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Abstract  
The envelope glycoprotein (Env) of lentiviruses plays an essential role in viral replication. 

Env is expressed on the plasma membrane of infected cells and is incorporated into 

budding virions, where it acts as the viral entry protein, binding to the CD4 receptor and 

coreceptors (CCR5 or CXCR4) on target cells to mediate attachment, fusion and entry 

of the viral capsid. Functional Env is a heterotrimeric structure composed of the receptor-

binding surface subunit (gp120) and the transmembrane subunit (gp41) that contains the 

fusion peptide, a transmembrane domain and a cytoplasmic tail (CT). The HIV EnvCT is 

approximately 150 amino acids long, whereas the EnvCT of retroviruses are 

considerably shorter (approximately 50 amino acids). Conservation of the length of 

lentiviral EnvCTs suggests the presence of key determinants, many of which remain 

undefined, that are essential for efficient viral replication and spread. Previous studies 

have reported that HIV-2 and several SIVs truncate their EnvCT in vitro in order to gain 

a replicative advantage, although how this provides an advantage is currently unknown. 

To explore the biology of the EnvCT, HIV-1 and HIV-2 viruses with a truncated EnvCT 

were produced by site-directed mutagenesis and the requirement of the EnvCT has been 

explored in the context of viral replication, evasion of antiviral restriction factors and 

activation of signalling pathways. Data in this thesis show that HIV-1 and HIV-2 viruses 

have differential requirements for the long EnvCT, in a cell-type dependent manner. 

Whilst HIV-1 required a long EnvCT for efficient replication and spread in T cells, HIV-2 

replication was not dependent on the EnvCT. This difference primarily mapped to 

differences in Env incorporation into virions, which is known to be a key determinant of 

infectivity. Notably, EnvCT truncation conferred resistance to two potent virus entry-

targeting restriction factors, SERINC5 and IFITM. Further, results suggest that truncation 

of the EnvCT alters the susceptibility of virions to inhibition by neutralising antibodies. 

Together, this work provides new mechanistic insight into the role of the EnvCT in 

evasion of innate antiviral defences, revealing how viruses balance competing factors to 

adapt to their niche in the presence of differing selection pressures. 
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Impact statement  
Lentiviruses encode a long, enigmatic EnvCT which is involved in various steps of the 

viral life cycle and modulates sensitivity to the adaptive immune system, through 

regulation of the global Env conformation. This thesis uncovers a role for this EnvCT in 

evading innate immune restriction. SERINCs and IFITMs are potent lentiviral restriction 

factors that inhibit infection by blocking viral entry into cells. Specifically, SERINCs inhibit 

viral fusion by targeting the Envelope glycoprotein by a mechanism that remains 

incompletely understood. Truncation of HIV-1 and HIV-2 EnvCT confers complete 

resistance to SERINC and IFITM restriction. However, while the EnvCT of HIV-1 is 

necessary for viral replication in T cells, HIV-2 does not require the EnvCT. These data 

suggest a new mechanism by which human lentiviruses can evade restriction that is 

mediated by the EnvCT, but highlight key differences in the likely fitness cost imposed 

by this on pandemic HIV-1 and non-pandemic HIV-2. This study highlights that 

lentiviruses continuously adapt to alterations in selection pressures, from the innate and 

adaptive immune system, when introduced into different niches, in order to successfully 

replicate and transmit. Currently, differences in HIV-1 and HIV-2 Env trafficking, Env 

incorporation and virion assembly are not well understood. The EnvCT truncated 

mutants used in this study could be used to aid our understanding of these differences, 

which might shed light on the role of Env in determining HIV pandemicity.  
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1. Introduction  
1.1 HIV pathogenesis 

1.1.1 Origin and classification 
Acquired Immunodeficiency Syndrome (AIDS) was first diagnosed in 1981 and coincided 

with the discovery of the first human retroviruses infecting T cells of leukaemia patients 

(Poiesz et al., 1980). Given that AIDS patients also have abnormal T cell counts and 

dysregulated T cell function, scientists hypothesised that a T-cell tropic retrovirus may 

be the causative agent of AIDS. Indeed, Human Immunodeficiency Viruses type-1 and 

2 (HIV-1 and HIV-2) are lentiviruses belonging to the family Retroviridiae and are the 

causative agents of AIDS. The discovery of HIV-1 (Barre-Sinoussi et al., 1983; Gallo et 

al., 1984; Levy et al., 1984; Popovic et al., 1984) was fuelled by the observation that a 

significant number of homosexual men in New York, USA were suffering from 

malignancies such as Kaposi’s sarcoma and several opportunistic infections (Friedman-

Kien, 1981) suggestive of underlying immunodeficiency in otherwise healthy individuals. 

Following the discovery of HIV-1, serological studies in 1986 revealed that the virus 

infecting the west African population was different to HIV-1, thus it was termed HIV-2 

(Clavel et al., 1986). Whilst HIV-1 infection causes rapid onset of AIDS without treatment, 

HIV-2 is antigenically different and causes less aggressive disease progression 

(Drylewicz et al., 2008; Jaffar et al., 1997; Marlink et al., 1994). Since the beginning of 

the AIDS pandemic, HIV-1 has infected an estimated 60 million people, whereas HIV-2 

has infected approximately 1 million people (UNAIDS, 2008).  

 

The human immunodeficiency viruses originate from several zoonotic transmissions of 

Simian Immunodeficiency Viruses (SIV) into the human host. HIV-1 viruses are of 

chimpanzee origin and comprise of four distinct lineages named group M, N, O and P 

which emerged as a result of four independent cross-species transmissions (Sharp and 

Hahn, 2011). The first HIV-1 virus to be discovered belonged to group M (Barre-Sinoussi 

et al., 1983) and viruses from this group are responsible for >98% of human infections 

worldwide (Sharp and Hahn, 2011). By contrast, group N, which was discovered in 

Cameroon, resulted in only 13 cases to date (Simon et al., 1998). Groups M and N 

originate from direct transmissions of SIVcpz into humans. On the other hand, group O 

and P are of gorilla origin. Phylogenetic analysis reveals that HIV-1 groups and SIVgor 

cluster with SIVcpz, thus chimpanzees are thought to be the reservoir of human and gorilla 

infections. Group O was discovered in 1990 (De Leys et al., 1990) and causes less than 

1% of the total HIV-1 infections worldwide (Peeters et al., 1997), and group P was very 

recently discovered and there are only 2 known cases (Plantier et al., 2009). Exactly how 

humans acquired the ape strains of virus is currently unknown, however it is thought that 
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the transmission events occurred during bushmeat hunting exercises, whereby infected 

ape blood or bodily fluids entered via the cutaneous route or through mucus membranes 

(Peters 2002). HIV-2 is largely restricted to West Africa (de Silva et al., 2008), where it 

infects approximately 1-2 million people (Visseaux et al., 2016). However, surveillance 

data suggest that HIV-2 infections are on the decline and are being replaced by HIV-1 

(Berry et al., 2002; Olesen et al., 2018; van der Loeff et al., 2006). Like HIV-1, HIV-2 is 

also separated into 9 distinct lineages named group A-I which result from zoonotic 

transmission of SIVsmm from sooty mangabeys (Ayouba et al., 2013). The majority of HIV-

2 infections belong to groups A and B, thus they have better transmission rates 

compared with HIV-2 groups C-I (Visseaux et al., 2016). The sporadic nature of 

emergence of groups C-I suggest that these represent dead-end transmission which 

could not be perpetuated in the human population (Jin et al., 1994). Figure 1.1 
summarises the zoonotic events resulting in the emergence of HIV-1 and HIV-2.  

   

 
Figure 1.1 Zoonotic transmissions and origins of HIV. SIVcpz was transmitted to humans on 

two separate occasions to give HIV-1 groups M and N, and once to gorillas to give rise to SIVgor. 
SIVgor was transmitted to humans during two separate zoonotic events to give HIV-1 groups O 

and P. Finally, SIVsmm was transmitted to humans to give HIV-2 groups A-I. Adapted from (Sauter 

& Kirchhoff, 2019). 
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1.1.2 Transmission 
There are various routes of HIV transmission which facilitate exchange of contaminated 

bodily fluids between people. For example, sexual transmission, percutaneous 

inoculation and mother to child transmission, which is further divided into placental 

transmission, contact with contaminated maternal blood, genital secretions during birth 

and contaminated breastmilk. A number of virological and immunological factors affect 

the rate of successful person to person transmission.  

 

Analysis of viral variability shows that HIV infected individuals have highly diverse quasi-

species present in the body. However, during transmission, very few HIV strains infect 

the recipient host (Joseph et al., 2015; Shaw and Hunter, 2012). For example, 

heterosexual transmission results in only a single variant being responsible for the newly 

established infection, referred to as the transmitted/founder virus (T/F) (Abrahams et al., 

2009; Derdeyn et al., 2004; Haaland et al., 2009; Keele and Derdeyn, 2009; Keele et al., 

2008). This reduction in viral diversity is thought to be due to a transmission bottleneck. 

It is thought that a breach of the physical mucosal barrier allows for successful viral 

transmission (Kariuki et al., 2017; Tully et al., 2016). Emerging evidence also suggests 

that viral determinants are important in overcoming the transmission bottleneck. 

Comparative studies between T/F and chronic viruses reveal that there are several 

genotypic and phenotypic differences between them. For example, the Env glycoproteins 

of T/F viruses are less glycosylated (Derdeyn et al., 2004; Gnanakaran et al., 2011; Ping 

et al., 2013), have shorter variable loops (Curlin et al., 2010; Sagar et al., 2006), maintain 

a compact structure, are less sensitive to neutralising antibodies (Chohan et al., 2005; 

Liao et al., 2013; Nie et al., 2014) and almost exclusively use the CCR5 co-receptor 

(Joseph et al., 2015; Keele and Derdeyn, 2009). It is likely that Type I interferons provide 

a selective pressure on T/F viruses to evade early defences of the innate immune 

response. Therefore, T/F viruses are generally resistant to Type I Interferons, suggesting 

that they are able to overcome immune pressures at the point of initial infection (Fenton-

May et al., 2013; Foster et al., 2016; Iyer et al., 2017; Parrish et al., 2013). 

 

1.1.3 Clinical course of infection and pathogenesis 
The primary targets of HIV and SIV infection in vivo are CD4 T cells, macrophages and 

a subset of dendritic cells (Alkhatib et al., 1996; Kaur et al., 1998; Maddon et al., 1986; 

Smed-Sorensen et al., 2005). HIV infection causes progressive immunodeficiency over 

time in untreated individuals. Laboratory tests commonly used to determine a patient’s 

level of immunosuppression include measuring the CD4 T cell count and the patient’s 

plasma viral load. A wide variety of viral markers are reliably used to determine the 

‘Fiebig Staging’ of a patient (Fig. 1.2) (Fiebig et al., 2003). This staging system separates 
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the infection into six phases. Immediately after transmission, there is a time lag of 7-21 

days where the virus establishes infection at the exposure site, before entering the blood, 

and this is known as the ‘eclipse’ phase. Once the virus enters the systemic circulation 

and the lymph nodes, an acute phase is initiated whereby rapid viral replication and 

spread occurs. This is when an increase in plasma viral load is observed. Here, there is 

an exponential increase in HIV RNA levels and as the Fiebig stages progress, other viral 

antigenic markers such as HIV p24 antigen begin to appear. Also, a key immunological 

marker of the acute phase of HIV infection is the rapid depletion of CD4 T cells. Evidence 

suggests that both infected and uninfected bystander cells die at this stage (reviewed 

by(Doitsh and Greene, 2016). When a patient’s CD4 T cell count is less than 200/mm3 

they are clinically classified as having AIDS (WHO, 2005). Once HIV-1 infects a target 

cell, it can either establish active infection, replicate and spread or it can enter a long-

lived quiescent state called viral latency. Latently infected cells contain stably integrated, 

replication competent proviruses that are repressed by various mechanisms (Archin et 

al., 2014). HIV-1 latency is preferentially established in resting memory CD4 T cells 

(Dahabieh et al., 2015), microglia cells (Davis et al., 1992) and monocytes/macrophages 

(Abbas et al., 2015), all of which have a long half-life in vivo. The state of HIV-1 latency 

is reversible, however recent evidence suggest that the majority of latent proviruses are 

defective and therefore cannot establish infection in the case of reactivation (Bruner et 

al., 2016; Bruner et al., 2019). 

 

Figure 1.2 Fiebig staging of HIV-1 disease. HIV-1 infection can be classified into one of six 

Fiebig stages based on the appearance of viral RNA (vRNA), viral capsid (p24Ag) and virus-

specific antibody detectable by ELISA (ELISA Ab) or western blot. HIV-1 infection can also be 

broadly divided into 3 stages, acute infection, latent infection and AIDS (Adapted from (Shaw & 

Hunter, 2012).  

 



 21 

Whilst the laboratory tests are reliable and commonly used in high- and middle-income 

settings, the majority of infections are found in resource-limited settings where there is a 

lack of adequate laboratory facilities to test the entire infected population and for 

continued monitoring. For better surveillance in these settings, the WHO has introduced 

a clinical staging system which is divided into four parts and clinicians can decide the 

staging purely based on the patient’s clinical manifestations (Jennifer et al., 2010). Stage 

one is an asymptomatic stage where patients have generalised lymphadenopathy. Stage 

two is mildly symptomatic and the patient’s weight loss is equivalent to less than 10% of 

their total body weight. At this stage people also have recurrent respiratory and 

dermatological infections. Stage three is moderately symptomatic, where patients have 

weight loss greater than 10% of their total body weight and prolonged periods of 

opportunistic infections. Finally, stage four is the severely symptomatic stage where 

patients often manifest with HIV associated cancers such as B-cell non-Hodgkin 

lymphoma. HCMV infection of multiple organs is also indicative of AIDS development. 

Comparison of this WHO clinical staging system to the Fiebig staging system, shows 

that it is indeed an accurate way to manage HIV infected patients in low-income countries 

(Malamba et al., 1999; Lynen et al., 2006; Kagaayi et al., 2007).  

 

1.1.4 Antiretroviral therapy 
Antiretroviral Therapy (ART) was first introduced in 1987 as a monotherapy treatment, 

using the drug Zidovudine/AZT (Furman et al., 1986). Monotherapies were less 

efficacious due to the emergence of viral drug resistance (Larder et al., 1995), so in 1996, 

combination therapy (cART) was introduced. This strategy includes administering three 

antiretroviral drugs which target key viral enzymes, in order to overcome the high 

mutational rate of HIV-1 which leads to the emergence of viral escape mutants (Autran 

et al., 1997). ART is highly effective in almost completely suppressing viral replication, 

below the limit of detection of viral RNA in blood (<50 copies/ml of plasma) and this 

significantly restores the CD4 T cell numbers in infected individuals (Cihlar and Fordyce, 

2016). This in turn slows down the rate of disease progression to AIDS, such that infected 

individuals who have access to these drugs have normal life expectancy (Trickey et al., 

2017). Currently, ART can be divided into seven drug classes: nucleoside reverse 

transcriptase inhibitors (NRTIs); non-nucleoside reverse transcriptase inhibitors 

(NNRTIs); protease inhibitors (PIs); fusion inhibitors; CCR5 antagonists; post-

attachment inhibitors and integrase strand transfer inhibitors (INSTIs). These drugs 

target multiple steps of the viral lifecycle, hence increasing the likelihood of successfully 

targeting the virus. First, nucleotide reverse transcriptase inhibitors (NRTIs) are dNTP 

analogues targeting the active site of reverse transcriptase (RT) and thus inhibiting 

reverse transcription by causing premature chain termination (St Clair et al., 1987). 
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Second, non-nucleotide reverse transcriptase inhibitors (NNRTIs) bind to RT proximal to 

the active site, inducing a conformational change and thus inhibiting the enzyme 

(Kohlstaedt et al., 1992). Third, protease inhibitors (PIs) prevent Gag polyprotein 

cleavage and virion maturation, thus producing non-infectious viral particles (Kempf et 

al., 1995). Fourth and most recent are integrase inhibitors (INIs), which inhibit DNA 

strand transfer reaction and thus prevent viral integration into host DNA (Espeseth et al., 

2000). Fusion inhibitors and CCR5 blockers are not routinely used.  
 

ART is also being used to prevent HIV-1 transmission. Pregnant women are prescribed 

specific ART regimes and drugs are used to prevent mother to child transmission in Post 

Exposure Prophylaxis (PEP) (Chacko et al., 2012) and as Pre-exposure prophylaxis 

(PrEP) to stop transmission in high-risk groups (Wilton et al., 2015). Importantly, ART 

does not cure infection due to the presence of a latent viral reservoir which remains 

undetected since active viral replication is not occurring, although some individuals do 

show ‘blips’ in which there is some detectable viral RNA in blood but this is efficiently 

suppressed with treatment (Pitman et al., 2018). As a result, treatment interruption 

results in rapid viral rebound and disease progression (Cihlar and Fordyce, 2016).    

 

1.1.5 HIV-2 infection  
HIV-2 has very similar biology to HIV-1 including mode of transmission, cell tropism and 

the ability to cause AIDS. However, the probability of disease progression to AIDS is 

much lower upon HIV-2 infection compared with HIV-1 (Marlink et al., 1994; Nyamweya 

et al., 2013; Olesen et al., 2018). HIV-2 also enters cells using the CD4 receptor but does 

have an expanded coreceptor usage by comparison with HIV-1. In addition to the CCR5 

and CXCR4 coreceptors used by HIV-1, HIV-2 also exploits CCR1, CCR2, CCR3, CCR8 

and CXCR6 (Shi et al., 2005). A characteristic feature of HIV-2 infection is low viral 

transmission rates, likely due to lower viral loads in infected individuals (Gottlieb et al., 

2006; Popper et al., 2000). In line with this, HIV-2 infected individuals usually present 

with undetectable plasma viral loads (Popper et al., 2000; Soriano et al., 2000; van der 

Loeff et al., 2010), possibly reflective of better immune control. Indeed, HIV-2 infected 

individuals have a stronger innate, T cell and humoral immune responses which 

collectively suppress viral replication (Duvall et al., 2007; Duvall et al., 2008; Nuvor et 

al., 2006; Rodriguez et al., 2007). Together, this leads to fewer people with chronic 

immune activation (Hanson et al., 2005), hence fewer people with morbidity and more 

infected individuals become long term non-progressors (Jaffar et al., 1997; Marlink et al., 

1994; Olesen et al., 2018; Thiebaut et al., 2011; van der Loeff et al., 2010). Treatment 

of HIV-2 infection is similar to HIV-1, however NNRTIs are not used since the drugs are 

inactive against HIV-2 RT (Peterson and Rowland-Jones, 2012).   
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1.1.6 SIV infection  
Species specific strains of Simian Immunodeficiency Virus (SIV) have been infecting 

their natural hosts, the African non-human primates, for thousands of years. SIV infection 

of a natural host typically does not cause disease or progression to AIDS, despite high 

viral replication and neither is chronic immune activation present in infected monkeys 

(reviewed by (Chahroudi et al., 2012; Sharp and Hahn, 2011)). The majority of evidence 

for this statement comes from in vivo studies in the sooty mangabeys and African green 

monkeys. Several factors contribute to the low pathogenesis and the absence of chronic 

immune activation. Firstly, the number of healthy peripheral CD4 T cells remains high 

despite high viral loads (Silvestri et al., 2003) and T cell regeneration is unaffected 

(Paiardini et al., 2009), therefore there is no apparent immunodeficiency observed in 

vivo. Next, lymph nodes are important sites of viral replication and pathogenesis and 

histological studies of infected lymph node biopsies show that the architecture and 

function of SIV infected lymph nodes remain unaffected, consistent with the observation 

that T cell distribution is unaffected (Silvestri et al., 2003). Further, there is limited SIV 

infection of central memory CD4 T cells which also acts to preserve T cell homeostasis 

and lymphoid tissue architecture (Klatt et al., 2008; Paiardini et al., 2011). Next, the 

innate immune response initially established upon SIV infection is rapidly resolved and 

therefore there is limited immunopathology (Bosinger et al., 2009; Jacquelin et al., 2009; 

Lederer et al., 2009). Also, maintenance of the mucosal integrity and gut Th17 cells 

means that there is little to no microbial translocation, which is thought to be an important 

determinant of AIDS progression in HIV infection (Brenchley et al., 2008; Brenchley et 

al., 2006; Favre et al., 2009; Pandrea et al., 2007). Finally, the accessory protein, Nef 

downmodulates CD3-T cell receptor (TCR) from the cell surface to prevent excessive T 

cell activation and T cell death (Schindler et al., 2006). This important function of Nef is 

not present in the SIVcpz/HIV-1 lineage and a recent study used chimeric HIV-1 

constructs expressing Nef proteins which can and cannot downmodulate CD3 from the 

cell surface to show that CD3 retainment leads to more efficient viral spread (Mesner et 

al., 2020). This is attributed to an increase in the amount of Env present at the cell surface 

and incorporated into virions. However, it was also shown that CD3 retention at the cell 

surface leads to increased T cell activation and T cell death (Mesner et al., 2020), thereby 

suggesting that most SIVs downmodulate CD3 in order to prevent pathogenesis.  

 

Cross-species transmission of SIV often results in the ability of the virus to cause disease 

in a new host species. For example, the SIVmac virus arose by infecting rhesus macaques 

with SIVsmm, which was originally found in Sooty mangabeys and does not cause 

disease. However, SIVmac causes AIDS-like disease in the rhesus macaques, suggesting 
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that adaptations in the rhesus macaque host resulted in increased pathogenicity (Apetrei 

et al., 2005; Apetrei et al., 2006; Daniel et al., 1985). Further, natural zoonoses of SIV 

into the human host resulted in the emergence of HIV-1 and HIV-2 viruses, with HIV-1 

group M being largely responsible for the global AIDS pandemic (Hahn et al., 2000).  
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1.2 HIV structure and lifecycle 
This section discusses the lentiviral life cycle, using HIV-1 as an example. As shown in 

Figure 1.3, HIV-1 must complete a series of steps in its life cycle in order to replicate: 

(1) receptor and coreceptor binding, fusion and entry into host cell cytoplasm; (2) reverse 

transcription of viral genome, capsid uncoating, nuclear import and integration; (3) viral 

gene expression; (4) virion assembly, budding and maturation.  

 

 
Figure 1.3 HIV-1 lifecycle. The HIV-1 life cycle is a complex series of interactions with the host 

cell machinery and immune evasion strategies that allow successful infection, replication and 

transmission. To enter cells HIV engages its envelope glycoprotein gp120 with cell surface protein 

CD4 and a co-receptor (CXCR4 or CCR5). Upon fusion, the capsid core is released into the 

cytoplasm. Capsid recruits cellular proteins cyclophilin A (red) and CPSF6 (purple), likely to 

prevent detection of the viral reverse transcribed products by DNA sensors. The virus reverse 

transcribes RNA into DNA, which is integrated into the cellular genome. Once integrated the 
provirus may become latent. Transcription and translation of the provirus results in viral proteins 

that assemble at the cell surface. Immature virions are released and incorporate envelope 

glycoproteins (Env) in the process. Finally, during maturation, the protease enzyme cleaves the 

structural polyprotein to form mature Gag proteins, resulting in the production of new infectious 

virions. (Created using Biorender.com) 
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1.2.1 Virion and genome structure 
Mature HIV-1 virions are spherical particles measuring 100nm (Briggs et al., 2003) and 

are surrounded by 7-12 envelope glycoprotein trimers (Env) embedded within a host cell 

derived lipid bilayer (Chojnacki et al., 2012; Linde et al., 2013; Zhu et al., 2003). Directly 

under the lipid bilayer is a layer of matrix proteins (MA). Under this layer, is a conical 

capsid (CA) shell containing two copies of the positive sense single-stranded RNA. Each 

RNA molecule is 9.4kB long. The RNA molecules are bound to two essential viral 

enzymes: integrase (IN) and reverse transcriptase (RT). Additionally, the viral accessory 

protein, Vpr, is also packaged into virions (reviewed in (Freed, 2015)).  

 

The HIV-1 genome contains 9 open reading frames that encode 14-15 viral proteins 

depending on viral lineage. Transcription of viral genes is driven by long terminal repeats 

(LTRs), which are found at the 5’ and 3’ ends of the genome (Burnett et al., 2009). 

Several transcription factors, such as NFkB, are able to bind to LTRs, leading to 

regulation of viral and host gene expression (Pereira et al., 2000). The structural and 

enzymatic genes are gag, pol and env, all of which are common to retroviruses. Gag 

encodes a polyprotein called p55, which is processed by the viral protease enzyme, into 

6 proteins: matrix (p17/MA), capsid (p24/CA), nucleocapsid (p7/NC), p6 and spacer 

peptide 1 and 2. These proteins are vital for virion formation and structure. Pol encodes 

the key viral enzymes: reverse transcriptase (RT), integrase (IN) and protease (PR). A 

Gag-Pol precursor is formed in a 1:20 ratio to Gag, due to ribosomal frameshift and this 

ensures incorporation of RT, IN and PR into virions (Jacks et al., 1988). Env encodes 

the precursor protein gp160, which is proteolytically cleaved to form the surface subunit, 

gp120, and the transmembrane subunit, gp41 (Hallenberger et al., 1992). Further, the 

genome encodes two regulatory proteins, Tat and rev, which enable transcription and 

translation of the viral genome, as well as at least 3 accessory proteins vif, vpr and nef, 

which are necessary for efficient replication in vivo. Some lentiviruses also encode vpu 

or vpx accessory genes, as described below. Functions of all the viral proteins will be 

explored in detail whilst explaining the viral lifecycle.      

 

Acquisition and loss of accessory genes, vpu and vpx, allows lentiviruses to be 

categorised into 3 groups (Fig. 1.4). The first group of viruses include HIV-1, SIVcpz, 

SIVgor and the SIVgsn/mon/mus lineage which encode vif, vpr, nef and vpu genes. It is 

thought that the vpu gene is in the HIV-1/SIVcpz lineage due to a recombination event 

between SIVrcm and the SIVgsn/mon/mus lineage (Bailes et al., 2003). The second 

group contains a vpx gene rather than vpu and includes two related lineages: (1) HIV-2, 

SIVsmm and SIVmac and (2) SIVrcm/drl infecting drills and SIVmnd2 (Etienne et al., 

2013). The emergence of vpx has likely occurred due to a duplication event of vpr gene 
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(Tristem et al., 1990). Phylogenetic analysis shows that vpx emerged prior to the 

separation of the HIV-2/SIVsmm and SIVrcm/drl lineages and was perhaps lost in the 

HIV-1/SIVcpz lineage during the recombination event mentioned above. Finally, the third 

group of SIVs only contain vif, vpr and nef genes (Sauter and Kirchhoff, 2019). 

 

 
Figure 1.4 Genomic organisation of primate lentiviruses. The structural and enzymatic genes 

(gag, pol and env) are shown in white and are common to all retroviruses. The regulatory genes 

Tatand rev common to all primate lentiviruses are shown in grey. The accessory genes vif, vpr, 

and nef are also common to all primate lentiviruses and are shown in green. Vpu gene (orange) 

is only found in the HIV-1/SIVcpz lineage and closely related SIVgsn/mon/mus infecting 
Cercopithecus monkeys. Vpx gene (blue) is only found in the HIV-2/SIVsmm and related 

SIVrcm/drl/mnd2 linages. Adapted from (Sauter and Kirchhoff, 2019). 
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1.2.2 Entry and fusion  
HIV-1 entry into target cells is a complex process. Evolving microscopy and 

spectroscopy techniques, as well as increasing structural data on HIV-1 Env, has aided 

better understanding of the process of fusion (Figure 1.5). The first step of viral entry is 

binding of Env to the CD4 receptor on target cells. Although Env exists as a trimer at the 

cell surface, the probability of three Env-CD4 interactions occurring simultaneously is 

low and this requirement would make viral entry an inefficient process. Instead, evidence 

suggests that a single Env-CD4 interaction may be sufficient for successful entry (Yang 

et al., 2005), although this remains controversial (Brandenberg et al., 2015a). Env-CD4 

interactions lead to conformational changes in Env variable loops (discussed extensively 

in section 1.3.2.2), resulting in the formation of a bridging sheet, adopting a 4-stranded 

b sheet structure and exposure of the coreceptor binding site (Kwong et al., 1998). Next, 

CCR5 or CXCR4 coreceptor binds to the Env-CD4 complex. This interaction does not 

induce further conformational changes in gp120, although the V3 loop changes position 

(Shaik et al., 2019). Iliopoulou and colleagues (2018) suggest that oligomerisation of co-

receptors may play an important role at this stage (Iliopoulou et al., 2019). After CD4 

binding, the gp41 a-6 helix shifts away from gp120 and creates a pocket which is filled 

by the fusion peptide (Ozorowski et al., 2017). Intrinsic changes lead to exposure of the 

fusion peptide, which immediately inserts into the target cell membrane (Chan et al., 

1997). It is thought that the coreceptor regulates this process, as CCR5 binding can bring 

the trimer closer to the target cell membrane, at a distance which is short enough for the 

fusion peptide to insert into the target cell membrane (Pancera et al., 2014). 

Concomitantly, the interactions between gp120 and gp41 weaken, leading to gp120 

dissociation and shedding. The next step is 6-helix bundle formation, where the fusion 

peptide from three gp41 subunits fold to bring the viral and target cell membrane in close 

proximity. Eventually, the fusion pore is created, and the capsid core is delivered to the 

cell cytoplasm (Melikyan, 2008). It is thought that CCR5 may anchor and synchronise 

several Env-CD4-coreceptor complexes to increase the efficiency of this final step 

(Chen, 2019). 
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Figure 1.5 HIV-1 fusion mechanism overview. (1) CD4 binding to gp120 induces 

conformational changes, particularly in V1 and V2 loops, opening up the trimer and exposing the 

V3 loop. (2) Co-receptor binding site is exposed leading to either CCR5 or CXCR4 binding. Co-

receptor binding stabilises the open CD4-bound conformation and anchors the Env in close 

proximity to the host cell membrane. (3) CD4 binding also induces gp41 refolding resulting in 

fusion peptide insertion into the host cell membrane and dissociation of gp120 subunits. (4) HR1 

and HR2 domains from each trimer fold together to form a six-helix bundle. (5) The two 
membranes are forced into close proximity and lipid mixing results in hemifusion. Finally, the 

fusion pore forms and the HIV-1 capsid core is delivered into the target cell cytoplasm. Adapted 

from (Doms and Moore, 2000). (Created using Biorender.com).  
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1.2.3 Reverse transcription, integration and gene expression 
Following fusion, the HIV-1 capsid (CA) core is delivered into the host cell cytoplasm. 

Each capsid core contains two copies of the positive sense single stranded RNA 

genome, as well as reverse transcriptase (RT), integrase (IN) and protease (PR) 

enzymes which are vital for the following steps in the viral life cycle.  

 

1.2.3.1 Reverse transcription   
The HIV-1 capsid core is a conical shape, composed of approximately 250 hexamers 

and 12 pentamers (Ganser et al., 1999; Pornillos et al., 2011). The process of reverse 

transcription is unique to the Retroviridae family. In 1970, two independent labs first 

discovered the reverse transcriptase enzyme (RT) (Baltimore, 1970; Mizutani et al., 

1970). It is composed of two key enzymes called DNA polymerase II and RNase H, found 

in the p66 domain (Lightfoote et al., 1986). Initiation of HIV-1 transcription requires the 

host tRNA, Lys3, to act as a primer for the DNA Polymerase (Wayne-Hobson and 

Montagnier, 1986). This tRNA has a 3’ end which is complementary to the 5’ primer 

binding site on the viral RNA (Isel et al., 1996). DNA synthesis creates DNA:RNA hybrids. 

RNAse H recognises this hybrid structure and degrades the 5’ end of the viral RNA. This 

leaves a newly synthesised minus-strand DNA. Next, the process of first strand transfer 

occurs. The 3’ and 5’ end of the viral RNA are repeats and so the newly synthesised 

DNA is transferred to the 3’ end of the viral RNA for minus-strand synthesis (Panganiban 

and Fiore, 1988). As the DNA polymerase proceeds with DNA synthesis, RNase H 

concomitantly degrades the viral RNA which is no longer required as a template. Once 

RNase H reaches the poly purine tract (a sequence of RNA which is rich in purines), it 

cannot degrade this section of the RNA. Therefore, the poly purine tract acts as a primer 

for the synthesis of the plus strand of DNA (Hungnes et al., 1992). During DNA synthesis, 

the 3’ tRNALys3 is also copied in the DNA, hence RNase H removes the first nucleotide 

of this tRNA to leave just an A at the 5’ end (Pullen et al., 1992; Smith and Roth, 1992; 

Whitcomb et al., 1990). This initiates second strand transfer. Both the plus and minus 

strands of DNA synthesis is completed to produce double-stranded viral DNA with LTRs 

on either end (reviewed by (Hu and Hughes, 2012).        

 

1.2.3.2 Uncoating 
In order for viral DNA to integrate into the host genome, it must first traverse the 

cytoplasm and then cross the nuclear membrane. Since lentiviruses infect non-dividing 

cells, nuclear envelope breakdown is not a prerequisite for infection (Yamashita and 

Emerman, 2006). Instead, nuclear import occurs via nuclear pore complexes (NPC), 

which are ring-like structures composed of proteins known as nucleoporins. The process 

of uncoating and reverse transcription are thought to be coupled. Atomic force 
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microscopy suggests that during in vitro transcription, the production of newly 

synthesised DNA can exert pressure on the inner capsid core, leading to uncoating 

(Rankovic et al., 2018; Rankovic et al., 2017). In 2016, Jacques and colleagues showed 

that the N-terminal b-hairpin structures in CA can regulate the opening and closing of a 

pore/channel formed at the centre of each capsid hexamer (Jacques et al., 2016). This 

pore is composed of six positively charged arginine residues at CA position 18. The 

positively charged arginine ring can attract negatively charged dNTPs and lead to their 

import into the CA core for initiation of reverse transcription. 

 

The exact spatiotemporal organisation of capsid disassembly and reverse transcription 

remains controversial. Several models of uncoating have been proposed thus far, based 

on live cell, single molecule tracking of HIV-1 particles: (1) gradual uncoating with 

concomitant reverse transcription during cytosolic trafficking (Mamede et al., 2017); (2) 

reverse transcription occurs within an intact capsid core, followed by uncoating at the 

NPC (Francis and Melikyan, 2018) and (3) several spatially separated uncoating steps 

that are completed inside the nucleus (Burdick et al., 2020). Early studies suggested that 

the process of capsid disassembly or ‘uncoating’ and reverse transcription occurs in the 

cytoplasm, immediately following fusion and entry into target cells. This hypothesis was 

supported by the observation that there are low levels of CA molecules associated with 

the reverse transcription complex (RTC) and the pre-integration complex (Farnet and 

Haseltine, 1991; Fassati and Goff, 2001; Miller et al., 1997; Nermut and Fassati, 2003). 

Further, CA protein mutations Q63A/Q67A, result in inefficient dissociation from the 

RTC, which blocks infection at the level of nuclear import and integration (Dismuke and 

Aiken, 2006), suggesting that capsid lattice dissociation is required for successful 

infection. Also, live cell imaging of single viral particles in cell lines, primary macrophages 

and T cells revealed that uncoating takes place approximately 30 mins after entry 

(Mamede et al., 2017). Cytoplasmic uncoating and exposure of RT DNA was 

incompatible with the emerging literature on cytosolic DNA sensors such as cGAS and 

IFI16 (Lahaye et al., 2013; Rasaiyaah et al., 2013) that had been shown to sense HIV-1 

DNA. This led to the hypothesis by a number of groups that uncoating in the cytoplasm 

was unlikely or disadvantageous for HIV-1. The discovery of TRIM5a and TRIM-CypA 

being able target capsids, suggest that the capsid must stay intact, or at least partially 

intact, in the cytoplasm (Forshey et al., 2005; Kutluay et al., 2013; Li et al., 2016; Sayah 

et al., 2004; Sebastian and Luban, 2005; Shi and Aiken, 2006; Stremlau et al., 2004; 

Stremlau et al., 2006).  

 

This is in line with the second hypothesis which suggests that CA molecules are not shed 

from the RTC and the intact capsid core docks at the nuclear pore (Francis and Melikyan, 
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2018). A long-standing view with regards to capsid import into the nucleus was that the 

average diameter of an intact HIV-1 capsid core (60nm) is bigger than the inner diameter 

of an NPC (~40nm) (von Appen et al., 2015), therefore it was thought that early uncoating 

must precede nuclear import, in order to allow the viral genome to enter the nucleus. 

However, a recent study combining 3D cryoET and cryoEM revealed that NPCs in T cells 

can dilate enough to allow an intact capsid core to enter through the NPC (Zila et al., 

2021). Indeed, nuclear import blockade studies suggest that nuclear import occurs in 

less than 5h and precedes the completion of reverse transcription (Dharan et al., 2020). 

HIV-1 remains susceptible to the capsid destabilising drug PF74, following nuclear 

import, suggesting that reverse transcription is completed in the nucleus (Dharan et al., 

2020). In line with this, Burdick et al (2020) analysed HIV-1 uncoating by direct labelling 

of CA with GFP and found that intact, or partially intact, cores entered the nucleus using 

the host cofactor CPSF6 (Burdick et al., 2020). Kinetics of nuclear import studies suggest 

that uncoating occurs less that 1.5h prior to integration (Burdick et al., 2020). Taken 

together, it seems likely that the processes of capsid uncoating and reverse transcription 

are completed inside the nucleus, which provides the added benefit of keeping the viral 

genome shielded from innate immune responses (Lahaye et al., 2013; Rasaiyaah et al., 

2013).  

 

Capsid is an important determinant of nuclear entry and integration site selection 

(Achuthan et al., 2018; Lewinski et al., 2006; Schaller et al., 2011). This is partly 

explained by the sequential binding of HIV-1 cofactors to CA. First, Cyclophilin A (CypA) 

is recruited to the capsid core upon entering into the cytoplasm. CypA binds to the N-

terminal domain of CA at the CypA binding loop (Gamble et al., 1996) and enhances 

HIV-1 infection in a cell type dependent manner (Hatziioannou et al., 2005; Kim et al., 

2019; Towers et al., 2003). Whether CypA has a role in the process of capsid uncoating 

remains controversial. There is some evidence to suggest that CypA binding stabilises 

the conical capsid structure, whereas other evidence suggests that CypA binding 

destabilises it (Fricke et al., 2013; Liu et al., 2016). Importantly, disruption of CA-CypA 

binding using CA mutants (P90A) and Cyclophilin inhibitors (Cyclosporines), shows that 

viral genome is sensed by cytoplasmic DNA and RNA sensors (Rasaiyaah et al., 2013). 

This induces an innate immune sensing response. Therefore, CypA binding is thought 

to be an innate immune evasion strategy (Rasaiyaah et al., 2013). HIV-1 CA mutants 

(P90A and G89V) which cannot bind the cofactor CypA, are imported into the nucleus 

independently of Nup358 and Nup153, leading to integration into high gene density 

regions, unlike WT HIV-1 (Schaller et al., 2011). 
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Once HIV-1 reaches the nuclear membrane, it interacts with multiple Nups to facilitate 

nuclear import (Kane et al., 2018). Nup358 is a component of the NPC which interacts 

with CA via its cyclophilin-like domain, which provides further evidence that the capsid 

stays intact or at least partially intact during nuclear import as suggested above. This 

probably results in CypA displacement by Nup358 on CA molecules (Bichel et al., 2013). 

Nup358 is present on the cytoplasmic side of the NPC and binding allows HIV-1 to dock 

at the nuclear rim in order to undergo uncoating and/or nuclear import. On the nuclear 

side of the NPC, Nup153 interacts with the capsid core at an interface between two CA 

molecules (Price et al., 2014). Nup153 contains FG (phenylalanine-glycine) repeats 

which bind to the N-terminal domain of one CA monomer and binds to the hinge between 

the N- and C-terminal domains of the adjacent CA monomer  (Matreyek et al., 2013). 

This suggests that some of the capsid core remains intact during nuclear import, 

consistent with IF and cryoEM studies (Burdick et al., 2020; Chin et al., 2015; Peng et 

al., 2014; Zila et al., 2021). TNPO3 is another host factor which binds CA and is required 

for efficient HIV-1 integration, since knockdown of TNPO3 resulted in diminished HIV-1 

integration (Brass et al., 2008; Krishnan et al., 2010; Shah et al., 2013; Zhou et al., 2011). 

Once in the nucleus, Nup153 is displaced by cleavage and polyadenylation specificity 

factor 6 (CPSF6) (Price et al., 2014). CPSF6 binding was shown to be crucial for efficient 

nuclear import and optimal viral integration into gene-dense, transcriptionally active 

regions in the host chromatin (Achuthan et al., 2018; Bejarano et al., 2019; Lee et al., 

2010; Price et al., 2012; Schaller et al., 2011). 3D immuno-DNA fluorescence in situ 

hybridization (FISH) was used to visualize gene positioning in resting and activated 

CD4+ T cells, which revealed that the CA mutant N74D, which cannot bind CPSF6, is 

targeted to integration sites near the nuclear envelope, where the majority of the host 

genome is transcriptionally inactive. Like the CypA CA mutants, these mutants also enter 

the nuclear pore independently of Nup358 and Nup153. Thus, nuclear pore proteins play 

a crucial role in targeting HIV-1 to transcriptionally active regions of host DNA. 

 

1.2.3.3 Integration  
HIV-1 integration is the process by which newly synthesised viral DNA is inserted into 

the host chromatin and preferentially integrates into highly gene dense and 

transcriptionally active areas of chromatin. The viral IN enzyme is composed of three 

domains: an N-terminal zinc binding domain which is required for oligomerisation and 

catalytic activity; a ‘HHCC’ motif which binds to zinc ions and resembles zinc coordinating 

ions in a zinc finger; a central catalytic core domain (CCD) which also has catalytic 

activity and binds DNA and finally the C- terminal domain (CTD) which binds DNA and 

aids dimerisation of parallel monomers (Lusic and Siliciano, 2017).   
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As soon as reverse transcription is complete, the newly synthesised viral DNA binds to 

IN and other proteins to form a higher order structure called the pre-initiation complex 

(PIC), which probably has some CA molecules attached too, as discussed above. The 

PIC enters the nucleus through the NPC and preferentially integrates into host chromatin 

with high gene density and transcriptional activity (Barr et al., 2006; Demeulemeester et 

al., 2015; Han et al., 2004; Lewinski et al., 2006; Mitchell et al., 2004; Schroder et al., 

2002; Sherrill-Mix et al., 2013). However, it might be possible for HIV-1 DNA to integrate 

into other areas of chromatin too. For example, the latent reservoir of HIV-1 is thought 

to be localised in transcriptionally silent areas of chromatin, in resting CD4 T cells (Chun 

et al., 1998; Chun et al., 1997; Finzi et al., 1997; Siliciano et al., 2003). Exactly how the 

heterochromatic status of the provirus is established is currently unknown. It is possible 

that the provirus directly integrates into heterochromatin, since studies in the Jurkat T 

cells latency model (J-LAT cells) showed that the surrounding chromatin structure 

regulates transcriptional control (Jordan et al., 2003). However, meta-analysis studies 

could not show a correlation between latency and known transcriptional regulatory 

genomic features when comparing different models of integration (Sherrill-Mix et al., 

2013). Another possibility is that the virus initially infects an activated cell and integrates 

into high density and transcriptionally active regions, then the cell transitions to a resting 

state, due to which the integration site becomes repressed due to the deposition of 

histone repressive marks (reviewed by (Siliciano and Greene, 2011)). Integration site 

selection is determined by several factors including nuclear entry route, cell cycle stage, 

chromatin structure and interaction of IN with chromatin tethering factors such as 

LEDGF/p75 (Cherepanov et al., 2003; Koh et al., 2013; Maertens et al., 2003; Marini et 

al., 2015; Schaller et al., 2011).  

 

The mechanism of integration has been extensively studied (Lusic and Siliciano, 2017). 

When IN binds to the viral DNA, the resulting IN-DNA complex is known as an intasome 

(Maertens et al., 2010). The intasome is a tetramer of IN subunits and this structure is 

important for IN activity. Following tetramerisation, one IN subunit in each dimer binds to 

the DNA and removes two nucleotides from the 3’ ends of the viral DNA (Hare et al., 

2010). This generates a reactive CAOH-3’-hydroxyl group at the ends. When intasomes 

reach the integration site, IN docks on to the host DNA to initiate the process of strand 

transfer. The docked structure is called a target capture complex (TCC) (Hare et al., 

2010). Then, the reactive CAOH-3’-hydroxyl groups are used by IN as nucleophiles to 

attack the host DNA  (Brown et al., 1989; Fujiwara and Mizuuchi, 1988). The 

complementary strands of viral DNA are covalently joined at the 5’ end by the addition 

of phosphates to the ends of the host DNA (Hare et al., 2010). The strand transfer 

complex eventually dissociates and then the cellular repair machinery joins the single 
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stranded gaps which are left in the DNA recombination intermediate. This results in 

complete integration of the viral DNA into the host chromatin. The integrated viral DNA 

is termed a provirus. Consequently, the viral DNA is replicated during each cell cycle 

division. Viral DNA acts as a template for the production of viral RNA, which is used for 

viral protein synthesis and for packaging into nascent virions.  

 

Not all viral DNA is integrated into the host genome. These unintegrated viral DNA 

particles circularise to form 2-LTR circles. 2-LTR circles contain LTR promoters adjacent 

to each other. Formation of 2-LTR circles is dependent on host-derived non-homologous 

end joining components: Ku70/80, ligase IV and XRCC4 (Li et al., 2001). Production of 

2-LTR circles is often used as a proxy to measure nuclear import efficiency. Finally, 1-

LTR circles are formed by a recombination event between the LTRs and depend on the 

host MRN complex (Mre11, Rad50, and NBS1) (Kilzer et al., 2003). It remains 

controversial whether transcription from 2 LTR circles and unintegrated DNA takes place 

in cells (Stevenson et al., 1990), although recent studies suggest that unintegrated HIV-

1 DNA undergoes epigenetic silencing by host factors such as NP220 (Zhu et al., 2018).  
 

1.2.3.4 Gene expression 
HIV-1 gene expression is driven by the Long Terminal Repeat (LTR) regions which are 

found at the 5’ and 3’ end of the viral genome. This process is regulated by two viral 

proteins called Transactivator (Tat) and Rev. 

 

The 5’ LTR is 640bp in length and contains three main regions which are required for 

gene expression: U3, R and U5 (Klaver and Berkhout, 1994). The U3 region is found 

upstream of the Transcription Start Site (TSS) and is further subdivided into modulatory, 

enhancer and promoter regions. The modulatory region contains several transcription 

factor-binding sites (TFBS), including NFkB, SP1, AP-1 and NFAT, whereas the 

enhancer region contains specifically NFkB binding sites (Burnett et al., 2009; Rittner et 

al., 1995; Williams et al., 2007). Finally, the promoter region of U3 contains the TATA 

box sequence and three SP1 binding sites. The presence of so many TFBS indicates a 

crucial role that transcription factors play in the process of HIV-1 gene expression, as 

well as the importance of cell activation status. Next, the R region of the 5’ LTR is also 

known as the transcription initiation site and it is composed of the Transactivating 

response (TAR) element, a polyadenylation signal, which is required for the addition of 

a 5’ polyA tail, and several TFBS. The TAR element is the binding site for the regulatory 

protein Tat and upon binding, the process of transcription is initiated by RNA polymerase 

II (Berkhout et al., 1989; Wei et al., 1998).   
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Prior to the production of Tat protein, the 5’ LTR supports basal level transcription which 

results in the production of short viral transcripts encoding viral proteins Tat, Rev and 

Nef. This process is regulated by the TFBS of the U3 and R regions of the 5’ LTR. Only 

short transcripts are produced because initial transcription leads the production of a stem 

loop structure, containing the TAR element, which blocks RNA polymerase II, hence 

transcription elongation is prevented at the 5’ end. Upon sufficient production and 

accumulation of Tat protein, which consequently binds to TAR, sustained viral 

transcription elongation occurs. This is primarily due to the recruitment of the cellular 

positive transcription elongation factor b (P-TEFb), which phosphorylates Negative 

Elongation Factor (NELF), resulting in its dissociation from the transcription complex. P-

TEFb also phosphorylates serine residues in the C-terminal region of RNA polymerase 

II to enhance its processivity (Berkhout et al., 1989; Wei et al., 1998). Together, these 

events lead to a positive feedback loop of Tat production and HIV-1 transcription.    
         

mRNA processing occurs concomitantly with transcription. mRNA processing involves 

5’ end capping, splicing to remove introns and the addition of a 3’ polyA tail. Capping 

occurs when Tat phosphorylates RNA polymerase II, as mentioned above. The enzyme 

RNA guanylytransferase is subsequently recruited to the transcript. RNA triphosphatase 

cleaves the 5’ triphosphate which is capped with GMP and methylated.  

 

HIV-1 uses alternative splicing as a mechanism to regulate gene expression, using 

cellular splicing machinery. This is the process by which multiple (spliced and unspliced) 

transcripts are formed from pre-mRNA. HIV-1 produces almost 50 transcripts using 

different splice donor and acceptor sites from a 9.7kb pre-mRNA transcript (Purcell and 

Martin, 1993). These transcripts can be categorised into non-spliced, partially spliced 

and spliced variants. Non-spliced transcripts encode Gag and Gag-Pol polyproteins 

which are packaged into budding virions. Partially spliced 4kb transcripts encode Vif, 

Vpu, Vpr and Env. Fully spliced 2kb transcripts encode Tat, Rev and Nef. Transcripts 

are required to move from the nucleus to the cytoplasm for translation, protein expression 

and packaging into nascent virions. Initially, only fully spliced transcripts leave the 

nucleus to be translated and expressed. Rev, an early expressed protein, contains a 

Nuclear Import Signal (NIS) and a Nuclear Export Signal (NES), thus allowing the export 

of non-spliced and partially spliced transcripts from the nucleus (Malim et al., 1989). Rev 

binds to the Rev Responsive Element (RRE) on the Env coding region, which is found 

in both the partially- and non-spliced mRNA transcripts (Nasioulas et al., 1994).  
 

Once the transcripts enter the cytoplasm, HIV-1 uses the cellular translational machinery 

to produce viral proteins. This is a cap-dependent process where the 5’ cap on viral 
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transcripts recruits the 40S ribosomal subunit which scans towards the 3’ end and 

recruits the 60S ribosomal subunit whenever a start codon is encountered (Bolinger & 

Boris-Lawrie, 2009). Other than this, HIV-1 also uses a number of different pathways to 

complete translation of the viral proteome. First, ribosomal frameshifting occurs at the 

Gag stop codon to produce the Gag-Pol precursor polyprotein at a 1:20 ratio, which is 

crucial for Pol production (Jacks et al., 1988). This allows the viral proteins IN, PR and 

RT to be incorporated into nascent virions.  Second, Env and Nef genes are translated 

as a result of leaky scanning. The 40S ribosomal subunit scans the 5’UTR in 5’ to 3’ 

direction until it finds a start codon, however sometimes the initial start codon is bypassed 

and therefore translation begins at a downstream AUG start codon. Leaky scanning of 

the Vpu and Rev stop codons results in translation of Env and Nef, respectively 

(Schwartz et al., 1990). Finally, HIV-1 can also initiate translation in a cap-independent 

manner using structural RNA elements. For example, two Internal Ribosomal Entry Sites 

(IRES) are found in HIV-1 (one on the 5’ UTR and another in Gag) (Vallejos et al., 2012). 

IRES overcome global cap-dependent translational dampening, which is a mechanism 

used by cells to counteract viral infection including HIV-1 (Hanson et al., 2012). 

 

HUSH complex 

Gene expression is a highly regulated process in eukaryotic cells. Epigenetic regulation 

of chromatin structure is one example of how cells regulate gene expression. This usually 

involves chemical modifications of the genome and modifications of proteins, such as 

histones, which are in close proximity and/or bound to the DNA (Jaenisch and Bird, 

2003). This mechanism of regulation allows host chromatin to either be in an open, 

active, euchromatin structure or in a closed heterochromatin structure. The latter 

prevents transcription factor binding, hence the process of transcription is inhibited. As 

HIV-1 is a retrovirus which inserts its DNA into the host chromatin, it was speculated that 

this viral genome would also be subjected to epigenetic regulation, like the host DNA. 

Emerging data is beginning to provide mechanistic insight into how HIV-1 gene 

expression is regulated in infected cells.     

 

The Human Silencing Hub (HUSH) complex was first described by the Lehner lab (2015), 

using a forward genetic screen study in the near-haploid KBM7 cell line 

(Tchasovnikarova et al., 2015). The three key components of this complex are TASOR, 

MPP8 and periphilin, all of which are located in the cell nucleus. The HUSH complex is 

recruited to chromatin which are rich in trimethylated Lys9 of Histone 3 (H3K9me3). Once 

at the target site, HUSH recruits the H3K9 methyltransferase, SETDB1, in order to 

deposit more H3K9me3 marks, thus maintaining closed, heterochromatin structure. The 
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MORC2 ATPase is also recruited to chromatin in order to maintain a compact chromatin 

structure (Tchasovnikarova et al., 2017).  

 

The HUSH complex was shown to repress over 900 genes and transposable elements 

(Liu et al., 2018; Tchasovnikarova et al., 2015), as well as HIV-1 proviral gene 

transcription (Chougui et al., 2018; Yurkovetskiy et al., 2018). Knockdown of HUSH 

components resulted in a rescue of GFP expression from integrated HIV-1 GFP reporter 

vectors, as well as reduced H3K9me3 marks on the LTR. Further, HUSH knockdown 

could derepress silent HIV-1 reporters in J-Lat cells, which are often used to study HIV-

1 latency, suggesting a role for the HUSH complex in regulating this key process in HIV-

1 biology. Intriguingly, HIV-1 does not encode a HUSH antagonist, whilst HIV-2 uses Vpx 

and some SIVs use either Vpx or Vpr to antagonise the HUSH complex. These 

accessory proteins antagonise HUSH-mediated proviral gene repression by targeting 

the complex for proteasomal degradation (Chougui et al., 2018; Greenwood et al., 2019; 

Yurkovetskiy et al., 2018). Details of this mechanism are discussed in section 1.2.6 
Accessory Proteins. 

 

1.2.4 Assembly, Release and Maturation 

1.2.4.1 Virus assembly  
HIV-1 Gag protein is a crucial player in particle assembly, release and maturation. 

Expression of Gag alone is sufficient to produce virus-like particles which are released 

from the plasma membrane (Gheysen et al., 1989). Gag is produced as a polyprotein 

called pr55. Proteolytic processing by the viral Protease enzyme cleaves the Gag 

polyprotein into 4 domains: matrix domain (MA), capsid domain (CA), Nucleocapsid (NC) 

which is flanked by Spacer peptide (SP) 1 and SP2 and the p6 domain. As mentioned 

earlier, the Gagpol precursor is produced at a ratio of 1:20 to allow for viral enzymes IN, 

PR and RT to be incorporated into virions (Jacks et al., 1988). Both Gag and Gagpol are 

synthesised in the cytoplasm, after which MA directs trafficking to the plasma membrane 

by a currently unclear mechanism. It is thought that Gag is specifically targeted to lipid-

rich microdomains called lipid rafts. Lipid rafts are thought to act as virus assembly 

platforms and are rich in cholesterol, sphingolipids and phosphatidylinositide-(4,5)-

bisphosphate (PIP2) (Halwani et al., 2003; Hogue et al., 2011; Mercredi et al., 2016; 

Nguyen and Hildreth, 2000). PIP2 plays a key role in Gag recruitment to the plasma 

membrane (Mucksch et al., 2017). Studies show that Gag relocalises to endosomes and 

Multivesicular bodies (MVBs) when PIP2 is deleted (Ono et al., 2004) or when the basic 

region of MA is mutated (Ono and Freed, 2001). NMR structures reveal that MA directly 

interacts with PIP2, potentially via hydrophobic and electrostatic interactions (Saad et al., 

2006). This leads to subtle conformational changes which expose the myristate attached 
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to MA (Saad et al., 2006). Once the myristate is released, it inserts into the plasma 

membrane, thereby tethering Gag to the inner leaflet of the plasma membrane (Saad et 

al., 2006).    

 

Next, RNA encapsidation involves two copies of full-length viral RNA being packaged 

into virions (Chen et al., 2009; Moore et al., 2009; Nikolaitchik et al., 2013). Viral NC acts 

as a nucleic acid chaperone for this process. NC has a high affinity for RNA because it 

is flanked by basic residues which are electrostatically attracted to the packaging signal 

in the 5’ UTR of the HIV-1 genome (Nikolaitchik et al., 2013). The importance of the viral 

5’ UTR in genome encapsidation is confirmed by observations which show that mutating 

this part of the genome significantly reduces RNA packaging efficiency (Lu et al., 2011c). 

Further, Lu and colleagues (2011) used NMR to describe that the 5’ UTR undergoes an 

RNA structural switch to regulate multiple processes including translation, NC binding 

and genome packaging. Site directed mutagenesis of the AUG start codon revealed that 

it can adopt a hairpin conformation, which disrupts binding to the 5’ UTR, thus allowing 

the dimer initiation site to bind to the 5’ UTR and promote translation (Lu et al., 2011b). 

Dimerisation is induced by intramolecular U5:AUG base pairing, which destabilises the 

hairpin conformation and this promotes NC binding and packaging. Evidence suggests 

that RNA dimerisation and NC binding can occur in the cytosol and/or at the plasma 

membrane (Moore et al., 2009; Nikolaitchik et al., 2013). Upon reaching the plasma 

membrane, interactions between Gag and viral RNA initiate Gag multimerisation, 

nucleation of virus assembly and immature particle formation (Kutluay and Bieniasz, 

2010). The CA domain encourages trimerisation of MA (Tedbury et al., 2013). 

Subsequently, hexamers of trimers are formed with a central cavity (Alfadhli et al., 2009).  
 
