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Abstract  

HIV-1 most efficiently disseminates by direct cell-cell transmission that occurs at 

virological synapses (VS) formed between infected and uninfected CD4+ T cells. 

Previous work has shown that VS formation triggers antigen-independent T cell receptor 

(TCR) signalling in infected T cells to drive viral spread. Interestingly, the viral accessory 

protein Nef of HIV-2 and most SIV lineages, but not HIV-1, downmodulates CD3 - the 

signalling component of TCR complex. This impairs signalling at the immunological 

synapse and may interfere with antiviral responses and prevent aberrant immune 

activation. Why HIV-1 lost this potential immune evasion strategy remains incompletely 

understood. This question was addressed using chimeric HIV-1 viruses expressing 

SIVsmm Nef proteins and mutants thereof that differ specifically in their ability to 

downmodulate CD3. The results show that retained CD3 expression on infected cells 

resulted in enhanced viral cell-cell spread compared to viruses that downmodulate CD3 

expression. Retained CD3 expression resulted in increased expression of functional 

envelope trimers (Env) on the surface of infected cells, increased Env incorporation into 

virions and thus increased virion infectivity, which was found to be the determinant for 

enhancement of viral spread. Increased Env expression and virion infectivity was shown 

to be dependent on VS formation and cell activation, thus explaining the role of CD3 and 

TCR signalling in this process. It was also observed that during cell-cell spread the 

presence of CD3 on infected cells correlated with enhanced TCR signalling at the VS, 

increased cell activation, as well as increased cell death. In addition to SIVsmm, SIVmac 

and HIV-2 Nef chimeric viruses were also examined, as they originate from zoonotic 

transmissions from SIVsmm. Interestingly, SIVmac and HIV-2 Nef viruses did not show 

any differences in cell-cell spread, virion infectivity or cell activation that correlated with 

CD3 downmodulation as observed for SIVsmm Nef viruses. The reason for this remains 

unknown; however, it suggests that there may be additional species-specific Nef 

determinants that contribute to efficient viral spread. Taken together, the results suggest 

that HIV-1 might have lost Nef-mediated CD3 downmodulation activity to allow for more 

efficient viral replication while losing the ability to suppress T cell activation and cell 

death, which possibly contributes to increased viral pathogenicity of HIV-1. 
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Impact statement  

Primate lentiviruses have acquired and evolved different accessory genes to manipulate 

their host to order to support efficient viral replication and dissemination, while balancing 

this with the need to modulate the host environment towards immune evasion. I have 

examined the role of one such accessory protein: Nef and its ability to downmodulate 

surface expression of CD3, a key feature that distinguishes the pandemic HIV-1 lineage 

form most other primate lentiviruses. The data in this Thesis suggests that loss of this 

otherwise conserved feature contributes to more efficient viral spread, which helps to 

explain why HIV-1 lost this function of Nef. Importantly, it was also observed that loss of 

CD3 downmodulation results in increased T cell activation and cell death, which possibly 

contributes to increased viral pathogenicity of HIV-1 and less efficient immune evasion. 

Comparing Nef proteins from different lineages, this work highlights the plasticity of 

accessory protein function between different lentiviruses and evolution of multiple 

pathways that support efficient viral spread and thus provides new insights into lineage-

specific differences in Nef function. This work also provides further understanding into 

the role of Nef and TCR signalling in immune activation and pathogenesis, which could 

be harnessed to develop new therapeutic strategies. Furthermore, the results also 

suggested that TCR signalling might impact on Env trafficking and virion incorporation, 

which mediates the infectivity of the virus. Currently the pathways of intracellular 

trafficking of Env and its virion incorporation are not well understood. The chimeric Nef 

virus used in this study could therefore be used to further dissect and understand the 

biology of Env. In turn, this knowledge could have important implication for development 

of novel vaccine or cure strategies. The interplay between the host and the virus is highly 

complex and extremely difficult to dissect through in vitro studies; however, this work 

highlights the value of comparative virology to gain new insight into the biology of HIV-1 

and to inform our understanding into the evolution of this important human pathogen. 
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1 Introduction 

1.1 Primate lentiviruses  

Lentiviruses are a member of retrovirus family (Retroviridae), which is characterised by 

single-stranded viral RNA genome that is converted to double-stranded DNA by viral 

reverse transcriptase enzyme and integrated into host genomic DNA (Stover & Watson, 

2015). A common feature of lentiviruses compared to other retroviruses is their ability to 

infect non-dividing cells (Stover & Watson, 2015). This Thesis focuses on primate 

lentiviruses, which infect humans and non-human primates. Infection of humans is 

caused by human immunodeficiency virus (HIV) and results (if untreated) in acquired 

immune deficiency syndrome (AIDS) (Barré-Sinoussi et al., 1983). Simian 

immunodeficiency viruses (SIV) are highly prevalent and infect more than 40 species of 

African apes and monkeys in the wild (Klatt et al., 2012). Other examples of lentiviruses 

include bovine immunodeficiency virus, feline immunodeficiency virus and equine 

infectious anaemia virus (Stover & Watson, 2015). 

 

The main targets of HIV and SIV infection are CD4+ T cells and to lesser extent 

macrophages and dendritic cells (Alkhatib et al., 1996; Kaur et al., 1998; Maddon et al., 

1986; Smed-Sörensen et al., 2005). Loss of CD4+T cells during HIV infection leads to 

immunodeficiency and subsequent progression to disease (AIDS), which manifests as 

infectious and oncological complications (Brenchley et al., 2006). As of 2019, approx. 38 

million people worldwide are living with HIV and since the beginning of the pandemic in 

1980s approx. 75 million people have been infected and approx. 35 million have died 

from AIDS-related illnesses (UNAIDS Fact Sheet, 2019). By contrast, some monkey 

species are resistant to SIV-mediated CD4+ T cell depletion and do not develop AIDS-

like disease despite high levels of viral replication, suggesting virus-host adaptation 

(Chahroudi et al., 2012). 

 

1.1.1 Zoonosis and origins of HIV    

HIV is the result of a series of cross-species zoonotic transmissions. Broadly, this has 

given rise to two different human immunodeficiency viruses: HIV-1 and HIV-2 which are 

genetically distinct (Clavel et al., 1986). HIV-1 is classified into 4 groups: M, N, O, P, 

which originated from 4 independent zoonotic transmissions (Sharp & Hahn, 2011). 

Phylogenetic analysis revealed that HIV-1 groups M and N originated from SIVcpz 
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infecting the central subspecies of chimpanzees (Pan troglodytes troglodytes) while  

HIV-1 groups O and P originated from SIVgor infecting western lowland gorillas (Gorilla 

gorilla gorilla) (Gao et al., 1999; Keele et al., 2006; Plantier et al., 2009; Simon et al., 

1998). SIVgor itself most likely resulted from zoonotic transmission from central 

chimpanzees into gorillas (Takehisa et al., 2009). Phylogenetic analysis of SIVcpz 

showed it originated from a recombination event between precursor of SIVrcm infecting 

red-capped mangabeys and precursor of SIVgsn/mon/mus lineage infecting closely 

related Cercopithecus monkeys (greater spot-nosed, mona and mustached monkeys) 

(Bailes et al., 2003). More recent phylogenetic analysis also suggests that origin of 

SIVcpz might be tripartite, resulting from a recombination between SIVrcm, 

SIVgsn/mon/mus and an unknown SIV (Bell & Bedford, 2017). HIV-2 was transmitted to 

humans from SIVsmm infected sooty mangabeys (Cercocebus atys) in nine independent 

transmissions to give HIV-2 groups A-I (Ayouba et al., 2013; Gao et al., 1994; Hirsch et 

al., 1989). Zoonotic transmission to humans most likely occurred via contact with infected 

blood during bushmeat hunting and butchering (Sharp & Hahn, 2011). 

 

 

Figure 1.1: Zoonotic transmissions and origins of HIV 
SIVcpz resulted from a recombination event between a precursor of SIVrcm, SIVgsn/mon/mus and possibly 
another unknown SIV. SIVcpz was transmitted to humans to give HIV-1 groups M and N, and to gorillas to 

give SIVgor. SIVgor was transmitted to humans to give HIV-1 groups O and P. SIVsmm was transmitted to 

humans to give HIV-2 groups A-I. Taken from (Sauter & Kirchhoff, 2019). 

 

Out of all HIV strains, only HIV-1 group M is pandemic and accounts for more than 98% 

of infections worldwide (Sauter & Kirchhoff, 2019). By contrast, HIV-1 groups N, O and 

P are largely restricted to Central West Africa. Group O accounts for approx. 100,000 
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cases, whereas group N and P viruses are particularly rare, with only a handful of 

documented cases (Mourez et al., 2013). Due to genetic diversity group M viruses are 

further classified into nine subtypes: A, B, C, D, F, G, H, J, K (as well as circulating 

recombinants thereof) and their distribution varies geographically (Geretti, 2006). For 

example, subtype B is the most prevalent in North America and Europe, whereas 

subtype C and to a lesser extent subtype A are most common in Africa (Geretti, 2006). 

HIV-2 is also mainly restricted to West Africa and only groups A and B show significant 

spread in the population with approx. 1-2 million infections (Visseaux et al., 2016). 

  

The first cases of AIDS were reported in New York, USA in 1981 (Friedman-Kien et al., 

1981) and HIV was identified as causative agent of AIDS in 1983 (Barré-Sinoussi et al., 

1983). However, sequencing of historic tissue samples, phylogenetic analysis and 

modelling suggested that chimpanzee-to-human transmission of HIV-1 group M viruses 

most likely occurred at the beginning of 20th century (1910-1920s) in Cameroon with 

initial spread in Kinshasa, DRC in 1960s (Faria et al., 2014; Worobey et al., 2008). 

Interestingly, the time and place of HIV-1 group O emergence is thought to be similar to 

group M (Faria et al., 2014); however, only the later became pandemic. The reasons 

why only group M became better adapted for transmission and spread in the human 

population remain incompletely understood and will be discussed further in Section 1.3. 

By contrast, the history of SIVcpz infections in chimpanzees is thought to be much 

longer. Given that SIVcpz phylogenetic analysis suggests one common ancestor of 

SIVcpz and only two out of four chimpanzee subspecies are infected (Pan troglodytes 

troglodytes and Pan troglodytes schweinfurthii), this places the emergence of SIVcpz 

approx. 100-500 thousand years ago (Bailes et al., 2003; Sauter & Kirchhoff, 2019). 

Furthermore, analysis of evolution and positive selection of host genes suggests that 

SIVs have been infecting other African monkey species for at least 5-10 million years 

(Compton et al., 2013; McCarthy et al., 2015). 

 

1.1.2 HIV and SIV genome organisation 

The HIV/SIV viral genome is positive-sense single-stranded RNA, approx. 10 kb long, 

which contains 8-9 genes encoding for 14-15 proteins depending on the viral lineage. 

The proviral genome is flanked by two long terminal repeats (LTR), which act as 

promoters to drive viral transcription (Burnett et al., 2009). The structural and enzymatic 

genes: gag, pol and env are common to all retroviruses. Gag gene encodes for matrix, 

capsid, nucleocapsid and p6 proteins, which are required for virion formation and 
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structure. Env gene encodes for envelope glycoprotein (transmembrane and surface 

subunit), which is required for virus entry. Pol gene encodes for enzymes reverse 

transcriptase, protease and integrase. Primate lentiviruses also contain two regulatory 

genes tat and rev, and at least three accessory genes: vif, vpr and nef, which are required 

for efficient viral replication. Additionally, some primate lentiviruses also contain vpu or 

vpx accessory genes. Function of these proteins will be examined in detail in Section 

1.4.  

 

 

Figure 1.2: 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 tat and 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. Taken from (Sauter & Kirchhoff, 2014).  

 

Based on presence of different accessory genes primate lentiviruses can be divided into 

three groups (Figure 1.2). Viruses in the first group contain vif, vpr, nef and vpu genes. 

These viruses are: HIV-1, SIVcpz, SIVgor, SIVgsn/mon/mus. It is believed that vpu was 

first acquired by a precursor of the SIVgsn/mon/mus lineage and was then transferred 

to HIV-1/SIVcpz lineage after recombination with SIVrcm (Figure 1.3) (Bailes et al., 

2003). The presence of vpu gene thus distinguishes the HIV-1 lineage from most other 
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primate lentiviral lineages. Viruses in the second group contain vif, vpr, nef and vpx 

genes. Vpx likely originated from a duplication of vpr gene (Tristem et al., 1990) and can 

be found in two related linages: HIV-2, SIVsmm and SIVmac infecting rhesus macaques; 

and SIVrcm, SIVdrl infecting drills and SIVmnd2 infecting mandrills (Etienne et al., 2013). 

Phylogenetic analysis suggests that vpx emerged once during primate lentiviral 

evolution, prior to the separation of HIV-2/SIVsmm and SIVrcm/drl/mnd2/ lineages 

(Etienne et al., 2013). Vpx was lost during the recombination of SIVrcm and 

SIVgsn/mon/mus and is thus absent in the HIV-1/SIVcpz lineage (Figure 1.3). The rest 

of the SIVs are in the third group and contain only vif, vpr and nef genes (prototype SIV). 

For example, SIVagm infecting African green monkeys, SIVsyk infecting Sykes’ 

monkeys, SIVsun infecting sun-tailed monkeys, SIVcol infecting guereza colobus 

monkeys, SIVblu infecting blue monkeys, etc (Peeters & Courgnaud, 2003; Sauter & 

Kirchhoff, 2014). 

 

 

Figure 1.3: Acquisition of vpu and vpx during primate lentiviral evolution 
The diagram shows acquisition of vpx gene in the HIV-2/SIVsmm and SIVrcm/drl/mnd2 lineages, shown in 
blue. HIV-2 and SIVmac originate from zoonotic transmission from SIVsmm. Vpu was acquired by a 

precursor of SIVgsn/mon/mus, shown in orange. The recombination of SIVgsn/mon/mus and SIVrcm 

resulted in gain of vpu and loss of vpx genes in the HIV-1/SIVcpz lineage. SIVcpz was transmitted to gorillas 
(SIVgor) and to humans (HIV-1 M and N). SIVgor was also transmitted to humans (HIV-1 O and P). Red 

crosses indicate zoonotic transmissions. All primate lentiviruses contain vif, vpr and nef genes, shown in 

green. Adapted from (Sauter & Kirchhoff, 2014). 
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1.2 HIV and SIV infections in vivo 

1.2.1 HIV-1 infection  

Like all primate lentiviruses, HIV-1 mainly infects CD4+ T cells. Infection and cell tropism 

is primarily determined by the presence of the CD4 molecule on the surface of target 

cells that is the receptor for viral entry (Maddon et al., 1986) alongside C-C chemokine 

receptor 5 (CCR5) that acts as a coreceptor (Alkhatib et al., 1996). However, for some 

viruses the coreceptor C-X-C chemokine receptor 4 (CXCR4) is used instead of CCR5 

(Feng et al., 1996). This distinction has been defined as viruses being either CCR5-tropic 

(R5) or CXCR4-tropic (X4). In addition to CD4+ T cells, macrophages and dendritic cells 

also express these receptors and can thus become infected by HIV-1. Although 

macrophages represent only a minor population of HIV-1 infected cells in the body, they 

are thought to be an important viral reservoir due to their long-term survival after infection 

(Watters et al., 2013). Productive infection of dendritic cells is largely restricted due to 

high activity of innate immune sensors (TLR7/9) and viral restriction factors, particularly 

dNTP hydrolase SAMHD1, which inhibits reverse transcription (Laguette et al., 2011; 

Manches et al., 2014; Smed-Sörensen et al., 2005). However, dendritic cells can capture 

and carry the virus to infect CD4+ T cells in trans during immunological synapse 

formation (Geijtenbeek et al., 2000), which will be discussed further in Section 1.5. 

 

1.2.1.1 Transmission  
In an infected individual, HIV-1 can be found in blood, cervicovaginal and rectal 

secretions, semen and breastmilk. Therefore, the virus can be transmitted via multiple 

routes: sexual contact, percutaneous or intravenous inoculation and maternal-infant 

transmission during pregnancy (in utero), childbirth or breastfeeding (Shaw & Hunter, 

2012). Approx. 80% of people get infected through sexual contact, therefore HIV-1 is 

primarily a sexually transmitted infection. The remaining 20% of infections are mainly 

contributed to maternal-infant transmission and intravenous inoculation (Cohen et al., 

2011). The probability of infection greatly depends on the stage of HIV infection, viral 

load, existing co-infections and route of transmission. For example, the probability of 

penile-vaginal transmission (per exposure event) is 1:200-1:2000, whereas the 

probability of penile-rectal transmission is much higher, 1:20-1:300 (Shaw & Hunter, 

2012). Genetic analysis of viral quasi-species during acute infection revealed that in 

approx. 80% of sexual transmissions, the infection is established by a single virion, 

termed transmitted/founder virus (Keele et al., 2008; Salazar-Gonzalez et al., 2009). By 

contrast, during intravenous transmission multiple transmitted/founder viruses (up to 16) 
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are usually responsible for establishing the initial infection (Bar et al., 2010). This suggest 

that mucosal barriers present a significant bottleneck for viral transmission. Taken 

together with relatively low probability of transmission via sexual contact, these data 

suggest that initial HIV-1 infection is a rare event.  

 

1.2.1.2 Clinical features of infection and pathogenesis 
After successful transmission, HIV-1 infection can be divided into three phases: acute, 

latent and AIDS. In the acute phase the virus replicates rapidly, allowing for detection of 

viral RNA in the blood approx. one week post-transmission (Fiebig et al., 2003; Shaw & 

Hunter, 2012). Subsequently, Gag p24 antigen (2 weeks post-transmission) and anti-

HIV-1 antibodies (3-4 weeks post-transmission) can be detected to allow clinical 

diagnosis (Fiebig et al., 2003; Shaw & Hunter, 2012). During the acute phase, the 

infection is first established at the mucosal epithelia (depending in the route of 

transmission) and then spreads to draining lymph nodes and the gastrointestinal tract 

(i.e. gut-associated lymphoid tissue, GALT) before becoming systemic (Cohen et al., 

2011). The main targets of infection are memory CCR5+ CD4+ T cells (Douek et al., 

2002). The initial viral spread with peak blood viremia (20-30 days post-transmission) is 

associated with rapid depletion of CD4+ T cells, particularly in the GALT (Brenchley et 

al., 2004; Mehandru et al., 2004; Schacker et al., 1996). At this stage, infected individual 

may present with flu-like symptoms (Schacker et al., 1996) that are reflective of 

seroconversion. Depletion of GALT CD4+ T cells is thought to cause intestinal epithelium 

breakdown, which allows microbial translocation in the blood stream (Brenchley et al., 

2006). This is thought to cause chronic immune activation during HIV-1 infection, 

although the extent of contribution of microbial translocation to HIV-1 induced 

inflammation remains controversial (Younas et al., 2016). 

 

In the latent phase of infection, after the acute viremia the plasma viral load drops and 

reaches a set-point, due to (limited) immune control by cytotoxic T lymphocytes (CTL) 

and humoral immune responses (Fiebig et al., 2003; Goonetilleke et al., 2009; Wei et 

al., 2003). CD4+ T cell count also recovers slightly and remains relatively stable or slowly 

declines for months to years depending on the individual (Shaw & Hunter, 2012; Younas 

et al., 2016). In majority of infections the immune system cannot produce a neutralising 

antibody response to control the infection due to rapid virus evolution and generation of 

escape mutants (Wei et al., 2003). In about 50% of cases chronic infection is associated 

with coreceptor switch (mutations in the envelope glycoprotein), meaning that the virus 
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starts using CXCR4 instead of CCR5 as the coreceptor or is CCR5/CXCR4 dual-tropic 

(Brumme et al., 2005). This expands viral tropism to naïve CD4+ T cell population and 

is thus associated with more aggressive disease and poor prognosis (Brumme et al., 

2005).   

 

In the final stage, progression to AIDS occurs and is classified as blood CD4+ T cell 

count of less than 200 cells/ml (Castro et al., 1993). At this stage an infected individual, 

due to immune deficiency, cannot control other infections and malignancies (e.g. 

pneumonia, candidiasis, tuberculosis, lymphoma, Kaposi’s sarcoma), eventually leading 

to death (Luetkemeyer et al., 2010). 

 

1.2.1.3 Treatment and prevention 
Several classes of HIV-1 antiviral drugs have been developed, which drastically 

improved survival rates and disease prognosis of HIV-1 infected individuals. The first 

HIV-1 antiviral drug, zidovudine (AZT) targeting the viral reverse transcriptase (RT) was 

approved in 1987 (Furman et al., 1986). However, it was ineffective due to rapid 

development of viral drug resistance (Larder et al., 1995). The first combination 

antiretroviral therapy was approved 1996 and consisted of three viral enzyme inhibitors: 

zidovudine and zalcitabine targeting RT, and saquinavir targeting the viral protease 

(Collier et al., 1996). The triple combination antiretroviral therapy is required as HIV-1 

has high mutation rate and viral escape mutants emerge quickly, resulting in viral drug 

resistance if only one or two antiretroviral drugs are administered (Autran et al., 1997). 

There are four major classes of antiretroviral drugs used in the clinic targeting viral RT, 

protease and integrase. First, nucleotide reverse transcriptase inhibitors (NRTIs) are 

dNTP analogues targeting the active site of RT and thus inhibiting reverse transcription 

by causing premature chain termination (Clair et al., 1987). Current Food and Drug 

Administration (FDA) approved NRTIs are: abacavir, emtricitabine, lamivudine, tenofovir 

and zidovudine. 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). Current FDA approved NNRTIs are: efavirenz, 

etravirine, nevirapine and rilpivirine. Third, protease inhibitors (PIs) prevent Gag 

polyprotein cleavage and virion maturation, thus producing non-infectious viral particles 

(Kempf et al., 1995). Current FDA approved PIs are: atazanavir, darunavir, 

fosamprenavir, ritonavir, saquinavir and tipranavir. Fourth and most recent are integrase 

inhibitors (INIs), which inhibit DNA strand transfer reaction and thus prevent viral 
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integration into host DNA (Espeseth et al., 2000). Current FDA approved INIs are: 

dolutegravir, raltegravir, elvitegravir and bictegravir.  

 

The combination antiretroviral therapy in most cases results in almost complete 

suppression of viral replication (below the limit of detection of viral RNA in blood, <50 

copies/ml of plasma) and significantly restores the CD4+ T cell numbers (Cihlar & 

Fordyce, 2016). Currently, where the antiretroviral therapies are available, HIV-1 

infected individuals have normal life expectancy (Trickey et al., 2017). The combination 

antiretroviral therapy is also used to prevent HIV-1 infection in recently exposed 

individuals (post-exposure prophylaxis) or to prevent transmission in high risk groups 

(pre-exposure prophylaxis) (Ford et al., 2014; Wilton et al., 2015). Importantly, the 

antiretroviral therapy is not curative, resulting in viral replication rebound after treatment 

interruption (Cihlar & Fordyce, 2016). The reason for this is the presence of a viral 

reservoir consisting of an unknown population of latently infected cells, which after 

treatment interruption can become actively infected and produce infectious virus (Pitman 

et al., 2018). Therefore, current efforts to cure HIV-1 include strategies to reactivate the 

latent reservoir (latency-reversal agents) and thus kill all infected cells in the body 

(Pitman et al., 2018). However, these strategies have so far been unsuccessful. 

Furthermore, ongoing viral replication in sanctuary sites where drug penetrance is low 

(e.g. central nervous system) may also contribute to viral persistence, but this remains 

controversial due to the challenges associated with sampling different anatomical 

compartments (Fletcher et al., 2014; Letendre et al., 2008). Another strategy to prevent 

HIV-1 infection is vaccine development, which has so far also been unsuccessful, mainly 

due to great genetic diversity of HIV-1, high rate of viral mutations and difficulty of eliciting 

a neutralising antibody response (Gao et al., 2018).  To date, the most successful  

HIV-1 vaccine clinical trial (RV144 in Thailand) resulted in modest 31% protection 

efficacy (Robb et al., 2012).    

 

1.2.2 HIV-2 infection  

HIV-1 and HIV-2 have similar modes of transmission, cellular tropism, replication 

pathways and both cause AIDS; however, HIV-2 infection is generally considered less 

pathogenic and has lower probability of progression to AIDS (Marlink et al., 1994; 

Nyamweya et al., 2013; Olesen et al., 2018). HIV-2 mainly infects CD4+ T cells by using 

CD4 as receptor for viral entry but has extended coreceptor usage and in addition to 

CCR5/CXCR4 can also utilise CCR1, CCR2, CCR3, CCR8, CXCR6 chemokine 
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receptors (Shi et al., 2005). HIV-2 has same routes of transmission compared to HIV-1, 

but is characterised by significantly lower transmission rates, most likely due to lower 

viral loads in HIV-2 infected individuals (Gottlieb et al., 2006; Popper et al., 2000). 

Indeed, a significant proportion of HIV-2 infected individuals present with undetectable 

plasma viral load (Popper et al., 2000; Soriano et al., 2000; van der Loeff et al., 2010). 

Lower viral loads are thought to reflect better immune control of HIV-2 infection. This is 

shown by better innate immune responses (production of TNF-a and type-1 interferons), 

better T cell responses (polyfunctional Gag-specific CD4+ and CD8+ T cells) and better 

humoral immune responses, resulting in production of neutralising antibodies (Duvall et 

al., 2007, 2008; Nuvor et al., 2006; Rodriguez et al., 2007). Consistent with better 

immune control and lower viral loads there is less chronic immune activation observed 

in HIV-2 infection (Hanson et al., 2005). Overall, this results in lower morbidity and 

mortality associated with the infection and slower disease progression, with majority of 

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

al., 1994; Olesen et al., 2018; Thiébaut et al., 2011; van der Loeff et al., 2010). It is 

important to note that HIV-1 and HIV-2 are different viruses, originating from different 

SIVs with different set of acceory genes, therefore inherent differences between the 

viruses may contribute to the observed differences in clinical course of disease. 

Regarding HIV-2 treatment, same antiretroviral drugs as for HIV-1 are generally active, 

although with different potency, except for NNRTIs, which are inactive against HIV-2 RT, 

so different combinations of drugs are required (Peterson & Rowland-Jones, 2012).   

 

1.2.3 SIV infection  

More than 40 species of African apes and monkeys are infected with SIV, with generally 

high prevalence of infection in the wild (Klatt et al., 2012). Due to relatively long 

evolutionary history of SIV infections in monkeys (5-10 million years) they are considered 

“natural’ infections, particularly in comparison to HIV, which has been infecting humans 

for only about 100 years and is thus considered a “non-natural” infection (Brenchley et 

al., 2010; McCarthy et al., 2015; Worobey et al., 2008). SIV infections are generally 

considered to be non-pathogenic as despite high levels of viral replication, infected 

monkeys do not develop AIDS-like disease (Chahroudi et al., 2012). Importantly, good 

evidence to support this statement only exists for sooty mangabeys and African green 

monkeys, and to lesser extent mandrills. 
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1.2.3.1 Sooty mangabey and African green monkey  
Sooty mangabeys (SM) and African green monkeys (AGM) are best studied models of 

non-pathogenic lentiviral infections. Like pathogenic HIV-1 infection, SIVsmm and 

SIVagm infections present with high levels of viral replication and no robust immune 

control of the virus (Dunham et al., 2006; Li et al., 2010; Silvestri et al., 2003). However, 

SIV-infected SM and AGM do not show high levels of chronic immune activation, 

maintain normal CD4+ T cell counts and do not progress to disease (Kaur et al., 1998; 

Pandrea et al., 2007b; Silvestri et al., 2003; Sodora et al., 2009; Sumpter et al., 2007). 

SIVs also use CCR5 is the main coreceptor for viral entry (Riddick et al., 2010). The 

acute infection is (like HIV-1) also associated with depletion of CCR5+CD4+ T cells in 

the GALT; however SM and AGM have much lower initial frequency of GALT 

CCR5+CD4+ T cells (3-5%) compared to humans (50%), resulting in proportionally 

smaller T cell depletion (Gordon et al., 2007; Pandrea et al., 2007a, 2007b). As a result, 

SM and AGM maintain intact mucosal barriers and do not show microbial translocation, 

which contributes to low levels of immune activation (Brenchley et al., 2006). 

Additionally, infection of memory CD4+ T cells is reduced by two mechanisms: SM have 

low levels of CCR5 expression and AGM have low levels of CD4 expression on memory 

T cells (Beaumier et al., 2009; Paiardini et al., 2011). Coreceptor switch to CXCR4 usage 

is almost never observed, which maintains healthy naïve cell population (Milush et al., 

2007; Schmökel et al., 2013). Together these mechanisms contribute to improved T cell 

homeostasis and preserve the immune function during infection. Moreover, both SM and 

AGM have been shown to have fully functional double negative (CD4-CD8-) helper T 

cells, which are therefore resistant to infection (Milush et al., 2011; Sundaravaradan et 

al., 2013; Vinton et al., 2011). This further exemplifies high levels of natural host 

adaptation to SIV infection that protects SM and AGM from the development of disease. 

 

1.2.3.2 Rhesus macaque  
SIVmac infection of rhesus macaques (RM) is considered to be a non-natural infection. 

This is because SIVmac originates from experimental infection of RM with tissue 

homogenates from SIVsmm infected SM (Apetrei et al., 2005; Murphey-Corb et al., 

1986). Infected RM show high levels of viral replication, no robust immune control of the 

virus, chronic immune activation, progressive CD4+ T cell depletion and thus develop 

AIDS-like disease (Dunham et al., 2006; Estes et al., 2008; Kaur et al., 1998; Münch et 

al., 2001; Silvestri et al., 2003a; Watson et al., 1997). RM are thus used as a model of 

pathogenic SIV infection. Similarly, experimental (non-natural) infection of pigtailed 

macaques with SIVagm also resulted in pathogenic infection and AIDS-like disease 
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(Goldstein et al., 2005). Like SIVsmm or SIVagm, acute SIVmac infection also results in 

depletion of CCR5+CD4+ T cells in the GALT; however, RM have high proportion of 

CCR5+ GALT CD4+ T cells, which results in dramatic loss of CD4+T cells in the gut 

(Pandrea et al., 2007a, 2007b). This is thought to cause breakdown of mucosal barriers 

and subsequent microbial translocation, which contributes to chronic immune activation 

(Brenchley et al., 2006). Moreover, RM memory CD4+ T cells express high levels of 

CCR5 coreceptor, which allows for enhanced infection of the central memory pool, thus 

disrupting normal T cell homeostasis and contributing to the pathogenesis (Okoye et al., 

2007). Furthermore, when SM were infected with SIVmac virus they showed relatively 

high levels of viral replication, but no progressive CD4+ T cell depletion and did not 

progress to AIDS-like disease, similar to natural SIVsmm infection (Kaur et al., 1998). 

Taken together, this suggest that poor host adaptation, rather than intrinsic high 

virulence of SIVmac might be responsible for pathogenic infection of RM.  

 

1.2.3.3 Chimpanzee and gorilla 
SIV infection of African apes, chimpanzees and gorillas, is not well studied. Phylogenetic 

and evolutionary analysis suggests that SIVcpz has been infecting chimpanzees for 

about 100-500 thousand years (Sauter & Kirchhoff, 2019), which classifies it as a natural 

infection. Despite this, limited evidence exists that SIVcpz infection causes CD4+ T cell 

depletion, AIDS-like disease and increased mortality of chimpanzees in the wild (Keele 

et al., 2009). SIV infection of gorillas is even less well studied. Phylogenetic analysis 

suggests that SIVgor transmitted from chimpanzees at least 200 years ago and possibly 

much earlier (Takehisa et al., 2009). Immunological features of SIVgor infection are 

currently unknown; however, given the SIVcpz data and relatively short history of 

infection, one can speculate that SIVgor infection is also pathogenic. 
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1.3 HIV-1 viral life cycle  

This Section discusses HIV-1 viral life cycle as the work in this Thesis focuses on HIV-1 

replication; however, HIV-2 and SIVs have similar viral life cycles. As shown in Figure 

1.4, 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 1.4: HIV-1 viral life cycle 
Envelope glycoprotein binds the CD4 receptor and CCR5/CXCR4 coreceptor, which results in viral fusion 
and release of the capsid core into the host cell cytoplasm. Inside the capsid core viral RNA genome is 

transcribed into double stranded DNA. Capsid uncoating might happen at the nucler pore or inside the 

nucleus where the viral DNA is integrated into the host genome. Capsid recruits cellular proteins cyclophilin 
A and CPSF6 to avoid inate immune detection and ensure optimal viral integration. Transcription and 

translation of viral DNA results produces viral proteins resulting in assembly and budding of progeny virus. 

In nascent viral particels viral protease cleaves the structural polyproteins to produce mature infectious 
virions. Adapted from (Sumner et al., 2017). 
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1.3.1 Virion structure 

The size of mature HIV-1 virion is approx. 145 nm in diameter (Briggs et al., 2003). Viral 

envelope is a lipid bilayer derived from the host cell plasma membrane, which 

incorporates multiple host cell proteins and 7-10 envelope glycoprotein (Env) trimers that 

mediate viral entry (Chojnacki et al., 2012; Linde et al., 2013; Zhu et al., 2003). 

Associated with the inner leaflet of the envelope lipid bilayer is a layer of matrix protein 

(MA) that stabilised the virion structure. Inside the virion there is a conical capsid core 

formed out of hexameric capsid protein (CA). Inside the capsid core there are two copies 

of single stranded viral RNA genome, bound to nucleocapsid protein (NC) and viral 

enzymes, reverse transcriptase (RT) and integrase (IN). Viral protease (PR) and viral 

accessory protein Vpr are also incorporated into the virion (reviewd in Freed, 2015). 

 

1.3.2 Entry 

HIV-1 entry into host cell occurs predominantly by fusion at the plasma membrane and 

is mediated by the envelope glycoprotein (Env). Fusion in the endosomal compartment 

remains controversial and is most likely restricted to macrophages (Herold et al., 2014; 

Miyauchi et al., 2009; van Wilgenburg et al., 2014). Env is a dimer of gp120 and gp41 

subunits, which form Env trimers that are required for viral entry (Hallenberger et al., 

1992). The gp120 subunit binds the receptor CD4 and coreceptor CCR5 or CXCR4 

(Alkhatib et al., 1996; Feng et al., 1996; Maddon et al., 1986). Initial virion attachment 

can also be supported by nonspecific Env interactions with the extracellular matrix 

(heparan sulphate proteoglycan) or by adhesion molecules (ICAM-1 and LFA-1) that are 

incorporated into the virion (Saphire et al., 2001); however, these are termed attachment 

factors that may help overcome electrostatic repulsion between viral and cellular 

membranes, and are not bona fide HIV-1 receptors. 

 

As shown in Figure 1.5, Env surface subunit gp120 contains five conserved (C1-C5) and 

five variable loop (V1-V5) domains and is heavily glycosylated (Leonard et al., 1990; 

Lyumkis et al., 2013; Ward & Wilson, 2017). The gp41 subunit contains the fusion 

machinery and consists of the N-terminal ectodomain, the transmembrane domain and 

the cytoplasmic C-terminal domain. The ectodomain contains the fusion peptide, two 

helical heptad-repeat domains (HR1 and HR2) that are separated by the disulphide loop 

(DLS) hinge, and the membrane-proximal external region (MPER). (Ward & Wilson, 

2017).  There are 25-30  glycans in  gp120  and  3-5 glycans  in  gp41  subunit  (discussed  
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Figure 1.5: Env structure and fusion mechanism  
(A) 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 green. The gp41 subunit consists of fusion peptide, two heptad-repeat domains (HR1 and HR2), 
disulphide loop (DSL) hinge region, membrane-proximal external region (MPER), transmembrane helix and 

cytoplasmic tail (CT). Furin cleavage site is between the C5 domain and fusion peptide. N-linked glycan are 

depicted above the sequence. (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. NB Colour 

scheme matches that in panel (A). Taken from (Burton & Hangartner, 2016). (C) Fusion mechanism of viral 
and host cell membrane. CD4 binding to gp120 induces conformational changes, particularly in V1 and V2 

loops, opening up the trimer and exposing the V3 loop, which is then able to bind the co-receptor CCR5 or 

CXCR4. Co-receptor binding stabilises the open CD4-bound conformation and anchors the Env in close 
proximity to the host cell membrane. CD4 binding also induces gp41 refolding resulting in fusion peptide 

insertion into the host cell membrane and dissociation of gp120 subunits. HR1 and HR2 domains from each 

trimer fold together to form a six-helix bundle, which results in hemi-fusion and finally fusion of viral and host 

cell membranes. Adapted from (Tilton & Doms, 2010). 
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further in Section 1.3.5), which comprise about half of the total Env mass and act as 

“glycan shield” to mask antibody epitopes and thus act as an immune evasion strategy 

(Burton & Hangartner, 2016; Leonard et al., 1990). Env is cleaved by cellular furin 

protease between C5 and the fusion peptide at a highly conserved polybasic K/R-X-K/R-

R motif to produce gp120 and gp41 subunits (Dubay et al., 1995). The N-terminus (C1) 

and the C-terminus (C5) of gp120 loop together and non-covalently interact with gp41 

subunit in a four-helix collar binding pocket formed around HR1 and HR2 domains (Julien 

et al., 2013; Lyumkis et al., 2013; Pancera et al., 2014). Single-molecule FRET studies 

revealed that trimeric gp120 subunits are conformationally dynamic, fluctuating between 

3 states: open, intermediate and closed conformation (Munro et al., 2014). Consistent 

with crystallographic studies, CD4 binding induced open Env conformation and binding 

of neutralising antibodies recognising various epitopes on gp120 stabilised the closed 

conformation, which likely explains their neutralisation ability (Munro et al., 2014). 

Interestingly, lab-adapted (NL4.3) and clinical isolate (JR-FL) Env showed differences in 

intrinsic flexibility, where JR-FL Env was substantially less flexible, thus possibly 

explaining its decreased sensitivity to neutralising antibodies.  

 

CD4 binding site on the Env is a quaternary epitope formed by sequences in C2, C3 and 

C4 domains (Figure 1.5) and its conformation depends on neighbouring gp120 

monomers (Kwon et al., 2012; Lyumkis et al., 2013). Co-crystal and cryo-EM studies 

have shown that CD4 binds Env via the N-terminal domain 1 (D1), which induces 

extensive conformational changes in Env: gp120 subunits assume open conformation, 

V1V2 loops rotate to expose V3 loop, bridging sheet in C4 is formed and HR1 domains 

from each gp41 subunit rearrange to form a tighter three-helix bundle (Kwong et al., 

1998; Lyumkis et al., 2013; Ozorowski et al., 2017). The V3 loop that is exposed upon 

CD4 binding is then able to interact with the co-receptor CCR5 or CXCR4. The cryo-EM 

structure of Env-CD4-CCR5 ternary complex revealed that V3 loop binds the CCR5 

chemokine binding pocket in a manner similar to its native ligand CCL5 and that CCR5 

N-terminal domain makes additional interactions with the bridging sheet in gp120 (Shaik 

et al., 2019). 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 V3 loop, consistent with CXCR4 chemokine binding pocket being 

more negatively charged compared to CCR5 (Cocchi et al., 1996; Rosen et al., 2006; 

Shaik et al., 2019). Interestingly, the comparison of the cryo-EM structures showed no 

additional conformational changes in gp120 or gp41 upon CCR5 binding compared to 

binding of CD4 alone (Shaik et al., 2019). This was also observed previously comparing 
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crystal structures of Env in complex with CD4 and 17b antibody, which recognises CD4-

induced epitope and thus mimics the co-receptor binding (Ozorowski et al., 2017). Taken 

together these studies negate previously proposed mechanism where the co-receptor 

binging induces further conformational changes in the Env needed for fusion (Tilton & 

Doms, 2010). The current model therefore proposes that co-receptor binding acts 

primarily to stabilise the Env-CD4 complex in the pre-fusion conformation and to anchor 

it in close proximity to the host cell membrane thus allowing productive fusion, 

Comparing current Env structures in native and pre-fusion states (complexed with CD4, 

17b or CCR5) suggests that binding of CD4 alone triggers sufficient conformational 

changes that result in gp41 refolding concomitant with gp120 dissociation from gp41 

(Lyumkis et al., 2013; Moore et al., 1990; Ozorowski et al., 2017; Pancera et al., 2014; 

Shaik et al., 2019). As shown in Figure 1.5, this results in insertion of the hydrophobic 

fusion peptide into the host cell membrane, which brings together HR1 and HR2 domains 

from each gp41 subunit in the trimer to form a six-helix bundle (from previously formed 

three-helix bundle) (Melikyan et al., 2000; Pancera et al., 2014; Sabin et al., 2010). 

