software. For each frame, the total number of red spots was divided by the number of cells. 

The ratio of vDNA spots/cell per frame was averaged for the 20 to 30 frames taken at 

individual time points for each independent experiment. The averaged ratio of HIV-1 DNA 

spots/cell for each independent experiment were plotted as shown. Data from at least two 

independent experiments were averaged in the graph. Tukey’s multiple comparison test 

(one-way ANOVA test) was used to assess statistical differences. 
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Figure IV-7: Quantification of HIV-2 DNAs spots at all time points  

The number of HIV-2 DNA spots (red spots) and of nuclei (blue objects – equated 

to cell number) were counted for each frame within each time point using the Cell Profiler 

software. For each frame, the total number of red spots was divided by the number of cells. 

The ratio of vDNA spots/cell per frame was averaged for the 20 to 30 frames taken at 

individual time points for each independent experiment. The averaged ratio of HIV-2 DNA 

spots/cell for each independent experiment were plotted as shown. Data from at least two 

independent experiments were averaged in the graph. Tukey’s multiple comparison test 

(one-way ANOVA test) was used to assess statistical differences. 
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Figure IV-8: Tenofovir time-of-addition (TOA) assay.  

HIV-1 and HIV-2 infections were separately performed at 0.3 MOI for 72 hrs of 

incubation after addition of the virus (72 hpi). Tenofovir was added to the HIV-infected 

TZM-GFP cells at different time points post infection (0 hrs, 4 hrs, 8 hrs, 10 hrs, 12 hrs, 16 

hrs, 20 hrs, 22 hrs, and 24 hrs). At 72 hpi, the cells were fixed with 4% paraformaldehyde 

(PFA), and counterstained with DAPI. Several frames were randomly imaged in order to 

analyze approximately a total of 1x105 cells. The total number of cells as well as the 

number of HIV-infected cells GFP positive cells) were automatically determined with the 

automated epifluorescence microscope Cytation 5 as described in the methods section. The 

number of HIV-infected TZM-GFP cells was divided by the total number of cells to 

calculate a ratio of infected cells for each time-point of addition. The DMSO control-

treated cells for each experiment was set to 100%, and the per cent inhibition was 

determined relative to them. The data set was fit with the GraphPad software. Three 

independent experiments were performed, and the average per cent inhibition of each 

experiment for the specific time of addition point was plotted. EC50 was determined by the 

intersection of the 50% efficiency line (dotted line) and the TOA curve. 
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HIV-2 vDNAs nuclear translocation appeared to be slower in TZM-bl cells. 

It appears that the nuclear translocation of HIV-2 pre-integration complexes (PICs) 

and their integration into host cell genome would also be delayed compared to HIV-1. The 

average ratio of nuclear HIV-1 vDNA spots to total cellular spots for each frame showed 

that nuclear translocation occurred alongside reverse transcription (fig. IV-9). It started as 

early as 6 hpi, and was nearly completed between 10 hpi and 12 hpi when roughly 80% of 

HIV-1 vDNA spots colocalized with the nuclei. At 16 hpi, the nuclear vDNA spots 

represented at least 90% of the total cellular vDNA. In contrast, HIV-2 vDNA spots seemed 

mainly cytoplasmic until 18 hpi, suggesting a possible delay in the nuclear translocation 

(fig. IV-10). The average ratio of nuclear to total vDNA spots showed that to the exception 

of 6 hpi, more than half of the spots were cytoplasmic until 16 hpi. At 18 hpi, nuclear 

localization of HIV-2 vDNA spots reached its peak at 70%. Then it slowly dropped to 35% 

at 24 hpi (fig. IV-10). This observation could indicate differences in nuclear translocation 

of HIV-1 and HIV-2 PICs and/or integration. To confirm the delay in HIV-2 nuclear 

translocation and/or integration into host cell genome of the TZM-bl cells, we performed 

a TOA assay with RAL at 1 µM (fig. IV-11). RAL-induced inhibition of HIV-1 replication 

in TZM-GFP cells at 72 hpi dropped to 50% between 10 hpi and 12 hpi, and HIV-2 

inhibition by RAL reached 50% between 12 hpi and 14 hpi. RAL potency against HIV-1 

and HIV-2 replication was completely lost (inhibition £ 10%) respectively between 16 and 