Aside from Gag, the Env glycoprotein is also required for infectious virus production. Env 

is synthesised in Endoplasmic Reticulum (ER) as the gp160 precursor protein (Berman 

et al., 1988). During translation, gp160 is highly glycosylated and then the monomeric 

gp160 molecules form trimers (and occasionally dimers and tetramers) (Allan et al., 

1985; Bernstein et al., 1994; Leonard et al., 1990). The resultant trimers of gp160 traffic 

to the Golgi network where they are extensively processed and the host protease furin 

cleaves gp160 to produce the gp120 surface subunit and gp41 transmembrane subunit 

(Hallenberger et al., 1992; McCune et al., 1988). Env trimers traffic to and associate with 

the outer leaflet of the plasma membrane, after which trimers are either rapidly 

endocytosed in an AP-2 dependent manner to avoid immune recognition (Berlioz-Torrent 

et al., 1999; Boge et al., 1998; Egan et al., 1996; Ohno et al., 1997; Rowell et al., 1995) 

or incorporated into budding virions by a currently unclear mechanism. Section 1.3 will 

discuss these aspects of Env biology in further detail.  
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Viral assembly in macrophages can differ assembly in infected T cells since nascent viral 

particles have been shown to assemble at the plasma membrane and in tetraspanin-

enriched vesicles known as VCCs (Deneka et al., 2007; Mlcochova et al., 2013; Pelchen-

Matthews et al., 2003), which are characterised by the presence of CD63 and CD81 

(Jouve et al., 2007; Ono and Freed, 2004; Orenstein et al., 1988; Pelchen-Matthews et 

al., 2003).  3D CryoEM and cryoET studies of HIV-1 infected macrophages show that 

the VCCs are connected to the extracellular space via thin channels, measuring 150-

200nm in diameter, that are in continuity with the plasma membrane (Bennett et al., 

2009; Deneka et al., 2007; Welsch et al., 2007). Therefore, HIV-1 assembly in 

macrophages occurs in a protected environment prior to viral release.    

 

1.2.4.2 Virus release 
Retroviral release is commonly regulated by late domains such as PTAP, PPXY and 

YPXL (Fujii et al., 2009; Garrus et al., 2001; Gottlinger et al., 1991; Huang et al., 1995; 

Martin-Serrano et al., 2001). In HIV-1, the N-terminus of p6 contains a PTAP motif which 

directly binds to TSG101, a component of the human ESCRT-I machinery (Demirov et 

al., 2002; Garrus et al., 2001; Martin-Serrano et al., 2001; VerPlank et al., 2001), thus 

HIV-1 has co-opted the host ESCRT machinery to aid budding. The ESCRT machinery 

is a large family of cytosolic protein complexes which are involved in membrane 

remodelling to allow membrane scission (Scourfield and Martin-Serrano, 2017). Protein 

ubiquitylation usually acts as a signal to recruit ESCRT machinery, however there is no 

clear evidence that this is how HIV-1 recruits the protein complexes. HIV-1 is highly 

dependent on ESCRT-I machinery and can also use ESCRT-II and some components 

of ESCRT-III, although these are dispensable for infection (Morita et al., 2011). The p6 

domain also contains a second late domain, the YPXL motif, which recruits ALG2 

interacting protein X (ALIX) (Fujii et al., 2009; Martin-Serrano et al., 2001). The exact 

mechanism of ESCRT-mediated scission is currently unknown; however, it is accepted 

that ESCRT-I and ALIX recruit ESCRT-III to the budding virus. ESCRT-III also recruits a 

cellular AAA ATPase called VPS4 which provides energy for membrane scission and is 

important for recycling of ESCRT components (Bleck et al., 2014; Jouvenet et al., 2008; 

Van Engelenburg et al., 2014). Super resolution microscopy studies have alluded to two 

different models by which HIV-1 budding occurs. The first model describes that ESCRT-

III enters inside the budding virion (Van Engelenburg et al., 2014) and the second model 

describes that ESCRT-I and ALIX are inside the budding virion and ESCRT-III forms 

circular arrays (Hanson et al., 2009) or spirals (Shen et al., 2014) at the neck region to 

force scission of the immature virus particle. 
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1.2.4.3 Virus maturation 
Virus maturation occurs concomitantly with budding and results in major morphological 

changes to the virion. Maturation is mediated by the viral protease enzyme (PR) which 

is incorporated into budding virions. PR is an aspartyl protease which functions as a 

dimer and cleaves multiple sites in Gag and Gag-Pol precursor proteins (Wlodawer and 

Erickson, 1993). PR has different efficiencies for cleaving different target sites and this 

leads to a sequential cleavage cascade (Kaplan et al., 1993; Pettit et al., 1994). Cleavage 

of Gag leads to the release of CA, which reassembles into hexamers to form the 

characteristic HIV-1 conical core structure (Frank et al., 2015). The MA domain remains 

associated with the inner leaflet of the plasma membrane and the NC domain remains 

associated with viral RNA (Zhao et al., 2013). Eventually the capsid core encapsidates 

the viral genome and viral enzymes (Zhao et al., 2013). Mutations in PR result in non-

functional virion production which are either completely immature or partially immature 

(Kaplan et al., 1993). This can be observed by cryoET, as mature virions have a conical 

capsid core, whereas immature virions have uncleaved Gag attached to the inner leaflet 

of the viral membrane (Alfadhli et al., 2009; Tedbury et al., 2013). In immature particles, 

hexamers of Gag are arranged radially along the membrane and once maturation 

occurs, the mature CA lattice of hexamers is formed. The mature capsid lattice contains 

12 pentamers which are required to close the capsid shell (Wagner et al., 2016; Zhao et 

al., 2013).    

 

1.2.5 Accessory proteins  
Lentiviral accessory proteins often act as virulence factors to promote viral replication 

and spread. Their expression is often dispensable in vitro but necessary for in vivo 

infection. Accessory proteins play a critical role in modulating the immune response 

against infection and antagonise several restriction factors, which are antiviral proteins 

that target multiple steps of the viral life cycle (discussed extensively in section 1.4). 

HIV-1 encodes 4 accessory proteins: Vif, Nef, Vpu and Vpr. HIV-2 and SIVs also encode 

an additional protein called Vpx. 

 

Vif  
The Viral Infectivity Factor (Vif) is vital for lentiviral replication in vivo and in vitro, as it 

counteracts the APOBEC restriction factor family, which inhibit HIV-1 infection by 

causing genomic hypermutation and production of defective viral particles (Gabuzda et 

al., 1992; Harris et al., 2003; Mangeat et al., 2003; Sheehy et al., 2003). Structural 

studies reveal that Vif is composed of two domains, a small a-domain and a larger ab-

domain, which are bound together via a Zn2+ ion (Guo et al., 2014). Vif acts as an adaptor 

protein which recruits APOBEC3 to the E3 ubiquitin ligase to produce a pentameric 
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complex composed of Vif, CBF-b, Cullin5, elongin B and elongin C (Sheehy et al., 2003). 

Interactions between Vif and the transcription factor CBF-b stabilise the conformation of 

this large, pentameric complex. The BC-box motif in Vif mimics the cellular SOCS-box 

motif which is found on SOCS proteins and this is required for Vif binding to elongin B 

and elongin C (Bergeron et al., 2010). Finally, the Vif zinc-finger motif HCCH is important 

for Cullin5 binding (Luo et al., 2005). Recruitment of this complex leads to 

polyubiquitination and proteasomal degradation of APOBEC3 in virus producer cells, 

thereby preventing virion incorporation (Jager et al., 2011; Sheehy et al., 2003). Further, 

Vif has also been suggested to counteract APOBEC3G in a degradation-independent 

manner by preventing APOBEC3G mRNA translation, virion incorporation and inhibiting 

the cytidine deaminase activity of APOBEC3G (Feng et al., 2013; Goila-Gaur et al., 2008; 

Mercenne et al., 2010). Vif is expressed by all lentiviruses and counteraction of 

APOBEC3 enzymes happens in a species-specific manner. Species-specificity has been 

mapped to a single residue in APOBEC3G at position 128, at which it is critical for a 

charged amino acid to be present (Schrofelbauer et al., 2004). For example, the R128K 

mutation renders human APOBEC3G insensitive to Vif, but not the R128A mutation 

(Schrofelbauer et al., 2004). The importance of Vif is highlighted by the ability of 

APOBEC3 enzymes to create a barrier to cross-species transmission which is then 

overcome by Vif to allow for efficient viral transmission. Most SIV Vif proteins are unable 

to antagonise chimpanzee APOBEC, however the recombination event leading to the 

emergence of SIVcpz, resulted in the generation of a hybrid Vif protein which is able to 

antagonise chimpanzee APOBEC proteins (Etienne et al., 2013). This also allowed 

SIVcpz to successfully transmit to the human host, as SIVcpz Vif is active against most 

human APOBEC proteins (Etienne et al., 2013; Zhang et al., 2017). By contrast, SIVsmm 

Vif is able to counteract human APOBEC, suggesting that Vif antagonism is unlikely to 

have caused a barrier to HIV-2 zoonoses (Letko et al., 2013).  

 

Proteomic analysis of HIV infected cells revealed another function of Vif, which involves 

regulation of PP2A, a major cellular protein phosphatase (Greenwood et al., 2016). Vif 

expression leads to the proteasomal degradation of the phosphatase regulatory subunit 

of PP2A, called PPP2R5A-E, due to the recruitment of the Cullin5 ubiquitin ligase 

complex (Greenwood et al., 2016). This leads to reduced PP2A activity and subsequent 

phosphorylation of more than 200 cellular proteins (Greenwood et al., 2016; Naamati et 

al., 2019). PP2A regulation is a conserved feature of diverse SIV Vif proteins 

(Greenwood et al., 2016), although the importance of this remains to be elucidated.  

 

Vpr and Vpx 
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Viral protein R (Vpr) and Viral protein X (Vpx) are closely related lentiviral accessory 

proteins. Whilst Vpr is conserved in all lentiviruses, Vpx is only expressed in the HIV-

2/SIVsmm and SIVrcm/drl/mnd2 lineages (Schwefel et al., 2014). It is thought that a Vpr 

gene duplication event occurred after the HIV-2/SIVsmm and SIVrcm/drl/mnd2 lineages 

separated from the SIVagm lineage, giving rise to Vpx (Etienne et al., 2013; Tristem et 

al., 1991). Virion incorporation of Vpr and Vpx is ensured via interactions with the p6 

domain of Gag (Seligmann et al., 1991) and this allows for cytoplasmic delivery of Vpr 

and Vpx upon viral entry into target cells. Once in the target cell cytoplasm, Vpr and Vpx 

target a wide range of cellular proteins for proteasomal degradation. This is achieved by 

a similar mechanism as described above for Vif, where they act as adaptor proteins to 

recruit the DCAF1-Cullin4-DDB1 E3 ubiquitin ligase complex (Le Rouzic et al., 2007; 

Srivastava et al., 2008).  

 

Several roles of Vpr have been explored over time, however its primary function in 

enhancing viral replication in vivo remains to be elucidated. Some of the most well 

studied functions of Vpr include cell-cycle arrest in the G2-M phase (Zhang and Bienaisz, 

2020), transactivation of the HIV-1 LTR and modulation of the NFkB and NFAT signalling 

pathways (Ayyavoo et al., 1997; Felzien et al., 1998; Jowett et al., 1995; Laguette et al., 

2014; Lahti et al., 2003; Re et al., 1995; Roux et al., 2000). The cell cycle arrest function 

of Vpr can be attributed to its interactions with several proteins that are involved in cell 

cycle control, such as the SLX4 complex (Berger et al., 2015; Laguette et al., 2014; Zhou 

et al., 2016). The SLX4 complex is implicated in DNA damage repair, as it recruits 

structure-specific endonucleases (SSE) MUS81-EME1, ERCC1-ERCC4 and SLX1 to 

form a complex (SLX4com) that repairs DNA damage (Laguette et al., 2014). Vpr 

interacts with SLX4 and induces premature activation of SLX4com, which results in 

abnormal cleavage of DNA replication intermediates thus possibly inducing G2M cell 

cycle arrest.  
 

A recent proteomics study comparing cells infected with wild type HIV-1 and a HIV-1 

DVpr mutant suggests that Vpr promiscuously targets multiple cellular proteins and 

induces global cellular proteome remodelling (Greenwood et al., 2019). This results in 

changes in the abundance of ~2000 cellular proteins, most probably as a secondary 

effect of proteasomal degradation of ~38 Vpr target proteins in a DCAF-Cullin4-

dependent manner. Some direct Vpr targets include the UNG2 uracil DNA glycosylase 

(Schrofelbauer et al., 2004), the DNA translocase HLTF (Lahouassa et al., 2016) and 

ZGPAT which is involved in chromatin remodelling (Maudet et al., 2013). Finally, a recent 

study suggests that Vpr may modulate innate immune sensing of HIV-1 infection by 

inhibiting nuclear translocation of NFkB and IRF3 (Khan et al., 2020).   
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SAMHD1 is a restriction factor that prevents HIV infection of myeloid cells and resting T 

cells by reducing the intracellular dNTP pool (discussed in section 1.4) (Goldstone et 

al., 2011; Laguette et al., 2011). Vpx and some lentiviral Vpr proteins target SAMHD1 to 

the DCAF1-Cullin4 complex for proteasomal degradation. This results in efficient 

infection of dendritic cells, macrophages and resting CD4 T cells. SAMHD1 antagonism 

by Vpx occurs in a species-specific manner, a typical feature of most HIV restriction 

factors. Phylogenetic studies suggest that SAMHD1 antagonism precedes the 

emergence of Vpx in the phylogenetic tree, as Vpr proteins from ancestor lineages, such 

SIVagm, can counteract SAMHD1 (Lim et al., 2012). Positive selection in SAMHD1 

correlates with sensitivity to Vpr/Vpx, thus proving that these proteins are providing 

selective pressure on the host to evolve over time.  

 

A recently described function of Vpx and certain Vpr proteins is antagonism of the Human 

Silencing Hub (HUSH) complex (Chougui et al., 2018; Yurkovetskiy et al., 2018). The 

HUSH complex is responsible for epigenetic silencing of cellular genes and integrated 

lentiviral genes (Tchasovnikarova et al., 2015). To overcome suppression, Vpx and Vpr 

target the TASOR component of HUSH for proteasomal degradation (Chougui et al., 

2018). As described above, the mechanism for this involves recruitment of the DCAF-

Culin4 complex. Whether antagonism of the HUSH complex occurs in a species-specific 

manner remains to be tested. It is speculated that HUSH repression is a common feature 

of lentiviruses, as HIV-2, but not HIV-1, Vpr proteins from diverse backgrounds are able 

to antagonise the HUSH complex, unlike SAMHD1 antagonism which is restricted to 

certain lineages.  

 

An interesting observation is that the HIV-1/SIVcpz lineage lost the ability to, or never 

had the ability to antagonise both SAMHD1 and HUSH. Mlcochova et al (2017) show 

that macrophages that are in a G1-like phase will have an activated RAF-MEK-ERK 

pathway which deactivates SAMHD1 and provides a window of permissivity for HIV-1 

infection without the need for HIV-1 to directly antagonise SAMHD1 (Mlcochova et al., 

2017). SAMHD1 antagonism in in vitro models can achieved by delivering Vpx in trans, 

however this can be counteracted by the host via activation of DNA sensing pathways in 

a cGAS dependent manner (Lahaye et al., 2013). Further, knockdown of the HUSH 

complex results in overexpression of transposable elements and endogenous 

retroviruses, which possibly also activates and amplifies innate immune sensing 

(Robbez-Masson et al., 2018; Tunbak et al., 2020). Taken together, this suggests that 

the HIV-1/SIVcpz lineage may have lost the ability to antagonise these restriction factors 
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in order to strike a balance between the ability to infect many cell types and the ability to 

replicate without triggering innate immune sensing.  

 

Vpu 
Viral protein U (Vpu) is a type I transmembrane protein found in the HIV-1/SIVcpz and 

SIVmon/gsn/mus lentiviral lineages. Vpu is primarily localised in the endoplasmic 

reticulum, trans-Golgi network, endosomal pathways and the cell membrane and this 

subcellular localisation correlates with Vpu’s ability to antagonise one of its most well-

known targets, Tetherin  (Dube et al., 2009; Neil et al., 2008; Van Damme et al., 2008). 

Vpu has an N-terminal hydrophobic transmembrane domain which is important for 

interactions with other membrane bound proteins and a C-terminal region composed of 

two a-helices that are important for binding to host endocytic machinery. For example, 

phosphorylation of the Vpu cytoplasmic tail leads to recruitment of the AP-1 and AP2 

adaptor proteins, resulting in clathrin-mediated endocytosis of target proteins (Kueck et 

al., 2015).     

 

The most recently studied function of Vpu is antagonism of the restriction factor Tetherin. 

Details of Tetherin restriction and mechanism of Vpu antagonism will be discussed in 

Section 1.4. Briefly, Tetherin expression at the cell membrane prevents viral release, 

hence significantly reducing infectivity (Neil et al., 2008; Van Damme et al., 2008). 

Tetherin also activates the NFkB pathway which results in induction of a Type I IFN 

response to eliminate infection (Galao et al., 2012). Vpu downmodulates Tetherin from 

the cell surface and targets it for proteasomal degradation (Goffinet et al., 2009; Van 

Damme et al., 2008).  

 

As well as antagonising Tetherin-induced NFkB activation, Vpu can also directly inhibit 

NFkB activation which is independent of Tetherin. For example, TNF-a mediated 

activation of NFkB is antagonised by Vpu. This is achieved by interfering with bTrCP 

dependent degradation of phosphorylated IkBa (Bour et al., 2001). It is thought that Vpu 

sequesters bTrCP to endosomal compartments resulting in IkBa stabilisation, thus 

inhibition of NFkB signalling. Alternatively, a recent study shows that bTrCP interaction 

with Vpu is not required for NFkB antagonism (Sauter et al., 2015), suggesting that Vpu 

uses a multifaceted approach to antagonise a key antiviral signalling pathway in host 

cells.  

 

Another key function of Vpu is downmodulation and degradation of the cellular receptor 

CD4. Vpu binds to CD4 in the ER and degrades CD4 via the Endoplasmic-reticulum 

associated degradation pathway (Binette et al., 2007; Fujita et al., 1997; Schubert et al., 
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1998; Willey et al., 1992). Interactions between the cytoplasmic tails of Vpu and CD4, in 

the endoplasmic reticulum, recruit the SCF-b-TrCP complex to allow polyubiquitination 

of CD4 molecules (Bour et al., 1995; Margottin et al., 1998). Sequestration of CD4 in the 

ER leads to activation of endoplasmic reticulum associated degradation (ERAD) 

machinery and targeting for proteasomal degradation (Magadan et al., 2010; Schubert 

et al., 1998). It is important to prevent premature interactions between Env and CD4 

during trafficking to the cell membrane for several reasons. (1) Premature CD4 binding 

to Env in infected cells can result in production of non-infectious virus, as it triggers 

conformational changes in Env which are usually required for efficient CD4 binding on 

target cells and successful fusion (Haim et al., 2009). (2) CD4 binding can also expose 

cryptic epitopes in Env which are targeted by neutralising and non-neutralising 

antibodies, thus increasing the likelihood of an ADCC response (Veillette et al., 2015; 

Veillette et al., 2014). (3) CD4-Env interactions in the infected cell may lead to tethering 

of virus particles at sites of virus assembly and budding. (4) CD4 downmodulation from 

the cell surface prevent superinfection of infected cells (Wildum et al., 2006).  

 

Nef 
The lentiviral Negative Factor (Nef) is a 27-35kDa non-enzymatic protein which is crucial 

for in vivo infection but it’s requirement in vitro is cell-type specific (Deacon et al., 1995; 

Gorry et al., 2007; Kirchhoff et al., 1995). Nef is present in all lentiviral lineages. It is 

located in the cytosolic leaflet of membranes via a key N-myristylation found on the G2 

residue in the anchor domain of Nef (Fackler et al., 1997; Geyer et al., 1999). HIV and 

SIV have co-opted host trafficking pathways to enhance viral replication and Nef has 

particularly evolved to utilise the clathrin-mediated endocytic pathway to downmodulate 

several target proteins from the surface of infected cells. Membrane association allows 

Nef to engage with host trafficking factors, such as clathrin coated vesicles, as well as 

membrane-associated restriction factors, such as Tetherin and SERINC5, and 

determinants of infection such as CD4 and MHC-I. Nef targets proteins for either 

sequestration or lysosomal degradation. X-ray crystallography and NMR studies show 

that Nef has multiple flexible regions, including the dileucine loop in the C-terminus 

(Geyer et al., 2001; Geyer and Peterlin, 2001). This flexibility allows for conformational 

changes to occur in Nef, which in turn enables the accessory protein to interact with 

multiple host cell proteins.  

 

CD4 downmodulation  

The first important target of Nef is CD4 which is found on the surface of HIV-1 target cells 

and is a critical determinant of infection. Downregulation of CD4 is a conserved feature 

of lentiviral Nef proteins, highlighting the importance of this function for successful 
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replication and transmission. Under physiological conditions, CD4 is recycled from the 

cell surface by clathrin mediated endocytosis. CD4 has a sorting motif (408SQIKRLL414) 

and phosphorylation of S408 is a prerequisite for endocytosis. Upon HIV infection, Nef 

accelerates CD4 endocytosis in an AP-2 dependent manner. Nef directly binds to both 

AP-2 and CD4 at the cell membrane to form a CD4-Nef-AP2 complex (Chaudhuri et al., 

2009), which is internalised and CD4 is targeted to lysosomes via endosomes and 

multivesicular bodies (Aiken et al., 1994; daSilva et al., 2009; Rhee and Marsh, 1994). 

Nef binds directly to the cytoplasmic tail of CD4 and the dileucine motif in Nef is used to 

adapt CD4 endocytosis in the absence of S408 phosphorylation (Dalgleish et al., 1984; 

Garcia and Miller, 1991; Grzesiek et al., 1996; Preusser et al., 2001; Rossi et al., 1996). 

As mentioned in the ‘Vpu’ section above, CD4 downmodulation from the cell surface has 

multiple benefits to viral replication and transmission and therefore it is not surprising 

that the virus has evolved to use two different accessory proteins to target CD4.  

 

CD3 downmodulation  

Another Nef target is the CD3z component of the T cell receptor (TCR). CD3 is 

responsible for T cell signal transduction following antigen-specific TCR binding to 

peptide–MHC displayed on an antigen-presenting cell, resulting in T cell activation and 

gain of effector function. Interestingly, this Nef function was lost in the HIV-1/SIVcpz 

lineage. A recent study suggests that this is to allow T cell activation and increased viral 

replication, albeit at the cost of less effective immune evasion and increased 

pathogenicity (Mesner et al., 2020). This Nef function has been lost twice during 

evolution which coincides with the acquisition of Vpu (Schindler et al., 2006). This 

suggests that HIV-1 can afford to evolve away from CD3 downmodulation, perhaps 

because Vpu functions as a potent antagonist against antiviral immune responses such 

as NFkB activation, hence HIV-1 is balancing viral replication and immune evasion by 

utilising different accessory proteins.  

 

During HIV-2 and SIV infections, downmodulation of CD3 prevents immune synapse 

formation between an infected CD4 T cell and antigen presenting cells, thus this function 

of Nef has been suggested to be an important immune evasion strategy (Arhel et al., 

2009). It is also thought to disrupt TCR signalling, and therefore T cell activation, which 

prevents an exaggerated immune response which is typically seen in HIV-1 infected 

individuals but absent in HIV-2 and SIV infection (Kirchhoff, 2010). The CD3z chain 

consists of three ITAM motifs with a consensus YxxL. Nef directly interacts with the 

cytoplasmic tail of the z chain at a site which overlaps with the ITAM region, called SNID1 

and SNID2 (Osman et al., 1995; Schaefer et al., 2000). Unlike CD4 downmodulation, the 

dileucine motif in Nef is not required for CD3 downmodulation (Swigut et al., 2003). Once 



 48 

Nef interacts with CD3z, AP-2 is recruited, and the complex is internalised. A recent 

study revealed that the loss of CD3 downmodulation activity by the SIVcpz/HIV-1 lineage 

possibly resulted in the ability to perform enhanced cell-cell spread, due to an increase 

in Env surface expression and incorporation into virions (Mesner et al., 2020). However, 

this also leads to increased T cell activation and cell death, thus increasing viral 

pathogenicity.    

 

SERINC antagonism  

The discovery of SERINC3/5 as potent lentiviral restriction factors was fuelled by the 

observation that in the presence of Nef, viral infection is significantly enhanced in certain 

cell types (Chowers et al., 1994; Munch et al., 2007; Tokunaga et al., 1998; Usami and 

Gottlinger, 2013). It was also shown that Nef sensitises viruses to neutralisation by 

antibodies specifically targeting the membrane proximal external region of Env (Usami 

and Gottlinger, 2013). In 2015, two comparative analysis studies simultaneously 

discovered the SERINC family of transmembrane proteins as potent lentiviral restriction 

factors that are antagonised by Nef (Rosa et al., 2015; Usami et al., 2015). The 

mechanism and activity of SERINC restriction will be discussed in section 1.4. Briefly, 

SERINC3/5 are present at the cell membrane and are incorporated into virions, leading 

to inhibition of viral infectivity (Rosa et al., 2015; Usami et al., 2015).  

 

Nef antagonises SERINC3/5 by downregulating them from the cell surface. Similar to 

the mechanism of CD4 endocytosis, Nef myristylation and the dileucine-based ExxxLL 

motif were required for Nef-mediated SERINC5 downregulation. Shi and colleagues 

(2018) show that the dileucine motif at positions 164 and 165 in Nef are required for 

relocalisation of SERINC5 from the cell membrane, as the ExxxLL motif directly interacts 

with the AP-2 adaptor complex and is subsequently recruited to the multivesicular body 

pathway. Once internalised, SERINC5 is redirected to LAMP1+ lysosomes where it is 

thought to undergo degradation (Shi et al., 2018). This prevents SERINC5 incorporation 

into nascent virions, hence viral entry is not perturbed. Alternatively, when endogenous 

SERINC5 was measured in an engineered Jurkat cell line, it was revealed that the steady 

state levels of SERINC5 did not change in the presence of both HIV-1 wild type and DNef 

infection, suggesting that under physiological conditions, Nef may sequester SERINC5 

rather than targeting it for degradation (Passos et al., 2019). Interestingly, this study also 

reported that endogenous SERINC5 exclusion from virions is not a requirement to 

overcome restriction, suggesting that Nef can also antagonise this restriction factor by 

an alternative, unknown mechanism. This was also suggested by Trautz and colleagues 

(2016) who showed that Nef inhibits virion-associated SERINC5 pools using 
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exogenously expressed SERINC5, rather than endogenous SERINC5 (Trautz et al., 

2016).  

 

Although Nef proteins from all lentiviruses are able to antagonise SERINC5, their relative 

potencies against human SERINC5 vary. For example, HIV-2 Nef proteins are up to 100x 

less potent at antagonising SERINC5, compared with HIV-1 group M and the HIV-2 

predecessor SIVsmm Nef proteins (Heigele et al., 2016). This observation suggests that 

perhaps HIV-2 has an alternative strategy to overcome SERINC5 restriction which is yet 

to be identified. Further, a study focussing on naturally occurring polymorphisms in Nef 

suggests that adaptive immune pressure in vivo can drive changes in the Nef gene, 

leading to an impaired ability to antagonise SERINC3/5 (Jin et al., 2019). This alludes to 

the idea that perhaps lentiviruses have evolved alternative strategies to overcome 

SERINC5 antagonism which may involve the Env glycoprotein, which is a key 

determinant of SERINC5 sensitivity.   

 

1.2.6 Viral dissemination  
Once retroviruses, such as HIV-1, are released from an infected cell they disseminate to 

infect uninfected target cells using various methods. The traditional model of 

dissemination is the cell-free infection model where the budded virus diffuses through 

the liquid phase until the Env glycoprotein attaches to the CD4 receptor on an uninfected 

target cell. However, retroviruses can also directly disseminate between cells via cell to 

cell spread (Chen et al., 2007; Jolly et al., 2004; Jolly and Sattentau, 2004, 2005, 2007; 

Jolly et al., 2011; Sourisseau et al., 2007). Immunofluorescence analysis of infected cells 

revealed that cell to cell spread, accounts for 90% of viral spread in vitro (Rudnicka et 

al., 2009). Two forms of cell-cell spread have been described. The first is via a 

supramolecular structure called the virological synapse (VS), which contains polarised 

viral and cellular proteins for efficient viral assembly and budding (Jolly and Sattentau, 

2004), and the second is via filopodia and other cellular projections/nanotubes (Rudnicka 

et al., 2009; Sowinski et al., 2008). Two of the well-characterised modes of HIV-1 

dissemination are summarised in Figure 1.5. HIV-1 manipulation of immune cell 

interaction in lymphoid tissue, where T cells are densely packed, is likely to drive efficient 

spread and evasion of both innate and adaptive immunity. However, the direct evidence 

for cell to cell spread in vivo is limited. This will be discussed further in section 1.2.5.3. 
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Figure 1.6 Modes of HIV-1 dissemination. (A) During cell-free infection, virions bud from 

infected cells into the extracellular space until the Env glycoprotein on viral particles binds to the 

CD4 receptor on a target cell to initiate entry. (B) During cell-cell spread, interactions between 

Env and CD4 bring the infected and uninfected target cells in close proximity to form a virological 

synapse (VS) within which polarised viral budding, and transfer occurs. (C) Diagram showing 

components of the VS. Once Env and CD4 bind, the interactions are further stabilised by 

interactions between adhesion molecules LFA-1 and ICAM-1. Env and Gag become enriched at 

the VS. The T cell receptor (TCR)-CD3 complex also clusters at the synapse and signalling is 
triggered to support efficient viral spread. Synapse formation also triggers polarisation of the 

microtubule-organising centre (MTOC) and mitochondria to the site of cell-cell contact to support 

viral budding into the synapse. Virions diffuse across the synapse to infect target cells. (Created 

by Biorender.com).   

 
  



 51 

1.2.5.1 T cell virological synapses  
Cell to cell transfer is a mode of viral dissemination which involves viral transfer upon 

physical contact between infected donor cells and uninfected target cells. The idea that 

viruses can disseminate via cell-to-cell transfer has been described in the past (Dimitrov 

et al., 1993; Gupta et al., 1989; Sato et al., 1992), although the exact mechanism was 

unknown. Discovery of the VS shed mechanistic insight on this mode of transfer between 

infected and uninfected T cells (Igakura et al., 2003; Jolly et al., 2004; Jolly and 

Sattentau, 2004). Later it was discovered that the VS is a common route of transmission 

between T cells and macrophages as well as T cells and dendritic cells (Duncan et al., 

2014; Felts et al., 2010; Groot et al., 2008). Formation of the VS is triggered by 

interactions between Env on infected cells and the CD4 receptor on uninfected target 

cells (Jolly et al., 2004). Since the discovery of the VS, the structure and function of the 

VS has been extensively studied. The VS is a large, multiprotein structure that has a 

similar architecture to the well-described immunological synapse and is characterised by 

the recruitment of various cellular and viral proteins to sites of cell-cell contact (Jolly and 

Sattentau, 2004; Piguet and Sattentau, 2004) (Figure 1.5). This is an active process 

initiated by interactions between Env and CD4 receptor. Once the membranes of 

infected and uninfected cells are in close proximity, several adhesion molecules, such 

as ICAM-1, ICAM-3 and their receptor LFA-1, further stabilise this interaction (Chen et 

al., 2007; Jolly et al., 2007a; Sourisseau et al., 2007). This stable cell-cell interaction 

induces accumulation of actin (Jolly et al., 2004) and tubulin (Alvarez et al., 2014a; Chen 

et al., 2007; Haller et al., 2011; Jolly et al., 2007b) at sites of cell-cell contact. Further, 

mitochondria, Golgi and the microtubule organising centre (MTOC) are recruited to the 

VS in infected cells, as well as the induction of calcium signalling, suggesting that VS 

formation induces cellular remodelling of infected cells (Groppelli et al., 2015; Jolly et al., 

2011; Sol-Foulon et al., 2007). Recruitment of the MTOC, actin and mitochondria 

contributes to trafficking of cellular and viral proteins to the VS (Chen et al., 2007; Jolly 

et al., 2004; Rudnicka et al., 2009). The polarised accumulation of Gag and Env at the 

VS is important for efficient and regulated viral assembly at sites of cell-cell contact. Viral 

particles are then released into the synaptic space, after which they travel a short 

distance to successfully infect the target cell. Loss of Gag and Env polarisation is 

observed when integrin inhibitors, CD4 inhibitors and nAbs are used to block cell-cell 

contact and VS formation, resulting in inhibition of viral spread  (Chen et al., 2007; Jolly 

et al., 2007a; Rudnicka et al., 2009). Further, live cell imaging studies can differentiate 

between VS formation and temporary cell-cell contacts. Whilst VS formation remains 

stable for approximately 1-hour, non-specific cell-cell contacts last less than 2 minutes 

(Groppelli et al., 2015; Martin et al., 2010). In line with this, Gag transfer to the infected 

cell is also shown to take roughly 1 hour, suggesting that cell-cell contacts mediated by 
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the VS remain stable for long enough to allow viral transfer (Hubner et al., 2009). A 

possible mechanism of viral transfer upon cell-cell contact could be that cells fuse 

together to facilitate direct transfer of viral particles. However, immunoelectron 

microscopy of the VS shows mature budding virions in the synaptic space between the 

infected and uninfected cell (Jolly et al., 2004; Martin et al., 2010), suggesting that HIV-

1 is released into the space before entering the target cell. This was further reinforced 

by studies showing that HIV-1 egress in T cells is trafficked via tetraspanin-enriched 

domains. Tetraspanin molecules CD9, CD63 and CD81 are enriched at the T cell VS 

(Jolly and Sattentau, 2007) and prevent syncytia formation, hence cell-cell fusion (Weng 

et al., 2009). Together these findings suggest that the actual mechanism of assembly, 

budding, attachment and entry in cell-cell spread are similar to that seen in cell free 

infection.   

 

Accumulation of Env and Gag at the site of cell-cell contact is a characteristic feature of 

the VS. Exactly how these proteins accumulate at the VS remains elusive, however three 

models, which are not necessarily mutually exclusive and may depend on specific T cell 

types, have been suggested to describe these events. First, lipid rafts are enriched at 

the VS and are essential for Env and Gag recruitment to sites of viral assembly and 

budding (Jolly and Sattentau, 2005). Therefore, it is postulated that formation of the VS 

leads to plasma membrane remodelling and aids virus assembly. This is supported by 

the finding that lipid raft integrity is vital for VS formation, as it allows proper Env and 

Gag clustering (Jolly and Sattentau, 2005). Secondly, live cell imaging by Hubner and 

colleagues (2009) showed that there is directed Gag trafficking and polarised assembly, 

resulting in the formation of Gag ‘buttons’ that appear at the VS, suggesting that there is 

de novo virus production at the site of cell-cell contact. Finally, migrating T cells adopt 

an elongated structure with a uropod at the rear end of the cell and are hence pre-

polarised. In the latter, Gag was shown to form higher order clusters at uropods in a 

nucleocapsid-dependent manner and the VS were enriched in uropod markers 

(Llewellyn et al., 2010). Gag-enriched uropods preferentially formed contacts with 

uninfected cells, resulting in VS formation (Llewellyn et al., 2010). Indeed, inhibition of 

uropod formation resulted in reduced cell-cell spread (Llewellyn et al., 2010).   

 

Although it is yet to be elucidated exactly how Env and Gag accumulate at the VS, it was 

documented that HIV-1 hijacks the cell secretory network for this. Microscopy studies 

show that HIV-1 Env colocalises with CTLA-4 and Fas-L in secretory lysosome-related 

compartments at the VS, and inhibition of the regulated secretory pathway leads to 

reduced cell-cell spread, thus suggesting that the secretory pathway is important for Env 

recruitment and viral spread (Jolly et al., 2011). This is in line with recent data from Env 
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recycling assays using FRAP at the VS, showing that Env accumulation and 

incorporation into virions at the VS requires continuous Env recycling and targeted 

secretion to the budding virus (Wang et al., 2020). By contrast to Env, Gag is not 

endocytosed at the VS (Wang et al., 2020) and therefore these data suggest that there 

are distinct mechanisms involved in the accumulation and retainment of Env and Gag at 

the VS, which is also consistent with the idea that Env and Gag are independently 

recruited during cell-free assembly and egress. Further, Env containing vesicles were 

seen clustered around MTOCs and were associated with polarised Golgi apparatus and 

recycling endosomes at the VS (Starling and Jolly, 2016). This polarisation of cellular 

and virological proteins could be induced by LFA-1 engagement/crosslinking alone, in a 

Zap70 dependent manner, thus illustrating the importance of this integrin in cell 

remodelling during VS formation and cell-cell spread (Sol-Foulon et al., 2007; Starling 

and Jolly, 2016). Finally, polarisation of mitochondria (Groppelli et al., 2015; Jolly et al., 

2011) was concomitant with Gag polarisation at the VS in a calcium-dependent manner 

(Groppelli et al., 2015). This resulted in an increase in intracellular Ca2+ levels at the VS 

which supports formation of a stable VS and efficient cell-cell spread. The activation of 

calcium signalling further reinforces the idea that Gag recruitment is an active process. 

As evidenced above, signalling pathways are critical in controlling cellular functions. In 

2017, a phosphoproteomic study revealed that HIV-1 induces T cell receptor signalling 

in an antigen-independent manner and this in turn enhances viral dissemination via the 

VS (Len et al., 2017). Therefore, signalling in the infected donor cell triggers polarisation 

of proteins and cell-cell contact, as well as modulation of signalling in the uninfected 

targets cells. This is interesting as it indicates that cell-cell spread might influence 

permissivity of target cells. To conclude, these studies show that HIV-1 co-opts cellular 

machinery and signalling pathways in order to spread efficiently by cell to cell spread via 

a VS.  

 

1.2.5.2 Macrophage and Dendritic cell virological synapses  
Macrophages play an important role in HIV-1 pathogenesis and contribute to cell-cell 

transmission of HIV-1 (Carr et al., 1999; Duncan et al., 2014; Groot et al., 2008; Swingler 

et al., 2003). Viral assembly in macrophages differs to assembly in infected T cells since 

nascent viral particles have been shown to assemble at the plasma membrane and in 

tetraspanin-enriched vesicles known as VCCs (Deneka et al., 2007; Hammonds et al., 

2017; Mlcochova et al., 2013; Pelchen-Matthews et al., 2003; Welsch et al., 2011). The 

exact mechanism of infected macrophage and target T cell VS formation remains to be 

elucidated (Groot et al., 2008). It is speculated that during cell-cell contact, VCCs traffic 

to the VS (Gousset et al., 2008) in an actin dependent manner (Duncan et al., 2014). 

Similar to the T cell VS, the several cellular and viral proteins are recruited to sites of 
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cell-cell contact, including CD4, CCR5, LFA-1, ICAM-1, Gag precursor and Env 

glycoproteins (Duncan et al., 2014; Groot et al., 2008). Formation of the macrophage-T 

cell conjugates does not dependent on gp120 (Gousset et al., 2008), contrary to the T 

cell VS, however the transfer of viral particles is dependent on interactions between 

gp120-CD4 and the adhesion molecules (Duncan et al., 2014).  

 

Cell-cell transfer of HIV-1 can also occur via macrophage engulfment of infected T cells. 

Subsequently, the macrophages can become productively infected. Macrophages 

preferentially uptake dying, infected T cells compared with healthy, infected cells (Baxter 

et al., 2014). Whilst uptake of infected T cells is independent of Env-CD4 interactions, 

the infection of macrophages following uptake is dependent on Env-CD4 and LFA1-

ICAM-1 interactions (Baxter et al., 2014), similar to the T cell VS. Also, uptake of the 

infected T cells is dependent on actin-cytoskeleton remodelling and this can be inhibited 

by amiloride (Baxter et al., 2014), therefore it suggests that the engulfment of infected T 

cells is via phagocytosis. Evidence for engulfment and uptake is that there is 

concentrated localisation of Gag in macrophages in association with the T cell specific 

marker, CD3 (Baxter et al., 2014). The exact mechanism by which HIV-1 infects 

macrophages following uptake is currently unknown. However, macrophages only get 

productively infected when they engulf T cells infected with CCR5-tropic viruses, not 

CXCR4-tropic viruses, suggesting that fusion of the viral and phagosome membranes 

might occur (Baxter et al., 2014). In line with this, recent in vivo studies using SIV infected 

macaque models, have suggested that SIV-infected T cells are engulfed by myeloid cells  

(Calantone et al., 2014; DiNapoli et al., 2017). This is because viral genome from T cells 

in myeloid cells was found from the spleen and lymph nodes of infected monkeys 

(Calantone et al., 2014; DiNapoli et al., 2017). The caveat to this is that there was no 

formal evaluation of phagocytosis, rather this was based on the presence of specific 

markers in myeloid cells which engulf infected T cells.  

 

Dendritic cells (DC) are key players in immune surveillance. DCs express the CD4 

receptor and can therefore bind to HIV-1 Env and an infectious synapse is established. 

Several C-type lectins including DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN) 

receptor are also important for capturing HIV-1 (Arrighi et al., 2004; Turville et al., 2002). 

Capturing HIV-1 by this mechanism results in virus internalisation (McDonald et al., 

2003; Sandgren et al., 2013), after which it can be presented to a CD4 T cell in lymph 

nodes (Manches et al., 2014). Unlike macrophages, this does not result in productive 

infection of DCs. Once internalised, HIV-1 is found in high concentrations within deep 

membrane invaginations (Felts et al., 2010; McDonald et al., 2003). Virus is then 

transferred in trans along an infectious synapse in the absence of antigen-dependent 
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signalling (Cameron et al., 1992; Geijtenbeek et al., 2000; Pope et al., 1994). The 

infectious synapse has similar characteristics to the T cell VS, whereby CD4 and 

coreceptors are clustered at the site of cell-cell contact (Arrighi et al., 2004; McDonald 

et al., 2003; Turville et al., 2004). Taken together, these alternative synapse formations 

provide further evidence that cell-cell spread is a highly efficient mechanism by which 

HIV-1 can disseminate between multiple immune cell types around the body.  
 

1.2.5.3 Advantages of cell to cell spread  
Various labs have estimated that the efficiency of cell-cell spread is 10-100 times higher 

than cell free infection, depending on the experimental set up and cell types used (Chen 

et al., 2007; Dimitrov et al., 1993; Jolly et al., 2007a, b; Martin et al., 2010; Mazurov et 

al., 2010; Sourisseau et al., 2007). A typical experimental set up used to investigate 

infection efficiency involved either coculturing infected and uninfected T cells so that they 

can form stable contacts or to separate infected and uninfected cells using a trans-well 

set up, thus preventing formation of the VS by inhibiting cell-cell contact but still allowing 

for viral diffusion through the trans-well membrane and thus cell-free infection.  

 

Measuring infection kinetics and the number of infected cells revealed that cell to cell 

spread resulted in faster infection kinetics and an increased number of infected cells 

(Chen et al., 2007; Jolly et al., 2007b; Sourisseau et al., 2007). Several reasons can be 

given to explain this phenotype. Firstly, formation of the VS involves highly ordered 

polarisation of both viral and cellular proteins. This allows viral budding to occur in an 

ordered, unidirectional manner, towards the uninfected cell, resulting in more viral 

transfer, a higher multiplicity of infection (MOI) and therefore an increased likelihood of 

infection (Chen et al., 2007; Duncan et al., 2013; Duncan et al., 2014; Jolly et al., 2004; 

Sourisseau et al., 2007). In line with this, cryoEM and cryoET studies show that there 

are multiple virions at the virological synapse from which multiple infections can occur 

(Bennett et al., 2009; Jolly et al., 2004; Jolly et al., 2011; Martin et al., 2010; Welsch et 

al., 2007). VS formation also results in a greater number of Env, CD4 and coreceptor 

clusters at the cell membranes of infected and uninfected cells, respectively, thus 

increasing the likelihood of receptor engagement and fusion pore formation. Also, TCR 

signalling is triggered at the VS (Len et al., 2017), therefore it is possible that this 

modulates permissivity of target cells during cell-cell contact; a hypothesis which is 

currently being explored by Jolly and colleagues. Some evidence suggests that high MOI 

at the VS results in multiple HIV-1 integrations into the target cell (Del Portillo et al., 2011; 

Russell et al., 2013), although the idea of multiple integrations remains controversial. 

Single cell sequencing was used to determine the number of HIV-1 proviruses in infected 

cells from lymph node tissue and peripheral blood cells. This analysis revealed that less 
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than 10% of infected cells had multiple infections, with approximately 3.2 integrations 

per cell, although this remains controversial, since these events might reflect the 

presence of defective proviruses, as discussed above (Josefsson et al., 2011; Josefsson 

et al., 2013; Jung et al., 2002). Jung et al (2002) sampled cells from the spleen and 

increased sampling of spleen and lymph nodes may give a better estimate than the 

peripheral blood cells, since HIV replicates in lymphoid tissues. Further, HIV-1 infection 

modelling studies also suggested this to be the case, based on the amount of genetic 

recombination observed in chronic HIV-1 infection (Batorsky et al., 2011; Neher and 

Leitner, 2010). 

 

Cell-cell spread reduces the efficacy of antiretroviral drugs against HIV-1. Firstly, HIV-1 

is less sensitive to NRTIs and NNRTIs during cell-cell spread compared with cell free 

infection (Agosto et al., 2014; Duncan et al., 2013; Gupta et al., 1989; Mathez et al., 

1993; Permanyer et al., 2012; Sigal et al., 2011; Titanji et al., 2013). This is thought to 

be because accumulation of virus at the VS results in a higher MOI and so a higher 

concentration of drugs is required to suppress infection (Duncan et al., 2013; Sigal et al., 

2011; Titanji et al., 2013). Given that recent data suggest that cell-cell transmission is 

the primary mode of viral dissemination in vivo (Ladinsky et al., 2014; Schacker et al., 

2000; Sewald et al., 2012), it remained unclear as to how ART was so effective at 

inhibiting infection based on clinical data. To better understand this, systematic testing 

of the effectiveness of single and combination therapies against cell-cell spread was 

carried out (Agosto et al., 2014; Titanji et al., 2013). These studies revealed that only 

some NRTIs and the protease inhibitors, were ineffective at blocking cell-cell 

transmission. HIV-1 was equally sensitive to protease inhibitors regardless of mode of 

transfer (Titanji et al., 2013; Titanji et al., 2017). This can be explained by the mechanism 

of action of these drugs. Protease inhibitors prevent maturation resulting in the 

production of non-infectious nascent virions; therefore, the mode of spread has little 

effect in reversing this defect. Also, resistance to the same drugs was less apparent 

when a primary HIV-1 isolate was tested, suggesting that the effect of ART on cell-cell 

spread also depends on the virus (Agosto et al., 2014). Taken together, these results 

have important implications in the clinical setting. It is possible that combination therapy 

is more effective because the drugs are targeting different stages of the life cycle, as well 

as different modes of HIV-1 dissemination (Agosto et al., 2014; Titanji et al., 2017).  

 

Studies investigating sensitivity of HIV-1 to neutralising antibodies showed that transfer 

across a VS during cell-cell spread renders the virus less sensitive to neutralisation 

(Abela et al., 2012; Chen et al., 2007; Gupta et al., 1989; Malbec et al., 2013; Martin et 

al., 2010; McCoy et al., 2014; Zhong et al., 2013). Resistance to neutralisation varies 
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depending on the neutralising antibody being used. McCoy et al (2014) used HIV-1 

infected T cell lines and primary T cells to test the effect of a panel of bnAbs on HIV-1 

neutralisation sensitivity during cell-cell spread (McCoy et al., 2014). Antibodies targeting 

the gp41 MPER and gp120 variable loops could not inhibit cell-cell spread, whereas 

bnAbs targeting the CD4 binding site were able to do so (Malbec et al., 2013; McCoy et 

al., 2014). The resistance phenotype may be explained by the idea that during cell-cell 

spread, the distance a virus must travel to infect a target cell is much shorter compared 

with cell free infection. Therefore, there is a reduced possibility of HIV-1 being exposed 

and targeted by the humoural immune system. Further, since CD4-Env interactions are 

crucial for VS formation, the CD4 binding site antibodies will prevent virological synapse 

formation, thereby leading to inhibition of cell-cell spread.  

 

Another advantage of cell-cell spread is the ability to evade restriction factors, which are 

antiviral proteins that target HIV-1 at multiple steps in the viral lifecycle, and will be 

discussed extensively in section 1.4. Tetherin was described to restrict HIV-1 infection 

by tethering virus particles to the cell membrane, thus preventing efficient budding (Giese 

and Marsh, 2014; Neil et al., 2008). The viral protein Vpu antagonises tetherin by 

targeting it for proteasomal degradation (Goffinet et al., 2009). Vpu-defective viruses 

were shown to be more efficient at cell to cell spread compared with WT virus and this 

correlated with more VS formation in the presence of Vpu-defective virus (Jolly et al., 

2010). Imaging studies revealed that tetherin was enriched at the VS and this resulted 

in increased levels of Env accumulating at the site of cell-cell contact. Therefore, it was 

shown that tetherin does not inhibit infection during cell to cell spread. Instead, it was 

speculated that Tetherin may promote viral spread via the VS by mediating accumulation 

of Env and/or by providing structural integrity to the VS structure (Jolly et al., 2010). The 

latter was suggested based on the observation that depletion of tetherin using siRNA 

resulted in decreased VS formation and cell to cell spread, irrespective of the presence 

of HIV-1 Vpu. By contrast, one study showed that THN does inhibit cell-cell transfer of 

HIV-1 particles (Casartelli et al., 2010b). Discrepancies between these studies might be 

explained by differences in the level of Tetherin expression in different cell types, as well 

as differences in the mechanism of cell-cell spread between different donor and target 

cell types. Another restriction factor which cell-cell spread overcomes is TRIM5a. 

Rhesus macaque TRIM5a was shown to potently inhibit cell-free HIV-1 infection 

(Stremlau et al., 2004). However, when T cells that are engineered to express rhesus-

TRIM5a, and cocultured with non-rhesus-TRIM5 cells, cell-cell spread is not inhibited 

(Richardson et al., 2008). This suggests that cell-cell spread may overcome restriction 

by rhTRIM5. Recently, the IFITM proteins were shown to inhibit HIV-1 infection by 

targeting the step of viral fusion (Lu et al., 2011a). Some studies correlate mutations in 



 58 

env and vpu that render HIV-1 insensitive to IFITM restriction, with enhanced cell-cell 

spread (Ding et al., 2014). This might be explained by the observation that IFITM2 and 

IFITM3, in virus producer cells, interact with Env and antagonise cell-cell spread (Yu et 

al., 2015). 

 

Cell-cell spread may also be disadvantageous for the virus. For example,  HIV-1 cell-cell 

spread enhances cell death of target cells. A study using tonsil-derived T cells showed 

that cell-cell (but not cell-free) spread mediated non-productive or abortive infection of 

resting CD4 T cells leading to pyroptotic cell death (Galloway et al., 2015). During 

abortive infection, incomplete RT products are sensed by the IFI16 DNA sensor, which 

triggers pyroptosis (Doitsh et al., 2014; Monroe et al., 2014). It is possible that the high 

efficiency of cell-cell spread results in infection of non-permissive cells, which triggers 

cell death. Therefore, cell-cell spread may contribute to HIV-1 pathogenesis by trigger T 

cell death which is characteristic of infection. Taken together, these data suggest that 

cell-cell can be advantageous for HIV-1 infection in vivo due to increased efficiency of 

viral transmission, resistance to neutralising antibodies, ART and some restriction 

factors, but may also contribute to pathogenesis by inducing target cell death. 

 

1.2.5.4 In vivo evidence of cell-cell spread  
Although HIV-1 cell-cell spread is thought to be more efficient compared with cell-free 

transmission, little direct evidence exists to show that cell-cell spread occurs in vivo. For 

obvious reasons, it is difficult to perform in vivo studies in humans, therefore humanised 

mouse models have been used thus far to indirectly show that cell-cell spread is possible. 

For example, multiphoton intravital microscopy showed that HIV-1 infected T cells 

migrate to lymph nodes and establish interactions and form syncytia with neighbouring 

cells in a Env-dependent manner (Murooka et al., 2012), suggesting the possibility of 

cell-cell spread. Electron tomography of T cells from infected humanised mice revealed 

that they stay in close contact with uninfected cells, which are potential targets for viral 

dissemination (Ladinsky et al., 2014). Also, imaging of the sites of cell-cell contact show 

that there is polarised viral budding, as well as enriched presence of LFA-1 and ICAM-1 

adhesion molecules (Ladinsky et al., 2014). This is highly suggestive of the presence of 

a virological synapse between infected and uninfected cells in the GALT (Ladinsky et al., 

2014). Clustering of T cells was also observed using histology, in HIV-1 infected lymph 

nodes, suggesting that HIV-1 preferentially infects neighbouring T cells which are in 

close contact (Schacker et al., 2000). Finally, infection by another retrovirus, MLV, was 

also shown to induce stable contacts between infected and uninfected cells using 

intravital microscopy (Sewald et al., 2012). Initially it was shown that these cell-cell 

contacts form in an Env-dependent manner and that Gag polarises to sites of contact 



 59 

(Sewald et al., 2012). VS formation and cell-cell spread was eventually confirmed 

(Sewald et al., 2015). Taken together, these data suggest that it is possible for cell-cell 

spread to occur in vivo, however the importance for viral replication remains to be 

elucidated.  

 

1.2.5.5 Filopodia and Nanotubes  
Cell-cell spread does not necessarily have to be mediated by a synapse between the 

infected and uninfected cell. Filopodia are actin-rich protrusions from the plasma 

membrane (Mattila and Lappalainen, 2008), which were first described for the 

transmission of MLV (Sherer et al., 2007). Filopodia formation has also been observed 

between HIV-1 laden DCs and uninfected CD4 T cells, exemplifying another cellular 

mechanism subverted by the virus to mediate successful transmission (Do et al., 2014; 

Felts et al., 2010; Nikolic et al., 2011). Engagement of DC-SIGN, results in HIV-1 

mediated activation of CDC42, which is a small GTPase, and this leads to actin 

cytoskeleton remodelling and subsequent filopodia extension (Nikolic et al., 2011). 

Filopodia extend to neighbouring CD4 T cells and virus budding occurs at the tip of the 

filopodia, which allows HIV-1 to tether to multiple neighbouring target cells 

simultaneously, thereby increasing the efficiency of viral dissemination (Aggarwal et al., 

2012).   

 

HIV-1 can also transmit to target cells using nanotubes, which are longer structures 

compared with filopodia, and allow for rapid transmission of HIV-1 (Eugenin et al., 2009; 

Kadiu and Gendelman, 2011a, b; Sowinski et al., 2008). Unlike filopodia, HIV-1 does not 

induce/increase the number of nanotubes formed by infected cells (Sowinski et al., 

2008). Nanotubes are membranous bridges that likely form after cells come into close 

contact and then separate (Sowinski et al., 2008)Live cell imaging revealed that HIV-1 

surfs along the surface of nanotubes to transfer from an infected T cell to an uninfected 

target T cell (Sowinski et al., 2008). HIV-1 also disseminates via this method in 

macrophages (Kadiu and Gendelman, 2011a, b). The viral accessory protein Nef, is 

thought to be responsible for an increase in nanotube formation during HIV-1 infection 

of macrophages (Eugenin et al., 2009). M-sec is a key regulator of nanotube formation 

(Hase et al., 2009) and Nef alters its localisation to encourage nanotube formation 

(Hashimoto et al., 2016). This form of dissemination is independent of Env-CD4 

interactions and allows for longer range transmission, although it is estimated to only 

account for 10% of the cell-cell spread observed in vitro (Rudnicka et al., 2009).  
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1.3 HIV Envelope biology 
HIV-1 Envelope (Env) is a key determinant of infection as it binds to the CD4 receptor 

and coreceptors, CCR5 and CXCR4, on uninfected cells in order to initiate viral entry. 

Figure 1.6 illustrates the linear structure of Env. Immature Env is produced as the gp160 

polyprotein which is proteolytically cleaved into the mature form which has two functional 

subunits: gp120 and gp41. The gp120 subunit mediates CD4 receptor and coreceptor 

binding. It is heavily glycosylated, and this is thought to be a mechanism used to avoid 

adaptive immune recognition. The gp41 subunit regulates Env trafficking to the cell 

surface and incorporation into nascent virions. Each functional Env spike is a 

heterotrimeric structure composed of three gp120 and three gp41 subunits interacting 

non-covalently. The gp160 polyprotein undergoes extensive processing and traffics to 

the plasma membrane to get incorporated into nascent virions. Each HIV-1 virion 

expresses approximately 7-12 functional Env spikes on the surface, again, as another 

mechanism to avoid immune recognition by limiting exposure at the cell surface. It is also 

possible for several non-functional Env variants to be produced and incorporated into 

virions. For example, gp120-gp41 monomers, uncleaved gp160 monomers and 

oligomers and finally gp41 stumps. Incorporation of these variants significantly reduces 

viral infectivity, however it is thought that they act as immune decoys to induce non-

neutralising antibodies, hence yet another mechanism to evade the adaptive immune 

system (Sanders and Moore, 2017). Despite Env incorporation being a crucial step in 

infectious virus production, the exact mechanism by which this event takes place is 

currently unknown. Several models have been proposed and will be discussed 

extensively in Section 1.3.5. 
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Figure 1.7 Linear structure of Env. Schematic representation of gp120 and gp41 linear 

structure. Shown are conserved domains (C1-C5) and variable loops (V1-V5) in the gp120 

subunit. Regions containing CD4 binding site (C2, C3 and C4) are shown in orange. The gp41 
subunit consists of fusion peptide, two heptad-repeat domains (HR1 and HR2) shown in purple, 

membrane-proximal external region (MPER), transmembrane domain (TMD) and the cytoplasmic 

tail (CT). Furin cleavage site is between the C5 domain and fusion peptide. The EnvCT has a 

conserved YxxL endocytic motif at the N-terminus (YSPL in HIV-1 NL4.3 strain) and a dileucine 

motif at the C-terminus which are important for Env recycling. After the N-terminal endocytic motif 

there is a Kennedy sequence (ks) and three a-helical structures called Lentiviral Lytic Peptides 

(LLP) 1-3. Adapted from (Checkley et al., 2011).  
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1.3.1 Env Biosynthesis 
Env translation occurs in the rough endoplasmic reticulum (RER). The N-terminal region 

of gp160 contains an ER signal peptide which allows gp160 to insert into the RER 

membrane (Berman et al., 1988). Cellular peptidases cotranslationally remove this signal 

peptide. Haffar and colleagues (1988) performed in vitro analysis of gp160 in microsomal 

membranes and used antibody binding assays and protease protection analysis to show 

that gp160 remains attached to the membrane in an orientation whereby the extracellular 

portion of Env faces the ER lumen and the cytoplasmic tail faces the cytoplasm (Haffar 

et al., 1988). This results in the Env cytoplasmic tail facing inside the virus particle during 

Env incorporation. A stop transfer signal in the gp41 hydrophobic TMD prevents the 

entire polyprotein from entering the ER lumen.  