Formation of the six-helix bundle pulls the viral and host cell membranes in close 

proximity and enables hemi-fusion and the formation of the fusion pore (Melikyan et al., 

2000). Expansion of the fusion pore then allows the delivery of capsid cores in the host 

cell cytoplasm. 

 

1.3.3 Reverse transcription, uncoating and integration 

HIV-1 viral genome is positive-sense single-stranded +ssRNA, which needs to be 

converted into double-stranded DNA before integration into host genomic DNA. These 

processes are mediated by viral reverse transcriptase (RT) and integrase (IN) enzymes, 

which are together with the two copies of viral RNA enclosed within the capsid core. 

 

1.3.3.1 Capsid structure and function 
The capsid core is a fullerene-like closed conical structure composed of capsid protein 

(CA) assembled in approx. 200 hexamers and 12 pentamers, which stabilise the capsid 

curvature (Zhao et al., 2013). It was previously thought that capsid cores disassemble 

(known as CA uncoating) immediately after cytoplasmic entry. However, new evidence 

suggests that reverse transcription occurs within the capsid core and that completion of 

DNA synthesis by RT might trigger uncoating (Rankovic et al., 2017). In support of this, 

it was shown that capsid hexamers contain a central electrostatic channel which allows 

the transport of dNTPs into the core required for reverse transcription (Jacques et al., 
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2016). The N-terminal domain of capsid (cytosolic side) binds cyclophilin A (a peptidyl-

prolyl cis-trans isomerase), which is thought to be required for efficient reverse 

transcription, capsid core stability and immune evasion (Hatziioannou et al., 2005; Kim 

et al., 2019; Liu et al., 2016; Rasaiyaah et al., 2013; Sokolskaja et al., 2004). Capsid 

uncoating (at least partially) is thought to occur at the nuclear pore during nuclear import 

or potentially inside the nucleus (Bejarano et al., 2019; Burdick et al., 2020; Francis & 

Melikyan, 2018; Peng et al., 2014; Schaller et al., 2011).  It is thought that intact capsid 

core in the cytoplasm protects the viral RNA and DNA intermediates from the detection 

by cytosolic RNA and DNA sensors (e.g. RIG-I, cGAS, IFI16) and thus prevents innate 

immune activation (Berg et al., 2012; Monroe et al., 2014; Rasaiyaah et al., 2013; 

Sumner et al., 2017).  

 

1.3.3.2 Reverse transcription  
HIV-1 viral genome is positive-sense single-stranded +ssRNA, which is converted into 

double-stranded DNA by viral reverse transcriptase (RT). RT consist of the structural 

p51 subunit and the catalytic p66 subunit, which contains polymerase and RNase H 

domains (Lightfoote et al., 1986). The initial reverse transcription occurs near the 5’ end 

of the viral RNA where host cell tRNALys3 acts as a primer, hybridised at the primer 

binding site (PBS) (Isel et al., 1996). The RNA in resulting DNA:RNA hybrid is degraded 

by RNase H activity of RT, which results in production of minus-strand DNA. The viral 

genome is flanked by two identical long terminal repeat (LTR) sequences, which means 

that 5’ and 3’ ends have the same sequence. This enables the newly synthesised minus-

strand DNA to act as a primer and hybridise on the 3’ end of the RNA template (first 

strand transfer) (Panganiban & Fiore, 1988). Since HIV-1 has two copies of viral 

genome, the template hybridisation during strand transfer can occur on either of the two 

viral genomes (strand switching). This results in reverse transcription of the rest of the 

RNA template. The RNA in resulting DNA:RNA hybrid is again degraded by RNase H 

activity, except for two short polypurine tracts (ppt), which are resistant to RNase activity 

(Hungnesi et al., 1992). The RNA in ppt sequences now acts as a primer for synthesis 

of the plus-strand DNA and is degraded after the completion of plus-strand DNA 

(Charneau et al., 1992). Next, PBS sequences from each end of plus- and minus-strand 

DNA hybridise (second strand transfer) to form a circular DNA stricture that enables full 

extension of plus- and minus-strand DNA by RT, which generates full length LTR 

sequences (reviewed in Hu & Hughes, 2012). The final product is double-stranded DNA, 

which is ready to integrate into host genome.  
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1.3.3.3 Nuclear import 
Capsid core containing reverse transcribed viral genome enters the nucleus through the 

nuclear pore complex (NPC). Whether the capsid core disassembles (fully or partially) 

at the NPC or whether the intact core enters the nucleus remains controversial (Bejarano 

et al., 2019; Burdick et al., 2020; Francis & Melikyan, 2018; Kane et al., 2018; Peng et 

al., 2014). Since CA can be deteteced in the nucleus, this argues against full uncoating 

at the NPC (Bejarano et al., 2019; Burdick et al., 2020; Chen et al., 2016). However, it 

remains a subject of debate how the CA core could enter the nucleus since the size of 

the intact core (75 nm) is larger than the NPC pore (50 nm) (Bui et al., 2013; Zhao et al., 

2013). CA was shown to be an important determinant for nuclear entry and integration 

site selection (Achuthan et al., 2018; Schaller et al., 2011). Nup358, a component of the 

NPC, interacts with CA via its cyclophilin-like domain, which is thought to displace 

cyclophilin A bound to CA (Bichel et al., 2013). Next, CA interacts with Nup153 

component of the NPC. Nup153 is located at the nuclear side of the NPC and interacts 

with CA via its FG (phenylalanine-glycine) repeats (Matreyek et al., 2013; Price et al., 

2014). In the nucleus CA interacts with an mRNA-processing protein cleavage and 

polyadenylation specificity factor 6 (CPSF6). It is thought that CPSF6 binding to CA 

displaces Nup153 since they share the same binding site (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; Price et al., 2012; Schaller et al., 2011).  

 

1.3.3.4 Integration  
Integration of viral DNA into host genome is mediated by the viral integrase enzyme (IN). 

IN monomers form a tetrameric complex with the viral DNA, called intasome, where two 

IN molecules bind each end of the viral DNA (Hare et al., 2010). IN was also shown to 

interact with host cell factor LEDGF/p75, which promotes targeting of integration into 

transcriptionally active regions in the host genome (Cherepanov et al., 2003; Marini et 

al., 2015). First, IN catalyses the processing of blunt-ended viral DNA: two nucleotides 

are removed from each 3’ end, generating 5’ end overhangs (Brown et al., 1989; 

Fujiwara & Mizuuchi, 1988). Next, during the strand transfer reaction, IN catalyses the 3’ 

end hydroxy group nucleophilic attack on 5’ phosphodiester bond in the target DNA, 

resulting in covalent attachment and insertion of viral DNA into host DNA (Hare et al., 

2010). The sites of insertion are five nucleotides apart in the target DNA. The strand 

reaction thus creates a 5-nucleotide gap in the target DNA and a 2-nucleotide overhang 

in the viral DNA on each side of insertion. The host cell DNA repair machinery fills in the 
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gaps and cleaves the overhangs to complete the integration, which results in the 

duplication of the five-nucleotide host sequence on each end of insertion (reviewed in 

Lusic & Siliciano, 2017). Integrated viral DNA is termed the provirus. 

 

In the nucleus, linear unintegrated viral DNA can also undergo circularisation mediated 

by the host cell DNA repair machinery to form 1-LTR or 2-LTR circles, containing one or 

two LTR sequences. 1-LTR circle formation is mediated by the MRN complex and 2-LTR 

circle formation is mediated by components of the non-homologous end joining 

machinery (Kilzer et al., 2003; Li et al., 2001). Whether viral gene expression can occur 

from the non-integrated viral DNA remains a subject of debate (Geis & Goff, 2019; Saenz 

et al., 2004; Thierry et al., 2016; Zhu et al., 2018).  

 

1.3.4 Viral gene expression  

Expression of viral genes is driven by the LTR sequence and regulated by viral 

transactivator (Tat) and regulator of expression of virion proteins (Rev) proteins. The 

viral genome contains two LTR sequences, containing U3, R and U5 elements. The 

transcription starts at R element of 5’ LTR and terminates at the R element of 3’ LTR, 

therefore 5’ LTR acts as the promoter for transcription (Klaver & Berkhout, 1994). The 

U3 element contains binding sites for transcription factors: NF-kB, SP1, AP-1 and NFAT, 

and the core promoter containing TATA box (Burnett et al., 2009; Rittner et al., 1995; 

Williams et al., 2007). Since viral transcription depends on cellular transcription factors 

it is tightly linked to cell activation. Transcription factor binding results in transcription 

initiation by RNA polymerase II. Initially, mRNA transcripts are fully spliced and code for 

Tat, Rev and Nef proteins. Importantly, the majority of initial transcription elongation is 

halted at the 5’ end, which produces a stem loop structure containing the transactivation 

region (TAR) element (Wei et al., 1998). Tat binds to TAR element and recruits positive 

transcription elongation factor b (P-TEFb), which enables transcription elongation and 

production of full-length mRNA transcripts (Berkhout et al., 1989; Wei et al., 1998). This 

results in accumulation of Tat and sustained viral transcription.  

 

Splicing of viral mRNA results in approx. 40 differently spliced transcripts due to 

alternative usage of splice acceptor and donor sites (Emery et al., 2017). Broadly, they 

can be categorised as fully spliced (encoding Tat, Rev, Nef), partially spliced (encoding 

Vif, Vpr, Vpu, Env) and unspliced transcripts (encoding Gag and Gag-Pol polyproteins). 
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Normally, unspliced and partially spliced mRNA is retained in the nucleus. However, Rev 

(expressed from fully spliced mRNA) overcomes this restriction and enables the nuclear 

export of partially spliced and unspliced transcripts (Malim et al., 1989). Rev contains 

both nuclear export and nuclear import signals, which enables its trafficking between the 

cytoplasm and the nucleus. Rev binds to Rev-responsive element (RRE) in the env gene, 

which is present in all partially and unspliced transcripts, thus enabling their nuclear 

export (Nasioulas et al., 1994).  

 

In the cytoplasm viral mRNA is translated to produce viral proteins. Translation is mainly 

cap-dependent, where the 40S ribosomal subunit scans for the start codon and recruits 

the 60S subunit to initiate the translation (Bolinger & Boris-Lawrie, 2009). Env is 

expressed from vpu-env bicistronic mRNA and translation of env was thought to occur 

as a result of leaky scanning of the 40S subunit through the vpu start codon (Schwartz 

et al., 1990). Interestingly, more recent data shows that presence of a conserved minimal 

ORF (start codon followed by a stop codon) immediately upstream of vpu start codon 

promotes translation of downstream env gene by mechanism of ribosome shunting 

(Krummheuer et al., 2007). This mechanism does not impact on Vpu expression; 

however, it is dependent on weak vpu initiation site, consistent with the leaky scanning 

mechanism.  Expression of pol gene (encoding for RT, integrase and protease) occurs 

through the programmed ribosomal frameshift at the gag stop codon, resulting in 

production of Gag-Pol precursor polyprotein (Jacks et al., 1988). 

 

1.3.5 Env expression and trafficking  

Env undergoes extensive processing and intracellular trafficking in order to produce 

infectious Env trimers that are incorporated into nascent viral particles. Env is 

synthesised as a gp160 precursor in the endoplasmic reticulum (ER). The gp160 

precursor contains an ER signal peptide sequence that targets it for insertion into the ER 

membrane, resulting in formation of one transmembrane helix near the C-terminus 

(Berman et al., 1988). During translation, gp160 is glycosylated mostly with N-linked and 

some O-linked glycans (Bernstein et al., 1994; Leonard et al., 1990). Monomeric gp160 

assembles into trimers, although a small proportion of dimers and tetramers can also be 

observed (Earl et al., 1990). Trimeric and glycosylated gp160 is then trafficked to the 

Golgi network to undergo further processing. The host protease furin cleaves the gp160 

precursor to yield the soluble gp120 domain and the transmembrane gp41 domain 

(Dubay et al., 1995). Furin cleavage occurs at a highly conserved polybasic K/R-X-K/R-
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R motif and is required to produce an infectious, fusion-competent Env. There are 25-30 

glycans in gp120 and 3-5 glycans in gp41, which are further processed and modified in 

the Golgi (Lyumkis et al., 2013; Montefiori et al., 1988). Extensive Env glycosylation is 

thought to be an important immune evasion strategy as it masks protein epitopes from 

antibody recognition.  

 

At the plasma membrane, Env is rapidly endocytosed to limit cell surface expression and 

thus evade immune recognition (Anand et al., 2019; Chung et al., 2008; Prévost et al., 

2018). Env endocytosis is mediated by two endocytic motifs found in the cytoplasmic tail 

of gp41: membrane-proximal YxxL motif recognised by the clathrin adaptor AP-2  and 

C-terminal LL motif recognised by the clathrin adaptor AP-1 (Berlioz-Torrent et al., 1999; 

Boge et al., 1998; Byland et al., 2007; Egan et al., 1996; Wyss et al., 2001). Once 

endocytosed, Env can be targeted for lysosomal degradation or recycled back to the 

plasma membrane via the endosomal recycling compartment (ERC) or the trans-Golgi 

network (TGN). Trafficking through the ERC is mediated by FIP1C and Rab14 

endosomal proteins, where FIP1C was shown to interact with gp41 cytoplasmic tail 

(Kirschman et al., 2018; Qi et al., 2013, 2015). Env trafficking to the TGN is mediated by 

the retromer complex and is dependedent on gp41 cytoplasmic tail interaction with 

Vps26 and Vps35 retromer components (Groppelli et al., 2014). Recycling of Env 

between the plasma membrane and the endosomal compartments is thought to be 

important for Env virion incorporation (discussed below). In addition to cleaved 

gp120/gp41 heterotrimers, Env at the plasma membrane exists in multiple nonfunctional 

forms: monomers, dimers, tetramers, uncleaved gp160 or gp41 stumps (Moore et al., 

2006). These additional, nonfunctional forms are thought to act as immune decoys to 

induce non-neutralising antibodies and thus contributing to immune evasion (Sanders & 

Moore, 2017). 

 

1.3.6 Assembly, budding and maturation 

1.3.6.1 Gag assembly and genome encapsidation  
Gag polyprotein is crucial for virion assembly and budding from the plasma membrane. 

In fact, Gag expression alone, without other viral proteins, results in formation of virus-

like particles that are released from the PM (Gheysen et al., 1989). Gag consists of 4 

domains: matrix (MA), capsid (CA), nucleocapsid (NC) and p6, where NC domain is 

surrounded by two spacer peptides, SP1 and SP2 (Figure 1.6). GagPol precursor is 

produced at  1:20 ratio  to Gag,  as a  result of  programmed  ribosomal  frameshift  and  
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Figure 1.6: HIV-1 virion assembly, budding and maturation  
Gag and GagPol precursors are synthesised in the cytoplasm and targeted to the PM via MA interaction 

with the membrane phospholipids. MA is also attached to the membrane with the insertion of the myristoyl 

anchor. NC binds the viral RNA ensuring its packinging into virions. Gag multimerization is triggered by MA 
interactions and viral RNA binding, which results in formation of lipid raft microdomains that serve as virus 

assembly sites. Env virion incorporation remains incompletely understood, but likely involves specific 

targeting of Env to the virus assembly sites and is further mediated by Env-MA interactions. The p6 domain 
of Gag recruits ESCRT-I (TSG101) and ALIX complexes, which in turn recruit ESCRT-III complexes and 

VPS4 that mediate membrane scission, resulting in virion release from the PM. Virion maturation is mediated 

by the viral protease enzyme which cleaves Gag and GagPol polyproteins into individual subunits. This 
results in formation of mature capsid core that encapsidates the viral genome, RT and integrase. Taken from 

(Freed, 2015). 

 

ensures incorporation of RT, integrase and protease into the virion (Jacks et al., 1988). 

Gag and GagPol are synthesised in the cytoplasm and targeted to the plasma membrane 

(PM) by the MA domain, although the precise mechamism remains unknown. At the PM, 

a cluster of basic residues in MA interacts with negatively charged phosphatidylinositol-

4,5-bisphosphate (PIP2) found on the inner leaflet of PM (Mücksch et al., 2017; Ono et 
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al., 2004). This interaction causes insertion of the myristoyl tag at the N-terminus of MA 

into the PM, thus anchoring Gag and GagPol in the membrane (Saad et al., 2006). Gag 

localisation to the PM recruits cholesterol-, sphingolipid- and tetraspanin-rich lipid 

microdomains known as lipid rafts, which serve as platforms for virion assembly (Halwani 

et al., 2003; Hogue et al., 2011; Mercredi et al., 2016; Nguyen & Hildreth, 2000).  

 

The HIV-1 genome consists of two copies of viral RNA and their incorporation is ensured 

by viral RNA dimerisation and NC binding (Lu et al., 2011; Nikolaitchik et al., 2013). The 

5’ untranslated region contains a dimer initiation signal and packaging sequences known 

as y-element, which ensures viral genome encapsidation (Chen et al., 2009; Moore et 

al., 2009). The NC contains two zinc-finger-like domains, which preferentially bind 

dimeric RNA (Nikolaitchik et al., 2013). RNA dimerization and NC binding can occur in 

the cytoplasm or at the PM (Moore et al., 2009; Nikolaitchik et al., 2013). At the PM, Gag-

RNA interactions help Gag multimerization and start nucleation of virion assembly 

(Kutluay & Bieniasz, 2010). Morover, CA interactions are crucial for Gag oligomerization 

and formation of immaure Gag lattice, which presumably consists of Gag trimers (Alfadhli 

et al., 2009; Tedbury et al., 2013). 

 

1.3.6.2 Env incorporation  
Incorporation of Env into nascent virions is poorly understood. So far, four models of Env 

incorporation have been proposed: passive incorporation, direct Gag-Env interaction, 

indirect Gag-Env interaction and Gag-Env co-targeting model (Checkley et al., 2011). 

Importantly, these models are not mutually exclusive and different mechanisms can 

contribute to efficient Env incorporation. The first model suggests that Env is passively 

incorporated into virions by virtue of its expression in the PM. This comes from 

observations that mutations of endocytic motifs in gp41 cytoplasmic tail (CT), which 

increase Env surface expression, result in increased Env virion incorporation (Boge et 

al., 1998; Byland et al., 2007; Day et al., 2004; Groppelli et al., 2014; Qi et al., 2013). 

Additionally, gp41 CT deletion does not impair Env virion incorporation in model cell lines 

(e.g. HeLa, HEK 293T), further suggesting passive incorporation (Freed & Martin, 1995; 

Murakami & Freed, 2000a; Qi et al., 2015). However, gp41 CT is required for Env 

incorporation in some T cell lines and more importantly, in primary T cells or monocyte-

derived macrophages, which argues against the passive model of incorporation (Akari 

et al., 2000; Groppelli et al., 2014; Murakami & Freed, 2000a; Qi et al., 2015). In fact, 

cell type-specific requirement for gp41 CT implicates cellular factors being responsible 
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for Env incorporation, which is consistent with the co-targeting and indirect interaction 

models. The Gag-Env co-targeting model suggests that Env is targeted to the same PM 

microdomains as Gag, resulting in its incorporation. It is known that virus assembly and 

budding occurs at lipid rafts (discussed above) and that Env can be found clustering at 

these microdomains (Bhattacharya et al., 2006; Muranyi et al., 2013); however, less is 

known how Env is trafficked to these assembly sites. In support of this model, it was 

shown that disrupting Env endocytic trafficking, either via the endosomal recycling 

compartment or the trans-Golgi network, results in differences in Env virion incorporation 

(Groppelli et al., 2014; Kirschman et al., 2018; Qi et al., 2013). This suggest that Env 

recycling is required for optimal Env incorporation, possibly by trafficking Env to the virus 

assembly sites. Another study showed that coexpressing HIV-1 Env glycoprotein and 

Ebola glycoprotein together with Gag resulted in segregation of both glycoproteins to 

separate PM microdomains, which produced virions with either viral glycoprotein, but not 

both (Leung et al., 2008). Targeting of Env to specific microdomains thus further supports 

the Env-Gag co-targeting model. By contrast, the indirect Gag-Env interaction model 

proposes that a cellular factor acts as a bridge between Env and Gag, thus recruiting 

Env into virus assembly sites. Several cellular factors (apart from the endocytic 

machinery) have been suggested to interact with gp41 CT, such as TIP47, Dlg1 and 

a-catenin; however, their exact role in Env incorporation and potential Gag interaction 

remains poorly defined (Checkley et al., 2013; Kim et al., 1999; Lopez-Vergès et al., 

2006; Perugi et al., 2009). This model has the least evidence in its support. By contrast, 

there is good evidence to support the direct Gag-Env interaction model. Several studies 

using genetic, biochemical and microscopy approaches have suggested that there is a 

direct interaction between gp41 CT and the MA domain, which traps the Env in the Gag 

multimeric lattice as virions bud from the PM, thus ensuring Env incorporation (Alfadhli 

et al., 2019; Buttler et al., 2018; Chojnacki et al., 2017; Freed & Martin, 1995; Murakami 

& Freed, 2000b; Pezeshkian et al., 2019; Tedbury et al., 2013). For example, MA 

mutants that are defective for Env incorporation can be rescued by mutations or 

deletions in gp41 CT and vice versa (Alfadhli et al., 2019; Freed & Martin, 1995; 

Murakami & Freed, 2000b; Tedbury et al., 2013). Deletion of gp41 CT or MA mutations 

result in free movement of Env and loss of trapping in the Gag lattice (Buttler et al., 2018; 

Muranyi et al., 2013; Pezeshkian et al., 2019). Virion maturation and cleavage of Gag 

results in increased mobility of Env in the virion, consistent with loss of Env-Gag 

interactions and trapping in the Gag lattice (Chojnacki et al., 2017). Importantly, the 

biochemical evidence for direct gp41 CT-MA interaction remains controversial due to 

likelihood of nonspecific gp41 interactions. Likewise, microscopy studies of Env mobility 

and genetic studies of Env incorporation rescue mutants do not prove direct Env-Gag 
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interaction, but rather show a role for MA in accommodating Env and its long CT during 

virion assembly and budding. Taken together, these studies show that optimal Env 

incorporation is likely achieved by multiple mechanisms and is likely cell type-dependent, 

whereby Env trafficking and targeting to virus assembly sites results in potential Env-

Gag interaction that ensures Env incorporation into nascent virions. 

 

1.3.6.3 Budding 
Once Env, Gag, GagPol and viral RNA are assembled, virion budding is mediated by p6 

domain of Gag and cellular ESCRT machinery (Figure 1.6). Endosomal sorting complex 

required for transport (ESCRT) machinery is involved in membrane scission reactions, 

such as during multivesicular body formation or cytokinesis (Hanson et al., 2009). First, 

p6 contains three “late domains”: P(T/S)AP and YPXL which recruit TSG101 as part of 

ESCRT-I complex and ALIX protein (Fujii et al., 2009; Garrus et al., 2001; Gottlinger et 

al., 1991; Huang et al., 1995; Martin-Serrano et al., 2001). This recruits ESCRT-III 

complexes and VPS4 protein (Bleck et al., 2014; Jouvenet et al., 2008). Finally, this 

enables ESCRT-III oligomerisation and formation of long spiral arrays which are thought 

to mediate elongation of the membrane at the neck of the bud and final scission of the 

membrane, which releases the nascent virion from the PM (Bleck et al., 2014; Jouvenet 

et al., 2008; van Engelenburg et al., 2014). Additionally, p6 also recruits viral accessory 

protein Vpr via the LXSLFG motif, which results in Vpr incorporation into virions 

(Bachand et al., 1999).  

 

1.3.6.4 Maturation 
After virus budding, maturation is mediated by the viral protease enzyme (PR) and is 

essential for production of infectious virions. PR is incorporated into virion as GagPol 

precursor and functions as a dimer, where the catalytic site is formed in the dimer 

interface (Wlodawer & Erickson, 1993). PR cleaves Gag and GagPol precursors into 

individual subunits. The cleavage efficiency varies between the cleavage sites, which 

results in ordered and sequential proteolytic processing cascade (Kaplan et al., 1993; 

Pettit et al., 1994). Cleavage of Gag releases CA subunits, which reassemble into 

hexamers to form a fullerene-like conical core, known as the capsid core (Frank et al., 

2015; Li et al., 2000). Matrix stays associated with the membrane and NC stays 

associated with the RNA genome. The newly formed capsid core encapsidates the viral 

genome together with the RT and IN enzymes. 
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1.3.7 Restriction factors 

Host cells have evolved a multitude of viral restriction factors that target viruses at 

different steps in the life cycle and thus prevent their replication. HIV-1 uses the 

accessory proteins Vif, Vpr, Nef and Vpu to directly counteract or antagonise some of 

these restriction factors, which will be discussed further in Section 1.4. By contrast, some 

of these restriction factors are not directly antagonised and may therefore reduce viral 

fitness. Restriction factors are often induced by type-1 interferon (IFN) response (IFNa, 

IFNb). This is induced by innate immune detection of pathogens by pattern-recognition 

receptors (PRR), which results in expression of IFN-stimulated genes (ISGs), many of 

which are restriction factors, thus inhibiting viral replication (Schoggins et al., 2011).  

 

1.3.7.1 IFITM proteins  
Interferon-inducible transmembrane proteins (IFITMs) inhibit viral fusion of diverse 

enveloped viruses, such as influenza A, Dengue and hepatitis C virus, possibly by 

regulating the fluidity of host cell membranes; however, the precise mechanism of 

inhibition is still unknown (Desai et al., 2014). HIV-1 entry is restricted by IFITM1, 2 and 

3; however, the restriction is less potent compared to other viruses (Lu et al., 2011). 

IFITM1 is localised at the plasma membrane, whereas IFITM2 and 3 are localised in the 

endosomal compartments (Jia et al., 2012). CCR5-tropic HIV-1 is more susceptible to 

restriction by IFITM1, whereas CXCR4-tropic viruses are more susceptible to restriction 

by IFITM2 and 3 (Foster et al., 2016; Wang et al., 2017; Wu et al., 2017). This suggest 

that CXCR4-tropic viruses might fuse in the endosomal compartments; however, precise 

subcellular localisation of HIV-1 entry remains controversial. Transmitted/founder 

viruses (CCR5-tropic) were shown to be particularly resistant to IFITM inhibition, which 

was shown to confer their resistance to interferon treatment. By contrast, matched 

antibody escape Env mutants (6-months post-transmission, chronic viruses) were more 

susceptible to inhibition by IFITM2 and 3 (without the change of coreceptor usage) and 

were also more sensitive to interferon treatment. (Foster et al., 2016). Together this 

shows that IFITM activity is an important barrier for HIV-1 entry, particularly during 

transmission, and that viruses have to balance the evasion of adaptive immune 

responses and innate antiviral restriction. 
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1.3.7.2 SERINC3/5 
Serine incorporator proteins (SERINC) are a family of 5 membrane proteins containing 

10-11 transmembrane helices. They were originally thought to mediate serine 

incorporation into membrane lipids (Inuzuka et al., 2005); however, this observation was 

challenged by recent studies showing no effect on cell or virus membrane lipid 

composition in presence or absence of SERINCs (Chu et al., 2017; Trautz et al., 2017). 

Therefore, at present SERINCs have unknown cellular function. SERINC5 and to lesser 

extent SERINC3 inhibit HIV-1 entry and the mechanism of inhibition remains 

incompletely understood (Rosa et al., 2015; Usami et al., 2015). It is important to note 

that there are no available antibodies against SERINCs, therefore exogenously 

expressed and tagged SERINC proteins are used in research, which can result in various 

artefacts associated with overexpression. Recently, a Jurkat T cell line was generated 

to tag endogenous SERINC5 via CRISPR/Cas9 gene editing (Passos et al., 2019). 

Interestingly, it was shown that IFN treatment does not change SERINC5 mRNA or 

protein levels, but rather increases SERINC5 surface expression and thus promotes its 

restriction activity. SERINC3/5 associate with lipid rafts and are incorporated into 

nascent viral particles (Passos et al., 2019; Schulte et al., 2018). During entry into target 

cells, SERINC3/5 inhibit fusion, possibly by interfering with fusion pore formation or 

expansion; however, the exact mechanism remains poorly defined (Rosa et al., 2015; 

Sood et al., 2017; Usami et al., 2015). Several primary R5-tropic Env isolates were 

shown to be resistant to SERINC inhibition, which mapped to V1/V2 and V3 loop regions 

in Env (Beitari et al., 2017; Usami & Göttlinger, 2013). The presence of SERINC5 also 

increases virus sensitivity to Env MPER-targeting neutralising antibodies, suggesting a 

conformational change in Env in the presence of SERINCs (Beitari et al., 2017; Pye et 

al., 2020; Sood et al., 2017). Moreover, specific mutations in SERINC5 extracellular 

loops were shown to allow for virion incorporation, but prevent its restriction activity and 

sensitisation to neutralising antibodies (Pye et al., 2020). Taken together, these data 

suggest that SERINC5 is likely interacting with Env, altering its conformation or stability 

and thus interfering with viral fusion. To overcome this restriction, primate lentiviruses 

encode Nef protein, which downmodulates plasma membrane expression of SERINC3/5 

and thus prevent their virion incorporation (Rosa et al., 2015; Usami et al., 2015). This 

will be discussed in Section 1.4.  

 

1.3.7.3 TRIM5a 

Tripartite motif protein 5a (TRIM5a) recognises a variety or retroviral capsids as they 

enter the cytoplasm and acts as an immune sensor (Pertel et al., 2011; Stremlau et al., 
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2004). TRIM5a restriction was shown to be species-specific such that SIV capsids are 

restricted in human cells, and vice versa HIV-1 capsids are restricted in monkey cells 

(Keckesova et al., 2006; Stremlau et al., 2004; Ylinen et al., 2005). TRIM5a restriction is 

thus proposed to present a major barrier in zoonotic transmission. TRIM5a contains a 

PRYSPRY domain that binds to CA, which leads to assembly of hexagonal TRIM5a 

lattice on the capsid cores and triggers TRIM5a auto-ubiquitinoylation by its E3 ubiquitin 

ligase RING domain (Fletcher et al., 2015; Stremlau et al., 2006). TRIM5a 

ubiquitinoylation triggers innate immune activation (via NF- kB activation) and targets 

capsid cores for proteasomal degradation, thus inhibiting reverse transcription and viral 

replication (Kim et al., 2019; Lascano et al., 2016; Pertel et al., 2011). HIV-1 was thought 

to be relatively insensitive to TRIM5a restriction due to poor recognition of HIV-1 capsid 

by TRIM5a (Keckesova et al., 2006; Kim et al., 2019; Kratovac et al., 2008; Stremlau et 

al., 2004). Particularly in primary CD4+ T cells, cyclophilin A interaction with CA was 

shown to be crucial to block TRIM5a restriction (Kim et al., 2019). Interestingly, it was 

recently shown that induction of antiviral state by type-1 IFN can lead to activation of 

immunoproteasome, which in turn activates TRIM5a for effective restriction of viral 

capsids and inhibition of HIV-1 infection (Jimenez-Guardeño et al., 2019). By contrast, 

HIV-2 capsids are more sensitive to restriction due to better recognition and binding by 

TRIM5a (Takeuchi et al., 2013; Ylinen et al., 2005). This is thought to partially contribute 

to poor viral replication and improved immune control of HIV-2 infection in vivo 

(Nyamweya et al., 2013). 

 

1.3.7.4 APOBEC3 
Apolipoprotein B mRNA editing enzyme catalytic polypeptide 3 proteins (APOBEC3) are 

a family of 7 cytidine deaminases (APOBEC3A-H) that inhibit diverse retroviruses by 

causing guanosine to adenosine (G to A) hypermutation in the viral genome (Chiu & 

Greene, 2008; Sheehy et al., 2002). APOBEC3 proteins are constitutively expressed, 

however their expression can be enhanced by type-1 IFN response (Koning et al., 2009). 

APOBEC3G is most potent and well-studied inhibitor of HIV-1 replication; however, 

ABOBEC3D/F/H can also restrict its replication (Dang et al., 2006; Harris et al., 2003; 

Mangeat et al., 2003; Zheng et al., 2004). APOBEC3 enzymes are incorporated into the 

virion by interaction with viral RNA and the NC subunit (Huthoff et al., 2009). APOBEC3 

enzymes act during reverse transcription where they deaminate the cytidine residues in 

the minus-strand DNA, thus causing G to A mutations in the plus-strand DNA (Harris et 

al., 2003; Mangeat et al., 2003). This results in defective hypermutated provirus 
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(premature stop codons or missense mutations), producing non-functional viral proteins. 

APOBEC3G was also shown to directly inhibit reverse transcription by several 

mechanisms including primer tRNA binding, strand transfer reactions and direct binding 

to RT enzyme (Bishop et al., 2008; Pollpeter et al., 2018). APOBEC3 enzymes are 

therefore potent restriction factors of HIV-1 replication. To overcome this restriction, 

lentiviruses encode viral accessory protein Vif, which targets APOBEC3 proteins for 

proteasomal degradation (Sheehy et al., 2003; Yu et al., 2003). The mechanism of Vif 

antagonism will be discussed in Section 1.4. 

 

1.3.7.5 SAMHD1 
Sterile alpha motif (SAM) and HD-domain-containing protein 1 (SAMHD1) hydrolyses 

dNTPs into deoxynucleosides and inorganic triphosphate. This depletes cellular levels 

of dNTPs, thus inhibiting reverse transcription (Goldstone et al., 2011). The SAM domain 

is involved in protein and nucleic acid interactions, and the HD domain has hydrolase 

activity. SAMHD1 is primarily active in myeloid cells: dendritic cells and macrophages, 

and in resting CD4+ T cells, which restricts HIV-1 infection in these cells (Baldauf et al., 

2012; Hrecka et al., 2011; Laguette et al., 2011). 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). The full mechanism 

of HIV-1 restriction in resting CD4+ T cells thus remains to be determined. SAMHD1 is 

active as a tetramer, which is regulated by GTP binding, and is inactivated by 

phosphorylation (Ji et al., 2014). SAMHD1 phosphorylation is cell cycle dependent and 

mediated by cell cycle kinases CDK1 and 2 (Cribier et al., 2013). SAMHD1 

phosphorylation (inactivation) in CD4+ T cells can also be mediated by cell activation 

(via T cell receptor signalling) or by common g-chain cytokines (e.g. IL-2, IL-7, IL-15), 

which relieves the block to infection (Coiras et al., 2016; Manganaro et al., 2018). By 

contrast, macrophages were shown to cycle between the G0 and G1-like phase, without 

cell cycle progression (Mlcochova et al., 2017). In G1-like phase, SAMHD1 is 

phosphorylated by CDK1, which allows HIV-1 infection. HIV-1 does not antagonise 

SAMHD1; however, HIV-2 uses Vpx and some SIVs use either Vpr or Vpx to antagonise 

SAMHD1, which will be discussed in Section 1.4.   

 

1.3.7.6 MxB 
Myxovirus resistance B protein (MxB) is induced by type-1 IFN response and can restrict 

HIV-1 nuclear entry (Goujon et al., 2013; Kane et al., 2013). MxB is located at the nuclear 
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envelope and oligomerises to form higher-order structures (Busnadiego et al., 2014; 

Fribourgh et al., 2014). MxB restricts the nuclear entry by interacting with CA, which is 

dependent on CA interaction with cyclophilin A (Goujon et al., 2013; Kane et al., 2013). 

MxB localisation at the nuclear envelope and interaction with the NPC components is 

important for the restriction of the nuclear import (Dicks et al., 2018; Kane et al., 2018; 

Schulte et al., 2015); however, the precise mechanism of restriction remains unknown. 

 

1.3.7.7 HUSH complex  
Human silencing hub (HUSH) complex consists of three subunits: TASOR, MPP8 and 

periphilin, which act to epigenetically silence gene expression via chromatin remodelling. 

MPP8 recognises existing histone methylation in the chromatin and TASOR recruits 

SETDB1 methyl transferase, resulting in histone methylation (H3K9me3) and spreading 

of this repressive mark on the chromatin (Tchasovnikarova et al., 2015). The HUSH 

complex was shown to repress more than 900 genes and also LINE-1 transposable 

elements (Liu et al., 2018; Tchasovnikarova et al., 2015). In addition to cellular genes, 

the HUSH complex was also shown to silence HIV-1 proviral gene expression (Chougui 

et al., 2018; Yurkovetskiy et al., 2018). The repression was shown to be heterogeneous 

as only a proportion of cells in infected population become repressed. The reason for 

this remains poorly understood and might depend on site of proviral integration as the 

HUSH complex acts mainly to spread repressive marks on the chromatin. The HUSH 

complex is thought to be involved in latency establishment as HUSH antagonism results 

in reactivation of latent provirus (Chougui et al., 2018; Yurkovetskiy et al., 2018). Further, 

the HUSH complex was also shown to mediate silencing of gene expression from 

unintegrated retroviral DNA (2-LTR circles) from murine leukaemia virus (Zhu et al., 

2018). Unintegrated HIV-1 DNA was also shown to be associated with repressive histone 

methylation (H3K9me3) and whether this is also mediated by HUSH complex remains 

to be investigated (Geis & Goff, 2019). HIV-1 does not antagonise HUSH complex; 

however, HIV-2 uses Vpx and some SIVs use either Vpr or Vpx to antagonise HUSH 

complex, which will be discussed in Section 1.4.   

 

1.3.7.8 GBP2/5 
Guanylate binding proteins (GBP) are a family of IFN-inducible GTPases with activity 

against diverse pathogens (Kim et al., 2012). GBP5 and to lesser extent GBP2 inhibit 

proteolytic cleavage of the Env gp160 precursor by furin protease. GBP2/5 expression 

is induced by both type-1 and type-2 IFN and reduces the proteolytic activity of furin 
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(Braun et al., 2019; Krapp et al., 2016). GBP2/5 were shown to interact with furin, but 

the exact mechanism of inhibition remains unknown (Braun et al., 2019). Furin inhibition 

results in production and virion incorporation of uncleaved gp160, thus reducing virion 

infectivity. Since GBP2/5 target furin they exert broad antiviral activity against viral 

envelope proteins that require furin cleavage, such as influenza A, Zika and measles 

virus (Braun et al., 2019). 