18 hpi, versus 18 and 20 hpi. 
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Figure IV-9: HIV-1 DNA spots localization  

Experiments were done as described in figures IV-4 and IV-5. Each dot on the plot 

corresponds to the nuclear HIV-1 DNA spots divided by total HIV-1 DNA spots in each 

frame. Nuclear translocation was defined as the association of HIV-1 DNA spots with the 

DAPI mask defined in the Cell Profiler pipeline created to analyze the images. The ratio 

nuclear HIV-1 DNA to total HIV-1 DNA was compared to 0.5 corresponding to a 50% 

nuclear localization cut off for the viral DNA (dotted line). Each individual ratio was 

determined for the 20 to 30 frames taken per time point in each independent experiment. 

Time points were repeated at least twice for HIV-1. The individual ratios for each 

experiment were matched to ratios from repeated experiments, and plotted. Ratios for 

frames that had no vDNA spots were set to zero.  
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Fig. IV-10: HIV-2 DNA localization  

Experiments were done as described in figures IV-4 and IV-5. Each dot on the plot 

corresponds to the nuclear HIV-2 DNA spots divided by total HIV-2 DNA spots in each 

frame. Nuclear translocation was defined as the association of HIV-2 DNA spots with the 

DAPI mask defined in the Cell Profiler pipeline created to analyze the images. The ratio 

nuclear HIV-2 DNA to total HIV-2 DNA was compared to 0.5 corresponding to a 50% 

nuclear localization cut off for the viral DNA (dotted line). Each individual ratio was 

determined for the 20 to 30 frames taken per time point in each independent experiment. 

Time points were repeated at least twice for HIV-2. The individual ratios for each 

experiment were matched to ratios from repeated experiments, and plotted. Ratios for 

frames that had no vDNA spots were set to zero. 
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Figure IV-11: Raltegravir TOA assay  

HIV-1 and HIV-2 infections were separately performed at 0.3 MOI for 72 hrs. 

raltegravir (RAL) was added to TZM-GFP cells at the time points as indicated in the TDF 

TOA experiments. The cells were processed as described in fig. IV-8. Percent inhibition 

and EC50 were determined relative to DMSO control-treated cells, and plotted for 3 

independent experiments. 
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HIV-2 appeared to produce negative sense vRNA transcripts during infection in TZM-bl 

cells. 

Another intriguing observation with the HIV-2 infection in the HeLa-based TZM-

bl cells was the significantly higher vDNA levels between 20 hpi and 22 hpi compared to 

those measured between 4 hpi and 12 hpi during the early stages (fig. IV-5, IV-7). Such 

peculiar finding could suggest that the anti-sense vDNA probe used in this study was 

detecting another species of nucleic acid different from the intended HIV-2 vDNA. A 

possible explanation could be that the HIV-2 vDNA probe was binding to an anti-sense 

vRNA species produced by HIV-2 under the infection conditions used here. That transcript 

artificially increased the vDNA spots counted between 20 hpi and 22 hpi. And when 

favorable conditions for viral replication were met, the promoter for that transcription was 

turned off to allow the regular HIV-2 5’LTR promoter-driven transcription. The significant 

decrease of vDNA spots between 22 hpi and 24 hpi seems compatible with such 

explanation. That increase led us to hypothesize that HIV-2 might be producing negative 

sense RNA transcripts during that time frame. To test that hypothesis, HIV-2-infected 

samples were treated with Rnase A prior to the FISH procedure to remove all RNA species. 

and stained samples were compared to matched samples from the same experiments 

without Rnase A treatment (fig. IV-12). 