 

The gp160 polyprotein is made from a singly spliced bicistronic Env-Vpu mRNA. Two 

models have been proposed to explain the process of Env translation: Leaky scanning 

and Ribosome shunting. The former model was suggested by Schwartz and colleagues 

when they observed that mutations in the Vpu initiation codon led to increased Env 

translation (Schwartz et al., 1992; Schwartz et al., 1990). The leaky scanning hypothesis 

describes that the 40S ribosome does not always scan the Vpu start codon as it is 

surrounded by a weak Kozak initiation sequence. Alternatively, Anderson and colleagues 

investigated the 5’ UTRs of several alternatively spliced Env mRNAs and found that 

mutations of upstream start codons, including the Rev start codon, had little or no effect 

on Env synthesis (Anderson et al., 2007). This suggested that Env translation was a 

result of discontinuous ribosomal scanning and ribosome shunting is an example of this 

process. Ribosome shunting refers to the process in which ribosomes bypass parts of 

the 5’ UTR in order to reach a start codon. In line with this hypothesis, Krummheuer and 

colleagues (2007) showed that Env translation is stimulated by a 6-nucleotide upstream 

ORF in the Vpu start codon which when mutated, led to a reduction in Env synthesis. 

This suggested that the upstream ORF acts as a ribosomal pause site which encourages 

ribosomal shunting to the Env initiation codon (Krummheuer et al., 2007).  

 

N-linked glycosylation of gp160 takes place concomitantly with translation and O-linked 

glycosylation occurs in the cis-Golgi (Allan et al., 1985; Bernstein et al., 1994; Leonard 

et al., 1990), leaving the protein with several oligosaccharide side chains. Glycosylation 

is thought to trigger oligomerisation of gp160 (Earl et al., 1990; Pinter et al., 1989). 

Although the resultant oligomers can be of various sizes, the predominant form is a trimer 

of gp160 molecules. Oligomerisation and correct protein folding are thought to trigger 

trafficking of gp160 from the ER to the cis-Golgi and then to the Trans-Golgi network 
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(TGN) via the secretory pathway. Further details regarding Env glycosylation and its 

importance in evading adaptive immunity will be discussed in section 1.2.2.3 
 

Once in the Golgi, gp160 trimers are proteolytically cleaved by the cellular protease, 

Furin, and other furin-like proteases (Hallenberger et al., 1992). These proteases 

recognise a highly conserved cleavage motif: K/R-X-K/R-R motif (Hallenberger et al., 

1992; McCune et al., 1988). Mutational analysis of this motif revealed that HIV-1 particles 

become fusion incompetent when this motif is altered, as it alters Furin’s ability to cleave 

gp160. This demonstrated that gp160 cleavage is essential for producing infectious virus 

particles with mature Env spikes. Two subunits are formed when gp160 is cleaved: a 

soluble gp120 surface subunit and the gp41 transmembrane subunit. A functional Env 

spike is characterised by a heterotrimeric structure, composed of three gp120 and three 

gp41 subunits. The N-terminus and the C-terminus of gp120 loop together and non-

covalently interact with the gp41 subunit (Julien et al., 2013; Lyumkis et al., 2013; 

Pancera et al., 2014). Figure 1.7 summarises the process of Env biosynthesis.  
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Figure 1.8 Env biosynthesis. gp160 polyprotein is synthesised in the rough endoplasmic 
reticulum (RER), it is glycosylated and oligomerises to form trimers. Cleavage of the signal 

peptide allows the newly synthesised Env trimers to leave the RER and enter the Golgi, where 

gp160 trimers are further processed. Finally, the trimers are trafficked to the plasma membrane, 

where Gag protein is also present. Adapted from (Checkley et al., 2011)(Created using 

BioRender.com). 

 

  



 65 

1.3.2 gp120 structure and function  
The gp120 subunit of Env is the only viral protein exposed to the extracellular 

environment (alongside gp41 MPER) and is therefore a major target for neutralising 

antibodies and vaccine development. Soluble gp120 protein is composed of five variable 

loops (V1-V5) and five constant regions (C1-C5), as depicted in Figure 1.6 (Ward and 

Wilson, 2017). Understanding the 3D structure of Env is critical in aiding our 

understanding of HIV-1 entry mechanism, as well as designing an effective vaccine 

against the virus. However, this remained a challenge for many years due to high 

flexibility of the Env trimer, leading to technical difficulties in the process of crystallisation. 

In 2002, a stable Env trimer was designed and named SOSIP (Sanders et al., 2002). 

SOSIP Env has a disulphide bond inserted between gp120 and gp41, to allow the two 

subunits to be covalently linked. It also has an isoleucine to proline mutation in heptad 

repeat 1 (HR1) of gp41 in order to aid trimer formation (Sanders et al., 2002). SOSIP 

has been used to solve high resolution 3D structures of Env using crystallography and 

more recently, cryo-electron microscopy (cryo-EM) (Bartesaghi et al., 2013; Huang et 

al., 2007; Julien et al., 2013; Kwon et al., 2012; Kwong et al., 1998; Lyumkis et al., 2013). 

Early crystallography studies of monomeric gp120 bound to CD4 and various broadly 

neutralising antibodies (bnAbs) such as 17b, suggested that gp120 adopts a ‘core’ 

structure and is composed of 5 variable loops, 26 b-strands and 5 a-helices (Huang et 

al., 2007; Kwon et al., 2012; Kwong et al., 1998). This notion was reinforced recently 

using cryo-EM to show that gp120 is a globular structure that adopts a trimeric 

conformation via intrachain disulphide bridges (Figure 1.9A-B) (Bartesaghi et al., 2013; 

Julien et al., 2013; Lyumkis et al., 2013).  

 

Comparisons between HIV-1 and HIV-2 Envs reveal that there is only 30% overall 

sequence identity and 40% overall amino acid identity between the Env glycoproteins of 

these viruses. However, Davenport and colleagues (2016) solved the first 3D structure 

of HIV-2ST gp120 bound to CD4, and showed that there is very little difference in the 

overall structure compared with HIV-1 gp120 (Figure 1.9C) (Davenport et al., 2016). 

This is surprising because HIV-2 is known to have decreased virulence and HIV-2 

infection is able to induce a robust neutralising antibody response, thus it is different to 

HIV-1 Env (Hahn et al., 1987; Kong et al., 2012a; Kong et al., 2012b). However, this may 

be explained by differences in gp120 glycosylation patterns, leading to the formation of 

a less effective glycan shield which exposes HIV-2 gp120 epitopes to antibodies (Shi et 

al., 2005).  
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Figure 1.9 Structure of gp120 surface subunit. (A) Ribbon diagram. a-helices are depicted in 

red and b-strands in salmon, except for strand b15 (yellow), which makes an antiparallel b-sheet 

alignment with a strand of CD4. From (Kwong et al., 1998) (B) Crystal structure of Env trimer 

(PDB 4ZMJ). The gp120 subunit is shown in light grey and the gp41 subunit (ectodomain only) is 

shown in dark grey. V1, V2 and V3 loops are shown in orange, magenta and purple, respectively. 
The CD4 binding site (CD4bs) is shown in green. From (Burton and Hangartner, 2016) (C) 
Superposition of HIV-2, HIV-1, and SIV gp120 structures. (Left) Sequence-based alignment of 

HIV-2 ST gp120 core (green) with liganded and unliganded HIV-1 gp120 cores (grey) shows 

structural similarity. (Right) The SIVmac32H gp120 core from same viewpoint shows several 

secondary structural elements with different conformations. Taken from (Davenport et al., 2016). 

 

Both single molecule FRET and cryo-EM studies reveal that Env is a dynamic structure, 

as gp120 adopts various conformations depending on the ligand bound. Details of 

structural rearrangements involved in viral entry and fusion will now be discussed further.   
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1.3.2.2 gp120 structure and viral entry mechanism 
A key structural element of gp120 is the CD4 binding site (Figure 1.9B), which is highly 

conserved and essential for viral fitness (Dalgleish et al., 1984; Klatzmann et al., 1984). 

The CD4 binding site is a quaternary structure formed by sequences in the C2, C3 and 

C4 domains. Crystallography and cryo-EM studies show that CD4 binding and 

conformation of the CD4 binding site is highly dependent on the presence of 

neighbouring gp120 molecules (Kwon et al., 2012; Lyumkis et al., 2013; Stewart-Jones 

et al., 2016).  

 

Single molecule FRET studies showed that Env is a highly dynamic structure which is 

stabilised by either CD4 binding or bnAb binding (Munro et al., 2014) and interestingly 

this information can be used to explain differences in sensitivity to antibody neutralisation 

of different Env glycoproteins. For example, the clinical isolate derived JRFL Env is more 

intrinsically stable compared with the lab-adapted NL4.3 Env, and JRFL is therefore less 

susceptible to neutralisation by bnAbs (Munro et al., 2014). Further, high resolution cryo-

EM structures reveal four different conformations of gp120 (Figure 1.10). (1) The first 

structure is the closed conformation which is present prior to CD4 binding to gp120. 

Bartesaghi and colleagues (2013) used the VRC03 bnAb to determine the cryo-EM 

structure of Env in the prefusion state, as this bnAb was previously shown to preserve 

Env in a closed quaternary conformation (Tran et al., 2012). In this conformation, a 3-

stranded form of the gp120 bridging sheet facilitates localisation of the V1/V2 loop region 

at the apex of the trimer, thus occluding the V3 loop and hiding the coreceptor binding 

site (Bartesaghi et al., 2013). (2) The next conformation was described by Ozorowski 

and colleagues (2017), whereby gp120 adopted an open conformation independently of 

CD4 binding. This conformation was induced by binding of the b12 bnAb to the CD4 

binding site, which then induced rotation of gp120 cores around a fixed pivot point made 

up of the b-26 (C-terminal) and b-4 (N-terminal) gp120 strands (Ozorowski et al., 2017). 

Despite structural changes to the gp120 core. The bridging sheet remained in 3-stranded 

form and the V1/V2 loop region remained at the apex of the trimer, suggesting that gp120 

pivoting may be a prerequisite for V1/V2 loop movement and also that further priming by 

CD4 binding is required for co-receptor binding site exposure and fusion. The following 

conformation reinforces this idea. (3) In this conformation, gp120 was in an open 

conformation when bound to CD4 and different bnAbs (Bartesaghi et al., 2013; Lyumkis 

et al., 2013; Ozorowski et al., 2017). gp120 cores pivoted around the b-26 and b-4 

strands and the V1/V2 loop region was also displaced away from the trimer apex to 

reveal the V3 loop, leading to co-receptor binding site exposure (Ozorowski et al., 2017; 

Pancera et al., 2014). Displacement of the V1/V2 loop region was supported by the 

formation of a 4-stranded bridging sheet and this occurred once b-2 and b-3 of gp120 
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swapped positions so that they were antiparallel to one another. (4) The next 

conformation was described by Wang and colleagues (2018) as ‘partially open’ in a CD4- 

and 8ANC195-bound structure. 8ANC195 is a bnAb which recognises the gp120-gp41 

interface and once bound, leads to changes in gp120 side chain arrangements 

compared with the fully open structure (Wang et al., 2018). This potentially leads to the 

gp41 fusion peptide adopting a helical conformation, ready for insertion into the target 

cell membrane during fusion (Wang et al., 2018). However, it is debatable whether this 

Env conformation exists in the absence of 8ANC195 (in which case the bnAb captured 

this conformation to make it more visible for structural studies) or whether 8ANC195 

induced slight closure of the CD4-bound open conformation. Nevertheless, the data 

showed that partial closure of the open state did not reverse V1/V2 displacement, V3 

exposure or the helical conformation of gp120 a0 (Wang et al., 2018). A summary of the 

early entry mechanism is as follows: 

1. gp120 is in an equilibrium between ‘closed’ and ‘partially open’ conformations. 

The V3 loop remains occluded in both of these conformations, hence the co-

receptor binding site is not exposed.  

2. gp120 binds to CD4, resulting in structural rearrangements to adopt a fully ‘open’, 

conformation, whereby the co-receptor binding site on the V3 loop is exposed.  

3. The CD4-bound gp120 conformation described above may potentially undergo 

slight closure in order to adopt a ‘partially open’ conformation. This induces 

helical conformation of gp41 fusion peptide, suggesting that the CD4-bound 

partially open conformation may lead to the next step of virus entry, which is co-

receptor binding.   
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Figure 1.10 Model for order of conformational changes in Env leading to fusion. (A) 
Overview of the different conformations adopted by Env at various stages of fusion and viral entry. 

Env is a highly dynamic structure which undergoes conformational changes in several 

components including the variable loops in gp120 and the gp41 subunit. (B) Table summarising 

structural features shown in (A). Taken from (Wang et al., 2018).  
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Once gp120 is bound to CD4, allosteric changes in gp120 expose the coreceptor binding 

site to the extracellular environment. The specificity for CCR5 or CXCR4 coreceptor 

binding is primarily determined by the sequence of the V3 loop, where X4-tropic viruses 

have more positively charged residues in the V3 loop, consistent with CXCR4 chemokine 

binding pocket being more negatively charged compared with CCR5 (Cocchi et al., 1996; 

Rosen et al., 2006; Shaik et al., 2019). Ozorowski and colleagues (2017) provided the 

intramolecular basis for CD4 and co-receptor induced conformational changes to HIV-1 

during entry. When a dimer of CCR5 is docked on top of a trimer structure, CCR5 spans 

two gp120 subunits, thereby suggesting that CCR5 interacts with two co-receptor binding 

sites, (Ozorowski et al., 2017) however this interaction does not lead to further 

conformational changes in gp120 or gp41 (Ozorowski et al., 2017; Shaik et al., 2019). 

Later work using advanced microscopy techniques provided a detailed intermolecular 

basis for the conformational changes that occur prior to and during co-receptor 

binding(Iliopoulou et al., 2018). Iliopoulou et al (2019) used a combination of super-

resolution microscopy and fluorescence fluctuation spectroscopy to reveal that the 

process of fusion initiation required formation of higher order assembly of Env-receptor-

coreceptor complexes (Iliopoulou et al., 2018). Both X4- and R5-tropic envelopes 

undergo a three-step mechanism to initiate fusion (Iliopoulou et al., 2018). Briefly, this 

study showed that the X4-tropic HXB2 Env bound to 1 CD4 molecule, which induced 

CXCR4 dimerisation. Then CD4 engaged with 2 Envs to create a hexameric complex 

consisting of 1 Env molecule bound to 4 CD4 molecules and 2 CXCR4 molecules. This 

resulted in gp120 disassembly into an anchoring domain and a fusion domain, which 

would proceed to 6-helix bundle formation and fusion (Iliopoulou et al., 2018). With 

regards to the R5-tropic JRFL Env, it also bound to a single molecule of CD4 initially, 

however then it recruited 2 additional CD4 molecules. This induced CCR5 dimerisation 

and a complex consisting of 1 Env, 3 CD4 and 2 CCR5 molecules, leading to gp120 

disassembly and fusion (Iliopoulou et al., 2018). Despite similarities in the initial step, 

X4- and R5-tropic envelopes had different entry kinetics and stoichiometries (Iliopoulou 

et al., 2018). CXCR4-mediated fusion initiation required 2 Env molecules whereas 

CCR5-mediated fusion required only 1 Env. Also, CXCR4 dimerisation occurred before 

CD4 oligomerisation, whereas CCR5 dimerisation happened after CD4 oligomerisation 

(Iliopoulou et al., 2018). This suggests that there are differences in the entry mechanism 

of X4- and R5-tropic viruses which must be considered when investigating different 

aspects of HIV entry and fusion, such as mechanisms of restriction factors targeting viral 

entry. The remainder of the Env-mediated fusion mechanism will be discussed in 

section 1.3.3 as it involves crucial gp41 structure-function relationships. 
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1.3.2.3 gp120 glycan shield and adaptive immunity 
Another important feature of gp120 is that it is heavily glycosylated, resulting in a 

glycocalyx-like structure called the ‘glycan shield’ surrounding the virus. Co-translational 

glycosylation of Env occurs in the ER, where N-linked glycans are added to gp160 

(Bernstein et al., 1994; Leonard et al., 1990). Appropriate trimer cleavage is required to 

produce an Env molecule with the correct glycosylation architecture. Misfolded or poorly 

folded Env proteins have higher amounts of processed glycoforms and are retained in 

the ER.  

 

Glycans present on HIV-1 Env account for at least half of its total mass (Doores et al., 

2010; Lasky et al., 1986; Stewart-Jones et al., 2016). Using BG505 SOSIP, it was shown 

that there are 25-30 glycans present on each gp120 protomer and 3-5 glycans are 

present on gp41 (Lyumkis et al., 2013; Montefiori et al., 2018). A mixture of glycans can 

be found on the surface of the virus, including (1) high mannose type glycans and (2) 

complex type glycans, which require further processing once Env reaches the Golgi. 

Certain sites on Env are exclusively high mannose sites and others are exclusively 

complex-type, suggesting that the host processing machinery is able to distinguish 

between the two types of sites on HIV-1 Env and that there is differential processing at 

each site.  

 

The initial cryo-EM structures of fully glycosylated Env were unable to resolve most 

glycans in the absence of a bnAb which stabilises the Env structure (Lee et al., 2016; 

Lyumkis et al., 2013). Therefore, this suggested that the glycan shield is highly dynamic. 

However, a crystallography study of the glycan shield suggested that the glycan shield 

is a stable structure as it contains a wide range of inter-glycan contacts (Stewart-Jones 

et al., 2016). This discrepancy in results highlights the difficulty in studying structure-

function relationships of the glycan shield. Ward and colleagues (2020) recently used an 

integrative approach, combining Cryo-EM, mass spectrometry and computational 

modelling, to show that the glycan shield is indeed highly dynamic and that variation 

exists in the dynamics of glycans belonging to different regions of Env (Berndsen et al., 

2020). This is partly due to the formation of densely packed clusters and steric hindrance. 

A cryo-EM structure illustrating the great mass of glycans surrounding the HIV-1 Env is 

shown in Figure 1.11A.             

 

The glycan shield is thought to be a mechanism used by HIV-1 to evade the adaptive 

immune system (Burton and Hangartner, 2016). Infection of rhesus macaques with 

mutant SIVs lacking N-linked glycosylation in Env resulted in increased antibody binding 

to specific peptides from this region and increased neutralising activity (Reitter et al., 
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1998). This suggests that N-linked glycosylation plays a role in limiting the neutralising 

antibody response against SIV. Initially it was thought that the glycan shield is 

impenetrable, however high resolution Cryo-EM structures of Env revealed that this is 

not the case. Several bnAbs, such as 2G12 and the PGT series, are able to bind to 

epitopes found inside the glycan shield, as well as epitopes on the surface of the V3 and 

V4 loops (Figure 1.11B).  

 

The high mannose patch (Figure 1.11B) is a region of densely packed, highly 

homogenous glycans centred mainly around Asn332 (N332) or N334, with some 

interspersed at the edges of the patch (Bonomelli et al., 2011; Doores et al., 2010; Go 

et al., 2015; Sok et al., 2014). It was shown that due to steric hindrance caused by 

neighbouring glycans, this section of the glycan shield cannot undergo secondary 

processing in the Golgi to convert high mannose sugars into complex glycoforms using 

glycosidases and transferases (Bonomelli et al., 2011; Pritchard et al., 2015). 

Interestingly, the high mannose patch is extremely vulnerable to recognition by bnAbs 

and was therefore considered a prime vaccine target. However, vaccine development 

remains a challenge, as exposure of different epitopes is highly dependent on 

neighbouring glycans and the sequence of variable loops surrounding this region.  

 

 

 
Figure 1.11 Env glycosylation. (A) A cryo-EM structure of gp120 (light grey) and gp41 (dark 

grey) surrounded by a large mass of glycans (blue) to make up the glycan shield. Taken from 

(Stewart-Jones et al., 2016) (B) Structure of Env colour coded with the epitopes recognised by 
different classes of broadly neutralising antibodies shown in the boxes. V1/V2 loops (purple), 

CD4bs (red), high mannose patch (green), gp120/gp141 interface (brown) and gp41 MPER 

(grey). Taken from (Zhang et al., 2016).  
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Vaccine development  

The humoral immune system is fundamental in controlling infectious diseases. Several 

monoclonal antibodies (mAbs) have been identified and isolated from HIV-1 infected 

individuals (McCoy and Burton, 2017). These mAbs can be categorised based on their 

function of ‘neutralising’ or ‘non-neutralising’ infection. Neutralising antibodies (nAbs) 

block infection of target cells by binding to HIV-1 Env epitopes that are crucial for viral 

entry. During HIV-1 infection, nAbs begin to appear midway through the acute phase, 

once sufficient virus is circulating in the body (Wei et al., 2003). Rapid and continuous 

mutations in the Env sequence allows HIV-1 to escape this antibody response (Wei et 

al., 2003). An evolutionary arms race is thus established, whereby the virus and host 

immune system are constantly adapting to counteract one another.  

 

Env proteins can be classified into different ‘tiers’ based on their susceptibility to nAbs 

(Seaman et al., 2010). Env glycoproteins belonging to tiers 1A and 1B are thought have 

an ‘open’ conformation and are easily neutralised, whereas tier 2/3 Envs have a ‘closed’ 

conformation, hence epitopes are less exposed for bnAb binding and neutralisation 

(Seaman et al., 2010). Generally, lab adapted strains of HIV-1 (such as NL4.3) belong 

to tier 1 (Seaman et al., 2010). It is thought the absence of any selective immune 

pressure in cell culture has allowed Env to adapt this open conformation, where the co-

receptor binding site is more readily accessible, to increase infectivity (Seaman et al., 

2010). On the other hand, Env from most circulating strains of HIV-1 belong to tier 2 and 

there are only 15 Env glycoproteins belonging to tier 3 (Seaman et al., 2010). Env 

undergoes dynamic structural changes at the surface of infected cells (reviewed by 

(Ward and Wilson, 2017)). Tiering describes the conformational state which each Env 

glycoprotein predominantly occupies in any given environment, in the presence of 

different binding partners (Seaman et al., 2010). 

 

Broadly neutralising antibodies (bnAbs) target multiple strains of HIV-1 by binding to 

vulnerable epitopes on the Env trimer, therefore HIV-1 vaccine research heavily 

focusses on inventing strategies to induce bnAb formation in infected individuals (McCoy 

and Burton, 2017). In vivo studies have shown that passive transfer of bnAbs to rhesus 

macaques can protect against Simian-Human Immunodeficiency viruses (SHIV) and 

mice are protected against HIV-1 infection (Hessell et al., 2009; Hessell et al., 2010; 

Mascola et al., 2000; Moldt et al., 2012; Parren et al., 2001; Pegu et al., 2014; Rudicell 

et al., 2014). A recent clinical trial in sub-Saharan Africa provides proof of concept that 

passive administration of the mAb VRC01 can protect against susceptible virus infection 

(AVAC report, HIVR4P, 2021). A big hurdle in achieving this goal is the dynamic and 

hugely heterogenous nature of the HIV-1 Env glycan shield (Ward and Wilson, 2017). 
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Differences in glycosylation exist between different sites on Env and also at the same 

site between different Envs (Cao et al., 2017).  
 

ADCC 

Antibody-dependent cell-mediated cytotoxicity is a non-neutralising function of HIV-1 

specific antibodies (Lee and Kent, 2018). ADCC refers to the process by which the 

antigen-binding fragment (Fab) of antibodies binds to Env expressed on infected cells 

(Lee and Kent, 2018). This leads to cross-linking of the Fc gamma-receptor on innate 

effector cells, such as NK cells, monocytes and neutrophils (Kramski et al., 2013; Smalls-

Mantey et al., 2013). Effector cells subsequently release cytokines and chemokines 

which target infected cells (Mielke et al., 2019). Degranulation of cytotoxic granules 

releases perforin and granzyme B, both of which can eliminate HIV-1 infected cells 

(Mielke et al., 2019). Correlations between the ability of an antibody to perform ADCC 

and neutralise infection suggests that the two process are not mutually exclusive. 

Several studies have reported that bnAb binding to transmitted founder (T/F) viruses is 

weaker by comparison with lab-adapted strains (Bruel et al., 2016; von Bredow et al., 

2016). This is likely due to the more ‘open’ Env conformation of the latter, as described 

above. The best strategy for targeting HIV-1 infection would need to be able to prevent 

both cell-free and cell-cell viral transmission. However, whether bnAbs can effectively 

block cell-cell transmission remains controversial (discussed in section 1.2.5.1). 

 

The ‘shock and kill’ strategy that is being attempted to cure HIV-1 relies on reactivation 

of infected CD4 T cells which make up the latent HIV-1 reservoir (reviewed by (Deeks, 

2012)). Passive transfer of ADCC-competent bnAbs in combination with a Latency 

Reversal Agent (LRA) may be a promising strategy, however a major problem with this 

is the inability to sufficiently reactivate infected CD4 T cells (to similar levels as PHA 

stimulation) (Deeks, 2012). A humanised mouse model study provided in vivo evidence 

that using a combination of bnAbs and a combination of different LRAs in conjunction, 

reduced the proportion of mice experiencing viral rebound compared with mice receiving 

bnAbs only or a single LRA (Halper-Stromberg et al., 2014). This strategy was successful 

in this study possibly because the multiple agents collectively activated the latent cells 

to high enough levels. Clinical trials are now required to test this the ‘shock and kill’ 

strategy in humans. Two recent studies used ART-treated humanized mice infected with 

HIV-1 and ART-treated, SIV-infected rhesus macaques to show that robust reactivation 

of latent proviruses may be possible using different methods (McBrien et al., 2020; Nixon 

et al., 2020). McBrien et al (2020) used an IL-15 activating drug in conjunction with 

antibody-mediated CD8 T cell depletion to show that there are high levels of virus in the 

blood and viral RNA is present in various tissues (McBrien et al., 2020). Nixon et al 
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(2020) administered a drug which activates the non-canonical NFkB pathway, to show 

that there is an increase in the viral RNA in CD4 T cells upon treatment, suggesting 

transcriptional activation, as well as measurable virus in the blood (Nixon et al., 2020). 

Whilst these studies seem promising in the context of reversing latency, they lack a 

component which will ‘kill’ the virus and therefore more research into this second step is 

required.     

 

Viruses have evolved to evade antibody responses, including ADCC. The ability of an 

antibody to perform ADCC depends on the amount of Env antigen present. HIV-1 tightly 

regulates Env expression on the surface to limit exposure. Mutations in the conserved 

endocytic motif in the gp41 cytoplasmic tail result in increased surface Env expression, 

which subsequently increases susceptibility to ADCC (von Bredow et al., 2015). Also, 

Tetherin restricts infection by preventing viral release, hence there is an accumulation of 

virions at the cell membrane which can be targeted by ADCC-competent bnAbs. The 

viral accessory protein Vpu downregulates Tetherin from the cell surface, which avoids 

this outcome (Alvarez et al., 2014b; Arias et al., 2014). Finally, the accessory proteins 

Vpu and Nef downmodulate CD4 from the surface of infected cells which reduces the 

likelihood of CD4 binding to Env and exposing CD4 inducible epitopes that are often 

targeted by bnAbs (Veillette et al., 2015; Veillette et al., 2014).    

 

1.3.3 gp41 structure and function 
The gp41 subunit of Env can be subdivided into an extracellular domain, a 

transmembrane domain and the cytoplasmic tail (Figure 1.7). This section will discuss 

the structure-function relationship of different parts of the gp41 subunit. 

 

1.3.3.1 gp41 extracellular domain  
The extracellular domain of gp41 is important in the process of fusion, as it contains the 

fusion peptide, two alpha helical coiled-coil heptad repeats called HR1 and HR2 and a 

membrane proximal external region (MPER). Lyumkis and colleagues (2013) used 

PGV04 (a CD4-binding site antibody) complexed with BG505-SOSIP to create the first 

cryoEM structure of Env at ~5.8Å resolution (Lyumkis et al., 2013). This study highlights 

that gp41 forms the base of the Env trimer and confirmed that HR1 is a three-helix bundle 

found in the trimer core and HR2 is an alpha helix which wraps around the base of the 

trimer (Figure 1.12). Ozorowski and colleagues (2017) further revealed the structure of 

the gp41 fusion peptide in a CD4-17b bound state (Ozorowski et al., 2017). From this 

study it was evident that CD4 binding to gp120 and 17b binding to the coreceptor binding 

site in gp120, results in major structural changes within gp41, which primes Env for 

fusion. For example, the N-terminus of the HR1 domain moves away from the centre of 
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the trimer and concomitantly there is stabilisation of a helix in the fusion peptide proximal 

region. Further changes in gp120 and the gp41 HR2 domain produce a new pocket at 

the core of the trimer where the fusion peptide inserts itself and subsequently undergoes 

large conformational changes to stabilise in a fusion intermediate state (Ozorowski et al., 

2017). It is hypothesised that coreceptor binding induces further structural changes to 

allow the fusion peptide to ‘spring out’ of this pocket and insert into the target cell 

membrane. Following this, interactions between gp120 and gp41 weaken, resulting in 

gp120 shedding. Then, extensive structural rearrangements in gp41 lead to the 

formation of a 6-helix bundle, which is a highly stable structure (Shu et al., 2000). It 

contains a hairpin turn (residues 597 to 609) between HR1 and HR2. Mutations in 

residues around this hairpin loop structure can result in loss of 6-helix bundle formation 

by interfering with HR1-HR2 interactions and inhibit fusion (Markosyan et al., 2009).   

Crystal structures of the 6-helix bundle reveal that the three N-terminal HR1 domains of 

gp41 form a triple stranded coiled coil a-helical structures, whereas the three C-terminal 

HR2 units are packed antiparallel and fit into the grooves of HR1. 6-helix bundle 

formation is complete once the viral and cellular membranes fuse to produce a fusion 

pore (Markosyan et al., 2003). Once fusion pore formation and enlargement is complete, 

the viral capsid core is delivered into the target cell cytoplasm marking the completion of 

HIV-1 entry. 

     

 
Figure 1.12 gp41 structure. (A) Segmented EM density map of the gp41 trimer. The C-terminal 

half of HR1 (rust) forms a three-helix bundle at the centre of the trimer; the C-terminal half of HR2 

(yellow) forms a helical structure that wraps around the trimer base. Additional density that is not 
assigned in the model (beige) likely corresponds to the intervening region between HR1 and HR2, 

including the disulfide loop, as well as C1 and C5 from gp120. Density parallel to HR1 (brown) 

likely corresponds to the N-terminal half of HR1, the fusion peptide proximal region (FPPR), and 

the fusion peptide (FP). (B) Modelled portion corresponding to the same views of the EM density 

maps in (A). Taken from (Lyumkis et al., 2013).  
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1.3.3.2 gp41 transmembrane domain 
Next, the transmembrane domain (TMD) of gp41 is a conserved region which anchors 

Env to the lipid bilayer and is important in Env-mediated membrane fusion and infectivity 

(reviewed by (Checkley et al., 2011)). It forms a well-ordered trimer which has a positively 

charged residue at the centre of the trimer, typically an arginine (Chen and Chou, 2017). 

NMR studies by Chen and Chou (2017) further reveal that the C-terminus forms a coiled-

coil trimer containing a GxxxG motif and is held together by polar contacts to produce a 

hydrophilic core. The N-terminal coiled coil is in a helical wheel representation and forms 

the hydrophobic core. Typically, GxxxG motifs are involved in oligomerisation of proteins 

(MacKenzie et al., 1997), however only G690 is important in the HIV-1 Env TMD (Dev et 

al., 2016). Mutating the second Glycine (G694A) does not impact TMD trimerisation. 

G690 is important as it facilitates interactions with V689 on neighbouring TMD helices 

(Dev et al., 2016). Further, mutations in the TMD which result in destabilisation of the 

hydrophilic core, often resemble cytoplasmic tail-deleted virus with regards to sensitivity 

to neutralising antibodies (Dev et al., 2016). This is like due to the fact that changes in 

the TMD and EnvCT lead to global conformational changes in the Env ectodomain. 

Finally, the importance of the TMD in maintaining Env stability is highlighted by the 

observation that soluble Env proteins, which do not have an intact TMD, are often 

unstable and highly heterogenous; a major problem in HIV-1 vaccine design thus far.  

 

1.3.3.3 gp41 cytoplasmic tail 
The gp41 cytoplasmic tail (EnvCT) is the least well characterised domain of Env. 

Molecular biology and structural studies reveal that the EnvCT is crucial in Env trafficking 

and incorporation into nascent virions (Bowers et al., 2000; LaBranche et al., 1996; 

Sauter et al., 1996). A recent NMR structure reveals that the EnvCT is primarily 

embedded within the lipid bilayer, however the N-terminal region is unstructured (Figure 
1.13) (Murphy et al., 2019). This region contains the highly conserved Y712SPL endocytic 

motif which binds to cellular proteins such as the AP-2 adaptor protein for clathrin-

mediated endocytosis of Env from the plasma membrane. The EnvCT also contains 

three lentiviral lytic peptides, LLP-1, LLP-2 and LLP-3 (Figure 1.13). LLP-1 and LLP-2 

are positively charged due to the presence of arginine residues and LLP-3 is located 

between LLP-1 and LLP-2. Their name was derived from the observation that LLPs can 

perturb membranes (Chen et al., 2001; Chernomordik et al., 1994; Gawrisch et al., 

1993), resulting in cytolysis (Miller et al., 1993). These highly conserved amphipathic 

alpha helical structures have been implicated in several Env properties including 

fusogenicity (Kalia et al., 2003), stability (Lee et al., 2002a), cell surface expression 

(Bultmann et al., 2001) and Env incorporation into nascent virions (Bultmann et al., 2001; 

Murakami and Freed, 2000). Finally, the Kennedy sequence is a highly immunogenic 
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region containing 3 consecutive epitopes that are recognised by SR1 nAbs: 

P728DRPEG732, I733EEE736 and E739RDRD743 (Buratti et al., 1998). These nAbs 

are able to inhibit cell-free infection, as well as cell-cell spread of HIV-1 by inhibiting the 

process of fusion (Cheung et al., 2005; Heap et al., 2005; Reading et al., 2003).  

    

 

Figure 1.13 gp41 cytoplasmic tail. (A) Schematic showing the linear structure of the HIV-1 

EnvCT containing a conserved, N-terminal YxxL (YSPL in HxB2 consensus sequence) endocytic 

motif, Kennedy sequence (ks), Lentiviral Lytic Peptides (LLP) 1-3 and a C-terminal dileucine motif 

important for Env trafficking. (B) Top panel: A model depicting the gp120 and gp41 proteins on 

the surface of HIV-1 particles. The EnvCT C-terminal domain is penetrating deeply in the inner 

leaflet of the membrane. Lower panel: An expanded view of the inner leaflet of the membrane 

showing EnvCT penetrating the bilayer. Taken from (Murphy et al., 2019). 
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1.3.4 EnvCT and Env trafficking 
Once mature, heterotrimeric Env spikes reach the plasma membrane, they are either 

incorporated into nascent viral particles or rapidly recycled via clathrin-mediated 

endocytosis (Berlioz-Torrent et al., 1999; Egan et al., 1996; Rowell et al., 1995). 

Internalisation of Env is regulated by the EnvCT. In the EnvCT there are two tyrosine-

based sorting motifs which can be recognised by the AP-2 complex (YSPL and YHRL), 

however mutational analysis revealed that the Y712SPL motif (Egan et al., 1996) was 

important for endosomal sorting of Env (Boge et al., 1998). This is a highly conserved 

motif among HIV and SIV strains, suggesting that Env internalisation is crucial in the viral 

lifecycle, possibly to evade the adaptive immune response by limiting exposure on the 

cell surface. The Y712SPL motif is recognised and predominantly bound by the µ2 chain 

of the AP-2 adaptor protein, as shown using coimmunoprecipitation and GST-pull down 

assays (Boge et al., 1998; Ohno et al., 1997). If this sequence is mutated to produce the 

Y712A mutant, AP-2 no longer binds to Env, resulting in less efficient Env recycling 

kinetics. Further, CD4-SIV Env constructs have been used to show that the SIVmac239 

Env it remains at the plasma membrane for less than 5 minutes prior to internalisation 

via endocytosis (Bowers et al., 2000). Infection of Rhesus macaques with SIVmac239 

mutants containing a mutation or deletion in this motif, resulted in attenuated SIV 

pathogenicity in vivo, as indicated by no clinical symptoms of disease and survival until 

the end of the study at 120-139 weeks post inoculation  (Fultz et al., 2001). This suggests 

that the YxxF motif has important implications in vivo. Furthermore, the C-terminal 

dileucine motif in EnvCT, L855L856, also regulates Env trafficking via interactions with 

the AP-1 (Wyss et al., 2001) and AP-2 adaptor proteins (Byland et al., 2007). Byland et 

al (2007) used chimeric proteins in which HIV-1 Env was fused to the CD4 luminal and 

transmembrane domains, and the HxB2 Env, to assess the role of the YxxF endocytic 

motif and the c-terminal dileucine motif (Byland et al., 2007). Expression of these 

constructs in HeLa cells revealed that the dileucine motif is responsible for Env 

endocytosis, independent of the YxxF motif, since the L855L856/AA and Y712I mutants 

were able to recycle Env appropriately and there was only a significant increase in Env 

surface expression when both L855L856/AA and Y712I mutations were present in the 

same construct. This suggests that the two HIV-1 endocytic motifs are redundant and do 

not have any additive effects when expressed together in wild type Env. By contrast, SIV 

Env endocytosis is not dependent on the C-terminal dileucine motif (Bowers et al., 2000), 

suggesting that there are differences in the SIV and HIV Env trafficking which require 

further investigation. Such differences might explain the phenotype that SIV truncates its 

EnvCT when passaged in human cells (Kodama et al., 1989; Luciw et al., 1998), as 

discussed in section 1.3.6.   
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Once endocytosis occurs and Env enters an early endosome, there are three possible 

fates for the glycoprotein: 1. Lysosomal degradation; 2. Retromer-dependent retrograde 

trafficking to the Trans-Golgi network (TGN) or 3. Rab11-FIP1C and Rab14-dependent 

trafficking to the plasma membrane for incorporation into nascent virions (Figure 1.14)  

 

1. Lysosomal degradation 

One possible fate of Env is to enter endosomes which mature into lysosomes, resulting 

in degradation of Env trimers. Enhanced lysosomal degradation of Env has been 

observed upon manipulation of the gp120 glycan shield. For example, deletion of a 

conserved glycan at Env position 260 leads to lower levels of gp160 proteolytic cleavage 

into functional trimers, as well as enhanced lysosomal degradation of Env which could 

be rescued in the presence of the lysosome inhibitor chloroquine (Mathys et al., 2014).  

Further, infection of macrophages with HIV-1 DVpr virus leads to enhanced lysosomal 

degradation of Env by comparison with wild type HIV-1 (Mashiba et al., 2014). Pulse 

chase analysis in the presence of ammonium chloride (a lysosome inhibitor) rescued 

Env expression in the absence of Vpr (Mashiba et al., 2014). This suggests that Vpr 

protects Env from lysosomal degradation in macrophages.   

 

2. Retromer-dependent retrograde trafficking to the TGN 

Another fate of Env is to undergo retrograde transport from the cell membrane in a 

Retromer-dependent manner (Groppelli et al., 2014). The human retromer complex is 

hetero-pentameric structure, composed of a trimer of vacuolar protein sorting molecules 

(Vps26- Vps29- Vps35) and a membrane bending complex consisting of two sorting 

nexins (SNX1/2 with SNX5/6) (Swarbrick et al., 2011). This complex is an important 

member of the endosomal sorting machinery, as it recognises specific membrane 

proteins (cargo) and sorts them from maturing endosomes into nascent endosomal 

tubules (Arighi et al., 2004; Seaman, 2004, 2012). Then, cargo often undergoes 

retrograde transport to the Golgi complex. Some evidence also suggests that retromer 

can transport cargo proteins from endosomes to the plasma membrane (Seaman, 2012; 

Temkin et al., 2011). Retromer is responsible for endosomal sorting of physiologically 

important cargo proteins such as the cation independent mannose-6-phosphate receptor 

(CIMPR) (Arighi et al., 2004; Seaman, 2004); the iron transporter DMT1-II (Tabuchi et 

al., 2010), Wntless/MIG-14 (Eaton, 2008) and an amyloid precursor protein binding 

protein (Fjorback et al., 2012; Nielsen et al., 2007). Groppelli and colleagues (2014) show 

that siRNA-mediated depletion of retromer, in Hela TZM-BL reporter cells and in Jurkat 

T-cells, results in increased HIV-1 Env surface expression and incorporation into virions. 

Further, immunofluorescence microscopy was used to show that Env and Vps26, a 

crucial member of the retromer complex, colocalise and that upon retromer depletion, 
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Env is not retrieved in the Golgi apparatus from endosomes (Groppelli et al., 2014). 

Coimmunoprecipitation of Env and retromer components revealed that the Vps35 and 

Vps26 interact with the EnvCT. Using EnvCT truncation mutants, the group show that 

this phenotype is dependent on the C-terminal 100 amino acids of the EnvCT. Given that 

the EnvCT and Gag colocalise at sites of viral budding, one might speculate that retromer 

affects Gag localisation. Interestingly, retromer depletion has no effect on Gag, 

suggesting that Retromer specifically targets Env (Groppelli et al., 2014).  

 

3. Rab11-FIP1C and Rab14 dependent trafficking to the plasma membrane  

The Spearman lab have conducted extensive microscopy studies to understand the role 

of cellular trafficking proteins in Env trafficking to the plasma membrane. They elucidated 

the requirement of FIP1C and Rab proteins in this process (Kirschman et al., 2018; Qi 

et al., 2015; Qi et al., 2013). Rab11-FIP1C is a large hetero-tetrameric trafficking complex 

composed of the following proteins: Rab11, Rab14, Rab4 and FIP1C. shRNA-mediated 

depletion of FIP1C diminishes HIV-1 infectivity and reduces Env incorporation, whereas 

overexpression of FIP1C enhances infectivity and Env incorporation in a cell-type 

dependent manner (Qi et al., 2013). Qi and colleagues (2013) used TIRF microscopy to 

show that FIP1C, which is normally localised in perinuclear compartments with Rab11a 

(Jin and Goldenring, 2006), is re-localised to the plasma membrane in the presence of 

HIV-1 Env. Later studies further elucidated that the YW795 motif on alpha helix 2 of the 

EnvCT is important for Rab11-FIP1C mediated Env trafficking. Mutating the YW795 motif 

results in reduced Env incorporation in viruses produced from T cell lines, reduced 

infectivity and loss of FIP1C relocalisation to the plasma membrane (Qi et al., 2015). 

These results indirectly suggest that the Rab11-FIP1C complex interacts with the YW795 

motif in EnvCT to mediate Env trafficking to the plasma membrane. Finally, in 2018 they 

provided the first piece of direct evidence to show that Env traffics through the endosomal 

recycling compartment (ERC) prior to FIP1C-mediated Env trafficking (Kirschman et al., 

2018). A dominant negative mutant of FIP1C (FIP1C560-649) was used to show that whilst 

wild-type HIV-1 Env becomes trapped in ERCs, the YW795 mutant is resistant. Further, 

super resolution microscopy and transmission electron microscopy was used to show 

that Rab11a and Rab14 are sequestered in the presence of FIP1C560-649. Thus, Rab 

sequestration may lead to Env sequestration in the ERC. In support of this hypothesis, 

immune-EM studies reveal that Env is localised on ERC tubular membranes in the 

presence of FIP1C560-649. This may be the site at which Rab14-FIP1C complexes interact 

with EnvCT prior to Env trafficking to the plasma membrane. Alternatively, the authors 

hypothesise that mutant FIP1C in complex with Rab14 and Env is unable to recruit an 

essential motor protein required for trafficking. Currently, there is no evidence to prove 

this hypothesis.  
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Other EnvCT potential interactions with host trafficking factors: 

Other host factors have also been proposed to traffic Env after endocytosis from the 

plasma membrane. For example, TIP47 is a late endosome-Golgi recycling protein is 

thought to bind the Y802W803 residues in the EnvCT and facilitate retrograde trafficking 

of Env to the TGN (Blot et al., 2003). Mutating these residues resulted in loss of 

interaction with TIP47, as well as reduced trafficking to the Golgi (Blot et al., 2003). 

Further, TIP47 is implicated in ensuring appropriate Env incorporation, HIV-1 assembly 

and virion infectivity, due to its interactions with the MA domain of Gag and the EnvCT 

(Lopez-Verges et al., 2006). NMR studies confirmed that TIP47 interacts with MA, 

however no interactions were determined between EnvCT and TIP47 (Checkley et al., 

2013), thus the role of this host protein remains controversial.   

 

Mass spectrometry analysis of proteins bound to the HIV-1 EnvCT revealed that the host 

proteins Prohibitin1 and Prohibitin2 interact with the EnvCT (Emerson et al., 2010). Env 

residues L799L800 were required for interactions and mutating this motif resulted in 

resulted in diminished binding to Prohibitins, which also correlated with reduced 

infectivity (Emerson et al., 2010). However, this was a cell-type dependent phenotype in 

which lack of Prohibitin binding allowed viral replication in permissive MT4 cells but not 

in non-permissive H9 cells (Emerson et al., 2010). Therefore, the importance of this 

interaction for viral replication remains uncertain.   

 

To conclude, rapid recycling and gp120 shedding, due to weak interactions with gp41, 

results in low levels of Env on the surface of virions and infected cells. It is thought that 

this is a strategy to evade the adaptive immune response and to reduce the cytopathic 

effects of HIV infection. Hence, Env trafficking is critical in the HIV-1 replication cycle and 

transmission.  
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Figure 1.14 Env trafficking. Diagram showing different Env trafficking pathways and possibly 
fates after biosynthesis in the Rough endoplasmic reticulum (RER). (1) Env trimers enter the 

secretory pathway to traffic to the plasma membrane. (2) Env trimers internalised via clathrin 

mediated endocytosis and interaction of the EnvCT with AP-2 adaptor proteins. (3) Retromer 

binds to the EnvCT and mediates retrograde transport to the Golgi, where Env can re-enter the 

secretory pathway. (4) Trafficking to the endosomal recycling compartment (ERC) upon 

internalisation, where Env trimers bind to Rab-FIP1C complexes in a EnvCT-dependent manner 

to traffic to sites of virus assembly and budding. (5) Degradation of Env trimers via lysosomal 

degradation. (Created using BioRender.com)  
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1.3.5 EnvCT and Env incorporation 
Env incorporation is a key step in producing infectious virus and the EnvCT is important 

in recruitment of Env to sites of virus assembly and budding (Akari et al., 2000; Freed 

and Martin, 1995; Mammano et al., 1995; Murakami and Freed, 2000; Muranyi et al., 

2013). Given that only 7-14 trimers are incorporated into virions (Zhu et al., 2003) this 

suggests that Env incorporation is a tightly regulated process or that there are few 

functional trimers due to endocytosis from the cell membrane. The exact mechanism of 

Env incorporation remains to be elucidated, however four models have been suggested 

thus far: (1) Passive incorporation, (2) Gag-Env co-targeting. (3) Indirect Gag-Env 

interactions and (4) Direct Gag-Env interactions. Emerging data suggests that these 

models are not mutually exclusive and that these models may have oversimplified the 

process of Env incorporation. Here, as I discuss these below, I will also suggest a fifth 

model, based on recent super resolution microscopy and alternative interpretations to 

existing data, which emphasises the independent roles of the EnvCT and the Matrix 

domain (MA) of Gag. Whilst the EnvCT is responsible for appropriate trafficking of Env 

to sites of virus assembly and budding, the role of MA is to retain Env at these sites, and 

together these independent functions of EnvCT and MA allow for appropriate Env 

incorporation into virions. Figure 1.15 summarises the different Env incorporation 

models.  

 

(1) Passive incorporation 

The passive incorporation model argues that plasma membrane associated Env is 

incorporated when HIV acquires the plasma membrane lipid bilayer during budding, thus 

Env is incorporated simply because it is present in the membrane. Evidence supporting 

this model includes the observation that mutating the conserved endocytic motif in the 

EnvCT can result in increased surface Env levels, leading to increased Env incorporation 

(Boge et al., 1998; Byland et al., 2007; Day et al., 2004; Groppelli et al., 2014; Qi et al., 

2013). Also, many cellular proteins are passively incorporated into budding HIV-1 virions 

if present at sites of budding (Arthur et al., 1992; Lusso et al., 1990; Ott, 2008). The non-

specificity of this process suggests that Env incorporation is also randomly incorporated. 

Next, HIV-1 can be pseudotyped with a variety of retroviral and non-retroviral Env 

proteins which produce infectious virus, thus suggesting that there is little specificity for 

Env incorporation (Cronin et al., 2005; Page et al., 1990). Finally, truncation of the EnvCT 

does not prevent Env incorporation in permissive cell lines such as HEK293T cells and 

HeLa cells (Freed and Martin, 1995; Murakami and Freed, 2000; Qi et al., 2015). 

However, presence of the EnvCT is necessary for HIV-1 Env incorporation into virions 

produced in primary CD4 T cells, many T cell lines and monocyte-derived macrophages, 

arguing against this model (Akari et al., 2000; Groppelli et al., 2014; Murakami and 
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Freed, 2000; Qi et al., 2015). This cell-type dependence on the requirement for a long 

HIV-1 EnvCT suggests that cellular factors, present in some cells and not others, may 

play a role in Env incorporation. This idea is proposed in two incorporation models: Gag-

Env co-targeting and indirect Gag-Env interactions. 

    

(2) Gag-Env co-targeting 

The Gag-Env co-targeting model suggests that both viral proteins are targeted to the 

same plasma membrane microdomain leading to Env incorporation during virion 

budding. Lipid rafts are microdomains that have been implicated as sites of HIV-1 

assembly and budding (Halwani et al., 2003; Hogue et al., 2011; Jolly and Sattentau, 

2005; Mercredi et al., 2016; Nguyen and Hildreth, 2000). These microdomains are 

enriched in cholesterol and sphingolipids. Biochemical and super resolution microscopy 

studies have shown that HIV-1 Env clusters in microdomains at the plasma membrane, 

which are thought to be lipid rafts (Bhattacharya et al., 2006; Muranyi et al., 2013; Ono 

and Freed, 2001; Rousso et al., 2000; Yang et al., 2010). Therefore, Gag-Env co-

targeting to lipid rafts probably plays a part in Env incorporation. Env recycling from the 

plasma membrane to endosomal compartments and/or the trans-Golgi network is 

important for Env incorporation, as disrupting Env endocytosis leads to differences in 

incorporation into virions (Kirschman et al., 2018; Qi et al., 2013). This may be explained 

by the fact that recycling allows Env to be targeted to the correct site of virus budding. 

Finally, co-expressing HIV-1 Env and a non-retroviral Env, such as the Ebola virus 

glycoprotein with HIV-1 Gag resulted in both Env glycoproteins localising separately at 

the plasma membrane and virus particles produced from these cells had either one but 

not a mix of both Envs incorporated (Leung et al., 2008).  

 

(3) Indirect Gag-Env interactions  

The indirect Gag-Env interactions model suggests that cellular proteins act as bridging 

factors between Env and Gag, allowing both proteins to colocalise at sites of viral 

assembly and budding. Although several host proteins have been suggested to interact 

with the EnvCT, such as TIP47, Dlg1 and a-catenin (Checkley et al., 2013; Kim et al., 

1999; Lopez-Verges et al., 2006; Perugi et al., 2009), no mechanistic insight has been 

gained regarding their function in Env incorporation or Gag interactions. Therefore, 

evidence in support of this model is weak. 

 

(4) Direct Gag-Env interactions 

Biochemical, genetic and a few microscopy studies have suggested that a direct 

interaction occurs between MA and the EnvCT to allow Env incorporation, although this 

remains controversial (Alfadhli et al., 2016; Alfadhli et al., 2019; Cosson, 1996; Hourioux 
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et al., 2000; Wyma et al., 2004). For example, GST-tagged EnvCT was used in  

coimmunoprecipitation assays to show that it binds directly to the MA protein (Alfadhli et 

al., 2016; Alfadhli et al., 2019). A major criticism of this interpretation for the relevant data 

is that the binding events being observed may be a result of non-specific gp41 binding. 

Emerging evidence using super resolution microscopy suggests that the observations 

used as evidence for direct Gag-Env interactions may have an alternative interpretation, 

which is that Gag lattices accommodate the long EnvCT to allow Env incorporation, 

which does not necessarily require a direct interaction between the two proteins.   

 

(5) EnvCT accommodation by Gag lattice    

Early crystallography studies revealed that both HIV (Hill et al., 1996) and SIV (Rao et 

al., 1995) MA proteins form trimeric structures. A 2D structure of myristylated Gag, in a 

synthetic lipid bilayer, further showed that the MA trimers form a higher order, hexameric 

structure with a central cavity, which could possibly be occupied by EnvCT (Alfadhli et 

al., 2009). The presence of MA trimers in replication competent virus was confirmed 

using biochemical assays (Tedbury et al., 2016). Several mutations in the MA trimer 

apex result in loss of Env incorporation (Tedbury et al., 2013). It was suggested that 

these mutations cause steric hindrance, leading to the inability of EnvCT to insert into 

the MA hexamer cavity. This is supported by the observation that a CT-deleted HIV-1 

mutant (D144) can incorporate Env, suggesting that it overcomes the steric hindrance, 

although this could also be explained by passive incorporation of D144 mutant Env into 

virions. It is important to note that this phenotype is cell-type specific and rescue of 

infection is only seen in cell lines such as HEK293T and HeLa cells, not T-cell lines such 

as Jurkats and primary CD4 T cells or monocyte-derived macrophage, as discussed 

above. A matrix mutant, Q62R, results in a global rescue of defects in Env incorporation 

(Tedbury et al., 2013). The arginine residue is longer and more positively charged, 

compared with glutamine, suggesting that it can interact with side chains of neighbouring 

MA molecules within the trimer configuration. This mutation is found at MA trimer 

interfaces, suggesting that it modulates trimer interactions to allow Env incorporation. 

However, crystal structures of MA show that Q62 is not likely to be exposed to the plasma 

membrane, hence a direct interaction between MA Q62 and EnvCT is unlikely.  

 

MA hexamers were observed in live cells using cryoET and this study suggested that 

upon cleavage, the mature CA lattice is formed directly from the Gag lattice and gradually 

rolls away from the membrane to wrap around the NC and form a core structure (Frank 

et al., 2015). In order to correlate MA trimerisation with Env incorporation, Tedbury and 

colleagues (2016) investigated the T69R MA mutant. This mutant prevents Env 

incorporation and is situated at the MA trimer interface, in close proximity to Q62 on 



 87 

neighbouring MA molecules. Therefore, it may sterically hinder MA trimerisation. By 

testing a range of T69 mutants, it was revealed that polar, hydrophobic residues had little 

effect on Env incorporation, whereas charged residues prevented incorporation. Further, 

the latter mutations resulted in loss of MA trimerisation, thus correlating the two 

phenotypes (Tedbury et al., 2016). This suggests that interactions between MA trimers 

within the lattice structure are important for appropriate Env incorporation, however it 

does not prove that there is a direct interaction between MA and Env.  

 

Live single molecule imaging of Env, particularly the Y712A mutant which undergoes a 

slower rate of endocytosis, revealed that efficient Env incorporation requires the EnvCT 

to be trapped in a MA lattice (Pezeshkian et al., 2019). In the absence of a MA lattice, 

i.e., no virus assembly site, Y712A mutant Env molecules freely diffuse around the 

plasma membrane. By contrast, the presence of a MA lattice drastically reduced Env 

mobility. Similarly, when Y712A Env encounters the MA mutant, L12E, which is deficient 

of MA trimerisation, Env is no longer trapped in the lattice. Further, the importance of the 

EnvCT in Env trapping was demonstrated in this study by calculating the rate of diffusion 

of D144 Env within the MA lattice. This revealed that the D144 mutant was significantly 

more mobile within the lattice, compared with Y712A Env, suggesting that Env is not 

trapped and can diffuse out. This could explain why D144 Env has an incorporation 

defect in non-permissive cells, despite increased surface expression compared with WT 

Env (Murakami and Freed, 2000).  

 

In line with this hypothesis, Van Engelenberg and colleagues (2018) used super 

resolution microscopy to interrogate spatiotemporal dynamics of Env at sites of viral 

assembly and budding (Buttler et al., 2018). Single molecule tracking of HIV-1 Env 

trimers revealed that WT Env and D144 Env had similar diffusion kinetics along the 

plasma membrane, however significantly more WT Env was immobilised in the Gag 

lattice, compared with D144 Env. Further, HIV-1 WT Env showed a biased distribution at 

the neck of budding particles, whereas HIV-1 D144 Env showed an unbiased distribution 

in the CEM-A T cell line. The unbiased distribution of D144 Env suggests that the mutant 

is probably recruited to the plasma membrane at the same time as MA recruitment, 

whereas WT Env is recruited later. Importantly, this suggests that MA lattice formation 

and membrane curvature occurs prior to Env recruitment and that the EnvCT is important 

in regulating timely recruitment of Env during budding. Interestingly, this study also 

provides insight into an additional layer of regulation of Env incorporation, other than 

lattice trapping and plasma membrane diffusion, as discussed above. The EnvCT is 

important for Env recycling from the plasma membrane. Pulse chase analysis of Env 

revealed that significantly more WT Env is trapped in transferrin-positive intracellular 
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compartments, as previously described (Roy et al., 2013), compared with D144 Env. This 

is a cell type specific observation, as equal levels of WT and mutant Env were recovered 

in COS7 cells. This may be explained by differences in host cell trafficking machinery 

which are important for Env recycling. Therefore, this study suggests that regulation of 

Env incorporation occurs at two levels. First, Env recycling from the plasma membrane 

and retainment in endosomal compartments, before being trafficked back to sites of 

budding, results in a delay between MA lattice formation and Env recruitment. The 

process of budding begins prior to Env recruitment, thus the large EnvCT is sterically 

relegated to the neck of budding virions and only a limited number of Env trimers can be 

incorporated.  