 

1.3.7.9 MARCH proteins 
Membrane associated RING-CH proteins (MARCH) are a family of 11 proteins with 

RING-finger E3 ubiquitin ligase activity that downmodulate several membrane proteins 

from the cell surface (e.g. transferrin receptor, MHC-II, TRAIL) via ubiquitination and 

degradation of target proteins (Fujita et al., 2013; Tze et al., 2011). MARCH8 is 

constitutively expressed, whereas MARCH1/2 are induced by type-1 IFN (Zhang et al., 

2019). MARCH1/2/8 act to reduce plasma membrane expression of Env (Tada et al., 

2015; Zhang et al., 2019). This is achieved via Env binding and internalisation, but 

without causing its degradation. Reduced plasma membrane expression of Env results 

in reduced Env virion incorporation and reduced virion infectivity. Whether MARCH 

proteins also induce Env ubiquitination remains unknown.  

 

1.3.7.10 Tetherin  
Tetherin is a transmembrane protein that restricts virion release of diverse enveloped 

viruses, such as retroviruses, Ebola, Marburg and Lassa virus (Jouvenet et al., 2009; 

Neil et al., 2008; Sakuma et al., 2009; van Damme et al., 2008). Tetherin is constitutively 

expressed and is upregulated by type-1 and type-2 IFN response, but also via TLR3, 

TLR8 and IL-27 signalling (Bego et al., 2012; Guzzo et al., 2012). Tetherin forms dimers 

and consists of the N-terminal cytoplasmic tail, transmembrane a-helix, coiled-coil 

ectodomain and a C-terminal glycosyl-phosphatidylinositol (GPI) anchor, which targets 

it to lipid rafts, where the viruses assemble (Kupzig et al., 2003). As the virions bud from 

the PM, the GPI anchor of tetherin gets incorporated in the virion membrane whilst the 

transmembrane domain stays associated with the host PM (Hammonds et al., 2010; Neil 

et al., 2008; Perez-Caballero et al., 2009; van Damme et al., 2008). This physically 

tethers the nascent virions to the cell surface and prevents their release. Tethered virions 

are also exposed to antibody recognition, which can result in antibody-dependent cell 

cytotoxicity (ADCC) (Alvarez et al., 2014). Furthermore, tetherin retention of viral 

particles was shown to induce an innate immune response via activation of NF-kB 
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signalling and downstream proinflammatory gene expression (Cocka & Bates, 2012; 

Galão et al., 2012). Tetherin is expressed in two isoforms: the long (full-length) and the 

short isoform missing the initial 12 residues in the N-terminal cytoplasmic tail. Both 

isoforms were shown to inhibit particle release, but only the long isoform is able to induce 

NF-kB signalling (Cocka & Bates, 2012; Galão et al., 2012). This is due to the di-tyrosine 

motif in the cytoplasmic tail that functions as a hemi-immunoreceptor tyrosine-based 

activation motif (hemITAM), such as found in C-type lectin receptors. Tetherin signalling 

is induced by retention of viral particles and coupled to the cortical actin cytoskeleton via 

RICH2 adaptor, which results in phosphorylation of hemITAM by Syk kinase and 

propagation of downstream signalling via TRAF2, TRAF6 and TAK1 complex that 

activates NF-kB (Galão et al., 2014). Tetherin is a potent viral restriction factor and is 

antagonised by lentiviral accessory proteins Vpu or Nef, which will be discussed in 

Section 1.4. Interestingly, HIV-2 uses its Env to antagonise tetherin.   
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1.4 Lentiviral accessory proteins  

1.4.1 Vif  

Viral infectivity factor (Vif) is a viral accessory protein found in all primate lentiviruses. It 

is crucial for viral replication in vivo and in vitro as it antagonises the host restriction 

factors APOBEC3D/F/G/H enzymes, which would otherwise cause genomic 

hypermutation and production of defective virus (Gabuzda et al., 1992; Harris et al., 

2003; Mangeat et al., 2003; Sheehy et al., 2002). Vif acts as an adaptor protein between 

APOBEC3 and the Cullin5 E3 ubiquitin ligase complex, which causes APOBEC3 

polyubiquitination and targeting for proteasomal degradation (Sheehy et al., 2003; Yu et 

al., 2003). Assembly of the Vif-Cullin5 ligase complex is mediated by the cellular 

transcription factor CBF-b (Zhang et al., 2012). Additionally, Vif was shown to antagonise 

APOBEC3 enzymes by inhibiting their mRNA translation or virion incorporation (Goila-

Gaur et al., 2008; Stopak et al., 2003).  

 

Vif antagonism of APOBEC3 enzymes presents an important barrier for zoonotic 

transmissions of SIVs and HIV. For example, most SIV Vif proteins are unable to 

efficiently antagonise chimpanzee APOBEC3 enzymes; however, the recombination 

between SIVrcm and SIVgsn/mon/mus that gave rise to SIVcpz virus resulted in 

generation of a hybrid, elongated Vif protein that was able to counteract chimpanzee 

APOBEC3 enzymes (Etienne et al., 2013). This adaptation also facilitated SIVcpz 

transmission into humans as SIVcpz Vif is generally active against human APOBEC3 

proteins, except for APOBEC3H (Etienne et al., 2013; Zhang et al., 2017). By contrast, 

Vif antagonism is unlikely to have posed a significant barrier in HIV-2 zoonosis as 

SIVsmm Vif is able to antagonise human APOBEC3 enzymes (Letko et al., 2013).  

 

Recently Vif has been shown to possess a second function by dysregulating a major 
cellular protein phosphatase PP2A. Vif recruits members of the phosphatase regulatory 

subunit (PPP2R5A-E) to the Cullin5 ubiquitin ligase complex, resulting in their 

proteasomal degradation (Greenwood et al., 2016). This results in reduced activity of 

PP2A and hence increased phosphorylation of more that 200 cellular proteins, 

particularly the substrates of aurora kinases (Greenwood et al., 2016; Naamati et al., 

2019). This activity was shown to be conserved between diverse SIV Vif proteins 

(Greenwood et al., 2016); however, the importance of this function for the virus or the 

host cell remains unknown.  
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1.4.2 Vpr and Vpx  

Viral protein R (Vpr) is a small accessory protein found in all primate lentiviruses. Viral 

protein X (Vpx) is related and structurally similar to Vpr and is found only in related 

HIV-2/SIVsmm and SIVrcm/drl/mnd2 lentiviral lineages (Schwefel et al., 2014). Vpx is 

thought to originate from Vpr gene duplication, which likely occurred after the separation 

of HIV-2/SIVsmm and SIVrcm/drl/mnd2 lineages from SIVagm lineage (Etienne et al., 

2013; Tristem et al., 1990). Both Vpr and Vpx are incorporated into nascent viral particels 

via interaction with p6 domain of Gag (Selig et al., 1999). In the host cell, Vpr/Vpx  target 

various host cell proteins for proteasomal degradation to enhance viral replication. They 

achive this by acting as adaptors to recruit cellular proteins to DCAF1-Cullin4 E3 

ubiquitin ligase complex (via DCAF1 binding) and thus target them for proteasomal 

degradation (le Rouzic et al., 2007; Srivastava et al., 2008). 

 

While the precise cellular function orf Vpr remains to be fully-eluciated, HIV-1 Vpr was 

recently shown to cause broad host cell proteome remodelling by promiscuous targeting 

of at least 38 proteins for degradation via DCAF1-Cullin4 complex, which results 

(indirectly) in changes in abundance of almost 2,000 cellular proteins (Greenwood et al., 

2019). Vpr targets include: UNG2 (uracil DNA glycosylase) and HLTF (DNA translocase) 

both involved in DNA repair and ZGPAT involved in chromatin remodelling (Lahouassa 

et al., 2016; Maudet et al., 2013; Schröfelbauer et al., 2005). Vpr has long been observed 

to cause G2/M cell cycle arrest in dividing cells  (Jowett et al., 1995), which has been 

attributed to degradation of several proteins involved in cell cycle control and 

progression: SLX4 complex (including MUS81 and EME1), MCM10, SMN1, CDCA2, and 

ZNF267 (Berger et al., 2015; Greenwood et al., 2019; Laguette et al., 2014; Romani et 

al., 2015; Zhou et al., 2016). Importantly, it remains unknown how targeting DNA repair 

or cell cycle arrest contributes to viral replication either in vivo or in vitro, thus the role of 

Vpr remains enigmatic. Vpr is clearly important for the virus as it gets incorporated into 

virions; however, its precise function in viral replicaiton remains unknown and is thus an 

active area of HIV-1 research. Interestingly, one case of infection with Vpr-defective virus 

has been reported, which showed delayed seroconversion, poor viral replication and no 

disease, indicating that Vpr function is important for viral replication in vivo (Ali et al., 

2018). Furthermore, recent data suggests that Vpr might be involved in antagonism of 

innate immune sensing, possibly by preventing IRF3 and NF-kB nuclear translocation 

(Khan et al., 2020).    
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Vpx and some Vpr proteins were shown to degrade restriction factor SAMHD1 via 

targeting to DCAF1-Cullin4 complex and thus enhancing viral replication in dendritic 

cells, macrophages and resting CD4+ T cells. (Baldauf et al., 2012; Hrecka et al., 2011; 

Laguette et al., 2011). Vpx from both HIV-2/SIVsmm and SIVrcm/drl/mnd2 lentiviral 

lineages is able to degrade SAMHD1 in their respective host; however, the antagonism 

is species specific. For example, SIVrcm Vpx cannot degrade human SAMHD1 (Lim et 

al., 2012). Antagonism of SAMHD1 likely precedes the emergence of Vpx as Vpr from 

related SIVagm, SIVgsn/mon/mus and SIVdeb/syk lineages also degrade SAMHD1 in 

their respective hosts (Lim et al., 2012; Sakai et al., 2016). Again, the antagonism is 

species-specific and phylogenetic analysis indicates positive selection in SAMHD1, 

which maps to Vpr/Vpx sensitivity, thus showing the importance of SAMHD1 restriction 

(Lim et al., 2012).  

 

Another function of Vpx and some Vpr proteins is HUSH complex degradation, which 

relieves the transcriptional repression of proviral DNA (Chougui et al., 2018; 

Yurkovetskiy et al., 2018). Similar to SAMHD1, the TASOR subunit of HUSH complex is 

targeted to DCAF1-Cullin4 complex resulting in proteasomal degradation. This function 

is conserved in Vpxs from both HIV-2/SIVsmm and SIVrcm/drl/mnd2 lineages, and is 

also present in Vpr from related SIVagm and SIVgsn/mon/mus linages and more distant 

SIVlst/sun and SIVcol lineages (Yurkovetskiy et al., 2018). Importantly, lentiviral Vpr/Vpx 

function has only been tested against human HUSH complex; however, given that 

diverse Vpr proteins have anti-HUSH activity (unlike SAMHD1 antagonism) this might 

suggest that HUSH antagonism is a common feature of primate lentiviruses. Why HUSH 

and SAMHD1 antagonism was lost in the HIV-1/SIVcpz lineage remains unknown. HIV-1 

infection of dendritic cells and macrophages can be enhanced by delivering Vpx in trans 

(as VLPs) to enable efficient reverse transcription. Interestingly, this was shown to 

induce sensing of viral DNA products by cGAS or IFI16, resulting in innate immune 

response (Jønsson et al., 2017; Lahaye et al., 2013; Yoh et al., 2015). Similarly, 

degradation of HUSH complex can result in expression of transposable elements and 

endogenous retroviruses and thus triggering of innate immune responses (Liu et al., 

2018; Robbez-Masson et al., 2018). These observations thus suggest that antagonism 

of SAMHD1 and HUSH might also have a negative effect on viral relication by triggering 

an innate immune response. Having to balance efficient viral replication and immune 

evasion this may therefore explain why HIV-1 evolved away from SAMHD1 and HUSH 

antagonism.  
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1.4.3 Vpu  

Viral protein U (Vpu) is a small accessory protein found only in HIV-1/SIVcpz and related 

SIvgsn/mon/mus lineages. Vpu interacts with multiple cell surface proteins, most notably 

tetherin, to target them for degradation and thus enhance viral replication (Sugden et al., 

2016). Additionally, it antagonises NF-kB signalling to prevent innate immune activation 

(Galão et al., 2012; Sauter et al., 2015). Vpu is a membrane protein, consisting of 

N-terminal transmembrane helix and two cytoplasmic a-helices and is found mainly in 

the ER, the TGN and endosomal compartments (Dubé et al., 2009). It contains a 

conserved dual serine motif that is phosphorylated by CK-II kinase and the ExxxLL motif 

that mediates interaction with AP-1 and AP-2 clathrin adaptors of the endocytic 

machinery (Kueck & Neil, 2012; Ulrich Schubert et al., 1994). Phosphorylation of the dual 

serine motif enables Vpu interaction with the b-TrCP adaptor of the SCF-b-TrCP E3 

ubiquitin ligase complex (Margottin et al., 1998) 

 

Vpu downmodulates surface expression of tetherin to enable efficient virion release and 

prevent tetherin-induced NF-kB activation and resulting proinflamatory gene expression 

(Galão et al., 2012, 2014; Neil et al., 2008; van Damme et al., 2008). The transmembrane 

helix of Vpu interacts with the transmembrane helix of tetherin and recruits AP-1 complex 

via the ExxxLL motif to promote targeting to late endosomes (Kueck et al., 2015; Kueck 

& Neil, 2012; Vigan & Neil, 2010). This occurs mainly in the TGN, thus Vpu can target 

both newly synthesised and recycling pools of tetherin. Additionally, Vpu recruits the 

SCF-b-TrCP complex, which mediates tetherin ubiquitination and targets it for ESCRT-

mediated endosomal degradation (Jia et al., 2014; Kueck et al., 2015; Mitchell et al., 

2009). The short isoform of tetherin, lacking the cytoplasmic tail, is thus resistant to 

endosomal degradation; however, the interaction with Vpu still reduces its surface 

expression (Weinelt & Neil, 2014).  

 

Tetherin antagonism is species specific and thus presented a major barrier to HIV/SIV 

zoonotic transmissions. Interestingly, most SIV lineages use their Nef proteins to 

downmodulate tetherin in their respective hosts; however, SIVgsn/mon/mus Nefs are 

inactive in tetherin antagonism and instead use Vpu to downmodulate tetherin (Sauter 

et al., 2009; Zhang et al., 2009). Upon transmission to chimpanzees, SIVcpz Vpu was 

unable to antagonise chimpanzee tetherin, but instead SIVcpz evolved Nef to 

downmodulate tetherin (Sauter et al., 2009; Zhang et al., 2009). Upon subsequent 
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transmission to humans, HIV-1 Nef protein was inactive against human tetherin, because 

of a short deletion in tetherin cytoplasmic tail, which conferred resistance to Nef-

mediated downmodulation (Zhang et al., 2009). HIV-1 M group thus evolved Vpu to 

antagonise tetherin (Neil et al., 2008; van Damme et al., 2008), and HIV-1 O group 

(despite having Vpu) evolved Nef to overcome human tetherin resistance (Kluge et al., 

2014). Interestingly, HIV-2 evolved Env to antagonise human tetherin (Heusinger et al., 

2018; le Tortorec & Neil, 2009). By contrast to Vpu, HIV-2 envelope is thought to interact 

with tetherin ectodomain via the gp41 extracellular domain and targets it for endocytosis, 

which is dependent on the endocytic motif in gp41 cytoplasmic tail. Taken together, this 

suggests that tetherin antagonism is a necessary function for efficient viral replication 

and thus primate lentiviruses evolved multiple strategies to antagonise this restriction 

factor. 

 

In addition to preventing tetherin-mediated NF-kB activaiton, Vpu can also direcly target 

the NF-kB complex and thus further supress innate immune responses. Lack of Vpu-

mediated NF-kB antagonism results in expression of IFNs and ISGs, which inhibits viral 

replication (Langer et al., 2019; Sauter et al., 2015). Vpu was shown to stabilise the 

inhibitory subunit IkB and thus prevent NF-kB activation and nuclear translocation 

(Hotter et al., 2017; Sauter et al., 2015). Stabilisation of IkB is thought to occur in b-TrCP-

independent manner; however, the mechanism of inhibition is not well understood. This 

function of Vpu was shown to be conserved across all lentiviral lineages, thus 

highlighting its importance for viral replication.  

 

One other well-defined function of Vpu is to degrade CD4. This prevents inhibitory 

Env-CD4 interactions in the host cells that can result in production of non-infectious Env, 

expose CD4-induced antibody epitopes and thus mediate ADCC or tether nascent viral 

particles at the PM (Ross et al., 1999; Smalls-Mantey et al., 2013; Veillette et al., 2014; 

Willey et al., 1992). Additionally, CD4 downmodulation prevents superinfection of the 

host cell (Wildum et al., 2006). In the ER, the cytoplasmic domain of Vpu interacts with 

CD4 cytoplasmic tail, which recruits the SCF-b-TrCP complex that mediates CD4 

ubiquitination (Bour et al., 1995; Margottin et al., 1998). Firstly, this inhibits the 

anterograde trafficking of CD4 and sequesters it in the ER, which recruits the ERAD 

machinery that targets CD4 for proteasomal degradation (Magadán et al., 2010; Ulrich 

Schubert et al., 1998). Vpu also downmodulates surface expression of several 

immunoreceptors: NTB-A, PVR and CD1d to evade NK and NKT cell immune responses 
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(Matusali et al., 2012; Moll et al., 2010; Shah et al., 2010). Vpu sequesters these 

immunoreceptors in the TGN and the endosomal compartments, but it does not cause 

their degradation. Furthermore, Vpu was also shown to downmodulate and degrade 

alanine transporter SNAT1, which was shown to inhibit CD4+ T cell proliferation 

(Matheson et al., 2015). This might therefore represent another immune evasion 

strategy.  

 

1.4.4 Nef  

Negative factor (Nef) is a small (27-32 kDa) accessory protein found in all primate 

lentiviruses. Despite its original naming “negative factor”, Nef is required for efficient viral 

replication in vitro and in vivo. Notably, individuals infected with Nef-defective viruses 

showed poor viral replication and lack of disease progression (Deacon et al., 1995; 

Kirchhoff et al., 1995). Similarly, Nef was crucial for maintenance of high viral loads and 

development of simian AIDS in SIVmac infected rhesus macaques (Kestler et al., 1991). 

Nef downmodulates a variety of cell surface molecules to enhance viral replication and 

evade immune responses. Additionally, Nef interacts with cellular kinases to perturb  

T cell activation and actin cytoskeleton.  

 

Nef functions as an adaptor between host cell proteins and AP-1 or AP-2 clathrin 

adaptors of the endocytic machinery to trigger endocytosis of target proteins and thus 

downmodulate their cell surface expression (Craig et al., 1998; Schwartz et al., 1996). 

As shown in Figure 1.7, Nef contains N-terminal myristoyl anchor that inserts it in the 

membrane and basic residues in the unstructured N-terminal region further stabilise 

interaction with negatively charged lipids in the membrane (Geyer et al., 1999; Yu & 

Felsted, 1992). This Nef localisation to cellular membranes is necessary for its function. 

Nef interacts with clathrin adaptors AP-1/2 via the ExxxLL motif in the C-terminal loop 

(Craig et al., 1998), while SIV and some HIV-2 Nefs also contain an additional YxxL 

endocytic motif in the unstructured N-terminal region. In addition to AP1 and AP2, Nef 

also interacts with other endocytic adaptors: phosphofurin acidic cluster sorting protein 

1 (PACS-1), β subunit of COPI coatomers (β-COP) and vacuoloar ATPase V1H to further 

promote endocytosis of target proteins (Figure 1.7) (Lu et al., 1998; Munch et al., 2005; 

Piguet et al., 1999, 2000).  
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Figure 1.7: Nef structure and sequence motifs important for Nef function.  
(A) Structure of HIV-1 Nef. The model of Nef membrane association is based on two NMR structures (1QA5 
and 2NEF). The model shows N-terminal myristoyl anchor, N-terminal unstructured region, globular core 

domain, which interacts with Nef target proteins and C-terminal flexible loop, which interacts with 

components of the endocytic machinery. Highlighted are important motifs for Nef function (described in panel 
B). Adapted from (Arold & Baur, 2001). (B) Amino acid sequence alignment of HIV-1 (NL4.3) and SIVsmm 

(FBr 75wL4) Nef. Highlighted are important motifs for Nef interaction with: AP-2 and AP-1 clathrin adaptors 

(YxxL and ExxxLL), PACS-1 (acidic cluster), b-COP (di-acidic motif, EE), V1H (di-acidic motif, DD), SH3 

domain of Src-family kinases (PxxP) and PAK-2 (RR and PxxP). SIV Nef proteins interact with CD4 via 
residues P73A, with MHC-I via Y221, and with CD3 via I123 and L146. HIV-1 Nef proteins interact with CD4 

via residues W57L, whereas PxxP and acidic cluster motifs (PACS-1) are important for MHC-I 

downmodulation. Dots indicate identity and dashes indicate gaps introduced to optimise the alignment. 
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The best characterised targets of Nef are: SERINC3/5, tetherin, CD4, CD3, CD28, 

CXCR4 and MHC-I. Additionally, Nef interacts with SH3 domain of Src-family kinases 

via conserved PxxP motif (Collette et al., 2000), and interaction with PAK-2 kinase 

involved in actin remodelling is mediated via PxxP and di-arginine motifs (Haller et al., 

2007). Thus, Nef can be considered a promiscuous binding partner for many 

components of the host cell trafficking and endocytic machinery. This adaptor function 

explains why it has been reported to target a large number of cellular proteins and 

processes. 

 

1.4.4.1 SERINC5/3 downmodulation 
Nef has long been observed to increase virion infectivity (Chowers et al., 1994; Münch 

et al., 2007; Tokunaga et al., 1998) but the mechanism remained unknown until two 

studies published in 2015 identified SERINC3 and 5 as the targets of HIV-1 Nef (Rosa 

et al., 2015; Usami et al., 2015). Specifically, it was shown that Nef induces endocytosis 

of SERINC3/5 from the plasma membrane of cells, which prevents their virion 

incorporation and thus enhances virion infectivity. As discussed earlier, there are no 

available SERINC antibodies, therefore exogenous expression of tagged SERINCs is 

used in research. Recently, Jurkat T cell line was generated containing tagged 

endogenous SERINC5 (Passos et al., 2019). Interestingly it was shown that Nef, in 

addition to preventing endogenous SERINC5 virion incorporation, may also counteract 

virion-associated SERINC5 to enhance virion infectivity and a similar mechanism of Nef-

mediated antagonism of virion incorporated SERINC5 was previously proposed using 

exogenously expressed SERINC5 (Trautz et al., 2016). Taken together, this suggests 

that Nef might use multiple mechanisms to counteract SERINC5 restriction and the exact 

mechanistic details remain to be uncovered. SERINC3/5 endocytosis is mediated via the 

ExxxLL motif in Nef and AP-2 adaptor complex and results in SERINC retargeting to late 

endosomes (Rab7+ compartment) and lysosomes, but without their degradation (Rosa 

et al., 2015; Shi et al., 2018; Trautz et al., 2016; Usami et al., 2015). Nef is thought to 

interact with intracellular loop 4 of SERINC5, which was determined by domain-swap 

experiments between human SERINC5 and Nef-resistant frog SERINC5 (Dai et al., 

2018). By contrast, residues in Nef required for SERINC5 binding have not been well 

defined. Notably, Nef antagonism of SERINC5 is not species-specific as diverse primate 

lentiviral Nef proteins are able to counteract both human and different monkey species 

SERINC5 orthologs (Heigele et al., 2016), which suggests that SERINC antagonism did 

not present a barrier to zoonotic transmissions. Likewise, SERINC5 restriction of viral 

infectivity was shown to be conserved as diverse primate and non-primate SERINC5 
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proteins, including mouse, frog and zebrafish SERINC5 orthologs are able to restrict 

HIV-1 infectivity (Dai et al., 2018; Heigele et al., 2016). Interestingly, the potency of Nef-

mediated SERINC5 antagonism varies and was shown to correlate to some extent with 

prevalence of SIV infection in different monkey species in the wild (Heigele et al., 2016). 

This suggest that SERINC restriction presents an important selective pressure for viral 

transmission and viral fitness in general, even in the absence of species-specific Nef-

SERINC phenotypes. Moreover, HIV-2 Nefs were shown to be particularly weak 

antagonists of SERINC3/5 compared to HIV-1 Nef, which one may speculate to 

contribute to the relatively poor viral replication of HIV-2 observed in vivo (Heigele et al., 

2016). This is an intriguing observation as SIVsmm Nef (which transmitted to HIV-2) is 

a potent antagonist of human SERINC5 and why HIV-2 Nef partially lost this ability 

remains unknown. Moreover, certain HIV-1 Nef mutants that are associated with viral 

escape from CTL responses were shown to be defective for SERINC5 antagonism, 

which resulted in low virion infectivity (Jin et al., 2019) and shows the importance of 

balancing viral replication and efficent immune evasion. Notably, these Nef mutants were 

isolated form HIV-1 elite controllers, which are characteresid by effiecient long-term 

control of viral replication. Therefore, it is possible to speculate that immune pressure 

selection of Nef variants defective in SERINC5 antagonism activity might contributed to 

better control of viral replication in these individuals.  

 

1.4.4.2 Tetherin downmodulation 
Most SIV Nef proteins antagonise the restriction factor tetherin in their respective 

monkey species (Jia et al., 2009; Sauter et al., 2009; Zhang et al., 2009). The exceptions 

are SIVgsn/mon/mus, which use their Vpu to counteract tetherin. As discussed in the 

previous Section, lentiviral antagonism of tetherin is species specific and  thus is 

proposed to have presented a major barrier to zoonotic transmissions. Nef binds to the 

tetherin cytoplasmic tail and recruits the AP-2 adaptor complex via the ExxxLL motif, 

which results in tetherin endocytosis (Serra-Moreno et al., 2013; Zhang et al., 2011). 

Human tetherin has a five-amino acid deletion in the cytoplasmic tail which renders it 

resistant to Nef-mediated downmodulation (Zhang et al., 2009). Notably, HIV-1 O group 

Nef (transmitted from SIVgor) evolved to target an adjacent region in tetherin cytoplasmic 

tail and mainly prevents anterograde transport from the TGN, which is mediated by the 

ExxxLL motif and the AP-1 adaptor complex (Kluge et al., 2014; Morris et al., 2018). 
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1.4.4.3 CD4 downmodulation 
CD4 downmodulation is a conserved feature of all primate lentiviral Nef proteins. CD4 

downmodulation prevents superinfection and inhibitory Env-CD4 interactions in the host 

cell that can result in virion tethering at the PM or expose Env epitopes for ADCC (Ross 

et al., 1999; Veillette et al., 2014; Wildum et al., 2006). The CD4 cytoplasmic tail contains 

a di-leucine endocytic motif; however, to induce endocytosis the endocytic motif requires 

phosphorylation, which is dependent on T cell activation (Pitcher et al., 1999). Nef is able 

to bind CD4 endocytic motif in the absence of phosphorylation and recruits AP-2 complex 

via its ExxxLL motif, which results in CD4 endocytosis and lysosomal degradation (Aiken 

et al., 1994; Garcia & Miller, 1991; Greenberg et al., 1997). Notably, CD4 

downmodulation is not species-specific as diverse SIV Nefs can downmodulate human 

CD4 (Hua & Cullen, 1997; Munch et al., 2005). Interestingly, different residues in Nef 

core domain were shown to be important for CD4 downmodulation: residues P73A in SIV 

Nefs and residues W57L in HIV-1 Nefs (Figure 1.7B), which suggests different mode of 

CD4 interaction between different Nefs (Hua & Cullen, 1997; Iafrate et al., 2000). 

 

1.4.4.4 CD3 downmodulation 
HIV-2 and most SIV Nef proteins downmodulate CD3 expression from the surface of 

infected cells, whereas HIV-1 Nef does not have this ability. Therefore, one of the most 

intriguing questions regarding Nef activity is the evolutionary relationship between 

lentiviral Nefs in their ability to downregulate CD3 surface expression. CD3 complex is 

the signalling component of the T cell receptor (TCR) complex and thus mediates T cell 

activation (discussed in Section 1.6). Nef-mediated CD3 downmodulation in infected 

cells in vitro was shown to suppress T cell activation induced by TCR crosslinking (via 

PHA or CD3/CD28 stimulation) and also reduce apoptosis of stimulated infected cells 

(Khalid et al., 2012; Schindler et al., 2006; Schmökel et al., 2013). CD3 downmodulation 

was also shown to impair formation and signalling at the immunological synapse 

between infected T cells and antigen presenting cells (Arhel et al., 2009). Therefore, it 

was postulated that Nef-mediated CD3 downmodulation interferes with antiviral immune 

responses and prevents aberrant immune activation that is observed in SIV and HIV-2 

infection in vivo. Although SIVsmm Nef is able to downmodulate CD3, rare cases have 

been reported where SIVsmm Nef lost this ability during in vivo infection of sooty 

mangabeys, which was associated with increased immune activation and loss of CD4+ 

T cells (Schindler et al., 2008; Schmökel et al., 2013; Sumpter et al., 2007). This might 

therefore suggest a protective role of CD3 downmodulation against immunopathology. 

Indeed, efficient Nef-mediated CD3 downmodulation was also shown to dampen 



64 
 

immune activation and inflammatory responses during in vivo SIV infection of two other 

monkey species: African green monkeys and rhesus macaques (Joas et al., 2018, 2020). 

Additionally, CD3 downmodulation was particularly important for efficient viral immune 

evasion and subsequent maintenance of high viral loads in SIVmac infected macaques 

(Joas et al., 2020). In humans, maintained Nef-mediated CD3 downmodulation activity 

in viraemic HIV-2 patients correlated with preserved CD4+ T cell counts (Khalid et al., 

2012), which is consistent with protective role of CD3 downmodulation against aberrant 

immune activation and immunopathology. Whether loss of Nef-mediated CD3 

downmodulation contributes to viral pathogenesis in HIV-1 infection remains a matter of 

speculation.  

 

Notably, as shown by phylogenetic analysis in Figure 1.8, Nef-mediated CD3 

downmodulation was lost twice during primate lentivirus evolution. First it occurred in the 

SIVgsn/mon/mus lineage, and second after the transmission to chimpanzees in the 

HIV-1/SIVcpz lineage (Schindler et al., 2006). SIVrcm Nef, the precursor of SIVcpz Nef, 

was shown to downmodulate CD3 expression less potently compared to other SIVs, 

which might have facilitated the loss of this function upon transmission to chimpanzees 

(Schindler et al., 2006). Reasons why this potential immune evasion strategy was lost 

remains poorly understood. Given that Nef-mediated CD3 downmodulation activity was 

lost twice suggests a strong selective pressure against this function in SIVgsn/mon/mus 

and HIV-1/SIVcpz lineages. Interestingly, loss of Nef-mediated CD3 downmodulation in 

these lineages coincided with acquisition of vpu gene (Figure 1.8). As discussed above, 

Vpu prevents immune activation by inhibiting NF-kB activation both via tetherin 

antagonism and via stabilisation of inhibitory IkB subunit (Galão et al., 2012; Langer et 

al., 2019; Sauter et al., 2015). This means that viruses without CD3 downmodulation 

ability still have a mechanism to suppress immune activation, which is via Vpu activity. 

By contrast, having two mechanism to suppress NF-kB activation: via both CD3 

downmodulation and Vpu has been hypothesised it could result in too much suppression 

and thus inhibit viral replication (Heusinger & Kirchhoff, 2017); however, this remains to 

be investigated. Taken together, this led to hypothesis that acquisition of Vpu facilitated 

or even necessitated loss of Nef-mediated CD3 downmodulation (Heusinger & Kirchhoff, 

2017; Kirchhoff, 2009). Importantly, this remains a matter of debate and it is unclear why 

either of the strategies to supress immune activation should be better. Whether loss of 

Nef-mediated CD3 downmodulation confers any replicative advantage to HIV-1 will be 

explored in this Thesis.  
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Figure 1.8: Lentiviral Nef proteins and CD3 downmodulation 
(A) Phylogenetic analysis of HIV-1, HIV-2 and SIV Nef proteins. Loss of Nef-mediated CD3 downmodulation 

occurred twice in the lentiviral evolution: first in the SIVgsn/mon/mus lineage, and second after transmission 
to chimpanzees in the HIV-1/SIVcpz lineage. This also coincided with acquisition of vpu gene. Orange 

therefore indicates viruses that lost Nef-mediated CD3 downmodulation ability and have vpu gene. Green 

indicates viruses with Nef-mediated CD3 downmodulation and no vpu gene. For example: SIVagm, SIVrcm 
and HIV-2/SIVsmm lineage. Scale bar shows 0.2 substitutions per site. Adapted from (Kirchhoff, 2009). 

(B) Co-crystal structure of SIVmac239 Nef in complex with the first ITAM of CD3z (PDB 3IK5). Nef is shown 

in blue and grey. CD3z is shown in orange. Highlighted are important residues in Nef for CD3z binding: I123, 

I132 and L146. Adapted from (Schmökel et al., 2013). 

 

Nef interacts with the z chain of CD3 complex to induce its endocytosis and targeting for 

lysosomal degradation. As shown in Figure 1.8B, Nef recognises and binds CD3z 

cytoplasmic tail primarily in the first immunoreceptor tyrosine-based activation motif 

(ITAM) (Howe et al., 1998; Kim et al., 2010; Schaefer et al., 2000). Analysis of naturally 

occurring SIVsmm and HIV-2 Nef mutants showed that residues I123, I132 and L146 in 

Nef core domain are crucial for CD3z binding (Khalid et al., 2012; Schmökel et al., 2013). 
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Differences in accessibility of CD3z ITAM and Nef binding at the PM compared to CD4 

downmodulation result in steric hindrance at the PM and Nef cannot use the ExxxLL 

motif, but instead uses the N-terminal YxxL motif to recruit AP-2 adaptor complex and 

induce CD3 endocytosis (Manrique et al., 2017; Swigut et al., 2003). Notably, CD3 

downmodulation is not species-specific as diverse SIV Nef proteins are able to 

downmodulate human CD3 (Munch et al., 2005; Schindler et al., 2006).  

 

1.4.4.5 CD28 and CXCR4 downmodulation 
In addition to targeting CD3 to modulate immune activation, Nef also downmodulates the 

costimulatory molecule CD28 from the surface of infected cells to prevent efficient T cell 

co-stimulation at the immunological synapse. To do this, Nef binds CD28 cytoplasmic 

tail and recruits AP-2 adaptor complex to induce CD28 endocytosis (Leonard et al., 2011; 

Swigut et al., 2001). HIV-1 Nef proteins were shown to have only modest activity in CD28 

downmodulation, whereas SIV and HIV-2 are more potent in this activity (Khalid et al., 

2012; Munch et al., 2005). Inability to efficiently supress T cell co-stimulation might 

contribute to increased and chronic immune activation that is observed in HIV-1 infection 

and this remains to be investigated. 

 

Downmodulation of CXCR4 chemokine receptor reduces migration to SDF-1 (also 

known as CXCL12), which is involved in lymphocyte retention in lymphoid tissues and 

migration to sites of inflammation (Kucia et al., 2004). This interferes with immune 

responses and is therefore considered to be another viral immune evasion strategy. Nef 

induces CXCR4 endocytosis via ExxxLL motif and recruitment of AP-2 adaptor complex 

(Hrecka et al., 2005; Venzke et al., 2006). SIV Nef proteins were shown to be particularly 

active in CXCR4 downmodulation, whereas HIV-1 and HIV-2 Nefs show only modest 

activity. Again, the consequence of this difference for in vivo infection remains unknown. 

Interestingly, HIV-1 Nef was shown to interfere with chemokine signalling downstream 

of CXCR4 by activating Rac signalling via DOCK2-ELMO1 complex and thus inhibiting 

SDF-1 chemotaxis (Janardhan et al., 2004). This strategy was proposed to compensate 

for weak downmodulation of CXCR4 by HIV-1 Nef  

 

1.4.4.6 MHC-I downmodulation 
Lentiviral Nef proteins downmodulate surface expression of MHC-I to evade cellular 

immune responses. It was initially observed that Nef only downmodulates MHC-I alleles 



67 
 

HLA-A and HLA-B to evade CD8+ T cell responses, whilst maintaining HLA-C and 

HLA-E expression to evade NK cell responses (Cohen et al., 1999; le Gall et al., 1998). 

However, this observation was recently challenged as some primary HIV-1 Nef isolates 

were shown to effectively downmodulate HLA-E (van Stigt Thans et al., 2019). This 

reduced the recognition of infected cells by CD8+ T cells but increased their susceptibility 

to NK cell killing; however, the importance of this function for replication in vivo remains 

unclear. Efficient Nef-mediated MHC-I downmodulation was shown to be crucial for 

evasion of immune responses and maintenance of high viral loads during in vivo SIV 

infection of sooty mangabeys or rhesus macaques (Münch et al., 2001; Schindler et al., 

2008; Swigut et al., 2004). Nef interferes with anterograde trafficking of MHC-I by 

sequestering it in the TGN and targeting it for lysosomal degradation (Roeth et al., 2004; 

Schwartz et al., 1996). HIV-1 Nef forms a ternary complex with MHC-I cytoplasmic tail 

and AP-1 adaptor complex to induce recognition of the cryptic tyrosine-based sorting 

motif in MHC-I by the AP-1 complex (Jia et al., 2012; Roeth et al., 2004). Nef interacts 

with AP-1 via the PxxP motif and the acidic cluster, which was also shown to mediate 

interaction with PACS-1 endocytic adaptor and is important for MHC-I downmodulation 

(Jia et al., 2012; Noviello et al., 2008; Piguet et al., 2000). By contrast, SIV Nef uses the 

C-terminal domain to downmodulate MHC-I, where the conserved tyrosine residue 

(Y221) is crucial for this activity (Munch et al., 2005; Swigut et al., 2000); however, the 

precise interaction between Nef, AP-1 and MHC-I remains poorly defined.   

 

1.4.4.7 Interaction with cellular kinases  
Lentiviral Nef proteins interact with Src-family kinases (SFK): Lck, Fyn, Hck and Lyn; 

however, the consequences of this interaction for the host cell or viral replication remain 

poorly understood. Nef binds the SH3 domain of SFKs via the conserved PxxP motif 

(Arold et al., 1998; Collette et al., 2000; Greenway et al., 1996; Haller et al., 2007; Lee 

et al., 1995; Saksela et al., 1995). The binding also depends on residues surrounding 

the PxxP motif, therefore different HIV-1, HIV-2 and SIV Nefs have varying affinities 

towards different kinases. Whether this interaction has inhibitory or activating effect on 

the kinase function remains a matter of debate. In infected cells, Nef was shown to 

induce hyperresponsiveness to stimulation (such as TCR activation) that results in 

increased activity of transcription factors (NFAT, NF-kB, c-Jun/c-Fos) and increased 

production of cytokines (Fenard et al., 2005; Fortin et al., 2004; Schrager & Marsh, 1999; 

Wang et al., 2000). This was dependent on the PxxP motif, which suggests the 

involvement of SFKs, but the exact mechanism was not defined. Nef was also shown to 

cause Lck relocalisation from the PM to the TGN (Haller et al., 2007; Rudolph et al., 
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2009). This was suggested to activate downstream Ras-ERK signalling pathway and 

thus compensate for the relocalisation of Lck (Hung et al., 2007; Pan et al., 2012). 