 

  



 

 178 

Figure IV-12: Quantification of Rnase treatment on HIV-2 DNA spots  

HIV-2-infected TZM-bl cells were incubated for 20 hpi and 22 hpi. Corresponding 

samples were divided in two batches. The first batch of 20 hpi and 22 hpi samples were 

not treated with Rnase before the FISH procedure. The second batch was treated with 

Rnase A as described in the method section. Both batches were imaged using the Leica sp8 

confocal microscope as described before. Samples images are shown. The total number of 

HIV-2 DNA spots were divided by the number of cells in each frame for each time point 

(20 hpi and 22 hpi), and for each Rnase treatment conditions (treated or non-treated). The 

ratios of all frames for the same experiment were averaged. Averaged ratios for the same 

time point and the same Rnase treatment conditions (treated or non-treated) were plotted. 
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With similar H3K4me2 level, HIV-1 LTR had more RNA Polymerase II occupancy than 

HIV-2 LTR. 

During the late stages of infection in TZM-bl cells, it appeared on the imaging data 

that HIV-1 transcribed more vRNA than HIV-2 (fig. IV-13). To assess the difference in 

transcription between HIV-1 and HIV-2, accessibility of the LTR promoter region to 

transcription factors was analyzed using an antibody against the active chromatin marker 

H3K4me2 in a chromatin immunoprecipitation (ChIP) assay (fig. IV-14). Both HIV-1 and 

HIV-2 yield similar levels of viral DNA in the input sample, which represented 10% of the 

harvested cells (no IP) as shown in table IV-2. An independent marker, the human 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene promoter, a highly expressed 

gene that has the active chromatin marker H3K4me2 was used to control for the efficiency 

of the antibody used in the immunoprecipitation step. The results showed that there was 

more GAPDH promoter pulled down from samples infected by HIV-2 than by HIV-1 (table 

IV-1). That result could be due to slight differences in the number of TZM-bl cells actually 

processed during the ChIP assay. To account for these differences, HIV LTR data obtained 

with H3K4me2 antibody were normalized to data from the GAPDH promoter. Their LTR 

promoter regions had high level of H3K4me2 representing 80% of the Input (fig. IV-14). 

And there was no significant difference between the two HIVs. This suggested that both 

HIV-1 and HIV-2 promoter region were equally accessible to RNAP II and other 

transcription factors required for transcription. 

Next, the occupancy of RNAP II was assessed at the HIV LTRs. The expectation 

was that with similar accessibility, differences in LTR-driven transcription could originate 

from differences in RNAP II presence at these LTR promoters. To test this hypothesis, an 
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antibody against the processive serine 2-phosphorylated form of RNA polymerase II was 

used to access occupancy at the transcription start site. As with the antibody against 

H3K4me2, qPCR with primers targeting GAPDH promoter start site were used to control 

for the efficiency of the pull-down. The HIV-1 and HIV-2 LTRs data were normalized to 

the GAPDH promoter data. RNAP II occupied less the HIV-2 LTR promoter start site (fig. 

IV-15). 
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Figure IV-13: Transcription of nascent vRNA  

FISH stained samples were imaged at 63X with a confocal microscope Leica SP8. 

20 to 30 frames were randomly picked for each time point. Sample images (various zoom 

focus) from the second stages of the viral life cycle are shown (scale bar 10 µm).  
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Table IV-1: HIV-2 and in HIV-1 LTR copies quantification in ChIP input samples  

TZM-bl cells were infected at similar level with HIV-1 and HIV-2 for 24 hrs. 

Infected cells were processed according to the ChIP assay coupled to the Taqman-based 

qPCR assay protocols described in the Method section. Immunoprecipitation was 

performed with ChIP grade anti-human H3K4me2 antibodies, anti-RNAP II (serine 2-

phosphorylated form). Each experimented was independently repeated 2 to 3 times. 
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Antibody against Samples Log10 copies of DNA/PCR 

Input IgG control IP sample 

H3K4me2 HIV-1 infection 4.26 0 3.54 

HIV-2 infection 4.91 0 1.17 

Ser2-P RNAPII HIV-1 infection 5.25 0 3.90 

HIV-2 infection 4.65 0 1.21 
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Figure III-14: H3K4me2 active chromatin marker at HIV LTR promoters 

(normalized data) 

TZM-bl cells were infected at similar level with HIV-1 and HIV-2 for 24 hrs. 