 
Taken together, these recent studies describe a complex model of Env incorporation 

which involves multiple regulatory factors including MA, EnvCT and host cell factors 

(especially cellular trafficking machinery). They allude to the importance of MA 

trimerisation in Env retainment, which in turn is dependent on the EnvCT. MA is recruited 

to lipid raft microdomains on the plasma membrane and begins trimerisation and lattice 

formation. Late during the budding process, Env trimers are recruited to budding virions, 

possibly using host trafficking machinery such as FIP1C and other unidentified proteins. 

Recruitment of Env trimers allows EnvCT to encounter MA at the neck of budding virions 

after which Env is incorporated. It remains to be elucidated as to whether this encounter 

results in direct interactions between MA and EnvCT.  
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Figure 1.15 Env incorporation models. (1) The passive incorporation model argues that Env 

(red trimers) is randomly incorporated into budding virions. (2) The Gag-Env cotargeting model 

argues that Gag (pink) and Env are targeted to the same microdomains, specifically lipid rafts 
(blue) on the plasma membrane. (3) The indirect Gag-Env interaction model argues that a cell 

host factor (blue triangle) acts as a bridge between Gag and Env to ensure both essential proteins 

traffic to the sites of viral assembly. (4) The direct Gag-Env interactions model suggests that Env 

and Gag directly interact during trafficking to and at sites of viral assembly and budding. (5) The 

Gag accommodates EnvCT model argues that Gag forms a lattice structure under the plasma 

membrane and begins inducing membrane curvature. This is followed by Env recruitment to the 

neck of the budding virion using host factors such as FIP1C. Env is trapped via direct or indirection 

interactions with the Gag lattice. Those Env trimers which are not trapped at the Gag lattice are 
dynamic at the plasma membrane. Adapted from (Checkley et al., 2011). (Created using 

BioRender.com). 
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1.3.6 Retroviral EnvCT truncations 
A unique feature of lentiviral EnvCTs is their long length (Figure 1.16). For example, the 

HIV-1 EnvCT is 150 amino acids long, whereas other retroviruses have tails which are 

approximately 50 amino acids long. Although there is little conservation in the amino acid 

sequence of lentiviral EnvCTs, the secondary structures and various trafficking motifs 

are highly conserved. For example, the YxxF endocytic motif, which is responsible for 

AP2 binding, is found in the majority of lentiviral EnvCT sequences (Berlioz-Torrent et 

al., 1999; Boge et al., 1998; Byland et al., 2007).  Conservation of the length of lentiviral 

EnvCTs suggests the presence of key determinants within the cytoplasmic tail that are 

essential for efficient viral replication and spread. This is demonstrated by the 

observation that when HIV-1 EnvCT is truncated, the virus is unable to spread in T cell 

lines and primary CD4 T, cells due to an Env incorporation defect (Akari et al., 2000; 

Murakami and Freed, 2000). These cells, in which HIV-1 EnvCT truncation cannot be 

tolerated, are termed ‘non-permissive’ compared with ‘permissive’ cells in which 

truncation does not impact the production of infectious HIV-1 virus (Checkley et al., 

2011). Examples of permissive cell lines include 293T cells, HUT78 cells, MT4 cells and 

HeLa cells (Checkley et al., 2011). In trying to decipher the role of different motifs within 

the HIV-1 EnvCT, truncations and mutational analyses revealed that manipulation of the 

EnvCT has varying effects on viral infectivity and Env biology, depending on the length 

of the EnvCT that is removed and the cell type. Generally, truncations which remove the 

C-terminal LLP-1 motif and the dileucine motif, which is important for Env recycling 

(Byland et al., 2007), resulted in reduced infectivity of HIV-1 virions due an Env 

incorporation defect (Dubay et al., 1992; Kalia et al., 2003; Piller et al., 2000; Yu et al., 

1993). Truncation of the entire EnvCT or downstream of LLP3 resulted in alterations in 

the ability of Env to carry out fusion of mature (Jiang and Aiken, 2007) and immature 

virions (Wyma et al., 2004). These observations will be explored in further detail below.       
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Figure 1.16 Retroviral EnvCT lengths. Comparison of the lengths of the EnvCT of Human 

Immunodeficiency Virus type 1 (HIV-1), HIV-2, Simian Immunodeficiency Virus (SIV), Feline 

Immunodeficiency Virus (FIV), Equine Infectious Anemia Virus (EIAV), Maedi-Visna Virus (MVV), 

Caprine Arthritis Encephalitis Virus (CAEV), Human T-lymphotropic Virus type I (HTLV-1), HTLV-
2, Mouse Mammary Tumor Virus (MMTV), Murine Leukemia Virus (MLV) and Gibbon Ape 

Leukemia Virus (GaLV); conserved YxxФ motifs (where Ф represents a hydrophobic residue) are 

in white text. Adapted from (Santos da Silva et al., 2013). 

 

Contrary to HIV-1, HIV-2 and SIV viruses are often reported to truncate their EnvCT. 

Initial studies which reported the discovery of some HIV-2 and SIV patient isolates, 

suggested that the viruses had truncated their EnvCT in vivo (Albert et al., 1987; 

Chakrabarti et al., 1987; Evans et al., 1988; Hahn et al., 1987; Hirsch et al., 1987; Hirsch 

et al., 1989a; Hirsch et al., 1989b; Kong et al., 1988), however this is now questionable, 

since the truncation may in fact be a cell culture adaptation. The method of virus isolation 

used in these studies involved coculturing infected cells with uninfected, mitogen 

stimulated cells from a healthy donor, after which the resultant virus was propagated in 

cell lines, such as HUT-78 cells, to produce high titre virus stocks. There is little data 

regarding how long this isolation process took and therefore it is highly likely that the 

presence of a premature stop codon in the EnvCT sequence was a cell culture 

adaptation. Alternatively, it is possible that the patient samples contained a viral 

quasispecies in which some viruses had a full length (FL) and others had a truncated 

(DCT) EnvCT. A change in the viral niche, hence the selective pressure exerted on the 

virus during cell culture, may have provided the DCT viruses with a replicative advantage 
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over the FL viruses over time. However,  later studies with SIV and HIV-2 infectious 

molecular clones, such as SIVmac316 and SIVmac1A11, confirmed that during in vitro 

propagation in human cells, amino acid substitutions arise in the EnvCT which create a 

stop codon, resulting in the emergence of EnvCT truncated mutants (Bonavia et al., 

2005; Hirsch et al., 1989a; Kodama et al., 1989; Mori et al., 1992; Vzorov et al., 2005). 

Subsequent analysis of HIV-2 and SIV DCT viruses revealed that EnvCT truncation can 

affect viral replication and Env biology. Aspects of Env biology that are altered upon 

lentiviral EnvCT truncation include: Env expression and incorporation, Env-mediated 

fusion and susceptibility to neutralisation by antibodies. This will be discussed later in 

the thesis.  

 

Effect of EnvCT truncation on Env incorporation 
Expression of Env on the cell surface is regulated by the EnvCT and truncation of this 

region can increase Env expression on virus producer cells and incorporation into 

nascent virions, which might impact viral infectivity in different cell types (reviewed by 

(Postler and Desrosiers, 2013)).  Increased Env incorporation has been observed in 

studies with SIV (Kuwata et al., 2013; Manrique et al., 2001; Yuste et al., 2004; Zhu et 

al., 2003; Zingler and Littman, 1993). Yuste et al (2004) truncated the SIVmac239 EnvCT 

by substituting two amino acids downstream of the conserved YxxF endocytic motif to 

stop codons (Q738*/Q739*). These mutations were initially reported to arise in a number 

of SIVs upon passage in human cells (Chakrabarti et al., 1987; Hirsch et al., 1989a; 

Kodama et al., 1989). Immunoblot analysis of this mutant virus produced in 293T cells 

revealed that there is 13-fold more DCT Env incorporated compared with WT Env (Yuste 

et al., 2004). Flow cytometry analysis of transfected 293T cells showed that there is more 

DCT Env expressed on the surface of the cells, which could explain an increase in Env 

incorporation (Yuste et al., 2004). However, infection of CEMx174 cells showed that the 

Q738*/Q739* mutant did not have any significant replicative advantage due to the EnvCT 

truncation (Yuste et al., 2004). Kuwata et al (2013) also used a similar SIVmac316 

mutant (Q733*) to show that EnvCT truncation resulted in 12-44 times more Env 

incorporation into virions produced in 293T cells, however this could not be explained by 

an increase in Env production in 293T cells. Discrepancies between these two studies 

maybe explained by the fact that different SIV strains were used, as the position of the 

stop codon is analogous in both studies. Spreading infection of SIVmac316 DCT virus in 

human and macaque cells quantified by flow cytometry analysis revealed that 100% of 

human cells were infected by 10 days post infection, compared with only 20% infection 

observed in macaque cells. This might be explained by EnvCT truncation greatly 

enhancing infection which leads to increased cell death, because when cells were 

infected with lower MOI, replication over 10 days was enhanced and reached 45%. 
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Finally, cryoET studies have further corroborated these findings by showing that SIV 

virus particles have increased Env trimers density compared with wild type HIV-1 viruses 

with a full length EnvCT (Zhu et al., 2003; Zhu et al., 2006). By contrast, a recent study 

compared three SIVsmE660 isolates derived from the same parental clone, with EnvCT 

truncations (analogous to the previous studies mentioned thus far) and showed that 

there was no significant increase in Env incorporation (White et al., 2018). This correlated 

with no differences in viral infectivity between viruses with a full length and truncated 

EnvCT in rhesus PBMCs and the human CEMx174 cell line (White et al., 2018). Taken 

together, SIV EnvCT truncation often leads to increased Env incorporation, however it is 

unclear whether this provides a replicative advantage, likely due to differences in the 

requirement for the EnvCT in different cell types, as has been observed for HIV-1. The 

strain of SIV used can also determine the effect of EnvCT truncation on Env incorporation 

and infectivity.   

 

The effect of EnvCT truncation on HIV-1 Env incorporation and infectivity is cell type 

dependent. Truncation of the HIV-1 EnvCT can result in reduced Env incorporation into 

virions (Dubay et al., 1992; Piller et al., 2000; Yu et al., 1993). Piller et al (2000) inserted 

stop codons to remove 6 or 19 amino acids from the C-terminus of the EnvCT. Infectious 

molecular clones were produced in 293T cells, which are permissive for HIV-1 EnvCT 

truncation, and resultant viruses were used to infect H9 and CEMx174 cells. Infectivity 

of mutant viruses was determined by measuring RT activity in virus containing 

supernatant, which revealed that DCT mutants had delayed replication kinetics in a 

spreading infection assay (Piller et al., 2000). This correlated with reduced Env 

incorporation when viruses were produced in H9 cells (Piller et al., 2000). Similarly, when 

larger truncations were made in the HIV-1 EnvCT, including removal of the LLP-2 

domain, resultant viruses were non-infectious in H9 cells and primary PBMCs due to a 

reduction in Env incorporation (Dubay et al., 1992; Yu et al., 1993). By contrast, when 

HIV-1 EnvCT truncation mutant D144, which has a stop codon upstream of the YxxL 

endocytic motif, was used to infect MT4 cells, which are a permissive cell line, no 

differences in Env incorporation were observed by comparison with the WT virus (Akari 

et al., 2000; Murakami and Freed, 2000; Wilk et al., 1992). Finally, little data is available 

on the effects of HIV-2 EnvCT truncation on Env incorporation. Whilst immunoblot and 

sequence analyses revealed that HIV-2 viruses incorporate a truncated TMD protein 

(Albert et al., 1987; Evans et al., 1988; Kong et al., 1988; Kumar et al., 1990), direct 

comparison to virus with full length EnvCTs are rarely reported, therefore it was difficult 

to decipher whether there is a relative change in the amount of Env incorporation and 

infectivity. One study compared replication of a primary isolate, HIV-2ST, with a EnvCT 

truncated mutant called HIV-2 ST#2 and found that EnvCT truncation resulted in 
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enhanced replication in SupT1 cells (Hoxie et al., 1991), however Env incorporation data 

was not reported, thus it is unclear whether this contributes to increased infectivity. 

 
EnvCT truncation and ectodomain conformation and function 
One common feature reported for HIV-1, HIV-2 and SIV DCT viruses is an increase in 

Env fusogenicity (Abrahamyan et al., 2005; Edwards et al., 2001; Edwards et al., 2002; 

Hoxie et al., 1991; Johnston et al., 1993; Mulligan et al., 1992; Ritter et al., 1993; Wyss 

et al., 2005; Zingler and Littman, 1993). Interaction between Env and CD4 and 

coreceptors results in a series of conformational changes that eventually lead to gp120 

dissociation from gp41 and fusion of viral and target cell membranes (Melikyan, 2014).  

Increased fusogenicity could be advantageous as it is likely to enhance the virus’ ability 

to potentiate entry into target cells and enhance viral spread. Env-mediated fusion was 

primarily tested using cell-cell fusion assays. A comparison between cell-cell fusion upon 

infection of SIVmac239 with a long and short EnvCT revealed that the DCT virus was 

able to induce larger syncytia in HUT78, COS-1 and HeLa T4 cells compared with 

SIVmac239 FL virus (Ritter et al., 1993). Further, Zingler and Littman (1993) used 

SIVmac239 (originally FL virus) and SIVmac1A11 (originally DCT virus) viruses to 

investigate the role of EnvCT truncation in fusion (Zingler and Littman, 1993). COS7 cells 

were transfected with DNA encoding the envelope glycoproteins of these viruses and 

syncytia formation was assessed by overlaying the transfected cells on to HUT-78 cells. 

SIVmac239 virus produced 9-fold less syncytia compared with SIVmac1A11 virus. Next, 

chimeric gp160 proteins were produced by swapping the EnvCT region between these 

viruses and testing syncytia formation (Zingler and Littman, 1993). SIVmac239 with 1A11 

EnvCT (DCT) resulted in a 5-fold increase in fusogenicity, whereas SIVmac1A11 with 

239 EnvCT (FL) resulted in a 3-fold reduction in fusogenicity (Zingler and Littman, 1993). 

Similar results have been reported for HIV-2 (Mulligan et al., 1992). By contrast, 

investigation of the primary isolate HIV-2 ST showed that Env does not bind to CD4 

receptor efficiently and is unable to induce syncytium formation between SupT1 cells 

effectively, suggesting reduced fusogenicity (Kong et al., 1988; Kumar et al., 1990; 

Mulligan et al., 1990). Upon prolonged culture in SupT1 cells, a new variant of HIV-2 ST 

emerged, containing 5 mutations, one of which was a premature stop codon in the 

EnvCT at Env position 713, resulting in a truncated EnvCT (Mulligan et al., 1992). The 

EnvCT truncated variant, ST#2, was more efficient at syncytium formation (Hoxie et al., 

1991; Mulligan et al., 1992) and became highly cytopathic due to increased viral 

replication (Hoxie et al., 1991). A spreading infection assay in SupT1 cells showed that 

80% of target cells were Gag-positive when infected with ST#2, compared with only 10% 

infection by HIV-2 ST with a full length EnvCT on day 7 post infection (Hoxie et al., 1991). 

Further, a panel of HIV-1 HXBc2 EnvCT truncation mutants, including the Q733* mutant, 
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were expressed in QT6 cells and syncytium formation was tested in a cell-cell fusion 

assay (Wyss et al., 2005). EnvCT truncated mutants showed increased syncytia 

formation compared with the full-length virus. Fusion kinetics of the mutants was 

assessed using a dye-transfer assay. Briefly, HeLa cells were transfected to express the 

Env glycoproteins and mixed with dye labelled target SupT1 cells and incubated for up 

to 2h. Fusion was determined as the ratio between Env-expressing HeLa cells that 

became dye-labelled and the total number of Env-expressing cells in contact with target 

cells counted from microscopic images (Wyss et al., 2005). This experiment revealed 

that EnvCT truncation increases HIV-1HXBc2 fusion kinetics (Wyss et al., 2005). Taken 

together these data suggest that truncation of the primate lentiviral EnvCT can lead to 

increased fusogenicity, which may result in more efficient viral replication. It has been 

suggested that this effect on fusogenicity is a result of inside-out regulation by the EnvCT 

i.e., truncation of the cytoplasmic tail may induce conformational changes in the gp41 

ectodomain and the gp120 subunit to impact fusogenicity (Affranchino and Gonzalez, 

2006; Edwards et al., 2002; Jiang and Aiken, 2007; Kalia et al., 2003; Spies et al., 1994; 

Wyma et al., 2004; Wyss et al., 2005). Further, biochemical studies using synthetic 

peptides found that infectivity of viruses depends on interactions between LLP-1 and 

LLP-2 with the plasma membrane and/or with the gp41 ectodomain, particularly the 6-

helix bundle (6HB) (Abrahamyan et al., 2005; Lu et al., 2008). Lu et al (2008) showed 

that antibodies targeting LLP-1 and LLP-2 are able to inhibit Env-mediated cell-cell fusion 

at cold temperatures when gp41 refolding is slowed down. This may suggest that the 

LLP-2 region becomes transiently surface exposed and interacts with the gp41 

ectodomain to regulate fusion (Lu et al., 2008). Peptide inhibitors of fusion, such as C34 

and T-20, were used to show that EnvCT truncation leads to increased fusion kinetics in 

a cell-cell fusion assay and DCT virus is less sensitive to fusion inhibition (Abrahamyan 

et al., 2005; Gallo et al., 2001). Also, probing for fusion kinetics using fusion inhibitors 

suggested that the EnvCT slows down 6HB formation and therefore truncation leads to 

an increase in fusogenicity and rate of fusion (Abrahamyan et al., 2005). Collectively, 

these data suggest that truncation of the EnvCT can impact the gp41 ectodomain, 

particularly during late stages of fusion. This hypothesis is supported by recent structural 

studies which revealed that the LLP-2 region of the EnvCT adopts an amphipathic helical 

structure which wraps around the gp41 TMD and acts as a baseplate to stabilise the Env 

trimer (Piai et al., 2020), therefore LLP-2 may not ‘flip out’ of the membrane to interact 

with gp41 ectodomain as suggested previously (Abrahamyan et al., 2005; Lu et al., 

2008), but instead regulate via the TMD. Further, NMR dynamics suggest that the EnvCT 

is physically coupled to the Env ectodomain via the gp41 TMD (Piai et al., 2020). 

Therefore, it is plausible to suggest that truncation of the EnvCT, particularly removal or 
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disruption of the LLP-2 baseplate, will have a global impact on Env conformation and 

function. 

 

Another piece of indirect evidence to suggest that the cytoplasmic tail regulates Env 

conformation, is that truncation of the EnvCT often leads to altered antigenicity and 

sensitivity of HIV and SIV to neutralising antibodies (Chen et al., 2015; Edwards et al., 

2001; Edwards et al., 2002; Kuwata et al., 2013; Puffer et al., 2002; White et al., 2018; 

Wyss et al., 2005; Yuste et al., 2005). EnvCT truncation alters accessibility of antibodies 

targeting epitopes including the CD4 binding site on gp120 (Edwards et al., 2002) and 

the MPER in gp41 (Durham et al., 2012). The HIV-1HXBc2 8x mutant contains a frame 

shift mutation in the cytoplasmic tail, resulting in the production of a truncated protein 

(Edwards et al., 2001; Edwards et al., 2002). This 8x mutant and a range of other HIV-1 

X4 and R5-tropic Envs containing a similar frame shift mutation, were expressed in 293T 

cells and binding to 17b and 42d antibodies was tested. 17b and 42d bind to epitopes 

on gp120 which are usually exposed upon CD4 binding, such as the coreceptor binding 

site. Antibody binding assays showed that HXBc2 8x and all other truncation mutants 

had increased binding to 17b and 42d, suggesting that the epitopes are more accessible 

(Edwards et al., 2002), hence gp120 is perhaps in a more open conformation. This also 

resulted in increased sensitivity of HXBc2 8x to neutralisation by HIV-1 positive human 

sera (Edwards et al., 2001). Importantly, the amount of Env on the surface of 293T cells 

revealed that there are no differences in surface exposure between DCT Env compared 

with WT Env (Edwards et al., 2001). Therefore, it is most likely that the differences in 

antigenicity and sensitivity to neutralisation are due to conformational changes rather 

than just an increase in the amount of Env available for antibodies to bind to. Further, 

Durham et al (2012) tested the neutralisation sensitivity of HIV-1 DCT virus with a range 

of bnAbs and found that DCT infection was 4-fold more sensitive to MPER targeting 

bnAbs, 4E10 and 2F5, but not to 2G12 which recognises gp120 (Durham et al., 2012). 

Finally, studies  

 

Therefore, these data suggest that the gp41 ectodomain can be altered to expose 

epitopes and increase neutralisation sensitivity.  

 

Turning to SIV, the first reports of SIVmac239 EnvCT truncation in human cells, showed 

that the position of the stop codon is at Q733 (Chakrabarti et al., 1987; Hirsch et al., 

1989a; Kodama et al., 1989). Based on these reports, infectious molecular clones of SIV 

were created to have a truncation in their EnvCT by introducing stop codons at positions 

analogous to those found in SIVmac239 and their sensitivity to antibody neutralisation 

was tested (Kuwata et al., 2013; Puffer et al., 2002; Vzorov et al., 2005; White et al., 
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2018; Yuste et al., 2005). There are a lot of discrepancies in the literature regarding the 

effect of EnvCT truncation on sensitivity to neutralising antibodies (Bonavia et al., 2005; 

Puffer et al., 2002; Vzorov et al., 2005), whilst others reported a decrease (Kuwata et al., 

2013; White et al., 2018; Yuste et al., 2005). These discrepancies might be explained by 

genetic differences between the different SIV strains tested thus far. For example, 

Vzorov et al (2005) compare SIVmac239 and SIVmac1A11, which originally have full 

length and truncated EnvCTs, respectively. Truncation of the SIVmac239 EnvCT 

increased resistance to neutralisation by different polyclonal antisera from infected 

macaques (Vzorov et al., 2005). By contrast, the tail truncated SIVmac1A11 virus was 

highly sensitive to neutralisation and a chimeric virus which contains the ectodomain of 

SIVmac1A11 and CT of SIVmac239 was unable to rescue infection in the presence of 

antibodies (Vzorov et al., 2005). Therefore, this suggests that the genetic makeup of the 

virus and probably the gp120 subunit dictates the effect of EnvCT truncation. To 

overcome these discrepancies which may be arising as a result of different genetic 

backgrounds, a study investigated the effect of EnvCT truncation on sensitivity to 

neutralisation, using three SIVsmE660 isolates that were derived from the same parental 

strain, but had different neutralisation profiles, hence their Envs were categorised as Tier 

1, Tier 2 and Tier 3 (White et al., 2018). Truncating the EnvCT of all three isolates 

resulted in increased resistance to neutralisation by sera from infected macaques. 

Further, this result was verified using a panel of monoclonal nAbs that target the various 

epitopes in gp120, including V2 loop, V3 loop and the CD4 binding site. IC50 values for 

all three EnvCT truncated mutants were > 50ug/ml which means infection could not be 

neutralised (White et al., 2018). Western blot analysis of virus made in A66-R5 T cells 

revealed that this phenotype is not due to a change in Env incorporation levels (White et 

al., 2018). Taken together, these data suggest that the effect of EnvCT truncation on 

lentiviral sensitivity to neutralising antibodies is complex and multifactorial, giving rise to 

discordance in the literature, however it is clear that alterations in the EnvCT can impact 

Env conformation, leading to changes in functionality.  

 

EnvCT truncation in vitro and in vivo  
HIV-1 

Although an intact EnvCT is crucial for efficient HIV-1 replication in primary CD4 T cells, 

which are the main targets of HIV-1 infection in vivo (Maddon et al., 1986), previous 

studies have reported that HIV-2 and several SIVs truncate their cytoplasmic tail when 

passaged in human T cell lines and PBMCs, in order to replicate efficiently (Edmonson 

et al., 1998; Kanki et al., 1986; Mulligan et al., 1992; Vzorov and Compans, 1996). Whilst 

it is obviously difficult to extrapolate the importance of in vitro observations to the 

situation encountered in vivo for HIV-2, it is worth noting that HIV-2 isolates from patients 
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in West Africa, have been described to have a premature stop codon in EnvCT (Albert 

et al., 1987; Evans et al., 1988; Kong et al., 1988). As discussed at the beginning of this 

section, it is unclear whether the EnvCT truncated mutants were present in the viral 

quasispecies that were isolated from infected individuals, or if the premature stop codon 

emerged as an adaptation to cell culture. If the former is correct, it would suggest that 

perhaps EnvCT truncation results in a fitness defect for the virus, as the occurrence of 

this variant is rare in vivo. In line with these discussions, a recent study reported that a 

HIV-1 patient isolate, HIV-1 92UG046-T8, contains a premature stop codon in the EnvCT 

sequence (Saha et al., 2005; Zerhouni et al., 2004). This isolate is thought to have been 

a part of the viral quasispecies, rather than a cell culture adaptation, because the 

parental 92UG046-infected primary CD8+ lymphocytes were in short term (2-3 weeks) 

cocultures, during which it is unlikely to have developed the stop mutation. Secondly, the 

92UG046-T8 variant was never propagated in any cell lines, unlike the HIV-2 examples 

present above. Finally, approximately 10% of the RNA pool in the parental 92UG046 

viral quasispecies had the 92UG046-T8 sequence present (Saha et al., 2005), which 

suggests that the EnvCT truncation mutant existed as a minority variant in the viral 

quasispecies of the patient. Based on these findings, it is possible for HIV-1 and HIV-2 

DCT variants to be present in infected individuals. 

 

Whether HIV-2 DCT viruses exist in vivo remains unclear. Some early reports suggested 

that HIV-2 DCT virus were isolated from infected individuals because western blot 

analysis revealed the presence of a protein at 30-32kDa (Albert et al., 1987; Evans et 

al., 1988; Kong et al., 1988). However, these western blots do not directly measure the 

virus from patient derived PBMCs. Instead, the viruses were passaged in vitro to produce 

high titre stocks, which were then subjected to immunoblot analysis to identify key viral 

proteins, including Env. Moreover, there is often a lack of information on the phenotype 

of the original virus swarm which was isolated from the infected individuals. A common 

method of virus isolation was used, in which PBMCs from infected donors were co-

cultivated with PBMCs from healthy donors and then high titre virus stocks were 

produced by infecting and propagating isolated viruses in T cell lines. Exactly how long 

this process was carried out for remains unclear in many early studies. It is possible that 

DCT variants emerged during prolonged propagation of virus, as an adaptation to in vitro 

cell culture conditions, and this is what was detected by western blot and genetic analysis 

(Albert et al., 1987; Evans et al., 1988; Kong et al., 1988). On the contrary, it is also 

possible that both FL and DCT viruses exist in vivo, as viral quasispecies, with the DCT 

virus possibly existing as a minority variant, which may explain why HIV-2 DCT variants 

are rarely discovered from patient samples. 
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Early in vivo studies of SIV infection revealed that importance of the long EnvCT for SIV, 

similar to HIV-1. A Rhesus macaque was inoculated with SIVmac239 DCT virus and at 

58 weeks post inoculation, virus was recovered from CD4 T cells (Kodama et al., 1989). 

Sequencing of virus from infected cells revealed that the virus was exclusively 

SIVmac239 with a full length EnvCT (Kodama et al., 1989), suggesting that a full length 

SIV EnvCT is required for viral replication in vivo. Further, in Rhesus macaque PBLs, the 

virus replicated and spread during 80 days of serial passage, with no DCT variants 

arising (Kodama et al., 1989).  

 

Taken together, multiple reports of in vitro EnvCT truncations revealed a consistent 

selective advantage for lentiviruses in vitro that with further study may reveal new 

biological insight into the role of the EnvCT in the viral lifecycle. For example, whether 

this phenotype can be explained by the actions of any known species-specific antiviral 

factors or whether these viruses simply do not interact appropriately with the host 

trafficking machinery, thus mutate to bypass such interactions, warrants further 

investigation.  

 

Other retroviruses   
A conserved function of retroviral EnvCTs is to inhibit membrane fusion and syncytium-

induced apoptosis of virus producer cells using various mechanisms (Bobkova et al., 

2002). The Murine Leukaemia Virus (MLV) Env is produced as a precursor protein which 

is proteolytically cleaved to produce a surface subunit (SU) and a transmembrane 

subunit (TM), similar to HIV-1 Env. Whilst the SU is involved in receptor engagement, 

the TM subunit regulates fusion. The TM subunit influences conformational changes that 

occur in the SU once receptor is bound. This involves a disulphide bond that bridges the 

SU and TM subunits (Aguilar et al., 2003). Particularly, the TM domain contains a C-

terminal 16-amino acid R-peptide, which acts as a ‘safety catch’ to prevent premature, 

irreversible post fusion Env conformations in producer cells. Structural studies of the 

MLV Env protein reveal that the TM subunit has an open structure with separated legs 

(Forster et al., 2005; Wu et al., 2008) and the R-peptide ties the legs together to prevent 

activation of Env (Loving et al., 2012). During viral maturation, the R-peptide is cleaved 

by viral protease and this enables Env to initiate fusion of viral and cellular membranes 

(Green et al., 1981; Henderson et al., 1984). The importance of this cleavage event is 

emphasised by the observation that MLV containing the R-peptide have significantly 

reduced infectivity (Kiernan and Freed, 1998; Kubo and Amanuma, 2003; Kubo et al., 

2007).  The HIV-1 EnvCT is not cleaved during maturation and budding, it has been 

implicated in regulating fusogenicity of Env. This is primarily due to potential EnvCT and 
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Gag interactions which are thought to lock Env in a prefusion conformation until 

maturation occurs. During maturation, Gag precursor protein is cleaved into MA and CA 

subunits (Gottlinger et al., 1989; Kohl et al., 1988; Peng et al., 1989). This maturation 

event possibly relieves the inhibitory effect of gp41 and activates Env for fusion (Jiang 

and Aiken, 2007; Murakami et al., 2004; Wyma et al., 2004). This idea is reinforced by 

the observation that deleting the HIV-1 EnvCT renders HIV-1 infectious, even if there is 

a defect in Gag and Gag-Pol cleavage (Murakami and Freed, 2000; Wyma et al., 2000). 

This suggests that removal of the EnvCT eliminates interactions between Gag and the 

EnvCT to allow for fusion to proceed (Murakami et al., 2004; Wyma et al., 2000).  

 

1.4 Innate immune restriction of HIV 
The host cell cytoplasm is a hostile environment for invading pathogens, including 

lentiviruses such as HIV-1. Restriction factors are cellular proteins with the ability to 

counteract viral replication and act as the first line of defence against infections. They 

are typically upregulated by Type I Interferons (IFN), mainly IFN-a and IFN-b. Once IFN 

binds to its cell-surface IFN receptor, complex signalling cascades are activated. This 

leads to nuclear translocation of transcription factors, NF-kB and IRF3, which upregulate 

expression of interferon stimulated genes (ISGs). Ultimately, an antiviral state is 

established, and viral infection is controlled. 

 

Well characterised proteins and families of restriction factors against HIV-1 and related 

lentiviruses include: the APOBEC family; IFITM family; SERINC family; Tetherin; MxB; 

TRIM5a and SAMHD1. Each of these cellular proteins are responsible for blocking 

different parts of the viral life cycle (Figure 1.17). A common feature of restriction factors 

is that they act in a species-specific manner which prevents cross-species transmission 

of the virus. In accordance with the ‘Red Queen hypothesis’ of evolution, lentiviruses 

have evolved several mechanisms to evade restriction. Viral accessory proteins play a 

critical role in this. Studies suggest that the acquisition of viral genes encoding accessory 

proteins, has been driven by strong selective pressure exerted by restriction factors. 

Interestingly, some of these accessory proteins also downmodulate cell surface proteins 

which are involved in immune activation, hence evading antiviral immunity (discussed in 

Genome structure section).  
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Figure 1.17 HIV restriction factors. Diagram showing different stages of the HIV lifecycle which 

are targeted by various restriction factors (red). HIV has evolved to have several mechanisms to 

counteract restriction factors and one way it to encode accessory proteins (green). These 

accessory proteins directly antagonise the restriction factors. (Created using BioRender.com)    

 

1.4.1 Antiviral factors with an Env-dependent phenotype  

SERINC 

Serine Incorporator Proteins (SERINC) are large proteins consisting of 10-12 

transmembrane domains. There are five human paralogues named SERINC 1-5, and 

they are encoded by five individual SERINC genes. These genes are highly conserved 

among eukaryotes (Grossman et al., 2000). SERINC3/5 expression levels vary in 

different cell types, with the highest expression in Jurkat cells and PBMCs that are both 

stimulated and unstimulated (Usami, Wu and Göttlinger, 2015). The exact physiological 

role(s) of these proteins remain to be elucidated. Initial evidence suggested that 

SERINCs are involved in phospholipid biosynthesis, as they act as carrier proteins and 
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aid serine incorporation (Inuzuka, Hayakawa and Ingi, 2005). However, recent mass 

spectrometry studies show that removing SERINC1 (Chu et al., 2017) and SERINC5 

from cell membranes (Trautz et al., 2017) does not alter the lipid composition of either 

viral or cellular membranes.  

 

The discovery of SERINC3 and SERINC5 as antiviral factors (Rosa et al., 2015; Usami 

et al., 2015) was guided by the observation that the lentiviral Nef protein (Kim et al., 

1989; Miller et al., 1994; Spina et al., 1994) and MLV Glycogag (Pizzato, 2010) enhance 

HIV-1 replication in primary macrophages and T cells and some non-permissive T cell 

lines, such as H9 and Jurkats. However, there are some permissive cell lines that allow 

HIV-1 infection. Transcriptomic (Rosa et al., 2015) and phospho-proteomic (Usami et al., 

2015) analyses, comparing Nef positive and Nef negative viruses, revealed that 

expression of SERINC3/5 varied greatly between the two comparators. SERINCs also 

antagonise the equine infectious anaemia virus, which uses its S2 accessory protein to 

counteract the restriction factor (Chande et al., 2016), thus it has broad activity against 

retroviruses. SERINC3/5 restrict infection at the step of viral entry. They are present on 

the cell membrane at sites of virus maturation and budding, hence are incorporated into 

nascent virions. In the absence of Nef or in the presence of a non-functional Nef protein, 

HIV-1 virions are significantly less infectious. Some evidence suggests that reduced 

infectivity is due to less efficient Env-mediated fusion of the viral and target cell 

membranes (Usami et al., 2015; Sood et al., 2017). Sood and colleagues further suggest 

that the step of small fusion pore formation is manipulated by SERINC5, however the 

exact mechanism remains to be elucidated. The viral accessory protein Nef counteracts 

SERINC5 restriction by directly interacting with SERINC5 and downmodulating its 

expression from the cell membrane in an AP2 dependent manner. This downmodulation 

results in less SERINC3/5 incorporation into virions, hence no significant impact is seen 

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

 

Different members of the SERINC family of proteins have varying potency against HIV-

1. SERINC2 has no antiviral activity, whereas SERINC5 is the most potent antiviral 

protein and SERINC1/4/3 have moderate antiviral activity (Rosa et al., 2015; Schulte et 

al., 2018; Usami et al., 2015). This is in accordance with transcriptomic studies which 

show that SERINC5 transcripts are highly expressed in many lymphoid and myeloid 

tissues (Rosa et al., 2015). Hence, SERINC5 potently restricts lymphotropic and 

myelotropic viruses, including HIV and MLV. Dai and colleagues (2018) show that whilst 

SERINC5 orthologues from various species (human, mouse, zebrafish and frog) can 

restrict HIV-1 infection, frog SERINC5 is insensitive to Nef counteraction. Hence, adding 

Nef in trans does not rescue HIV-1 infection in the presence of frog SERINC5. Therefore, 
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the function of restriction and sensitivity to Nef can be separated. Mutational analysis 

and production of chimeric SERINC5 proteins reveal that the intracellular loop 4 (ICL4) 

of SERINC5 determines its sensitivity to Nef, but not its ability to restrict HIV-1 infection 

(Dai et al., 2018). 

 

SERINC proteins do not exhibit features which are typical of restriction factors. For 

example, analysis of the proportion of positively selected sites in SERINC genes do not 

show any evidence of positive selection (Murrell et al., 2016). This suggests that 

SERINCs have not been involved in a strongly selective evolutionary arms race, which 

is surprising given its direct interaction with Nef and broad antiviral activity against 

distantly related viruses. However, Murrell and colleagues (2016) discuss potential 

explanations for this finding. Firstly, it is possible that the rare sites, within SERINC 

genes, which are under positive selection are important for interacting with viral 

antagonists. Alternatively, the arms race may not have had a direct effect on the gene at 

the codon level, similar to BST2/tetherin (amino acid deletion leads to loss of interaction 

with Nef) and TRIM (gene fusion to produce TRIM-Cyp). Finally, the authors suggest that 

the physiological function(s) of SERINCs may make it impossible for the gene to undergo 

changes through an evolutionary arms race. Another atypical feature of SERINC3/5 is 

that they do not act in a species-specific manner. Human, mouse, zebrafish and frog 

SERINC5 proteins are able to significantly restrict HIV-1 infection (Dai et al., 2018). 

Finally, SERINC3/5 gene expression is not induced by IFN-a in several cell types that 

are typically infected by HIV-1, including monocyte-derived dendritic cells and primary 

CD4 T cells (Rosa et al., 2015).  

 

One possible mechanism for SERINC5 restriction is that it induces conformational 

changes in HIV-1 Env, resulting in inefficient fusion. This has been explored using 

neutralising antibodies which target specific, well characterised epitopes on Env. The 

presence of SERINC5 in pseudotyped NL4.3 virions renders them more sensitive to 

neutralisation by MPER targeting antibodies but not gp120 specific antibodies (Beitari et 

al., 2017; Sood et al., 2017). This suggests that the structure of gp41 is altered by 

SERINC5, specifically the MPER. The exact molecular mechanism of how SERINC5 

might induce conformational changes in Env remains to be solved. One hypothesis is 

that SERINC alters the lipid profile of membranes, particularly within the lipid rafts, where 

both SERINC and Env localise. This would explain indirect effects of SERINC5 on HIV-

1 infectivity. In line with this hypothesis, a recent study used super resolution 

fluorescence microscopy to look at single virions and found that Env clusters and 

SERINC5 clusters do not colocalise on viral membranes, thus SERINC5 has an indirect 

effect on Env clustering (Chen et al., 2020). This study also highlights that presence of 
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SERINC5 in viral particles reduces Env clustering, suggesting that perhaps Env mobility 

along the lipid bilayer is compromised. The importance of the lipid composition of 

membranes in Env clustering has been studied and cholesterol sequestration is shown 

to rigidify membranes to prevent later movement of Env trimers (Schulte et al., 2018). 

SERINC5 may be involved in cholesterol sequestration, although there is little evidence 

to support this as yet.   

 

On the other hand, direct interacts have also been suggested in light of recent data. A 

structural study by Pye and colleagues (2020) shows that SERINC5 is almost completely 

embedded within the membrane, and that the only external region of Env it could interact 

with is the gp41 MPER (Pye et al., 2020). This provides an alternative mechanism by 

which SERINC5 can alter neutralisation profiles of HIV-1 in the presence of MPER 

targeting antibodies. The study further explores potential functional sites within SERINC5 

and finds that there are two classes of mutants that are unable to restrict HIV-1 infection. 

The first class cannot localise to the cell membrane and are thus excluded from virions. 

The second class of mutations do not prevent membrane localisation, allowing SERINC5 

to be incorporated into virions. Despite incorporation, mutant SERINC5 proteins are 

unable to restrict infection. Further, these mutants are unable to alter the sensitivity of 

HIV-1 to neutralising antibodies targeting the MPER region. Interestingly, several 

mutations belonging to Class 2 are found in extracellular loop 5 (ECL5) and ECL3 of 

SERINC5. By modelling HIV-1 Env trimer and SERINC5 in a lipid bilayer, the authors 

suggest that the distance between ECL5 and ECL3 of SERINC5, is the same as the 

distance between MPER regions on Env trimers. This suggests that these regions are 

potentially interacting and allowing inhibition of fusion and increased sensitisation to 

neutralisation (Pye et al., 2020). The involvement of ECL5 and ECL3 further suggests 

that SERINC5’s restrictive activity is occurring on the external surface of the virion. 

Further research is required to better understand the molecular mechanism of SERINC5 

restriction and its interactions with the viral Env glycoprotein. 

 

Interestingly, SERINC5 restriction has an Env-dependent phenotype (Beitari et al., 2017; 

Rosa et al., 2015; Usami et al., 2015). Beitari and colleagues (2017) show that NL4.3 

virus pseudotyped with CCR5-tropic Env proteins are less sensitive to SERINC3/5 

restriction. By contrast, CXCR4-tropic Env proteins from lab adapted strains render the 

virus sensitive to restriction. This pattern of sensitivity also correlates with the virus’ 

requirement for Nef. X4-tropic viruses, such as NL4.3 and HxB2, require a functional Nef 

protein for enhanced replication in T cell lines. However, YU-2 and ADA viral infectivity 

is unaffected by the presence of Nef (Usami and Gottlinger, 2013). Mutational analysis 

reveals that the V3 loop of Env is the determinant for viral sensitivity to SERINC3/5 
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(Beitari et al., 2017). However, it is yet to be determined why and how Env proteins 

determine sensitivity to SERINC5. Both SERINC5 and Env are large proteins embedded 

in lipid-rich membranes, making structural studies to identify direct interactions very 

difficult. Recent studies suggest that the conformation of Env is crucial for sensitivity to 

SERINC5. BiFC assays show that sensitive Envs (e.g., NL4.3) bind to SERINC5 better 

compared with resistant Envs (e.g. AD8) in a CD4-negative cell line. However, in the 

presence of CD4, both envelopes bind to SERINC5 equally as well and the AD8 virus 

becomes more sensitive to SERINC5 restriction (Zhang et al., 2019a). CD4 binding is 

known to induce conformational changes in Env, leading to an open conformation. Of 

note, X4-tropic envelopes most belong to chronic viruses and highly lab adapted strains 

which have a tier 1 Env and are inherently in a more open conformation compared with 

R5-tropic envelopes, prior to CD4 binding (Montefiori et al., 2018). Therefore, these 

results suggest that SERINC5 binds better to envelopes with an open conformation 

which eventually leads to premature gp120 dissociation (Zhang et al., 2019a). Ultimately, 

what is clear thus far is that SERINC5 can affect conformation, clustering ability, stability 

and sensitivity of Env trimers to neutralising antibodies, although mechanistic details 

remain to elucidated. Further investigations are required to better understand the 

relationship between Env and SERINC5, in order to gain an understanding of SERINC5 

restriction mechanism. 

 

IFITM 

The Interferon Inducible Transmembrane proteins (IFITM) target a wide range of 

enveloped viruses including Influenza A virus, Dengue virus, Ebola virus, Hepatitis C 

virus and HIV (Brass et al., 2009; Huang et al., 2011; Lu et al., 2011a). There are five 

loci on human chromosome 11, which encode the proteins IFITM1, 2, 3, 5 and 10 (Bailey 

et al., 2014). IFITM1, 2 and 3 are IFN-inducible, have antiviral activity and are under 

positive selection (Zhang et al., 2012). IFITM5 is expressed exclusively in osteoblasts 

and lacks antiviral activity (Farber et al., 2014). IFITM10 function remains to be 

elucidated. All IFITM proteins are targeted to the plasma membrane after synthesis. 

However, IFITM2 and IFITM3 have a Yxxq endocytic motif which enables internalisation 

into endosomes (Jia et al., 2012; Jia et al., 2014). IFITM1 lacks this motif, hence is 

primarily localised to the plasma membrane. IFITMs belong to the Dispanin group of 

transmembrane proteins (Sallman Almen et al., 2012). They have a conserved 

intracellular loop which is palmitoylated to increase the stability of the large structure. 

The intracellular loop is flanked by hydrophobic domains on the N- and C-terminus 

(Bailey et al., 2013; Weston et al., 2014). The N-terminal domain contains two alpha 

helices which are embedded in the inner leaflet of the membrane, a feature which is 

thought to regulate membrane curvature (Ling et al., 2016).  
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An ISG siRNA screen identified IFITM1, 2 and 3 as HIV-1 restriction factors (Lu et al., 

2011a). Lu and colleagues (2011) discovered that IFITM proteins in the target cells were 

important for blocking HIV-1 cell-free infection, although cell-cell transmission could 

overcome this block (Lu et al., 2011a). Two subsequent studies argued that the IFITM 

proteins present in virus producer cells are important for restriction (Compton et al., 2014; 

Tartour et al., 2014). Once incorporated into nascent virions, these proteins reduce HIV-

1 infectivity without affecting virus production. In line with this, an overexpression system 

was used to show that IFITM proteins impair Env processing and incorporation into 

virions (Yu et al., 2015), although this observation is yet to be replicated in more 

physiologically relevant experimental systems.  

 

Despite this evidence that IFITM1/2/3 can restrict HIV-1 infection, the exact molecular 

mechanism of restriction remains to be elucidated. Similar to SERINC5-mediated 

restriction, IFITM-restriction may have multiple facets. First, experiments investigating 

IAV restriction suggest that IFITMs block formation of fusion pores once viral and target 

cell membranes have undergone hemifusion, thereby reducing viral infectivity but not 

production (Desai et al., 2014; Li et al., 2013). The Blam-Vpr assay has been used to 

show that IFITMs disrupt fusion of HIV-1 with the target cell membrane (Wang et al., 

2017). Next, the C terminal domain of IFITM3 has a transmembrane alpha helix which is 

responsible for IFITM oligomerisation (John et al., 2013). The resultant higher order 

structures may influence membrane fluidity, thus preventing movement and clustering of 

receptors which are required for efficient viral fusion and entry into target cells (Amini-

Bavil-Olyaee et al., 2013; Desai et al., 2014; Feeley et al., 2011; Li et al., 2013; Lin et 

al., 2013).  

 

Foster and others show that, similar to SERINC5, Env is a determinant for IFITM 

restriction, particularly the V3 loop (Foster et al., 2016; Tartour et al., 2014; Wang et al., 

2017; Wu et al., 2017). Some evidence suggests that viral coreceptor usage determines 

sensitivity to different IFITM proteins, for example R5-tropic HIV-1 viruses are sensitive 

to IFITM1 but not IFITM2/3 (Foster et al., 2016). On the other hand, X4-tropic chronic 

viruses are sensitive to IFITM2/3, which are located on endosomal membranes. 

Mislocalisation of IFITM2/3 via mutagenesis of residues Y19/Y20, is able to abolish 

restriction, as seen by a rescue of HIV-1 infection (Foster et al., 2016). To note, virion 

incorporation of IFITM proteins was unaffected in these experiments, suggesting that the 

primary mode of restriction is not via virion incorporated IFITMs, but rather by IFITM 

proteins on target cells. Further, R5-tropic viruses are resistant to a putative splice variant 

of IFITM2 called D20 (Wu et al., 2017). However, by inserting the C-terminus of the X4 
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receptor into the R5 receptor, R5-tropic viruses become sensitive to IFITM2 D20. Thus, 

further validating that coreceptor usage explains why the V3 loop of Env is a determinant 

of IFITM sensitivity. Alternatively, Wang and colleagues (2017) show that although the 

V3 loop determines sensitivity, this is not explained by coreceptor usage. Several R5-

tropic viruses were assessed for their sensitivity to IFITM3 and swapping the V3 loops 

to make chimeric viruses, showed that viruses had varying sensitivities to IFITM3, 

despite the same coreceptor usage (Wang et al., 2017). In line with this, R5 viruses were 

tested for their sensitivity to Maraviroc, a CCR5 inhibitor, and this sensitivity profile did 

not correlate with IFITM3 sensitivity (Wang et al., 2017). Interestingly, this same study 

probed for conformational differences between IFITM3 sensitive and insensitive Envs 

using a panel of HIV-1 nAbs. This showed that IFITM3-sensitive viruses were more 

susceptible to soluble CD4 and 17b (binds to a CD4 inducible epitope) neutralisation, by 

comparison with IFITM3-resistant viruses. Also, the presence of IFITM3 in resistant and 

sensitive virus particles, does not alter their sensitivity to sCD4 and 17b neutralisation. 

Therefore, these data suggest that conformation of the CD4-binding site and the inherent 

propensity of Env to adopt ‘open’, CD4-bound-like conformations determines sensitivity 

to IFITM3 (Wang et al., 2017).     

 

In order to assess the importance of IFITM restriction on chronic and acute HIV-1 

infection, Foster and colleagues (2016) compared IFITM sensitivity of different viruses 

to show that Transmitted/Founder (T/F) viruses are resistant to IFITM restriction, 

whereas chronic viruses are sensitive (Foster et al., 2016). Another interesting finding 

from this study is that there is a correlation between viruses becoming sensitive to IFITM 

restriction and the gain of escape mutations to avoid neutralising antibodies. This 

evidence suggests that IFITM proteins are indeed a barrier to viral transmission, hence 

avoiding IFITM-mediated restriction is crucial. Interestingly, despite the selective 

pressure exerted on HIV-1 by IFITM proteins, no known HIV accessory proteins have 

been shown to antagonise IFITM proteins directly.  

 

GBP5, 90K and MARCH proteins   

Guanylate Binding Protein 2 and 5 (GBP2/5) are part of the IFN-inducible GTPase family 

of proteins. Their expression is upregulated by HIV-1 infection and Type I IFNs, resulting 

in reduced HIV-1 and SIV infectivity (Krapp et al., 2016). Western blot analysis shows 

that GBP2/5 target Env processing and incorporation (Braun et al., 2019; Krapp et al., 

2016). The Env precursor gp160, undergoes mannose trimming and proteolytic cleavage 

in the Golgi apparatus. Therefore, it was hypothesised that GBP2/5 directly target the 

accessible EnvCT during this process. In the presence of overexpressed GBP2/5, a 

EnvCT truncated mutant shows equal levels of Env downmodulation from the cell 
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surface, compared with the WT Env protein (Braun et al., 2019). This suggests that 

GBP2/5 are not directly antagonising Env. Further investigation by this group revealed 

that the mechanism of GBP2/5 restriction is indirect. The antiviral proteins interfere with 

Env processing and maturation by targeting the key protease, furin (Braun et al., 2019). 

Furin is responsible for the proteolytic cleavage of gp160, to produce mature Env 

proteins, composed of the gp120 and gp41 subunits (Dubay et al., 1995; Moulard and 

Decroly, 2000). Co-immunoprecipitation assays in HEK293T cells and macrophages 

showed that GBP2/5 directly bind to the cytoplasmic domain of furin and reduce the 

efficiency of furin maturation (Braun et al., 2019). Maturation is crucial for producing 

proteolytically active furin (Denault et al., 2002; Plaimauer et al., 2001; Thimon et al., 

2006). Krapp and colleagues (2016) also show that GBP5 does not require its GTPase 

activity to restrict, rather its Golgi localisation determines the phenotype. It is known that 

isoprenylation of GBP5 is a determinant for Golgi localisation. This may explain why a 

GBP5 isoprenylation mutant (C583A) is unable to restrict HIV-1 infection. Interestingly, 

some HIV-1 strains have mutations in Vpu which allow for increased Env production, 

which allows the virus to overcome GBP5 restriction (Krapp et al., 2016), suggesting that 

GBP proteins are providing a selection pressure on HIV-1.  

 

90K is a secreted scavenger receptor with species specific, antiviral activity against HIV-

1 (Lodermeyer et al., 2018). This protein is upregulated by Type I and II IFNs and upon 

HIV infection. Overexpression of 90K in HEK293T cells produce viral particles with an 

infectivity defect (Lodermeyer et al., 2013). Western blot analysis of these particles 

shows defective Env processing and flow cytometric analysis confirms that 90K reduces 

surface Env levels, similar to GBP2/5. However, this is not likely due to interference with 

furin cleavage, as other furin dependent viral envelopes are cleaved appropriately in the 

presence of overexpressed 90K (Lodermeyer et al., 2013). Also, there is no direct 

evidence to suggest that 90K interacts with HIV-1 Env in the secretory pathway. 

Therefore, the exact mechanism by which 90K is restricting HIV-1 infection remains to 

be elucidated. Finally, siRNA-mediated depletion of 90K in T cells and macrophages 

confers a replicative advantage to HIV-1, suggesting that it is active against HIV-1 

infection in relevant cell types.  

 

The Membrane Associated Ring CH proteins (MARCH) are a family of RING-finger E3 

ubiquitin ligases. There are 11 members, of which three have antiviral activity against 

HIV-1: MARCH 1, MARCH 2 and MARCH 8 (Tada et al., 2015; Zhang et al., 2018; Zhang 

et al., 2019b). MARCH1/2/8 are primarily localised at cellular and endosomal 

membranes; a common feature of antiviral factors that target Env glycoproteins (Zhang 

et al., 2019b). Their mechanism of action is not specific to HIV-1 Env, as VSV-G Env is 
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also affected by overexpression of MARCH1/2/8 in cell lines (Tada et al., 2015; Zhang 

et al., 2019b) (Tada et al., 2015; Zhang et al., 2019). mRNA analysis shows that all three 

are highly expressed in monocyte-derived macrophages, and MARCH 1 and 2, but not 

MARCH 8, are also highly upregulated by Type I IFNs (Zhang et al., 2019b). Expression 

of these proteins leads to a viral entry defect due to inefficient Env incorporation into 

nascent virions. Immunofluorescence and flow cytometry analyses of HIV-1 infected 

cells show that MARCH 1/2/8 downregulate Env from the cell surface but do not degrade 

it (Zhang et al., 2018; Zhang et al., 2019). This is by contrast to VSV-G Env which 

undergoes lysosomal degradation (Tada et al., 2015). This suggests that MARCH 

proteins restrict different envelopes by using different molecular mechanisms, the exact 

details of which are yet to be elucidated. It is yet to be determined whether these proteins 

can directly bind to Env at the cell surface to downregulate it or whether this is an indirect 

mechanism, using other host factors involved in endocytosis.           

 

1.4.2 Other antiviral factors targeting HIV-1 replication  

Tetherin  

Tetherin (also known as BST2) is the most prominent antiviral factor targeting the final 

stage of HIV-1 replication – viral release. It was first discovered as a target of the Vpu 

accessory protein, which is known to enhance release of virions (Neil et al., 2008). 

Tetherin is an example of a prototypic HIV-1 restriction factor as it is an ISG, functions 

in a species-specific manner and is directly antagonised by viral proteins. Tetherin 

targets a multitude of enveloped viruses including HIV-1, Ebola virus, Nipah virus and 

Lassa virus (reviewed by (Neil, 2013)).  

 

Tetherin is a small (20kDa), glycosylated type II transmembrane protein which is 

primarily localised at the cell membrane. The structure is composed of an N-terminal 

domain, an alpha helical transmembrane domain, a coiled coil ectodomain and a C-

terminal GPI anchor (Hinz et al., 2010; Schubert et al., 2010). Tetherin is synthesised in 

the ER after which it continuously traffics between the plasma membrane, endosomes 

and the trans-Golgi network. Whilst in the ER, the C-terminus of tetherin is cleaved and 

a GPI anchor is added to the S161 residue (Cole et al., 2012). Localisation to the plasma 

membrane is controlled by two asparagine residues in the ectodomain which are N-

linked glycosylated. This together with the GPI anchor, allows Tetherin to anchor in apical 

membranes (Kupzig et al., 2003). Specifically, the GP1 anchors targets Tetherin to lipid 

rafts and removal of the GPI anchor leads to mislocalisation at the cell membrane 

(Kupzig et al., 2003). At the cell membrane, tetherin exists as dimers held together by 

disulphide linkage, which is mediated by cysteine residues in the coiled coil ectodomain 

(Kupzig et al., 2003). The transmembrane domain has also been implicated in tetherin 
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homodimerisation (Cole et al., 2012). Finally, the N-terminal domain regulates trafficking 

as it contains a conserved dual tyrosine motif which binds to the clathrin adaptor proteins 

AP-1 and AP2, resulting in clathrin-mediated endocytosis from the cell membrane 

(Rollason et al., 2007).  

 

Localisation to lipid rafts is essential for tetherin’s ability to restrict HIV-1 infection, as this 

is the site of viral assembly and budding. Tetherin restricts infection by a multifaceted 

approach. First, it retains nascent virions to the cell surface. Specifically, the GPI anchor 

is embedded within the viral membrane, whilst the N-terminus is embedded within the 

cell membrane (Hammonds et al., 2010). This orientation results in viral particles being 

tethered to the surface of producer cells and to each other during ESCRT-mediated 

scission of viral and cellular membranes (Hammonds et al., 2010; Neil et al., 2008; 

Venkatesh and Bieniasz, 2013). Some evidence suggests that viral transmission via cell-

cell spread overcomes this tetherin-mediated restriction (Jolly et al., 2010), which is 

thought to be the primary mode of HIV-1 transmission. Further, Tetherin also acts as a 

PRR and activates an innate immune response by activation of the NFkB signalling 

pathway (Cocka and Bates, 2012; Galao et al., 2012). Finally, tethered virions are 

exposed to the adaptive immune system, thus increasing the potential to induce ADCC 

(Alvarez et al., 2014b).  

 

Tetherin antagonism is a conserved attribute amongst primate lentiviruses (Sauter et al., 

2009), highlighting the importance of this restriction factor in providing a barrier to cross-

species transmission. As tetherin targets a part of the virus which the virus cannot afford 

to mutate, lentiviruses encode proteins to directly counteract tetherin. Lentiviruses have 

evolved to counteract tetherin using different viral proteins, for example HIV-1 uses Vpu, 

HIV-2 uses Env and most SIVs use the Nef accessory protein (Jia et al., 2009; Sauter et 

al., 2009; Zhang et al., 2009). The exception to this is that SIVmus, SIVmon and SIVgsn all 

use Vpu to counteract tetherin (Sauter et al., 2009). Interestingly, SIVcpzPtt and SIVgor also 

encode a Vpu protein, however in these viruses Vpu has lost the ability to downmodulate 

tetherin, although CD4 downmodulation function remains intact (Sauter et al., 2009). 