Although this is consistent with observations of Nef-induced hyperresponsiveness, the 

mechanism of ERK activation remains unknown. Moreover, Nef has been implicated in 

stimulating NF-kB activity and proviral transcription, which was again dependent on the 

PxxP motif, thus suggesting involvement of the SFKs (Fortin et al., 2004; Herbein et al., 

2008; Mangino et al., 2011; Sauter et al., 2015). Notably, this effect was suppressed by 

Vpu-mediated inhibition of NF-kB in the late stages of viral life cycle, thus suggesting 

Nef acts upstream of Vpu (IkB stabilisation) and early in the life cycle (Sauter et al., 

2015). Intriguingly, conflicting reports also show Nef having inhibitory effect (Bandres & 

Ratner, 1994; Niederman et al., 1993) or no activity (Witte et al., 2008; Yoon & Kim, 

1999) against NF-kB activation. While these discrepancies might be reconciled by 

differences in cell lines or T cell activation used in different studies, the exact role of Nef 

in NF-kB activation remains unknown and perhaps implies it is dependent on the cell 

activation status. Although the exact role of Nef-SH3 domain interaction remains 

puzzling, intact PxxP motif is important for enhanced viral replication in vitro (Carl et al., 

2000; Fackler et al., 2006; Homann et al., 2009; Meuwissen et al., 2012). By contrast, 

mutation of PxxP motif in SIVmac Nef was dispensable for viral replication or disease 

progression during in vivo infection of macaques (Carl et al., 2000; Lang et al., 1997). 

Taken together, the conservation of PxxP motif and the interaction with the SFKs implies 

that manipulation of cellular kinases is important for viral replication; however, the exact 

mechanism remains a matter of debate. 

 

Lentiviral Nef proteins also interact with cellular kinase PAK-2 to inhibit cytoskeleton 

remodelling. Nef binds PAK-2 via the PxxP and di-arginine motifs (Figure 1.7), which 

results in PAK-2 activation and hyper-phosphorylation of actin-severing factor cofilin 

(Krautkrämer et al., 2004; Nunn & Marsh, 1996; Stolp et al., 2009, 2010). This in turns 

inhibits cofilin and prevents F-actin remodelling, which is required for cell motility and 

chemotaxis or during immunological synapse formation (Rudolph et al., 2009; Stolp et 

al., 2009). Indeed, Nef-PAK-2 interaction resulted in reduced migration to SDF-1,  

CCL-19 and CCl-21 chemokines and impaired F-actin ring formation upon TCR 

crosslinking. Therefore, this might represent another viral strategy of immune evasion; 

however, its importance in vivo remains unknown. Moreover, Nef-mediated activation of 

PAK-2 was shown to enhance viral replication in vitro; however, the precise mechanism 

remains unknown (Meuwissen et al., 2012; Olivieri et al., 2011; Rudolph et al., 2009). 
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Given that PAK-2 activation is a conserved feature of primate lentiviruses, this suggest 

that inhibition of actin remodelling is important for viral replication. 

 

In summary, Nef is an intriguing viral accessory protein that exerts a diverse array of 

functions that converge on dysregulating host cells during viral infection, often by 

manipulating cell surface protein expression to enhance viral replication and immune 

evasion. While Nef targets a range of cellular proteins, this is often achieved by 

recruitment of a few key host proteins (for example the clathrin adaptor AP-2), thus 

explaining how such a small accessory protein can exert such a plethora of effects on 

the host cell.  
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1.5 HIV-1 dissemination  

HIV-1 can infect a new target cell either as a cell-free virion or via cell-cell spread 

(Sattentau, 2008). During cell-free infection, virions that have budded from the plasma 

membrane of an infected cell move through the liquid phase by diffusion until they attach 

and bind to a target cell to initiate new infection (Figure 1.9). Importantly, it is now known 

that the dominant mode by which HIV-1 disseminates to infect new target cells is by 

highly-efficient cell-cell spread. Cell-cell spread occurs at so-called virological synapses 

(VS), which are virus-induced contacts between infected and uninfected cells that allow 

for polarised viral budding and highly efficient transfer of virions across the synapse to 

infect new target cells (Chen et al., 2007; Jolly et al., 2004) (Figure 1.9). Formation of 

the VS brings the two cells in close physical contact, where the virus buds from the PM 

of the infected cell, thus viral transfer is not associated with cell-cell fusion. The name 

“virological synapse” was coined due to parallels with the immunological or neurological 

synapse where information (in this case virus) is transmitted by polarised secretion (in 

this case viral budding) (Jolly & Sattentau, 2004). HIV-1 is therefore thought to exploit 

and manipulate the ability of immune cells to communicate via cell-cell contact as 

observed in lymphoid tissues where T cells are densely packed and frequently interact. 

Interestingly, HIV-1 was known to utilise cell-cell spread for a number of years (Dimitrov 

et al., 1993; Gupta et al., 1989; Sato et al., 1992); however, whether this was an artefact 

of using polarised cells such as epithelial cell lines was not clear and as such the 

discovery of the VS and mechanisms of cell-cell spread remained unknown and largely 

unstudied. In addition to cell-cell spread at the VS, HIV-1 can also spread by cell-cell 

means through cellular projections such as filopodia and membrane nanotubes, or 

through “infectious synapses” formed between dendritic cells and T cells (McDonald et 

al., 2003; Sowinski et al., 2008). Interestingly, two other retroviruses, human 

T-lymphotropic virus 1 (HTLV-1) and murine leukaemia virus (MLV) were also shown to 

use cell-cell spread for viral dissemination. HTLV-1 infects T cells and was shown to 

form a structure similar to HIV-1 VS to infect target cells (Igakura et al., 2003; Yamamoto 

et al., 1982). MLV infects B cells and was also shown to form VS between infected and 

uninfected cells both in vitro and in vivo (Jin et al., 2009; Sewald et al., 2012, 2015). By 

contrast, whether other non-M HIV-1 groups (N, O and P), HIV-2 and related SIVs also 

exploit cell-cell spread to more efficiently disseminate and whether they induce formation 

of VS analogous to HIV-1 M group is unknown and remains an important question.  
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Figure 1.9: HIV-1 dissemination 
(A) During cell-free viral spread virions bud from the infected cell and diffuse through the extracellular space 
until they encounter and bind to an uninfected target cells to initiate infection. (B) Cell-cell viral spread occurs 

through the formation of the VS, which is mediated by Env-CD4 interactions that bring the infected and 

uninfected cell in close physical contact. Viral budding is polarised at the synapse and results in highly 
efficient viral spread and infection of target cells.  

 

1.5.1 T cell virological synapse    

1.5.1.1 Structure and formation 
Infected CD4+ T cells can readily spread HIV-1 to uninfected target CD4+ T cells via 

formation of a virological synapse (VS), which is depicted in Figure 1.10. The formation 

of the VS is triggered by binding of Env on infected cell (referred to as a donor cell) and 

CD4 on the uninfected cell (referred to as a target cell), which brings the two cells in 

direct physical contact (Jolly et al., 2004). This contact is further stabilised by adhesion 

molecule interactions mediated by the integrin LFA-1 and its cognate ICAM ligands 

(ICAM-1 and to lesser extent ICAM-3), which are expressed on both donor and target T 

cells (Chen et al., 2007; Jolly et al., 2007b; Sourisseau et al., 2007). Inhibition of either 

Env-CD4 or LFA-1-ICAM interactions reduces VS formation and inhibits cell-cell spread. 
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This was demonstrated using blocking antibodies, inhibitory peptides and CD4 or LFA-1 

knock-out cell lines, which resulted in lack of Env or Gag polarisation and thus inhibition 

of cell-cell spread (Chen et al., 2007; Jolly et al., 2004, 2007b; Rudnicka et al., 2009). 

Live cell imaging showed that VS formation results in a stable cell-cell contact that is 

maintained for approx. one hour (after which the cells separate), whereas non-specific 

contacts between uninfected T cells last only approx. 2 min (Groppelli et al., 2015; Martin 

et al., 2010). Transfer of viral Gag protein to the target cell also occurs within one hour 

as shown by fixed cell microscopy (Jolly et al., 2004) and was also demonstrated by live 

cell imaging using GFP-tagged Gag protein (Hubner et al., 2009). Env-CD4 interaction 

at the VS could theoretically results in cell fusion of donor and target cell and formation 

of syncytia but this is not seen (Jolly et al., 2004). Cell fusion is thought to be inhibited 

by tetraspanins (such as CD9 and CD81) that are enriched at the VS and block cell-cell 

fusion (Jolly & Sattentau, 2007; Roy et al., 2014; Weng et al., 2009). Moreover, electron 

microscopy of VS shows budding of nascent virions into the synaptic cleft, further 

establishing that transfer of viral proteins to target cell is not dependent on cell fusion 

(Jolly et al., 2004, 2011; Martin et al., 2010). 

 

The VS is characterised as a cell-cell conjugate with polarisation of viral Env and Gag 
proteins in donor cell and CD4 in target cell to the site of cell contact (Figure 1.10). This 

polarisation is an active process and requires actin and tubulin cytoskeleton remodelling 

(Chen et al., 2007; Jolly et al., 2004, 2007a; Rudnicka et al., 2009). Specifically, it was 

shown that actin is enriched at the VS and inhibition of actin and tubulin network using 

inhibitors dimished Gag and Env polarisation and reduced cell-cell spread. Furthermore, 

formation of the VS was also shown to induce polarisation of cellular organelles (Golgi, 

mitochondria, microtubule organising centre) and calcium signalling, which was absent 

in the target cell or in contacts between uninfected cells, thus suggesting specific and 

active contact-induced cellular remodelling (Groppelli et al., 2015; Jolly et al., 2011). This 

suggests that polarisation of viral proteins at the synapse is a regulated and active 

process; however, what mediates the accumulation of Gag and Env is incompletely 

understood and three models have been proposed. First, Gag and Env colocalise with 

lipid rafts, which are enriched at the VS and depletion of cholesterol disrupting lipid raft 

integrity inhibits Gag and Env polarisation to the VS (Jolly & Sattentau, 2005). This 

suggests that PM remodelling might be one mechanism mediating Gag and Env 

polarisation. Second, viral proteins might be trafficked from intracellular compartments 

to the site of cell-cell contact which was shown by live cell imaging as formation of Gag 

clusters or “buttons” at the synapse (Hubner et al., 2009).  
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Figure 1.10: The T cell virological synapse  
Diagram shows a VS formed between an infected donor CD4+ T cell and an uninfected target CD4+ T cell. 

The formation of synapse is mediated by Env and CD4 interactions and stabilised by interactions between 
adhesion molecules LFA-1 and ICAM-1. Env and Gag are enriched at the synapse. Clustering of TCR-CD3 

complexes at the synapse triggers TCR signalling, which supports efficient viral spread. The synapse 

formation also triggers polarisation of MTOC and mitochondria to the site of cell contact, which supports 
polarised virus budding into the synapse. Nascent virions diffuse across the synapse to infect the target cell.  

 

Third, Gag has been shown to be recruited or enriched to the uropods of T cells, which 

are rear-end structures of polarised migrating T cells (Llewellyn et al., 2010). Gag-

enriched uropods were shown to preferentially form contacts with uninfected target cells, 

which resulted in VS formation and inhibition of uropod formation reduced cell-cell 

spread. Importantly, these models of polarisation and not mutually exclusive and it is 

likely that a combination of different mechanism meditates polarisation of Env and Gag. 

Alternatively, the mechanism might differ between different T cells depending on their 

polarity and migration. Moreover, how polarisation of Gag and Env to the synapse is 

coordinated is unknown. Intracellular Env that is recruited to the synapse was shown to 

be associated with secretory vesicles and inhibition of the regulated secretory pathway 

was shown to reduce cell-cell spread, thus suggesting that HIV-1 likely hijacks this 

pathway for Env polarisation and efficient viral spread (Jolly et al., 2011). Moreover, Env 
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at the VS was also shown to be associated with contact-induced polarisation of the 

microtubule organising centre (MTOC) where Env was seen in vesicles clustered around 

the MTOC and associated with the VS-proximal Golgi apparatus and recycling 

endosomes (Starling & Jolly, 2016). Thus, contact-induced polarisation of the MTOC and 

associated organelles also likely contributes to efficient delivery and polarisation of Env 

to the contact zone and enhanced virus budding at the VS, thus supporting efficient cell-

cell spread. Interestingly, as described in Section 1.3.6, optimal Env virion incorporation 

is thought to require Env trafficking through the Golgi and recycling endosomal 

compartments (Groppelli et al., 2014; Kirschman et al., 2018). These observations raise 

a possibility that Env trafficking and virion incorporation is coupled to VS formation and 

cell-cell spread. This is an intriguing hypothesis that warrants further investigation. 

 

In addition to viral proteins, as mentioned above, the MTOC, mitochondria, Golgi network 

and secretory vesicles are also polarised to the synapse in the HIV-1 infected T cell 

(Groppelli et al., 2015; Jolly et al., 2011; Rudnicka et al., 2009; Starling & Jolly, 2016). 

Importantly, the polarisation of cell organelles is not observed in contacts formed 

between uninfected cells showing that the polarisation is contact-specific. What triggers 

VS polarisation is incompletely understood. Integrin LFA-1 binding to its ligand, ICAM 

molecules, induces signalling activation in the b2 subunit (CD18) that results in 

cytoskeleton rearrangements (Hogg et al., 2011). It was shown that LFA-1 engagement 

in the infected cell triggers polarisation of the MTOC to the synapse, which is mediated 

via activation of ZAP70 kinase (Sol-Foulon et al., 2007; Starling & Jolly, 2016). MTOC 

polarisation is thought to coordinate the recruitment of Golgi, mitochondria and other 

organelles to the synapse, thus supporting VS formation and efficient viral spread. 

Polarisation of mitochondria is an active process, requiring microtubule rearrangements 

and occurs within minutes of VS formation as shown by live cell imaging (Groppelli et 

al., 2015). Mitochondrial polarisation with associated calcium signalling was shown to 

transiently increase intracellular Ca2+ levels at the VS and thus support formation of 

stable VS and efficient cell-cell spread, which was blocked using inhibitros of 

mitochondrial calcium signalling. Concomitant with mitochondrial polarisation, Gag 

protein was also shown to be recruited to the synapse, which required mitochondrial 

calcium signalling, thus further suggesting that Gag polarisation is an active process 

(Groppelli et al., 2015). Overall, polarisation of cellular organelles and recruitment of Env 

and Gag proteins to the VS results in polarised virus budding into the synaptic cleft, 
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where virions diffuse towards the target cell to initiate new infection (Hubner et al., 2009; 

Jolly et al., 2004, 2011, Martin et al., 2010).   

 

In addition to LFA-1 signalling, VS formation was also shown to trigger antigen-

independent TCR signalling in both donor and target cell (Len et al., 2017). Specifically, 

the TCR-CD3 complex was shown to cluster at the synapse and mediate activation of 

Lck, ZAP70 and multiple downstream components of the TCR signalling pathway, which 

was required for efficient cell-cell spread. TCR signalling at the VS will be discussed 

further in Section 1.6. Whether TCR signalling directly contributes to cellular organelle 

and viral protein polarisation to the VS was not investigated; however, it is likely that 

multiple proteins and pathways contribute to the polarisation. Moreover, what triggers 

dissociation and release of the VS is also unknown. Live cell imaging showed that T cell 

polarisation is lost (as evidenced by Gag and mitochondria redistribution) when the cells 

disengage (Groppelli et al., 2015); however, what constitutes the stop signal remains 

unknown. 

 

1.5.1.2 Efficiency 
Cell-cell spread offers an advantage for HIV-1 compared to cell-free infection due to its 

high efficiency. In fact, experimental data shoes that cell-cell spread is at least an order 

of magnitude (10-100 times) more efficient compared to equivalent cell-free infection 

(Chen et al., 2007; Dimitrov et al., 1993; Jolly et al., 2007b; Martin et al., 2010; Mazurov 

et al., 2010; Sourisseau et al., 2007). This is usually measured by transwell experiments 

where donor and target cells are separated by a porous membrane and compared to 

wells where donor and target cells are allowed to interact. Moreover, incubation of donor 

and target cell co-cultures with continuous gentle shaking, which prevents cell-cell 

contact resulted in greatly diminished viral spread, thus further illustrating the efficiency 

of cell-cell spread (Sourisseau et al., 2007). Notably, the effect size varies between 

reports depending on the exact experimental setup and the type of cells used (different 

T cell lines or primary cells). Increased efficiency of cell-cell spread is evident as both 

faster kinetics of infection and greater numbers of infected target cells. This is thought to 

be achieved by polarised virus budding, high multiplicity of infection, enrichment of viral 

receptors and coreceptors at the cell contact, and close proximity of donor and target 

cell, which minimises the distance needed for virus to travel. Furthermore, as TCR 

signalling was shown to be triggered at the VS, this also raises a possibility that cell-cell 

spread influences the permissivity of the target cell and this remains to be explored. As 
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multiple viruses bud in the synapse this results in high multiplicity of infection that can 

result in multiple provirus integrations in the target cell (del Portillo et al., 2011; Russell 

et al., 2013). Importantly, these studies examined T cell lines, which are highly 

permissive to infection, therefore this might overestimate viral integration compared to 

primary T cells. Whether the same occurs in vivo remains unclear and a matter of debate. 

Some reports suggest that infected cells in vivo isolated from the peripheral blood or 

lymph nodes only carry a single provirus (Josefsson et al., 2011, 2013), whereas infected 

cells isolated from the spleen were shown to have an average of 3 to 4 integrated 

proviruses (Gratton et al., 2000; Jung et al., 2002). 

 

The high efficiency of cell-cell spread is also evident by resistance to antiretroviral drugs 

and neutralising antibodies. Compared to cell-free infection, cell-cell spread was shown 

to be relatively resistant to RT inhibitors, particularly NRTIs, but sensitive to protease 

inhibitors (Agosto et al., 2014; Sigal et al., 2011; Titanji et al., 2013, 2017). This is thought 

to be due to high multiplicity of infection that can overwhelm the inhibitors, thus requiring 

higher inhibitor concentration compared to cell-free infection. That protease inhibitors 

are equally effective at blocking cell-cell and cell-free infection is somehow expected 

given that the inhibition of protease-mediated viral maturation leads to the production of 

non-infectious virions that are thus unable to infect target cells, regardless of the route 

of viral spread (Titanji et al., 2013). Importantly, testing clinically relevant combinations 

of antiretrovirals showed that combination therapy markedly increases the potency of 

weak inhibitors during cell-cell spread, which likely explains the effectiveness of 

combination therapy in clinical settings (Agosto et al., 2014; Titanji et al., 2017). This has 

important implications for HIV-1 treatment and design of antiviral regimes, which need 

to be able to suppress high viral multiplicity of infection during cell-cell spread. Moreover, 

cell-cell viral spread was shown to be more resistant to neutralising antibodies compared 

to cell free infection (Chen et al., 2007; Gupta et al., 1989; Malbec et al., 2013; Martin et 

al., 2010; McCoy et al., 2014; Zhong et al., 2013). Viral transfer at the VS is thought to 

reduce the time that the virus is exposed to the humoral immune factors, which mediates 

reduced antibody sensitivity of cell-cell spread.  

 

Interestingly, cell-cell spread was also shown to overcome activity of certain host cell 

restriction factors. Tetherin restricts the release of budding virions from the PM and is 

antagonised by Vpu (Neil et al., 2008). Cell-cell spread was shown to overcome tetherin 

restriction compared to cell-free infection, either by tetherin overexpression or deletion 
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of Vpu (Jolly et al., 2010; Zhong et al., 2013). Interestingly, vpu-defective viruses showed 

increased VS formation and enhanced viral spread and conversely, tetherin knock-down 

resulted in reduced cell-cell spread (Jolly et al., 2010). It was shown that tetherin is 

enriched at the VS and it increases surface levels of Env, presumably by tethering 

nascent virions at the PM, which mediates more efficient VS formation. Indeed, previous 

reports observed selection of vpu-defective viruses in vitro, which was shown to mediate 

more efficient viral spread (Gummuluru et al., 2000; Klimkait et al., 1990; Schubert et al., 

1995). Notably, since those initial studies on tetherin, Vpu and cell-cell spread it was 

found that tetherin also activates NF-kB signalling, which is antagonised by Vpu (Galão 

et al., 2012). Loss of tetherin antagonism might therefore be an efficient strategy for viral 

replication in vitro; however, in vivo tetherin antagonism is likely more important to 

prevent innate immune activation and induction of an antiviral state. In support of this 

idea, the tetherin antagonism function of Vpu was shown to be largely intact in primary 

vpu alleles isolated form infected individuals (Pickering et al., 2014). Moreover, cell-cell 

spread was also shown to overcome restriction factor TRIM5a. Rhesus macaque 

TRIM5a was shown to potently inhibit HIV-1 infection by targeting incoming viral capsids 

in the cytoplasm (Stremlau et al., 2004). Interestingly, expression of rhesus TRIM5a in 

human cells restricts cell-free infection but not cell-cell spread, suggesting that this mode 

of viral can overcome TRIM5a restriction (Richardson et al., 2008). The effect of other 

more recently identified restriction factors (e.g. SERINCs, MxB) on HIV-1 cell-cell spread 

at the VS has been largely unstudied but would be an interesting area for future research. 

 

In addition to driving more efficient viral dissemination (which confers obvious 

advantages to the virus), HIV-1 cell-cell spread was also shown to enhance cell death of 

target cells. Using tonsil-derived T cells, the Greene lab has previously shown that cell-

cell spread mediated non-productive or abortive infection of resting CD4+ T cells, which 

resulted in pyroptotic cell death and was not observed with cell-free infection (Galloway 

et al., 2015). Abortive infection was shown to result in production incomplete RT products 

that are detected by IFI16 DNA sensor, which triggers pyroptosis (Doitsh et al., 2014; 

Monroe et al., 2014). This might be due to high efficiency of cell-cell spread, which 

enables (abortive) infection of nonpermissive cells, thus triggering cell death. Therefore, 

cell-cell spread might represent a major mechanism of T cell depletion that is observed 

in vivo, especially in the lymphoid tissues where T cells are densely packed together. 

Overall, these observations show that cell-cell spread is advantageous for HIV-1, 

resulting in highly efficient viral transmission and resistance to neutralising antibodies, 
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antiretroviral drugs and restriction factors, but can also enhance cell death and thus 

contribute to pathogenesis.   

 

1.5.1.3 in vivo evidence  
Cell-cell spread is thought to be the predominant mode of HIV-1 dissemination in an 

infected individual (Agosto et al., 2015; Sattentau, 2008; Zhong et al., 2013); however, 

the direct evidence for VS formation and cell-cell spread in vivo is limited. This is due to 

technical difficulties of accessing lymphoid tissues in humans and an inability to do direct 

in vivo infection studies in humans, therefore so far only indirect evidence exists for cell-

cell spread occurring in vivo. Histological examination of lymph nodes from HIV-1 

infected individuals showed clustering of infected T cells (Schacker et al., 2000, 2001), 

thus suggesting preferential infection of neighbouring cells, which is consistent with cell-

cell spread. Intravital microscopy in humanized mouse model showed that HIV-1 infected 

T cells migrate in lymph nodes but also form stable contacts with uninfected cells that 

are dependent on Env-CD4 interaction, which is indicative of cell-cell spread (Murooka 

et al., 2012). Moreover, using sphingosine 1-phosphate receptor antagonist to block the 

recirculation of T cells from the lymph nodes into the periphery reduced plasma viral 

loads, which suggest that cell-cell spread is required for efficient viral dissemination. 

Another study using humanized mouse model and electron microscopy showed that  

HIV-1 infected T cells in the GALT form close contacts with uninfected target cell 

(Ladinsky et al., 2014). This was accompanied with polarised virus budding and 

presence of LFA-1 and ICAM-1 molecules at the site of cell contact, which suggests 

formation of VS. A related model of retroviral infection using Friend murine leukaemia 

virus and intravital microscopy also showed formation of stable contacts between 

infected and uninfected cells (Sewald et al., 2012). This was dependent on the 

expression of Env and resulted in polarisation of Gag to the site of cell contact, which is 

again indicative of VS formation. This result was further confirmed in another study using 

a related murine leukaemia virus and intravital microscopy, which showed VS formation 

and cell-cell viral spread in the lymph node (Sewald et al., 2015). Taken together, present 

evidence strongly suggests that cell-cell spread of HIV-1 can occur in vivo; however, its 

importance for viral replication in vivo remains a matter of debate.   

 

1.5.2 Macrophage-T cell virological synapse 

Macrophages are also targets of HIV-1 infection and can infect T cells via cell-cell 

spread. Macrophages have been observed to infect CD4+ T cells in contact dependent 
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manner, whereas cell-free infection under the same conditions was greatly reduced (Carr 

et al., 1999; Sharova et al., 2005), again demonstrating the high efficiency of cell-cell 

spread. This was shown to occur through transient adhesive contacts that were mediated 

by Env-CD4 interaction (Groot et al., 2008). These contacts resemble the T cell-T cell 

VS and show polarisation of Gag, Env and CD4 to the synapse; however, the 

mechanistic details of the synapse structure and formation are less well studied. 

Interestingly, it was shown that viral assembly and budding in macrophages takes place 

in deep membrane invaginations that are connected to the extracellular space and can 

present virus at the VS, thus mediating efficient viral spread (Bennett et al., 2009; 

Deneka et al., 2007; Gousset et al., 2008). Cell-cell spread from macrophages is highly 

efficient and results in high multiplicity of infection of T cells in vitro (Duncan et al., 2013, 

2014). Consistently, this mode of viral transmission was thus shown to be resistant to 

treatment with antiretroviral drugs (RT and integrase inhibitors) or neutralising 

antibodies. This may therefore have important implications for viral persistence and 

eradication in vivo. Furthermore, infected T cells can also transmit the virus to 

macrophages. Interestingly this was shown to occur via engulfment of infected T cells, 

which results in productive infection of macrophages (Baxter et al., 2014). Macrophages 

engulf both healthy and damaged or dying infected T cells, where the capture does not 

depend on Env-CD4 interaction and receptors mediating the capture remain unknown. 

Again, this mode of cell-cell spread is much more efficient compared to equivalent cell-

free infection. Importantly, the significance of viral transmission between macrophages 

and T cells in vivo is unknown; however, given the long lifespan of macrophages and 

high efficiency of cell-cell spread, this might contribute to the establishment of the latent 

reservoir and viral persistence.    

 

1.5.3 Dendritic cell-T cell synapse 

Dendritic cells (DC) are poor targets of HIV-1 infection, presumably due to high activity 

of innate immune sensors and restriction factor SAMHD1 (Laguette et al., 2011; Smed-

Sörensen et al., 2005). DCs express multiple immunoreceptors that can capture HIV-1 

virions including: DC-SIGN, DCIR, CD169 (Siglec-1) and syndecan-3 (de Witte et al., 

2007; Geijtenbeek et al., 2000; Izquierdo-Useros et al., 2012; Lambert et al., 2008). 

Captured virus can be endocytosed or can be carried on the cell surface for up to several 

days (Geijtenbeek et al., 2000; Sandgren et al., 2013). The virus is often observed in 

deep membrane invaginations found on DCs (Felts et al., 2010; McDonald et al., 2003). 

Virus-laden DCs can interact with CD4+ T cells and infect them in trans (Cameron et al., 
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1992; Geijtenbeek et al., 2000; Pope et al., 1994). This occurs through so-called 

infectious synapse, which is characterised by concentration of virions on the DC and 

polarisation of CD4 and CCR5/CXCR4 coreceptors on the T cell to the site of cell contact 

(Arrighi et al., 2004; McDonald et al., 2003; Turville et al., 2004). Viral transfer at the 

synapse occurs in the absence of antigen-dependent signalling and the mechanism of 

recruitment of viral particles and viral receptors to the synapse remains unknown. Since 

DCs normally patrol mucosal sites and capture pathogens for antigen presentation it has 

been proposed that DCs carry HIV-1 from the site of infection to the lymph nodes where 

they infect CD4+ T cells in trans (Manches et al., 2014). Whether this occurs in vivo in 

humans remains a matter of speculation. Interestingly, a similar mechanism of trans 

infection has been observed for murine leukaemia virus (MLV), which can be used as  a 

model retrovirus and infects B cells in mice. During in vivo infection, macrophages were 

shown to capture MLV virions by CD169 and carried the virus to the lymph nodes where 

they infected B cells in trans (Sewald et al., 2015). Whether macrophages also mediate  

HIV-1 trans-infection in humans remains unknown. 

 

1.5.4 Filopodia and nanotubes  

Filopodia are long and narrow membrane extensions formed between two cells that 

allows for cell-cell communication and transport of ligands (Önfelt et al., 2004). Cell-cell 

spread mediated by filopodia was first observed in MLV model of retroviral infection 

(Sherer et al., 2007). Formation of filopodial bridges between infected and uninfected 

cell was dependent on Env-receptor interaction and resulted in transfer of virions across 

the outer (extracellular) surface of filopodia (Sherer et al., 2007); however precise 

mechanism of this transfer remains unknown. Additionally, filopodia have also been 

observed in HIV-1 infection, forming between DCs and T cells to mediating efficient viral 

transfer (Do et al., 2014; Felts et al., 2010; Nikolic et al., 2011). This suggest that HIV-1 

might exploit natural ability of immune cells to transport ligands through filopodia. 

Moreover, HIV-1 was also shown to spread between T cells though membrane 

nanotubes. These membrane structures form when T cell interact and subsequently 

disengage, are 5-10 times longer than filopodia and contain a cell-cell junction (Sowinski 

et al., 2008). The formation of nanotubes was not dependent on Env-CD4 interaction 

and resulted in fast and efficient transfer of virus across the nanotube to infect the target 

cell. Nanotube-mediated cell-cell spread was also observed between infected and 

uninfected macrophages, which can form both nanotubes and filopodia (Eugenin et al., 

2009). In infected T cell cultures in vitro, it was estimated that viral transfer mediated by 
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filopodia or nanotubes accounts for only about 10% of cell-cell spread (Rudnicka et al., 

2009) but may provide a mechanism for longer range viral transfer. Overall, this shows 

that HIV-1 can exploit these forms of immune cell contact for efficient viral dissemination; 

however, the importance of this mode of viral spread in vivo also remains a matter of 

speculation. 
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1.6 T cell activation   

T cell activation is mediated through the formation of a structure called the immunological 

synapse (IS) that allows signalling through the T cell receptor (TCR). The IS is formed 

between T cells and antigen presenting cells (APC), such as dendritic cells, 

macrophages or B cells and allows for communication between the immune cells, which 

is required for orchestration of the immune response. 

 

1.6.1 The immunological synapse  

The formation of the IS is highly specific and tightly regulated to prevent aberrant immune 

activation. IS formation is initiated by the TCR recognising a specific peptide bound to 

the MHC molecule (pMHC) presented by the APC (Dustin et al., 1997; Katz et al., 1973; 

Kupfer & Singer, 1989). There are two classes of MHC molecules: CD4+ T cells 

recognise MCH-II via the CD4 coreceptor and CD8+ T cells recognise MHC-I via the 

CD8 coreceptor (Gao et al., 1997; Kruisbeek et al., 1985; Swain et al., 1983). The IS 

formation results in formation of three distinct supramolecular activation complexes 

(SMAC) on the T cell (Monks et al., 1998). First, the central SMAC (cSMAC) contains 

the TCR and the costimulatory or inhibitory receptors. Second, the proximal SMAC 

(pSMAC) surrounds the cSMAC and contains adhesion molecules such as LFA-1 and 

ICAM-1 that stabilise the cell-cell contact at the IS. Third, the distal SMAC (dSMAC) 

surrounds the pSMAC and contains the actin ring and large membrane molecules CD43, 

CD44 and CD45. Organisation of these structures allows the triggering of TCR signalling, 

cytoskeleton remodelling and T cell activation (discussed further in the next Section). In 

naïve T cells, IS formation and TCR signalling results in activation of gene expression 

required for effector function, increased cellular metabolism and cell proliferation (Iezzi 

et al., 1998; Poo et al., 1988). Importantly, TCR signalling is also crucial for T cell 

development in the thymus (Molina et al., 1992) and for homeostatic proliferation of naïve 

T cells (Seddon et al., 2000). In activated CD4+ T cells, TCR signalling results in 

polarised secretion of effector cytokines (e.g. IL-2, IFN-g, IL-4 or IL-17) into the synapse 

or in case of CD8+ T cells, secretion of lytic granules (granzyme, perforin) towards the 

target cell (Kupfer et al., 1994; Poo et al., 1988). This is mediated by the polarisation of 

MTOC to the synapse and concomitant recruitment of mitochondria, Golgi apparatus 

and secretory vesicles, which stabilises the IS and allows for polarised secretion of 

cytokines or lytic granules (Dustin et al., 1997; Kupfer et al., 1987; Quintana et al., 2007). 

In this regard, the IS and the VS share many similarities: both show clustering of 

receptors and adhesion molecules at the synapse, cytoskeleton remodelling, 
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polarisation of cellular organelles and polarised secretion or budding into the synapse. 

The main differences are the receptors (Env-CD4 vs TCR-pMHC), the target cell (T cell 

vs APC) and secreted material (virus vs cytokines).   

 

In addition to the TCR-pMHC interaction, T cell activation is fine-tuned and regulated by 

signalling via costimulatory and inhibitory receptors. In fact, efficient T cell activation 

requires costimulatory signalling, which can be mediated via multiple receptors, such as 

CD28, ICOS, CD27, CD2, OX40 (Chen & Flies, 2013). The signalling depends on the 

immune context and the cognate ligands presented by the APC (CD80, CD86, ICOS-L, 

CD70, CD48, CD58, OX40-L, etc.) and results in differential T cell proliferation, 

differentiation, effector function and survival. T cells also express inhibitory receptors 

such as CTLA-4, PD1, TIM3 and LAG3 that negatively modulate T cell activation, which 

is important for terminating an immune response or establishing immune tolerance 

(Odorizzi & Wherry, 2012). The signalling is again dependent on the cognate ligands 

presented by the APC (CD80, CD86, PD-L1/L2, galectin 9, etc.) and can result in 

inhibition of proliferation and effector function, tolerance and exhaustion. The outcome 

of TCR signalling and cell activation is also regulated by the so-called third signal (TCR 

signalling and costimulation being the first and second signal), which is mediated via 

secreted cytokines (IL-12, IL-4, IL-6, etc) and determines the differentiation pathway and 

effector function, such as Th1 or Th2 response (Curtsinger & Mescher, 2010).  

 

1.6.2 TCR signalling cascade  

The TCR does not have any catalytic activity, therefore the TCR signalling is initiated by 

the activation of upstream kinases Lck and ZAP70. TCR complex consists of variable a 

and b chains that recognise the pMHC and the CD3 complex consisting of six subunits 

arranged in dimers: ge, de and zz, where the z-chains are the main signal-transducing 

components (Figure 1.11) (Call et al., 2002; Irving & Weiss, 1991). Lck exists in 

equilibrium between active and inactive forms, which is regulated by phosphorylation 

(Nika et al., 2010; Schoenborn et al., 2011; Straus & Weiss, 1992). Active Lck is 

phosphorylated on the residue Y394, which is mediated by Lck (autophosphorylation) or 

Fyn kinase. Dephosphorylation can be mediated by multiple phosphatases, most 

importantly CD45, which results in inactive, primed Lck conformation. Lck can be further 

inhibited by inhibitory phosphorylation at the residue Y505 mediated by CSK kinase. Lck 

(active or inactive form) is associated with the coreceptors CD4 or CD8 (Veillette et al., 
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1988). Binding of TCR to pMHC allows coreceptor binding to non-variable region on the 

MHC and thus brings Lck in close proximity to the TCR-CD3 complex (Bjorkman et al., 

1987; Irving & Weiss, 1991). Lck phosphorylates the immunoreceptor tyrosine-based 

activation motifs (ITAMs) on CD3 subunits, which is required for propagation of TCR 

signalling (Figure 1.11) (van Oers et al., 1996). Despite decades of research, how TCR 

signalling is initiated is still a matter of debate. Based on the experimental observations, 

three major models of TCR signalling initiation have been proposed, which are not 

mutually exclusive (Courtney et al., 2018). First, the mechanosensor model states that 

TCR-pMHC binding results in conformational changes in the TCR complex that allow for 

phosphorylation of CD3 chains by Lck. Recently, this has been supported by several 

studies showing that high-affinity ligands induce reorganisation of CD3 chains that allows 

for more efficient ITAM phosphorylation by Lck (Lee et al., 2015; Liu et al., 2014). 

Second, the serial engagement model proposes that the signalling initiation requires 

activation of a threshold number of TCRs within a limited time period. This is achieved 

by serial engagement of pMHC with multiple TCRs and thus explains how very low 

density of pMCH molecules on APCs can trigger TCR signalling (Huang et al., 2013; 

Pielak et al., 2017; Valitutti et al., 1995). Third, the kinetic segregation model states that 

TCR signalling is initiated by the formation of the IS and spatial reorganisation of 

membrane molecules that results in formation of distinct SMAC structures (Davis & van 

der Merwe, 2006). Specifically, tight TCR-pMHC and LFA-1-ICAM-1 interactions 

(cSMAC and pSMAC) bring opposing plasma membranes in close proximity, which 

results in steric exclusion of large and rigid extracellular domains of membrane 

phosphatases such as CD45 (Chang et al., 2016; James & Vale, 2012; Johnson et al., 

2000; Varma et al., 2006). Segregation of CD45 thus prevents inhibitory 

dephosphorylation of Lck, which can therefore accumulate in cSMAC in its active form, 

thus enabling phosphorylation of CD3 ITAMs. As these models are not mutually 

exclusive it is likely that several of the described mechanism cooperate to achieve the 

high sensitivity and specificity of TCR signalling that allows for discrimination between 

self and non-self.  

 

TCR signalling is propagated by ZAP70, which binds the phosphorylated ITAMs on CD3z 

(van Oers et al., 1994). This results in active conformation of ZAP70 that is further 

stabilised  by  phosphorylation  by  Lck  (Pelosi  et  al.,  1999;  van  Oers  et  al.,  1996). 
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Figure 1.11: TCR signalling  
T cell expresses TCR-CD3 complex (consisting of a, b, g, d, e and z chains), which recognises its cognate 

peptide in complex with MHC (pMHC) that is presented by the APC. The pMHC is also recognised by the 

TCR coreceptors CD4 or CD8, which recruits Lck to the CD3 complex, resulting in phosphorylation of CD3 
ITAMs. This recruits ZAP70, which is further activated by Lck phosphorylation. ZAP70 phosphorylates LAT, 

which can then act as a scaffold for SLP76, PLC1, GRB2, GADS, VAV1, ADAP and SOS1, thus forming the 

LAT signalosome. VAV1 activates RAC and CDC42 GTPases, which results in actin cytoskeleton 
remodelling and activation of MAP kinase pathways. This results in activation of JNK and p38 MAP kinases, 

which activate transcription factors JUN and FOS that form dimeric AP-1 complex. Lck also activates ITK, 

which activates PLCg1 at the LAT signalosome. Active PLCg1 cleaves phosphatidylinositol 4,5-

bisphosphate, PtdIns(4,5)P2 into secondary messenger molecules inositol 1,4,5-trisphosphate (InsP3) and 
diacylglycerol (DAG). InsP3 binds to IP3R1 and releases calcium, Ca2+ from the ER into the cytoplasm. This 

opens CRAC channels at the PM, which further increases cytosolic Ca2+ and activates calcineurin, which 

results in activation and nuclear translocation of transcription factor NFAT. DAG activates PKCq, which 

activates the CBM complex (CARMA1, BCL-10 and MALT1) leading to activation and nuclear translocation 

of transcription factor NF-kB. DAG also activates RASGRP1. This activates Ras, which is additionally 

activated by SOS1, and results in sustained activation of Ras pathway. This leads to activation of ERK and 

transcription factor FOS, part of AP-1 complex. Activation of transcription factors AP-1, NF-kB and NFAT 

results in transcription of multiple genes. Taken from (Gaud et al., 2018).  