Infected cells were processed according to the ChIP assay coupled to the Taqman-based 

qPCR assay protocols described in the Method section. Immunoprecipitation was 

performed with ChIP grade anti-human H3K4me2 antibody. The occupancy of H3K4me2 

at the LTRs was normalized to the GAPDH promoter data. Each experimented was 

repeated 2 to 3 times. 
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Figure III-15: RNAPII occupancy at HIV LTR promoters (normalized data) 

TZM-bl cells were infected at similar level with HIV-1 and HIV-2 for 24 hrs. 

Infected cells were processed according to the ChIP assay coupled to the Taqman-based 

qPCR assay protocols described in the Method section. Immunoprecipitation was 

performed with ChIP grade anti-human serine 2 RNAP II antibody. The occupancy of 

serine 2 RNAP II at the LTRs was normalized to the GAPDH promoter data. Each 

experimented was repeated 2 to 3 times. 
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HIV-2 seemed less efficient at transcribing its provirus during infection in TZM-bl cells. 

Imaging and ChIP data indicate that HIV-1 could be more efficient at transcribing 

its genes than HIV-2 (fig. IV-13). To confirm that these observations reflect a genuine 

feature of HIV-2 and not some technical artifacts a chimeric HIV-1 construct was prepared 

that has an HIV-2 Nef c-terminus insert (table II-1, fig. IV-16). That construct allowed the 

design of one set of primers and probe targeting within the HIV-2 Nef c-terminal region 

present in both viruses (table II-1). Chimeric Nef HIV-1 and HIV-2 infections were 

performed in TZM-bl cells at 0.5 MOI. Infected-TZM-GFP cells were harvested at 24 hpi, 

48 hpi, and 72 hpi and divided into two batches to assess cell-associated vRNA and vDNA. 

The qPCR data indicated that at all three time points, both infections reached similar level 

of total viral DNA (fig. IV-17) which includes all forms of vDNA (linear DNA, 1LTRs, 

2LTRs, integrated provirus, and auto-integrants). Unlike the imaging data, the RT-qPCR 

data indicated that HIV-2 transcribed as much vRNA transcripts as HIV-1 per infected cell 

(fig. IV-18) and per DNA template (fig. IV-19). 
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Figure IV-16: Chimeric Nef HIV-1  

Generation of an HIV-1 pNL4.3 with a chimeric Nef gene that encodes for the N-

terminus of HIV-1NL4.3 Nef and the C-terminus of HIV-2ST Nef protein. The resulting 

plasmid is referred to as pNL4.3 chimeric Nef. 

 

  



 

 192 

 

 

 

  



 

 193 

Figure IV-17: Viral DNA load per infected cells 

TZM-GFP cells were infected with HIV-1 or HIV-2 at 0.03 MOI in the presence of 

Nelfinavir to prevent spread (secondary infection). Infected cells were harvested at 24 hpi, 

48 hpi and 72 hpi. Viral DNA was extracted and amplified with primers and probes specific 

to HIV-2ST Nef C-terminus sequence. Intracellular viral DNA loads were divided by the 

numbers of infected cells (GFP+ cells) determined by fluorescence microscopy. 

Experiments were repeated 2 to 3 times. Tukey’s multiple comparison test (one-way 

ANOVA test) was used to assess the statistical differences. 
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Figure IV-18: Viral RNA load per infected cells  

TZM-GFP cells were infected with HIV-1 or HIV-2 at 0.03 MOI in the presence of 

Nelfinavir to prevent spread (secondary infection). Infected cells were harvested at 24 hpi, 

48 hpi and 72 hpi. Viral RNA was extracted and amplified with primers and probes specific 

to HIV-2ST Nef C-terminus sequence. Cell-associated viral RNA loads were divided by 

the numbers of infected cells (GFP+ cells) determined by fluorescence microscopy. 