Instead, Nef antagonises tetherin by binding to the AP-2 adaptor protein, leading to 

clathrin-mediated endocytosis from the site of virus assembly. From this, it seems that 

lentiviruses which encode two antagonists of tetherin, lose tetherin-counteractivity in one 

of their proteins.  

 

The cytoplasmic tail of human tetherin has a 5 amino acid deletion (G/DIWKK) which 

renders it insensitive to SIV Nef-mediated counteraction (Dube et al., 2011; Jia et al., 

2009; Sauter et al., 2009; Zhang et al., 2009). Therefore, viruses which have successfully 
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undergone zoonotic transmission into humans, have adapted their strategy to counteract 

human tetherin, as discussed below.  

 

(1) HIV-1 group M Vpu potently counteracts tetherin by inducing degradation and 

mislocalising tetherin in the endosomal pathway. Endosomal localisation of Vpu 

allows it to interact with both newly synthesised and recycling tetherin. 

Mutagenesis and NMR studies of the transmembrane alpha helices (TMD) of 

Vpu and tetherin reveal that interactions between the two proteins are facilitated 

by the highly conserved A14, W22 and A18 residues found in the Vpu TMD 

(Skasko et al., 2012; Vigan and Neil, 2010). Mutating these residues resulted in 

appropriate localisation of Vpu, however the ability to interact with tethering by 

coimmunoprecipitation and to downregulate tetherin from the cell surface was 

abolished (Vigan and Neil, 2010). Physical interactions between Vpu and tetherin 

are necessary but insufficient for antagonism and instead the cytoplasmic tail of 

Vpu has been shown to be responsible for tetherin counteraction. 

Phosphorylation of the Vpu cytoplasmic tail recruits the AP-1 and/or AP-2 

adaptor proteins to form a ternary complex consisting of tetherin:Vpu:AP-1/2 

which undergoes clathrin-mediated endocytosis (Jia et al., 2014; Kueck et al., 

2015; Stoneham et al., 2017). Concomitant phosphorylation of a dual serine 

phosphorylation motif, DSGxxS, in Vpu recruits SCF E3 ubiquitin ligase via 

interactions with b-TrCP (Mangeat et al., 2009; Margottin et al., 1998; Mitchell et 

al., 2009; Schmidt et al., 2011). Consequently, the Vpu cytoplasmic tail is 

ubiquitinated (Douglas et al., 2009; Tokarev et al., 2011) and  ESCRT-mediated 

lysosomal degradation of tetherin occurs (Mitchell et al., 2009).    

(2) Vpu proteins belonging to HIV-1 Group O are relatively poor antagonists of 

tetherin by comparison with Group M Vpu. This is overcome by the use of Nef. 

Unlike SIV Nef proteins, HIV-1 Group O Vpu targets an alternative region of 

tetherin, which does not involve the 5 amino acid deletion in the cytoplasmic tail 

(Kluge et al., 2014).  

(3) SIV Nef proteins recognise and bind to the G/DWIKK motif, whilst simultaneously 

interacting with AP-2. Thereby resulting in tetherin downmodulation from the cell 

surface (Serra-Moreno et al., 2013; Zhang et al., 2011). 

(4) HIV-2 has evolved to use a different protein to antagonise tetherin. The HIV-2 

Env glycoprotein, specifically the highly conserved GYxxF endocytic motif in the 

gp41 cytoplasmic tail, is essential for this role (Le Tortorec and Neil, 2009). 

However, interactions between the extracellular domains of Env and Tetherin 

interact, leading to the downmodulation of Tetherin from the cell surface in an 

AP-2 dependent manner (Abada et al., 2005; Le Tortorec and Neil, 2009). A key 
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difference between HIV-1 Vpu and HIV-2 Env-mediated antagonism is that HIV-

2 Env does not induce degradation of tetherin, rather just sequestration from 

virus budding sites (Le Tortorec and Neil, 2009).     

 

Leaky scanning of tetherin mRNA produces two isoforms, long and short, both of which 

can dimerise and restrict HIV-1 infection. The shorter isoform lacks the N-terminal initial 

12 amino acids that contain the tyrosine motif required for activation of innate signalling 

pathways (Cocka and Bates, 2012). Further studies revealed that the ability of Tetherin 

to retain virions on the cell surface and the ability to activate NFkB signalling could be 

genetically uncoupled. This is due to the differential requirement for the GPI anchor. 

Whilst the anchor is indispensable for viral restriction, it is not required for activation of 

signalling (Tokarev et al., 2013). Tetherin’s ability to activate the NFkB pathway is 

dependent on a di-tyrosine motif found in the cytoplasmic tail that functions as a hemi-

immunoreceptor tyrosine-based activation motif (hemITAM). Signalling is induced by 

viral particle retention at the cell membrane. Interactions of Tetherin with the cortical actin 

skeleton via RICH2 adaptor protein results in phosphorylation of hemITAM by Syk kinase 

and propagation of downstream signalling via TRAF2, TRAF6 and TAK1 which ultimately 

results in NFkB activation (Galao et al., 2014). Taken together, tetherin provides a high 

level of selection pressure on HIV-1 due to its ability to restrict infection, activate innate 

signalling pathways and thereby modulate the adaptive immune response to infection by 

increasing exposure of viral particles.  

 

TRIM5a  

TRIpartite Motif 5a (TRIM5a) is a species-specific lentiviral restriction factor which is 

upregulated by Type I and II IFN and acts an innate immune sensor (Keckesova et al., 

2006; Pertel et al., 2011b; Stremlau et al., 2004; Ylinen et al., 2006). It was discovered 

as a HIV-1 restriction factor using a cDNA screen from macaque and owl monkey cells 

(Sayah et al., 2004; Stremlau et al., 2004). HIV-1 infection is potently restricted by 

TRIM5a by preventing viral reverse transcription post viral entry into target cells (Wu et 

al., 2006). The structure of TRIM5a consists of an N-terminal RING finger zinc binding 

protein, a B-box zinc binding domain and a coiled coil region (Grutter and Luban, 2012; 

Meroni and Diez-Roux, 2005). The C-terminus also contains a PRY-SPRY domain which 

binds to capsid (CA) molecules, forming a hexagonal lattice around the capsid core 

(Fletcher and Towers, 2013; Stremlau et al., 2006). Formation of these higher order 

lattice structure is dependent on the B-box domain. Mutating residues within this domain, 

that are important for lattice formation, leads to loss of restrictive activity (Diaz-Griffero 

et al., 2007; Li and Sodroski, 2008). Formation of this lattice structure around the capsid 

core triggers TRIM5a autoubiquitination via the E3 ligase RING domain. Consequently, 
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the NFkB and AP-1 pathways are activated in a TAK-1 dependent manner (Pertel et al., 

2011b)and capsid cores are targeted for proteasomal degradation (Kim et al., 2019; 

Lascano et al., 2016; Pertel et al., 2011a). Interestingly, mutating the RING domain 

relieves the block to reverse transcription but not infection, suggesting that TRIM5a 

restricts infection by two separate mechanisms (Javanbakht et al., 2005; Roa et al., 

2012).  

 

The first mechanism of restriction involves the E3 ligase activity of the RING domain. 

This model inhibits reverse transcription and infectivity. The second mechanism involves 

forming a lattice structure around the capsid core which can stabilise the capsid structure 

or lead to premature capsid uncoating to reveal HIV-1 genome and restrict infection.  

 

SAMHD1 

The Sterile Alpha Motif and Histidine-aspartate Domain containing protein 1 (SAMHD1) 

was initially identified as a target of the SIV accessory protein Vpx in myeloid cells, such 

as dendritic cells, macrophages and resting CD4 T cells (Descours et al., 2012; 

Goldstone et al., 2011; Hrecka et al., 2011; Laguette et al., 2011). The Vpx protein 

recruits DCAF1 which polyubiquitinates SAMHD1 and targets it for proteasomal 

degradation by (Hrecka et al., 2011; Laguette et al., 2011). By contrast, HIV-1 does not 

encode a Vpx protein and does not directly antagonise SAMHD1. Therefore, SAMHD1 

restriction may explain why HIV-1 preferentially infects dividing cells, such as activated 

CD4 T cells. SAMHD1 restricts HIV-1 infection in resting CD4 T cells by blocking reverse 

transcription and this can be overcome by providing Vpx in HIV-1 and HIV-2 viral 

particles (Baldauf et al., 2012). Interestingly, it was suggested there is another block to 

reverse transcription in resting primary CD4+ T cells (but not in macrophages) that is 

SAMHD1-independent (Baldauf et al., 2017). Therefore, the exact mechanism of 

restriction remains to be elucidated. The structure of SAMHD1 is composed of an N-

terminal domain, a catalytic core HD domain and a C-terminus (Goldstone et al., 2011). 

The HD domain has dNTPase activity which is important for HIV-1 restriction as it 

reduces the amount of nucleotides available for reverse transcription and viral DNA 

synthesis and mutations in this region prevent viral restriction (Goldstone et al., 2011; 

Laguette et al., 2011). Further, depletion of SAHMD1 correlates with an increase in dNTP 

levels and increased HIV-1 replication (Arnold et al., 2015).  

 

The activity of SAMHD1 is regulated by cell cycle dependent phosphorylation and local 

dNTP levels. Activation of SAMHD1 initiates when GTP binds to the first allosteric site in 

a SAMHD1 monomer which results in conformational changes and dimerisation. Then, 

dNTPs bind to the second C-terminal allosteric site and catalytic site to produce active 
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SAMHD1 tetramer structures (Goldstone et al., 2011; Ji et al., 2013; Yan et al., 2013). 

In cycling cells, CDK1 and CDK2 phosphorylate SAMHD1 in a Cyclin A-dependent 

manner to inactivate the restriction factor (Cribier et al., 2013; Pauls et al., 2014). 

Phosphorylation occurs on residue T592, leading to destabilisation of the tetramer 

structure and the production of catalytically inactive SAMHD1 dimers and monomers 

(Arnold et al., 2015). Oligomerisation of SAMHD1 is a requisite for HIV-1 restriction and 

this can be explained by the observation that SAMHD1 monomers and dimers are unable 

to reduce dNTP levels enough to prevent reverse transcription (Arnold et al., 2015; Yan 

et al., 2013).  

 

SAMHD1 is widely expressed in a range of human tissues, however HIV-1 restriction is 

only observed in non-dividing cells. This may be explained by the fact that non-dividing 

cells have low levels of dNTP which is maintained at low levels by SAMHD1 and because 

SAMHD1 is inactivated in dividing cells. In activated T cells, SAMHD1 phosphorylation 

(inactivation) is mediated by T cell receptor mediated T cell activation or by common 

gamma chain cytokines which relieve the block and allow HIV-1 infection of these cells 

(Coiras et al., 2016; Manganaro et al., 2018). Mlcochova and colleagues (2017) provide 

insight into the mechanism by which HIV-1, which does not encode a SAMHD1 

antagonist, evades SAMHD1 restriction in primary macrophage cells by exploiting a 

window of opportunity during which SAMHD1 is turned off. They show that primary 

macrophages cycle between G1-like and G0-like states. In the G1-like state 

macrophages express the marker MCM2 indicative of cell cycle entry, but they do not 

proceed to DNA replication (S phase) and cell division (M phase). MCM2 expression 

correlates with SAMHD1 phosphorylation, thus deactivation, and results in SAMHD1 

inactivation, allowing for dNTP levels to rise and fuel the process of reverse transcription. 

In the G0-like state, the cell cycle marker, MCM2, is not expressed by the cell and 

therefore SAMHD1 is dephosphorylated and HIV-1 infection is restricted (Mlcochova et 

al., 2017).  

 

APOBEC3 

The first HIV-1 restriction factor family to be identified were Apolipoprotein B mRNA 

editing enzyme catalytic polypeptide 3 proteins (APOBEC3 à A3), which are 

constitutively expressed in cells but also further upregulated upon interferon induction 

and they target HIV-1 at a post entry step in the viral lifecycle (Koning et al., 2009). 

APOBEC3 was discovered in a comparative study in which HIV-1 DVif virus was used to 

infect permissive (CEM) and non-permissive (CEM-SS) cells, after which RNA extraction 

from these cells identified the presence and absence of APOBEC, respectively (Sheehy 

et al., 2003).     
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The APOBEC3 family consists of 7 cytidine deaminase members called APOBEC3A-H, 

of which A3G is the most potent inhibitor of HIV-1 infection in CD4 T cells and 

macrophages (Chaipan et al., 2013; Gillick et al., 2013). Packaging of A3G is a 

determinant of viral restriction and this is achieved by interactions with viral RNA and the 

nucleocapsid protein of Gag (Bogerd and Cullen, 2008). A3G dimerisation occurs in an 

RNA-dependent manner and this is crucial for A3G packaging into virions, as well as 

HIV-1 restriction mechanism (Huthoff et al., 2009). Two mechanisms of restriction have 

been described thus far: hypermutation of viral genome and inhibition of reverse 

transcription.  

 

A3G acts at the step of reverse transcription where is deaminates cytidine residues in 

the newly synthesised negative strand of DNA and this results in G to A hypermutations 

in the positive sense DNA (Bishop et al., 2004). Consequently, proviruses accumulate 

stop codons and missense mutations resulting in non-functional proteins and defective 

viral particles. The level of G to A hypermutation has been correlated with low levels of 

viremia in HIV-1 infected individuals, as well as an increased CD4 T cell count. However, 

it was shown that only 6% and 10% of the guanosines in HIV-1 infected CD4 T cells and 

macrophages were hypermutated, respectively (Koning et al., 2011). This suggests that 

in vivo, the dominant mode of restriction is probably not hypermutation, but instead 

inhibition of reverse transcription.   

 

Several mechanisms have been proposed to explain how A3G inhibits the process of 

reverse transcription. Initially it was suggested that a reduction in the amount of RT 

products was observed because the hypermutated DNA is recognised by the cellular 

uracil DNA glycosylases which are a part of the uracil base excision pathway, leading to 

degradation of RT products (Yang et al., 2007). However, inhibition of the UBER pathway 

does not rescue viral DNA levels (Langlois and Neuberger, 2008). Also, it was shown 

that a reduction in viral DNA by A3G was independent of the deaminase activity of the 

enzyme (Iwatani et al., 2007). Further studies suggested that A3G targets multiple steps 

of reverse transcription, including tRNA binding to the primer binding site, minus and plus 

strand transfer and also tRNA processing and DNA elongation (Bishop et al., 2008; Guo 

et al., 2007; Li et al., 2007; Nowarski et al., 2014). A recent study also suggested that 

A3G directly binds to the RT enzyme (Pollpeter et al., 2018).  

 

Studies in mice reveal that A3G is able to module the innate and adaptive response to 

HIV-1 infection. First, by inhibiting reverse transcription, A3G reduces the amount of viral 

DNA available to be sensed by the intracellular DNA sensor cGAS, thereby reducing the 
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possibility of activating an IFN response (Stavrou et al., 2015). Some sublethal mutations 

induced by A3G are beneficial for the virus as they allow escape from immune 

responses, for example CTL escape could occur if the region recognised by the CD8 T 

cell is hypermutated (Kim et al., 2010). Resistance to antiretroviral therapy can also arise 

(Sato et al., 2014). Conversely, hypermutation can result in the production of non-

functional proteins that are processed and presented to MHC-I molecules, thereby 

increasing the CTL response (Casartelli et al., 2010a). Also, activation of the DNA 

damage response can lead to an increase in NK cell activation which results in cell lysis 

(Norman et al., 2011). 

  

MxB 

There are two human and two mice myxovirus (Mx) resistance genes named MxA/B and 

Mx1/2, respectively. These proteins belong to the GTPase superfamily. Whilst MxA has 

broad antiviral activity against DNA and RNA viruses (Haller and Kochs, 2011), MxB 

targets specific retroviruses such as HIV-1 (Goujon et al., 2013). Whilst the majority of 

HIV-1 subtypes and transmitted/founder viruses are sensitive to restriction (Liu et al., 

2015), HIV-2 and some SIVs are less susceptible to MxB (Kane et al., 2013). MxB has 

characteristics of typical restriction factors. Orthologues of this protein show species 

specificity, as indicated by differences in their patterns of restriction (Busnadiego et al., 

2014).   

 

Mx proteins are composed of a GTPase domain, a Bundle Signal Element (BSE) and a 

C-terminal stalk region (Fribourgh et al., 2014), which together form higher order 

oligomers (Alvarez et al., 2017). Dimerisation of MxB and oligomerisation are important 

for HIV-1 restriction, although assembly of larger helical structures are thought to be 

dispensable (Alvarez et al., 2017; Buffone et al., 2015; Fricke et al., 2014). MxB has an 

additional 25 amino acids at the N-terminus (NTD), which contains a nuclear localisation 

signal (King et al., 2004). Acquirement of these extra 25 amino acids suggested that the 

NTD is important in HIV-1 restriction and it has been shown that transfer of this region 

of MxB to the non-restrictive MxA protein results in HIV-1 restriction. These observations 

would suggest that the nuclear localisation, which is dictated by the NTD, is important in 

MxB restriction mechanism (Busnadiego et al., 2014; Goujon et al., 2014). However, 

genetic manipulation of MxB revealed that a single point mutation at position 20 (K20) 

can abrogate nuclear localisation, but not HIV-1 restriction (Schulte et al., 2015). 

 

The exact mechanism of MxB restriction remains to be elucidated. Current evidence 

suggests that MxB prevents HIV-1 nuclear entry, as suggested by a reduction in the 

production of 2-LTR circles but no effect on reverse transcription and DNA synthesis 
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(Kane et al., 2013; Li et al., 2001). The NTD of MxB has been suggested to bind capsid 

hexamers in vitro, however the importance of this remains controversial, as capsid 

mutations which allow MxB evasion, do not result in loss of interaction between the two 

proteins (Fribourgh et al., 2014; Fricke et al., 2014; Liu et al., 2013; Wei et al., 2016). 

Recently it was shown that MxB interacts with components of the nuclear pore complex 

via the NTD. Particularly, interactions between the triple arginine motif in MxB NTD and 

Nup214 and TNPO1 were required for MxB nuclear localisation and HIV-1 restriction 

(Dicks et al., 2018). Consistent with these findings, a second study showed that changes 

in the nucleoporin levels using siRNA, altered MxB activity (Kane et al., 2018). This 

suggests that MxB restricts HIV-1 nuclear entry by manipulating the nuclear pore 

complex.   

 

Two papers hypothesise that MxB targets HIV-1 capsid in a cofactor-dependent manner 

(Goujon et al., 2014; Kane et al., 2013). Mutational analysis of capsid has shown that 

binding to different cofactors, such as CPSF6 and CypA, commits HIV-1 to different 

nuclear import pathways. It has also been shown that repeated passage of HIV-1 in MxB 

expressing cells results in capsid mutations in the CypA binding loop, rendering the virus 

resistant to MxB (Liu et al., 2013). Further, preventing CypA recruitment to capsid 

rescues infection in the presence of MxB (Goujon et al., 2013; Kane et al., 2013). 

Together these data suggest that cofactors play a role in MxB restriction, although the 

exact details remain unclear. A recent study by Miles and colleagues (2020) suggests 

that MxB sensitivity is determined by capsid surface dynamics which can be altered by 

cyclophilin A binding and the capsid sequence. Cyclophilin A binding provides 

conformational flexibility to HIV-1 capsid thus facilitating evasion of restriction factors 

(Miles et al., 2020). Therefore, this suggests that HIV-1 cofactors themselves may not 

be a determinant of MxB sensitivity, rather it is the viral capsid that is important.    
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1.4 Aims of the project 
The EnvCT can regulate various aspects of Env biology, which have implications on Env 

function and ultimately viral replication. The aims of this study are as follows: 

1. To use a comparative biology approach to better understand whether HIV-1 and 

HIV-2 have a differential requirement for a long EnvCT and why this is the case.  

2. With emerging literature describing the presence of lentiviral restriction factors 

that operate in an Env-dependent manner, I hypothesise that the EnvCT can 

regulate sensitivity to restriction factors such as SERINC3, SERINC5 and the 

IFITMs. 

3. SIV and HIV-1 EnvCTs are capable of activating the NFkB signalling pathway 

which is beneficial during early stages of the viral lifecycle. I will investigate 

whether HIV-2 can also activate NFkB signalling and whether the lentiviral 

EnvCTs are able to activate other proinflammatory signalling pathways, such as 

AP-1 signalling, as well as antiviral signalling via IRF3.  
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2 Materials and Methods 
2.1 Cell culture 
HEK293T/17 (Pear et al., 1993), HEK293T/JL, HEK293T SERINC5 knock out cells 

(provided by Massimo Pizzato, Trento University, Italy) and HeLa TZM-bl reporter cells 

were grown in Dulbecco's Modified Eagle's Medium (DMEM; Gibco) supplemented with 

10% foetal calf serum (FCS; Gibco) and 50 μg/ml penicillin-streptomycin (Gibco). 

HEK293T cells were obtained from American Type Culture Collection (ATCC) and HeLa 

TZM-bl cells (Wei et al., 2002) were obtained from Centre for AIDS Reagent (CFAR, 

NIBSC, Potters Bar, UK). HeLa TZM-bl reporter cells are a derivative of HeLa cells that 

have been engineered to express CD4 and CCR5, and naturally express CXCR4. They 

contain a luciferase reporter gene under the control of a Tat inducible promoter. When 

HIV infects the HeLa TZM-bl cells, the Tat protein drives expression of luciferase, which 

is proportional to the amount of infection. Human glioblastoma U87-MG cells were 

modified to express CD4 and either CCR5 or CXCR4 (Goujon et al., 2013) (provided by 

Greg Towers, UCL, UK). IFITM proteins were overexpressed in U87-MG and HeLa TZM-

bl reporter cells by lentiviral transduction. IFITM overexpressing U87-MG cells were 

grown in DMEM supplemented with 10% FCS, 50 μg/ml penicillin-streptomycin, 2 µg/ml 

puromycin (Sigma) and 100 µg/ml G418 (Sigma). TZM-bl cells overexpressing IFITM 

proteins were grown in DMEM supplemented with 10% FCS, 50 μg/ml penicillin-

streptomycin and 2 µg/ml puromycin. Cells were passaged every 3 days (until reaching 

70-80% confluency) using trypsin (Gibco) to detach cells and diluted (1:4-1:10) in fresh 

culture medium. 

 

H9 and Jurkat CE6.1 T cell lines were obtained from ATCC and grown in Roswell Park 

Memorial Institute (RPMI 1640; Gibco) medium supplemented with 10% FCS and 50 

μg/ml penicillin-streptomycin. Cells were passaged once a week when cells had reached 

1-2x106 cells/ml by diluting in fresh medium (diluted to a density of 1x105 cells/ml).  

 

All cells were grown in a humidified 5% CO2 incubator at 37°C. 

 

2.2 Proviral constructs  
Proviral constructs expressing full length, replication competent viruses: 

HIV-1 NL4.3 donated by Dr. Malcolm Martin, obtained from CFAR, NIBSC, Potters Bar, 

UK. Accession code: MN685337 
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HIV-1 NL4.3 DNef is a molecular clone derived from NL4.3 WT with termination codons 

in the first and third codons of the nef gene, producing infectious virus without a functional 

Nef protein (Sloan et al., 2011). Obtained from R. Sloan, Edinburgh University, UK.  

 

HIV-1 NL4.3 DCT DNef mutant was made by inserting a stop codon in the EnvCT of the 

HIV-1 NL4.3 DNef construct using primers described in section 2.4.  

 

HIV-1 NL4.3 DVpu is a molecular clone derived from the NL4.3 WT as described 

previously (Klimkait et al., 1990). Obtained from Klaus Strebel, NIH, US.   

 
HIV-2 ST donated by Dr. Beatrice Hahn and Dr. George. M. Shaw. Obtained from CFAR, 

NIBSC, Potters Bar, UK. Accession code: M31113  

 
HIV-2 7312A donated by Dr. Feng Gao and Dr. Beatrice Hahn. Obtained from CFAR, 

NIBSC, Potters Bar, UK. Accession code: L36874 

 
HIV-2 ROD10 donated by Dr. Ryan-Graham. Obtained from CFAR, NIBSC, Potters Bar, 

UK. Accession code: MH541055 

 

2.3 Plasmid constructs  
pMDG is a vector containing the vesicular stomatitis virus glycoprotein (VSV-G) under 

the control of a cytomegalovirus promoter for expression in mammalian cells.  

 
pcDNA3.1 is an empty vector control that was used to insert genes of interest and to 

equalise total DNA transfected into cells in relevant experiments.  

 
pcDNA-SERINC5 is a construct expressing human SERINC5 which is dually tagged with 

an external FLAG tag and an internal HA-tag. This construct was obtained from Massimo 

Pizzato (Trento University, Italy).   

 

pcDNA-SERINC3 is a construct expressing human SERINC5 which is dually tagged with 

an external FLAG tag and an internal HA-tag. This construct was obtained from Massimo 

Pizzato (Trento University, Italy). 

 
pcDNA-Tetherin is a construct which expresses human Tetherin with a HA-tag in the 

ectodomain (Gupta et al., 2009). This construct was obtained from Greg Towers 

(University College London, UK).  
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CMS28 is a retroviral expression vector. The BglII/XhoI/HpaI/EcoI polylinker has been 

replaced with EcoRI/NotI/Xhol (a gift from M.Malim King's College London). 

  
CMS28-CD8-STOP is a construct that expresses the CD8 ectodomain and 

transmembrane domain. A stop codon is located at the end of the CD8 transmembrane 

domain so that the CD8 ectodomain and transmembrane domain are expressed but not 

lentiviral EnvCTs (Groppelli et al., 2014). 

 

CMS28-CD8-EnvCT are a set of constructs that express the EnvCT of different 

lentiviruses (HIV-1 NL4.3, HIV-1 Rbf, HIV-2 ROD10, SIVsmm, SIVpbj, SIVtan) fused to 

the CD8 ectodomain and transmembrane domain (Groppelli et al., 2014). 

 

Thymidine kinase renilla is a reporter construct containing a promoter that is 

constitutively active and expresses renilla luciferase. This construct was obtained from 

Greg Towers (University College London, UK).  

  

IgK NFkB luciferase is a reporter construct under control of the natural promoter of the 

immunoglobulin kappa light chain (IgK) gene, used to measure NFkB activation, as it is 

sensitive to NFkB subunits p50 and p65 and contains three repeat kB sequences. 

Activation of this reporter leads to the expression of firefly luciferase.  This construct was 

obtained from Greg Towers (University College London, UK).  

 

NFkB luciferase is a reporter construct containing a promoter that is specifically 

activated by the canonical NFkB subunits (Promega). Activation of this reporter leads to 

the expression of firefly luciferase.   
 
AP-1 luciferase is a reporter construct that contains a promoter that is activated upon 

binding of AP-1 subunits. Activation of this reporter leads to the expression of firefly 

luciferase.  This construct was obtained from Greg Towers (University College London, 

UK).  

 
IFNb luciferase is a reporter construct that contains a promoter that is sensitive to IFNb 

secretion. Activation of this reporter leads to the expression of firefly luciferase.  This 

construct was obtained from Greg Towers (University College London, UK).  

 
ISG56 luciferase is a reporter construct that contains a promoter that is sensitive to 

ISG56 expression. Activation of this reporter leads to the expression of firefly luciferase. 

This construct was obtained from Greg Towers (University College London, UK).  
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pcRVI Vpu expresses HA-tagged HIV-1 Vpu in the CMS28 backbone construct 

(Pickering et al., 2014). Obtained from Stuart Neil (Kings College London, UK). 

 

pCMV-BlaM-Vpr vector expresses BlaM-Vpr which is incorporated into newly formed 

virus particles upon transfection (Invitrogen, Carlsbad, CA).   
 
 
pAdVAntage is a vector which is cotransfected with the pCMV-BlaM-Vpr construct to 

increase protein expression by increasing translation initiation (Invitrogen, Carlsbad, 

CA).   
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2.4 Plasmid preparation 
Proviral plasmids were produced in E. coli JM109 competent cells (>108cfu/μg, 

Promega). JM109 cells (20 µl) were incubated with 100 ng of plasmid DNA on ice for 30 

min. The bacteria were transformed by heat-shock at 42°C for 45 s and then incubated 

on ice for 5 min. Bacteria were then plated on Luria Bertani (LB) agar plates containing 

100 µg/ml ampicillin and incubated overnight (16 h). The next day, 3 ml starter culture of 

LB broth (containing 100 µg/ml ampicillin) was inoculated with a single colony from the 

overnight plate and incubated at 30°C with shaking for 8 h. The starter culture was 

transferred (1:1000 dilution) into 200 ml LB (with ampicillin) and incubated at 30°C with 

shaking overnight (16 h). Cultures were then centrifuged at 6000 x g for 20min at 4°C to 

pellet the bacteria. To produce all other plasmids, overnight shaking cultures were 

incubated at 37°C. Plasmid DNA was extracted using Qiagen Plasmid Maxiprep kit 

according to manufacturer’s instructions. Purified plasmid DNA was resuspended in 300 

µl nuclease- free water. DNA concentration was measured using the NanoDrop 2000 

Spectrophotometer (Thermo Fisher) according to the manufacturer’s instructions.  
 

2.5 Site Directed Mutagenesis   
The following primers were designed to make viruses with truncated envelope 

cytoplasmic tails using the QuikChange Primer Design tool (Agilent). A stop codon was 

added in the centre of the primers.  

 

HIV-1 NL4.3 (P722stop) and NL4.3 DCTDNef mutant 

Forward: 5'-tgtcgggtcccctctagattgggaggtggg-3' 

Reverse: 5'-cccacctcccaatctagaggggacccgaca-3' 

 

HIV-2 ROD10 (stop719Q)  

Forward: 5’-cccggttatatccaacagatccatatccag-3’ 

Reverse: 5’-gtggatatggatctgttggatataaccggg-3’ 

 

HIV-2 ST and HIV-2 7312A (Q713stop) 

Forward: 5'-cccccccgcttacttctaacagatccatatccac-3' 

Reverse: 5'-gtggatatggatctgttagaagtaagcggggggg-3' 
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All reactions were performed using the QuikChange Lightning Site-Directed Mutagenesis 

Kit (Agilent) using the following reaction set up: 

 Vol (µL) 

10x reaction buffer 5 

dsDNA template (10ng/ul) 5 

Forward primer (125ng) 1.25 

Reverse primer (125ng) 1.25 

dNTP mix (1mM) 1 

QuikSolution reagent  1.5 

ddH2O 35 

TOTAL VOLUME 50 

 

PCR conditions for these reactions are summarised below: 

Segment  Cycles  Temperature  Time  
1 1 95 2 mins 

2  

(x12 cycles) 

18 95 20 sec 

60 10 sec 

68 30 sec/kb plasmid length 

3 1 68 5 mins 

 

Following the PCR reaction, products were incubated with 1uL DpnI enzyme to digest 

methylated/hemi-methylated parental DNA, for 1 hour at 37°C. DNA was then ethanol 

precipitated and re-suspended in 5μl H2O. The DNA was transformed into XL-10 

ultracompetent cells (Agilent), as directed by the QuikChange Lightning Site-Directed 

Mutagenesis Kit (Agilent). XL-10 clones were cultured, and the DNA was purified by 

Miniprep (Qiagen). DNA carrying the desired mutation was confirmed by sequencing 

(Eurofins genomics).  

 

  



 125 

2.6 Virus production, release and infectivity 

2.6.1 Virus Production 
5.5x106 HEK293T/17 cells were plated in T-75 flasks overnight to reach 70-80% 

confluency. On the following day, cells were transfected with 4μg full length viral plasmid. 

Alternatively, to generate VSV-G pseudotyped infectious virus, cells were transfected 

with 4μg full length viral plasmid and 4 µg pMDG using 15 µl FuGENE 6 (Promega) and 

500 µl Opti-MEM (Promega). Media was replaced 24 hours post-transfection. 

Supernatants were harvested at 48- and 72-hours post-transfection, centrifuged for 10 

mins at 2000g and filtered through a 0.45 µm filter and then aliquoted and stored in liquid 

nitrogen.  
 

2.6.2 Virus release 
Virus-containing cell culture supernatants were harvested and centrifuged to remove cell 

debris at 2000g for 10 mins. Then, supernatants were filtered through a 0.45 µm filter, 

aliquoted and then stored in -80°C. Virus budding was quantified by reverse 

transcriptase activity using the SG-PERT RT-qPCR assay (Pizzato et. al., 2009). Virus 

was thawed and lysed using 2x lysis buffer and then the reaction was set up as below. 

Recombinant HIV RT (Applied Biosystems) was used to create standards for 

quantitation. A 7900HT Real-Time PCR machine (Applied Biosystems) was used to run 

the programme shown in Table 2.1. 

 

Table 2.1: SG-PERT PCR cycling programme. 
Step  Temperature (°C) Time No. of cycles 

Reverse transcription 42 20 mins 1 

Taq initial heat 

inactivation 

95 15 mins 

Denaturation 95 10 sec 40 

Annealing 60 30 sec 

Extension 72 15 sec 

SG-PERT measurements were converted into mU/mL of RT activity.  
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2.6.3 Virus infectivity 
Infectivity of viruses was measured by infecting the HeLa TZM-BL reporter cell line, 

which contains a firefly luciferase reporter gene. Expression of luciferase is under the 

control of a Tat inducible promoter. HIV infection and expression of viral Tat protein 

drives expression of the luciferase reporter gene. This is proportional to the amount of 

HIV-1 infection. For infectivity assays, HeLa TZM-BL cells were seeded in 96-well plates 

at a concentration of 1x105 cells/ml in 100uL per well for 24 h. After 24 h, 4-fold serial 

dilutions of virus stock were prepared in culture media and immediately added to seeded 

cells. Infected cells were incubated at 37°C for 48 h. After 48 h, all the supernatant was 

removed from each well and cells were lysed with 50 μL 1x lysis buffer (Promega). After 

5 mins, 50 μL diluted BrightGlo solution (Promega) was added to each well and 

incubated for 2 mins before taking luciferase readings. Luciferase activity was measured 

using the Pherastar or GloMax (Promega) luminometer. TCID50 values were calculated 

using an Excel macro (available at http://www.hiv.lanl.gov/content/nab-reference-

strains/html/TCID501.xls). Where necessary, the infectivity from the HeLa TZM-BL 

assay was normalised to viral budding from the SG-PERT assay by dividing the RLU 

units (per mL) by the SG-PERT units (mU/mL). This produced an infectivity ratio 

expressed as RLU/RT throughout the thesis, as a proxy to measure the infectivity of 

each virus particle. 

 

2.7 H9 spreading infection  
H9 cells were seeded in 12-well plates at a concentration of 1x106 cells/mL and infected 

with VSV-G pseudotyped viruses at an initial dose of 10 mU of RT per 1x106 cells. 

Individual wells were seeded for each time point per virus. Supernatants were collected 

at 1-, 2-, 4-, 7- and 9-days post infection. Cells were pelleted by centrifugation at 500 x 

g for 5 mins and lysed in RIPA buffer for immunoblot analysis. Virus containing 

supernatant was used for SG-PERT analysis to measure viral release. Virus containing 

supernatants were centrifuged at 500 x g to remove cell debris. Virions were further 

purified and concentrated by placing on top a 20% sucrose cushion and centrifuged for 

1.5 h at 500 x g. After centrifugation, sucrose was removed and viral pellets were 

resuspended in culture medium and frozen in -80°C until SG-PERT analysis.  

   

2.8 Immunoblot analysis 
Cells were centrifuged for 5 mins at 1200 x g and washed in ice cold PBS before 

transferring to clean Eppendorf tubes. Cells were lysed in 100μL RIPA buffer (50mM Tris 

pH 8, 150mM NaCl, 1% (v/v) NP-40, 0.5% (w/v) deoxycholate, 0.1% (w/v) SDS (Sigma), 

1mM phenylmethylsulphonyl fluoride (PMSF)) and kept on ice for 10mins until lysates 
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were clear. Lysates were centrifuged at 6000 x g for 10mins. Supernatants were 

transferred to clean Eppendorf tubes and 2X Laemmli sample buffer (50mM Tris-HCl pH 

6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 100mM 2-

mercaptoethanol) was added before storing samples at -20°C. To prepare viruses for 

western blot analysis, supernatant was spun through a 25% sucrose cushion at 6000 x 

g for 90mins. After the spin, liquid was removed from the tubes and virus pellets were 

resuspended in 2X Laemmli sample buffer (50 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 10% 

(v/v) glycerol, 0.1% (w/v) bromophenol blue, 100 mM β-mercaptoethanol) before storing 

at -20°C. To blot for SERINC proteins, cell lysates and viral pellets were resuspended in 

sample buffer containing 50mM TCEP (rather than b-mercaptoethanol).  
 

For Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis cell lysates and virus samples were heated at 100°C for 5 min. SERINC 

containing lysates and viruses were heated at 37°C for 1h to avoid protein aggregation. 

Samples were loaded on an appropriate polyacrylamide gel and proteins were separated 

by electrophoresis at 100V in NuPage MOPS SDS running buffer (Thermoscientific).  

 

For immunoblotting, the proteins were transferred to a Hybond nitrocellulose membrane 

(Amersham biosciences) in transfer buffer (25 mM Tris- HCl, 250 mM glycine, 20% [v/v] 

methanol), using a wet transfer system. After protein transfer, membranes were blocked 

for non-specific protein binding in 5% (w/v) milk protein solution (Sigma) in 0.01% (v/v) 

Tween-20 in PBS (PBST) for 1 h. The membranes were then incubated at 4°C with 

primary antibody diluted in PBST milk for 1 h. Membranes were then washed 3 times in 

PBST and then incubated with secondary antibody containing a near-infrared fluorescent 

dye (LI-COR Biosciences) diluted in PBST milk for 30 mins at room temperature. The 

membranes were washed 3 times in PBST and finally in PBS before imaging using the 

Odyssey infrared imager (LI-COR Biosciences). Antibodies used are summarised in 

Table 2.2.   
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Table 2.2 Antibodies used for immunoblotting. 
Target  Antibody clone Fluorophore Supplier Stock 

Conc 
Dilution  

Env gp120 Rabbit antisera 

ARP3051 

Unconjugated CFAR  1:1000 

Env gp41 Human mAb 246-D Unconjugated CFAR  1:500 

HIV-2 Env gp105 Rabbit ARP418 Unconjugated  CFAR  1:1000 

Gag Mouse mAb  

183-H12-5C 

Unconjugated CFAR 1.44mg/ml 1:3000 

Anti-Tubulin Mouse mAb DM1A Unconjugated Sigma 1mg/ml 1:1000 

Anti-HA Mouse 16B12 PE Biolegend 0.2mg/ml 1:2000 

Anti-CD8 Mouse mAb UCHT-4 Unconjugated  Sigma 1mg/ml 1:1000 

Rabbit IgG ab216773 IRDye 800CW Licor 1mg/ml 1:10,000 

Mouse IgG  ab216772 IRDye 800CW Licor 1mg/ml 1:10,000 

Human IgG 925-68078 IRDye 680RD Licor  1mg/ml 1:10,000 
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2.9 Immunofluorescence analysis  
For Env staining, 5x104 HEK293T cells were transfected for 48 h on coverslips (VWR). 

After 48h, cells were fixed with 4% formaldehyde 1% BSA in PBS (1 ml/well) for 45 min 

at 4°C and washed thrice with 1 ml of 1% bovine serum albumin (BSA; Sigma) in PBS 

solution (BSA/PBS). Cells were then permeabilised for 1 h with 5% FCS 1% BSA 0.1% 

Triton X-100 (Sigma) and washed thrice with BSA/PBS. Samples were stained in 200 µl 

of BSA/PBS with anti-Env antibody for 1 h at RT and washed thrice in BSA/PBS. Primary 

antibodies were detected with fluorescent secondary antibodies in 200 µl BSA/PBS for 

30 min at RT and washed thrice in BSA/PBS and once in water. Antibodies used are 

summarised in Table 2.3. After washing, coverslips were dried and mounted on 

microscope slides with ProLong Gold Antifade mounting solution without DAPI (Thermo 

Fisher Scientific). Images were acquired on DeltaVision Elite image restoration 

microscope (Applied Precision) with softWoRx 5.0 software. Image processing was 

performed using Huygens Professional 4.0 and Adobe Photoshop 7 software.  

 
Table 2.3 Antibodies used for immunofluorescence microscopy. 

Target Antibody 
clone 

Fluorophore Supplier Stock 
Concentration 

Dilution 

Env 

gp120 

2G12 Unconjugated  CFAR1 50ug/mL 1:13000 

Env 

gp105 

ARP3083 Unconjugated CFAR2 Culture fluid 1:50 

Rat IgG Polyclonal  FITC Bethyl  1:200 

Human 

IgG 

Polyclonal  FITC Bethyl  1:200 

1Donated by Dr. H. Kattinger  2 Donated by Dr. A. McKnight  

 

2.10 Flow cytometry  

For detection of intracellular antigens, 5x105 cells were first washed in PBS and then 

stained with cell viability dye Zombie UV or NIR (1:500 dilution; Biolegend) for 30 mins 

at RT to detect dead cells. Cells were then permeabilised with 200 µl Permeabilization 

Wash Buffer (Biolegend) for 20 min at RT, after which they were stained with antibodies 

in 50 µl of the permeabilisation buffer for 30min at 4°C, washed twice in permeabilisation 

buffer and resuspended in FWB before flow cytometry. Antibodies used in this thesis 

(and their dilution factors) are listed in Table 2.4. 
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Alternatively, for detection of FLAG-tagged SERINC5 surface expression, cells were first 

washed in PBS and then stained with antibody against the FLAG-tag in 50 µl PBS, for 

30min at 4°C. Cell viability dye Zombie UV or NIR (1:500 dilution; Biolegend) was 

included in all stains to detect dead cells. Next, cells were washed in FACS wash buffer 

(FWB; 1% FCS and 0.1% sodium azide in PBS) and fixed in 100 µl of 4% methanol-free 

formaldehyde (Thermo Fisher) for 30min at 4°C. Cells were then washed and 

resuspended in FWB and analysed by flow cytometry.  

Flow cytometry analysis was performed using LSR Fortessa X-20 cytometer (Becton 

Dickinson, BD) or the BD FACSCalibur Becton Dickinson, BD). Compensation was 

performed using single stained cells. Compensation was calculated by FACSDiva 

software (BD). Data was analysed using FlowJo V10 software (BD). 

 
Table 2.4 Antibodies used for flow cytometry. 

Target Antibody 
clone 

Fluorophore Supplier Stock 
Concentration 

Dilution 

FLAG-tag L5 PE/Cy7 Biolegend 0.2mg/ml 1:150 

Gag-p24 KC57-RD1 PE Beckman 
Coulter 

 1:200 

HA-tag 16B12 PE Biolegend 0.2mg/ml 1:200 

 

2.11 Buffers and solutions  
Phosphate-buffered saline (PBS) (Gibco) 
 
Luria Bertani (LB) medium (made in-house). A solution of LB powder (Sigma Aldrich) 

dissolved in distilled water (20g/L) and then autoclaved at 121°C for 15 mins to sterilise. 

Used for the growth of liquid cultures of E. coli.  

 

LB agar (made in-house). LB agar powder (40g/L) (Sigma Aldrich) was melted into 

water using a microwave and then autoclaved at 121°C for 15 mins to sterilise. This was 

used to make LB agar ampicillin plates for the growth of E. coli.  

 

Ampicillin sodium salt (Sigma Aldrich) solution. A stock solution of ampicillin salt was 

made in water at 100mg/ml, filter sterilised and stored in aliquots at -20°C. This was used 

at a final concentration of 100μg/ml in LB broth or LB agar as an antimicrobial and 

selection agent.  

 

Tris-acetate-EDTA (made in-house). To make a 10X buffer, 48.5g of Trizma base 

(Sigma Aldrich) was dissolved in 800ml distilled water, 11.4ml glacial acetic acid and 
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20ml 0.5M EDTA at pH 8.0 were added and solution made up to 1L with distilled water. 

A 1X working solution was made by diluting 100ml 10X buffer with 900ml distilled water.  

 

PBS-Tween 0.1% (PBST) (made in-house). Used for western blot washes. 100ml 10x 

DPBS, 900ml distilled water and 1ml Tween-20 (Sigma Aldrich).  
 

Radioimmunoprecipitation assay (RIPA) buffer (made in-house). This buffer was 

used to lyse cells before running the lysates by SDS-PAGE and western blotting to detect 

protein. A 5X buffer was composed as follows: 750mM NaCl; 5% NP-40 detergent; 2.5% 

Deoxycholate (DOC); 0.5% SDS; 250mM Tris pH 8. A 1X buffer was made on the day 

of use by diluting 5X buffer in distilled water (final concentration = 1X) and adding 

Phenylmethylsulphonyl fluoride (PMSF, stock solution is 100mM in isopropanol, final 

concentration = 1mM) and protease (Protease inhibitor cocktail tablets, Roche) and 

phosphatase (PhosSTOP tablets, Roche) inhibitors. 

 
5X SDS sample buffer for SDS-PAGE (made in-house). Containing: 1.5 M Tris- HCl 

pH 6.8, 4ml; Glycerol, 10ml; β-mercaptoethanol, 5ml; SDS, 2g; 1% bromophenol blue, 

1ml. Used for denaturing cell lysates for SDS-PAGE.  

 
Tris-glycine running buffer (made in-house). 3g of Trizma base and 14.4g of glycine 

were dissolved in 990ml distilled water and 10ml of a 10% SDS solution was added. This 

running buffer was used to run SDS-PAGE gels poured in-house.  

 
NuPAGE® MOPS SDS Running Buffer (20X) (Novex). A running buffer system for Bis-

Tris based pre-cast gels. Diluted 1/20 with distilled water to get a working solution.  

 

Methanol transfer buffer (made in-house). 3g of Trizma base and 14.4g of  

glycine were dissolved in 800ml distilled water and 200ml methanol added. This buffer 

was used to transfer proteins from SDS-PAGE gels to nitrocellulose.  

 

Flow cytometry buffer (made in-house). Dulbecco's Phosphate-Buffered Saline 

(DPBS) containing 5% foetal bovine serum (FBS) as a blocking agent and 0.05% sodium 

azide to prevent bacterial growth. Used as a wash buffer when preparing cells for flow 

cytometry analysis.  

 

Fixing buffer (made in-house). This is a solution of 4% paraformaldehyde (Sigma 

Aldrich) diluted in either flow cytometry wash buffer (if cells are to be analysed by flow 

cytometry analysis) or in 1% bovine serum albumin (BSA)/PBS (if cells are to be 
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analysed by immunofluorescence (IF) microscopy). This buffer reacts with primary 

amines on proteins and nucleic acids to form partially-reversible methylene bridges.  

 

Perm/wash buffer (BD Biosciences). A buffer used to permeabilise cells before 

staining for intracellular components and analysing by flow cytometry.  

 

Immunofluorescence Perm buffer (made in-house). A buffer composed of 0.1% 

Triton-X100 detergent (Sigma Aldrich) diluted in 1% bovine serum albumin (BSA) in 

DPBS. Used to permabilise cells before staining for intracellular components and 

analysing by immunofluorescence microscopy (IF).  

 

Immunofluorescence wash buffer (made in-house). 1% BSA in PBS. Used to wash 

cells whilst staining for IF microscopy. 

 

2.12 Restriction factor assays 

2.12.1 Tetherin 
293T/17 cells were seeded in 6-well plates (8x105cells/well in 1.5 ml culture medium). 

After 24 h cells were transfected with 600 ng proviral DNA, 0-200 ng Tetherin DNA and 

empty pcDNA vector to equalize DNA content using 6 ul Fugene 6 and 200 ul Opti-MEM 

medium (Gibco). Transfected cells and virus containing supernatants were collected at 

48h post-transfection (Gibco). Cells were washed in PBS and lysed for immunoblot 

analysis and supernatants were ultracentrifuged for 10 mins at 1200 x g to remove cell 

debris, filtered through a 0.45 µm filter and then frozen in -80°C. Virus release in the 

supernatant was measured using the SG-PERT assay.  

 

2.12.2 SERINC3/5 
293T/17 cells were seeded in 6-well plates (8x105cells/well in 1.5 ml culture medium). 

After 24 h cells were transfected with 600 ng proviral DNA, 0-200 ng SERINC DNA and 

empty pcDNA vector to equalize DNA content using 6 µl Fugene 6 and 200 µl Opti-MEM 

medium. Transfected cells and virus containing supernatants were collected at 48h post-

transfection. Cells were washed in PBS and lysed for immunoblot analysis and 

supernatants were ultracentrifuged for 10 mins at 1200 x g to remove cell debris, filtered 

through 0.45 µm filter and then frozen in -80°C. Virion infectivity was measured using 

the SG-PERT and HeLa TZM-bl reporter assays. Single particle infectivity was 

calculated by dividing the RLU/mL values from the HeLa TZM-bl assay by the SG-PERT 

units (mU/mL). Single particle infectivity is expressed as RLU/RT throughout this thesis. 

1 mL supernatant was lysed for immunoblot analysis, as described in section 2.8. 
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2.12.3 IFITM 
U87-MG CD4+ CXCR4+, U-87 CD4+ CCR5+ and HeLa TZM-bl cells overexpressing 

IFITM1, IFITM2 and IFITM3 were produced by lentiviral transduction as previously 

described (Foster et al., 2016; Qian et al., 2015). IFITM proteins were HA-tagged and 

overexpression was confirmed using flow cytometry or immunoblot analysis using the 

HA tag.  

 

For infectivity studies, 4x105 U87 or HeLa cells were plated in a 48-well plate and infected 

with equivalent RT units of indicated viruses. Infected cells and virus containing 

supernatants were collected at 48h post infection. Virion infectivity was measured using 

the SG-PERT and HeLa TZM-BL reporter assays, as described in section 2.4.3. Cells 

were also analysed by flow cytometry to calculate the percentage of infected cells.  

 

2.13 BlaM-Vpr assay 
BlaM-Vpr containing viruses were produced by co-transfecting HEK293T cells with full 

length proviral constructs and plasmid encoding BlaM-Vpr. The BlaM-Vpr assay was 

performed using the Invitrogen kit (K1085). 2.5x105 HeLa TZM-BL cells per well were 

plated in 48-well plates. 24h later the cells were infected with indicated BlaM-Vpr viruses 

by spinoculation for 2h at 5000 x g. The fusion inhibitor T20 (CFAR) control wells were 

incubated with the 10nM drug for 10 mins before infection and during spinoculation. 

Immediately after spinoculation cells were incubated at 37°C for 2h. Following the 

incubation, cells were washed with CO2-independent media and incubated with 1x 

loading solution at room temperature in the dark. Then, cells were washed twice with 

development media and incubated in development media at room temperature, in the 

dark for 16h. After this final incubation, cells were harvested using warm EDTA solution, 

stained with the UV live-dead FACS stain (Biolegend) and fixed for flow cytometry 

analysis using 4% PFA for 15mins. Cells were washed in PBS and stained for flow 

cytometry analysis.  

 

2.14 Coimmunoprecipitation  
To investigate the interaction of SERINC5 and Env WT and ∆CT, 5 x 106 293T/17 cells 

were co-transfected with 4 ug pNL4.3 (∆Env, WT or ∆CT) and 1ug pcDNA-flag-

SERINC5-HA using Fusion 6 transfection reagent (Promega). 48 h post transfection, 

culture media was removed, and cells were washed once in PBS and lysed in ice cold 

Pierce IP lysis buffer (Thermo scientific). The soluble fraction was recovered and 

incubated with anti-FLAG M2 magnetic beads (Sigma) overnight at 4°C to pulldown flag-
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SERINC5-HA. FLAG beads were magnetically separated from the lysate and washed 

four times with ice cold IP buffer. Flag-SERINC5-HA was eluted from FLAG beads using 

50uL of 3x-FLAG peptide (Sigma) in IP buffer (500µg/ml) for 30mins rotating at 4°C.  The 

input cell lysate and eluted samples were prepared for immunoblot analysis as described 

above. Flag-SERINC5-HA was detected using anti-HA.11 epitope tag-PE (16B12, 

Biolegend) and Env detected by anti-HIV-1 gp120 rabbit antisera.   

 

2.15 Neutralisation assays 
Virus stocks were titrated on HeLa TZM-BL cells as mentioned above (section 2.4.3). 

The lowest viral dose which gives luciferase readings that are 50 times higher than 

background are selected for the neutralisation assays.  

 

For neutralisation assays, HeLa TZM-BL cells were plated at a concentration of 1x105 

cells/mL in a 96-well plate overnight. Virus stocks were thawed, and a fixed viral dose 

(determined above) was incubated with titrations of different HIV-1 neutralising 

antibodies or T20 fusion inhibitor in a 96-well plate for 1h at 37°C. After the incubation 

period, media from the HeLa TZM-BL cells was removed and replaced with the virus-

antibody/inhibitor mix for 48h at 37°C. After 48h all media from TZM-bl cells was removed 

and 50 μL BrightGlo solution (Promega) was added to cells. Luciferase activity was 

measured using the Pherastar luminometer.  

 

Neutralisation was calculated as percent decrease in luciferase activity compared with 

the corresponding virus only control. The half maximal inhibitory concentration (IC50) 

values were calculated by non-linear regression analysis (sigmoid curve interpolation) 

using Prism software (GraphPad).  
 
Table 2.5 Antibodies used for neutralisation assays. 
Antibody  Source  
PGT151 Gift from Laura McCoy (UCL) 

VRC01 Gift from Laura McCoy (UCL) 

17b NIH Centre for AIDS Reagents 

10E8 NIH Centre for AIDS Reagents 

4E10 NIH Centre for AIDS Reagents 

2F5 NIH Centre for AIDS Reagents 
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2.16 Kinetics of viral entry  
HeLa TZM-bl cells were plated at a concentration of 1x105 cell/well in a 96-well plate for 

24h prior to infection. Equal RT units of virus were added to cells and 20 µg/ml T20 

inhibitor was added at 0, 1, 2, 4, 6 and 24 hours post-addition of virus. Viral infection was 

quantified after 48h by measuring luciferase activity. To analyse the data, the percentage 

viral entry was determined by normalising infectivity at each time point to the untreated 

(no T20) control from three independent experiments. 
 

2.17 Thermostability assay    
HeLa TZM-bl cells were plated in a 96-well plate 24 h prior to infection. At indicated time 

points, viruses were thawed and incubated at 37°C for different durations. After 6 hours, 

freshly thawed virus was used to infect cells (Time point 0 h) and previously incubated 

virus were also used to infect cells. Cells were lysed after 48h in BrightGlo (Promega) 

and luciferase measurements were taken using the Glomax (Promega).  
 

2.18 Dual Glo luciferase assay 
Reporter gene constructs encode firefly luciferase, which is expressed downstream of 

various stimuli, as described in section 2.3. HEK293T/JL cells were plated at a 

concentration of 2x104 cells/well in a 48-well plate. After 24h, cells were transfected with 

different doses (0-200ng) of CD8-EnvCT fusion plasmid or pcDNA-gp160 plasmid, 

indicated reporter gene (5ng/well), and pcDNA3.1 to balance the total DNA transfected 

per well, along with 2.5ng/well TK Renilla luciferase plasmid. Luciferase activity was 

measured after 48h using the Dual-Luciferase reporter assay system (Promega). Firefly 

Luciferase and TK remilla luciferase readings were measured using the GloMax 

Luminometer (Promega). Relative luciferase activity was calculated by dividing the firefly 

luciferase values by the Renilla luciferase values (FF/TK). Then, fold change over 

‘pcDNA only’ control was calculated by dividing the FF/TK values for each dose of CD8-

EnvCT and CD8-STOP expression by the pcDNA FF/TK. Finally, fold change over CD8-

STOP was measured. Three independent transfection experiments were performed in 

triplicates. In indicated experiments, TNF-a (Peprotech) was added to cells as a positive 

control for NFkB activation at a dose of 10 ng/mL for 6 h prior to cell lysis. For drug 

inhibitor assays, cells were incubated with the NFkB inhibitors TPCA1 (Sigma) and NBP2 

(Novus Biotech), for 30 mins prior to transfection. In relevant experiments, Vpu plasmid 

was cotransfected with reporter plasmids and CD8-constructs.    
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2.19 Statistical analysis  
Statistical significance was calculated using paired or unpaired Student’s t test, since the 

data are normally distributed. For multiple comparisons, 2-way analysis of variance 

(ANOVA) with Sidak’s multiple comparisons test was performed. Statistical significance 

was assumed when p<0.05. All statistical analyses were calculated using Prism 6 

software (GraphPad).  
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3 Role of the HIV EnvCT in lentiviral replication 
3.1 Introduction 
The HIV-1 Env cytoplasmic tail (EnvCT) is crucial for Env trafficking to sites of virus 

assembly at the plasma membrane and for Env incorporation into virions (Akari et al., 

2000; Murakami and Freed, 2000). Although an intact EnvCT is essential for efficient 

HIV-1 replication in CD4 T cells, previous studies have reported that HIV-2 and several 

SIVs truncate their cytoplasmic tail when passaged in human T cell lines and PBMCs 

(Albert et al., 1987; Chakrabarti et al., 1987; Evans et al., 1988; Franchini et al., 1989; 

Hirsch et al., 1987; Hirsch et al., 1989a; Hirsch et al., 1989b; Kong et al., 1988; Kumar 

et al., 1990; Mulligan et al., 1992; Naidu et al., 1988; Ohta et al., 1988; Tsujimoto et al., 

1988). In the case of SIVmac239, truncation of the EnvCT results in a replicative advantage 

in human cells (Kodama et al., 1989). Specifically, Kodama et al used human and 

Rhesus macaque peripheral blood lymphocytes (PBL) transfected with a proviral 

construct encoding SIVmac239 with a full length EnvCT (Kodama et al., 1989). In Rhesus 

macaque PBLs, the virus replicated and spread during 80 days of serial passage, with 

no DCT variants arising (Kodama et al., 1989). However, in human PBLs wild type 

SIVmac239 with a full length EnvCT displayed delayed replication until passage 3, which 

coincided with the emergence of DCT variants in the supernatant (Kodama et al., 1989), 

suggesting that EnvCT truncation is selected for in vitro. Further, when a Rhesus 

macaque was inoculated with SIVmac239 DCT virus and virus recovered from CD4 T 

cells and sequenced at 58 weeks post inoculation, the virus was exclusively SIVmac239 

with a full length EnvCT (Kodama et al., 1989), suggesting this DCT virus reverted and 

thus that a full length SIV EnvCT is required for viral replication in vivo. To my knowledge, 

only one previous study has compared replication of HIV-2 FL and DCT side by side 

(Hoxie et al., 1991), no other direct comparison of HIV-2 replication with a full length and 

truncated EnvCT has been measured in vitro, thus it is unclear whether EnvCT truncation 

provides a replicative advantage for HIV-2 in vitro, like it does for SIV. Nonetheless, it 

has been observed that HIV-2 viruses with a truncated EnvCT can replicate in various T 

cell lines and primary CD4 T cells (Evans et al., 1988; Kong et al., 1988; Kumar et al., 

1990). The long length of the lentiviral EnvCT is considered unique and unusual given 

that other retroviruses have a shorter EnvCT which ranges from approximately 10-60 

amino acids in length (reviewed by (Postler and Desrosiers, 2013)). This suggests that 

the presence of a long EnvCT is important in viral replication in vivo, otherwise we might 

expect that viruses would evolve to lose this feature over time. However, a caveat to this 

is that HIV-2 EnvCT truncation predominantly arises during repeated passage in cell 

culture (Franchini et al., 1989; Kong et al., 1988; Kumar et al., 1990; Mulligan et al., 

1992), therefore it is difficult to speculate the effect of EnvCT truncation in vivo. In light 
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of these observations, important questions arise regarding the presence of a long 

lentiviral EnvCT: Why do lentiviruses have a long EnvCT? Do HIV-1 and HIV-2 viruses 

have the same requirements for a long EnvCT? In this chapter, I will directly compare 

the requirement of a long EnvCT in HIV-1 and HIV-2 during viral replication in vitro.  