  



86 
 

Activated ZAP70 is then able to phosphorylate the transmembrane adaptor molecule 

LAT, which serves as a scaffold for other adaptor and effector molecules and thus results 

in the formation of the LAT signalosome (Horejsi et al., 2004). LAT phosphorylation 

generates binding sites for phospholipase PLCg1 and adaptor molecules GRB2 and 

GADS, which in turn recruit SLP76, SOS1, VAV1 and ADAP (Figure 1.11). Microscopy 

studies revealed that LAT forms microclusters which are important for efficient TCR 

signalling and contribute to signal amplification and diversification (Balagopalan et al., 

2015). VAV1 activates RAC and CDC42 GTPases, which triggers cytoskeleton 

rearrangements via activation of WASP and PAK, resulting in actin ring formation in the 

dSMAC (Barda-Saad et al., 2010). ADAP activates SKAP55 and RAP1 which induces 

active conformation of LFA-1 and thus increases ICAM binding, which stabilises the cell-

cell contact at the synapse (Hogg et al., 2011). In turn, LFA-1 binding to ICAM induces 

intracellular signalling via ZAP70, which together with activity of VAV1 and PKCq 

(discussed bellow) induces polarisation of MTOC to the synapse (Sims et al., 2007; 

Soede et al., 1998).  

 

Downstream TCR signalling also activates three major transcription factors: NFAT, 

NF-kB and the activator protein 1 (AP-1), which is a dimer of JUN and FOS family 

transcription factors. The MAP kinase pathway is activated by RAC/CDC42 via MEKK1 

and 3, which results in downstream activation of JNK and p38 kinases, which in turn 

activate transcription factors JUN and FOS, respectively (Inder et al., 2008). ITK kinase 

is activated by Lck and interacts with membrane phospholipid phosphatidylinositol 3,4,5-

trisphosphate (PIP3) and SLP76 to associate with the signalosome (Andreotti et al., 

2010). There, ITK fully activates PLCg1 (associated with LAT) which is then able to 

cleave phosphatidylinositol 4,5-bisphosphate (PIP2) into two secondary messenger 

molecules: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Berridge & Irvine, 

1984; Gonen et al., 2005). IP3 dissociates into the cytoplasm and binds to its receptor, 

IP3R in the ER, which releases Ca2+ into the cytoplasm (Lockyer et al., 2001). The 

increase in cytoplasmic calcium opens CRAC Ca2+ channels at the PM, resulting in influx 

of extracellular Ca2+, thus further increasing intracellular Ca2+ concentration (Lioudyno et 

al., 2008). Calmodulin binds Ca2+ and activates calcineurin phosphatase, which results 

in dephosphorylation and nuclear translocation of NFAT transcription factor (Aramburu 

et al., 1999; Shaw et al., 2010). The second branch of PLCg1 response is mediated via 

DAG, which stays associated with the membrane. DAG activates PKCq kinase, which 

activates the CBM complex (CARMA1, BCL-10 and MALT1) lading to activation of TAK1 
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and degradation of IkB, which allows for NF-kB transcription factor activation and nuclear 

translocation (Coudronniere et al., 2000). DAG also activates RasGRP, resulting in 

activation of Ras GTPase (Bivona et al., 2003). The Ras pathway is additionally activated 

by SOS1 (recruited to LAT via GRB2) which directly activates Ras (Das et al., 2009), 

leading to activation of Raf and MEK, which in turn phosphorylate and activate ERK 

kinase. ERK is a master regulator of cell growth, survival and proliferation and thus 

phosphorylates many cellular targets including several transcription factors, such as 

FOS (Wang & Prywes, 2000). Overall, TCR signalling activation of transcription factors 

NFAT, NF-kB and AP-1 leads to transcription of numerous genes required for T cell 

effector function and proliferation.  

 

Another major branch of TCR signalling is the phosphoinositide 3-kinase (PI3K) 

pathway. PI3K is activated by Lck and Ras and importantly by signalling via 

costimulatory molecules such as CD28 or ICOS (Ward et al., 1993). These receptors are 

activated by their ligands CD80/CD86 and ICOS-L, respectively, presented on the APC 

(Greenwald et al., 2005). PI3K phosphorylates PIP2 phospholipid to obtain PIP3, which 

activates PH domain containing proteins (Vanhaesebroeck et al., 1997). As described 

earlier, PIP3 contributes to activation of ITK, which activates PLCg1. Additionally, PIP3 

stimulates PDK1, which together with DAG activates PKCq (Coudronniere et al., 2000; 

Mora et al., 2004). PDK1 also stimulates AKT kinase, also known as PKB (which also 

binds PIP3) by phosphorylation on residue T308 (Stokoe et al., 1997). Full AKT activity 

requires additional phosphorylation on residue S473, which is mediated by mTORC2 

complex. Like ERK, AKT has many cellular targets and regulates glucose, amino acid 

and lipid metabolism in addition to cell growth, survival and proliferation (Ramsay & 

Cantrell, 2015; Sinclair et al., 2013). Notably, many of these AKT activities are mediated 

by activation of mTORC1 complex, which controls cellular metabolism and protein 

expression (Finlay et al., 2012; Hukelmann et al., 2016; Navé et al., 1999). Protein 

synthesis is regulated by phosphorylation and activation of ribosomal S6 subunit and 

transcription initiation factors (eIF4B, eIF4G, eIF4E) (Chapman & Chi, 2015; Mora et al., 

2004). Furthermore, there is a crosstalk between ERK and AKT pathways as ERK has 

been shown to also activate mTORC1 and directly phosphorylate S6 subunit (Pende et 

al., 2004; Roux et al., 2007). As mentioned above, PI3K signalling is in part mediated by 

costimulatory signalling, which ensures optimal T cell activation and effector function 

(Costello et al., 2002). Importantly, this activity can be opposed by inhibitory receptors 

such as PD-1 and CTLA-4, which are activated by their ligands PD-L1/L2 and 

CD80/CD86, respectively, presented on the APC (Butte et al., 2007; Park et al., 2010). 
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Activation of these receptors results in activation of phosphatases SHP1, SHP2 and 

PP2A, which inhibit PI3K and AKT kinases, but also PLCg1 and PKCq, thus resulting in 

inhibition of T cell activation (Rudd et al., 2009; Yokosuka et al., 2012). This can mediate 

termination of an immune response or induce anergy and tolerance.  

 

TCR signalling results in broad spectrum T cell activation and is characterised by 

upregulation of many cell surface receptors. CD69 is upregulated very early (6-12 h) 

post-stimulation and regulates tissue retention of T cells (Caruso et al., 1997; Kumar et 

al., 2017). CD69 inhibits sphingosine 1-phosphate receptor (S1PR), which mediates 

lymphocyte tissue egress (Matloubian et al., 2004). Inhibitory receptors PD1 and  

CTLA-4 are also upregulated upon activation and regulate the immune response 

(Chikuma et al., 2009; Rudd et al., 2009). Depending on the differentiation stage, T cell 

activation results in production of IL-2, a homeostatic cytokine involved in cell survival 

and proliferation (Robb et al., 1981). CD25 and CD38 are upregulated later, 2-3 days 

post stimulation (Caruso et al., 1997; Motamedi et al., 2016). CD25 is IL-2 receptor (IL-

2R) a-chain, which forms a complex with IL-2Rbg, resulting in formation of high-affinity 

IL-2 receptor and thus increased cell survival and proliferation (Chastagner et al., 1996). 

CD38 is a cyclic ADP ribose hydrolase and is involved in calcium signalling, signal 

transduction and cell adhesion (Chini et al., 2002). Cell activation also results in 

increased cell metabolism, which requires import of nutrients. This is characterised by 

upregulation of various metabolite transporters, such as Glut1 (glucose), CD71 

(transferrin) and CD98 (neutral amino acids), which support increased metabolic 

capacity of activated cells (Caruso et al., 1997; Loisel-Meyer et al., 2012; Motamedi et 

al., 2016; Nii et al., 2001; Sinclair et al., 2013).  

 

1.6.3 Homotypic T cell-T cell contacts 

In addition to the classical interaction between the T cell and the APC at the IS, 

homotypic T cell interactions were also reported to have a function in normal immune 

system (Brod et al., 1990). Activated CD4+T cells were shown to form stable homotypic 

contacts that were more transient compared to the classical IS, but also resulted in 

recruitment of MTOC to the contact zone and polarised secretion of IL-2 (Ramming et 

al., 2009; Sabatos et al., 2008). This interaction was dependent on LFA-1 engagement 

and resulted in increased T cell proliferation and survival; however, whether TCR 

signalling was triggered was not directly investigated. Similarly, homotypic CD8+T cell 
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contacts between activated cells were shown to result in polarised secretion of IFNg and 

increased cell proliferation and effector function (Gérard et al., 2013). Taken together, 

these studies show that T cells have a capacity to engage in homotypic contacts, 

triggering a response reminiscent of that at the classical IS and thus contribute in the 

propagation of the immune response.  

 

1.6.4 Signalling at the virological synapse  

The IS and the VS share many similarities, such as polarisation of receptors, adhesion 

molecules and cellular organelles (Piguet & Sattentau, 2004), which is shown in Figure 

1.12. The observations of active T cell remodelling at the VS and polarisation of 

cytoskeleton, organelles and virus assembly provided the initial indirect evidence for 

signalling at the VS (Chen et al., 2007; Jolly et al., 2004, 2007a, 2011; Rudnicka et al., 

2009). Mitochondrial polarisation and associated calcium flux in the donor cell at the VS 

gave the first direct evidence for activation of signalling at the VS (Groppelli et al., 2015). 

Together with data showing LFA-1-induced MTOC polarisation in infected cells (Starling 

& Jolly, 2016) led to a study to perform global, unbiased analysis of signalling via mass 

spectrometry based phoshoproteomics to map signalling at the VS over time in both 

infected and uninfected cells (Len et al., 2017). This approach identified 134 proteins 

with phosphorylation changes in the donor cell and 124 differentially phosphorylated 

proteins in the target cell, of which 58 proteins overlapped between both cells. Notably, 

it was also shown that VS formation triggers TCR signalling in both donor and target cell, 

which occurs in the absence of TCR-pMHC interaction and supports efficient viral spread 

(Len et al., 2017). This was further validated by immunoblotting and using knock-out cell 

lines deficient in TCR, Lck or ZAP70 expression. In addition to TCR signalling, donor 

cells also showed activation of pathways associated with CD28, ICOS and actin 

cytoskeleton signalling. Similarly, target cells also showed activation of CD28, 

RAC/CDC42 and actin cytoskeleton signalling. Importantly, it was shown that CD3 

clusters at the VS and TCR signalling was dependent on CD3 expression; however, the 

mechanism of TCR signalling activation remains unclear. Since donor and target cells 

are held closely together by Env-CD4 and LFA-1-ICAM interactions, this may allow 

triggering of antigen-independent signalling, consistent with the kinetic segregation 

model of TCR signalling. Importantly, whether segregation of CD45 occurs at the VS 

remains to be investigated.  
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Figure 1.12: Comparison of the immunological and virological synapse 
(A) The immunological synapse (IS) formed between a CD4+ T cell and antigen presenting cell (APC). TCR-

CD3 complex and CD4 on the T cell bind to pMHC-II complex (antigen) on the APC, which forms the cSMAC. 

Costimulatory receptors and ligands are also clustered in the cSMAC (not shown). The IS is further stabilised 
by LFA-1 and ICAM-1 interactions (pSMAC). The exclusion of large membrane phosphatases, such as 

CD45 in the dSMAC is not shown. The formation of the IS triggers TCR signalling and polarisation of 

organelles such as MTOC and mitochondria, which results in polarised secretion of cytokines and other 
secreted factors. (B) The virological synapse (VS) as shown in Figure 1.10. Here, the contact between the 

donor and target cell is mediated by Env-CD4 interactions and further stabilised by LFA-1 and ICAM-1 

interactions. The VS formation triggers antigen-independent TCR signalling and polarisation of viral proteins 
(Env and Gag) and organelles, such as MTOC and mitochondria, which results in polarised virus assembly 

and budding into the synapse to infect the target cell.  
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Moreover, as mentioned above, engagement of LFA-1 was shown to be sufficient to 

trigger MTOC polarisation at the VS (Starling & Jolly, 2016). This was depended on 

activation of Lck and ZAP70 kinases, which again shows involvement of cell signalling 

at the VS that is similar to the IS. Furthermore, experiments using gp120 and ICAM-1 

supported lipid bilayers, thus mimicking infected donor cell, showed activation of TCR 

signalling in the target cell (Deng et al., 2016; Vasiliver-Shamis et al., 2009). Notably, 

this reductionist model of the VS showed activation of multiple TCR signalling 

components, such as Lck, ZAP70, PLCg1 and AKT, but without calcium signalling that 

is associated with complete TCR activation. This is again consistent with the kinetic 

segregation model and antigen-independent signalling at the VS; however, it suggests 

that VS formation does not activate TCR signalling as potently compared to the IS, 

possibly due to the lack of TCR-pMHC interaction and signalling through costimulatory 

receptors. Taken together, these observations suggest that formation of VS triggers TCR 

signalling, similar as the IS; however, the precise mechanism remains to be uncovered. 
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1.7 Aim of the project 

The focus of this Thesis is to investigate to role of CD3 downmodulation in HIV-1 cell-cell 

spread. As discussed in Section 1.4.4, Nef of HIV-2 and most SIV lineages, but not 

HIV-1, downmodulates CD3, which impairs signalling at the immunological synapse and 

may interfere with antiviral responses and prevent aberrant immune activation. Why 

HIV-1 does not employ this potential immune evasion strategy remains incompletely 

understood. Interestingly, it was shown that formation of HIV-1 VS triggers TCR 

signalling to drive efficient viral spread. Given the present evidence, I hypothesised that 

loss of Nef-mediated CD3 downmodulation in HIV-1 lineage contributes to the TCR 

signalling at the VS and thus enable more efficient viral spread. The role of CD3 

downmodulation in cell-cell spread was investigated using different SIVsmm, SIVmac 

and HIV-2 nef alleles that differ in their ability to downmodulate CD3. Specifically, the 

effect of CD3 downmodulation on viral replication, T cell activation and cell death was 

examined. Chapter 3 describes the results obtained with SIVsmm nef alleles and 

Chapter 4 describes results obtained with SIVmac and HIV-2 nef alleles. 
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2 Materials and methods 

2.1 Proviral constructs 

Replication competent HIV-1 NL4.3 IRES-GFP proviral constructs carrying a panel of 

nef alleles were gift from Frank Kirchhoff (Ulm University, Germany). These constructs 

containing different nef alleles followed by an internal ribosome entry site (IRES) and the 

enhanced green fluorescent protein (GFP) reporter gene (Figure 3.1) were generated by 

splice-overlap extension PCR as described previously (Schindler et al., 2006). It was 

previously confirmed that these constructs express Nef proteins in human CD4+ T cells 

at similar levels and proportional to GFP expression (Khalid et al., 2012; Schindler et al., 

2006; Schmökel et al., 2013). The proviral constructs were cloned into pBR bacterial 

expression vector containing ampicillin resistance gene. The integrity of all nef alleles 

was confirmed by sequence analysis (described below). Nef alleles used in this study 

are listed in Table 2.1. Nef-defective control construct carries NL4.3 nef gene with 

mutated start codon and premature codons introduced at positions 4, 5, 73 and 74 of 

NL4.3 nef ORF. 

 

Table 2.1: Different nef alleles used in this thesis 

Lentiviral 
lineage nef allele AA residues 

(CD3 downmod.) Abbreviation GenBank 
accession # 

HIV-1 

NL4-3 nef-defective  n/a nef-defective n/a 

NL4.3 n/a NL4.3 M19921 

NA7 n/a NA7 DQ242535 

SF2 n/a SF2 K02007 

SIVsmm 

FBr 75wL4 (WT) I123 L146 L4 IL KF478046.1 

FBr 75wL4 L123 F146 L4 LF n/a 

FBr 304wK2 I123 L146 K2 IL n/a 

FBr 304wK2 (WT) L123 F146 K2 LF KF478022.1 

 SIVmac 
239 (WT) I123 L146 D158 ILD M33262 

239 L123 F146 N158 LFN n/a 

HIV-2 

RH2-1 D8 (WT) I132 D8 I JQ746633.1 

RH2-1 D8  T132 D8 T n/a 

RH2-1 A8 I132 A8 I n/a 

RH2-1 A8 (WT) T132 A8 T JQ746634.1 
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2.2 Cell culture  

HEK 293T/17 cells (abbreviated hereon as 293T cells) (Pear et al., 1993) were obtained 

from American Type Culture Collection (ATCC). HeLa TZM-bl cells (expressing 

luciferase and beta-galactosidase under the control of HIV-1 LTR) (Wei et al., 2002) 

were obtained from Centre for AIDS Reagents (CFAR). 293T and HeLa TZM-bl cells 

were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 

10% fetal calf serum (FCS; Labtech) and 100 U/ml Penicillin-Streptomycin (Gibco) to 

obtain complete DMEM medium. Cells were passaged every 3-4 days (until reaching 

confluency) using trypsin (Gibco) to detach the cells and diluted (1:10) in fresh culture 

medium. 

Jurkat CE6.1 T cells (Schneider et al., 1977) were obtained from ATCC and grown in 

Roswell Park Memorial Institute 1640 (RPMI) medium (Gibco) supplemented with 10% 

FCS (Labtech) and 100 U/ml Penicillin-Streptomycin (Gibco) to obtain complete RPMI 

medium. 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). 

Primary CD4+ T cells were isolated (described below) from buffy coats from anonymous, 

healthy donors, provided by the NHS Blood and Transplant Service. Cells were 

maintained in complete RPMI medium supplemented with 10 IU/ml IL-2 (National 

Institute of Biological Standards and Controls; NIBSC).  

All cell cultures were maintained in humidified incubator at 37°C with 5% CO2. 

Unless otherwise stated, cells were centrifuged at 500 x g for 5 min at RT.  

 

2.2.1 Primary CD4+ T cell isolation and activation 

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats by density 

gradient centrifugation. The blood (25 ml) was layered over 15 ml of Ficoll Paque Plus 

(GE Healthcare) and centrifuged at 1,000 x g for 20 min at room temperature (RT) with 

no brake. The layer of PBMCs was removed with Pasteur pipette and isolated cells were 

washed twice in Dulbecco’s phosphate buffered saline (PBS; Gibco) by centrifugation at 

500 x g for 5 min. Red blood cells (RBC) were lysed in 10 ml RBC Lysis Buffer 

(Biolegend) for 15 in at RT and washed twice in PBS. After washing, cells were 

resuspended in freezing medium (10% dimethyl sulfoxide [DMSO; Sigma] in FCS) and 

transferred to cryovials (5x107 cell/vial) and frozen in isopropanol bath container at -80°C 

until transferring to liquid nitrogen store for long-term storage.  
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After thawing, PBMCs were resuspended and washed twice in warm RPMI medium. 

Cells were treated with DNAse1 (200 KU/5x107 cells; Sigma) for 20-30 min at 37°C to 

disrupt cell aggregates that formed during freezing and thawing process. After DNAse 

treatment cells were washed twice in PBS and filtered through 70 µm MACS 

SmartStrainer (Miltenyi Biotec) filter. CD4+ T cells were isolated by negative selection 

using MojoSort Human CD4+ T Cell Isolation kit (Biolegend) according to manufacturer’s 

instructions and using LS separation columns (Miltenyi Biotec). The purity of CD+ T cells 

isolations was routinely checked by flow cytometry (described below) to detect 

CD3+CD4+ cells, which showed 92-96% purity in most preparations. 

Unless otherwise stated, primary CD4+ T cells were activated for 4-5 days by CD3/CD28 

stimulation. Nunclon T25 flasks (Thermo Fisher Scientific) were coated with 5 µg anti-

CD3 antibody (clone OKT3, Biolegend) in 5 ml PBS for 2 h at 37°C (flask in horizontal 

position) and washed with RPMI medium. Isolated CD4+ T cells were transferred to 

coated flask (10-15x106 cells/flask) in 10 ml complete RPMI medium supplemented with 

IL-2 (10 IU/ml) in the presence of 2 µg/ml soluble anti-CD28 antibody (clone CD28.2, 

Biolegend). After 3 days of activation, cells were centrifuged to remove half of the 

activation culture medium and resuspended in fresh medium (with IL-2) at density of 

1x106 cells/ml and incubated for another 1-2 days (flask in vertical position). Isolated 

CD4+ T cells that were not activated (resting) were cultured in complete RPMI medium, 

supplemented with IL-2 (10 IU/ml), at density of 2x106 cells/ml.  

 

2.3 Virus stock preparation  

2.3.1 Plasmid preparation  

Proviral plasmids were produced in E. coli JM109 competent cells (>108cfu/μg, 

Promega). JM109 cells (20 µl) were incubated with 100-200 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.  
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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. 

The integrity of nef genes in the proviral constructs was confirmed by sequencing. 

Plasmid samples and primers were sent for sequencing to Source Bioscience 

(Cambridge, UK) and prepared according to company’s instructions. Primers flanking 

the nef gene corresponded to 3’-end of env gene (forward primer) and 5’-end of gfp 

reporter gene (reverse primer). Primer sequence: 

Forward:.5’-GTAGCTGAGGGGACAGATAGG-3’ 

Reverse:.5’-GATATAGACAAACGCACACCGG-3’ 

Sequence identity was confirmed by aligning sample sequences with Nef sequences 

from NCBI GenBank database (accession numbers listed in Table 2.1) using Clustal 

Omega online alignment tool. 

 

2.3.2 Virus production and purification 

293T cells (1x107 per T175 flask) were grown in 16 ml culture medium and transfected 

with 9 µg provial DNA using 30 µl Fugene 6 (Promega) and 500 µl Opti-MEM medium 

(Gibco). Virus containing supernatants were collected 48h and 72h post-transfection and 

filtered through 0.45 µm filter. Viral supernatants were purified by ultracentrifugation 

using Sorvall Discovery (Hitachi) at 23,000 rpm for 2 h at 4°C through a sucrose cushion 

(20% (w/v) sucrose in PBS). Virus pellets were resuspended in complete RPMI medium 

(concentrated 4-fold) and stored in liquid nitrogen. 

 

2.3.3 Virus titration  

Virus stock infectivity was quantified using HeLa TZM-bl reporter cell assay to obtain 

TCID50 values as described previously (Wei et al., 2002). Briefly, TZM-bl cells were 

plated in Nunclon-White 96-well plate (1x104/well) overnight and infected with 4-fold 

serial dilution (100 µl/well) of viral stocks in triplicates. 48 h post-infection culture 

supernatants were removed and cells were lysed in 50 µl Luciferase lysis buffer 

(Promega). Luciferase Bright-Glo substrate (50ul, Promega) was added to measure 

luciferase activity in relative light units (RLU) using PheraStar (MBG Labtech) 

luminometer. TCID50/ml values were determined as virus stock fold-dilution to give RLU 
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reading of 2.5-fold above the background (uninfected control) using Excel (Microsoft) 

macro (available at http://www.hiv.lanl.gov/content/nab-reference-strains/TCID501.xls).  

  

2.4 Virus infection 

Jurkat or primary CD4+ T cells were infected with Nef chimeric viruses by spinoculation. 

Cells were seeded in 96-well U bottom plate at density 2.5x105 cells/well and centrifuged 

to remove culture medium. Cells were mixed with purified virus stock to yield the 

multiplicity of infection MOI=0.1, as calculated from TCID50/ml values (described above). 

Cells were centrifuged at 1,200 x g for 2h at RT and washed after the spinoculation. Cells 

were resuspended in complete culture medium and incubated for 48 h (unless otherwise 

stated) until further manipulation and analysis.  

 

2.5 Flow cytometry  

Cells were first washed in PBS and then stained with surface antibodies in 50 µl PBS, 

for 30min at 4°C. Cell viability dye Zombie UV (1:500 dilution; Biolegend) was included 

in all stains to detect dead cells. Antibodies used in this thesis (and their dilution factors) 

are listed in Table 2.2. For detection of Env, cells were washed after primary Ab stain 

and incubated with the secondary fluorophore-conjugated Ab (50 µl PBS, 30min at 4°C). 

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.  

Alternatively, for detection of intracellular antigens cells were permeabilised with 200 µl 

Permeabilization Wash Buffer (Biolegend) for 20 min at RT. Cells were then stained with 

antibodies in 50 µl of the permeabilization buffer for 30min at 4°C, washed twice in 

permeabilization buffer and resuspended in FWB before flow cytometry.  

For detection of apoptosis, cells were washed in Annexin V binding buffer (eBioscience) 

and stained with Annexin V-PE/Cy7 (1:100; eBioscience) in 50 µl Annexin V binding 

buffer for 30 min at 4°C. Cells were then washed and fixed in 4% formaldehyde (made 

in Annexin V binding buffer) for 30 min at 4°C, washed and analysed by flow cytometry. 
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Flow cytometry analysis was done using LSR Fortessa X-20 cytometer (Becton 

Dickinson, BD). Compensation was performed using CompBeads (BD) according to 

manufacturer’s instructions. For GFP and Zombie UV markers cells were used instead 

of beads. Compensation was calculated by FACSDiva software (BD). Data was analysed 

using FlowJo V10 software (BD). Gating strategy to identify infected cells is described in 

Figure 3.2 and Figure 3.5.  

 
Table 2.2: Antibodies used for flow cytometry  

Target Antibody 
clone Fluorophore  Supplier Dilution  Stain 

CD4 SK3 BV605 Biolegend 1:100 

Surface, 
(1° Ab) 

50 µl PBS 

CD3 UCHT1 BV711 Biolegend 1:100 

CD28 CD28.2 APC/R700 BD  1:50 

CXCR4 12G5 APC Biolegend 1:150 

CD25 M-A251 PE/Dazzle 594 Biolegend 1:200 

CD69 FN50 APC/Fire 780 Biolegend 1:100 

CD38 HIT2 PerCP/Cy5.5 Biolegend 1:150 

PD-1 EH12.2H7 PE/Cy7 Biolegend 1:100 

CD95 DX2 PE/Dazzle 594 Biolegend  1:150 

CD98 REA387 PE/Vio770 Miltenyi Biotec 1:150 

Env PGT151 unconjugated in house1 1:200 

Env PG9 unconjugated  in house1 1:200 

Flag-tag L5 PE/Cy7 Biolegend  1:150 
Human 
IgG Polyclonal Cy5 Bethyl 1:200 Surface, 

(2° Ab) 
50 µl PBS 

Human 
IgG Polyclonal PE Jackson 

Immuno 1:100 

Gag p24 KC57-RD1 PE Beckman 
Coulter 1:200 

Intracellular, 
50 µl 
Perm. 
buffer 

Env 50-69 unconjugated CFAR2 1:100 

Glut1 EPR3915 Alexa Fluor 647 Abcam 1:600 

CD247 6B10.2 PE Biolegend  1:150 
Phospho-
S6 N7-548 PE BD 1:20 

HA-tag 16B12 PE Biolegend  1:200 

1 Gift from Laura McCoy (UCL), stock concentration 1 mg/ml. 
2 Donated by Dr S. Zoller-Pazner and Dr M. Gorny. 
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2.6 Cell-cell spread assay 

For short-term (24h) cell-cell spread assay, T cells were infected for 48h (donor cells) 

and analysed for GFP expression by flow cytometry to quantify the number of GFP+ cells 

using Precision Count Beads (Biolegend) according to manufacturer’s instructions. The 

day before, uninfected T cells (target cells) were labelled with 2.5 µM Cell Proliferation 

Dye eFluor 450 (Thermo Fisher Scientific) according to manufacturer’s instructions. 

Labelled target cells were cultured overnight and counted by flow cytometry (together 

with donor cells) using the counting beads. Before the co-culture, the input of donor and 

target cells was normalised to account for variability between different PBMC donors and 

viruses in initial infection rates. To do so, GFP+ donor cells and labelled target cells were 

mixed in 1:4 ratio to achieve approx. 10% GFP+ cells in the donor-target cell co-culture. 

This was confirmed by flow cytometry analysis at 0h post-mix. Co-cultures were then 

incubated for 24h and analysed by flow cytometry.  

For long-term spreading infection assays, donor cells were analysed for GFP expression 

by flow cytometry at 24h post-infection (p.i.) to count the number of GFP+ cells as 

described above. To account for different initial infection levels between PBMC donors 

and viruses, number of GFP+ cells in all cell cultures was adjusted to 2% with autologous 

uninfected CD4+ T cells. Cells were incubated up to 7 days p.i. and analysed by flow 

cytometry at various time points.  

 

2.7 Virus release and infectivity 

Jurkat or primary CD4+ T cells were infected for 48 h. Number of infected (GFP+) cells 

in the culture was quantified by flow cytometry using counting beads (as described 

above). Culture supernatant was collected and centrifuged at 800 x g for 5 min to remove 

all cell debris. Virus release was quantified as supernatant reverse transcriptase (RT) 

activity measured by a qPCR-based SYBR Green I-based product-enhanced reverse 

transcriptase (SG-PERT) assay (Pizzato et al., 2009), as described below. RT activity 

was normalized to the number of GFP+ cells to account for differences in infection levels. 

This was used as a measure of virus release/budding in the supernatant. Infectivity of 

viral supernatants was measured using luciferase assay on HeLa TZM-bl reporter cell 

line to obtain RLU values (described below). RLU values were normalised to RT activity 

(to account for differences in budding) to give a measure of virion (particle) infectivity. 

Alternatively, to account for differences in infection, RLU values were normalised to 

number of GFP+ cells to give a measure of total supernatant infectivity. 
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2.7.1 SG-PERT assay  

SG-PERT assay was used to measure supernatant RT content as a surrogate for 

number of viral particles as described previously (Pizzato et al., 2009). Briefly, 5 µl of 

virus supernatant was lysed using 5 µl lysis buffer and Riblock RNAase Inhibitor (0.4 

U/µl; Thermo Fisher Scientific). Virus lysate was diluted 1:20 using nuclease-free water. 

Quantitect SYBR Green PCR Master Mix (Qiagen) was used together with MS2 forward 

and reverse primers (Sigma) and MS2 RNA template (Roche) to set up the reactions as 

described in Table 2.1. Recombinant HIV-1 RT enzyme (Sigma) was used to make 10-

fold serial dilution standards from 108 to 102 pU/µl RT activity. 7500 Real-Time PCR 

System (Applied Biosystems) was used to run the quantitative polymerase chain reaction 

(qPCR) reaction. Reaction parameters are described in Table 2.4. 

 

Table 2.3: SG-PERT reaction set-up  

Component 
Stock 

concentration 
Volume per reaction 

(µl) 

Master 

mix 

Quantitect SYBR Green Master Mix n/a 12.5 

Forward MS2 primer 100 µM 0.125 

Reverse MS2 primer 100 µM 0.125 

MS2 RNA 0.7 µM 0.125 

Riblock RNAse inhibitor 4 U/µl 0.125 

Sample (virus lysate or RT standard) n/a 12 

Total volume 25 

 

Table 2.4: SG-PERT PCR cycling parameters  

Step Temperature (°C) Time Number of cycles 

RT 42 20 min 
1 

Initial heat-activation  95 15 min 

Denaturation 95 10 s 

40 Annealing  60 30 s 

Extension  72 15 s 
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2.7.2 Infectivity assay  

Viral supernatant infectivity was determined by luciferase assay using HeLa TZM-bl 

reporter cell line, as described for virus stock titration (Section 2.3.3). Briefly, viral 

supernatants were diluted in a 2-fold serial dilution (1:4, 1:8, 1:16) and used to infect 

TZM-bl cells in triplicates (100 µl/well). Luciferase activity was measured 48 h p.i. using 

Bright-Glo substrate (Promega). RLU values were normalised (by dilution factors) and 

averaged to obtain average RLU/µl values for viral supernatants. 

 

2.8 Immunofluorescence microscopy  

For virological synapse (VS) quantification, primary CD4+ T cells were infected for 48 h. 

Uninfected CD4+ T cells (target cells) were labelled with 10 µM CellTracker Blue CMAC 

dye (Thermo Fisher Scientific) according to manufacturer’s instructions. Donor and 

target cells were counted using counting beads (described in Section 2.6) and mixed in 

1:1 ratio (total 6x105 cells) in 100 µl RPMI medium supplemented with 1% FCS. Non-

blocking Env antibody (1:100; clone 50-69) was added to enable detection of Env at the 

VS. Donor-target cell culture was quickly pulsed in the centrifuge and transferred to poly-

L-lysine coated coverslips and incubated for 1 h at 37°C. Coverslips (VWR) were coated 

by incubation with 2.5% poly-L-lysine (Sigma) solution in water for 1 h at 37°C, dried and 

placed into a 24-well plate for further use. After 1 h incubation, cells were fixed with 4% 

methanol-free formaldehyde in PBS (1 ml/well) for 30 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 permeabilized with 0.1% Triton X-100 (Sigma) in BSA/PBS and washed thrice with 

BSA/PBS. Samples were stained in 200 µl of BSA/PBS with anti-Gag antisera (1:1000) 

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 for microscopy are listed in Table 2.5. 

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. VS was defined as a donor-target cell conjugate 

with Gag and Env polarized towards the cell-cell contact (Jolly et al., 2004). VS formation 

was quantified as a percentage of donor-target cell conjugates forming the VS out of 

total number of donor-target cell conjugates. At least 30 VS were counted for each 

sample.  
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For Lck localisation, CD4+ T cells were infected (2.5x105 cells/virus) for 48 h, washed 

and incubated on poly-L-lysine coated coverslips for 1h at 37°C as described above. 

After fixation and permeabilisation, cells were stained in 100 µl BSA/PBS with anti-Lck 

antibody (1:400, Table 2.5). After secondary antibody stain and washes, coverslips were 

mounted with ProLong Gold Antifade mounting solution with DAPI (Thermo Fisher 

Scientific). Images were acquired as described above.  

 

Table 2.5: Antibodies used for microscopy 

Target Antibody clone Fluorophore Supplier Dilution 

Gag p17 & p24 Rabbit antisera  Unconjugated  CFAR1 1:1000 

Env gp41 Human mAb 50-69 Unconjugated  CFAR2 1:100 

Lck Rabbit mAb 73A5 Unconjugated  Cell Signaling  1:400 

Rabbit IgG Polyclonal  Cy3 Jackson Immuno 1:200 

Human IgG Polyclonal  Cy5 Bethyl  1:200 

1 Donated by Dr G. Reid. 2 Donated by Dr S. Zoller-Pazner and Dr M. Gorny. 

 

2.9 SERINC antagonism assay  

SERINC5 and SERINC3 expression vectors (pcDNA based) were gifted from Massimo 

Pizzato (University of Trento, Italy). SERINC proteins were HA-tagged at the N-terminus 

(intracellular tag) and Flag-tagged in the fourth extracellular loop (extracellular tag) as 

described previously (Pye et al., 2020). SERINC plasmids were prepared as described 

in Section 2.3.1. 293T cells were seeded in 24-well plates (2x105cells/well in 0.5 ml 

culture medium) and transfected with 120 ng proviral DNA, 0-20 ng SERINC DNA and 

empty pcDNA vector to equalize DNA content using 3 µl Fugene 6 and 45 µl Opti-MEM 

medium. Transfected cells and virus containing supernatants were collected at 48h post-

transfection. Virion infectivity was measured as described in Section 2.7. Cells were 

detached using 5 mM EDTA solution in PBS and analysed by flow cytometry (as 

described in Section 2.5) for SERINC expression using Flag and HA epitope tags.  
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2.10 Immunoblot analysis  

2.10.1 Sample preparation 

A small aliquot of infected cell culture was used to measure infection levels by flow 

cytometry. Infected cells (1.2x106) were washed twice in PBS and lysed in 35 µl RIPA 

cell lysis buffer (150 mM NaCl, 50 mM Tris pH 8, 1% (v/v) NP-40, 0.5% (w/v) 

deoxycholate, 0.1% (w/v) SDS, 1mM phenylmethylsulphonyl fluoride [PMSF]). Lysates 

were centrifuged at 13,000 x g for 10 min at 4°C to remove cell debris and to pellet the 

nucleus and supernatants were collected. Protein concentration was measured using 

Pierce BCA Protein Kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Virus-containing supernatants (1 ml) were purified through a sucrose 

cushion by centrifugation at 13,000 x g for 2 h at 4°C. Virus pellets were lysed in 20 µl 

1X protein loading 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).  

 

2.10.2 SDS-PAGE 

To separate samples by sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE), 40 µg of cell lysate (mixed with 6X protein loading buffer) and 20 µl of 

virus lysate was heated at 95°C for 5 min. The samples were loaded on NuPAGE 4-12% 

gradient gel (Thermo Fisher Scientific) in NuPAGE MES SDS running buffer (Thermo 

Fisher Scientific) and run at 120 V for approx. 90 min. PageRuler Plus prestained protein 

ladder (Thermo Fisher Scientific) was used to estimate protein size.  

 

2.10.3 Immunoblotting  

After SDS-PAGE, proteins were transferred to Protran 0.45 µm nitrocellulose membrane 

(GE Healthcare) by electrophoresis at 100 V for 60 min in transfer buffer (25 mM Tris-

HCl, 250 mM glycine, 20% [v/v] methanol). Membranes were cut to detect gp120 

separately to gp41, Gag and tubulin, and blocked overnight at 4°C in 5% (w/v) milk 

protein solution in 0.01% (v/v) Tween-20 in PBS (PBST). Membranes were then stained 

with primary antibodies in 5 ml of 5% milk protein in PBST for 1 h at RT and washed 

thrice in PBST. Antibodies used for immunoblotting are listed in Table 2.6. Primary 

antibodies were detected with appropriate fluorescent secondary antibodies (Table 2.6) 

in 5 ml of 5% milk protein in PBST for 1 h at RT and washed thrice in PBST and once in 

PBS. Membranes were imaged with Odyssey Infrared Imager (Licor) and immunoblots 
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were analysed with Image Studio Lite software. 