Experiments were repeated 2 to 3 times. Tukey’s multiple comparison test (one-way 

ANOVA test) was used to assess the statistical differences. 
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Figure IV-19: Viral RNA transcripts per viral DNA template  

TZM-GFP cells were infected with HIV-1 or HIV-2 at 0.03 MOI in the presence of 

Nelfinavir to prevent spread (secondary infection). Infected cells were harvested at 24 hpi, 

48 hpi and 72 hpi. Viral RNA and vDNA were extracted and amplified with primers and 

probes specific to HIV-2ST Nef C-terminus sequence. The cell-associated vRNA copy 

number was divided by intracellular vDNA copy number. Experiments were repeated 2 to 

3 times. Tukey’s multiple comparison test (one-way ANOVA test) was used to assess the 

statistical differences.  
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IV. 3. Discussion 

In this study, we compared side by side the kinetics of HIV-1 and HIV-2 infections 

in order to identify specific time points at which there may be differences between infection 

by these two viruses. We designed probes to specifically interrogate the fate of the viral 

nucleic acids in HeLa-based TZM-bl cells. These probes allowed for the detection 

(qualitative analysis) and the counting of individual vRNA or vDNA spots (quantitative 

analysis). The data collected showed that HIV-2 reverse transcription was slower than 

HIV-1’s with a roughly 2 hrs delay in completion. The delay in reverse transcription 

completion was characterized by a slower decrease in the number of viral RNA spots over 

time compared to HIV-1. The delay was confirmed by a TOA of TDF that showed that 

TDF was still 50% active up to 11 hpi in the case of HIV-2 infection versus 8 hpi in the 

case of HIV-1. The slower reverse transcription dynamics impacted the vDNA synthesis, 

its nuclear translocation, and its integration into the host cell genome as these later steps 

also showed a roughly 2 hrs. delay confirmed with a TOA of RAL. This is the first study 

to look into the dynamics of HIV-1 and HIV-2 viral RNA and DNA during the early stages 

from cell entry to integration into the genome of the target cells. 

This observation of a delay in the completion of the reverse transcription of HIV-2 

could be due to the reverse transcription step itself as both HIV-1 and HIV-2 have been 

reported to have the same binding affinity to cellular dNTPs (199), but different 

efficiencies of dNTPs incorporation (3 to 5-fold higher for HIV-1) (200). The dNTPs 

incorporation is a 2-step process involving a conformational change followed with the 

dNTP incorporation into the nascent DNA chain (200-201). And the rate-limiting step is 

the conformational change step. It seems possible that HIV-1 RT is better at this step than 
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HIV-2 RT. The delay in the completion of reverse transcription could also be related to a 

slower target cell entry of HIV-2 than HIV-1. Indeed, the bimodal kinetics of HIV-2 vRNA 

spots during the first 12 hrs with a slow decrease between 4 hpi and 6 hpi and a faster 

decrease between 6 and 12 hpi, could indicate that cell entry is also a rate-limiting step. In 

this case, the viral particles slowly enter the target cell, and the pool of vRNA spots gets 

replenished up to the point where the majority of viral particles have gained access to the 

cytoplasm (first phase of reverse transcription – 4 hpi to 6hpi). From there on, reverse 

transcription would proceed on the remaining pool without replenishment making it appear 

fast during the second phase (6 hpi to 12 hpi). A previous report (202) has shown that for 

X4-tropic HIVs, HIV-1 isolates were faster at entering the target cells than X4-tropic HIV-

2, which both HIV-2ST and HIV-1NL4.3 are. 

We also noted that the number of vDNA spots significantly increases during the 

late stages of the virus life cycle between 20 hpi and 22 hpi. They decreased back to their 

level prior to 20 hpi by 24 hpi indicating a transient event that would probably be missed 

by other conventional non-microscopic techniques such as qPCR and RT-qPCR. These 

vDNA spots were curiously different in shape and size from the viral DNA spots observed 

during the early stages, and early on during the late stages of the virus life cycle. 

Interestingly, these spots were also sensitive to Rnase digestion suggesting that some of 

these vDNA spots were rather spots of negative strand RNA also called anti-sense RNA. 

The significance of such an observation is still unclear. However, based on previous reports 

on cellular (203-208) and HIV-1 (208-212) negative strand RNA transcription, we could 

infer that the production of a negative strand RNA species could be a common feature of 

HIV-1 and HIV-2 infection. It has been reported to occur under certain circumstances in 
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which HIV Tat protein production was unable to drive efficient 5’LTR transactivation. The 

negative sense RNA transcripts were proposed to originate from a cryptic promoter located 

at the 3’LTR promoter or between the Nef gene and the 3’ LTR promoter. The activity of 

that promoter is suppressed upon sufficient Tat production and efficient 5’LTR 

transactivation (208-212). Whether the anti-sense RNA transcripts produced in cell culture 

systems infected with HIV-1 are translated into viral proteins is still debated (208-212). 