 

3.2 Results 
3.2.1 Single round infectivity of FL and DCT viruses produced in 293T cells.  
In order to investigate the role of the EnvCT in lentiviral replication, it was first necessary 

to create a panel of lentiviruses with a full length EnvCT and an EnvCT deleted 

counterpart, referred to hereon as DCT viruses. Figure 3.1 shows an alignment of HIV-1 

and HIV-2 EnvCT sequences and suggests that the EnvCT sequence is largely 

conserved, with the exception of some insertions and/or deletions in HIV-2 sequences. 

Site-directed mutagenesis was used to replace an amino acid with a stop codon 

downstream of the highly conserved YxxF endocytic motif to produce lentiviruses with a 

deleted EnvCT (DCT) (Table 3.1). The position of the stop codons which were inserted 

in the lentiviral EnvCTs for this study correspond to the position at which several SIVs 

have been reported to insert stop codons during cell culture (Johnston et al., 1993; 

Zingler and Littman, 1993). The HIV-2ROD10 infectious molecular clone has a pre-existing 

stop codon within the EnvCT and therefore this stop codon was reverted to create HIV-

2ROD10 with a full length EnvCT (referred to as FL virus). Characterisation and exploration 

of the HIV-2ROD10 EnvCT will be discussed exclusively from section 3.2.6, as I have 

discovered that this clone does not behave in a similar way to other HIV-2 primary 

isolates, such as HIV-2ST and HIV-27312A.   

 

 
Figure 3.1 EnvCT sequence alignments. HIV-1 NL4.3 and multiple HIV-2 EnvCT sequences 

were aligned using the Clustal Omega software (EMBL-EBI).  
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Table 3.1 Mutated HIV-1 and HIV-2 envelope cytoplasmic tail sequences. Amino 

acids were replaced with a stop codon in HIV-1 NL4.3, HIV-2 ST and HIV-2 7312A 

sequences. In HIV-2 ROD10, a premature stop codon at position 719 was replaced with 

a glutamine residue (shown in bold and underlined).  
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To test the single round infectivity of HIV-1 (NL4.3) compared with HIV-2 (ST and 

7312A), 293T cells were transfected with plasmids encoding infectious molecular clones 

and 48h post transfection the virus-containing supernatants were harvested, cell debris 

removed by centrifugation, and virions further purified by ultracentrifugation over a 25% 

sucrose cushion. In order to characterise the viruses produced from 293T cells, the SG-

PERT assay was used to measure viral reverse transcriptase activity in supernatants 

and therefore acts a surrogate for the amount of budding viral particles. The virus-

containing supernatants were also titrated on to the HeLa TZM-bl reporter cell line, in 

which luciferase expression is under a tat-inducible promoter. Luciferase activity is 

arbitrarily measured using Relative Light Units (RLU). The SG-PERT results were first 

expressed as mU/mL of RT activity and the infectivity was determined by calculating 

RLU/mL. In order to determine single particle infectivity, the SG-PERT value was 

normalised to RLU and this infectivity ratio is referred to as the RLU/RT measurement 

throughout the thesis. Figure 3.2 shows that truncating the EnvCT of HIV-1 and HIV-2 

viruses does not significantly impact viral budding from 293T cells (Fig. 3.2A-C), nor does 

it impact viral infectivity when titrated on HeLa TZM-bl reporter cells (Fig. 3.2D-F). Thus, 

the normalised infectivity ratios reveal that truncation of the long EnvCT is tolerated by 

both HIV-1 and HIV-2 in 293T cells (Fig. 3.2G-I). This is consistent with published data 

showing that HIV-1 DCT viruses that are produced in 293T cells can infect HeLa cells 

(Akari et al., 2000; Murakami and Freed, 2000). The ability of 293T cells to produce virus 

that can infect HeLa TZM-bl cells is consistent with the notion that 293T cells are 

permissive for EnvCT truncation, as discussed in Chapter 1, section 1.3. 
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Figure 3.2 Production of lentiviruses in 293T cells and infectivity in HeLa TZM-bl cells. 293T 

cells were transfected with proviral constructs encoding full-length replication competent WT and 

DCT viruses. Virus containing supernatant was purified after 48h for (A-C) SG-PERT analysis 

which is used as a surrogate to measure the amount of budding particles and (D-F) relative light 

units (RLU) produced upon titration of viruses on HeLa TZM-bl reporter cell lines, as a measure 

of infectivity. These are representative titration curves. (G-H) Infectivity was normalised to the 

number of budding viral particles in order to determine the infectivity of single virus particles 

(RLU/RT). Bar charts represent data from 6 independent experiments. Bars represent mean and 

error bars represent mean ± SEM. Groups were compared using two-tailed unpaired t-test. (ns, 

P>0.05).       

 

3.2.2 Env incorporation into HIV FL and DCT virions produced in 293T cells. 
Env incorporation is required for viral infectivity. To investigate whether there are 
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supernatant from 293T cells were purified on a 25% sucrose cushion for subsequent 

SDS page and immunoblot analysis. Quantification of the amount of HIV-1 Env relative 

to cellular p55 levels show that there is equivalent Env synthesis in 293T cells, regardless 

of EnvCT length (Fig. 3.3A). However, the amount of HIV-1 DCT Env relative to p24 in 

virions is significantly less by comparison with WT Env incorporation (Fig. 3.3A). By 

contrast, HIV-2 ST and 7312A isolates consistently show a trend towards increased DCT 

Env incorporation into virions (3.5 fold and 2 fold for ST and 7312A, respectively), despite 

quantification of Env normalised to cellular p55 showing equivalent amounts of DCT and 

WT Env production in cell lysates (Fig. 3.3B,C).  

 

 
  
Figure 3.3 Env production and incorporation in 293T cells. (A-C) Representative 

immunoblots from 293T cells that were transfected with proviral constructs and 48h after 

transfection, cell lysates and purified virions were analysed for expression of Env (gp120 or 

gp105) and Gag (p55 and p24 or p27). Quantification of Env incorporation was calculated by 
dividing the band intensity of Env by Gag from three independent experiments. Bars represent 

mean and error bars represent mean ± SEM. Groups were compared using two-tailed unpaired 

t-test (ns, p>0.05; *, p<0.05). 
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3.2.3 Single round infectivity of FL and DCT viruses produced in H9 cells.  
Having shown that virus made in 293T cells have no infectivity defect, I next assessed 

the effect of EnvCT truncation of these viruses in H9 T cells. H9 T cells were used 

because they express the CD4 receptor and both co-receptors, CXCR4 (X4) and CCR5 

(R5) (Lazzarino et al., 2000). Usage of H9 T cells is fundamental in this study, as it allows 

investigation of Env biology of HIV-1 (X4-tropic) and HIV-2 (R5 tropic) viruses in the 

same cell type. This is important because several studies have highlighted the cell-type 

dependence of the long lentiviral EnvCT (Akari et al., 2000; Murakami and Freed, 2000). 

Thus, using H9 cells overcomes any confounding factors which could arise if different T 

cell lines were used for HIV-1 and HIV-2 infections. Finally, several EnvCT truncation 

mutants were reported to arise when passaged in H9 cells (Hirsch et al., 1989a; Jones 

et al., 2002; Spies et al., 1994), providing further precedence for using this cell line.  

 

1x106 H9 cells were infected using an equal input dose of VSV-G pseudotyped FL and 

DCT virus particles (200mU/mL RT units) using gravity infection for 4h. Input virus was 

washed off from H9 cells after 4h and replaced with fresh media for a further 24h. Then, 

virus containing supernatant was harvested and purified for SG-PERT measurements. 

VSV-G pseudotyped virus was used to account for potential entry defects into H9 cells 

when the EnvCT is truncated and to normalise infection levels. As expected, Figure 3.4A 

shows that there is no significant difference between in HIV-1 DCT virus budding when 

compared with HIV-1 FL, indicative of equivalent infection of H9 cells using the VSV-G 

pseudotyped virions. Further, HIV-2 viruses also do not have a budding defect from T 

cells when the EnvCT is truncated (Fig. 3.4B,C). By contrast, titration of H9 viruses on 

to the HeLa TZM-bl reporter cell line revealed that HIV-1 DCT viruses were up to 5-fold 

less infectious by comparison with HIV-1 FL virus (Fig. 3.4D). By contrast, HIV-2 viruses 

with a long and short EnvCT were equally infectious (Fig. 3.4E,F). 
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Figure 3.4 HIV-1 and HIV-2 replication in H9 T cells. H9 cells were infected with equal dose of 

VSV-G pseudotyped full-length replication competent viruses for 4h by gravity infection. VSV-G 

viruses were removed from cells after 4h and replenished with fresh media for an additional 24h. 

After 24h, virus containing supernatant was purified for (A-C) SG-PERT analysis which is used 

as a measure of the number of budding particles and (D-F) relative light units (RLU) produced 

upon titration of viruses on HeLa TZM-bl reporter cell lines, as a measure of infectivity from 6 

independent experiments. Bars represent Mean and error bars represent mean ± SEM. Groups 

were compared using the two-tailed unpaired t-test (ns, P>0.05; *, P<0.05).  
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3.2.4 Spreading infection in H9 cells. 
Next, I performed a spreading infection assay to test viral replication over time in H9 

cells. To my knowledge, this is the first report showing a direct comparison of viral 

replication between HIV-2 FL and DCT viruses. Results from this experiment will 

determine whether HIV-2 EnvCT truncation confers a replicative advantage, like SIV 

(Kodama et al., 1989), and will highlight differences in the requirement for a long EnvCT 

between HIV-1 and HIV-2. To this end, I tested the ability of HIV-1 and HIV-2 FL and 

DCT mutant virus to spread in H9 T cells over a period of 9 days. To generate virus for 

this study, proviral constructs (FL and DCT mutants) and VSV-G plasmid were 

cotransfected into 293T cells to generate pseudotyped virions. VSV-G pseudotyped 

viruses were used to normalise initial infection. 1x106 H9 cells were infected with 10 

mU/mL of VSV-G pseudotyped virus to achieve 10% initial infection, which is a low dose 

of virus and will therefore allow detection of viral spread into target cells over a time 

course. To monitor viral replication and spread over time, cell culture supernatants were 

collected for 9 days and virus production was quantified using the SG-PERT assay and 

percentage of Gag-positive infected cells was measured by flow cytometry. As expected, 

HIV-1 FL replicates and spreads well over time, infecting up to 75% of H9 cells by Day 

9 (Fig. 3.5A-B). By contrast, truncation of the EnvCT completely blocked HIV-1 

replication and spread (Fig. 3.5A-B), which is consistent with previous studies showing 

that the EnvCT is required for HIV-1 replication in most T cell lines and primary T cells, 

and that truncated HIV-1 viruses are non-infectious in a spreading assay (Dubay et. al., 

1992; Wilk et. al., 1992; Gabuzda et. al., 1992; Murakami et. al., 2000; Akari et. al., 2000). 

Conversely, truncation of the EnvCT did not block HIV-2 replication and spread over time 

(Fig. 3.5C,D) and HIV-2 ST and 7312A DCT viruses replicated as well as their respective 

FL counterparts. Of note, HIV-2 7312A SG-PERT values increased 3-fold from Day 1 to 

Day 9, whereas HIV-2 ST SG-PERT values increased by 56-fold (Fig. 3.5C,D), 

suggesting that HIV-2 7312A does not replicate as robustly as HIV-2 ST in H9 cells. In 

this study, I was unable to measure the percentage of HIV-2 FL and DCT infected cells 

using the KC57 monoclonal antibody (Beckman Coulter) which was used to measure 

HIV-1 infectivity because this antibody did not efficiently detect HIV-2 Gag (data not 

shown).   
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Figure 3.5 HIV-1 and HIV-2 spreading infection in H9 T cells. H9 cells were infected with 

10mU/mL of VSV-G pseudotyped full-length replication competent viruses. Virus containing 

supernatant was collected at indicated time points and purified for (A,C,D) SG-PERT analysis 

and (B) HIV-1 NL4.3 infected cell lysate was used for measuring the percentage of Gag positive 

cells by flow cytometry from three independent experiments. Error bars represent mean ± SEM. 

Groups were compared using two-tailed unpaired t-test (ns, P>0.05; *, P<0.01; ***, P<0.001). 
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production of less infectious virus and fewer infected H9 cells (Fig. 3.5A,B). Figure 3.6B-

C show that equivalent amounts of HIV-2 ST and 7312A FL and DCT Env are 

synthesised in H9 cells. Also, the amount of FL and DCT Env incorporated into virions is 

comparable, which correlates with the spreading infection in H9 cells (Fig. 3.5C,D).       

 

 
Figure 3.3 Env production and incorporation in H9 T cells. (A-C) Representative immunoblots 

from H9 T cells infected with equivalent RT units of VSV-G pseudotyped FL and DCT virus for 

24h. Infected cell lysates and virus containing supernatant was analysed for expression of Env 

(gp120 or gp105) and Gag (p24 or p27). Quantification of Env incorporation was calculated by 

dividing the band intensity of Env by Gag from three independent experiments. Bars represent 

mean and error bars represent mean ± SEM. Groups were compared using two-tailed unpaired 

t-test (ns, p>0.05; *, p<0.05). 
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3.2.6 HIV-2 ROD10 FL and DCT infectivity analysis.  
HIV-2 ROD10 is a commonly used lab-adapted strain of HIV-2. Sequencing of HIV-2 

ROD10 EnvCT revealed that there is a pre-existing stop codon at position 719 of Env, 

and so this virus is originally a DCT virus. This is different to HIV-2 ST and 7312A primary 

isolates which have a full length EnvCT. In this section, I assess whether HIV-2 ROD10 

FL and DCT viruses replicate similarly to the non-lab-adapted HIV-2 isolates HIV-2 ST 

and 7312A. For functional analysis, the stop codon at Env position 719 was reverted 

back to a glutamine residue in order to produce the HIV-2 ROD10 FL virus (Table 3.1).  

 

First, single round infectivity of HIV-2 ROD10 FL and DCT viruses was measured by 

transfecting 293T cells with infectious molecular clones and virus-containing supernatant 

was collected after 48h. Figure 3.7A shows that the SG-PERT units for both HIV-2 

ROD10 FL and DCT viruses are similar, hence virus production and budding is 

unaffected by reversion of the stop codon to produce HIV-2 ROD10 with a full length 

EnvCT. Titrating these viruses on HeLa TZM-bl reporter cells shows that the original 

HIV-2 ROD10 DCT virus is infectious, however the revertant HIV-2 ROD10 FL virus is 

non-infectious and in fact cannot produce RLU readings above the background RLU 

readings (Fig. 3.7B-C). This is in stark contrast to HIV-2 ST and 7312A FL viruses, which 

were comparable in the presence and absence of a full-length EnvCT in the same 

assays. Next, the infectivity of HIV-2 ROD10 FL and DCT viruses were tested on the H9 

T cell line. As previously described, equal RT units of VSV-G pseudotyped HIV-2 ROD10 

FL and DCT viruses were added to H9 cells for 4h, after which VSV-G viruses were 

replaced with fresh media and spreading infection was observed over a 9-day period. In 

line with the 293T and HeLa TZM-bl data, HIV-2 ROD10 FL was unable to spread in the 

H9 T cell line, whilst the HIV-2 ROD10 DCT virus spreads over the 9-day period, 

producing over 100mU/mL of viral particles by Day 9 (Fig. 3.7D).  
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Figure 3.7 Characterisation of HIV-2 ROD10 FL and DCT infectivity. 293T cells were 

transfected with infectious molecular clones encoding HIV-2 ROD10 FL and DCT virus for 48 h, 

after which supernatant was collected for (A) SG-PERT analysis and (B) titration on to HeLa TZM-

BL reporter cells. (C) The infectivity ratio of viral particles was calculated using (A) and (B) from 

three independent experiments. Due to non-infectious nature of the HIV-2 ROD10 FL virus, no 

RLU values were detected above background RLU activity of TZM-bl cells, therefore an infectivity 

ration could not be calculated, hence labelled ‘ND’, not detected (D) Spreading infection in H9 

cells. H9 cells were infected with a low dose (10mU/mL RT units) of VSV-G pseudotyped FL and 

DCT virus for 4h by gravity infection. After 4h the input virus was removed and replaced with fresh 

media. Infected cells were cultured for up to 9 days and supernatants were collected at indicated 

time points to measure the amount of virus produced and released using the SG-PERT assay 

from three independent experiments. Bars represent mean and error bars represent mean ± SEM. 

Groups were compared using unpaired t-test (ns, p>0.05; *, p<0.05).  
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3.2.7 HIV-2 ROD10 FL and DCT Env expression and incorporation into virions. 
In an attempt to explain the infectivity defect of HIV-2 ROD10 FL virus, I next tested Env 

incorporation levels in virions. 293T cells were transfected as described above, and virus 

containing supernatant was purified for immunoblotting. Quantification of HIV-2 ROD10 

Env (gp105) normalised to cell-associated p55, reveals that there is significantly less FL 

Env produced in transfected 293T cells, by comparison with DCT Env (Fig. 3.8A). 

Analysis of virions reveals that FL Env incorporation is highly inefficient and 3 

independent immunoblots showed FL Env bands that were below the level of detection 

by the Image Studio Lite software used to quantify the intensity of bands on a western 

blot. This is perhaps unsurprising given that there are low levels of FL Env in producer 

cells. By contrast, DCT Env was incorporated to high levels, corresponding to the ability 

of the DCT virus to infect HeLa and H9 cells. Importantly, the amount of cell associated 

p55 and virion associated p27 in cell is equivalent between HIV-2 ROD10 FL and DCT 

virions (Fig. 3.8A), therefore there appears to be a specific defect in Env production 

and/or turnover in transfected cells, rather than a global defect in virion production.  

 

To further corroborate these findings, I transfected 293T cells with equivalent RT units 

of HIV-2 ROD10 FL and DCT constructs in order to perform immunofluorescence (IF) 

microscopy and observe Env expression. Figure 3.8B shows that there is no detectable 

FL Env signal, whilst there is bright DCT Env staining colocalising with Rab7 staining. In 

line with this, infected HeLa TZM-bl had no FL Env staining (Fig. 3.8B), possibly 

explained by the fact that this virus cannot infect HeLa TZM-bl cells (Fig. 3.7B,C). By 

contrast, DCT Env signal is detected in infected HeLa TZM-bl cells, particularly localised 

around the nucleus, suggesting localisation in the endoplasmic reticulum, which is the 

site of Env synthesis. 
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Figure 3.8 HIV-2 ROD10 Env production and incorporation. (A) 293T cells were transfected 

with proviral constructs encoding HIV-2 ROD10 FL and DCT virus. After 48 h, transfected cell 

lysates and purified virions were lysed for immunoblot analysis to detect Env (gp105) and p27 

proteins. (left) This is a representative immunoblot. The intensity of Env and p27 bands were 

calculated using the Image Studio Lite software and (right) normalised values from multiple 

experiments are shown in the bar chart. N=3 (B) Top panels are representative IF images (single 

xy slice) of transfected 293T cells and bottom panels show infected HeLa TZM-bl cells. DAPI 

nuclear stain is shown in blue, Env is shown in green and Rab7 positive compartments are shown 
in red (Rab7 staining only present in transfected 293T cells, not HeLa cells). Bars represent mean 

and error bars represent mean ± SEM. Groups were compared using two-tailed unpaired t-test 

(ns, p>0.05).    
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3.3 Discussion 
The results from this chapter reveal differences in the requirement for a long EnvCT 

between the two human immunodeficiency viruses. Here I have directly compared the 

requirement for the EnvCT by HIV-1 and HIV-2 viruses. The key finding from this Chapter 

is that truncation of the HIV-2 EnvCT does not impact on viral replication nor Env 

incorporation into virions for the HIV-2 primary isolates ST and 7312A. 

 
To investigate the differential requirements of human immunodeficiency viruses for a 

long EnvCT in viral replication, I created a panel of HIV-1 and HIV-2 viruses with a full-

length or truncated EnvCT. H9 cells were infected with HIV-2ST and HIV-27312A primary 

isolates with a long (FL virus) and short (DCT virus) EnvCT. This revealed that FL and 

DCT viruses have comparable spreading infection curves, suggesting that the long 

EnvCT is dispensable for HIV-2 infection and spread in this T cell line.  In line with my 

results, previous studies have reported that HIV-2 truncates its EnvCT and DCT variants 

are replication competent in various cell types (Albert et al., 1987; Evans et al., 1988; 

Franchini et al., 1989; Kong et al., 1988). Franchini and colleagues (1989) reported the 

first HIV-2 replication competent proviral clone called SBL-6669. This virus has a 

truncated EnvCT and is able to infect and replicate in multiple human cell types including 

H9, HUT78 and Jurkats (Franchini et al., 1989). Infectivity was measured by counting 

the number of viable cells and syncytia at different time points post infection, with the 

assumption that increased infectivity will lead to increased cell death and syncytia 

formation. Only 50% of viable H9 cells remained after 12 days of infection, suggestive of 

ongoing viral replication (Franchini et al., 1989). Further, Evans and colleagues (1989) 

isolated HIV-2UC1 from an individual from the Ivory coast by cocultivation of infected cells 

with uninfected PBMCs (Evans et al., 1988). Immunoblot analysis of virus pellets, using 

serum from the infected individual, revealed that the EnvCT was 32kDa rather than 

40kDa, suggestive of a truncated protein (Evans et al., 1988). HIV-2UC1 infected various 

cell types including primary PBMCs and macrophages and replication was comparable 

to HIV-1 virus with a full length EnvCT (Evans et al., 1988). An infectious molecular clone 

was derived from this primary isolate and named UC1mc (Barnett et al., 1993). This 

became the first fully sequenced HIV-2 subtype B virus. Immunoblot analysis of the initial 

virus sample revealed the presence of transmembrane proteins that are 32 and 40kDa 

(Barnett et al., 1993), suggesting that the patient was infected with a mixture of FL and 

DCT viruses. Repeated passage of this pool of virus in the MOLT4/8 cell line gave rise 

to a virus population containing only DCT variants (Barnett et al., 1993), suggesting that 

the DCT virus outgrew the FL virus and therefore had a replicative advantage. Finally, 

the HIV-2ST virus was isolated from a patient in Senegal and, similar to the above, 

western blot analysis revealed the presence of virus with a FL and DCT EnvCT (Kong et 
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al., 1988). This swarm of virus could successfully replicate in the SupT1 T cells and 

human PBLs (Kong et al., 1988). The viruses present in the supernatant of infected 

SupT1 cells and human PBLs were not characterised in that study, however a later study 

showed that repeated passage of these viruses in SupT1 cells resulted in the emergence 

of a viral population consisting of DCT virus only (Kumar et al., 1990). This suggests that 

the DCT variant in the initial pool of virus isolated from the infected individual may have 

had a replicative advantage in SupT1 cells (Kong et al., 1988), similar to UC1mc virus in 

MOLT4/8 cells (Barnett et al., 1993). Taken together, this data and the results from this 

Chapter suggest that EnvCT truncation does not prevent HIV-2 replication in permissive 

(MOLT4, SupT1, 293T) and non-permissive cells (H9, Jurkats, primary T cells and 

macrophages), unlike HIV-1, and therefore the two human immunodeficiency viruses 

have a differential requirement for a long EnvCT. According to the results in this Chapter, 

HIV-2 gains no replicative advantage upon EnvCT truncation, contrary to previous 

reports (Hoxie et al., 1991). It remains unclear why this discrepancy exists, however it is 

possible that if spreading infection in this study was allowed to proceed for longer than 9 

days, I may have started to see the DCT viruses replicate better in H9 cells.  

 

Efficient Env incorporation is necessary for the production of infectious viral particles and 

this process is regulated by the EnvCT in a cell type dependent manner for HIV-1 (Akari 

et al., 2000; Murakami and Freed, 2000). In this Chapter, I have shown that HIV-2 viruses 

that are produced in 293T and H9 cells have no Env incorporation defect, by contrast to 

HIV-1. This suggests that there are key differences in the process of Env trafficking, Env 

incorporation and viral assembly between HIV-1 and HIV-2 viruses. It is possible that 

HIV-2 is less dependent on interactions between the cytoplasmic tail and host proteins 

that regulate Env trafficking, thereby overcoming a block to Env incorporation. 

Alternatively, HIV-2 EnvCT may utilise a different set of cofactors compared with HIV-1, 

the expression of which do not differ significantly between permissive and non-

permissive cells, or which enable HIV-2 Env to use a different mechanism of Env 

incorporation and viral assembly. There is currently no data exploring HIV-2 Env 

trafficking and incorporation mechanisms and whether HIV-2 has the same cofactor 

usage as HIV-1 in different cell types. These differences may be attributed to the fact 

that HIV-2 belongs to a different lineage to HIV-1 and has therefore evolved a different 

mechanism of virus production based on the biology of its ancestor SIVsmm. 

Comparison of the HIV-1 and HIV-2 EnvCT sequences does not reveal any striking 

differences which might explain differences in Env incorporation. In light of the data 

presented in this chapter, I propose a comparative study between HIV-1 and HIV-2 

assembly and budding should be performed in order to provide further insight into the 
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differential cytoplasmic tail-dependent Env incorporation phenotype seen in the two 

human lentiviruses.     

 
An Env incorporation defect was characteristic of HIV-1 DCT virus made in 293T and H9 

cells, however an infectivity defect was only observed in viruses made in H9 cells. This 

could be explained by two possibilities. First, it is possible that the defect seen in 293T 

cells is not as potent as that seen in H9 cells, meaning the nascent virus particles have 

enough Env to be able to infect HeLa TZM-bl cells as successfully as the HIV-1 virus 

with a full length EnvCT. Alternatively, this observation may suggest that the amount of 

CD4 receptor and coreceptors present on target cells influences the ability of the mutant 

virus to successfully infect cells. HeLa TZM-bl cells have been engineered to 

overexpress CD4 receptor, thereby increasing the likelihood of receptor engagement 

with Env on virions. By contrast, H9 cells have lower levels of CD4 and coreceptor 

expression, thus decreasing the likelihood of receptor engagement and initiation of 

fusion and entry. This would explain why HIV-1 DCT infects HeLa cells but not H9 T cells 

in this study. A future experiment to investigate this hypothesis would be to infect 293T 

affinofile cells (Johnston et al., 2009), which can be treated with different doses of 

minocycline and Ponasterone A to alter the expression of CD4 receptor and determine 

whether infectivity of HIV-1 DCT virus increases as the amount of CD4 expression 

increases. This might be particularly important if the HIV-1 DCT Env binds poorly to the 

CD4 receptor and/or coreceptors, in which case increasing the amount of these cellular 

proteins at the surface of target cells increases the likelihood of DCT Env binding with 

higher avidity. This hypothesis will be discussed further in the next chapter of this thesis. 

 

Another intriguing result from this chapter is that there is a striking difference between 

the primary HIV-2 isolates (ST and 7312A) and the infectious molecular clone HIV-2ROD10 

(GenBank: M15390), which was previously constructed using fragments of ROD27 and 

ROD35 in the pSPE5 backbone. The original sequence of HIV-2 ROD10 has a 

premature stop codon at Env position 719, resulting in a truncated EnvCT, by contrast 

to HIV-2 ST and 7312A which have a full length EnvCT. Immunoblot analysis and 

immunofluorescence microscopy of infected cells and purified virions revealed that there 

is less HIV-2 ROD10 FL Env expression in both producer cells and virions. A reduction 

in the amount of cell associated Env in part explains why less Env is incorporated into 

virions, although there may be an additional block to Env incorporation too. Lower 

expression of HIV-2 ROD10 FL Env compared with DCT Env in cell lysates suggests that 

perhaps the FL Env glycoprotein is not produced as efficiently as DCT Env or that it has 

an increased turnover rate. These hypotheses can be tested by measuring the amount 

of HIV-2 Env mRNA and by assessing HIV-2 Env protein turnover using a cycloheximide 
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chase assay. Host cofactors that regulate Env expression may have altered interactions 

with the HIV-2 ROD10 FL Env resulting in dysregulated expression. For example, a large 

proportion of Env glycoproteins that are produced in the endoplasmic reticulum get 

targeted for Endoplasmic reticulum associated degradation (ERAD) (Meusser et al., 

2005; Zhou et al., 2014; Zhou et al., 2015) and so it is possible that the HIV-2 ROD10 

FL Env is more susceptible to entering this degradative pathway for reasons we do not 

completely understand. Blocking the ERAD pathway using a small molecule inhibitor, 

Kifunensine, might rescue viral infectivity by increasing the amount of HIV-2 ROD10 FL 

Env available for incorporation into nascent virions.  

 

Exploring the genomic structure of HIV-2 Env may provide insight into why we observe 

reduced HIV-2 ROD10 FL Env in cells. The 3’ end of the HIV-2 env gene contains the 

nucleotide sequences that encode Tat, Rev and the start of Nef in overlapping open 

reading frames (ORF) within the sequence of the EnvCT (Bakouche et al., 2013). 

Therefore, it is possible that mutating residues within the HIV-2 EnvCT can impact tat, 

rev and/or nef sequences, resulting in dysregulated expression and function of these 

proteins, thereby impacting expression of Env. However, upon sequencing the HIV-2 

ROD10 FL EnvCT, no mutations were found to have impacted the ORFs of these 

proteins. Alternatively, because HIV-2ROD10 is a chimera of ROD27 and ROD35, it is 

possible that there is mismatch between accessory proteins, resulting in increased 

susceptibility to certain antiviral proteins, resulting in reduced infectivity. Perhaps HIV-

2ROD10 EnvCT truncation overcomes this block. In Chapter 4, I will investigate how HIV-

1 and HIV-2 EnvCT truncation allows viral evasion of two potent entry targeting restriction 

factors, SERINC5 and IFITM1, thereby highlighting the possibility that lentiviral EnvCT 

truncation occurs due to a selective pressure exerted by cell intrinsic antiviral factors. 

Given that HIV-2ROD10 virus with a full length EnvCT has a significant infectivity defect, I 

will be using HIV-2ST and HIV-27312A to explore SERINC5 and IFITM restriction.  
 
Whether HIV-2 DCT viruses exist in vivo remains unclear. Some early reports suggested 

that HIV-2 DCT virus were isolated from infected individuals because western blot 

analysis revealed the presence of a protein at 30-32kDa (Albert et al., 1987; Evans et 

al., 1988; Kong et al., 1988). However, these western blots do not directly measure the 

virus from patient derived PBMCs. Instead, the viruses were passaged in vitro to produce 

high titre stocks, which were then subjected to immunoblot analysis to identify key viral 

proteins, including Env. Moreover, there is often a lack of information on the phenotype 

of the original virus swarm which was isolated from the infected individuals. A common 

method of virus isolation was used, in which PBMCs from infected donors were co-

cultivated with PBMCs from healthy donors and then high titre virus stocks were 
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produced by infecting and propagating isolated viruses in T cell lines. Exactly how long 

this process was carried out for remains unclear in many early studies. It is possible that 

DCT variants emerged during prolonged propagation of virus, as an adaptation to in vitro 

cell culture conditions, and this is what was detected by western blot and genetic analysis 

(Albert et al., 1987; Evans et al., 1988; Kong et al., 1988). On the contrary, it is also 

possible that both FL and DCT viruses exist in vivo, as viral quasispecies, with the DCT 

virus possibly existing as a minority variant, which may explain why HIV-2 DCT variants 

are rarely discovered from patient samples. This hypothesis also gives rise to the 

possibility that HIV-1 DCT variants might exist in vivo. Indeed, a HIV-1 DCT variant called 

92UG046-T8 was discovered when patient derived viruses were stringently isolated in 

order to find minority variants that enter cells in a CD4-independent manner (Zerhouni 

et al., 2004). This variant was unlikely to have emerged during the isolation process for 

several reasons. First, the 92UG046-T8 strain was isolated from the parental 92UG046-

infected primary CD8+ lymphocytes in short term culture (2-3 weeks) cocultures, during 

which it is unlikely to have developed the stop mutation. Secondly, the 92UG046-T8 

variant was never propagated in any cell lines, unlike the HIV-2 examples present above. 

Finally, a heteroduplex tracking assay (HTA) was used to detect the stop codon in EnvCT 

sequence of 92UG046-T8 (Saha et al., 2005). Results from this experiment revealed that 

approximately 10% of the RNA pool in the parental 92UG046 viral quasispecies had the 

92UG046-T8 sequence present (Saha et al., 2005), which suggests that the EnvCT 

truncation mutant existed as a minority variant in the viral quasispecies of the patient. 

Based on these findings, I believe that it is possible for HIV-1 and HIV-2 DCT variants to 

be present in infected individuals, and we might capture the presence of more EnvCT 

truncated mutants if there were an increase in sampling and isolation specifically for this 

phenotype. Based on this, I next explore the following question: Given that HIV-2 DCT 

viruses are replication competent and sometimes have a replicative advantage over their 

FL counterpart, why are they only present as minority variants, if they exist at all in vivo? 

One possibility is that EnvCT truncation leads increased susceptibility to humoral 

immunity and targeting by neutralising antibodies. This idea will be discussed further in 

Chapter 4 and Chapter 6.  

 

It is plausible to suggest that the lack of an adaptive immune system, hence the absence 

of this strong selection pressure in cell culture, may give rise to DCT mutant viruses. I 

have already discussed this is the context of HIV-2, however there is also evidence that 

HIV-1 viruses truncate their EnvCT during prolonged passage in cell culture (Jones et 

al., 2002; Shimizu et al., 1990). For example, HIV-1RF was grown in H9 cells and adapted 

by mutating a tryptophan residue at position 227 to a stop codon (Jones et al., 2002). 

This truncated mutant had increased fusogenicity and was able to infect primary PBMCs 
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and several T cell lines. By contrast, a 133 amino acid truncation in the clinical isolate, 

HIV-1KB-1, rendered the virus unable to infect PBMCs (Shimizu et al., 1990). However, 

this mutant was able to infect permissive T cell lines such as MOLT-4 and MT4 (Shimizu 

et al., 1990). Finally, when the HIV-1IIIB isolate was passaged in a CD4- cell line called 

BC7, a premature stop codon resulted in a 30 amino acid long EnvCT (LaBranche et al., 

1999). This virus was termed 8x and inserting this EnvCT into a HIV-1HxB2 background 

resulted in a 3-fold increase in fusogenicity compared with the wild type HIV-1HXB2 virus 

(LaBranche et al., 1999). Therefore, these data suggest that the adaptive immune 

system probably exerts a strong selection pressure for lentiviruses to maintain a long 

EnvCT, and as soon as the virus is in a different niche, where there is no adaptive 

system, it truncates to become more fusogenic and perhaps spread better by cell-cell 

transmission. In the future, it would be interesting to formally compare the ability of DCT 

and FL viruses to perform cell-cell spread, using a specific cell-cell spread assay as 

described previously (Groppelli et al., 2015; Jolly et al., 2007b; Martin et al., 2010).                

 
Another possibility is that EnvCT truncation may broaden HIV tropism. For example, the 

HIV-1 8x and 92UG046-T8 EnvCT truncation mutants adapted to infect CD4 negative 

cells (Edwards et al., 2001; LaBranche et al., 1999; Saha et al., 2005; Zerhouni et al., 

2004). In line with this, a wide range of CD4 negative cells in vivo are thought to become 

susceptible to HIV-1 infection during disease progression, indicating the emergence of 

HIV-1 variants which could possibly have EnvCT truncations (Bhattacharya et al., 2003; 

Fauci, 1996). Taken together, this suggests that HIV-1 EnvCT truncation might occur in 

vivo, resulting in increased fusogenicity and broadened cellular tropism. However, these 

viruses probably remain a minority variant as they are more susceptible to antibody 

neutralisation and have an Env incorporation defect, resulting in a fitness cost and are 

therefore predominantly selected against in vivo. 
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4 Role of the EnvCT in evasion of HIV restriction factors 
4.1 Introduction 
The evolutionary arms race between HIV-1 and host cells has allowed for efficient viral 

replication and transmission. Host cells are naturally hostile environments for invading 

pathogens and have evolved to express an arsenal of antiviral proteins, collectively 

referred to as restriction factors that target different steps of the viral life cycle to block 

replication. Restriction factors act as the first line of defence against viral infections and 

are often a component of the cell intrinsic innate antiviral immune system (Malim and 

Bieniasz, 2012). Common features of restriction factors include upregulation by type I 

IFNs, undergoes positive selection and species-specific activity (Malim and Bieniasz, 

2012). In response to these antiviral proteins, viruses including pandemic HIV-1 and 

related lentiviruses, have evolved to evade or directly antagonise host restriction factors, 

often by encoding viral accessory proteins (Reviewed in (Foster et al., 2017; Sumner et 

al., 2017)), illustrating the Red Queen Hypothesis of evolution.   

 

The most recently described family of lentiviral restriction factors are the Serine 

Incorporator proteins (SERINCs) (Rosa et al., 2015; Usami et al., 2015). HIV-1 is most 

potently restricted by SERINC5, and to a lesser extent by SERINC3, but not by SERINC2 

(Rosa et al., 2015; Usami et al., 2015). SERINC3/5 expression levels vary in different 

cell types, with the highest expression in Jurkat cells and PBMCs (Usami, Wu and 

Göttlinger, 2015). The exact physiological role(s) of these proteins remain to be 

elucidated. Initial evidence suggested that SERINCs are involved in phospholipid 

biosynthesis, as they act as carrier proteins and aid serine incorporation (Inuzuka, 

Hayakawa and Ingi, 2005). However, recent mass spectrometry studies show that 

removing SERINC1 (Chu et al., 2017) and SERINC5 from cell membranes (Trautz et al., 

2017) does not alter the lipid composition of either viral or cellular membranes. HIV-1 

inhibition is a conserved feature of several SERINC5 species including mouse, frog and 

zebrafish SERINC5 (Dai et al., 2018). In addition to human and simian lentiviruses, 

SERINC5 has broad antiviral activity against other retroviruses, such as Equine 

Infectious Anaemia Virus (Ahi et al., 2016; Chande et al., 2016) and Murine Leukaemia 

Virus (Rosa et al., 2015; Usami et al., 2015).  

 

SERINC5 is composed of 10 transmembrane domains and is primarily localised at the 

plasma membrane (Pye et al., 2020) where it is incorporated into budding virions and 

inhibits viral entry (Rosa et al., 2015; Sood et al., 2017; Usami et al., 2015). The lentiviral 

accessory protein Nef antagonises SERINC5, excluding it from incorporation into 

nascent viral particles (Rosa et al., 2015; Sood et al., 2017; Usami et al., 2015) by 
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removing SERINC5 from the plasma membrane via AP-2 dependent endocytosis (Shi et 

al., 2018). This relocalises SERINC5 to the endosomal pathway, particularly into Rab5+ 

early endosomes, Rab7+ late endosomes and eventually LAMP1+ compartments, for 

subsequent lysosomal degradation (Shi et al., 2018). Although anti-HIV-1 activity is a 

conserved feature of divergent SERINC5 proteins, their sensitivity to Nef is not (Dai et 

al., 2018). Whilst human SERINC5 is highly sensitive to Nef-mediated counteraction, 

frog SERINC5 is resistant. Swapping the ICL4 regions between human and frog 

SERINC5 also swaps their responsiveness to Nef, therefore the ICL4 determines 

sensitivity to Nef (Dai et al., 2018).   

 

Although the exact mechanism of how SERINC5 restricts lentiviruses remains 

incompletely understood, it is clear that the Envelope glycoprotein (Env) is crucial in 

determining sensitivity to SERINC5 (Beitari et al., 2017; Chen et al., 2020b; Sood et al., 

2017; Zhang et al., 2019a). HIV-1 enters target cells by fusing with the host cell plasma 

membrane after the gp120 subunit engages entry receptors CD4 and co-receptor, which 

is usually either CXCR4 or CCR5.  Biochemical studies suggest that SERINC5 acts to 

inhibit small fusion pore formation, thereby reducing the efficiency of fusion (Sood et al., 

2017), but whether SERINC5 directly interacts with Env to inhibit fusion, or whether 

indirect effects mediate restriction remains an open question (Chen et al., 2020b; Sood 

et al., 2017; Zhang et al., 2019a). Modelling of Env trimers and SERINC5 in the lipid 

bilayer suggests that SERINC5 extracellular loops 3 and 5 potentially interact with the 

membrane proximal external region (MPER) of Env gp41 to mediate restriction (Pye et 

al., 2020). By contrast, a recent study investigating the effect of SERINC5 on Env 

clustering on virions, indicated that SERINC5 clusters do not colocalise with Env clusters 

in the viral membrane (Chen et al., 2020b), suggesting an indirect mechanism of 

restriction.  

 

The majority of the EnvCT is believed to be embedded within the plasma membrane 

(Murphy et al., 2017) similar to SERINCs (Pye et al., 2020), where the EnvCT has been 

shown to influence Env mobility in membranes (Muranyi et al., 2013; Pezeshkian et al., 

2019). However, whether this critical region of Env interacts with SERINC5 and what role 

the EnvCT plays in SERINC5-mediated restriction remains unknown. Here I examine the 

role of the EnvCT in determining sensitivity to SERINC5-mediated restriction, with the 

goal of better understanding the complex relationship between Env and SERINC5. 

Furthermore, I investigate how EnvCT truncation impacts sensitivity to Interferon 

Inducible Transmembrane proteins (IFITM) proteins which are another family of potent 

lentiviral membrane-bound restriction factors that target viral entry. IFITMs also target a 

wide range of enveloped viruses including Influenza A virus, Dengue virus, Ebola virus, 
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Hepatitis C virus and HIV (Brass et al., 2009; Huang et al., 2011; Lu et al., 2011a). Similar 

to SERINC5, Env is a determinant for IFITM restriction, particularly the V3 loop (Foster 

et al., 2016; Tartour et al., 2014; Wang et al., 2017; Wu et al., 2017), although the exact 

mechanism of restriction remains to be elucidated. Given that several features of 

SERINC5 and IFITM sensitivity overlap, I hypothesise that EnvCT truncation have a 

similar effect on viral sensitivity to both SERINC5 and IFITMs. Finally, I test whether 

truncation of the HIV-1 and HIV-2 EnvCT alters sensitivity to Tetherin, which prevents 

budding and is antagonised by HIV-2 Env (Le Tortorec and Neil, 2009).  
 
4.2 Results 
4.2.1 Truncating the HIV-1 EnvCT overcomes SERINC5 restriction. 
To determine the consequence of EnvCT truncation for SERINC5 restriction, I used an 

established co-transfection assay previously described to interrogate SERINC5 

restriction (Beitari et al., 2017; Rosa et al., 2015; Sood et al., 2017; Usami et al., 2015). 

293T cells were co-transfected with replication-competent HIV-1 NL4.3 molecular clone 

encoding either a full-length (FL) or truncated (DCT) EnvCT alongside increasing doses 

of plasmid encoding SERINC5 with an internal HA-tag and external FLAG tag. At 48h 

post-transfection, supernatants were harvested, and viral budding was quantified using 

the SG-PERT assay for reverse transcriptase (RT) activity (Fig. 4.1A), and infectivity 

quantified by titrating virus-containing supernatants onto HeLa TZM-bl luciferase reporter 

cells (RLU) (Fig. 4.1B). To calculate single particle infectivity, RLU values were 

normalised to RT units from the SG-PERT assay and labelled as RLU/RT measurements 

(Fig. 4.1C). As a control, HIV-1 DNef virus, which cannot antagonise SERINC5, was used 

to show that SERINC5 can potently restrict infection in a dose dependent manner (Fig. 

4.1B-D). This is consistent with previous reports (Beitari et al., 2017; Rosa et al., 2015; 

Sood et al., 2017; Usami et al., 2015). As HIV-1 FL virus encodes a Nef allele, infection 

was not significantly inhibited at low doses of SERINC5 overexpression (Fig. 4.1B-D).  

However, at high doses (50-200ng) SERINC5 was capable of inhibiting FL in a dose 

dependent manner, explained by SERINC5 overexpression overwhelming Nef activity 

(Fig. 4.1B-D). Of note, when no SERINC5 protein was overexpressed, i.e., at 0ng, HIV-

1 DNef was less infectious compared with HIV-1 FL and this can be explained by the 

presence of endogenous SERINC expression in 293T cells. Strikingly, truncation of the 

EnvCT rendered HIV-1 DCT completely resistant to SERINC5 restriction (Fig. 4.1B-D). 

Even at the highest dose where I observed a 100-fold reduction in FL virus infectivity, 

the infectivity of DCT virus remained unaffected (Fig. 4.1C,D). Western blot analysis of 

cell lysates from transfected 293T cells confirmed SERINC5 expression (Fig. 4.1E). I 

also assessed the cell surface levels of SERINC5 on 293T cells using flow cytometry 
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(stained for an external FLAG-tag) to confirmed that both HIV-1 FL and DCT viruses 

similarly downregulated SERINC5, since both viruses contain a Nef allele (Fig. 4.1F).  

 

It has been previously shown that truncating the HIV-1 EnvCT, particularly by removing 

the YxxL endocytic motif and the C-terminal dileucines (commonly referred to as D144 

virus), can result in increased surface expression of the Env glycoprotein due to reduced 

Env endocytosis, which may lead to increased Env incorporation into nascent virions 

(Boge et al., 1998; Byland et al., 2007; Day et al., 2004). Also, the P722* DCT mutant in 

this study contains an intact YxxL endocytic motif, however the C-terminal dileucine motif 

is removed, which is important for Env endocytosis (Byland et al., 2007) and therefore 

might affect Env incorporation. Therefore, to test whether truncation of the HIV-1 EnvCT 

resulted in increased Env incorporation into virions that might overcome SERINC5 

restriction, western blot analysis of purified HIV-1 virions was performed. Figure 4.1G 

shows that both HIV-1 FL and DCT viruses incorporated similar levels of Env into virions 

produced by 293T cells in the presence and absence of SERINC5. From these data I 

conclude that HIV-1 DCT virus is resistant to SERINC5 restriction by a mechanism that 

is independent of increased Env incorporation into virions. 

 

Given that the HIV-1 DCT Env was able to potently overcome SERINC5 restriction, I next 

asked whether this was a dominant effect and whether the DCT Env can rescue HIV-1 

DNef infectivity in the presence of SERINC5. A HIV-1 DCTDNef double mutant was 

generated by substituting amino acid residue P722 with a stop codon (as described 

above for DCT) in the NL4.3 DNef proviral construct. This virus was produced in 293T 

cells without overexpressing SERINC5, for initial characterisation. NL4.3 DCTDNef virus 

has a significant budding and infectivity defect in the absence of SERINC5 

overexpression by comparison with NL4.3 FL, DCT and DNef viruses (Fig. 4.1H, I). 

Based on this data, the HIV-1 DCTDNef double mutant is completely defective and 

therefore cannot be used to determine the effect of SERINC5 on viral infectivity. As the 

RLU values for NL4.3 DCTDNef infectivity were in the same range as the background 

RLU activity of HeLa TZM-bl cells, it was not possible to assess the effect of SERINC5 

on this mutant.  
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Figure 4.1 HIV-1 EnvCT truncation overcomes SERINC5 restriction. 293T cells were 

cotransfected with molecular clones encoding full-length HIV-1 NL4.3 WT, DNef or DCT virus 

alongside increasing doses of pcDNA-based tagged SERINC5 plasmid (Flag-SERINC5-HA). 
Virus containing supernatants were harvested after 48h. (A) Budding was measured by 

quantifying RT activity in supernatants by SG-PERT assay. (B) Infectivity was measured by 

titrating supernatant on to HeLa TZM-bl reporter cells and measuring luciferase activity (RLU). 

(C) Particle infectivity was calculated by normalising infectivity RLU (B) to RT activity measured 

(A). A-C are data from a representative experiment. (D) Fold inhibition of viral infectivity was 

calculated by normalising RLU/RT measurements to 0ng SERINC5. Bar graphs represent fold 

inhibition from three independent experiments. HIV-1 WT (black), HIV-1 DCT (white) and HIV-1 

DNef (grey). (E) Representative immunoblot of transfected 293T cell lysates confirming SERINC5 

overexpression detected using antibody against HA-tagged SERINC5 (S5-HA). (F) Plasma 

membrane SERINC5 levels were quantified by surface staining transfected 293T cells for the 
external Flag-tag of SERINC, the intracellular HA-tag of SERINC5 and Gag. Surface SERINC5 

MFI is shown for cells gated on HA-SERINC5 and Gag. (G) Representative immunoblot of purified 
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virions produced in the presence and absence of overexpressed SERINC5 and probed for Env 

gp120 and Gag p24. The ratio of Env incorporation was calculated by measuring the intensity of 

gp120 bands and normalising to the intensity of the corresponding p24 bands. Bars show mean 

and error bars represent mean +/- SEM. Fold inhibition at each dose of SERINC5 was compared 

using two-way ANOVA testing (ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001). (H) Budding of 

indicated virions measured by SG-PERT in the absence of SERINC5 overexpression. (I) 
Infectivity of indicated viruses measured using the HeLa TZM-bl reporter assay. Red dotted line 

represents the limit of detection for the Glomax luminometer (Promega). Bars show mean and 

error bars represent mean +/- SEM. Fold inhibition at each dose of SERINC5 was compared 

using two-way ANOVA testing (ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001). 

 

 

4.2.2 Truncating the HIV-2 EnvCT overcomes SERINC5 restriction. 
Next, I tested whether truncation of the HIV-2 EnvCT also conferred resistance to 

SERINC5 restriction. HIV-2 Nef is reportedly less active against SERINC5 compared 

with HIV-1 Nef (Heigele et al., 2016). A similar 293T cotransfection assay was used to 

determine the potency of Nef to counteract SERINC5, however this was in the context 

of chimeric HIV-1 NL4.3 encoding a HIV-2 nef allele, rather than in the context of full-

length HIV-2 virus in which there is no mismatch of viral genetics (Heigele et al., 2016). 

Figure 4.2A-B shows that SERINC5 does not impact budding of HIV-2 strains ST and 

7312A. However, infectivity of both FL viruses is restricted up to 10-fold by SERINC5 

overexpression, whereas HIV-2 DCT viruses remain fully infectious even at high doses 

of SERINC5 overexpression (Fig. 4.2). Taken together, this shows that EnvCT truncation 

of both HIV-1 and HIV-2 confers resistance to SERINC5. 
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Figure 4.2 Truncating the HIV-2 EnvCT confers resistance to SERINC5 restriction. 293T 

cells were cotransfected with molecular clones encoding full-length HIV-2 WT isolates and DCT 

mutants alongside increasing doses of pcDNA-based SERINC5 plasmid. Virus containing 
supernatant was harvested after 48h for analysis. (A-B) Budding was measured by quantifying 

RT activity in supernatants by SG-PERT assay. (C-D) Infectivity was measured by titrating 

supernatant on to HeLa TZM-bl reporter cells and measuring luciferase activity (RLU). (E-F) 
Particle infectivity was calculated by normalising infectivity RLU to RT activity. A-F are data from 

a representative experiment. (G-H) Fold inhibition of viral infectivity was calculated by normalising 

RLU/RT measurements to 0ng SERINC5. Bar graphs represent fold inhibition from three 

independent experiments. Bars show mean and error bars represent mean +/- SEM. Fold 
inhibition at each dose of SERINC5 was compared using two-tailed unpaired t-test (*, p<0.05; ***, 

p<0.001). 

 

4.2.3 Truncating the HIV EnvCT overcomes SERINC3 restriction 
Several studies have shown that SERINC3 also has the ability to restrict HIV-1 infection, 

albeit less potently (Rosa et al., 2015; Usami et al., 2015). To test if HIV-1 and HIV-2 

EnvCT truncation enables viral evasion of SERINC3 restriction, FL and DCT mutant 

viruses were produced in 293T cells by co-transfection of infectious molecular clones 

and increasing doses of HA- and FLAG-tagged SERINC3 plasmid. Viral budding and 

infectivity was measured as described above. Figure 4.3A shows that budding of NL4.3 

FL and NL4.3 DCT viruses are unaffected by SERINC3 overexpression, similar to 

SERINC5. However, NL4.3 FL virus shows a dose-dependent reduction in infectivity with 

increasing doses of SERINC3 and is inhibited up to 5-fold at the highest dose of 
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SERINC3 overexpression (Fig. 4.3B-D). Conversely, NL4.3 DCT virus remains 

insensitive to SERINC3 overexpression (Fig. 4.3B-C). 

 

 
Figure 4.3 Truncating the HIV-1 EnvCT confers resistance to SERINC3 restriction. 293T 

cells were cotransfected with molecular clones encoding full-length HIV-1 NL4.3 FL isolates and 

DCT mutants alongside increasing doses of pcDNA-based SERINC5 plasmid. Virus containing 

supernatant was harvested after 48h for analysis. (A) Budding was measured by quantifying RT 

activity in supernatants by SG-PERT assay. (B) Infectivity was measured by titrating supernatant 
on to HeLa TZM-bl reporter cells and measuring luciferase activity (RLU). (C) Particle infectivity 

was calculated by normalising infectivity RLU to RT activity. A-C are data from a representative 

experiment.  (D) Fold inhibition of viral infectivity was calculated by normalising RLU/RT 

measurements to 0ng SERINC5. Bar graphs represent fold inhibition from three independent 

experiments. Bars show mean and error bars represent mean +/- SEM. Fold inhibition at each 

dose of SERINC5 was compared using two-tailed unpaired t-test (*, p<0.05). 

 

Turning to HIV-2, Figure 4.4A-B shows that budding of full-length replication competent 

HIV-2 FL and DCT viruses is unaffected by SERINC3 overexpression, similar to 

SERINC5. However, unlike SERINC5, SERINC3 overexpression did not inhibit HIV-2 

infectivity, irrespective of EnvCT length (Fig. 4.4C-H). To confirm SERINC3 was 

expressed in these experiments, transfected 293T cell lysates were lysed for immunoblot 

analysis and probed for HA-tagged SERINC3 (Fig. 4.4I). 
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Figure 4.4 Truncating the HIV-2 EnvCT confers resistance to SERINC3 restriction. 293T 

cells were cotransfected with molecular clones encoding full-length HIV-2 FL isolates and DCT 

mutants alongside increasing doses of pcDNA-based SERINC3 plasmid. Virus containing 

supernatant was harvested after 48h for analysis. (A-B) Budding was measured by quantifying 

RT activity in supernatants by SG-PERT assay. (C-D) Infectivity was measured by titrating 

supernatant on to HeLa TZM-bl reporter cells and measuring luciferase activity (RLU). (E-F) 
Particle infectivity was calculated by normalising infectivity RLU to RT activity. (G-H) Fold 

inhibition of viral infectivity was calculated by normalising RLU/RT measurements to 0ng 

SERINC5. (I) Representative immunoblot of transfected 293T cell lysates confirming SERINC5 
overexpression detected using antibody against HA-tagged SERINC3 (S3-HA). Bar graphs 

represent fold inhibition from three independent experiments. Bars show mean and error bars 

represent mean +/- SEM. Fold inhibition at each dose of SERINC5 was compared using two-

tailed unpaired t-test (ns, p>0.05). 