 

Table 2.6: Antibodies used for immunoblotting  

Target Antibody clone Fluorophore  Supplier   Dilution  

Env gp120 Rabbit antisera Unconjugated CFAR1 1:1000 

Env gp41 Human mAb 246-D  Unconjugated CFAR2 1:500 

Gag Rabbit antisera Unconjugated CFAR3 1:3000 

a-tubulin  Mouse mAb DM1A Unconjugated Sigma 1:10,000 

Rabbit IgG ab216773 IRDye 800CW Abcam 1:10,000 

Mouse IgG ab216772 IRDye 800CW Abcam 1:10,000 

Human IgG 925-68078 IRDye 680RD Licor 1:10,000 

1 Donated by Dr S. Ranjibar. 2 Donated by Dr S. Zoller-Pazner and Dr M. Gorny. 
3 Donated by Dr G. Reid.  

 

2.11 Analysis of mRNA expression  

2.11.1 Sample preparation 

Infected cells were analysed by flow cytometry 48h post-infection to count GFP+ cells 

using counting beads as described above. For each sample 105 GFP+ cells from the 

infected cell culture were mixed with appropriate number of autologous uninfected cells 

to obtain 1.2x106 cells in total per sample. This gave identical proportions of infected 

cells (8% GFP+ cells) in all samples to facilitate comparison between different PBMC 

donors and viruses. Cells were washed twice in PBS and cellular RNA was extracted 

using RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions. Samples were 

eluted in 30 µl nuclease-free water and treated with RQ1 RNase-Free DNase (Promega) 

according to manufacturer’s instructions to degrade DNA. Samples were stored at -80°C 

until used.  

 

2.11.2 cDNA synthesis  

To synthesise complementary DNA (cDNA), RNA concentration in each sample was 

measured using Nanorop and 800 ng of RNA was used in each reaction containing 2.5 

μM random hexamer primers (Invitrogen) and 500 μM dNTP mix (Invitrogen) in 13 µl 

nuclease-free water. Samples with no RNA or no RT added were included as controls. 
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Primers were annealed at 65°C for 5 min. Reverse transcription reaction was set up by 

adding 4 μl 5X First Strand buffer, 50 U Superscript IV reverse transcriptase, 5 mM DTT 

and 40 U RNase OUT (all purchased from Invitrogen) to obtain 20 μl of total reaction 

volume. The samples were first incubated at 50°C for 10 min and then at 80°C for 10min 

to stop the reaction. Samples were diluted 1:4 in nuclease-free water for further analysis.  

 

2.11.3 RT-qPCR 

Real-time quantitative polymerase chain reaction (RT-qPCR) was set-up using 4.5 µl 

cDNA sample, 2X Fast SYBR Green Master Mix (Invitrogen) and 250 nM of each primer 

(Sigma) to make up 10 µl total reaction volume. Primers used for RT-PCR were as 

follows:   

Env forward: 5’-GCCTCAATAAAGCTTGCCTTGA-3’;  

Env reverse: 5’ GATTACTATGGACCACACAACTATTG-3’ 

Gag forward: 5’-GGACATCAAGCAGCCATGCAAAT-3’  

Gag reverse: 5’-GCTATGTCACTTCCCCTTGGTTCTCT-3’ 

GAPDH forward: 5’-ACATCGCTCAGACACCATG-3’  

GAPDH reverse: 5’-TGTAGTTGAGGTCAATGAAGGG-3’ 

 

RT-qPCR was performed using 7500 Real-Time PCR System (Applied Biosystems) and 

cycling parameters are shown in Table 2.7. The threshold cycle (Ct) values of gapdh 

gene were compared against env or gag genes using the 2-ΔΔCt method to calculate the 

relative expression of env and gag genes. 

 

Table 2.7: RT-qPCR cycling parameters  

Step Temperature (°C) Time Number of cycles 

Initial denaturation  95 20 s 1 

Denaturation  95 3 s 
40 

Extension  60 30 s 
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2.12 Env trafficking  

2.12.1 Env internalisation assay  

The Env internalisation assay was performed as described previously (Anand et al., 

2019). Briefly, infected CD4+ T cells (2.5x105 cells/virus) were washed in PBS and 

stained with anti-Env PGT151 Ab (5 μg/ml) and cell viability dye (1:1500, Zombie UV) in 

50 µl PBS for 45 min on ice and then washed twice in ice-cold RPMI medium. To start 

Env internalisation, cells were incubated in 150 µl complete RPMI medium at 37°C for 

0-120 min. Env internalisation was stopped by adding methanol-free formaldehyde 

directly to the cell culture to obtain 2% final formaldehyde concentration. Cells were fixed 

for 1 h at 4°C and washed in PBS. For 0 min time-point (T0min) control, cells were fixed 

after initial Ab incubation, without incubation at 37°C. The remaining Ab-Env complexes 

on the cell surface were detected with anti-human IgG Cy5-conjugated secondary 

antibody (Table 2.2) in 50 µl PBS for 30 min at 4°C. Cells were washed and resuspended 

in FWB and analysed by flow cytometry. 

 

2.12.2 Env recycling assay  

Infected CD4+T cells (2.5x105 cells/virus) were washed in PBS and stained with Env 

PGT151 Ab (5 μg/ml) in 100 µl complete RPMI medium for 60min at 37°C to allow for 

Env internalisation. Cells were washed twice in ice-cold PBS and surface Env was 

stained with anti-human IgG PE-conjugated secondary antibody (Table 2.2) and Zombie 

UV cell viability dye (1:500) in 50 µl PBS for 30min on ice. This measured baseline (T0min) 

surface Env expression. Cells were then washed twice in cold RPMI medium and 

incubated with anti-human IgG Cy5-conjugated secondary antibody (Table 2.2) for 0-

120 min in 100 µl complete RPMI medium at 37°C to label Env that was being recycled 

back to the cell surface. For T0min control, cells were kept on ice and stained with Cy5-

conjugated secondary antibody without incubation at 37°C. Cells were washed in ice-

cold FWB and fixed in 2% formaldehyde for 1 h at 4°C and analysed by flow cytometry. 

 

2.13 Antibody neutralisation assay  

Primary CD4+ T cells were infected for 48 h and virus-containing supernatants were 

filtered through a 0.45 µm filter and stored at -80°C until used for antibody neutralisation 

assay. Virus stock produced in 293T cells was used for comparison. The neutralisation 

was performed as described previously (Montefiori, 2009). First, virus supernatant 
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infectivity was measured using HeLa TZM-bl reporter cell assay (described in section 

2.7.2) to determine the amount of supernatant to give RLU reading 20-times above the 

background (uninfected control). Equal amounts of infectious supernatant were 

incubated with 7-fold serial dilutions (starting at 7 µg/ml) of PG9 or PGT151antibodies 

(gift from Laura McCoy, UCL) in total volume of 100 µl complete DMEM medium and 

incubated at 37°C for 1h. HeLa TZM-bl reporter cells were seeded the day before in 96-

well plates (104 cell/well) in 100 µl DMEM medium. The virus-antibody mixture was 

added to TZM-bl cells (200 µl total culture medium) and luciferase activity was measured 

48 h later using Bright-Glo substrate (described in Section 2.7.2). Antibody neutralisation 

was calculated as percent decrease in luciferase activity compared to 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). 

 

2.14 CD3ζ knock-down 

CD3ζ (CD247) knock-down (KD) was achieved by RNAi using ON-TARGET plus 

SMARTpool siRNA oligonucleotides (Dharmacon) designed against CD247, which 

included 4 siRNA oligos (sequences shown below). Non-targeting siRNA (Dharmacon) 

was used as a control. Primary CD4+ T cells were activated for 4 days before the KD 

and 2x106 cells/condition were electroporated with 250 pmol siRNA oligos using Neon 

Transfection System (Thermo Fisher Scientific) according to manufacturer’s instructions. 

Briefly, cells were resuspended in 100 µl Buffer T and mixed with siRNA before 

electroporation (3 pulses, 1600 V, 10 ms). After electroporation, cells were incubated for 

4 h in 12 ml complete RPMI medium (with IL-2) without Penicillin-Streptomycin to ensure 

high cell survival. After 4 h, cells were transferred to 96-well plate (2.5x105 cells/well) 

and cultured in fresh RPMI medium (with IL-2 and Penicillin-Streptomycin). CD247 KD 

efficiency was checked 48 h after by flow cytometry (Table 2.2) and cells were infected 

with viruses.  

CD274-targeting siRNA oligo sequences: 

5’-GAAGAGAGGAGUACGAUGU-3’, 5’-AGGAAGGCCUGUACAAUGA-3’, 

5’-GGCCAGAACCAGCUCUAUA-3’, 5’-GCGGAGGCCUACAGUGAGA-3’. 
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2.15 Infected T cell activation assay  

The infected T cell activation assay was done using either pre-activated or resting 

infected cells. For the assay with pre-activated cells, primary CD4+ T cells were activated 

for 5 days by CD3/CD28 stimulation (described in Section 2.2.1) and infected with 

viruses for 24 h until used in the activation assay (described below). For the assay with 

resting cells, primary CD4+ T cells were after isolation treated with 20 ng/ml IL-7 (Miltenyi 

Biotec) and 10 IU/ml IL-2 (NIBSC) in complete RPMI medium for 4 days. Cells were then 

infected with viruses for 48h and cultured in medium containing IL-7 and IL-2 until used 

in the activation assay.  

For the infected cell activation assay, Nunclon 96-well plates (Thermo Fisher Scientific) 

were coated with 0.5 µg/ml anti-CD3 Ab (clone OKT3, Biolegend) in 50 µl PBS per well 

for 2 h at 37°C. Plates were washed twice in complete RPMI medium to remove unbound 

antibody. Infected cells were washed in RPMI medium and transferred to coated plates 

(2.5x105 cells/well) and cultured in fresh culture medium containing 2 µg/ml anti-CD28 

Ab (clone CD28.2, Biolegend) and supplemented with 10 IU/ml IL-2. For untreated 

control, infected cells were transferred to mock treated wells (PBS only) and cultured in 

fresh culture medium without anti-CD28 Ab. Cells were harvested 24 h post-activation 

and analysed by flow cytometry. Culture supernatants were analysed for virion infectivity.  

 

2.16 TCR signalling assay  

2.16.1 Donor-target cell co-culture  

Primary CD4+ T cells were infected for 48 h (donor cells). Uninfected cells (target cells) 

were labelled 24 h before co-culture with 2.5 µM Cell Proliferation Dye eFluor 450 

(Thermo Fisher Scientific) according to manufacturer’s instructions. After the overnight 

culture (48 h p.i.) labelled target cells and donor cells were centrifuged and resuspended 

in 1% FCS RPMI medium  (for about 2 h until the co-culture experiment) to allow for 

better detection of signalling. A small aliquot of cells was taken for counting by flow 

cytometry using the counting beads (Section 2.6). Before the co-culture, donor and target 

cells were stained with Zombie UV cell viability dye (1:500, 106 cells/ml) in Hank’s 

balanced salt solution (HBSS, Gibco) for 15 min at RT and washed in 1% FSC RPMI 

medium. Donor and target cells were mixed in 1:1 ratio (total of 3x105 cells/condition) in 

100 µl 1% FSC RPMI medium and incubated at 37°C for 20 min. For the time course 

protocol, donor and target cells were preincubated on ice for 5 min, then mixed and 

incubated on ice for further 15 min to allow for conjugate formation without activation of 
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cell signalling. Co-cultures were then warmed to 37°C for 0-40 min. For 0 min time-point 

cells were fixed after incubation on ice, without incubation at 37°C. As a positive control 

cells were stimulated with 5 µl/ml soluble anti-CD3 Ab (OKT3) and 2 µg/ml anti-CD28 Ab 

(CD28.2). Signalling activation was stopped by adding methanol-free formaldehyde 

directly to the co-cultures to obtain 4% final formaldehyde concentration. Cells were fixed 

for 10 min at 37°C and for further 20min at 4°C.  

 

2.16.2 Flow cytometry analysis  

For flow cytometry analysis, cells were washed in PBS and permeabilised with 200 µl 

ice-cold methanol-based TruePhos buffer (Biolegend) for 30-60 min on ice. Cells were 

centrifuged at 1000 x g for 10 min to remove TruePhos buffer and washed twice in PBS 

(standard spin). Cells were stained with phosho-specific antibodies (Table 2.8) in 50 µl 

PBS for 30 min at 4°C, washed and resuspended in FWB and analysed by flow cytometry 

(Section 2.5). Gating strategy to identify phosphorylation changes in infected cell 

conjugates is described in Figure 3.27.  

 

Table 2.8: Antibodies used for TCR signalling assay   

Target  Phosphorylation 
site Antibody clone Fluorophore  Supplier  Dilution  

ZAP70 pY319 17A PE/Cy7 BD 1:50 

ERK pT202/Y204 6B8B69 PerCP/Cy5.5 Biolegend 1:50 

AKT pT308 D25E6 Alexa Fluor 647 Cell Signaling 1:100 

AKT pS473 M89-61 PE/CF594 BD 1:50 

S6 pS235/S236 N7-548 PE BD 1:20 

 

 

2.17 Statistical analysis 

Statistical significance was calculated using paired or unpaired student’s t test. For 

multiple comparisons, one-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 Retained CD3 expression results in increased viral spread, 
virion infectivity and T cell activation   

3.1 Introduction 

The lentiviral accessory protein Nef of HIV-2 and most SIV lineages, but not HIV-1, 

downmodulates CD3 - the signalling component of T cell receptor (TCR) complex 

(Schindler et al., 2006). This impairs signalling at the immunological synapse and may 

interfere with antiviral responses and prevent aberrant immune activation (Arhel et al., 

2009). Why HIV-1 does not employ this potential immune evasion strategy remains 

incompletely understood. In this Chapter I investigated if retained CD3 expression 

conferred any advantage for viral replication. Specifically, I addressed the following 

question - if virus induced downregulation of CD3 from the surface of infected cells 

confers an important immune evasion strategy, is there any selective advantage for  

HIV-1 not to do this that may explain why loss of this Nef function has been retained in 

the HIV-1 lineage?  

 

HIV-1 most efficiently disseminates by direct cell-cell transmission that occurs at 

virological synapses (VS) formed between infected and uninfected cells (Jolly et al., 

2004, 2007a; Sourisseau et al., 2007). VS formation is mediated by engagement of viral 

envelope glycoprotein (Env) on infected (donor) cell with CD4 on uninfected (target) cell 

with an additional contribution of adhesion molecule interactions mediated by the integrin 

LFA-1 and its cognate ICAM ligands (Chen et al., 2007; Jolly et al., 2007b; Sourisseau 

et al., 2007). This results in polarised virus assembly and budding from the infected cell 

towards uninfected target cell, resulting in rapid and efficient infection of target cells 

(Groppelli et al., 2015; Hubner et al., 2009; Jolly et al., 2007a, 2011; Martin et al., 2010). 

Previous work from our lab has shown that VS-formation triggers antigen-independent 

TCR signalling in infected T cells to drive viral spread (Len et al., 2017). This was partially 

dependent on TCR/CD3 complex expression as efficient signalling at the VS and HIV-1 

cell-cell spread was abrogated in TCR knock-down Jurkat cell line. Given these results, 

it was hypothesised that the inability of HIV-1 Nef to downregulate CD3 contributes to 

the activation of TCR/CD3 signalling at the virological synapse and thus allowing more 

efficient cell-cell spread. Therefore, the role of Nef-mediated viral manipulation of CD3 

during viral spread was investigated.  

 



111 
 

It was previously shown impossible to engineer HIV-1 Nef to downmodulate CD3, without 

disrupting other Nef functions (Manrique et al., 2017). In effort to do so, HIV-1 SF2 Nef 

was made to downmodulate CD3 by constructing a SF2-SIVmac239 Nef chimera 

(Manrique et al., 2017). However, this Nef chimera was unable to downmodulate surface 

expression of CD4, CD28, MHC-I or CXCR4 and unable to enhance virus infectivity, 

which would confound the analysis and interpretation of the data in this thesis. Therefore, 

SIVsmm (infecting sooty mangabeys) nef alleles were used that differ in their ability to 

downmodulate surface CD3 expression. Although CD3 downmodulation is a conserved 

feature of most SIV Nef proteins, rare cases of SIVsmm in vivo infections have been 

reported where nef alleles lost the ability to downmodulate CD3 expression (Schindler 

et al., 2008; Schmökel et al., 2013). Schmökel et al. described several nef alleles that 

were isolated during a course of in vivo infection of a sooty mangabey infected with 

SIVsmmFBr virus. As illustrated in Figure 3.1A, at early time points (≈1.5 years) during 

this infection the animal had a normal CD4+ T cell count and high blood viremia, 

consistent with normal SIVsmm infection. Nef alleles at that time showed normal CD3 

downmodulation ability. One nef allele from this group, FBr 75wL4 (abbreviated to L4) 

was used in this thesis. By contrast, late infection (≈6 years) was marked by very low 

CD4+ T cell counts (with a corresponding drop in viral load) and was associated with 

loss of Nef-mediated CD3 downmodulation, while other Nef functions remained intact. 

One nef allele from this group, FBr 304wK2 (abbreviated to K2) was used in this thesis. 

Notably, the loss of CD3 downmodulation was also associated with mutations in Env that 

allowed for efficient use of CXCR4 co-receptor (in addition to CCR5, GPR15 and CXCR6 

that are commonly used by SIVsmm), which is also rarely observed in SIVsmm infection, 

and was proposed it enhanced CD4+ T cell death. Further in vitro analysis confirmed 

that the retention of CD3 on the cell surface resulted in increased in T cell activation and 

cell death following TCR cross-linking of infected CD4+ T cells (Schindler et al., 2006; 

Schmökel et al., 2013). However, whether retained CD3 expression conferred any 

replicative advantage to the virus, which might explain selection of this phenotype in vivo, 

was not addressed. 

 

Nef sequence and functional analyses showed that L4 and K2 Nefs are closely related 

and differ only in 10 amino acids, two of which were identified as crucial for CD3 

downmodulation: I123 and L146, whereas mutation to L123 and F146 resulted in loss of 

CD3 downmodulation (Figure 3.1B) (Schmökel et al., 2013). Therefore, point mutations 

(I123L/L146F and L123I/F146L) in L4 and K2 nef alleles were made by site-directed 

mutagenesis to specifically disrupt CD3 downmodulation (Figure 3.1C) (Schmökel et al., 
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 Figure 3.1: SIVsmmFBr L4 and K2 nef alleles and NL4.3 Nef chimeric viruses  
(A) Two SIVsmmFBr nef alleles isolated during in vivo sooty mangebey infection: L4 (75 weeks post-

infection, ≈1.5 years) and K2 (304 weeks post-infection, ≈6 years). Table shows their CD3 downmodulation 

abilitiy, viral load, CD4+ T cell count and predominant Env tropism at the time of isolation. (B) Alignment of 
SIVsmmFBr L4 and K2 Nef sequences. Dots indicate sequence identity. Highlighted in red are residues 

crucial for CD3 downmodulation: I123 and L146. Mutation to L123/F146 abolishes Nef CD3 downmodulation 

ability. (C) Generation of L4 and K2 point-mutants by site-directed mutagenesis that differ CD3 

downmodulation ability. L4 IL (I123/L146) and LF (L123/F146) nef alleles were generated, together with K2 
IL (I123/L146) and K2 LF (L123/F146) nef alleles. (D) SIVsmm nef alleles or HIV-1 NL4.3 nef (WT and nef-

defective) were inserted into replication competent NL4.3 backbone with an IRES-driven GFP reporter gene 

to produce Nef chimeric viruses.  

 

2013). To simplify the naming, nef alleles that are able to downmodulate CD3 are 

referred to in this Chapter as IL Nef (I123/L146) and nef alleles that are unable to 

downmodulate CD3 are referred to as LF Nef (L123/F146). As previously reported 

(Schindler et al., 2006), these nef alleles have been cloned into HIV-1 NL4.3 backbone 
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co-expressing different nef alleles and green fluorescent protein (GFP) reporter gene 

from a bicistronic RNA (Figure 3.1D). The panel of nef alleles studied in this Chapter 

included SIVsmm Nefs (L4 IL and LF, K2 IL and LF) together with the parental NL4.3 nef 

and a nef-defective control (nef-, no Nef expression). Producing these Nef chimeric 

viruses thus allowed us to determine the role of CD3 downmodulation on HIV-1 cell-cell 

spread, irrespective of other viral genes or Env tropism. 

 

3.2 Results   

3.2.1 Validation of the phenotype of Nef chimeric viruses  

In order to assess the impact of differences in Nef mediated CD3 downmodulation it was 

necessary to first validate the phenotype of the chimeric viruses provided by our 

collaborator Frank Kirchhoff (Schmökel et al., 2013).  A panel of nef alleles cloned into 

HIV-1 NL4.3 IRES-GFP proviral construct (Schindler et al., 2006) were first sequenced, 

which confirmed their sequence identity, and then assessed for the ability to infect 

primary CD4+ T cells. To do this, 293T cells were transfected with viral plasmids and 

virions were harvested and titrated prior to infection of primary CD4+ T cells. To 

characterise the virus produced from 293T cells, virion infectivity was measured by 

titrating the viral supernatants on HeLa-TZMbl reporter cell line and normalising the RLU 

values to supernatant RT activity (measured by SG-PERT assay) as a measure of viral 

content. Figure 3.2A shows that all Nef chimeric proviruses produce infectious virus. 

Consistent with published data (Chowers et al., 1994; Münch et al., 2007), nef-defective 

virus had significantly lower infectivity compared to NL4.3 Nef virus, and all L4 and K2 

Nef viruses showed slightly higher infectivity compared to NL4.3 Nef virus. Importantly, 

there was no difference in the relative infectivity of IL and LF viruses produced from 293T 

cells. Next, primary CD4+ T cells were isolated from PBMCs of normal healthy donors, 

activated with anti-CD3/CD28 antibodies and infected with equal infectious doses of Nef 

chimeric viruses (nef-defective, NL4.3, L4 IL and LF, K2 IL and LF). After 48h primary 

CD4+ T cells were analysed by flow cytometry to quantify the percentage of HIV-1 

infection and Nef activity. Infected cells were identified as single, live lymphocytes that 

are positive for Gag and/or GFP expression (Figure 3.2B-E). Analysis of infected primary 

CD+ T cells showed broadly similar percentages of Gag+ or GFP+ cells between cells 

infected with the different Nef chimeric viruses (Figure 3.2F-G). Cells infected with nef-

defective virus showed lower infection levels as measured by Gag expression when 

compared to  other  Nef-containing  viruses;  however, this  difference was  smaller when 
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Figure 3.2: Infection of primary CD4+ T cells with Nef chimeric viruses 
(A) Nef chimeric viruses were produced by transfection of HEK293T cells. Viral infectivity (RLU) was 

measured by titration on HeLa-TZMbl reporter cell line and normalised to supernatant RT activity, a measure 

of viral content. (B-I) Primary CD4+ T cells were activated with anti-CD3/CD28 antibodies for 4-5 days, 
infected with Nef chimeric viruses for 48h and analysed by flow cytometry. (B-E) Gating strategy to analyse 

flow cytometry data. (B) Lymphocytes were gated based on their forward- and side-scatter properties (FSC-

A vs SSC-A). (C) Doublets were excluded based on their forward scatter properties (FSC-W vs FSC-H).   
(D) Live single cells were gated as Live/dead dye (Zombie UV) negative. (E) Infected live cells were identified 

as Gag+ or GFP+. Uninfected (mock) control was used to set the gates. (F) Percentage of Gag+ live cells. 

(G) Percentage of GFP+ live cells. (H) Percentage of live cells in the four subsets defined by expression of 

Gag and GFP. Shown is a representative dot plot of flow cytometry data. (I) Surface expression of CD4 in 
NL4.3 Nef virus infected cells. Histogram shows CD4 expression in Gag+GFP- and Gag+GFP+ population 

compared to mock infected control. Bars show mean and lines join paired results from the same PBMC 

donor. Error bars show mean ± SEM. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, 
P<0.01; ***, P<0.001). 
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measuring GFP expression. Analysing expression patterns of Gag and GFP showed that 

only a subpopulation of Gag+ cells expressed GFP, and almost all GFP+ cells were also 

Gag+ (Figure 3.2E, H). To better understand the discrepancy in Gag and GFP 

expression, surface CD4 expression was measured in Gag+GFP+ and Gag+GFP- 

populations. Productively infected cells show downmodulation of surface CD4, which 

requires expression of viral Nef or Vpu proteins (Wildum et al., 2006; Willey et al., 1992). 

Analysing expression of CD4 in Gag+GFP+ and Gag+GFP- populations showed that 

only a small proportion of Gag+GFP- cells downmodulated CD4, whereas most of the 

Gag+GFP+ cells downmodulated CD4 (Figure 3.2I), indicating productive infection. This 

suggests that the Gag+GFP- population may represent newly-infected cells which do not 

yet express GFP (and do not downmodulate CD4) or perhaps reflects the detection of 

viral capsids (Gag) that have been transferred into cells during spinoculation, thus 

resulting in positive Gag signal (Terahara et al., 2012). Therefore, expression of GFP, 

which better reflects productive infection, was used in the majority of further experiments 

and unless otherwise stated to identify infected cells.  

 

To determine the ability of Nef chimeric viruses to downmodulate surface expression of 

CD3, CD4, CD28, and CXCR4 primary CD4+ T cells infected with Nef chimeric viruses 

(or uninfected mock control) were analysed by flow cytometry to measure expression of 

these surface markers. Figure 3.3A shows that, as expected, L4 and K2 IL Nef 

expressing viruses were able to downmodulate surface expression of CD3 and reduced 

the number of CD3+ infected cells to less than 20%. By contrast, L4 and K2 LF Nefs are 

unable to downmodulate CD3 expression as evidenced by more than 90% of cells 

remaining CD3+, similar to the percentage of CD3+ cells in mock infected (uninfected) 

control. Furthermore, and as expected, nef-defective and NL4.3 Nef viruses were unable 

to downmodulate CD3, in agreement with HIV-1 NL4.3 Nef having lost this function. CD4 

surface staining showed that all nef-containing viruses (NL4.3, L4 IL, L4 LF, K2 IL and 

K2 LF) retained the ability to downmodulate CD4 (Figure 3.3B) when compared to 

uninfected cells. The partial downregulation of CD4 by nef-defective virus (»50% CD4+ 

infected cells), is attributed to the presence of HIV-1 Vpu that can mediate CD4 

degradation (Willey et al., 1992). Turning to CD28, it was found that L4 and K2 parental 

and mutant Nef viruses downmodulated CD28 to similar extents (»30% CD28+ infected 

cells, Figure 3.3C), whereas NL4.3 Nef was less able to do so (»70% CD28+ infected 

cells) in agreement with published data (Munch et al., 2005).  
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Figure 3.3: CD3, CD4, CD28, and CXCR4 downmodulation by Nef chimeric viruses 
Primary CD4+ T cells were infected with Nef chimeric viruses and analysed by flow cytometry 48h post-

infection. Shown is percentage of positive cells of live, Gag+GFP+ population for (A) CD3, (B) CD4,              

(C) CD28, and (D) CXCR4 surface markers.  Mock is uninfected control and total live population was 
analysed. Right-hand side panels show representative flow cytometry plots. FMO controls were used to set 

the gates. Bars show mean and symbols show results from an individual PBMC donor. Groups were 

compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

Similarly, NL4.3 Nef was also less able to downmodulate CXCR4 (»60% CXCR4+ 

infected cells, Figure 3.3D) compared to L4 and K2 Nef viruses, again as expected 

(Hrecka et al., 2005; Schmökel et al., 2013). While it was observed that L4 and K2 LF 

Nef viruses appeared better able to downmodulate CXCR4 compared to their IL Nef 

counterparts this difference was very small. Together these results validate the expected 

phenotype of this panel of Nef chimeric viruses, and show that manipulation of CD3 
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downregulation by site-directed mutagenesis of L4 and K2 Nefs had specific effects on 

downmodulation of CD3.  

 

It has been shown that lentiviral Nefs antagonise the host restriction factors SERINC3 

and SERINC5 (Rosa et al., 2015; Usami et al., 2015). SERINC5 and to a lesser extent 

SERINC3 reduces virion infectivity by inhibiting viral fusion (Rosa et al., 2015; Sood et 

al., 2017; Usami et al., 2015), which requires their incorporation into nascent viral 

particles. Nef antagonises SERINCs activity by downmodulating their surface expression 

and thus reducing incorporation into viral particles, thereby increasing viral infectivity 

(Rosa et al., 2015; Trautz et al., 2016; Usami et al., 2015). Because the focus of the work 

described in this Chapter was to assess the effects of Nef-mediated downregulation of 

CD3 on HIV-1 replication and spread between T cells, it was important to determine 

whether the nef alleles used in this study showed any differences in SERINCs 

antagonism or restriction of viral infectivity that may impact on future experiments and 

interpretation of the data. To test the ability of Nef chimeric viruses to antagonise host 

restriction factors SERINC5/3, 293T cells were co-transfected with viral plasmids 

alongside increasing doses of dual-tagged SERINC5/3 expressing plasmid (Pye et al., 

2020). In this assay, the presence of increasing doses of SERINC will reduce the 

infectivity of progeny virus if SERINC is not antagonised by Nef (Heigele et al., 2016; 

Rosa et al., 2015). Flow cytometry analysis confirmed a dose-dependent increase in the 

amount of total SERINC5 expressed in transfected cells measured by intracellular 

staining for HA-tagged SERINC5 (Figure 3.4A). The presence of over-expressed 

SERINC5 resulted in up to a 300-fold reduction in infectivity of nef-defective virus that 

was rescued by expression of functional Nef (Figure 3.4B) in agreement with previous 

reports (Rosa et al., 2015). The fact that all Nef-expressing viruses also showed a dose-

dependent decrease in infectivity at high doses of SERINC5 plasmid likely reflects the 

fact that substantial overexpression of SERINC5 can overwhelm Nef activity. 

Importantly, Figure 3.4B shows that there was no significant difference between IL and 

LF Nef viruses in infectivity in the presence or absence of SERINC5 overexpression. Nef 

antagonises SERINC5/3 by downmodulating their cell surface expression and 

preventing their incorporation into nascent viral particles. Flow cytometry analysis of 

SERINC5 cell surface expression (detected by extracellular Flag-tag) showed that all 

Nef expressing viruses were able to downmodulate SERINC5 from the cell surface 

(Figure 3.4C). Importantly, there was no difference between IL and LF Nef viruses in the 

amount of cell surface SERINC5 (Figure 3.4C) suggesting these nef alleles are equally 

able to antagonise SERINC5.  
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Figure 3.4: Nef chimeric viruses have similar ability to antagonise SERINC5 and SERINC3  
HEK293T cells were co-transfected with Nef chimeric proviruses and increasing doses of plasmid encoding 

dual-tagged SERINC5 or SERINC3 (n=3). Cells and virus supernatants were harvested 48h post-

transfection. Virion infectivity (RLUs) was measured using HeLa-TZMbl reporter cell assay and normalised 
to supernatant RT activity. Flow cytometry was used to measure total SERINC expression (intracellular HA-

tag) or surface SERINC expression (extracellular Flag-tag). (A-D) SERINC5 restriction and antagonism.    

(A) MFI of SERINC5 HA-tag in live, GFP+ population. (B) Virion infectivity in the presence of SERINC5.    
(C) MFI of SERINC5 Flag-tag, and (D) MFI of SERINC5 HA-tag in GFP+HA-tag+ cells transfected with 20 

ng/ml SERINC5 plasmid. (E-H) SERINC3 restriction and antagonism. (E) MFI of SERINC3 HA-tag in live, 

GFP+ population. (F) Virion infectivity in the presence of SERINC3. (G) MFI of SERINC3 Flag-tag, and       

(H) MFI of SERINC3 HA-tag in GFP+HA-tag+ cells transfected with 20 ng/ml SERINC3 plasmid. Histograms 
show representative flow cytometry data. Error bars show mean ± SEM of 3 independent experiments. 

Groups were compared using unpaired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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This is consistent with the similar levels of infectivity that were observed in Figure 3.4B.  

Similar levels of total SERINC5 expression was confirmed by staining for intracellular 

HA-tag (Figure 3.4D). Consistent with published data (Heigele et al., 2016), NL4.3 Nef 

is less able to downmodulate SERINC5 compared to SIVsmm Nef. Similar results were 

also observed with over-expression of SERINC3 (Figure 3.4E-H), showing there was no 

difference between IL and LF Nef viruses in their ability to antagonise SERINC3. 

However, as previously reported (Heigele et al., 2016; Rosa et al., 2015), it was observed 

that SERINC3 was a weaker antagonist of virion infectivity compared to SERINC5 

(Figure 3.4B). Furthermore, all Nef-expressing viruses are less able to downmodulate 

SERINC3 surface expression compared to SERINC5 (Figure 3.4C). Taken together, 

these results show that Nef mutations disrupting CD3 downmodulation do not affect 

SERINC5/3 antagonism. 

 

3.2.2 Retained CD3 expression on infected cells results in increased viral 
spread 

To investigate the effect of CD3 downmodulation on cell-cell spread, primary CD4+ T 

cells infected with Nef chimeric viruses (donor cells) were co-cultured with autologous 

uninfected, pre-labelled target cells (Figure 3.5A). Cell-cell spread is the dominant mode 

of HIV-1 dissemination in cell culture (Chen et al., 2007; Hubner et al., 2009; Jolly et al., 

2004, 2007a; Sourisseau et al., 2007), therefore this well-established assay mainly 

measures cell-cell viral spread, with minimal contribution from cell-free virus infection 

(Jolly et al., 2010; Sourisseau et al., 2007). Donor cells were infected for 48h and the 

number of infected, GFP+ cells was quantified by flow cytometry (Figure 3.5B). To 

account for differences in initial infection between different PBMC donors, GFP+ donor 

and target cells were mixed in 1:4 ratio to obtain approx. 10% GFP+ donor cells in donor-

target cell co-culture (Figure 3.5C). Viral spread was measured 24h post-mix (single 

round of replication) by flow cytometry to identify Gag+ or GFP+ target cells. Target cells 

were identified as live single cells positive for Target dye (Figure 3.5D-J). Quantifying 

Gag expressing target cells (Figure 3.6B), showed that NL4.3 Nef virus spread 

significantly better to target T cells compared to nef-defective virus, consistent with the 

observations that the lack of Nef results in reduced viral infectivity (Chowers et al., 1994; 

Münch et al., 2007) (Figure 3.2). Notably, L4 and K2 IL Nef viruses, which downmodulate 

CD3 from infected cells, were significantly impaired in cell-cell spread when compared 

to L4 and K3 LF Nef viruses that retain CD3 which spread significantly better (»2-fold 

increase, Figure 3.6B). Treating co-cultures with the RT inhibitor Efavirenz resulted in an 
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Figure 3.5: Cell-cell spread assay and gating strategy to analyse flow cytometry data 
(A) Schematic of the cell-cell spread assay. Primary CD4+ T cells were activated with CD3/CD28 antibodies 

for 4-5 days. Donor cells were infected with Nef mutant viruses for 48h and analysed by flow cytometry to 
count GFP+ cells. Autologous target cells were labelled with cell dye and mixed with infected donor cells in 

1:4 ratio (GFP+ donor cell:target cell). Cells were analysed by flow cytometry at 0h and 24h post-mix.           

(B) Percentage of GFP+ live donor cells at 48h post-infection, before target cell co-culture. (C) Percentage 
of GFP+ donor cells in target cell co-culture (GFP+Target-) at 0h post-mix. Shown are representative flow 

cytometry plots. (D-J) Gating strategy to analyse flow cytometry data. Shown is an example from NL4.3 

infected co-culture at 24h post-mix. (D) Lymphocytes were gated based on their forward- and side-scatter 
properties (FSC-A vs SSC-A). (E) Doublets were excluded based on their forward scatter properties (FSC-

W vs FSC-H). (F) Donor cells were gated as target dye (CPDe450) negative cells and target cells were 

gated as target dye positive cells. (G) Live donor cells were gated as Live/dead dye (Zombie UV) negative. 
(H) Infected live donor cells were identified as Gag+ or GFP+. Mock infected donor cells were used to set 

the gates. (I) Live target cells were gated as Live/dead dye negative. (J) Infected live target cells were 

identified as Gag+ or GFP+. Mock infected target cells were used to set the gates. Bars show mean and 
lines join paired results from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; 

*, P<0.05; **, P<0.01; ***, P<0.001). 
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Figure 3.6: Retained CD3 expression on infected cells results in increased viral cell-cell spread  
(A) Schematic of the 24h cell-cell spread assay (as described in Figure 3.5). CD4+ T cells infected with 

indicated viruses were mixed with autologous, pre-labelled target cells and analysed 24h post-mix by flow 

cytometry (n=8). (B) Percentage of Gag+ target cells. (C) Donor and target cells were co-cultured in the 
presence or absence of 5 μM Efavirenz (± EVZ). Superimposed grey bars show percentage of Gag+ target 

cells in presence of Efavirenz. (D) Percentage of GFP+ target cells. (E) Percentage of GFP+ target cells in 

presence of 5 μM Efavirenz (superimposed grey bars). Shown are representative flow cytometry plots.        
(F) Schematic of the long-term cell-cell spread assay. CD4+ T cells were infected with Nef chimeric viruses 

for 24h and analysed by flow cytometry to count GFP+ cells. Infection levels in cell culture were adjusted to 

2% GFP+ cells with autologous, unlabelled, uninfected cells. Spreading infection was quantified by flow 
cytometry until 7 days post-infection (n=3). (G) Percentage of Gag+ live cells. (H) Percentage of GFP+ live 

cells. IL and LF Nef viruses were compared for statistical significance at days 4 and 7 post-infection. Bars 

show mean and lines join paired results from the same PBMC donor. Error bars show mean ± SEM. Groups 
were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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approximately 5-fold reduction of Gag+ target cells (Figure 3.6C), confirming that this 

assay predominantly detects a Gag signal coming from de novo Gag synthesis that 

requires RT, indicative of productive infection of target cells. In support of this, similar 

results were obtained when measuring infection levels by LTR-driven expression of GFP 

which also showed L4 and K2 LF Nef viruses spread significantly better than their IL 

mutant counterparts (Figure 3.6D). Treating co-cultures with Efavirenz almost 

completely abrogated detection of GFP+ target cells (Figure 3.6E), again showing that 

this assay is measuring productive infection. Of note, the percentage of GFP+ target 

cells was approximately 6-fold lower than that measured by intracellular Gag staining of 

target cells. A similar trend was also observed in the donor cell population (Figure 3.2, 

Figure 3.5H).  

 

To determine whether differences in viral spread between IL and LF Nef viruses would 

diminish over time (i.e. whether the IL viruses would reach the same level of viral spread 

as the LF viruses) and to further confirm that IL and LF viruses showed difference in viral 

spread, a longer term spreading infection assay was performed. To do this, primary 

CD4+ T cells were infected with virus and infection levels adjusted to 2% GFP+ cells at 

24h post-infection with autologous uninfected cells to equalise infection levels (Figure 

3.6F). Viral spread was then measured by quantifying the percentage of Gag+ or GFP+ 

cells by flow cytometry over 7 days post-infection. L4 and K2 LF Nef viruses showed 

more efficient viral spread  and accelerated replication kinetics compared to their IL Nef 

counterparts as measured by expression of both Gag and GFP (Figure 3.6G-H). Taken 

together, these data show that retained CD3 expression on infected donor cells results 

in increased viral spread to target T cells.  