There are conflicting reports on the existence of viral antisense proteins. The controversy 

around them is fueled by a lack of specific antibodies to detect them, and by questions 

about their relevance in vivo (208-212). 

At first, HIV-2 seemed less efficient at transcribing its genome. And the few 

transcripts produced by HIV-2 looked almost exclusively nuclear suggesting an export 

default. This observation can be a genuine transcription issue with the HIV-2 LTR 

promoter or due to a faulty HIV-2 vRNA probe. Therefore, we looked into histone markers 

of active chromatin to assess the accessibility of the viral LTR promoters of HIV-1 and 

HIV-2 to RNAP II and other host transcription factors. The presence of the active histone 

marker H3K4me2 at these LTRs showed that both LTRs were equally accessible to 

transcription factors as shown by their similar H3K4me2 occupancy. Although it has been 

reported that HIV-2 tends to integrate more often into the heterochromatin than HIV-1 

(37), we did not notice any difference between HIV-1 and HIV-2. As both viruses’ LTRs 

were accessible to RNAP II, we assessed RNAP II occupancy in HIV-infected TZM-bl 

cells at 24 hpi. Our data showed that occupancy was higher at the HIV-1 LTR than in HIV-

2’s. Reduced occupancy of RNAP II at HIV-2 LTR was consistent with the decreased 

transcription from the HIV-2 LTR indicated by the microscopy data. Previous reports have 
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compared the transcription of HIV-1 to HIV-2 in a wide variety of HIV-infected cells 

(37,41,147). Most of the studies reported that there was little to no difference in terms of 

transcription efficiency between the two viruses, with the exception of the report by 

MacNeil et al (37). This report showed that HIV-1 was very efficient at producing high 

levels of its transcripts whereas HIV-2 was not. That feature was attributed to 

transcriptional interferences in which HIV-2 integrates in an inverted position with the 

regard to the cellular gene it has integrated into. 

To strengthen the claim that HIV-2 produces less viral transcripts than HIV-1, we 

measure cell-associated vRNA and vDNA in HIV-infected TZM-bl cells. A chimeric Nef 

HIV-1 was made to allow for the use of the same PCR primers and probe to quantify viral 

nucleic acids, and to eliminate the possibility that differences in the PCR efficiency of our 

HIV-1 and HIV-2 primers/probe sets was contributing to the apparent differences in viral 

replication kinetics. The data showed that although there were some differences in 

transcription between HIV-1 and HIV-2, those differences were not significant in TZM-bl 

cells as suggested by the imaging and the ChIP data. This observation points to sensitivity 

issues with the HIV-2 probe used in this work or to the fact that the qPCRs picked up sense 

and antisense RNA species given that the RT-qPCR performed in this study were not strand 

specific RT-qPCR assay but rather used random hexamer primers for cDNA synthesis. 

Moreover, comparing HIV-1 and HIV-2 transcription is also complicated by the facts that 

the FISH probe detects a sequence within the Gag region whereas the qPCR primers and 

probe target a sequence within the Nef region. At any rates, it either appears that some RNA 

species were not properly detected by the FISH technique, leading to an underestimation 

of the total number of vRNA spots counted or the RT-qPCR quantified both HIV-2 sense 
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and antisense RNA species, resulting in an overestimation. Of note, HIV-1 does not 

produce as much as antisense RNA under the same condition as shown before (141). As a 

consequence, the phenotype of low transcription could be an artifact related to the probe 

issue. In which case, it is not surprising that the technique missed the transcriptional bursts 

that were seen with HIV-1 infection (141) but not in HIV-2-infected TZM-bl cell images. 

It could also be a genuine feature of the HIV-2 infection in TZM-bl cells that we could not 

properly explore and that could be further studied with proper qPCR techniques.  
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