 
  

S3-HA

Tubulin

0 50 100 150 200

C
el
l

0 10 5010
0
20

0 0 10 5010
0
20

0
0.0

0.5

1.0

1.5

2.0

SERINC3 (ng)

Fo
ld

 in
hi

bi
tio

n

ns FL
ΔCT

0 10 5010
0
20

0 0 10 5010
0
20

0
0.0

0.5

1.0

1.5

2.0

2.5

SERINC3 (ng)

Fo
ld

 in
hi

bi
tio

n

FL
ΔCTns

0 50 10
0

15
0

20
0

101

102

103

104

SERINC3 (ng)

m
U

/m
L 

R
T

FL
ΔCT

0 50 10
0

15
0

20
0

105

106

107

SERINC3 (ng)

R
LU

/m
L

FL
ΔCT

0 50 10
0

15
0

20
0

102

103

104

SERINC3 (ng)

In
fe

ct
iv

ity
 ra

tio
 (R

LU
/R

T) FL
ΔCT

0 50 10
0

15
0

20
0

101

102

103

104

SERINC3 (ng)

m
U

/m
L 

R
T

FL
ΔCT

0 50 10
0

15
0

20
0

105

106

107

108

SERINC3 (ng)

R
LU

/m
L

FL
ΔCT

0 50 10
0

15
0

20
0

103

104

105

106

SERINC3 (ng)

In
fe

ct
iv

ity
 ra

tio
 (R

LU
/R

T) FL
ΔCT

A HIV-2 ST C     HIV-2 ST

D  HIV-2 7312A

E       HIV-2 ST

F     HIV-2 7312A

G     HIV-2 ST

H   HIV-2 7312A

I

B HIV-2 7312A



 167 

4.2.4 SERINC5 depletion does not rescue HIV-2 ROD10 FL infectivity. 
In Chapter 3 I showed that the HIV-2ROD10 FL virus had a significant infectivity defect, 

in the absence of a budding defect, in HeLa cells and H9 cells (Fig. 3.7). One explanation 

for this might be that the long HIV-2 ROD10 EnvCT is recognised by an antiviral protein, 

which the virus is not adapted to antagonise directly, hence tail truncation is an evasion 

strategy. Sensitivity to SERINC5 restriction is dependent on the Env glycoprotein (Beitari 

et al., 2017; Rosa et al., 2015; Usami et al., 2015; Zhang et al., 2019a) and in the case 

of HIV-1, lab-adapted strains such as NL4.3 are more sensitive to restriction compared 

with primary isolates such as JRFL which are resistant (Beitari et al., 2017; Pye et al., 

2020; Sood et al., 2017). Therefore, lab adaptation might explain differences in infectivity 

of HIV-2 ROD10 (lab-adapted) compared with HIV-2 ST and HIV-2 7312A (primary 

isolates) viruses with a full length EnvCT, whereby ST and 7312A FL viruses can 

replicate and spread but ROD10 FL cannot, possibly due to SERINC5 restriction.  To 

test this hypothesis, I tested whether depletion of SERINC5 from virus producing 293T 

cells can rescue HIV-2 ROD10 FL virus infectivity. 293T SERINC3/5 CRISPR knockout 

cells were kindly gifted by Massimo Pizzato (University of Trento, Italy). SERINC KO 

cells were transfected with plasmid encoding HIV-2 ROD10 with a full length and 

truncated EnvCT, as explained previously. Figure 4.5A shows that there is no significant 

difference in the amount of HIV-2 ROD10 FL and DCT virions budding from SERINC5 

KO cells. However, HIV-2 ROD10 FL virus remained non-infectious when titrated on to 

HeLa TZM-bl reporter cells (Fig. 4.5B), similar to observations reported in Chapter 3. 

This suggests that SERINC5 is not the dominant factor inhibiting HIV-2 ROD10 FL 

infectivity.   

 
Figure 4.5 Effect of SERINC5 depletion on HIV-2 ROD10 infectivity. 293T SERINC5 knock 
out cells were transfected with infectious molecular clone HIV-2 ROD10 with a full length and 

truncated EnvCT for 48h. Virus containing supernatant was collected and purified to determine 

(A) the number of viral particles released by SG-PERT and (B) infectivity of virions when titrated 

on HeLa TZM-bl reporter cells from three independent experiments. Bars represent mean and 

error bars represent mean ± SEM. Groups were compared using two-tailed unpaired t-test (ns, 

p>0.05). 
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4.2.5 EnvCT truncation overcomes SERINC5 mediated inhibition of fusion.  
Although the exact mechanism of SERINC5 restriction remains enigmatic, it has been 

shown that SERINC5 blocks fusion of viral and cellular membranes (Rosa et al., 2015; 

Sood et al., 2017; Usami et al., 2015) by preventing fusion pore expansion, rather than 

initiation of fusion (Sood et al., 2017). The BlaM-Vpr assay measures the delivery of b-

lactamase (BlaM) into target cells following fusion (Fig. 4.6A). BlaM-Vpr is incorporated 

into virions and used to infect target cells. Target cells are loaded with a CCF2 dye, which 

is the substrate for BlaM, and therefore entry is detected by enzymatic cleavage of CCF2. 

The CCF2 substrate is added to cells 16h after infection and subsequent cleavage of 

CCF2 leads to a change in fluorescence which can be measured by flow cytometry. The 

percentage of cleaved CCF2 substrate is therefore a proxy for the fusion efficiency of 

the viral and target cell membranes. Here, the BLAM-Vpr assay was used to assess 

whether HIV-1 DCT virus is able to overcome the ability of SERINC5 to prevent fusion. 

Viruses were produced in 293T cells by co-transfection of full-length FL or DCT infectious 

molecular clones and 100ng SERINC5, a dose which potently inhibits HIV-1 FL but not 

NL4.3 DCT infectivity.  

 

Figure 4.6B and 4.6C show that 40-50% of HeLa TZM-bl target cells contain BLAM-Vpr 

when infected with HIV-1 FL and DCT viruses in the absence of SERINC5 incorporation 

into virions at 16h post infection. To note, there was a consistent trend showing that DCT 

Env is more fusogenic than FL Env, although this did not reach statistical significance 

(Fig. 4.6B,C).   Consistent with the notion that SERINC5 targets the step of viral fusion, 

a significant 6.5-fold reduction in fusion of HIV-1 FL virus was observed when virions 

were produced in the presence of SERINC5 (Fig. 4.6B,C). Notably, fusion of the HIV-1 

DCT Env was unaffected by SERINC5 overexpression (Fig. 4.6B,C) consistent with this 

virus evading S5 restriction and inhibition of infection. As a negative control, HIV-1 DEnv 

viruses do not fuse with the target cell membrane, as Env is the viral fusion machinery 

which is absent in this virus (Fig. 4.6B,C). Also, treatment of infected cells with the T20 

fusion inhibitor (Enfuvirtide), resulted in loss of fusion of all viruses as expected (Fig. 

4.6D). These data reveal a mechanism for HIV-1 DCT Env overcoming SERINC5-

mediated inhibition at the step of viral fusion. 
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Figure 4.6 EnvCT truncation allows evasion of SERINC5-mediated inhibition of fusion. Viral 

fusion was measured by Blam-Vpr assay on HeLa TZM-bl cells using HIV-1 FL and DCT virions 

made in the presence or absence of 100ng SERINC5. (A) Schematic showing the BlaM-Vpr 

assay (Cavrois et al., 2002). Virus is produced by co-transfecting 293T cells with constructs 

encoding proviral DNA and BlaM-Vpr. Equal dose of BlaM-Vpr containing virions used to infect 

target HeLa TZM-bl cells for 16h. CCF2 substrate added to infected cells after 16h and CCF2 

cleavage measured by a change in fluorescence using flow cytometry. (B) Representative flow 
cytometry dot plots indicating the percentage of CCF2 substrate cleavage. (C) Pooled data from 

five independent experiments. DEnv virus used as a negative control. (D) Pooled data from 

experiments carried out in the presence of 20 ug/mL T20 fusion inhibitor as another negative 

control. Bars represent mean and error bars represent SEM. Groups were compared using 2-way 

ANOVA multiple comparison analysis (ns, P>0.05; *, P<0.05). 
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4.2.6 Failure to incorporate SERINC5 into virions does not explain DCT resistance 
to SERINC5 restriction. 
Virion incorporation of SERINC5 is likely to be a prerequisite for SERINC5 mediated 

restriction of fusion and infectivity (Rosa et al., 2015; Usami et al., 2015). Therefore, I 

explored the possibility that truncating the EnvCT perturbed SERINC5 incorporation into 

HIV-1 DCT virions, leading to evasion of restriction. To explore this hypothesis, HIV-1 

virions were produced in 293T cells in the presence of 100ng SERINC5. Virus containing 

supernatants were harvested after 48h and purified for immunoblot analysis.  

 

Figures 4.7A and 4.7B show that HIV-1 FL, DNef and DCT viruses all package SERINC5, 

despite differences in sensitivity to SERINC5-mediated restriction (Fig. 4.7C). Of note, 

HIV-1 DNef consistently incorporates more SERINC5, which can be explained by the 

absence of a functional Nef protein to downmodulate SERINC5 from the cell membrane 

(Fig. 4.7B). To investigate potential differences in the level of SERINC5 incorporation in 

FL and DCT virions, SERINC5 band intensity on western blots were normalised to that 

of p24 using the Image Studio Lite software and no significant differences were observed 

between FL and DCT virion incorporation of SERINC5 (Fig. 4.7B). SERINC5 is a 

transmembrane protein which recycles in vesicles during endocytosis and exocytosis, 

thus it is possible to detect contaminating vesicle associated SERINC5 in viral 

supernatants. To confirm that I was not detecting pelleted SERINC5 containing vesicles, 

293T cells were transfected with plasmid encoding SERINC5 and supernatant was 

collected after 48h to be purified over a sucrose cushion and analysed by immunoblotting 

(S5 mock). Figure 4.7A shows that the S5 mock condition does not contain any 

SERINC5, therefore DCT virions do indeed incorporate SERINC5, despite being 

resistant to its effects on fusion and infectivity. Therefore, the resistance of HIV-1 DCT 

virus to SERINC5 restriction of virion fusion cannot be explained by failure to package 

SERINC5 into nascent virions, supporting the notion that SERINC5 incorporation is likely 

necessary but not sufficient for restriction. 

 

4.2.7 EnvCT truncation does not prevent potential SERINC5-Env interactions. 
Whether SERINC5 and Env physically interact on the plasma membrane of infected cells 

or in virions remains unclear (Chen et al., 2020b; Sood et al., 2017; Zhang et al., 2019a), 

but has important implications for understanding mechanism of SERINC5 restriction and 

viral evasion. Coimmunoprecipitation of Env and SERINC5 suggested that there is 

perhaps a direct interaction between the two surface proteins (Zhang et al., 2019a), 

however super resolution imaging of infected cells expressing SERINC5 revealed that 

Env and SERINC5 do not co-cluster on the cell surface (Chen et al., 2020b), questioning 

the presence of a direct interaction.  
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To investigate whether SERINC5 binds to HIV-1 Env, and if so whether this is EnvCT 

dependent, I performed a co-immunoprecipitation (Co-IP) assay. Briefly, 293T cells were 

cotransfected with Flag-tagged SERINC5 and plasmid encoding either HIV-1 FL, DCT, 

or DEnv, and SERINC5 was pulled down using a-FLAG antibody. Figure 4.7D shows 

that both the FL and DCT Env glycoproteins co-immunoprecipitated with SERINC5. Of 

note, the gp160 protein of HIV-1 DCT is smaller than FL Env and is therefore shifted 

lower on the immunoblot. As expected, no band was detected using a-gp120 serum in 

the DEnv condition (Fig. 4.7D). This data is suggestive of an interaction between 

SERINC5 and Env mediated by domains upstream of residue 722 in the EnvCT. 

Furthermore, evasion of SERINC5 restriction by DCT cannot be explained by a loss of 

any putative interaction between Env and SERINC5. 

 

 
Figure 4.7 EnvCT truncation does not prevent SERINC5 incorporation into HIV-1 DCT 
virions. (A) Immunoblot analysis of purified virions probed for Env gp120, HA-tagged SERINC5 

(S5-HA) and Gag p24. Supernatant from 293T cells that were transfected with SERINC5 plasmid 
only, was purified and probed to confirm that SERINC5 is expressed due to incorporation into 

virions rather than in endocytic and exocytic vesicles (S5 mock). (B) Quantification of SERINC5 

incorporation normalised to Gag p24 from five independent experiments. (C) Infectivity of virions 

from the corresponding immunoblot in (A) to enable correlation between restriction and SERINC5 

incorporation. (D) 293T cells cotransfected with FLAG-tagged SERINC5 (Flag-S5-HA) and 

plasmid encoding either HIV-1 FL, DCT and DEnv virus. Flag-SERINC5 was immunoprecipitated 

and proteins transferred to nitrocellulose and probed for HA-tagged SERINC5 and Env. Left 

panels of the immunoblot are the input and right panels are the immunoprecipitation. This is a 

representative immunoblot is shown. Bars represent mean and error bars represent SEM. Groups 

were compared using 2-way ANOVA multiple comparison analysis (ns, P>0.05; *, P<0.05). 
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4.2.8 EnvCT truncation dysregulates Env conformation and functionality. 
The results presented in this chapter thus far demonstrate that EnvCT truncation allows 

for virion fusion in the presence of SERINC5, suggesting that truncation of the 

cytoplasmic tail confers functional changes on the extracellular domains of Env. This 

would suggest a mechanism of evasion in which EnvCT truncation alters the 

conformation of Env, thereby dysregulating the steps of viral entry, such that SERINC5 

cannot inhibit this process. Therefore, I investigated whether the DCT mutation, which is 

associated with SERINC5 escape, is also associated with conformational changes to the 

extracellular domains of Env, that may contribute to SERINC5 evasion. To do this, 

neutralisation assays were performed using a panel of well-characterised broadly 

neutralising antibodies (bnAbs) against HIV-1. Neutralisation curves for VRC01 

(recognises the CD4 binding site) (Zhou et al., 2010)  and PGT151 (recognises the 

gp120:gp41 interface and functional trimers) (Falkowska et al., 2014) revealed that DCT 

virus was more susceptible to neutralisation by these gp120 targeting antibodies (IC50 

of 0.02 and 0.04 µg/ml) compared with FL virus (IC50 of 0.31 and 0.46 µg/ml) (Fig. 

4.8A,B). Conversely, DCT viruses were significantly more resistant to gp41 MPER 

targeting bnAbs 10E8 and 2F5 compared with FL (IC50 for DCT of 0.43 and >50 µg/ml 

versus FL of 0.04 and 1.5 µg/ml) (Fig. 4.8C,D).  
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Figure 4.8 EnvCT truncation alters Env conformation in the absence of SERINC5. Equal 

infectious doses of virus were incubated with indicated broadly neutralising antibodies for 1h 

before infecting HeLa TZM-bl reporter cells. RLU measurements were taken using the luciferase 

assay and % neutralisation was calculated by normalising to highest concentration of bnAbs 

resulting in 100% neutralisation. (A-D) Neutralisation of HIV-1 FL (solid lines, black symbols) and 

DCT viruses (dotted lines, white symbols) by broadly neutralising antibodies. Representative 

neutralisation curves are shown. Bar charts show IC50 values from pooled independent 

experiments. Bars represent mean and error bars represent mean +/- SEM. Groups were 

compared using two-tailed unpaired t-tests (*, p<0.05). 

 

Next, SERINC5 incorporated virions were tested in this assay to determine the effect of 

SERINC5 on susceptibility to bnAbs. Incorporation of SERINC5 into FL and DCT virus 

particles did not alter sensitivity to VRC01 and PGT151 (Fig. 4.9A-D). However, there 

was a trend towards altered sensitivity to MPER targeting antibodies, although most 

results were not statistically significant (Fig. 4.9E-H). These results are consistent with 

the hypothesis that truncation of the HIV-1 EnvCT alters the conformation of Env, 

allowing evasion from SERINC5. 
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Figure 4.9 SERINC5 incorporation alters sensitivity to MPER targeting bnAbs. HIV-1 FL and 

DCT viruses were made in presence of 100ng SERINC5. Equal infectious doses of virus were 

incubated with indicated broadly neutralising antibodies for 1h before infecting HeLa TZM-bl 

reporter cells. (A-H) Neutralisation of HIV-1 FL and DCT viruses in the presence (solid lines, black 

symbols) and absence (dotted lines, white symbols) of SERINC5 in virus particles by broadly 

neutralising antibodies. Representative neutralisation curves are shown. Bar charts show IC50 

values from three independent experiments. Bars represent mean and error bars represent SEM. 
Groups were compared using two-tailed unpaired t-test (ns, p>0.05). 

  

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

2F5 (MPER)

FL + S5
FL

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

VRC01 (CD4bs)

FL + S5
FL

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

VRC01 (CD4bs)

ΔCT
ΔCT + S5

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

PGT151(gp120:gp41 interface) 

FL + S5
FL

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

PGT151(gp120:gp41 interface) 

ΔCT
ΔCT + S5

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

10E8 (MPER)

FL
FL + S5

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

10E8 (MPER)

ΔCT
ΔCT + S5

0.0
00

1
0.0

1 1
10

0
-20

0
20
40
60
80

100
120

µg/ml

%
N

eu
tra

lis
at

io
n

2F5 (MPER)

ΔCT
ΔCT + S5

FL

W
T+S

5
0.0

0.1

0.2

0.3

IC
50

 µ
g/

m
L

ns

ΔC
T

ΔC
T+S

5
0.00

0.01

0.02

0.03
IC

50
 µ

g/
m

L ns

FL

W
T+S

5
0.0

0.2

0.4

0.6

0.8

IC
50

 µ
g/

m
L

ns

ΔC
T

ΔC
T+S

5
0.00

0.02

0.04

0.06

0.08

IC
50

 µ
g/

m
L

ns

FL

W
T+S

5
0.0

0.1

0.2

0.3

IC
50

 µ
g/

m
L

ns

ΔC
T

ΔC
T+S

5
0.0

0.2

0.4

0.6

0.8

IC
50

 µ
g/

m
L

ns

FL

W
T+S

5
0.0
0.5
1.0
1.5
2.0
2.5

IC
50

 µ
g/

m
L

ns

ΔC
T

ΔC
T+S

5
0.0

0.5

1.0

1.5

2.0
IC

50
 µ

g/
m

L

>50

A

B

C

D

E

F

G

H



 175 

Next, I tested neutralisation by 17b, which recognises a CD4-inducible epitope and is a 

coreceptor blocking antibody (Sullivan et al., 1998). Most strikingly, 17b neutralised HIV-

1 FL with an IC50 of 0.25µg/ml, by contrast to HIV-1 DCT virus which was completely 

resistant to neutralisation (Fig. 4.10A). Pre-incubation of virus with soluble CD4 (sCD4) 

is expected to induce conformational changes in gp120 to open Env trimers and further 

expose cryptic epitopes including that recognised by 17b. To test if this would sensitise 

HIV-1 DCT to 17b, I first performed a neutralisation assay with sCD4 to determine a sub-

inhibitory dose of sCD4. I selected 1µg/ml that resulted in approximately 25% 

neutralisation of both viruses (Fig. 4.10B), however even in the presence of sCD4, HIV-

1 DCT virus remained completely resistant to 17b neutralisation (Fig. 4.10C).  

Interestingly, the sCD4 neutralisation curves (Fig. 4.9B) suggested that DCT Env 

required more sCD4 for neutralisation compared with FL (IC50 values >50 µg/mL and 

5.3 µg/mL, respectively), consistent with EnvCT truncation influencing Env conformation 

and function. 

 

Having shown that DCT virus is resistant to SERINC5 inhibition of fusion and that EnvCT 

truncation alters the conformation of the Env extracellular domains, I hypothesised that 

EnvCT truncation may also alter the processivity of Env-mediated fusion, especially 

given the knowledge that SERINC5 interferes with virus fusion and that DCT was fusion-

competent in the presence of SERINC5. To test this, I performed a neutralisation assay 

with the fusion inhibitor T20. Fig. 4.10D shows that DCT virus was more sensitive to 

neutralisation by the T20 fusion inhibitor by comparison with FL virus (IC50 of FL 

0.4µg/mL vs DCT 0.02µg/mL). Next, entry kinetics of HIV-1 FL and DCT virus was 

measured by performing a T20 chase assay. To do this, virus was incubated with cells 

and T20 added at various time points post-infection to determine at which point entry 

became resistant to fusion inhibition. Figure 4.10E shows that by 6h post-addition of 

virus, T20 was no longer able to inhibit HIV-1 FL fusion and block infection, indicating 

entry is complete. By contrast, at this same time point, only 50% of DCT infection was 

blocked, indicating that the DCT virus has altered entry kinetics (Fig. 4.10E). By 24h post-

infection both FL and DCT viruses became resistant to T20 inhibition, suggesting that 

the process of entry was complete. It was intriguing that the HIV-1 DCT virus displayed 

slower entry kinetics than FL virus during the first 6hrs of entry, but eventually caught up 

with completion of entry between 16h (BLAM-Vpr assay) and 24h (T20 chase). To 

explore this further, I incubated HIV-1 FL and DCT viruses at 37°C for various times and 

measured Env-dependent viral infectivity. Figure 4.10F shows that DCT virus was 

significantly more stable than FL virus, the latter showing a time-dependent reduction in 

thermostability. Taken together, these data suggest that truncation of the HIV-1 EnvCT 
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confers conformational changes on Env that are reflected by altered neutralisation and 

viral fusion kinetics that may collectively contribute to evasion of SERINC5 restriction. 

 

 
Figure 4.10 EnvCT truncation dysregulates Env functionality. (A-C) Neutralisation of HIV-1 

FL (solid lines, black symbols) and DCT viruses (dotted lines, white symbols) by (A) 17b and (B) 
soluble CD4 (sCD4). (C) Viruses were preincubated with a subinhibitory dose of sCD4 for 1h 

before further incubation with 17b. Representative neutralisation curves are shown. Bar charts 

show IC50 values from pooled independent experiments. (D) A representative T20 neutralisation 
curve is shown, bar chart shows IC50 values from four independent experiments. (E) T20 chase 

assay. Virus was added to HeLa TZM-bl cells and T20 added after indicated times. Viral infection 

was measured after 48h by luciferase assay. Data shown as the percentage virus entry 

normalised to the untreated (no T20) control from three independent experiments. (F) 
Thermostability of Env measured by incubating virus at 37ºC for indicated time periods prior to 

infection of HeLa TZM-bl cells. Viral infection was measured 48h post infection by luciferase 

assay. Data are from three independent experiments. Bars represent mean and error bars 

represent mean +/- SEM. Groups were compared using two-tailed unpaired t-tests (ns, p>0.05; 
*, p<0.05; **, p<0.01). 
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4.2.9 Truncating the HIV-1 and HIV-2 EnvCT confers resistance to IFITM restriction. 
So far in this chapter it has been established that HIV-1 and HIV-2 EnvCT domains 

modulate sensitivity to SERINC5-mediated restriction of fusion and viral entry. The IFITM 

proteins are another potent entry-targeting restriction factor family that can inhibit HIV-1 

infection when present in producer and target cells (Foster et al., 2016; Lu et al., 2011a; 

OhAinle et al., 2018; Qian et al., 2015; Yu et al., 2015). Whether HIV-2 is similarly 

sensitive to IFITMs is less well understood. Here I investigated the effect of IFITMs in 

target cells on full length, replication competent HIV-2 viral infectivity. I also tested 

whether SERINC5 in virions can sensitise HIV-1 and HIV-2 viruses to IFITM proteins in 

the target cell, thereby investigating potential interplay between the two restriction factors 

which target the same stage of the viral life cycle. To do this, HA-tagged IFITM 1, 2 and 

3 were expressed in the U87 cell line, expressing CD4 and either CXCR4 or CCR5 

coreceptor, using lentiviral transduction. U87 cells were infected with equal RT units of 

HIV-1 FL and DCT mutants, made in the presence and absence of 100ng SERINC5 in 

293T cells, for 24h before measuring infectivity by flow cytometry and viral output by SG-

PERT. Figure 4.11A shows that HIV-1 FL virus infects 25% of control U87 cells, that do 

not overexpress IFITM proteins, and incorporation of SERINC5 does not significantly 

reduce infectivity by flow cytometry analysis. By contrast to HIV-1 FL virus, HIV-1 DCT 

viruses cannot infect U87 control cells in the presence and absence of SERINC5 in viral 

particles (Fig. 4.11A), suggesting that U87 cells are non-permissive for EnvCT truncation 

and therefore are not a suitable model to investigate restriction factors in. Figure 4.11B 

further reveals that whilst HIV-1 FL infection results in release of viral particles, HIV-1 

DCT viral particles are not released explained by the lack of initial infection in Figure 

4.11A. Turning to the effect of IFITMs on viral infectivity, HIV-1 FL infection was potently 

inhibited by IFITM1 but not IFITM2/3 and this pattern of IFITM restriction did not change 

in the presence of SERINC5 (Fig. 4.11C,D). Intriguingly, HIV-1 DCT viruses could not 

infect control or IFITM1 overexpressing U87 cells but could infect up to 13% of IFITM2 

and IFITM3 overexpressing cells in the presence and absence of SERINC5 (Fig. 4.11E). 

However, SG-PERT analysis reveals that no DCT virus particles were released into the 

supernatant (Fig. 4.11F). Next, I tested HIV-2 infectivity in this system using U87-R5 

cells. Surprisingly, Figure 4.11G and H show that HIV-2 FL and DCT viruses are 

restricted in U87-R5 as there is no detectable SG-PERT measurements above the 

background no RT controls. IFITM overexpression was confirmed by immunoblot 

analysis (Fig. 4.11I).  
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Figure 4.11 Effect of IFITM overexpression in U87 cells on HIV-1 and HIV-2 infectivity. U87-

X4 and U87-R5 cells were transduced with pSIN vectors expressing IFITM1, IFITM2 or IFITM3 

and selected using puromycin. To assess the effect of IFITM inhibition, viruses were produced in 

293T cells in the presence and absence of 100ng SERINC5 plasmid. Equal RT units of virus were 

used to U87 cells for 24h and infection was measured by flow cytometry to detect Gag and by 
measuring the amount of budding viral particles using SG-PERT. (A) Percentage of infected U87-

X4 cells not overexpressing IFITM proteins (control). (B) SG-PERT results from same 

experiments as A. Percentage of infected U87-X4 cells overexpressing IFITMs and SG-PERT 

measurements for (C-D) HIV-1 FL and (E-F) HIV-1 DCT viruses in the presence and absence of 

SERINC5 incorporated into virions. (G-H) Budding of HIV-2 virions from U87-R5 IFITM 

overexpressing cells. (I) IFITM overexpression was confirmed by immunoblot analysis of 
transduced cells. Dotted lines represent background RT activity determined by no RT control. 
Bars show mean and error bars represent mean +/- SEM from three independent experiments. 

Infectivity and SG-PERT inhibition was compared using 2-way ANOVA test (*, p<0.05; **, p<0.01). 
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HIV-1 DCT virus was restricted in control U87 cells, suggesting that this cell line is non-

permissive for EnvCT truncation, thus not a tractable model for investigating the effect 

of restriction factors. Therefore, I tested the effect of IFITM overexpression in HeLa TZM-

bl reporter cells, where I have already established that HIV-1 DCT and HIV-2 viruses do 

not have an infectivity defect. HA-tagged IFITM 1, 2 and 3 were expressed in the HeLa 

TZM-bl reporter cell line using lentiviral transduction and expression of HA-tagged 

IFITMs were measured by flow cytometry (Fig. 4.12A).  To validate this assay, I showed 

that the transmitted/founder virus HIV-1 CH058 was resistant to IFITM proteins as 

reported previously (Fig. 4.12B) (Foster et al., 2016) and that VSV-G pseudotyped HIV-

1 DEnv virus is restricted by IFITM3 (Fig. 4.12C), also as previously described (OhAinle 

et al., 2018; Qian et al., 2015). Next, IFITM-expressing cells were infected with equal RT 

units of HIV-1 and HIV-2 FL or DCT viruses and infection measured. Figure 4.12D shows 

that HIV-1 FL virus was potently restricted up to 50-fold by IFITM1 but not IFITM2/3, the 

former being plasma membrane localised and the latter mainly located in early and late 

endosomes (Foster et al., 2016; Weston et al., 2014), consistent with HIV-1 entering by 

fusion at the plasma membrane. No difference in IFITM inhibition was observed when 

HIV-1 FL virus was produced in the presence of SERINC5, (Fig. 4.12E), demonstrating 

that SERINC5 does not alter HIV-1 sensitivity to IFITM proteins. Notably, HIV-1 DCT 

virus was completely resistant to IFITM 1, 2 and 3 (Fig. 4.12D) similar to what was 

observed for SERINCs, and SERINC5 did not sensitise DCT virus to IFITM restriction 

(Fig. 4.12E). Turning to HIV-2, Figure 4.12F shows that HIV-2 FL was also restricted by 

IFITM1, and again SERINC5 incorporation did not alter sensitivity of this virus to IFITMs 

(Fig. 4.12G). Like HIV-1, I found that EnvCT truncation allowed HIV-2 DCT virus to evade 

IFITM1-mediated inhibition (Fig. 4.12F) and incorporation of SERINC5 into HIV-2 DCT 

virions did not alter sensitivity to IFITM proteins (Fig. 4.12G).  
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Figure 4.12 HIV EnvCT truncation confers resistance to IFITM1 in HeLa TZM-bl cells. TZM-

bl cells were transduced with pSIN vectors expressing IFITM1, IFITM2 or IFITM3 and selected 

using puromycin. (A) Flow cytometry plots confirm expression of HA-tagged IFITM proteins in 

TZM-bl cells after selection. (B-G) Control TZM-bl cells (no IFITM overexpression) and IFITM 
overexpressing TZM-bl cells were infected with equal RT units of virus for 24 h. Infectivity was 

measured using the luciferase assay. Bars show mean and error bars represent mean +/- SEM 

from three independent experiments. Infectivity inhibition was compared using 2-way ANOVA test 

(*, p<0.05; **, p<0.01). 
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4.2.10 EnvCT truncation does not alter sensitivity of HIV-2 viruses to Tetherin. 
The results presented in this Chapter so far suggest that truncation of the EnvCT leads 

to global conformational changes in Env. HIV-2 viruses have evolved to use Env to 

antagonise the restriction factor Tetherin (Le Tortorec and Neil, 2009), which potently 

inhibits lentiviral infection by tethering budding virions to the surface of virus producer 

cells (Neil et al., 2008; Van Damme et al., 2008). Coimmunoprecipitation assays show 

that HIV-2 Env interacts with Tetherin, resulting in its downmodulation from the cell 

surface. This interaction is dependent on the conserved YxxL endocytic motif, however 

a specificity determinant is also required which is present in the extracellular domain of 

Env (Le Tortorec and Neil, 2009). Therefore, I next tested whether the conformational 

changes induced by EnvCT truncation resulted in altered HIV-2 sensitivity to Tetherin. 

293T cells were cotransfected with full length infectious molecular clones and increasing 

doses of HA-tagged Tetherin for 48h. After 48h, the virus containing supernatant was 

purified and the amount of virus budding from the cells was quantified using the SG-

PERT assay. As expected, Figure 4.13A and 4.13B show that HIV-1 DVpu virus is 

potently restricted up to 100-fold by only 50ng of Tetherin overexpression. This is 

because the HIV-1 Tetherin antagonist, Vpu, is not expressed by this mutant virus. By 

contrast, virus release was rescued in the presence of Vpu (HIV-1 FL), although higher 

doses of Tetherin overexpression overwhelm Vpu activity, leading to a dose-dependent 

reduction in virus release by up to 6-fold (Fig. 4.13A,B). Truncation of the HIV-1 EnvCT 

had no effect on viral budding (Fig. 4.13A,B). Further, Figure 4.13B-D show that HIV-2 

viruses with a full length and truncated EnvCT are comparably sensitive to Tetherin, with 

a maximum of 3-fold inhibition of HIV-2 ST and 5-fold inhibition of HIV-2 7312A. This 

data confirms that HIV-2 Env is a potent antagonist of Tetherin and truncation of the 

EnvCT does not significantly alter the potency of this function.  
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Figure 4.13 Sensitivity of HIV-2 DCT viruses to Tetherin. 293T cells were cotransfected with 

increasing doses of plasmid encoding Tetherin and full length infectious molecular clones of (A-
B) HIV-1 NL4.3, (C-D) HIV-2 ST and (E-F) HIV-2 7312A. Virus containing supernatant was 
collected after 48h and purified for SG-PERT analysis. Fold inhibition was calculated by 

normalising the amount of virus released at each dose Tetherin overexpression to no Tetherin 

overexpression (0ng) from three independent experiments. Bars represent mean and error bars 

represent mean ± SEM. Groups were compared using two-tailed unpaired t-test (ns, p>0.05; *, 

p<0.05). 
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4.3 Discussion 
In this chapter I have uncovered a mechanism by which HIV-1 and HIV-2 can evade 

restriction by two potent entry targeting restriction factors, SERINC3/5 and the IFITM 

proteins. Both families of restriction factors inhibit viral entry at the step of viral fusion 

and display an Env-dependent phenotype (reviewed by (Foster et al., 2017)). The results 

in this chapter suggest a commonality in the mechanism of HIV evasion, in which 

truncation of the EnvCT allows both HIV-1 and HIV-2 to escape inhibition.  

 

SERINC5 restricts viral entry by inhibiting fusion of HIV-1 virions with target cell 

membranes (Rosa et al., 2015; Sood et al., 2017; Usami et al., 2015). Currently, three 

broad, but not mutually exclusive, mechanisms for how SERINC5 operates to restrict 

HIV-1 entry have been proposed, including: (1) inhibition of fusion pore formation during 

viral entry into target cells (Rosa et al., 2015; Sood et al., 2017; Usami et al., 2015); (2) 
spontaneous inactivation of Env trimers (Sood et al., 2017; Zhang et al., 2019a) and (3) 
disruption of Env clustering on membranes (Chen et al., 2020b). Given that viral fusion 

and entry requires a series of well-orchestrated, sequential Env-dependent events, it is 

likely that SERINC5 may target any or all of these processes to inhibit the final step in 

Env-mediated entry, viral fusion. In this chapter, I have shown that truncation of the 

EnvCT bypasses the SERINC5-mediated block to viral fusion and entry. Importantly, 

evasion from restriction is not due to complete exclusion of SERINC5 from DCT viral 

particles, consistent with the notion that SERINC5 incorporation is necessary but not 

sufficient for restriction of HIV-1 infection. This is supported by the identification of 

SERINC5 mutants which cannot restrict HIV-1 despite being efficiently packaged into 

virions (Pye et al., 2020). The effect of mutations in extracellular loops (ECL) 3 and 5 of 

SERINC5, on HIV-1 infectivity, was tested in a single round replication assay, similar to 

that which was used in this chapter. Mutations in ECL3/5 result in a 10-fold decrease in 

restrictive activity, relative to wildtype SERINC5 (Pye et al., 2020). Further, virus 

produced in the presence of these SERINC5 mutants also resulted in loss of sensitisation 

to antibody neutralisation (Pye et al., 2020). The involvement of SERINC5 ECLs in 

mediating HIV-1 restriction suggests that the extracellular conformation of SERINC5 

might be important in determining restrictive activity and in increasing viral sensitivity to 

antibody neutralisation. Therefore, the external surface of the virion, where SERINC5 

ECLs, Env MPER and the Env gp120 surface subunit are found, must be important in 

SERINC5 restriction mechanism.  Indeed, data in this chapter supports this notion and 

suggests that removing the EnvCT alters the ectodomain conformation and functionality 

of Env, which disarms SERINC5’s restrictive ability.  
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Whether SERINC5 directly or indirectly interacts with HIV-1 Env to exert its negative 

effects on fusion and infectivity remains controversial. Coimmunoprecipitation assays in 

this study and by others (Zhang et al., 2019a) would suggest that there is an interaction 

occurring between the two proteins, although it is unclear where and when this 

interaction would occur. My results suggest that potential interactions between SERINC5 

and Env is upstream of residue 722 in HIV-1, as the remainder of the EnvCT is absent 

in this mutant. In line with this, Env MPER has been suggested to be a potential binding 

partner of SERINC5 extracellular loops (ECL) 3 and 5 (Pye et al., 2020), although this is 

not based on any direct evidence but rather on modelling Env and SERINC5 structures 

within the plasma membrane. An alternative interpretation of the coimmunoprecipitation 

data is that the interaction between Env-SERINC5 may not be one that allows for 

SERINC5 restriction. In other words, the nature of the interaction between SERINC5 and 

DCT Env may be different to that which is formed between SERINC5 and FL Env (due 

to conformational differences between FL and DCT Env), such that SERINC5 is unable 

to induce sufficient conformational changes to the MPER, which would usually induce 

further changes to gp120 via allostery. Also, coimmunoprecipitation assays are carried 

out on cell lysates rather than virus particles, which means it is possible that SERINC5-

Env interactions occur in producer cells during Env and SERINC5 trafficking to sites of 

viral assembly, which can either be direct or indirect using host proteins that act as 

bridging factors between SERINC5 and Env. If this scenario were to be true, premature 

SERINC5-Env interactions during trafficking would not enable SERINC5 to physically 

block fusion, as Env is not in the correct location (i.e., not at the plasma membrane, at 

sites of virus assembly and budding). These interactions may be transient and therefore 

lost upon virus budding and maturation, possibly due to the removal of a yet to be 

identified host bridging factor which facilitates SERINC5-Env interactions. Taken 

together, I propose that any direct interaction occurring between SERINC5 and DCT Env 

is probably non-functional, explained by the differences in Env ectodomain conformation 

that are indirectly induced by SERINC5.      

 

A key finding in this chapter is that the DCT Env has a dysregulated conformation, which 

impacts on its sensitivity to SERINC5 and IFITM proteins. One of the primary functions 

of Env, and the target of SERINC5 and IFITM, is the ability to mediate fusion of the viral 

and target cell membranes. Therefore, I studied the effect of altered conformation on 

Env functionality, to gain a better understanding of how and why the DCT Env is able to 

evade restriction. Adopting a more closed conformation would impact the ability of DCT 

Env to carry out the process of fusion and entry efficiently, as conformation can have a 

direct impact on all the steps of viral entry, starting with CD4 receptor binding. In line with 

this, I have shown that (1) HIV-1 DCT is less sensitive to sCD4, suggesting that it may 
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bind poorly to the primary CD4 receptor on target cells; (2) it is less sensitive to 17b, 

suggesting that it may bind poorly to coreceptor or is perhaps entering cells in a co-

receptor independent manner; (3) HIV-1 DCT has slower initial entry kinetics up to 6h 

post infection and (4) HIV-1 DCT infection is more sensitive to T-20 fusion inhibitor. An 

increased sensitivity to T-20 inhibition and VRC01/PGT151 neutralisation might be 

explained by the observation that HIV-1 DCT viruses enter target cells at a slower rate, 

by comparison with HIV-1 FL viruses. Thus, DCT Env trimers are possibly exposed to 

the extracellular environment for a longer period of time and are therefore more 

vulnerable to the blocking effects of bnAbs and T-20. Intriguingly, SERINC5 and IFITMs 

are also naturally occurring fusion inhibitors expressed by cells, which DCT viruses are 

not sensitive to (by comparison with T-20), thereby suggesting that perhaps the 

mechanism of fusion inhibition between T-20 and SERINC5/IFITMs differs. For example, 

SERINC5 might recognise and block a fusion intermediate conformation that DCT Env 

is less likely to adopt due to conformational and fusion dysregulation, thereby bypassing 

restriction. Alternatively, this data could indicate that SERINC5 indirectly inhibits fusion, 

rather than physically interacting and blocking the conformational changes that occur in 

Env during fusion. Some previous studies have shown that truncation of the EnvCT leads 

to decreased sensitivity to fusion inhibitors such as T-20 and C34 (Abrahamyan et al., 

2005; Wyss et al., 2005). However, these studies investigated fusogenicity of HIV-1 DCT 

mutants in a cell-cell fusion assay rather than in the context of a full-length replication 

competent virus infection. Also, Abrahamyan et al (2005) truncated a larger portion of 

the EnvCT, including the YxxL endocytic motif, compared with the DCT mutant used in 

this study. Therefore, it is possible that the length of the EnvCT determines the extent of 

conformational change taking place in the Env ectodomain, ultimately determining 

sensitivity to different fusion inhibitors.  

 

Further, truncating the HIV-1 EnvCT leads to dysregulated fusion, as suggested by 

slower HIV-1 entry kinetics, despite a consistent trend towards increased fusogenicity in 

the BlaM-Vpr assay by comparison with FL Env. This suggests that although HIV-1 DCT 

is able to fuse with target cells, the initial stages of fusion and entry (up to 6h post 

infection) are slower. It is currently difficult to examine exactly which stage of entry is the 

rate limiting step for HIV-1 DCT, but neutralisation data suggest that the DCT Env is less 

efficient at binding CD4 receptor and coreceptor. Alternatively, it is possible that the HIV-

1 EnvCT acts as a safety catch to prevent premature activation of Env fusogenicity. It 

has been postulated that the EnvCT interacts with Gag prior to viral release and this 

interaction may prevent premature Env trimer ‘opening’ (Wyma et al., 2000). Once Gag 

is cleaved during maturation, the EnvCT would be released from this block in order to 

fuse efficiently with target cell membranes. In the case of DCT viruses, the lack of this 
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safety catch could lead to significantly more DCT Env trimers undergoing spontaneous 

inactivation, due to which viral entry takes a longer period of time, as more functional 

DCT Env trimers are required to complete the process. Regulation of Env-mediated 

fusion by the cytoplasmic tail is not limited to the lentiviral family. Gamma retroviruses 

such as Murine Leukaemia virus (MLV) have a short 16 amino acid EnvCT called the R 

peptide, which is cleaved to activate the fusogenic potential of Env. Therefore, it is 

possible that the long lentiviral EnvCT plays a similar role in regulating fusion. The R 

peptide is cleaved by the viral protease enzyme after virions are released from cells, and 

it is thought that this is a mechanism by which premature Env activation is prevented 

(Green et al., 1981; Henderson et al., 1984; Schultz and Rein, 1985). Comparisons 

between virus with and without the R peptide reveal that the presence of R peptide or 

mutants that are defective for R-peptide cleavage, have significantly reduced ability to 

form syncytia (Januszeski et al., 1997; Kim et al., 2000; Kubo et al., 2007; Melikyan et 

al., 2000; Ragheb and Anderson, 1994; Rein et al., 1994; Taylor and Sanders, 2003; 

Yang and Compans, 1996, 1997). Therefore, the R peptide is a negative regulator of 

fusion and acts as a safety catch to prevent activation of Env prior to virus budding and 

maturation. Release of R peptide from the transmembrane domain of MLV Env activates 

the fusogenic potential of Env, thereby allowing fusion of viral and cellular membranes 

(Kubo et al., 2012). Whether HIV-1 and HIV-2 EnvCT truncation increases fusogenicity 

of lentiviral Env glycoproteins is unclear, as there is much discordance in the current 

literature. This is likely explained by differences in experimental set up (cell-cell fusion 

vs fusion in the context of viral infection) and also differences in the truncation mutants 

used, as the length of EnvCT removed probably determines how much change occurs 

in conformation and therefore Env functionality.  

 

The presence of SERINC5 in HIV-1 FL particles induces spontaneous inactivation of 

HIV-1 Env trimers, leading to premature gp120 shedding, although exactly how this 

would happen remains to be elucidated (Sood et al., 2017). Therefore, SERINC5 is able 

to disrupt the intrinsic stability of Env trimers in order to induce spontaneous inactivation. 

Here I show that the SERINC5 resistant HIV-1 DCT Env has increased thermostability 

compared with FL Env, as incubation at 37°C for up to 6h has no significant impact on 

viral infectivity. Therefore, truncation of the EnvCT increases Env stability which prevents 

SERINC5 from inducing spontaneous inactivation. Increased DCT Env stability can 

further explain the findings that HIV-1 DCT infection levels eventually become equivalent 

to HIV-1 FL infection at 24 hours post infection, and that the BLAM-Vpr assay, in which 

readouts are taken at 16h post infection, revealed comparable fusogenicity of FL and 

DCT Env, despite slower entry kinetics. Collectively, these data suggest that the DCT 

Env is conformationally dysregulated, probably fixed in an intrinsically hyper-stable 
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conformation, in turn impacting in its ability to fuse with target cells, leading to evasion 

of SERINC5 and IFITM inhibition of fusion. This data might also suggest that SERINC5 

potentially recognises a late fusion intermediate or post fusion conformation of FL Env, 

which DCT Env is less frequently/efficiently adopting and is thereby evading restriction. 

 

Another explanation for dysregulated fusion could be that conformational differences in 

DCT Env enables it to undergo a different set of sequential conformational changes in 

order to complete fusion, including differences in fusion stoichiometry. This is a plausible 

explanation given that comparison of receptor stoichiometry, that is the number of Env 

glycoproteins required for fusion initiation, differs between X4- and R5-tropic viruses 

(Iliopoulou et al., 2018). Whilst the X4-tropic HxB2 isolate requires two Env spikes to 

complete fusion, R5-tropic JRFL requires only one Env spike (Iliopoulou et al., 2018). 

Therefore, it is possible that truncation of the EnvCT alters the receptor stoichiometry 

required for fusion initiation, which ultimately impacts the series of conformational 

changes that Env trimers undergo during fusion.  Alternatively, the Env thermostability 

data in this study shows that DCT Env is more stable and neutralisation data suggest 

that it is in a more closed conformation compared with FL Env. Therefore, DCT Env 

adopts a stable, closed conformation which might prevent SERINC5 and IFITMs from 

inducing further conformational changes in Env, which is necessary for fusion inhibition 

and entry. Unliganded HIV-1 Env are intrinsically dynamic and transition between 3 

distinct prefusion conformations, as measured by insertion of fluorophores in gp120 

variable loops for single molecule FRET studies (Munro et al., 2014). The SERINC5-

resistant JRFL Env exhibits reduced intrinsic dynamics compared with HxB2 Env, which 

can have implications for receptor stoichiometry. Therefore, DCT Env might have 

restricted intrinsic behaviour, similar to JRFL Env, perhaps leading to restricted 

movement of the Env ectodomain following CD4 and coreceptor binding, resulting in 

slower, inefficient initiation of fusion. Of course, after approximately 6h DCT Env 

overcomes this barrier and is able to fuse, perhaps by forming a sufficient number of Env 

clusters to overcome the fusion stoichiometry. Further evidence to suggest that the 

cytoplasmic tail can regulate Env stability comes from observations made using SIV viral 

particles with a truncated LLP-1 region, found at the C-terminus of the EnvCT. Truncation 

of LLP-1 by insertion of stop codons in the EnvCT sequence results in the production of 

poorly infectious virus as tested in a single-round infectivity assay (Affranchino and 

Gonzalez, 2006). Immunoblot analysis reveal that significantly less gp120 is 

incorporated into LLP-1 truncated viruses by comparison with FL Env, despite 

comparable incorporation of gp41 (Affranchino and Gonzalez, 2006). This cannot be 

explained by defective gp120 production in transfected cell lysates, which suggests that 

LLP-1 truncation results in enhanced gp120 shedding on virions, hence reduced stability 
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and consequent spontaneous inactivation of mutant Env trimers (Affranchino and 

Gonzalez, 2006). Taken together, these data suggest that the lentiviral EnvCT is indeed 

a regulator of two important parameters, conformation and stability, both of which 

determine Env functionality and evasion of entry-targeting restriction factors.   

 

SERINC5 sensitivity has been mapped to the gp120 variable loops, especially the V3 

loop (Beitari et al., 2017; Usami et al., 2015; Zhang et al., 2019a). The conformation of 

Env is dictated by the positioning and accessibility of the V3 loop for coreceptor binding 

and initiation of fusion. When Env is in a closed, prefusion state, the V3 loop is occluded 

by V1/2 and therefore the coreceptor binding site is largely inaccessible (Bartesaghi et 

al., 2013; Lyumkis et al., 2013; Ozorowski et al., 2017; Pancera et al., 2014). Here I show 

that both HIV-1 (X4-tropic) and HIV-2 (R5-tropic) full length, replication competent 

viruses are sensitive to SERINC5 overexpression. Thus, the coreceptor usage function 

of the V3 loop does not explain how V3 determines sensitivity to SERINC5. Rather, Env 

conformation and functionality, which are regulated by the long EnvCT, determine 

sensitivity to SERINC5. SERINC5-resistant HIV-1 DCT infection is insensitive to 

neutralisation by 17b, which binds to the coreceptor binding site in the V3 loop. This 

suggests that truncation of the EnvCT may enable Env to adopt a more closed 

conformation, compared with HIV-1 FL Env trimers. This is also supported by the 

observation that DCT infection is resistant to neutralisation by bnAbs targeting the MPER 

of gp41. These bnAbs have previously been described to bind ‘cryptic’ epitopes in MPER 

(Chen et al., 2020b; Sood et al., 2017), which are transiently exposed when Env trimers 

adopt a fusion-intermediate conformation (Frey et al., 2008). Therefore, reduced 

sensitivity to 2F5 and 10E8 may suggest that DCT Env trimers have restricted exposure 

of MPER epitopes, possibly due to reduced efficiency at adopting fusion-intermediate 

conformations, in line with the idea that DCT Env trimers primarily adopt a closed, 

prefusion conformation. Results from this study and others (Beitari et al., 2017; Chen et 

al., 2020b; Sood et al., 2017) have shown that SERINC5 incorporation into HIV-1 FL 

virions increases sensitivity to MPER targeting bnAbs, but not gp120 targeting bnAbs, 

possibly by inducing specific conformational changes to the MPER region. However, I 

did not consistently observe this increased sensitivity of HIV-1 DCT infection to 10E8.  

HIV-1 DCT with SERINC5 packaged into virions became more sensitive to 2F5 but not 

10E8, which is intriguing given that both bnAbs bind overlapping epitopes on MPER. 

However, this could be reflective of the different neutralising potencies of 10E8 and 2F5. 

Taken together, reduced sensitivity of HIV-1 DCT to 2F5 and 10E8 (in the absence of 

SERINC5) suggests that their epitopes are less accessible on DCT Env trimers, due to 

conformational differences induced by truncation of the long EnvCT, and this perhaps 

prevents SERINC5 from either recognising and directly binding a specific fusion 



 189 

intermediate conformation which is less frequently adopted by DCT Env, or prevents 

SERINC5 from indirectly inducing further conformational changes which are required to 

perturb fusion. Indeed, SERINC5 incorporation does not perturb fusion of HIV-1 DCT 

Env with target cell membranes, suggesting a mechanism for evasion of SERINC5 

restriction. 

 

As further evidence for altered Env conformation of DCT viruses, differences were also 

observed between the neutralisation profiles of HIV-1 FL and DCT infection in the 

presence of bnAbs targeting gp120. HIV-1 DCT infection was significantly more sensitive 

to neutralisation by VRC01 and PGT151, compared with HIV-1 FL infection, suggesting 

that EnvCT truncation induces conformational changes in the ectodomain of Env trimers 

as well as the gp41 MPER. Alternatively, these results may indicate that there are more 

DCT Env trimers present on the surface of virions, hence increasing the probability of 

VRC01 and PGT151 binding, thus less antibody is required to neutralise infection. 

However, if the latter explanation is true, it is difficult to reconcile why the same trend is 

not observed with MPER bnAbs. Increased virion surface exposure of trimers would 

expose more gp120 and MPER epitopes to be targeted by bnAbs, but instead DCT 

infection is less sensitive to neutralisation by MPER bnAbs. As future work, super 

resolution single particle imaging of DCT viruses would aid our understanding of the 

number of Env trimers present on the surface of virions. There is much discordance in 

the literature regarding the effect of EnvCT truncation on antibody neutralisation 

sensitivity of HIV-1 and SIV infectious molecular clones (Durham et al., 2012; Edwards 

et al., 2001; Kuwata et al., 2013; Puffer et al., 2002; Vzorov et al., 2005; White et al., 

2018; Yuste et al., 2005). Progressive truncation of the HIV-1 EnvCT leads to 

incremental increases in sensitivity to neutralisation by HIV-1 positive serum (Edwards 

et al., 2001), whereas the D144 mutation did not result in increased sensitivity to MPER 

antibodies, 4E10 and 2F5 (Durham et al., 2012). This suggests that the D144 mutation 

and the P722* mutation used in this study, have different effects on the Env ectodomain 

conformation, resulting in differences in sensitivity to neutralisation by the same 

antibodies. Since HIV-1 D144 viruses have a larger portion of the EnvCT removed, this 

probably results in opening of the Env trimer, thus allowing access to epitopes targeted 

by bnAbs. Truncation of the SIV EnvCT at Env position 733, which is analogous to the 

position at which stop codons were inserted in my viruses, showed decreased sensitivity 

to neutralisation by macaque sera and SIV-targeting monoclonal antibodies (Kuwata et 

al., 2013; White et al., 2018; Yuste et al., 2004), which is in line with my data. Collectively, 

these data suggest that EnvCT truncation can induce global changes in the Env 

ectodomain which alters sensitivity to the adaptive immune system. 
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To extend the results presented in this chapter, flow cytometry analysis should be used 

to determine the effect of truncating the cytoplasmic tail on Env antigenicity, by 

measuring antibody binding capacity of DCT Env and HIV-2 Envs. Truncating or deleting 

the HIV-1 EnvCT leads to altered Env binding to bnAbs targeting the trimer apex, such 

as PG9 and PGT145, suggesting that the EnvCT regulates Env antigenicity by 

influencing the conformation of the ectodomain (Chen et al., 2015; Julien et al., 2013; 

Lee et al., 2017; Pancera et al., 2013). Further, recent NMR studies provide structural 

evidence that the EnvCT is physically coupled to the Env ectodomain, thus influencing 

Env conformation and antigenicity, particularly of the gp41 MPER (Piai et al., 2020). The 

LLP2 region in the EnvCT adopts a unique structural arrangement in which two 

amphipathic alpha helices form and wrap around the gp41 transmembrane domain 

(TMD) to form a baseplate which stabilises Env conformation, particularly the MPER and 

the ectodomain (Piai et al., 2020). NMR dynamics measurements reveal that there is 

dynamic coupling across the TMD (Piai et al., 2020) and the authors suggest a model in 

which the TMD undergoes scissor-like motions which are regulated by the CT baseplate 

and this in turn influences movement of MPER. Therefore, the physical interaction 

between different gp41 domains explains why changes in the EnvCT can lead to 

allosteric changes in MPER and gp120 via the TMD. Antibody neutralisation data 

suggest the EnvCT-TMD interaction preferentially affects the antigenic structure of the 

trimer apex, because mutations in the interface between TMD and CT result in increased 

sensitivity to neutralising and non-neutralising antibodies (Piai et al., 2020). This 

suggests that gp120 adopts an open conformation, which allows these antibodies to 

more readily access their binding epitopes. In line with this, I have shown that HIV-1 DCT 

infection is more susceptible to neutralisation by VRC01 and PGT151, by comparison 

with HIV-1 FL infection. To conclude, the effect of EnvCT truncation on Env 

conformation, hence sensitivity to antibody neutralisation, can be explained by the 

physical interaction that exists between the EnvCT and the Env ectodomains, including 

gp120 and the gp41 MPER. The importance of the CT baseplate in viral infectivity is 

questioned by Piai and colleagues (2020) because no direct infectivity measurements 

were made in the context of full-length replication competent virus. Data presented in 

this chapter suggests that the CT baseplate is probably important in viral infectivity, given 

that deletion of the baseplate in my DCT viruses results in increased sensitivity to bnAbs 

targeting gp120 and the T20 fusion inhibitor, as well as dysregulated entry kinetics. A 

recent study further emphasises the potential importance of the EnvCT baseplate in 

regulating viral entry and infectivity (Snetkov et al, unpublished data). Mutating a 

conserved tryptophan residue at HIV-1 Env position 757 in the LLP2 region of the HIV-1 

EnvCT (W757A), results in dramatic loss of viral infectivity. BlaM-Vpr measurements 

reveal that the W757A mutant is significantly less fusogenic by comparison with HIV-1 
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FL Env and this cannot be explained by impaired Env incorporation (Snetkov et al, 

unpublished data). Together, these data suggest that manipulation of the EnvCT, either 

by mutation of single residues (W757A mutant) or truncation of the EnvCT (DCT 

mutants), leads to global conformational changes in Env ectodomain which impacts Env 

functionality. As a result, the HIV EnvCT, particularly the EnvCT baseplate structure, 

plays a crucial role in regulating viral entry and susceptibility to antibodies.  

 

I hypothesised that the conformational changes induced by truncation of the HIV-2 

EnvCT, might result in an altered ability of HIV-2 Env to antagonise tetherin. To test this, 

HIV-2 FL and DCT viruses were produced in 293T cells in the presence of tetherin. HIV-

2 DCT viruses were able to antagonise tetherin as efficiently as their FL counterparts, 

since viral release was unaffected. This can be explained by the fact that the conserved 

YxxF endocytic motif in the HIV-2 EnvCT is required for antagonism of tetherin (Le 

Tortorec and Neil, 2009), which is retained in the HIV-2 DCT mutants used within this 

study. This suggests that the conformation of gp120 is probably not important in Tetherin 

antagonism, as long as the proteins can directly interact with each other. 

 

Resistance of EnvCT truncated viruses to SERINC5 was observed in the presence of a 

functional Nef protein in FL and DCT viruses, which suggests that the effect of EnvCT 

truncation is dominant over Nef’s ability to antagonise SERINC5. However, it is worth 

noting that this is an overexpression assay and Nef is usually sufficient to antagonise 

endogenous SERINC5 levels. To test whether EnvCT truncation can rescue HIV-1 DNef 

infectivity, a HIV-1 DCT DNef double mutant was produced. However, characterisation 

of this mutant revealed that deletion of both EnvCT and Nef is detrimental to virus 

production and infectivity. Therefore, it was not possible to determine whether HIV-1 Env 

truncation rescues infectivity of HIV-1 DNef virus in the presence of SERINC5. This is 

likely attributed to the multiple functions of Nef that determine efficient viral replication, 

as discussed in Chapter 1 section 1.2.5 (reviewed by (Buffalo et al., 2019)). A recent 

paper postulated that Nef possibly antagonises an unidentified restriction factor in 

MOLT3 cells and primary unstimulated PBMCs, which is independent of SERINC5 and 

SERINC3 restriction (Wu et al., 2019). Replication of SERINC5-sensitive and -resistant 

viruses (such as NL4.3 and JRFL, respectively) were equally dependent on the presence 

of a functional Nef protein in SERINC5/3 knockout MOLT3 cells, suggesting that this cell 

type expresses a novel and as yet unidentified Nef-sensitive antiviral protein (Wu et al., 

2019) that EnvCT truncation does not overcome. Further, HIV-1 viruses expressing Nef 

mutants which are unable to bind the AP2 adaptor protein, have defective replication in 

MOLT3 cells, suggesting that Nef needs to downmodulate this unidentified antiviral 

factor from the cell surface to allow efficient replication (Wu et al., 2019).   
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Like SERINCs, IFITM-mediated restriction of HIV-1 infectivity occurs at the step of fusion 

and prevents viral entry into target cells (Compton et al., 2014; Foster et al., 2016; Lu et 

al., 2011a; OhAinle et al., 2018; Qian et al., 2015; Tartour et al., 2014; Yu et al., 2015), 

however the exact mechanism also remains unclear. The IFITM proteins target a wide 

range of enveloped viruses including Influenza A virus, Dengue virus, Ebola virus, 

Hepatitis C virus and HIV-1 (Brass et al., 2009; Huang et al., 2011; Lu et al., 2011a). In 

the context of HIV-1, sensitivity to IFITM1-3 has also been mapped to the gp120 V3 loop 

(Foster et al., 2016; Tartour et al., 2014; Wang et al., 2017; Wu et al., 2017) and 

coreceptor usage is reported to determine sensitivity to different IFITM proteins (Foster 

et al., 2016). Given the similarities between SERINC5 and IFITM restriction 

observations, I tested my panel of HIV-1 and HIV-2 viruses with the aim of determining 

whether truncation of the EnvCT also overcomes IFITM restriction in target cells, and 

whether SERINC5 incorporation alters sensitivity to IFITMs in target cells.  