 

Viral cell-cell spread occurs through formation of the virological synapse (VS) in which 

virus assembly and budding from infected cells is polarised towards uninfected target 

cells that are in close physical contact (Jolly et al., 2004). VS can be visualised by 

immunofluorescence microscopy and defined by polarisation of the HIV-1 proteins Gag 

and Env to the site of donor-target cell contact (Jolly et al., 2004). To investigate if the 

increased cell-cell spread observed in Figure 3.6 was due to increased formation of VS 

in the donor-target cell co-cultures, primary CD4+ T cells infected with Nef chimeric 

viruses were mixed with autologous uninfected pre-labelled target T cells, incubated on 

coverslips for 1h, stained and analysed by immunofluorescent microscopy. As shown in 

Figure 3.7, examination  of  VS  formation  revealed  no  difference  in  the  frequency or 
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Figure 3.7: CD4+ T cells infected with Nef chimeric viruses form virological synapses at similar 
frequencies 
CD4+ T cells were infected with Nef chimeric viruses for 48h. Autologous uninfected target cells were 

labelled with cell tracing dye and mixed with infected donor cells at 1:1 ratio. Cells were incubated on 
coverslips for 1h before fixation and antibody staining for immunofluorescence microscopy. Virological 

synapse (VS) was defined as infected donor cell-target cell conjugate with Gag and Env polarised towards 

the cell-cell contact. (A-D) Target cell dye is shown in blue, Gag is shown in green, Env is shown in red, and 

donor cell outline is shown with white, dashed line. Scale bar is 5 µm. Shown are representative images 

(single slice) of VS for (A) L4 IL, (B), L4 LF, (C) K2 IL, and (D) K2 LF Nef chimeric viruses. (E) Quantification 

of microscopy data. Shown is percentage of conjugates forming VS out of all donor-target cell conjugates. 

Minimum of 30 VS were counted for each PBMC donor. Bars show mean and lines join paired results from 
the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05). 
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appearance of VS formed between IL and LF Nef viruses and target T cells. All Nef 

chimeric viruses are able to form donor-target cell conjugates with polarised Gag and 

Env proteins to the site of cell-cell contact to similar levels (Figure 3.7E). Thus, the 

increased cell-cell spread appears not to be due to increased VS formation.  

 

Having used NL4.3 Nef chimeric virus, which is a lab-adapted HIV-1 strain, it was next 

investigated whether HIV-1 primary nef alleles show similar results. To do this, Nef 

chimeric constructs containing NA7 and SF2 nef alleles (Levy et al., 1984; Mariani & 

Skowronski, 1993) were measured for their downmodulation abilities and viral spread 

into target T cells. It was observed that NA7 and SF2 Nef chimeric viruses 

downmodulated surface expression of CD4, CD28, and CXCR4 to similar level seen for 

NL4.3 Nef virus, and were similarly unable to downmodulate CD3 (Figure 3.8A-D). 

Furthermore, NL4.3, NA7 and SF2 Nef virions showed equivalent levels of infectivity 

when produced from 293T cells (Figure 3.8E) and similar levels of viral cell-cell spread 

between primary CD4+ T cells as measured by Gag and GFP expression in target T 

cells (Figure 3.8F-H). Taken together, these results show that the HIV-1 Nef chimeric 

viruses behave in a similar manner when containing lab-adapted NL4.3 nef allele or 

primary NA7 and SF2 nef alleles.  

 

Next, a cell-cell spread assay was performed using primary CD4+ T cells that were not 

activated by anti-CD3/CD28 antibodies (as in the previous experiments) to investigate if 

a bigger difference in viral spread could be observed. CD3/CD28-mediated activation 

was used to make T cells permissive to initial HIV-1 infection; however, it provides a very 

potent stimulus which might diminish the effect of CD3 downmodulation during cell-cell 

spread. Therefore, donor primary CD4+ T cells were instead treated with IL-7 to make 

them permissive to cell-free virus infection, but without causing robust T cell activation 

(Coiras et al., 2016). IL-7 has been shown to allow for HIV-1 infection of resting CD4+ T 

cells, which has been attributed to phosphorylation of the lentiviral restriction factor 

SAMHD1, thus elevating cellular dNTP levels allowing for efficient HIV-1 reverse 

transcription (Baldauf et al., 2012; Coiras et al., 2016). Infected donor cells were then 

co-cultured with autologous uninfected, IL-7 treated, pre-labelled target cells (Figure 

3.9A) and viral spread was quantified by flow cytometry 48h post-mix. Similar to what 

was seen using CD3/CD28 activated cells, both L4 and K2 LF viruses (which retain CD3 

expression on infected cells) spread significantly better compared to their IL Nef 

counterparts when infection quantified either by percentage of Gag+ or GFP+ target cells 
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Figure 3.8: Primary HIV-1 nef alleles have similar downmodulation and cell-cell spread properties 
compared to NL4.3 nef 
(A-D) Primary CD4+ T cells were infected with Nef chimeric viruses and analysed by flow cytometry 48h 
post-infection. Shown is percentage of positive cells of live, Gag+GFP+ population for (A) CD3, (B) CD4, 

(C) CD28, and (D) CXCR4 surface markers.  Mock is uninfected control and total live population was 

analysed. (E) HEK293T cells were transfected with Nef chimeric proviruses and virus supernatant was 
collected 48h post-transfection. Virion infectivity (RLUs) was measured using HeLa-TZMbl reporter cell 

assay and normalised to supernatant RT activity. (F-H) CD4+ T cells infected with indicated viruses were 

mixed with autologous, pre-labelled target cells and analysed 24h post-mix by flow cytometry.                           
(F) Percentage of Gag+ target cells. (G) Donor and target cells were co-cultured in the presence or absence 

of 5 μM Efavirenz (± EVZ). Superimposed grey bars show percentage of Gag+ target cells in presence of 

Efavirenz. (H) Percentage of GFP+ target cells. Bars show mean and symbols show results from an 
individual PBMC donor. Error bars show mean ± SEM. All groups were compared against NL4.3 using one-

way ANOVA with Sidak’s multiple comparisons test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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Figure 3.9: Cell-cell spread assay with IL-7 treated and resting target cells 
(A-C) Viral spread into IL-7 treated targets cells. (A) Schematic of the cell-cell spread assay. Primary CD4+ 

T cells were treated with IL-7 for 4 days. Donor cells were infected with Nef mutant viruses for 48h and 

analysed by flow cytometry to count GFP+ cells. Target cells were labelled with cell dye and mixed with 
infected donor cells in 1:4 ratio (GFP+ donor cell:target cell). Cells were analysed by flow cytometry at 48h 

post-mix. (B) Percentage of Gag+ target cells. (C) Percentage of GFP+ target cells. (D-F) Viral spread into 

resting target cells. (D) Schematic of the cell-cell spread assay. Primary CD4+ T cells were split between 
donor cells, which were stimulated with CD3/CD28 antibodies for 4 days, and target cells, which were 

unstimulated. Donor cells were infected with Nef mutant viruses for 48h and analysed by flow cytometry to 

count GFP+ cells. Target cells were labelled with cell dye and mixed with infected donor cells in 1:4 ratio 
(GFP+ donor cell:target cell). Cells were analysed by flow cytometry at 72h post-mix. (E) Percentage of 

Gag+ target cells. (F) Percentage of GFP+ target cells. Bars show mean and lines join paired results from 

the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, 
P<0.001). 

 

(Figure 3.9B-C). NL4-3 Nef virus also spread much better compared to nef-defective 

virus, consistent with the observations that the lack of Nef results in reduced viral 

infectivity. Notably, the difference in viral spread between IL and LF viruses was about 

2-fold, similar to what was observed with CD3/CD28 activated CD4+ T cells (Figure 3.6). 
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However, by contrast to CD3/CD28 activation experiments, cell-cell spread using IL-7 

treated cells showed a lower percentage of either Gag+ (23% vs 9%, 2.5-fold reduction) 

or GFP+ (4% vs 1%, 4-fold reduction) target cells overall. This suggests that while IL-7 

treatment can make T cells somewhat permissive, it does not make them as permissive 

for HIV-1 infection as classical T cell activation, leading to a lower overall percentage of 

Gag+ and GFP+ target cells. In a second experimental system, CD3/CD28 stimulated 

donor cells were used but were co-cultured with resting target cells that were not made 

permissive with anti-CD3/CD28 stimulation or IL-7 but instead only treated with IL-2 to 

ensure their survival (Figure 3.9D). Viral spread was quantified by flow cytometry 72h 

post-mix to ensure sufficient levels of infection were detected. Once again, L4 and K2 

LF viruses, which retain CD3 expression, showed significantly better viral spread 

compared to their IL Nef counterparts, as measured by percentage of Gag+ or GFP+ 

target cells (Figure 3.9E-F). Similar to data from IL-7 treated target cells, a 2-fold 

difference between IL and LF Nef viruses was seen but with much lower numbers of 

Gag+ and GFP+ target cells compared to CD3/CD28 stimulated cells, indicating reduced 

permissivity of resting T cells for infection. Taken together, these data show that mode 

of T cell activation does not change the relative differences in viral spread that result 

from differential CD3 modulation of IL and LF Nef viruses; however, the mode of T cell 

activation does affect the absolute levels of viral spread, presumably by altering cellular 

permissivity. Since IL-7 treated or resting target T cells did not show greater differences 

in cell-cell spread assay, CD3/CD28 activated T cells were used for the subsequent 

experiments. 

 

3.2.3 Retained CD3 expression results in increased Env expression and 
virion infectivity  

To investigate how Nef-mediated modulation of CD3 expression affects viral spread, 

virus release from infected cells and virion infectivity were analysed. CD4+ T cells were 

infected with Nef chimeric viruses and incubated for 48h before virus containing culture 

supernatants and infected cells were collected and analysed. Virus release/budding from 

infected cells was quantified by measuring the amount RT activity present in the 

supernatants using an SG-PERT assay. RT activity measurements were normalised to 

the number of infected (GFP+) cells as quantified by flow cytometry. Figure 3.10A shows 

broadly similar levels of virus released from cells infected with either IL or LF Nef viruses. 

Although K2 IL and K2 LF Nef viruses showed a slight significant difference this was not 

seen  for  L4 IL  and  LF  and  the  small  effect  size makes  this unlikely  to  explain  the 
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Figure 3.10: Retained CD3 expression on infected cells results in increased virion infectivity  
Primary CD4+ T cells were infected with Nef chimeric viruses and culture supernatants collected at 48h 

post-infection. Number of GFP+ cells in cell culture was analysed by flow cytometry. (A) Virus release was 

measured by supernatant RT activity and normalised to number of infected GFP+ cells. (B) Virion infectivity 
(RLUs) was measured using HeLa-TZMbl reporter cell assay and normalised to supernatant RT activity as 

measured in (A). (C) Supernatant infectivity (RLUs) was measured as in (B) and normalised to number of 

infected GFP+ cells (as measured in (A)). Bars show mean and lines join paired results from the same 
PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

difference in cell-cell spread seen in Figure 3.6. By contrast, quantification of virion 

infectivity measured by titrating the supernatants on HeLa-TZMbl reporter cell line 

revealed significantly greater virion infectivity of L4 and K2 LF Nef viruses, which retain 

CD3 expression, compared to their IL Nef counterparts (Figure 3.10B). As expected, 

NL4.3 Nef virus displayed significantly higher virion infectivity compared to nef-defective 

virus that can be attributed to the lack of SERINC antagonism in the absence of Nef 

(Rosa et al., 2015; Usami et al., 2015). Importantly, for this analysis the RLU values were 

normalised to supernatant RT activity to account for any differences in viral budding. By 

contrast, normalising RLU values to number of infected (GFP+) cells (to account for 

differences in infection levels) gives a measure of total supernatant infectivity. Similar to 

virion infectivity, L4 and K2 Nef viruses showed increased supernatant infectivity 

compared to IL Nef viruses (Figure 3.10C). Consistent with increased viral release and 

virion infectivity, NL4.3 Nef virus showed significantly higher supernatant infectivity 

compared to nef-defective control.  From these data it can be concluded that particle 
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infectivity is greater if virions are produced from primary CD4+ T cells that retain CD3 

expression compared to cells where the virus downmodulates CD3. Taken together with 

the quantification of VS formation, these data suggest that the increase in cell-cell spread 

of viruses that retain CD3 expression on infected cells is likely due to increased virion 

infectivity.  

 

Next, the mechanism of increased viral infectivity was addressed to gain insight why 

virions produced in the presence of CD3 expression were more infectious. Having 

already excluded differences in SERINC5/3 antagonism (Figure 3.4), and knowing that 

HIV-1 infection of cells is mediated by the envelope glycoprotein (Env), experiments 

were performed to measure Env expression, processing and incorporation into virions. 

CD4+ T cells infected with Nef chimeric viruses were incubated for 48h and then cell 

culture supernatants and cells were harvested for analysis. Immunoblot analysis of 

sucrose-gradient purified virions showed increased incorporation of both Env subunits, 

gp120 and gp41 into nascent particles in L4 and K2 LF viruses, which retain CD3 

expression, compared to their IL Nef counterparts (Figure 3.11A-C). Quantification of 

immunoblots by densitometry analysis of three independently prepared viral 

preparations from three independent PBMC donors showed a significant increase in Env 

gp120 and gp41 incorporation into virions when normalised by the viral capsid protein 

Gag p24. This increase in Env content is consistent with observation that these viruses 

are more infectious (Figure 3.10). To understand the differences in Env virion 

incorporation, Env synthesis and processing were examined by immunoblot analysis of 

cell lysates (Figure 3.11D). Infected cells were analysed by flow cytometry to confirm 

similar levels of infection between Nef chimeric viruses (Figure 3.11E). Env gp160 

precursor is cleaved by cellular furin to obtain processed gp120 and gp41 subunits 

(Braun et al., 2019; Dubay et al., 1995). Quantifying ratio of gp160/gp120 showed no 

difference in processing between IL and LF Nef viruses (Figure 3.10F). Env synthesis 

was quantified as ratio of total Env (gp160 + gp120) or gp41 normalised to cellular protein 

tubulin (Figure 3.11G-H). L4 and K2 LF Nef viruses, which retain CD3 expression, 

showed a modest increase in Env synthesis compared to IL Nef viruses. Similarly, 

quantifying Gag expression, L4 and K2 LF Nef viruses showed increased ratios of Gag 

protein p55 normalised to tubulin compared to their IL Nef counterparts (Figure 3.11I). 

By contrast, quantifying ratios of total Env (gp160 + gp120) or gp41 normalised to Gag 

protein p55 showed no difference between IL and LF Nef viruses (Figure 3.11J-K). This 

is consistent with the observation that both Env and Gag protein levels are increased in 
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Figure 3.11: Retained CD3 expression results in increased Env incorporation into virions 
Primary CD4+ T cells were infected with Nef chimeric viruses. Cells and culture supernatants were collected 
at 48h post-infection for immunoblot and flow cytometry analysis. (A-C) Immunoblotting of virus purified from 

cell culture supernatants. (A) Representative immunoblot shows detection of Env gp120, Env gp41 and Gag 

p24. (B) Quantification of gp120 incorporation normalized to p24. (C) Quantification of gp41 incorporation 
normalized to p24. (D-K) Immunoblot analysis of infected cell lysates. (D) Representative immunoblot shows 

detection of Env gp160, Env gp120, Env gp41, Gag p55 and tubulin. (E) Percentage of GFP+ live cells in 

the infected cell cultures as measured by flow cytometry prior to cell lysis. (F) Quantification of Env cleavage, 
shown as ratio of gp160/gp120. (G) Quantification of Env (gp160+gp120) expression normalised to tubulin. 

(H) Quantification of Env gp41 expression normalised to tubulin. (I) Quantification of Gag p55 expression 

normalised to tubulin. (J) Quantification of Env (gp160+120) normalised to p55. (K) Quantification of Env 

gp41 expression normalised to p55. Bars show mean and lines join paired results from the same PBMC 
donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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LF Nef virus infected cells. Taken together, these results suggest that retained CD3 

expression results in increased Env incorporation into virions. 

 

Having observed (slight) differences in Env and Gag protein expression by 

immunoblotting, this phenotype was further examined using more quantitative 

techniques (quantitative PCR and flow cytometry). First, the expression of Env and Gag 

mRNA was analysed by qRT-PCR. As above, CD4+ T cells were infected for 48h and 

analysed by flow cytometry to confirm similar infection levels between Nef chimeric 

viruses (Figure 3.12A). Percentage of infected (GFP+) cells was equalised to 8% in all 

infected cultures (using autologous uninfected cells) to facilitate the comparison between 

viruses and PBMC donors. Env and Gag mRNA expression was normalised to a 

housekeeping gene GAPDH mRNA levels. Increased expression of both Env and Gag 

mRNA was observed in cells infected with L4 and K2 LF Nef viruses, which retain CD3 

expression, compared to IL Nef viruses (Figure 3.12B-C). By contrast, no differences in 

Env mRNA expression were observed when normalised to Gag mRNA (Figure 3.12D), 

consistent with observation that both Env and Gag mRNA expression is increased for 

LF Nef viruses. Taken together, this data is consistent with the immunoblot analysis and 

shows that retained CD3 expression results in increased expression of Env and Gag 

mRNA, and suggests that the increase of Env and Gag protein is likely due to increased 

transcription of viral genes. However, this does not explain the specific increased Env 

incorporation into virions produced in the presence of CD3 on infected cells as 

expression of both Env and Gag was increased.  

 

Env is expressed on the plasma membrane of infected cells where it gets incorporated 

into viral particles as they bud from the cell surface. Increased Env incorporation may 

therefore reflect an increase in Env surface expression on infected cells. To explore this, 

and further validate the immunoblot and qPCR data, Env protein expression was 

analysed by flow cytometry. As above, CD4+ T cells were infected for 48h and analysed 

by flow cytometry to detect total Env expression (intracellular stain) and surface Env 

expression. Intracellular Env stain was performed using 50-69 Ab clone, recognising 

fixation-insensitive, linear epitope in the gp41 domain of Env (Yuan et al., 2009). L4 and 

K2 LF viruses, which retain CD3 expression showed increased levels of intracellular Env 

compared to IL Nef viruses (Figure 3.13A). This is consistent with immunoblot and qRT-

PCR analysis of Env expression. Because virions assemble at and bud from the plasma 



132 
 

 

Figure 3.12: Retained CD3 expression results in increased expression of Env and Gag mRNA 
Primary CD4+ T cells infected with Nef chimeric viruses were collected at 48h post-infection for flow 
cytometry analysis to equalise percentage of GFP+ live cells in all samples using autologous uninfected 

cells. Cells were then analysed by qRT-PCR for Env, Gag, and GAPDH mRNA expression. (A) Percentage 

of GFP+ live cells before mixing with uninfected cells to equalise infection levels. (B) Env mRNA relative 
expression normalized to GAPDH. (C) Gag mRNA relative expression normalized to GAPDH. (D) Env 

mRNA relative expression normalized to Gag. Bars show mean and lines join paired results from the same 

PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

membrane, cell surface expression of Env trimers was next analysed. Surface staining 

was performed using two conformation-sensitive, broadly neutralising antibodies 

(bnAbs) that recognise functional Env trimers: PGT151 (cleaved trimer) and PG9 (trimer 

apex) (Burton et al., 2009; Falkowska et al., 2014). Increased expression of surface Env 

(as recognised by both antibodies and quantified by the Env MFI) was observed on cells 

infected with L4 and K2 LF viruses, which retain CD3 expression, when compared to IL 

Nef viruses (Figure 3.13B-C). This is consistent with increased levels of total 

(intracellular) Env and taken together this suggest that retained CD3 expression results 

in increased intracellular and surface expression of Env, which is consistent with (and 

might explain) higher Env virion incorporation and increased infectivity of these viruses 

(L4 and K2 LF Nef). 
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Figure 3.13: Retained CD3 expression results in increased intracellular and surface expression of 
Env 
(A-C) Primary CD4+ T cells infected with Nef chimeric viruses were collected at 48h post-infection for flow 
cytometry analysis of intracellular and surface Env expression. (A) Expression (MFI) of intracellular Env as 

detected by 50-69 Ab. (B-C) Expression (MFI) of surface Env as detected by (B) PGT151 Ab, and (C) PG9 

Ab. Right-hand side panels show representative flow cytometry plots. Mock is uninfected control. Bars show 
mean and lines join paired results from the same PBMC donor. Groups were compared using paired t-test 

(ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

Surface Env is trafficked rapidly between the plasma membrane and the endosomal 

compartments (Checkley et al., 2011). This is mediated by the presence of endocytic 

motifs in the Env cytoplasmic tail (membrane proximal YxxL and a C-terminal LL) that 

are recognised by the clathrin adaptor AP-2, leading to internalisation (Berlioz-Torrent et 

al., 1999; Boge et al., 1998; Byland et al., 2007; Egan et al., 1996). This limits Env 

surface expression, and has been proposed as a mechanism to avoid immune detection 

and antibody-dependent cell-mediated cytotoxicity (ADCC) (Anand et al., 2019; Prévost 

et al., 2018). Moreover, it has been suggested that Env internalisation and subsequent 
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sorting to the TGN and/or recycling compartments is required for efficient Env 

incorporation into virions (Groppelli et al., 2014; Kirschman et al., 2018; Qi et al., 2015). 

Therefore, to further examine differences in Env surface expression, the kinetics of 

surface Env internalisation and recycling back to the plasma membrane were 

investigated. To observe Env internalisation, infected CD4+ T cells were stained with 

Env PGT151 antibody on ice to label surface Env. Cells were then incubated at 37°C to 

allow Env internalisation and the remaining surface Env was detected with a 

fluorescently-labelled secondary antibody by flow cytometry (Figure 3.14A). Comparing 

the baseline Env surface signal at T0min and the Env signal at various time points following 

incubation at 37°C allows quantification of Env retention/internalisation as measured by 

loss of Env signal. Figure 3.14B shows broadly similar levels of Env internalisation for all 

Nef chimeric viruses as measured by decrease of surface Env over 120min incubation 

period. However, because L4 and K2 LF Nef viruses had higher baseline levels (T0min) 

of surface Env compared to IL Nef viruses (consistent with observations in Figure 3.13), 

it was necessary to normalise the signal for each virus to T0min (set to 100%) and plot the 

data as the loss of signal over time (Figure 3.14C). This revealed a proportionally greater 

reduction in surface Env over time for LF viruses (which retain CD3 expression) 

compared to IL viruses (which downmodulate CD3). This difference was most 

pronounced after 120min of incubation, and is plotted in Figure 3.14D. These data 

suggest that L4 and K2 LF Nef viruses, which retain CD3 expression, may have faster 

kinetics of Env internalisation. Moreover, it suggests that LF Nef viruses do not have 

higher expression of surface Env because Env is actively retained on the cell surface.  

 

After surface Env is internalised, it is recycled through the endosomal and Golgi 

compartments back to the plasma membrane (Groppelli et al., 2014; Kirschman et al., 

2018; Qi et al., 2013). Having observed differences in Env internalisation, the kinetics of 

Env recycling were next investigated. To do this, infected CD4+ T cells were incubated 

with Env PGT151 Ab at 37°C for 1h to allow for Env internalisation, thus labelling surface 

and total (internalised/recycling) Env (Figure 3.15A). Initial (baseline) level of surface 

Env was detected with PE-labelled secondary Ab, stained on ice. Cells were then 

incubated at 37°C for up to 120min in the presence of Cy5-labelled secondary Ab that 

allows for the detection of recycling (intracellular) Env that was inaccessible to the first 

(PE-conjugated) antibody but has subsequently recycled back to the cell surface and is 

now accessible to the second (Cy5-conjugated) antibody. Figure 3.15B shows 

increasing levels of Cy5-labelled surface Env over time, indicating Env recycling back to  
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Figure 3.14: Kinetics of Env internalisation by Nef chimeric viruses 
(A) Schematic of Env internalisation assay. Infected primary CD4+ T cells were stained on ice with anti-Env 

PGT151 Ab to label surface Env (n=3). Cells were then incubated for 0-120min at 37°C to allow for Env 
internalisation. The remaining surface Env was detected with Cy5-labelled 2° Ab and cells were analysed 

by flow cytometry. (B) Surface expression of Env (MFI) in the infected GFP+ cells after incubation at 37°C 

for the indicated time period. Right-hand side panel shows a representative histogram for L4 LF Nef virus. 
(C) Env MFI values from (B) normalised to T0min. Baseline (T0min) Env MFI for each virus was set as 100% 

and data show the percentage signal relative to 100% for each time point. (D) Normalised Env MFI at 

120min. Error bars show mean ± SD. Bars show mean and lines join paired results from the same PBMC 
donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

the plasma membrane. L4 and K2 LF Nef viruses showed higher levels of surface Cy5-

labelled Env at all time points compared to IL Nef viruses. A similar trend was observed 

when Env MFI values were normalised to T0min (Figure 3.15C). Interestingly, LF Nef 

viruses showed greater proportional increase in surface Env staining compared to IL Nef 

viruses and this difference was most pronounced after 120min of incubation (Figure 

3.15D). This suggests that L4 and K2 LF Nef viruses, which retain CD3 expression, have 

faster kinetics of Env recycling compared to IL Nef viruses. Together with the Env 

internalisation data (Figure 3.14), these results suggest that retained CD3 expression in 
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LF Nef virus infected cells results in faster kinetics of Env trafficking between the plasma 

membrane and recycling compartments.  

 

 

 

Figure 3.15: Kinetics of Env recycling by Nef chimeric viruses 
(A) Schematic of Env recycling assay. Infected primary CD4+ T cells were stained at 37°C with anti-Env 

PGT151 Ab to allow for Env internalisation, thus labelling both surface and internalised/recycling Env (n=3). 
Cells were stained on ice with PE-labelled 2° Ab to label surface Env at baseline. Cells were then incubated 

for 0-120min at 37°C to allow for Env recycling. Increase in recycled surface Env was detected using Cy5-

labelled 2° antibody and cells were analysed by flow cytometry. (B) Surface expression of Env (MFI) as 
detected by Cy5-labelled 2° antibody in the infected GFP+ cells after incubation at 37°C for the indicated 

time periods. Right-hand side panel shows a representative histogram for L4 LF Nef virus. (C) Env MFI 

values from (B) normalised to T0min. Baseline (T0min) Env MFI for each virus was set as 100% and data show 
the percentage signal relative to 100% for each time point. (D) Normalised Env MFI at 120min. Error bars 

show mean ± SD. Bars show mean and lines join paired results from the same PBMC donor. Groups were 

compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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Figure 3.16: Antibody neutralisation of Nef chimeric viruses 
Virus produced from primary CD4+ T cells and HEK293T cells was analysed by neutralisation assays. These 

were performed using HeLa-TZMbl reporter cell line with equal amounts of infectious supernatant and 
increasing amounts of bnAbs. IC50 values were calculated by non-linear regression analysis of the 

neutralisation curves. (A-B) Primary CD4+ T cells were infected with Nef chimeric viruses and cell culture 

supernatants were collected at 48h post-infection for antibody neutralisation analysis. Shown are IC50 values 
for (A) PGT151 Ab, and (B) PG9 Ab. (C) HEK293T cells were transfected with Nef chimeric proviruses and 

virus supernatants collected at 48h post-transfection for antibody neutralisation analysis. Shown are IC50 

values for PGT151 Ab. Right-hand panels show representative examples of neutralisation curves.                  
(D) HEK239T cells were analysed for surface expression (MFI) of Env (PGT151 Ab) at 48h post-transfection. 

Bars show mean and lines join paired results from the same PBMC donor. Error bars show mean ± SD. 

Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

To further confirm that increased Env trimer surface expression correlates with increased 

Env virion incorporation (as measured by immunoblot analysis), incorporation of 

functional Env trimers into virions was analysed by antibody neutralisation assay. The 

standardised Ab neutralisation assay was performed using HeLa-TZMbl reporter cell line 

(Montefiori, 2009) and PGT151 and PG9 Ab (described above). Equal amounts of 



138 
 

infectious virus produced from CD4+ T cells were titrated against increasing doses of 

antibodies to obtain neutralisation curves and to calculate IC50 values. L4 and K2 LF Nef 

viruses, which retain CD3 expression, are harder to neutralise, thus have higher IC50 

values compared to IL Nef viruses (Figure 3.16A-B). Higher IC50 values are consistent 

with increased Env trimer incorporation into virions, which thus require more antibody for 

neutralisation. This result is consistent with immunoblot analysis, showing increased Env 

virion incorporation in LF Nef viruses (Figure 3.11). As a control, virus produced from 

293T cell transfection was used in the neutralisation assay. No differences in IC50 values 

were observed between IL and LF Nef viruses (Figure 3.16C). This is consistent with 

observations that these viruses are equally infectious when produced from 293T cells 

(Figure 3.2), and express equal levels of surface Env in 293T cells (Figure 3.16D). Taken 

together, these results show that retained CD3 expression on infected CD4+ T cells 

results in production of virus that is harder to neutralise, which correlates with increased 

surface Env expression and Env virion incorporation.  

 

3.2.4 Manipulation of Env expression and virion infectivity 

To gain insight into the mechanism of increased Env expression, it was examined 

whether the effect of CD3 modulation on Env expression and viral infectivity was specific 

to primary CD4+ T cells or whether this could also be observed using T cell lines. To 

investigate this, Jurkat T cells, which are a commonly used model T cell line for HIV-1 

infection, were used to measure Env expression, viral infectivity and spread. Jurkat cells 

were infected with Nef chimeric viruses and analysed by flow cytometry 48h post 

infection. It was confirmed that L4 and K2 IL Nef viruses were able to downmodulate 

CD3 expression in these cells, while NL4.3, and L4 and K2 LF Nef viruses retained CD3 

expression (Figure 3.17A). However, no differences in surface Env expression (detected 

by PGT151 and PG9 Abs) or virion infectivity were observed between IL and LF Nef 

viruses (Figure 3.17D-F). To further validate this phenotype, cell-cell spread was 

measured (as described in Figure 3.5), which showed similar numbers of Gag+ or GFP+ 

target cells in all infected cultures (Figure 3.17B-C). Together these data show that Env 

expression, virion infectivity and viral spread is independent of CD3-modulation in a 

Jurkat cell line.  
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Figure 3.17: Viral spread, Env expression and virion infectivity are independent of CD3-modulation 
in Jurkat T cells 
Jurkat T cells were infected with Nef chimeric viruses were analysed by flow cytometry 48h post-infection. 
(A) Percentage of CD3+ cells in infected (GFP+) population. (B-C) Jurkat cells infected with indicated viruses 

were mixed with autologous pre-labelled target cells and analysed by flow cytometry at 24h post-mix as 

described in Figure 3.6. Shown is percentage of (B) Gag+ target cells, and (C) GFP+ target cells at 24h 
post-mix. (D-E) Surface expression (MFI) of Env as detected by (D) PGT151 Ab, and (E) PG9 Ab. (F) Virus 

supernatant was collected at 48h post-infection and analysed for virion infectivity as described in Figure 

3.10. Bars show mean and symbols show individual replicates. Groups were compared using unpaired 
t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

The inability to detect any differences between IL and LF viruses using Jurkat cells may 

reflect the fact that these cells are a transformed and constitutively (hyper) activated T 

cell line (Gioia et al., 2018), which may mask the effect of Nef-mediated CD3-modulation. 

Having shown that the effect of Nef-mediated enhancement of Env expression and viral 

infectivity was restricted to primary CD4+ T cells, the interplay between CD3 expression, 

T cell activation and enhanced virion infectivity was examined. Specifically, we 

hypothesised that co-culture of infected and uninfected primary CD4+ T cells may trigger 

the TCR/CD3 complex during cell-cell contact (Len et al., 2017), leading to CD3 

dependent differences between IL and LF viruses. The TCR/CD3 complex drives T cell 

activation following formation of immunological synapse with an antigen-presenting cell 

(Dustin & Depoil, 2011). Similarly, TCR signalling is triggered during virological synapse 

formation (Len et al., 2017). As such, retained CD3 expression on infected cells could 

allow triggering of TCR signalling and T cell activation during VS formation, thus boosting 

viral gene expression and enabling more efficient viral spread. Therefore, to explore how 
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T cell activation affects Env expression and virion infectivity, it was examined whether 

Env expression and virion infectivity could be boosted by stimulating infected primary 

CD4+ T cells. Activated CD4+ T cells were infected with Nef chimeric viruses and 24h 

post-infection re-stimulated with anti-CD3/CD28 Abs or left untreated. Cells were 

analysed by flow cytometry 24h post-stimulation (Figure 3.18A). Equal levels of infection 

were observed across all cell cultures, with a slight decrease in cell viability in the 

stimulated condition, (Figure 3.18B-C), consistent with activation-induced cell death 

(Zhan et al., 2017). T cell activation was confirmed by upregulation of the activation 

marker CD69 in all stimulated cell cultures compared to untreated control (Figure 3.18D).  

CD3/CD28 stimulation increased CD69 expression further in cells infected with viruses 

that retain CD3 expression (NL4.3, L4 LF and K2 LF) compared to viruses that 

downmodulate CD3 (L4 IL and K2 IL) (52% vs 65% CD69+ infected cells). This is 

consistent with the idea that CD3-retaining cells are better able to respond to CD3 

stimulation. Similarly, increased expression of CD69 was observed in the untreated 

condition for viruses that retain CD3 expression compared to viruses that downmodulate 

CD3 (36% vs 18% CD69+ infected cells). This is consistent with the hypothesis that CD3 

expression on infected cells allows triggering of TCR signalling and T cell activation 

during VS formation between infected and uninfected T cells in cell culture. Next, viral 

gene expression was analysed following CD3/CD28 stimulation by measuring GFP and 

Env MFI in the infected cell (GFP+) population. No differences between stimulated and 

unstimulated cells were observed in expression of GFP or Env between the viruses 

(Figure 3.18E-F). Similarly (and consistent with equal levels of Env expression), no 

stimulation-dependent enhancement of virion infectivity was observed (Figure 3.18G). 

These data show that despite apparent T cell activation (CD69 upregulation), there is no 

further increase in viral gene expression (GFP reporter and Env) and virion infectivity 

following CD3/CD28 stimulation.  

 

One confounder to the above experiment is that the cells were already activated (initial 

CD3/CD28 stimulation) to make primary T cells permissive to HIV-1 infection, thus it is 

possible that the second activation may not be able to further boost viral gene 

expression. To test this idea, the experimental setup was modified to stimulate CD4+ T 

cells with IL-7 only to make them permissive for HIV infection, without inducing robust T 

cell activation (Coiras et al., 2016) in order to see if subsequent CD3/CD28 stimulation 

would result in a stimulation-dependent increase in viral gene expression and virion 

infectivity. IL-7 stimulated CD4+ T cells were infected for 48h and then stimulated with 
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Figure 3.18: Env expression and virion infectivity are not affected by T cell stimulation in activated 
infected cells  
Resting CD4+ T cells were stimulated with anti-CD3/CD28 antibodies for 5 days and then infected with Nef 

chimeric viruses. 24h post-infection cells were re-stimulated with anti-CD3/CD28 antibodies for 24h or left 
untreated. (A) Schematic of the experimental setup. (B-F) Cells were analysed by flow cytometry at 24h 

post-stimulation to measure percentage of (B) GFP+ live cells, (C) live cells, (D) CD69+ live cells, and 

expression (MFI) of (E) GFP, and (F) Env trimers (PGT151 Ab) in GFP+ population. (G) Virus supernatant 

was collected at 24h post-stimulation and analysed for virion infectivity as described in Figure 3.10. Bars 
show mean and symbols show individual PBMC donors. Groups were compared using paired t-test (ns, 

P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

CD3/CD28 antibodies for 24h and analysed by flow cytometry (Figure 3.19A). Partial 

CD3 downmodulation in IL Nef virus infected (GFP+) cells (»30% CD3+ infected cells) 

was observed 48 post-infection, prior to stimulation (Figure 3.19B). Equal levels of 

infection were confirmed across all cell cultures, with a small decrease in cell viability 

observed in the stimulated condition (Figure 3.19C-D). T cell activation was confirmed 

by marked upregulation of CD69 on stimulated cells ( »90% CD69+) in all infected cell 

cultures (Figure 3.19E). Notably, under these conditions C3/CD28 stimulation of infected 
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Figure 3.19: Env expression and virion infectivity is increased by T cell stimulation in IL-7 treated 
infected cells 
Resting CD4+ T cells were treated with IL-7 for 4 days and then infected with Nef chimeric viruses. 48h post-

infection cells were stimulated with anti-CD3/CD28 antibodies for 24h or left untreated. (A) Schematic of the 

experimental setup. (B) Percentage of CD3+ cells in infected (GFP+) population at 48h post-infection.         
(C-G) Cells were analysed by flow cytometry at 24h post-stimulation to measure percentage of (C) GFP+ 

live cells, (D) live cells, (E) CD69+ live cells, and expression (MFI) of (F) GFP, and (G) Env trimers (PGT151 

Ab) in GFP+ population. (H) Virus supernatant was collected at 24h post-stimulation and analysed for virion 
infectivity as described in Figure 3.10. Bars show mean and symbols show individual PBMC donors. Groups 

were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

cells resulted in increased expression of GFP and Env when compared to untreated 

controls (Figure 3.19F-G). The fact that this effect was seen across all Nef viruses, 
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including CD3-downmodulating IL Nef viruses, is most likely explained by a proportion 

of the IL Nef infected cells still expressing CD3 at the time of stimulation (Figure 3.19B), 

meaning they had yet to downregulate CD3 and were thus able to respond to stimulation. 

Despite this, slightly higher expression of GFP and Env can still be observed for viruses 

that retain CD3 expression (NL4.3, L4 LF and K2 LF) compared to CD3-dowmnodulating 

viruses (L4 and K2 IL) (Figure 3.19F-G). This was expected as CD3 expressing cells 

should be better able to respond to CD3 stimulation. Similar to the increase in GFP and 

Env expression, increased virion infectivity was also observed in the stimulated 

condition, again with higher increase for CD3-retaining viruses (Figure 3.19H). These 

data show that inducing robust T cell activation in resting, IL-7 treated infected cells 

results in increased viral gene expression (GFP reporter and Env) and virion infectivity. 

 

To confirm that the differences in Env expression and virion infectivity are due to Nef-

mediated modulation of CD3 expression, and not due to other yet unidentified function 

of residues 123 and 146 in Nef, RNAi was used to knock-down (KD) CD3 expression in 

primary CD4+ T cells. Activated CD4+ T cells were electroporated with siRNA to deplete 

CD3z (or non-targeting siRNA) and infected with Nef chimeric viruses (Figure 3.20A). 

Flow cytometry analysis confirmed reduced expression of CD3z 48h after KD, as well as 

corresponding reduction in CD3e expression, with negligible change in CD4 expression 

(Figure 3.20B). Cells were then infected for 48h and analysed by flow cytometry. It was 

confirmed that CD3z KD did not affect HIV-1 infection levels or cell viability in infected 

cell cultures (Figure 3.20C-D). Reduced CD3e expression was confirmed at 48h post-

infection in CD3 KD cells infected with viruses that do not downmodulate CD3 (NL4.3, 

L4 LF and K2 LF) compared to control KD (Figure 3.20E). Of note, CD3z KD did not 

reduce CD3 expression to the same levels as observed in cells infected with L4 and K2 

IL Nef viruses (≈2000 vs ≈800 CD3 MFI). Next, the effect of CD3 depletion on T cell 

activation and viral gene expression was analysed by measuring the expression of 

CD69, GFP and Env. CD3z KD resulted in reduced T cell activation compared to control 

KD as measured by CD69 expression, and reduced viral gene expression as measured 

by GFP reporter expression in cells infected with viruses that do not downmodulate CD3: 

NL4.3, L4 LF and K2 LF (Figure 3.20F-G). This effect was very small or insignificant in 

L4 and K2 IL viruses that already downmodulate CD3 expression. Consistent with 

reduced CD69 and GFP expression, CD3z KD also resulted in reduced surface 

expression of Env in cells infected with viruses that do not downmodulate CD3 (Figure 

3.20H).  This effect  was still  observed,  albeit to  smaller extent,  for viruses  that already 
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Figure 3.20: CD3 knock-down reduces T cell activation, surface Env expression and virion infectivity 
Activated primary CD4+ T cells were electroporated with siRNA targeting CD3ζ (CD247) or a non-targeting 

control for 48h and infected with indicated viruses. (A) Schematic of the experimental setup.                              