 

The first experimental set up used to investigate viral sensitivity to IFITM restriction 

involved infecting IFITM overexpressing U87 cells with FL and DCT viruses and then 

measuring the percentage of infected cells by flow cytometry, as well as measuring viral 

output by SG-PERT analysis. HIV-1 FL infection was restricted 5-fold by IFITM1 and as 

a result, there was approximately 100-fold fewer budding particles. Conversely, no HIV-

1 DCT infection was detected in U87 control and IFITM1 overexpressing cells by flow 

cytometry and SG-PERT analysis, suggesting that there is a block to DCT viral entry. 

This might be explained by low surface expression levels of CD4 and CXCR4 receptors 

on U87 cells, although I would expect HIV-1 FL virus, which infected up to 50% cells in 

the single round assay, to also be affected by this. However, it is possible that DCT Env 

binds poorly to CD4 and/or coreceptor and therefore requires higher expression to 

increase the likelihood of binding and facilitating entry. This is in line with my previous 

discussion regarding the sCD4 neutralisation data, which shows that DCT virus has a 

higher IC50 value compared with FL virus, suggesting that DCT might bind to CD4 poorly. 

Intriguingly, this block to viral entry was not observed in U87 IFITM2 and IFITM3 

overexpressing cells, as HIV-1 DCT infection reached 13% in both cell types. IFITMs can 

enhance infection in some settings, for example human coronaviruses (Shi et al., 2021; 

Zhao et al., 2014; Zhao et al., 2018), although an explanation and mechanism remains 

to be elucidated. Despite initial infection of U87 IFITM2/3 cells, SG-PERT analysis could 

not detect any RT activity in the supernatant of infected cells, suggesting that no HIV-1 

DCT particles were released. This is indicative of a post entry block. Taken together, 

these data suggest that there are multiple blocks to HIV-1 DCT infection in U87 cells and 

they are non-permissive to EnvCT truncation. Therefore, the U87 model is not ideal for 
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investigating the effect of restriction factors on EnvCT truncated viruses. Further, HIV-2 

viruses were also restricted in U87 cells, irrespective of EnvCT length, providing further 

precedence for using an alternative model system to investigate IFITM restriction.   

 

To determine the effect of IFITM proteins on HIV-1 DCT viral entry, a second model 

system was used in which HeLa TZM-bl cells were transduced with IFITM expression 

vectors. Notably, truncation of the EnvCT rendered both HIV-1 and HIV-2 DCT viruses 

resistant to IFITM-mediated restriction, specifically IFITM1. Moreover, the presence of 

SERINC5 in virions did not alter sensitivity to inhibition by IFITMs in that the restriction 

effect and hierarchy was unaltered whether virus was produced in the presence or 

absence of over-expressed SERINC5. Using a panel of HIV-1 T/F and chronic viruses, 

Foster and colleagues showed that the localisation of IFITM proteins and the Env 

glycoprotein both determine sensitivity and specificity to IFITMs (Foster et al., 2016). 

Viruses that require the CCR5 co-receptor were more susceptible to inhibition by IFITM1 

at the plasma membrane, whilst CXCR4-using viruses were more sensitive to IFITM2/3 

that are predominantly localised within endosomal compartments. Despite HIV-2 ST 

being an R5-tropic virus, I found that it was restricted by IFITM1 but not IFITM2/3, similar 

to X4-tropic HIV-1 NL4.3. Further, IFITM-resistant viruses have been reported to be less 

susceptible to sCD4 and 17b neutralisation by comparison with IFITM-sensitive viruses 

(Wang et al., 2017), in keeping with my observation that DCT viruses (which evade 

SERINC5 and IFITMs) are less sensitive to sCD4 and 17b neutralisation. Inconsistency 

exists about the hierarchy of IFITM1-3 inhibition of HIV-1, the magnitude of inhibition and 

how co-receptor usage dictates differential sensitivity to IFITM1, 2 or 3 (Ding et al., 2014; 

Foster et al., 2016; Lu et al., 2011a; OhAinle et al., 2018; Qian et al., 2015; Wang et al., 

2017; Yu et al., 2015; Yu and Liu, 2018). This likely reflects a combination of differences 

in the cell types used (i.e., whether viral entry favours plasma membrane or endosomal 

fusion and the endocytic capacity of certain cell types), how infection is measured (GFP 

reporter virus, viral protein synthesis or virion infectivity) and the use of pseudotyped 

viruses compared with replication competent virus (the latter incorporating native levels 

of Env into virions and also expressing viral accessory proteins, whereas pseudotyped 

viruses are made using highly overexpressed Env, resulting in high surface Env levels 

(Piai et al., 2020), which may overcome IFITM1 inhibition). Here, replication-competent 

infectious molecular clones were used and a direct measure of viral infection by 

expressing IFITM1-3 in HeLa TZM-bl reporter cells that express HIV-1 Tat-driven 

luciferase. Having validated this assay using T/F virus CH058 and VSV-G Env, I found 

that HIV-1 and HIV-2 infection was restricted by IFITM1 but not IFITM2 or 3, consistent 

with the notion that productive HIV infection is mediated by viral fusion at the plasma 

membrane. Notably, this data reporting sensitivity of HIV-1 to IFITM1 is supported by 
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previous studies that also observed IFITM1 inhibition of infection/fusion using replication 

competent CXCR4-tropic HIV-1 (Foster et al., 2016; OhAinle et al., 2018; Qian et al., 

2015; Yu et al., 2015).  

 

Previously, I discussed the idea that any direct interactions between SERINC5 and DCT 

Env are probably non-functional, given that DCT viruses are able to evade restriction. 

This suggests that the primary mode of SERINC5 restriction may be via an indirect 

mechanism. A recent study investigating Env and SERINC5 clustering on single virus 

particles, shows a lack of Env and SERINC5 co-clustering (Chen et al., 2020b). Chen 

and colleagues (2020) suggest that SERINC5 rigidifies the viral and target cell 

membrane, by sequestering cholesterol from viral assembly points, which prevents 

efficient Env clustering; a crucial step in initiating HIV-1 fusion. IFITM3 has also been 

reported to restrict viral fusion and entry via mechanisms involving modulation of the lipid 

bilayer, although whether this is true for HIV-1 restriction remains to be elucidated (Amini-

Bavil-Olyaee et al., 2013; Desai et al., 2014; Li et al., 2013; Lin et al., 2013). Lipids such 

as cholesterol and sphingomyelin are enriched in viral membranes compared with cell 

membranes (Brugger et al., 2006; Lorizate et al., 2013), although the functional 

significance of this enrichment in HIV-1 infectivity remains to be elucidated. The 

presence of cholesterol in membrane microdomains known as lipid rafts is thought to be 

important in HIV-1 infectivity, given that depletion of cholesterol using the drug Methyl-

b-cyclodextrin (MbCD) leads to inhibition of viral infectivity (Campbell et al., 2002; 

Graham et al., 2003). Campbell and colleagues (2002) found that preincubation of 

replication competent HIV-1 viruses with MbCD resulted in up to 90-fold inhibition of 

infectivity, which could be restored upon cholesterol reconstitution (Campbell et al., 

2002). Similarly, Graham and colleagues (2003) report a correlation between the amount 

of cholesterol depletion in viral particles using MbCD, with loss of SIV and HIV-1 viral 

infectivity (Graham et al., 2003). This suggests that alterations in the level of lipid-raft 

associated cholesterol can directly impact viral infectivity, and so drugs or intracellular 

proteins (such as SERINC5 and IFITMs) that alter the level of cholesterol in viral 

membranes will have an impact on infectivity. Super resolution nanoscopy (STED) 

studies show that the EnvCT and cholesterol govern Env clustering (Nieto-Garai et 

al.2020). HIV-1 virus particles were treated with an enzyme COase, which converts up 

to 50% of membrane cholesterol to cholestenone thereby removing the hydrophobic 

group which is required for interaction with proteins. Untreated FL virus particles showed 

Env clustering, which was lost upon EnvCT truncation (Nieto-Garai et al. 2020). Env 

clustering directly impacts the ability of viruses to fuse with target membranes 

(Brandenberg et al., 2015a). BlaM-Vpr analysis revealed that treatment with COase 

significantly reduced the ability of FL virus to fuse with target cells, as did truncation of 
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the EnvCT at position 751 (Nieto-Garai et al.2020). These data suggest that SERINC5 

and IFITM proteins might indirectly prevent Env mediated fusion by sequestering 

cholesterol from sites of viral assembly and budding, thereby preventing formation of 

Env clusters at fusion hot spots. In line with this hypothesis, super resolution microscopy 

showed that HIV-1 D144 is highly mobile in the lipid bilayer, thus cannot cluster efficiently 

due to loss of interaction with the underlying matrix lattice (Muranyi et al., 2013; 

Pezeshkian et al., 2019). Therefore, it is possible that a similar phenotype would be 

observed with the DCT Envs used in this study. Increased Env mobility in membranes 

can have a direct impact on fusogenicity, by impacting the ability to reach the required 

fusion stoichiometry for initiation of fusion. Fusion stoichiometry is an important concept 

as it determines the efficacy of viral fusion, entry and ultimately infectivity (Brandenberg 

et al., 2015a; Brandenberg et al., 2015b). Certain HIV-1 strains are capable of forming 

functional fusion complexes with fewer Env trimers, such as the SERINC5-resistant HIV-

1 JRFL strain, which suggests that low-stoichiometry Envs can evade SERINC5 

restriction as they are less reliant on forming large Env clusters for efficient fusion 

(Brandenberg et al., 2015b). Given that DCT viruses in this study are able to fuse with 

target cell membranes by 16-24h post infection, despite EnvCT truncation possibly 

increasing mobility in membranes, it is possible that DCT viruses have lower 

stoichiometry compared with their FL counterpart and form a greater quantity of smaller 

clusters that are ultimately able to overcome the required fusion stoichiometry. Future 

super resolution single particle tracking microscopy of infected cells would help to better 

understand this. Taken together, increased mobility and the inability to efficiently cluster 

at fusion hot spots, whilst having low fusion stoichiometry, may enable my DCT mutants 

to overcome SERINC5 and IFITM’s restrictive effects that coalesce on a common 

mechanism related to altered membrane fluidity (possibly through their effects on 

cholesterol). In this study I have investigated the effects of SERINC5 in virus producer 

cells, but given the potential indirect nature of restriction, it is possible that SERINC5 on 

target cell membranes might also efficiently restrict infection by impacting CD4 and 

coreceptor clustering which is also important in fusion. Future work looking at SERINC5 

in producer cells, using experiments similar to the IFITM experiments in this study, will 

help aid our understanding of this hypothesis.  

 

To conclude, in this chapter I have shown that EnvCT truncation renders HIV-1 and HIV-

2 viruses insensitive to SERINC5 and IFITM restriction. At the beginning of this 

discussion, I mentioned that DCT Env evades three potential mechanisms of SERINC5 

restriction: (1) inhibition of fusion, which is evaded as a result of conformational changes 

in the Env ectodomain of gp41 and gp120; (2) spontaneous inactivation of Env, which is 

evaded due to the increased stability of DCT Env trimers and (3) disruption of Env 



 196 

clustering, which is evaded possibly due to the ability of DCT trimers to have low fusion 

stoichiometry. Another conclusion from this work is that the main mechanism of 

SERINC5 and IFITM-mediated HIV restriction is probably not due a direct interaction 

with Env, rather an indirect consequence of altering the lipid membrane.  
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5 Role of the EnvCT in activating signalling pathways 
5.1 Introduction 
In chapter 4 I described and discussed the role of HIV EnvCT in determining sensitivity 

to various Env-dependent restriction factors. Some HIV restriction factors can act as 

pattern recognition receptors (PRR) and play an integral role in the cell intrinsic innate 

immune response to infection. Early stages of the innate immune response involve 

recognition of HIV-specific pathogen associated molecular patterns (PAMPs) and 

activation of signalling pathways, which leads to nuclear translocation of transcription 

factors such as NFkB and IRF3. Once in the nucleus, these transcription factors drive 

expression of innate immune response genes. As a result, soluble type I Interferon (IFN-

I) is produced and binds to the IFN receptor found on the surface of immune cells. this 

initiates a number of signalling cascades which lead to upregulation of interferon 

stimulated genes (ISGs) and an antiviral state is induced. Well-studied examples of this 

include the detection of HIV-1 capsid protein by TRIM5a (Pertel et al., 2011b) and 

Tetherin’s ability to activate NFkB signalling during viral egress (Galao et al., 2012; Hotter 

et al., 2013b). 

 

The first evidence to suggest that the Env cytoplasmic tail can modulate signalling 

pathways came from a study investigating the ability of HIV-1 and SIV EnvCTs to activate 

NFkB signalling (Postler and Desrosiers, 2012). NFkB activation takes place in a TGF-

b-activated kinase 1 (TAK1)-dependent manner and this is proposed to increase cell 

activation and promote viral replication (Postler and Desrosiers, 2012). However, given 

that NFkB signalling can also activate inflammatory responses and innate immune 

responses, I sought to further investigate potential activation of NFkB by a panel of 

lentiviral EnvCTs, and to measure activation of innate immune pathways. 
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5.2 Results 

5.2.1 HIV-1 EnvCT activates NFkB and AP-1 signalling. 
To investigate the ability of lentiviral EnvCTs to activate signalling pathways, a dual 

luciferase reporter gene assay was designed. 293T cells were co-transfected with 

increasing doses of plasmid encoding lentiviral EnvCTs, various reporter plasmids and 

a control thymidine kinase (TK) Renilla plasmid which is constitutively expressed. Finally, 

pcDNA empty vector was used to equalise the total amount of plasmid transfected in 

each well. The TK renilla control is therefore an indicator of cell viability and transfection 

efficiency. Each reporter plasmid encodes firefly luciferase; expression of which is driven 

by activation of promoters upon binding of transcription factors such as NFkB and AP-1, 

or binding of effector molecules such as ISRE, ISG56 or IFNb. The EnvCT of different 

lentiviruses were cloned into a vector with the CD8 ectodomain and transmembrane 

domain attached to the N-terminus of the EnvCT, as previously described (Groppelli et 

al., 2014) (Fig. 5.1A). These Env constructs have previously been validated to follow the 

same intracellular trafficking pathway as full length Env (Groppelli et al., 2014) and were 

also used in a previous study investigating NFkB activation by the HIV-1 EnvCT (Postler 

and Desrosiers, 2012). As a control, a CD8-STOP construct was used, which has a stop 

codon located at the end of the CD8 transmembrane domain so that the CD8 ecto- and 

transmembrane domain are expressed but not the EnvCT (Fig. 5.1A). Figure 5.1B shows 

sequences of the different lentiviral EnvCTs that were fused to the CD8 ecto-and 

transmembrane domains. 48 hours post transfection, firefly luciferase activity was 

measured using a Dual-Luciferase reporter system (Promega).  
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Figure 5.1 Overview of CD8 fusion constructs (A) Schematic showing the EnvCT protein fused 

to CD8 ectodomain and transmembrane domain. (B) EnvCT sequences of lentiviruses tested.   
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A reporter plasmid under the control of the natural promoter of the immunoglobulin kappa 

light chain (IgK) gene, was used to measure NFkB activation, as it is sensitive to NFkB 

subunits p50 and p65 and contains three repeat kB sequences (referred to as the IgK 

NFkB reporter) (Saksela and Baltimore, 1993). Figure 5.2 shows activation of the IgK 

NFkB reporter by HIV-1 NL4.3 EnvCT, and this figure will be used to exemplify how data 

was normalised throughout this chapter. The first step of data normalisation was to divide 

the raw firefly luciferase (Fig. 5.2A) readings by the TK renilla luciferase readings (Fig. 

5.2B) in order to account for differences in transfection efficiency between different 

reactions, and this is termed FF/TK readings (Fig. 5.2C). Next, the FF/TK readings 

obtained upon CD8-STOP and CD8-EnvCT expression were normalised to the FF/TK 

readings of the pcDNA empty vector control to account for the background activity of this 

assay (Fig. 5.2D). Figure 5.2D shows that the CD8-STOP construct is able to marginally 

activate IgK NFkB reporter activity up to 2-fold above the background pcDNA only 

control. Therefore, I introduced another normalisation calculation in which I divided the 

CD8-EnvCT values by CD8-STOP to account for this and obtain a measurement which 

reflects how much activation of the reporter was due to expression of the EnvCT only, 

not the CD8 ectodomain and transmembrane domain (Fig. 5.2E). HIV-1 NL4.3 CD8-

EnvCT activates the IgK NFkB promoter in a dose dependent manner, up to 10-fold 

above CD8-STOP (Fig. 5.2E), in agreement with Postler and colleagues (Postler and 

Desrosiers, 2012).  
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Figure 5.2 HIV-1 EnvCT activates NFkB signalling. 293T cells were transfected with increasing 

doses of CD8 constructs (EnvCT of HIV-1 NL4.3 and CD8-STOP), 5ng IgK NFkB reporter 

plasmid, 2.5ng TK renilla control plasmid and pcDNA to equalise total DNA amount. 48h later 

luciferase activity was measured using the Dual Reporter Gene Assay kit (Promega) (A) Firefly 
(FF) luciferase activity. (B) TK renilla luciferase activity, which is constitutively expressed and acts 

as a transfection efficiency control. (C) Normalisation of FF activity to TK renilla (FF/TK) to 

normalise for differences in transfection efficiency. (D) CD8-EnvCT and CD8-STOP FF/TK values 

divided by pcDNA FF/TK values to account for background luciferase activity of 293T cells. (E) 
EnvCT mediated reporter activation divided by CD8-STOP mediated activation to account for 

CD8 ecto- and transmembrane domain mediated activation of reporter. A-E show graphs from a 

representative experiment. (F) Pooled data from at 3 experiments. Bars show mean and error 

bars represent mean +/- SEM from three independent experiments. Fold activation at each dose 
of CD8-EnvCT was compared with no EnvCT expression (0ng) using two-tailed paired t-tests and 

2-way ANOVA (ns, p>0.05; *, p<0.05; **, p<0.01).    
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Next, I repeated the 293T co-transfection assay and tested whether HIV-1 NL4.3 EnvCT 

could activate a panel of reporter genes that represent activation of an inflammatory and 

innate immune response. Figure 5.3 shows that the EnvCT can activate NFkB and AP-

1 signalling up to 10-fold, compared with CD8-STOP (Fig. 5.3). By contrast, ISG56, ISRE 

and IFNb reporter plasmids are not activated even at high doses of CD8-EnvCT 

overexpression (Fig. 5.3), which suggests that a typical Type I IFN response is not 

activated by the HIV-1 EnvCT in 293T cells.  

 

 
Figure 5.3 HIV-1 EnvCT activates AP-1 signalling. Activation of various reporters was tested 

by co-transfecting 293T cells with indicated doses of CD8 constructs, 5ng of IgK NFkB, AP-1, 

ISG56, ISRE and IFNb reporter plasmids and 2.5ng TK renilla control plasmid. After 48h 

transfected cells were lysed and luciferase activity was measured using the Dual Reporter Gene 

Assay kit (Promega). Normalised luciferase values were obtained as describe in Figure 5.2. Bars 

show mean and error bars represent mean +/- SEM from three independent experiments. Fold 

activation at each dose of CD8-EnvCT was compared with no EnvCT expression (0ng) using two-

tailed paired t-tests and 2-way ANOVA (*, p<0.05; ***, p<0.001, ****, p<0.0001).   
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5.2.2 Induction of NFkB but not AP-1 promoter activity by lentiviral EnvCTs. 

Next, I investigated whether activation of NFkB and AP-1 signalling is specific to HIV-1 

EnvCT or whether other lentiviral EnvCTs can also activate these signalling pathways. 

To test this, the reporter gene assay was repeated as described above, using CD8 fusion 

constructs encoding the EnvCT of HIV-1 RBF168 (referred to as RBF) which belongs to 

Group O, HIV-2 ROD10 and several SIV viruses including SIVmac239, SIVsmm543, 

SIVsmm PBj (referred to as SIV PBj) and SIVtan. Figure 5.4A shows that all the lentiviral 

EnvCTs included in the panel were able to activate the NFkB pathway to varying 

degrees, although due to high variability in this assay, some results did not reach 

statistical significance. Unlike HIV-1 NL4.3 which shows a dose dependent reporter 

activation, HIV-1 RBF strongly activated NFkB signalling even at low doses, starting from 

25ng. Likewise, SIVtan and SIVsmm543 significantly activated NFkB signalling up to 10-

fold at the highest dose of expression. HIV-2 ROD10, SIVmac239 and SIV PBj activate 

the NFkB pathway up to 3-fold over CD8-STOP, however these results were not 

statistically supported. Turning to AP-1 reporter activation, only Group M HIV-1 NL4.3 

CD8-EnvCT activated AP-1 signalling in a dose-dependent manner, up to 10-fold at the 

highest dose (Fig. 5.4B). Western blot analysis of cell lysates from these experiments 

confirmed EnvCT expression of all lentiviruses, however the expression levels varied 

(Fig. 5.4C). Importantly, the level of EnvCT expression does not correlate with the ability 

to activate NFkB signalling. For example, HIV-1 RBF EnvCT was poorly expressed but 

was able to activate NFkB signally. By contrast, SIV PBj was highly expressed but was 

unable to activate NFkB and AP-1 signalling. Taken together, these data suggest that 

lentiviruses have different abilities to activate NFkB signalling and only HIV-1 NL4.3, 

belonging to HIV-1 Group M, activates AP-1 signalling.     
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Figure 5.4 Activation of NFkB and AP-1 pathways by lentiviral EnvCTs. Activation of (A) 

NFkB and (B) AP-1 reporters were tested by co-transfecting 293T cells with increasing doses of 

CD8 constructs, 5ng reporter plasmid and 2.5ng TK renilla control plasmid. After 48h cells 

transfected cells were lysed and luciferase activity was measured using the Dual Reporter Gene 
Assay kit (Promega). (C) Immunoblot showing expression of CD8-EnvCT proteins in transfected 

cell lysates. Bars show mean and error bars represent mean +/- SEM from three independent 

experiments. Fold activation at each dose of CD8-EnvCT was compared with no EnvCT 

expression (0ng) using 2-way ANOVA (*, p<0.05 ***, p<0.001, ****, p<0.0001).  
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5.2.3 Mapping EnvCT domains responsible for NFkB and AP-1 signalling.  
Next, I investigated which domains in the HIV-1 NL4.3 EnvCT are responsible for NFkB 

and AP-1 activation. To do this, the 293T dual luciferase assay was repeated with CD8 

fused EnvCT truncation mutants (Fig. 5.5). Stop codons were inserted in the EnvCT 

sequence at 10-amino acid intervals.  

 
Figure 5.5 EnvCT truncation mutants. Mutants were generated by insertion of a stop codon at 
10 amino acid intervals in the CD8-EnvCT constructs as described previously (Groppelli et al., 
2014).  
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Figure 5.6A shows that all the truncation mutants activate NFkB reporter expression, 

except the shortest L753* mutant. This suggests that the determinant for NFkB activation 

is between L753 and R786, which is in accordance with previous findings (Postler and 

Desrosiers, 2012) as will be discussed in detail in section 5.3. With regards to AP-1 

activation, there is significantly reduced activation upon expression of Y843* and D833* 

mutants and complete loss of activation when mutant L753* is overexpressed (Fig. 

5.6B). This suggests that there may be multiple determinants of AP-1 activation in the 

EnvCT.  

 

As NFkB and AP-1 luciferase activity is completely abrogated when the shortest mutant 

of the EnvCT is expressed, it is possible that the activation phenotype is linked to the 

length of the tail, i.e., the size of the protein being expressed. To investigate this and to 

determine whether the length of the CD8-fusion protein is causing activation of the 

reporter plasmids, indicative of a non-specific response, the dual luciferase assay was 

repeated with a plasmid expressing an unrelated protein of similar size. This plasmid 

encodes the CD8 endo- and ectodomain fused to the mannose phosphate receptor 

(CD8-CIMPR), which is 185 amino acids long and traffics in a retromer-dependent 

manner, similar to HIV-1 EnvCT (Groppelli et al., 2014). Figure 5.6C shows that CD8-

CIMPR failed to activate NFkB and AP-1 reporter activity, suggesting that the size of the 

protein being expressed is not responsible for activation, rather, it is a specific response 

to EnvCT overexpression. 
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Figure 5.6 EnvCT truncation mapping to find determinants of NFkB and AP-1 activation. 

Activation of (A) NFkB and (B) AP-1 reporters were tested by co-transfecting 293T cells with 

100ng CD8 constructs, 5ng reporter plasmid and 2.5ng TK renilla control plasmid. After 48h cells 

transfected cells were lysed and luciferase activity was measured using the Dual Reporter Gene 

Assay kit (Promega). (C) Activation of NFkB and AP-1 reporters was tested by transfecting 293T 
cells as described using 100ng CD8-CIMPR. Bars show mean and error bars represent mean +/- 

SEM from three independent experiments. Fold activation of CD8-EnvCT truncation mutants was 

compared with full length EnvCT using unpaired two-tailed t-tests (*, p<0.05; **, p<0.01; ***, 

p<0.001, ****, p<0.0001).  
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5.2.4 Dissecting the activation of canonical and non-canonical NFkB signalling 
pathways. 
Having established that the NFkB pathway is activated by multiple lentiviral EnvCTs, I 

next investigated whether the canonical or non-canonical pathway is being activated. 

The NFkB family of transcription factors is activated by canonical and non-canonical 

signalling pathways which differ in both signalling components and biological functions 

(reviewed in (Sun, 2017)). The canonical NFkB pathway involves activation of IkB 

kinase (IKK), IKK-mediated IkBα phosphorylation, and subsequent IkBα degradation 

and nuclear translocation of canonical NFkB members, including p50, RELA and c-

REL (Sun, 2017) (Fig. 5.7). By contrast, the non-canonical NFkB pathway selectively 

responds to signals from a subset of tumour necrosis factor receptor superfamily 

members and involves activation of NFkB-inducing kinase (NIK), NIK-mediated p100 

phosphorylation, and subsequent p100 processing and nuclear translocation of non-

canonical NFkB members, including p52 and RELB (Sun, 2017) (Fig. 5.7).  
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Figure 5.7 Canonical and non-canonical NFκB signalling pathways. Canonical pathway is 

triggered by numerous signals, including those mediated by innate and adaptive immune 

receptors. It involves activation of IKK complex by TAK1, IKK-mediated IκBα phosphorylation, 

and subsequent degradation, resulting in rapid and transient nuclear translocation of the 

prototypical NFκB heterodimer RelA/p50. Non-canonical NFκB pathway relies on 

phosphorylation-induced p100 processing, which is triggered by signalling from a subset of TNFR 

members. This pathway is dependent on NIK and IKKα, but not on the trimeric IKK complex, and 

mediates the persistent activation of RelB/p52 complex. Targets of NFkB inhibitors, NBP2 and 
TPCA1, are annotated using red arrows. Adapted from (Sun, 2011). 
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To determine whether the canonical or non-canonical NFkB pathway is activated, I first 

repeated the dual luciferase reporter gene assay with a commercially available reporter 

plasmid (Promega) that specifically drives firefly luciferase expression when the 

canonical NFkB pathway is activated. Figure 5.8A shows that this NFkB promoter is not 

activated by EnvCT overexpression. This suggests that the results obtained using the 

IgK NFkB reporter may not be reflective of canonical NFkB activation.   

 

To further probe this, I tested the effect of two inhibitors targeting the canonical NFkB 

pathway on IgK promoter activity. The first inhibitor is NBP2 (Novus Biotech), which 

targets IKKg and the second inhibitor is TPCA1 (Sigma), which selectively targets the 

IKK-b protein. 293T cells were pre-treated with increasing doses of inhibitor for 30 mins 

prior to transfection. Then, cells were transfected with 5ng IgK NFkB reporter plasmid 

and 150ng HIV-1 CD8-EnvCT. Figures 5.8B shows that there is a dose dependent 

reduction in reporter activation when cells are treated with TPCA1. By contrast, NBP2 

treatment has no effect on reporter activity (Fig. 5.8C). Since both drugs target the same 

complex in the NFkB signalling pathway (Fig. 5.7), it is unclear why they do not show the 

same effect. This data does not indicate which of the two NFkB pathways are activated 

upon CD8-EnvCT expression. 

 

Finally, the viral accessory protein Vpu has been shown to antagonise canonical NFkB 

activation by stabilising the IkB complex and preventing nuclear translocation of p65 

(Sauter et al., 2015). It is also interesting that Env and Vpu are expressed from the same 

bicistronic mRNA (Anderson et al., 2007; Schwartz et al., 1990), suggesting a potential 

requirement for coordinated expression of Vpu and Env. Therefore, it would be 

interesting to investigate whether there is any relationship between Vpu expression and 

EnvCT mediated activation of NFkB. Also, use of Vpu might shed light on which of the 

two NFkB pathways is being activated by the EnvCT. To investigate whether Vpu blocks 

EnvCT-mediated NFkB activation, I repeated the dual luciferase assay by co-

transfecting increasing doses of Vpu, 150ng HIV-1 CD8-EnvCT, 5ng IgK NFkB reporter 

plasmid and 2.5ng TK renilla control plasmid. As a positive control, 293T cells were 

treated with TNF-a to stimulate a potent NFkB response, which was suppressed by Vpu 

in a dose-dependent manner (Fig. 5.8D). By contrast, Figure 5.8E shows that 

overexpression of Vpu does not suppress IgK promoter activation by CD8-EnvCT.  
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Figure 5.8 Canonical and non-canonical activation of NFkB pathways. Activation of the (A) 

synthetic NFkB reporter (Promega) and (B-E) IgK reporter were tested using the Dual Reporter 

Gene Assay kit (Promega). Luciferase obtained from CD8-EnvCT expression were first 

normalised to pcDNA empty vector control and then to CD8-STOP, which is also normalised to 

pcDNA. Fold activation at each dose of CD8-EnvCT was compared with no EnvCT expression 

(0ng). 293T cells were pretreated with indicated doses of (B) TPCA1 and (C) NBP2 canonical 
NFkB pathway inhibitors for 30 mins prior to transfection. Fold activation at each dose of drug 

was compared with no drug control (0µM) (D) 293T cells were cotransfected with indicated doses 

of Vpu plasmid, 5ng IgK reporter and 2.5ng TK renilla. Cells were treated with TNFa for 6 h prior 

to cell lysis. (E) IgK reporter activation was tested in the presence of indicated doses of Vpu. Fold 

activation at each dose of CD8-EnvCT was compared with no Vpu expression (0ng). Bars show 

mean and error bars represent mean +/- SEM from three independent experiments. Fold 

activation was compared using 2-way ANOVA (*, p<0.05; **, p<0.01; ***, p<0.001, ****, 

p<0.0001).  
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5.2.5 Env overexpression is toxic in 293T cells.  
The results in this chapter demonstrate that the HIV-1 NL4.3 EnvCT activates NFkB and 

AP-1 signalling. These transcription factors regulate cell activation state, which is 

important in the context of infection, because activated CD4 T cells are more permissive 

to HIV-1 infection compared with resting CD4 T cells (Cameron et al., 2010; Swiggard et 

al., 2005; Yoder et al., 2008). Further, Deng and colleagues (2017) have shown that the 

Env glycoprotein of HIV-1 plays a role in boosting T cell activation state during cell-cell 

spread, as Env accumulation at the immunological synapse enhanced T cell receptor-

induced CD69 upregulation, IL-2 secretion and cell proliferation (Deng et al., 2016). 

Further, Postler et al (2018) infected T cell lines in the presence and absence of PHA 

stimulation to show that in activated cells the HIV-1 FL and DCT viruses have comparable 

replication, whereas in sub optimally activated cells (no PHA) the DCT virus is unable to 

spread (Postler and Desrosiers, 2012). This suggests that the EnvCT overcomes a block 

in sub optimally activated cells by inducing NFkB signalling, indicating a precedent for 

full length Env protein to activate the NFkB and AP-1 reporter plasmids in our 

experimental model. To test reporter activation in the presence of full-length HIV-1 NL4.3 

Env expression, I repeated the dual luciferase assay using plasmid encoding full length 

gp160 protein in a pcDNA background. Figure 5.5 shows that there is a 100-fold 

decrease in TK renilla readings, compared with the pcDNA empty vector control, 

suggesting that gp160 protein overexpression is cytotoxic. Cytotoxicity can modulate the 

expression of NFkB and AP-1 signalling components, due to altered cell biology, which 

masks the effect of Env and therefore these results are not shown.   
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Figure 5.9 HIV-1 gp160 protein expression is cytotoxic. 293T cells were cotransfected with 

increasing doses of NL4.3 gp160 protein expressed in a pcDNA backbone, 5ng reporter plasmid 

and 2.5ng TK renilla plasmid. (A-B) TK renilla luciferase readings compared with background 

luciferase upon pcDNA empty vector control expression. Bars show mean and error bars 

represent mean +/- SEM from three independent experiments. Groups were compared using 2-

way ANOVA (ns, p>0.05, **, p<0.01; ****, p<0.0001). 
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5.3 Discussion 
In Chapter 5, I have tested the ability of lentiviral EnvCTs to activate inflammatory and/or 

antiviral signalling pathways using a dual luciferase reporter gene assay. I have shown 

that HIV-1 and some SIVs (SIVtan and SIVsmm543), but not HIV-2, activate a reporter 

plasmid under the control of the natural promoter of the immunoglobulin kappa light chain 

(IgK) gene, which is also sensitive to NFkB subunits p50 and p65 and contains three 

repeat kB sequences (referred to as the IgK NFkB reporter). These EnvCTs activate the 

reporter up to fold compared with the CD8-STOP control. In line with this, a previous 

study used a similar reporter gene assay and showed that SIVmac239, HIV-1 NL4.3 and 

two HIV-1 primary isolate EnvCTs, fused to the CD8 ecto- and transmembrane domain, 

activate NFkB signalling up to 10-fold (Postler and Desrosiers, 2012).  

 

To map the region of the HIV-1 EnvCT responsible for NFkB activation, I used truncation 

mutants in the CD8-fusion construct to assess reporter gene activation. This showed that 

the shortest L753* mutant completely abrogated NFkB activation, thus the determinant 

is within the sequence IWDDLRSLCLFSYHRLRDLLLIVTRIVELLGRR, given that 

removal of this sequence results in loss of reporter activation. Postler and Desrosiers 

(2012) used a similar approach to find that the CLFSYHRLRDLL motif (underlined 

above) is important for NFkB activation (Postler and Desrosiers, 2012). In their study, 

expression of the CD8-EnvCT truncation mutants resulted in up to 80-fold increased 

activation of the NFkB reporter by comparison with full length EnvCT which activated the 

reporter up to 10-fold (Postler and Desrosiers, 2012). This is thought to be as a result of 

reduced cytotoxicity upon expression of a smaller EnvCT protein, due to EnvCT 

truncation. Data from this thesis suggests this is probably not true. The TK renilla reporter 

is constitutively expressed and was therefore used as an internal control for transfection 

efficiency and cytotoxicity in my experiments, whereby low TK renilla expression is 

indicative of cellular cytotoxicity. No significant differences were observed in the TK 

renilla luciferase readings of full length EnvCT expression compared with the EnvCT 

truncation mutants in this study. This is in contrast to the Postler study which used b-

galactosidase as an internal control and suggested that expression of the EnvCT is toxic 

to 293T cells (Postler and Desrosiers, 2012).    

 

The NFkB family of transcription factors is activated by canonical and non-canonical 

signalling pathways, which differ in both signalling components and biological functions 

(Fig. 5.7). Activation of the canonical NFkB pathway leads to activation of IkB kinase 

(IKK), IKK-mediated IkBα phosphorylation, and subsequent IkBα degradation and 

nuclear translocation of canonical NFkB members, including p50, RELA and c-REL 
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(Sun, 2017). By contrast, activation of the non-canonical NFkB pathway is a result of 

NFkB-inducing kinase (NIK) activation, NIK-mediated p100 phosphorylation, and 

subsequent p100 processing and nuclear translocation of non-canonical NFkB 

members, including p52 and RELB (Sun, 2017). Although I have shown that HIV-1 

EnvCT can activate NFkB signalling using the IgK NFkB promoter, the commercially 

available NFkB reporter plasmid containing a synthetic NFkB-sensitive promoter 

(Promega) was not activated. This suggests that non-canonical NFkB signalling is 

responsible for luciferase expression in my system. By contrast, Postler et al (2012) 

characterised NFkB activation in their system using an siRNA screen and found that 

components of the canonical pathway, such as TAK1 and RELA, were required for 

reporter activation, not RELB which is a component of the non-canonical pathway 

(Postler and Desrosiers, 2012). Further, coimmunoprecipitation assays and confocal 

microscopy showed that the EnvCT specifically binds to TAK-1 and the proteins 

colocalise in transfected cells (Postler and Desrosiers, 2012). It is unclear why these 

discrepancies exist in our results, although one explanation might be that different NFkB 

reporter plasmids were used in the two studies, and they both have different sensitivities 

to stimulation by EnvCTs. To further investigate whether the canonical or canonical 

pathway is activated, I added NFkB inhibitors that specifically target the canonical 

pathway to the reporter assay to block pathway activation. TPCA1, which targets the 

IKKb subunit, showed a dose dependent reduction in IgK NFkB reporter activity, whereas 

NBP2, which targets the IKKg subunit, did not inhibit IgK NFkB activation (Fig. 5.7). 

Discrepancy between the two drugs might be indicative of different inhibitor potencies. 

Alternatively, this could be explained by off target effects of TPCA1 on IKKa, which is 

also part of the non-canonical NFkB pathway (Sun, 2017). Further evidence to suggest 

that canonical NFkB signalling is not activated in my reporter system, is that the viral 

accessory protein Vpu was unable to antagonise IgK NFkB reporter activity. The ability 

of Vpu to exert immunosuppressive activity has been mapped to its ability to suppress 

NFkB signalling using 293T transfection and reporter gene assays (Hotter et al., 2013a; 

Manganaro et al., 2015; Sauter et al., 2015). Co-transfection of Vpu, Tetherin (which 

activates canonical NFkB signalling) and a canonical NFkB reporter plasmid showed 

that Vpu potently suppresses the canonical NFkB pathway (Hotter et al., 2013a; 

Manganaro et al., 2015). Further, replication competent HIV-1 DVpu mutants induce 

higher levels of NFkB activity and IFNb and ISG expression in infected T cells compared 

with WT virus, suggesting that Vpu is important in antagonising NFkB activity during 

infection (Sauter et al., 2015). Finally, a recent RNA-seq analysis of HIV-1 infected CD4 

T cells also showed that Vpu preferentially suppresses the expression of NFkB target 

genes that are involved in antiviral responses (Langer et al., 2019).   
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In this Chapter I show that the Group M HIV-1 NL4.3 EnvCT activates AP-1 signalling 

up to 10-fold, but not Group O HIV-1 RBF, HIV-2 or SIV EnvCTs. HIV-1 EnvCT truncation 

mapping revealed that there was a significant loss of AP-1 signalling when mutant Y843*, 

D833*, R786* and L753* were expressed in the reporter assay. This suggests that there 

might be multiple determinants in the EnvCT responsible for AP-1 activation. 

Interestingly, the C-terminal sequence, IWDDLRSLCLFSYHRLRDLLLIVTRIVELLGRR, 

overlaps with the sequence required for NFkB activation (underlined). This suggests that 

a common domain in the EnvCT may activate both transcription factors. This sequence 

is absent in all other lentiviral EnvCTs tested within this study, which might explain why 

the different HIV and SIV groups do not activate AP-1 reporter activity.  

 

Sequencing of the IgK promoter revealed that the plasmid is a parent or derivative of the 

IgK CONA Luc plasmid (Genbank LT727454) but does not contain 3 NFkB binding sites 

from the IgK promoter. Rather, it contains a sequence of unknown origin, which contains 

a single NFkB binding site that is identical to the site in the HIV-1 LTR, as well as several 

other predicted NFkB binding sites. Therefore, it is likely that the construct is sensitive to 

NFkB activation, like the IgK CONA Luc plasmid. The sequencing results also revealed 

that this region contains 2 identical (in opposite directions) potential AP-1 binding sites 

(Fig. 5.11), suggesting that IgK promoter activation could be reflective of AP-1 signalling, 

as well as non-canonical NFkB signalling, in line with the observation that the synthetic 

NFkB promoter is not activated. However, this does not explain why other viruses, such 

as HIV-1 RBF and SIVsmm, activate IgK but not the AP-1 reporter. Since these 

lentiviruses originate from different lineages, it is plausible that they do not behave in a 

similar manner. The mechanism of NFkB activation may differ between the lentiviruses 

and perhaps HIV-1 NL4.3 uses a mechanism which results in activation of both AP-1 

and the non-canonical NFkB pathway. TAK-1 activation can lead to phosphorylation of 

MAPK and IKK proteins, resulting in activation of the NFkB and AP-1 signalling pathways 

(Fig. 5.10) (Dey et al., 2011; Lee et al., 2002b; Ninomiya-Tsuji et al., 1999; Zhou et al., 

2003), suggesting that there is crosstalk between these pathways. Also, synergy 

between NFkB and AP-1 signalling has been suggested previously (Fujioka et al., 2004; 

Lee et al., 1997; Lee et al., 2002b; Yang et al., 2001). For example, IKK-1 and IKK-2 

knock out mice show inhibited fos expression due to the fact that NFkB regulates elk-1 

expression. The Elk-1 protein regulates c-Fos, which is a component of the AP-1 

complex, and therefore reduced expression of Elk-1 leads to inhibition of AP-1 signalling 

(Fujioka et al., 2004). This suggests that there is crosstalk between AP-1 and NFkB 

signalling, which might be manipulated by HIV-1 Group M to enhance viral replication.  
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Figure 5.10 TAK1 modulates NFkB and AP-1 signalling. Activation of TAK1 occurs upstream 

of various stimuli and leads to the phosphorylation of MAPK and IKK proteins. Consequently, IkB 

is phosphorylated and degraded. The AP-1 and NFkB transcription factors translocate into the 

nucleus and upregulate inflammatory gene expression.  

 

 
Figure 5.11 IgK promoter sequence. Annotated sequence of the IgK promoter showing a single 

NFkB site identical to the HIV-1 NL4.3 LTR NFkB site in reverse (highlighted blue), other potential 

NFkB binding sites (highlighted in yellow) and two potential AP-1 binding sites (highlighted in red). 
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Similar to the HIV-1 EnvCT, HIV-1 virion-associated Vpr also activates NFkB and AP-1 

signalling via enhanced phosphorylation of TAK-1 (Liu et al., 2014). This suggests that 

both incoming Env gp41 protein and Vpr act early in the viral life cycle, to activate NFkB 

and AP-1 signalling, which possibly enhances CD4 T cell activation and facilitates viral 

replication. While the effects of Env gp41 on activating NFkB and AP1 signalling in 

macrophages has not been evaluated in this thesis, or by Poster et al., it is possible that 

when infecting macrophages, which are usually quiescent in nature, an early activation 

event by the EnvCT may also prove be beneficial in initiating viral replication. This could 

be explored in future work. A direct comparison of HIV-1 replication between viruses that 

can and cannot activate NFkB signalling, via the EnvCT, in human PBMCs showed that 

they replicate comparably (Postler and Desrosiers, 2012). However, replication in cells 

that were cultured in low concentrations of IL-2, revealed that the mutant which does not 

activate NFkB signalling, replicates less well compared with the wild type counterpart, 

implying that NFkB activation is required to overcome restrictions that are posed to viral 

replication by sub-optimally activated cells (Postler and Desrosiers, 2012). Also, during 

the early stages of viral replication, the restriction factor TRIM5a recognises HIV-1 capsid 

and activates NFkB and AP-1 signalling in a TAK1-dependent manner, although whether 

this contributes to innate immune activation remains uncertain (Pertel et al., 2011b). 

Taken together, these observations show that lentiviruses fine tune the level of NFkB 

and AP-1 activation upon entry into target cells in order to gain a replicative advantage: 

Env gp41 and Vpr activate the pathways and concomitantly prevent TRIM5a-induced 

activation of the same pathways to avoid over stimulation and activation of an antiviral 

state. During the late stages of the viral life cycle, Tetherin has been shown to activate 

NFkB signalling, and this is counteracted by HIV-1 Vpu, HIV-2 Env and SIV Nef proteins. 

Similarly, it is possible that EnvCT-mediated and Vpr-mediated NFkB and AP-1 

activation is counteracted by other accessory proteins during late stages of the viral life 

cycle in order to allow for efficient replication and spread. Finally, I found that reporters 

that are indicative of a typical type I IFN response, such as IFNb, ISRE and ISG56 

reporters, were not activated by the CD8-EnvCT fusion constructs, arguing against the 

possibility that an antiviral IFN response is activated by the lentiviral EnvCT. This is 

further evidence to suggest that NFkB and AP-1 activation by the lentiviral EnvCT is 

advantageous, possibly by increasing the activation status of infected cells to enhance 

viral replication, in line with previous studies (Postler and Desrosiers, 2012).  
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6 Conclusion and Future work 
In this thesis, I have uncovered a previously undescribed regulatory role for the enigmatic 

lentiviral EnvCT: modulation of viral sensitivity to restriction factors that target HIV entry 

into target cells. Truncation of the EnvCT, downstream of the conserved YxxL endocytic 

motif, allows HIV-1 and HIV-2 to evade restriction by SERINC and IFITM proteins. To 

understand how and/or why truncation of the HIV EnvCT allows viral evasion of 

SERINC5 and IFITMs, I explored the effect of this mutation on Env conformation and 

functionality. A series of antibody neutralisation assays suggested that the Env 

ectodomain, including gp120 and gp41 MPER, have dysregulated conformations, since 

they have altered sensitivity to bnAbs compared with viruses with a full length EnvCT. 

This in turn had a direct impact on Env’s ability to complete fusion, since there was a 

delay in viral entry into target cells up to 6 hours post infection. However, the DCT Envs 

were more stable compared with FL Envs, thus possibly allowing the DCT viruses to 

eventually complete fusion and reach infectivity levels comparable to the FL virus. This 

data implies that DCT viruses evade SERINC5 and possibly IFITMs, due to the 

dysregulated nature of the Env ectodomain conformation. The SERINC and IFITM 

families of restriction factors target Env-mediated fusion of viral and target cell 

membranes by currently less well understood mechanisms. Data in this thesis suggest 

that their restriction mechanism is complex and multifaceted. First, SERINC5 and IFITMs 

might recognise and bind a late fusion intermediate conformation of the Env ectodomain, 

which then blocks further conformational changes from occurring, that are necessary for 

the completion of fusion.  Alternatively, or perhaps not mutually exclusively, it is possible 

that the restriction factors modulate the lipid bilayer which indirectly prevents fusion by 

altering Env conformation as a by-product of lipid modulation. This leads to an 

unexplored hypothesis that SERINC5 on target cell membranes might also be important 

in restriction of HIV, like IFITMs. To explore this hypothesis, SERINC5 can be 

overexpressed in HeLa TZM-bl target cells and infected with virus produced in 293T or 

T cells, similar to the IFITM experiments described in Chapter 4. It would also be 

interesting to express IFITM proteins in virus producer cells to determine the effect of 

EnvCT truncation in this context, given that IFITMs are also postulated to restrict HIV-1 

in producer cells (Compton et al., 2014; Tartour et al., 2014; Yu et al., 2015).  

 

A comparative analysis of HIV-1 and HIV-2 replication in T cells revealed that the two 

human immunodeficiency viruses have differential requirements for the long EnvCT 

(Chapter 3). HIV-2 can replicate efficiently in the absence of a long EnvCT and could 

thereby potentially overcome SERINC and IFITM restriction in T cells, whilst HIV-1 

cannot. Truncation of the HIV-1 EnvCT leads to a severe defect in viral replication in T 

cells, which can in part be explained by an Env incorporation defect. An aim of this study 
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was to understand why HIV-1 and HIV-2 have a differential requirement for a long 

EnvCT, however this still remains elusive. Future studies should compare HIV-1 and 

HIV-2 assembly, to better understand why there is an Env incorporation defect when 

HIV-1 EnvCT is truncated but not when HIV-2 EnvCT is truncated. For example, it is 

possible that the viruses use different mechanisms of Env incorporation, involving 

different host proteins as cofactors. Nevertheless, this newly described mechanism of 

restriction factor evasion is not feasible for HIV-1 viruses to utilise in vivo or in vitro in T 

cells. Importantly, these data reveal a plasticity of HIV-2 Env towards mechanisms of 

escape. 

 

Regulation of the Env ectodomain by the EnvCT might have important implications in 

vivo. Indeed, myself and others (Durham et al., 2012; Edwards et al., 2001; Edwards et 

al., 2002) have shown that truncation of the EnvCT leads to increased sensitivity of HIV-

1 to antibodies targeting the gp120 subunit. Perhaps this explains why very few reports 

on HIV-1 patient isolates describe variants with a truncated EnvCT, as the adaptive 

immune system clears these variants. Alternatively, this might partly be explained by the 

fact T cells are not permissive to EnvCT truncation, however it is possible that 

macrophages may or may not be permissive. Currently, little is known about infection 

and replication of lentiviruses with DCT Env in macrophages, and EnvCT truncation of 

SIV and HIV-2 has only been reported in T cells. To investigate this, experiments 

presented in Chapter 3 can be repeated in differentiated THP-1 cells, which have a 

macrophage-like phenotype, as well as primary macrophages.  

   

In Chapter 3, I discussed data which suggests that HIV-1 DCT variants might exist as 

minority variants in vivo, as part of the viral quasispecies (Saha et al., 2005; Zerhouni et 

al., 2004) and neutralisation assays using gp120 targeting bnAbs in Chapter 4 suggest 

that these DCT variants might remain as minority variants in vivo (if they do exist at all) 

due to the selective pressure exerted by the adaptive immune system. Further, one of 

the most important functions of the Env glycoprotein is to mediate efficient fusion of viral 

and target cell membranes. Data in this thesis suggest that the EnvCT regulates this 

critical function of Env. In Chapter 4, my results show a trend towards increased 

fusogenicity when the EnvCT is truncated. Previous studies in the SIV model suggest 

that this increased fusogenicity results in a replicative advantage for the virus, although 

spreading replication data for my HIV viruses in Chapter 3 do not support the idea of 

enhanced replication of HIV-2. HIV-2 with a long and short EnvCT replicated comparably 

in H9 T cells, suggesting that increased fusogenicity may not always correlate with 

enhanced replication. Future studies using the HIV-2 ST and HIV-2 7312A DCT mutants 

might allow spreading infection to proceed for longer than 9 days in order to ascertain 
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whether the DCT mutants eventually gain a replicative advantage or not. A possible 

mechanism by which EnvCT truncation might enhance viral replication is by enhancing 

the ability to perform cell-cell spread, rather than cell-free infection as the former mode 

of transmission is thought to be at least a magnitude more efficient (Chen et al., 2007; 

Dimitrov et al., 1993; Martin et al., 2010; Mazurov et al., 2010; Sourisseau et al., 2007). 

Therefore, an important question which remains to be answered is: does EnvCT 

truncation allow HIV to perform more efficient cell-cell spread? It is also currently 

unknown how well HIV-2 performs cell-cell spread compared with HIV-1. These 

questions can be answered in future studies using well established protocols which 

quantify viral spread by cell-cell transmission using coculture conditions in which infected 

donor and target cells are stained to measure viral transfer into target cells. A direct 

comparison can be made to cell-free infection using a trans-well set up to separate the 

donor and targets and prevent cell-cell contact.   

 

The cytoplasmic tails of many enveloped viruses have been described as a ‘safety catch’, 

which prevents premature activation of Env fusogenicity, as a mechanism of regulating 

viral fusion and entry. The HIV-1 EnvCT is postulated to interact with Gag in the immature 

virion, which might prevent premature activation of fusogenicity, before Env trimers are 

incorporated into virions and HIV buds into the extracellular space. This spontaneous 

inactivation of Env has been suggested to be induced by SERINC5 present in HIV-1 

virions (Sood et al., 2017). Since the DCT Env glycoproteins are more stable, it is 

possible that this is a mechanism by which altered Env conformation allows the virus to 

evade SERINC5-mediated restriction. Other than HIV-1 EnvCT, cleavage of the 

cytoplasmic R-peptide of MLV also regulates fusion (Kubo and Amanuma, 2003; Loving 

et al., 2012) as discussed in previous chapters. Further, recent studies in HCV show that 

the C-terminal hypervariable region 1 (HVR-1) of the E2 glycoprotein regulates HCV 

entry efficiency and sensitivity to neutralising antibodies (Stejskal et al., 2020). The HVR-

1 region is a highly mobile structure which is constrained at the cell membrane when E2 

binds the cell surface receptor SR-B1, thus HRV-1 acts as an entropic safety catch 

(Stejskal et al., 2020). Long term cell culture of HCV results in mutations which result in 

preconstrained HVR-1 to allow more efficient E2-SRB1 interactions and viral entry into 

target cells. However, this results in increased sensitivity to neutralising antibodies which 

selects against this mutant (Stejskal et al., 2020). This is similar to what I observe with 

truncation of HIV EnvCTs. Together these data suggest that viruses use their EnvCTs 

to regulate key viral processes, however this plasticity is not always advantageous in 

vivo due to the selective pressure exerted by the adaptive immune system.     
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Another interesting observation made in Chapter 4 of this thesis is that HIV-1 DCT and 

HIV-2 viruses with a full length and truncated EnvCT are restricted in U87 cells. Whether 

this restriction occurs at a pre- or post-entry step remains to be elucidated. This suggests 

that U87 cells are non-permissive for HIV-1 EnvCT truncation. Also, there might be 

differences in the utilisation of host cofactors between HIV-1 and HIV-2, such that the 

cofactors required for HIV-2 are absent in U87 cells, thus there is an infectivity defect. 

Little data is available of HIV-2 cofactors, therefore this requires further investigation. 

Future mass spectrometry analysis of HIV-1 FL, HIV-1 DCT and HIV-2 viruses might aid 

our understanding of differences in HIV cofactor usage, which might explain the 

infectivity defect in U87 cells. Given that HIV-1 and HIV-2 belong to two different 

lineages, it is plausible that their EnvCT proteins might also behave differently. 

 

SIVs are restricted in human cells and this is possibly due to the presence of a species-

specific restriction factor, which SIV evades by truncating the EnvCT. This suggests that 

this restriction factor may target the EnvCT, which is plausible given that several antiviral 

proteins, such as MARCH family of proteins (Tada et al., 2015; Zhang et al., 2018; Zhang 

et al., 2019b) and 90K (Lodermeyer et al., 2018; Lodermeyer et al., 2013), have been 

described to reduce viral infectivity by targeting Env. A comparative study investigating 

the sensitivity of HIV-1, HIV-2 and SIV viruses with a long and short EnvCT, to MARCH 

and 90K might reveal that these proteins are responsible for the EnvCT truncation 

phenotype. Alternatively, there might be a currently unknown restriction factor which is 

responsible for SIV truncation and perhaps, HIV-2 is also sensitive to the same restriction 

factor, explaining why HIV-2 has also been reported to truncate its EnvCT as an 

adaptation to cell culture (Albert et al., 1987; Evans et al., 1988; Hoxie et al., 1991; Kong 

et al., 1988; Kumar et al., 1990). This is a plausible hypothesis given that HIV-2 is thought 

to be less-well adapted to the human host by contrast to the pandemic HIV-1 Group M 

viruses. In line with this, HIV-2 Nef is a less potent antagonist of SERINC5 compared 

with its ancestor SIVsmm Nef and HIV-1 Nef (Heigele et al., 2016). Using a heterokaryon 

system in which permissive infected cells are fused with non-permissive cells could aid 

in identification of the dominant-acting factor that targets the lentiviral EnvCT and 

prevents SIV and some HIV-2 viruses with a long EnvCT from replicating in T cells.  

 

Comparative retrovirology has been an important tool to aid our understanding of other 

lentiviral proteins such as Gag and all the lentiviral accessory proteins. For example, 

studies focussing on the ability of certain SIV, but not the SIVcpz/HIV-1 lineage, Nef 

proteins to downmodulate CD3 from the cell surface, revealed that HIV-1 has evolved to 

retain CD3 in order to enhance viral replication and cell-cell spread (Mesner et al., 2020). 

Also, there is great plasticity in mechanisms of lentiviral evasion of the restriction factor 
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Tetherin, whereby HIV-1 uses Vpu (Neil et al., 2008), HIV-2 uses Env (Le Tortorec and 

Neil, 2009) and most SIVs use Nef (Zhang et al., 2009). This reveals that Tetherin 

antagonism is a conserved feature of lentiviral biology and that Tetherin exerts a 

selective pressure which viruses must overcome to replicate successfully. Therefore, 

such comparative approaches are likely to reveal important and novel insights into the 

biology of the EnvCT.    

 

To conclude, lentiviruses encode a long, enigmatic EnvCT which is involved in various 

steps of the viral life cycle including fusion, Env trafficking, Env incorporation and viral 

assembly (Checkley et al., 2011), as well as regulating Env ectodomain conformation 

and functionality. This thesis explores the effect of EnvCT truncation on HIV’s ability to 

evade restriction factors, sensitivity to antibody neutralisation and entry efficiency into 

target cells. I have uncovered a previously unknown mechanism by which HIV-1 and 

HIV-2 can evade two potent entry targeting restriction factors, SERINC5 and IFITM, 

however due to differential requirements of the long EnvCT between the two human 

immunodeficiency viruses, this mechanism of evasion cannot be utilised by HIV-1. This 

study provides further precedent for the idea that lentiviruses continuously adapt to 

alterations in selection pressures when introduced into different niches, in order to be 

able to successfully replicate and transmit. 
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