(B) Representative histograms show flow cytometry analysis of intracellular expression of CD3ζ (CD247) 
and surface expression of CD3ε, and CD4 at 48h post-knockdown. (C-H) 48h post-infection cells were 

analysed by flow cytometry to measure (C) percentage of GFP+ live cells, (D) percentage of live cells, and 

expression of (E) CD3e, (F) CD69, (G) GFP, and (H) Env trimers (PGT151 Ab) in GFP+ population. (I) Virus 

supernatant was collected at 48h post-infection and analysed for virion infectivity as described in Figure 
3.10. Bars show mean and symbols show individual PBMC donors. Groups were compared using paired  

t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

downmodulate CD3 expression (L4 and K2 IL). Reduced Env expression for these 

viruses is likely due to further decrease in CD3 expression by CD3z KD (≈800 vs ≈400 

CD3 MFI, Figure 3.20E). Consistent with reduced Env expression, CD3z KD also 
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reduced virion infectivity (Figure 3.20I). Again, this effect was greater for viruses that do 

not downmodulate CD3 expression (NL4.3, L4 LF and K2 LF) compared to viruses that 

do (L4 IL and K2 IL). Taken together, these data show that RNAi-mediated CD3z 

depletion phenocopies Nef-mediated CD3 downmodulation in infected cells. This 

confirms that the observed phenotype of these viruses is specific to their CD3-

modulation abilities. Furthermore, CD3z-depletion mediated reduction in viral gene 

expression and infectivity is in agreement with previous experiments which showed 

activation- and CD3-dependent enhancement of viral gene expression and infectivity. 

 

3.2.5 Retained CD3 expression results in increased T cell activation during 
cell-cell spread  

Previous work showed that HIV-1 cell-cell spread between T cells results in activation of 

T cell signalling in the infected donor and target cell, which is mediated in part by the 

TCR/CD3 complex (Len et al., 2017). Furthermore, previous experiments in this chapter 

(Figure 3.18, 3.20) showed CD3-dependent differences in T cell activation and viral gene 

expression in infected cells. Thus, it was further explored how retained CD3 expression 

affects T cell activation during cell-cell spread. To do so, the same experimental setup 

was used as for the cell-cell spread assay described in Figure 3.5. The expression of 

activation markers in infected (GFP+) donor and target cell population after 24h of co-

culture (to allow for cell-cell contact and VS formation) was measured. The analysis 

included some of the classical cell surface activation markers: CD69, CD38, and PD-1, 

which are increased early after activation (Caruso et al., 1997; Chikuma et al., 2009), as 

well as phosphorylation of ribosomal S6 protein (phospho-S6), activated by downstream 

TCR signalling (Chapman & Chi, 2015). Figure 3.21A-D shows that donor-target cell co-

culture resulted in increased expression of CD69, CD38, PD-1, and phospho-S6 in NL4.3 

Nef virus infected donor cells compared to uninfected (mock) cells. This is consistent 

with previous observations showing that cell-cell viral spread induces T cell signalling 

(Len et al., 2017). Notably, the increase in expression of CD69, CD38, PD-1, and S6 

phosphorylation in donor T cells infected with L4 and K2 LF Nef viruses, which retain 

CD3 expression, was greater than that observed for the IL Nef counterparts, suggesting 

a contribution of CD3 expression to this phenotype. Next, target cells in the co-culture 

were also analysed, and a similar trend was seen in the newly infected target cell 

population (Figure 3.21E-H). Here, increased expression of CD69, PD-1, and S6 

phosphorylation in L4 and K2 LF Nef virus infected target cells was observed when 

compared to IL Nef virus infected cells. By contrast, CD38 remained unchanged between 
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Figure 3.21: Retained CD3 expression results in increased T cell activation during cell-cell spread in 
donor and target cells.  
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry 24h post-mix as described in Figure 3.5. (A-D) Infected (GFP+) donor cell 
population was analysed for expression of activation markers. Show is percentage of positive donor cells 

for (A) CD69, (B) CD38, (C) PD-1, and (D) MFI of phospho-S6 (pS6). Right-hand side panels show 

representative flow cytometry plots. Uninfected (mock) resting CD4+ T cells are shown for comparison.  

(E-H) Infected (GFP+) target cell population was analysed for expression of activation markers. Show is 
percentage of positive target cells for (E) CD69, (F) CD38, (G) PD-1, and (H) MFI of phospho-S6 (pS6). 

Mock is uninfected control and total live population of donor or target cells was analysed. Bars show mean 

and lines join paired results from the same PBMC donor. Groups were compared using paired t-test (ns, 
P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

IL and LF Nef viruses, possibly due to already high expression of this marker on all 

infected cells. Observing CD3-dependent differences in the expression of activation 

markers in the newly-infected target cells was somewhat unexpected, because at the 

beginning of co-culture experiment, target cells in all infected cell cultures express CD3, 

and should thus respond similarly to cell-cell spread induced activation. A possible 
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explanation for this observation is that increased viral spread of LF Nef viruses (Figure 

3.6) is also associated with enhanced transfer of viral particles across the VS and 

accelerated replication kinetics, thus resulting in increased T cell activation of target 

cells. Alternatively, donor-target cell cross-talk may occur at the VS, thus enhanced 

signalling in the donor cell may result in secretion of other factors leading to enhanced 

signalling and activation of target cells. 

 

To address whether increased T cell activation observed in donor cells after 24h of co-

culture (Figure 3.21) was induced by cell-cell contact, expression of activation markers 

in infected donor cells was quantified at 0h post-mix (48h post-infection), before donor 

and target cells had time to interact. Increased expression of CD69, CD38, PD-1, and 

S6 phosphorylation was apparent in NL4.3 Nef infected donor cells compared to mock 

infected cells. This is consistent with previous observation showing HIV-1 infected cells 

are hyperactivated (Cavrois et al., 2017; Corneau et al., 2017; Pardons et al., 2019; Rato 

et al., 2017). However, increased expression of these markers in donor cells infected 

with L4 and K2 LF Nef viruses, which retain CD3 expression, was also apparent when 

these viruses were compared to their IL Nef counterparts (Figure 3.22A-D). This 

observation is consistent with previous observations in this Chapter showing that 

retained CD3 expression on infected cells at 48h post-infection already resulted in 

increased Env expression and increased virion infectivity. Since donor cell cultures were 

only 10-20% GFP+ at 48h post-infection (Figure 3.5B), there would be enough 

opportunity for infected-uninfected donor cell contact during this period to allow for 

activation of T cell signalling. To further examine changes in T cell activation, expression 

of CD69, CD38, PD-1, and phosho-S6 was compared in infected donor cells at 0h and 

24h post-mix with target cells. Comparing expression of CD69 and S6 phosphorylation 

(Figure 3.22E,H), both markers showed increased expression over time in all infected 

cell cultures. Moreover, the increase was greater in LF Nef infected cells, which retain 

CD3 expression, and are thus better able to trigger TCR signalling. The increase 

observed in IL Nef infected cells is likely due to incomplete CD3 downmodulation by 

these viruses (Figure 3.3A). This increase in cell activation over time (as measured by 

CD69 expression and S6 phosphorylation) is consistent with the hypothesis that 

continuous donor-target cell contact is triggering T cell activation, which is increased by 

retained CD3 expression. By contrast, decreased expression of PD-1 over time was 

observed in the infected donor cells (Figure 3.22G). This is consistent with rapid 

upregulation of PD-1 upon T cell activation, which diminishes over time (Chikuma et al., 

2009). Notably, the decrease in PD-1 expression over time appeared to be smaller in LF 
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Figure 3.22: Changes in T cell activation in donor cells during cell-cell spread 
Donor cells were analysed for expression of activation markers as described in Figure 3.21 at 0h post-mix. 

(A-D) Infected (GFP+) donor cell population was analysed for expression of activation markers. Shown is 

percentage of positive donor cells for (A) CD69, (B) CD38, (C) PD-1, and (D) MFI of phospho-S6 (pS6).    
(E-H) Shown is comparison of activation marker expression at 0h post-mix (as shown in panels A-D) and at 

24h post-mix (as shown in Figure 3.21A-D). Percentage of positive infected donor cells for (E) CD69,            

(F) CD38, (G) PD-1, and (H) MFI of pS6. Mock is uninfected control and total live population of donor cells 
was analysed. Bars show mean and lines join paired results from the same PBMC donor. Groups were 

compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

Nef infected cells, which retain CD3 expression. Although multiple factors are like to 

affect PD-1 expression, this is again consistent with the hypothesis that continuous 

donor-target cell contact is triggering T cell activation in a CD3-dependent manner. 

Interestingly, no significant time-dependent changes were observed in the expression of 
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CD38 for any of Nef viruses (Figure 3.22F). This suggests that the difference in CD38 

expression was established early during infection and was maintained during the time 

period investigated.  

 

HIV-1 viral gene expression is tightly linked to T cell activation (Gagne et al., 2019; 

Sauter et al., 2015; Shan et al., 2017; Stevenson et al., 1990; Weiss et al., 2014). Having 

observed CD3-dependent differences in T cell activation during cell-cell spread, it was 

investigated if increased T cell activation correlates with increased viral (or GFP-reporter) 

gene expression in cells that retain CD3 expression. As above, LTR-driven expression 

of Gag and GFP was measured in infected donor and target cells during cell-cell spread. 

L4 and K4 LF Nef virus infected donor cells, which retain CD3 expression, showed higher 

GFP MFI (GFP+ population) and higher Gag MFI (Gag+ population) at 0h and 24h post-

mix compared to IL Nef viruses (Figure 3.23A-D). This is consistent with observation that 

these cells also showed increased T cell activation at both time points (Figure 3.22). 

Moreover, this is also consistent with increased Env expression of CD3-retaining viruses 

(Figure 3.13). Similarly, higher GFP MFI and Gag MFI in L4 and K2 LF Nef virus infected 

target cells was apparent at 24h post-mix (Figure 3.23E-F). Again, this is consistent with 

higher activation status of these cells (Figure 3.21E-H). Taken together, these results 

show that retained CD3 expression in infected cells results in increased expression of 

Gag and GFP proteins during cell-cell spread, consistent with increased T cell activation 

of these cells. Furthermore, target cells infected with LF Nef viruses, which retain CD3 

expression, showed both increased percentage of GFP+ and Gag+ cells (Figure 3.6), 

and increased expression (MFI) of GFP and Gag proteins.  

 

CD3-expression dependent differences in T cell activation (Figure 3.22) and viral gene 

expression (Figure 3.13, Figure 3.23) were already apparent before donor-target cell co-

culture (i.e. 0h post-mix or 48h post-infection). Thus, it was hypothesised that continuous 

infected-uninfected cell contact may be triggering T cell activation, which was observed 

in infected (donor) cell culture at 48h post-infection. To test this, activated CD4+T cells 

were infected with Nef chimeric viruses and CD4/Env blocking antibodies were added at 

4h and 20h post-infection to block VS formation and cell-cell contact mediated by Env 

on infected cells engaging CD4 on target cells (Figure 3.24A). Cells were analysed by 

flow cytometry 44h post-infection to measure expression of viral genes (GFP and Env) 

and activation markers. Addition of CD4 and Env blocking antibodies prevents the 
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formation of VS between infected and uninfected cells (Chen et al., 2007; Jolly et al., 

2004;  McCoy et al.,  2014)  and  should  thus  reduce  T cell  activation  and viral  gene 

 

Figure 3.23: Retained CD3 expression results in increased expression of GFP and Gag during cell-
cell spread in donor and target cells 
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry 0h and 24h post-mix as described in Figure 3.6. (A) GFP MFI in GFP+ 
donor cells at 0h post-mix. (B) Gag MFI in Gag+ donor cells at 0h post-mix. (C) GFP MFI in GFP+ donor 

cells at 24h post-mix. (D) Gag MFI in Gag+ donor cells at 24h post-mix. (E) GFP MFI in GFP+ target cells 

at 24h post-mix. (F) Gag MFI in Gag+ target cells at 24h post-mix. 

 

expression. A neutralising llama antibody (J3 clone) against Env was used to enable 

later detection (with secondary Ab) of Env with human PGT151 Ab. J3 Ab recognises 

Env CD4-binding site and does not compete with PGT151 Ab recognising gp120-gp41 

interface (McCoy et al., 2012). Importantly, J3 has been shown to block cell-cell spread 

and VS formation (McCoy et al., 2014). Firstly, Ab block treatment resulted in reduced 

numbers of GFP+ cells compared to untreated (PBS treated) control (Figure 3.24B) 

showing that this neutralising Ab had an inhibitory effect on VS formation and viral cell-
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cell spread, and suggesting that viral spread occurred during last 24h of infection, which 

was blocked by the Ab treatment. 

 

Figure 3.24: Blocking virological synapse formation reduces viral gene expression and T cell 
activation.  
Primary CD4+ T cells were infected with Nef chimeric viruses. CD4 (Q4120, 20 µg/ml) and Env (J3, 5 µg/ml) 

blocking antibodies were added at 4h and 16h post-infection. Cells were analysed by flow cytometry 44h 

post-infection. (A) Schematic of the experimental setup. (B) Percentage of GFP+ live cells. (C-G) Infected 

(GFP+) donor cell population was analysed for expression of GFP, Env and activation markers. Show is (C) 
GFP MFI, (D) surface Env (PGT151 Ab) MFI, percentage of positive cells for (E) CD69, (F) CD38, (G) PD-

1, and (H) pS6 MFI. Bars show mean and lines join paired results from the same PBMC donor. Groups were 

compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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Notably, the infected (GFP+) population showed reduced expression of viral genes (GFP 

reporter and Env) and reduced expression of activation markers CD69, CD38, PD-1 and 

S6 phosphorylation in cultures treated with Ab block compared to untreated control 

(Figure 3.24C-H). This confirms the hypothesis that infected-uninfected cell contact 

triggers T cell activation and increases viral gene expression. Consistent with previous 

observations in this Chapter, L4 and K2 LF Nef virus infected cells showed higher 

expression of GFP, Env, and the activation markers compared to IL Nef viruses (Figure 

3.22-23). Notably, reduced expression of the viral genes and the activation markers was 

observed across all Nef viruses, irrespective of their CD3 downmodulation ability. This 

is likely due to incomplete CD3 downmodulation of IL Nef viruses early during the 

infection (24h post-infection), thus allowing for cell-cell spread driven T cell activation, 

which can be reduced by blocking Ab treatment. 

 

Having observed increased T cell activation as measured by expression of CD69, CD38, 

PD-1, and S6 phosphorylation, the panel of activation markers was expanded to better 

characterise T cell activation changes during cell-cell spread. The expanded panel 

included two other classical activation markers: CD25 (IL-2Ra) and CD95 (Fas), and two 

metabolic activation markers: CD98 (amino acid transporter) and Glut1 (glucose 

transporter) (Aries et al., 1995; Loisel-Meyer et al., 2012; Matheson et al., 2015; Palmer 

et al., 2017). Having observed increased viral gene expression, it was hypothesised that 

this might correlate with increased metabolic capacity and upregulation of nutrient 

transporters in infected cells. As described in Figure 3.21, expression of these markers 

was measured in infected (GFP+) donor and target cells at 24h post-mix. Increased 

expression of all markers was observed in both donor and target cells infected with NL4.3 

Nef virus compared to mock infected control (Figure 3.25). Interestingly, no significant 

difference in expression of these markers was observed between IL and LF Nef viruses 

in either donor or target cells. This suggests that upregulation of these markers is 

independent of cell-cell spread and VS formation, and is likely caused by infection alone. 

This is consistent with previous observations showing that HIV-1 infected cells show 

increased activation phenotype (Cavrois et al., 2017; Corneau et al., 2017; Pardons et 

al., 2019). Another possibility is that cells with high expression of 

CD25/CD95/CD98/Glut1, i.e. highly-activated cells are preferentially infected or are 

better able to support productive infection (Rato et al., 2017).  
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Figure 3.25: Retained CD3 expression does not correlate with increased expression of CD25, CD95, 
CD98, and Glut1 during cell-cell spread in donor and target cells.  
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 
and analysed by flow cytometry 24h post-mix as described in Figure 3.6. (A-D) Infected (GFP+) donor cell 

population was analysed for expression of activation markers. Show is percentage of positive donor cells 

for (A) CD25, and MFI of (B) CD95, (C) CD98, and (D) Glut1. Right-hand side panels show representative 
flow cytometry plots. Uninfected (mock) resting CD4+ T cells are shown for comparison. (E-H) Infected 

(GFP+) target cell population was analysed for expression of activation markers. Show is percentage of 

positive target cells for (E) CD25, and MFI of (F) CD95, (G) CD98, and (H) Glut1. Mock is uninfected control 
and total live population of donor or target cells was analysed. Bars show mean and lines join paired results 

from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; 

***, P<0.001). 

 

To further examine this phenotype of T cell activation, expression of CD25, CD95, CD98, 

and Glut1 was compared in infected donor cells at 0h and 24h post-mix with target cells. 

Expression of these activation markers in infected donor cells at 0h post mix again 

showed no differences between IL and LF Nef viruses (Figure 3.26A-D).  
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Figure 3.26: Changes in expression of CD25, CD95, CD98, and Glut1 in donor cells during cell-cell 
spread 
Donor cells were analysed for expression of activation markers as described in Figure 3.25 at 0h post-mix. 

(A-D) Infected (GFP+) donor cell population was analysed for expression of activation markers. Show is 

percentage of positive donor cells for (A) CD25, and MFI of (B) CD95, (C) CD98, and (D) Glut1. 
(E-H) Shown is comparison of activation marker expression at 0h post-mix (as shown in panels A-D) and at 

24h post-mix (as shown in Figure 3.25A-D). Percentage of positive infected donor cells for (E) CD25, and 

MFI of (F) CD95, (G) CD98, and (H) Glut1. Mock is uninfected control and total live population of donor cells 
was analysed. Bars show mean and lines join paired results from the same PBMC donor. Groups were 

compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

However, NL4.3 infected donor cells showed increased expression of all four activation 

markers compared to mock infected control. Comparing expression of CD25 and CD98 

in infected donor cells over time (Figure 3.26E,G) showed no significant changes in both 

markers in all infected cell cultures. Conversely, decreased expression of CD95 and 
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Glut1 over time was observed in all infected cell cultures (Figure 3.26F,H), similarly as 

observed for the expression of PD-1 (Figure 3.22G). Taken together, this suggests that 

upregulation of CD25, CD95, CD98, and Glut1 is independent of cell-cell spread induced 

T cell activation and is perhaps caused by infection alone.  

 

3.2.6 Phosphorylation changes in ZAP70, ERK, AKT and S6 during 
virological synapse formation  

To further explore CD3-dependent changes in T cell activation during cell-cell spread, 

activation of TCR signalling at the VS was examined. Previous work has shown that 

HIV-1 activates TCR signalling at the virological synapse to support viral spread (Len et 

al., 2017). This was done using mass spectrometry and immunoblotting approaches. 

Therefore, to enable a more high-throughput and quantitative analysis of TCR signalling 

at the virological synapse, a flow cytometry-based assay was developed. This allowed 

for discrimination of rare donor-target conjugates from the bulk population. Briefly, 

primary CD4+ T cells were infected (donor cells) and mixed with pre-labelled uninfected 

target cells and allowed to interact over a time course until formaldehyde fixation (Figure 

3.27A). Infected donor-target conjugates (D:T GFP+) were identified as live lymphocyte 

doublets that are positive for GFP (infected donor cell) and Target dye (target cell) 

expression (Figure 3.27B-E). To validate the specificity of donor-target cell interaction, 

donor and target cells were preincubated with CD4 and Env blocking antibodies to 

prevent the VS formation (Figure 3.27F). Indeed, number of D:T GFP+ conjugates was 

reduced approx. 4-fold compared to untreated control during antibody blockade of the 

VS. To further validate this approach, phosphorylation changes in the TCR signalling 

pathway were measured over a time course and compared the changes in different 

donor-target doublet populations (Figure 3.27G-J). Cells were stained with phospho-

specific antibodies to detect phosphorylation of ZAP70 (pY319), ERK (pT202/pY204), 

AKT (pT308 and pS473), and S6 (pS235/pS236). Notably, all phosphorylation sites 

examined here represent activating (not inhibitory) phosphorylation changes. These 

proteins and phosphorylation sites were chosen as they represent well-studied and key 

components of TCR signalling, with validated antibodies available. Moreover, ZAP70, 

ERK and AKT were previously found to be activated in infected cells during VS formation 

(Len et al., 2017). Phosphorylation of ZAP70, ERK, AKT, and S6 increased over time in 

D:T GFP+ population, with peak changes observed after 20min (or 5min for ZAP70) of 

co-culture (Figure 3.27G-K). This is consistent with signalling being triggered at the 

virological synapse, which  results in phosphorylation  of these proteins.  By contrast, no  
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Figure 3.27: Flow cytometry assay to detect phosphorylation changes in ZAP70, ERK, AKT and S6 
upon donor-target cell conjugate formation 
Primary CD4+ T cells infected with NL4.3 Nef chimeric virus were mixed with autologous pre-labelled target 
cells for 0-40min and analysed by flow cytometry to detect phosphorylation changes in phospho-ZAP70 

(pZAP70), phospho-ERK (pERK), phospho-AKT (pAKT), and phospho-S6 (pS6). (A) Schematic of the 

experimental setup. (B-E) Gating strategy to analyse flow cytometry data. (B) Lymphocytes were gated 
based on their forward- and side-scatter properties (FSC-A vs SSC-A). (C) Live cells were gated as live/dead 

dye negative population. (D) Singlets and doublets were gated based on their forward scatter properties 

(FSC-W vs FSC-H). (E) Infected donor cell-target cell conjugates were identified as GFP+Target dye+ 
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doublets. (F) Donor and target cell cultures were pre-incubated with CD4 (Q4120, 10 µg/ml) and Env (2G12, 

10 µg/ml) blocking antibodies and co-cultured for 20min. Shown is percentage of infected donor cell-target 

cell conjugates (GFP+Target+) in doublet population. (G-J) Analysis of phosphorylation changes over time 

in the four populations of doublets: Donor:Target GFP+ (GFP+Target+), Donor:Donor GFP+ (GFP+Target-
), Donor:Donor GFP- (GFP-Target-), and Target:Target GFP- (GFP-Target+). Shown are MFI values of (G) 
pZAP70 (Y319), (H) pERK (T202/Y204), (I) pAKT (T308), (J) pAKT (S473), and (K) pS6 (S235/S236). Error 

bars show mean ± SEM from three PBMC donors. Bars show mean and lines join paired results from the 

same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, 

P<0.001). 

 

phosphorylation changes were observed in doublet populations formed by nonspecific 

contacts between uninfected donor cells (D:D GFP-) or target cells (T:T GFP-). 

Interestingly, increase in phosphorylation of ZAP70, ERK, AKT and S6 in infected donor-

donor doublet population (D:D GFP+) was also observed. This can be explained by the 

fact that only 15-20% of donor cells were GFP+, which means that uninfected donor cells 

can also act as targets to form virological synapse and activate the TCR signalling. 

These data show that phosphorylation changes in specific donor-target conjugates can 

be measured using this flow cytometry-based assay.   

 

Retained CD3 expression results in increased cell activation of infected cells during cell-

cell spread (Figure 3.21), thus it was investigated whether CD3-dependent 

phosphorylation changes can be observed in infected donor-target cell conjugates (D:T 

GFP+) by comparing IL and LF viruses in this assay. First, a time course experiment 

was performed (as described above) using L4 IL and LF Nef virus infected cells (Figure 

3.28A-E). L4 LF infected donor-target cell conjugates showed slightly higher 

phosphorylation of ERK, AKT, and S6 over the 40min time course compared to IL Nef 

virus. This experiment also confirmed that 20min time point is optimal (or sufficiently 

optimal for ZAP70) for measuring all five phosphorylation changes, which was therefore 

used in further experiments. Figure 3.28F-J shows higher phosphorylation of all five 

markers in NL4.3 infected donor-target conjugates compared to mock infected control 

forming nonspecific donor-target doublets. This further confirmed specificity of this 

assay. Furthermore, higher phosphorylation of ERK and S6 in L4 and K2 LF Nef infected 

conjugates, which retain CD3 expression, was observed compared to their IL Nef 

counterparts (Figure 3.28G,J). The observed effect was modest, but significant, and is 

consistent with observed higher phosphorylation of S6 in donor and target cells during 

cell-cell spread (Figure 3.21). By contrast, ZAP70 phosphorylation showed no CD3-

dependent differences.  This was surprising  given the  central role of CD3 expression in 
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Figure 3.28: Retained CD3 expression results in increased phosphorylation of ERK and S6 in donor-
target cell conjugates 
Primary CD4+ T cells infected with Nef chimeric viruses were mixed with autologous pre-labelled target cells 
and analysed by flow cytometry to detect phosphorylation changes in pZAP70, pERK, pAKT, pS6 as 

described in Figure 3.27. (A-E) Phosphorylation changes in infected donor cell-target cell conjugates at 

0-40min post-mix. Shown is a representative example for L4 IL and LF Nef viruses (n=1). Shown are MFI 

values of (A) pZAP70 (Y319), (B) pERK (T202/Y204), (C) pAKT (T308), (D) pAKT (S473), and (E) pS6 
(S235/S236). (F-J) Phosphorylation changes in infected donor cell-target cell conjugates at 20min post-mix. 

Shown are MFI values of (F) pZAP70 (Y319), (G) pERK (T202/Y204), (H) pAKT (T308), (I) pAKT (S473), 
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and (J) pS6 (S235/S236). Right-hand side panels show representative flow cytometry plots. Mock is 

uninfected cells and total live doublet population was analysed. Bars show mean and lines join paired results 
from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; 

***, P<0.001). 

 

TCR signalling activation. This might be due to transient activation of ZAP70 upon TCR 

signalling activation or poor detection of ZAP70 phosphorylation by this assay (very low 

MFI values), which would hinder the detection of any CD3-dependent differences. 

Alternatively, integrin signalling (LFA-1 and ICAM-1 interaction at the VS) has been 

shown to activate ZAP70 (Evans et al., 2011; Li et al., 2009; Starling & Jolly, 2016), 

which would also mask any CD3-dependent differences. Alternatively, this also raises a 

possibility that ZAP70 activation at the VS is not mediated via TCR-CD3 activation. Next, 

observing phosphorylation of AKT at S473 site (activating phosphorylation in the 

regulatory domain) showed increased phosphorylation in L4 LF Nef virus infected 

conjugates compared to L4 IL Nef (Figure 3.28G). However, no significant difference 

was apparent between K2 IL and LF Nef viruses. This might be due to small absolute 

differences in MFI values, which makes comparison of small number of replicates 

difficult. By contrast, no significant changes in phosphorylation of AKT at T308 site 

(activating phosphorylation in the kinase domain) were observed between IL and LF Nef 

viruses (Figure 3.28F). This might be in part due to poor detection of phosphorylation at 

this site, as shown by very small MFI values. Alternatively, this may reflect low 

phosphorylation at this site as detected in this experimental setup. Of note, 

phosphorylation at both sites is required for maximal AKT activity, but phosphorylation 

at either site can activate AKT kinase activity (Manning & Toker, 2017). Taken together, 

these data show that retained CD3 expression correlates with increased phosphorylation 

of ERK and S6 in donor-target conjugates during VS formation, which is consistent with 

increased T cell activation observed during cell-cell spread. By contrast, phosphorylation 

of ZAP70 and AKT was independent of CD3 expression.  

 

3.2.7 Retained CD3 expression results in increased T cell death during 
cell-cell spread  

HIV-1 cell-cell spread results in increased kinetics of viral replication and spread (Chen 

et al., 2007; Martin et al., 2010; Sourisseau et al., 2007). Thus contact-induced T cell 

signalling during cell-cell spread might also have pathogenic consequences leading to T 

cell death and dysfunction. It has been shown that both T cell hyper-activation and HIV 

infection cause cell death (Galloway et al., 2015; Zhan et al., 2017). Having observed 
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that retained CD3 expression correlates with increased cell-cell spread and increased T 

cell activation, it was investigated whether the same correlation exists for cell death. As 

described in Figure 3.5, flow cytometry was used to measure cell death (using a cell 

viability dye) in donor and target cells during cell-cell spread. L4 and K2 LF Nef virus 

infected donor cells, which retain CD3 expression, showed higher levels of cell death 

compared to their IL Nef infected counterparts at 24h post-mix (Figure 3.29A), which 

correlates with increased viral spread in these cultures. As expected, all infected cell 

cultures showed more cell death compared to mock infected control. A similar trend was 

seen in target cell population at 24h post-mix (Figure 3.29B). L4 and K2 LF Nef infected 

cultures showed increased target cell death compared to IL Nef viruses, again correlating 

with viral spread. Overall, lower levels of cell death were seen for target cells compared 

to donor cells, with the latter having been infected for longer. Thus, increased viral 

spread of LF Nef viruses results in increased cell death of both donor and target cells. 

 

To address whether increased cell death of donor cells observed after 24h of co-culture 

was induced by cell-cell spread, cell death in infected donor cell cultures was analysed 

before donor-target co-culture (0h post-mix). Notably, increased cell death in L4 and K2 

LF Nef infected donor cells compared to IL Nef viruses was already apparent at 0h post-

mix (48h post-infection, Figure 3.29C), which is consistent with increased T cell 

activation of these cells. Importantly, these cultures also showed similar infection levels 

between all Nef viruses (Figure 3.5B). Comparing donor cell death over time (0-24h post-

mix), all infected cultures showed time-dependent increase in the number of dead donor 

cells (Figure 3.29D), most likely due to viral spread. This increase was highest for L4 

and K2 LF Nef viruses, which correlates with retained CD3 expression and with 

increased viral spread of these viruses (Figure 3.6).  

 

It was hypothesised that continuous infected-uninfected cell contact, resulting in viral 

spread and T cell activation, triggers cell death that was observed in infected (donor) cell 

culture at 48h post-infection. If this was correct, blocking infected-uninfected cell contact 

would decrease cell death in infected cell culture. As described above (Figure 3.24), 

preventing VS formation using CD4/Env blocking antibodies (Ab block) decreases viral 

spread, viral gene expression and T cell activation. Consistent with these observations, 

Ab block treated cell cultures showed decreased levels of cell death in donor cells 

compared to untreated control (Figure 3.29E).  
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Figure 3.29: Retained CD3 expression results in increased cell death during cell-cell spread in donor 
and target cells.  
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry at 0h and 24h post-mix as described in Figure 3.6. (A) Percentage of dead 

donor cells at 24h post-mix. (B) Percentage of dead target cells at 24h post-mix. Right-hand side panels 
show representative flow cytometry plots. (C) Percentage of dead donor cells at 0h post-mix. (D) Shown is 

comparison of cell death in donor cells at 0h post-mix (as shown in panel C) and at 24h post-mix (as shown 

in panel A). (E) Infected cell culture was treated with CD4 and Env blocking antibodies as described in Figure 
3.24. Shown is percentage of dead cells at 44h post-infection. Mock is uninfected control. Bars show mean 

and lines join paired results from the same PBMC donor. Groups were compared using paired t-test (ns, 

P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

Together these data show that viral spread results in increased cell death in HIV-1 

infected donor T cells that can be reduced by blocking cell-cell contact.  
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To further define differences observed in cell death, the mechanism of cell death was 

investigated. Apoptosis is one of the mechanisms of cell death and is characterised by 

cell surface expression of Annexin V (Zhang et al., 2005). As described in Figure 3.5, 

flow cytometry was used to measure expression of Annexin V and cell viability marker 

(live/dead marker) in donor and target cell populations after 24h of co-culture. Apoptotic 

cells upregulate Annexin V and have an intact cell membrane, thus showing low 

expression of live/dead cell marker, which as a membrane impermeable dye. Dead cells 

lose the cell membrane integrity, thus showing high expression of both live/dead marker 

and Annexin V. This state (Annexin V+Live/dead marker+) can be reached via different 

cell death pathways: apoptosis, necrosis or pyroptosis (Crowley et al., 2016). Figure 

3.30A revealed that donor cells showed Annexin V expression predominantly in the dead 

cell population (live/dead marker+), with minimal contribution from the live cell 

population. As a control, uninfected cells were treated with Etoposide to induce apoptosis 

(Figure 3.30B) (Karpinich et al., 2002). Etoposide treatment increased expression of 

Annexin V in the live cell population compared to DMSO treated control, consistent with 

the induction of apoptosis. Analysing Annexin V expression in donor cells after 24h of 

co-culture showed a broadly similar percentage of Annexin V+ live donor cells in all 

infected cell cultures (Figure 3.30C). Similar levels of Annexin V expression were also 

observed in uninfected cell cultures. Together, this suggests that apoptosis is unlikely to 

be responsible for differences in cell death observed between the different Nef viruses 

(Figure 3.29). By contrast, higher expression levels of Annexin V were observed when 

analysing the infected (GFP+) donor cell population (Figure 3.30D), suggesting that a 

significant proportion of infected cells die via apoptosis. However, no difference was 

observed between IL and LF Nef viruses, suggesting that this occurs in a CD3-

independent manner. A similar trend in Annexin V expression was observed in total live 

and infected (GFP+) target cell population (Figure 3.30E-F), again showing no 

differences between IL and LF Nef viruses, but higher expression of Annexin V was 

observed in GFP+ population compared to total live population. Taken together, these 

data suggest that differences in overall levels of cell death in infected cell cultures are 

not due to apoptosis; however, a significant proportion of infected cells die via apoptosis. 
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Figure 3.30: Apoptosis is enhanced in GFP+ population during cell-cell spread, but it does not 
correlate with CD3 expression 
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 
and analysed by flow cytometry at 24h post-mix as described in Figure 3.5. (A) Annexin V and live/dead cell 

marker expression in infected donor cells. Total single cell population was analysed. Shown are 

representative flow cytometry plots for L4 IL and LF Nef chimeric viruses. (B) Uninfected (mock) cells were 

treated with DMSO or 10 µM Etoposide for 16h and analysed for expression of Annexin V and live/dead cell 

marker. (C) Percentage of Annexin V+ cells in live donor cell population. (D) Percentage of Annexin V+ cells 

in GFP+ donor cell population. (E) Percentage of Annexin V+ cells in live target cell population. Right-hand 

side panels show representative flow cytometry plots. (F) Percentage of Annexin V+ cells in GFP+ target 
cell population. Mock is uninfected control. Bars show mean and lines join paired results from the same 

PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001).  
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3.3 Discussion  

The results in this Chapter show the consequences of differential Nef-mediated CD3 

(down)modulation for HIV-1 viral spread, T cell activation and cell death. It was 

hypothesised that retained CD3 expression on infected cells (LF Nef viruses) would 

result in triggering of TCR/CD3 signalling and T cell activation during the VS formation 

and cell-cell spread, thus supporting more efficient viral spread. Indeed, retained CD3 

expression on infected cells (LF Nef) resulted in increased T cell activation, viral gene 

expression, virion infectivity, cell-cell spread and cell death compared to viruses that 

downmodulated CD3 (IL Nef). The main finding of this Chapter is that retained CD3 

expression on virus-producing primary CD4+ T cells resulted in greater cell-cell spread 

because virus produced by these cells incorporated more Env into virions and thus 

showed increased particle infectivity. By contrast, virus budding/release and the 

frequency of VS formation remained largely similar between viruses that either retain or 

downmodulate CD3 expression, suggesting that increased virion infectivity was the main 

factor responsible for enhanced viral spread. 

 

3.3.1 Env expression, virion incorporation and infectivity    

Retained CD3 expression and greater virion infectivity of LF Nef viruses correlated with 

increased Env expression in the cell and increased Env incorporation into virions 

(summarised in Figure 3.31). Env virion incorporation was measured directly by 

immunoblot analysis of purified virions and indirectly by Ab neutralisation assay, both of 

which showed increased Env incorporation into LF Nef viruses. This was not due to 

increased furin-mediated cleavage of Env gp160 to processed gp120 and gp41 subunits 

as shown by immunoblot analysis of cell lysates. Increased expression of Env was 

evident both on the transcriptional level (mRNA) and protein level. Importantly, flow 

cytometry analysis showed increased levels of cell surface Env for LF Nef viruses. Env 

is a limiting factor in viral infectivity due to low cell surface expression and low virion 

incorporation, 7-10 Env trimers per viral particle (Chojnacki et al., 2012; Zhu et al., 2003), 

that has been suggested to be an immune evasion strategy. Low Env expression on the 

cell surface is due to the presence of endocytic motifs in the cytoplasmic tail that mediate 

interactions with the clathrin adaptor AP-2, leading to endocytic uptake of surface 

exposed Env, (Anand et al., 2019; Boge et al., 1998; Byland et al., 2007; Day et al., 

2004; Egan et al., 1996). Once endocytosed, there is good evidence that Env recycles 

back to the plasma membrane, possibly after trafficking via recycling compartments 

and/or the TGN (Groppelli et al., 2014; Kirschman et al., 2018; Qi et al., 2013). 
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Mechanisms of Env incorporation into nascent virions are poorly understood and factors 

which mediate low virion incorporation remain unknown. However, disrupting Env 

endocytosis has been shown to increase Env surface expression, which in turn results 

in increased Env virion incorporation and virion infectivity (Boge et al., 1998; Day et al., 

2004; Groppelli et al., 2014; Kirschman et al., 2018). Given that Env is a limiting factor 

in viral infectivity, this provides one possible explanation how increased surface Env 

expression results in increased virion incorporation and virion infectivity. Moreover, 

analysis of Env trafficking between the plasma membrane and intracellular 

compartments showed faster kinetics of Env internalisation (endocytosis) and recycling 

back to the plasma membrane for LF Nef viruses, which correlates with their increased 

Env virion incorporation and infectivity. Previous work has shown that Env recycling 

through the endosomal compartments is required for efficient Env virion incorporation 

(Kirschman et al., 2018). It was suggested that during recycling Env is delivered to virus 

assembly domains at the plasma membrane, thus promoting Env virion incorporation. 

The caveat is that this work was done in HeLa cells and the requirements for Env 

incorporation in CD4+ T cells might be different. However, this model provides another 

possible explanation how faster kinetics of Env recycling might result in increased Env 

virion incorporation in LF Nef viruses. Taken together, both faster kinetics of Env 

recycling and increased expression of cell surface Env are possible mechanisms 

mediating increased Env incorporation into nascent virions (Figure 3.31)  

 

Another question is what mediates increased surface expression of Env? As stated 

above, analysis of Env internalisation showed faster Env internalisation kinetics for LF 

Nef viruses (retained CD3 expression) compared to IL Nef viruses. This suggests that 

increased surface Env expression is not simply due to active retention of Env by CD3 on 

the cell surface. Interestingly, previous reports have suggested that there may be an 

Env-CD3 interaction, as evidenced by co-immunoprecipitation and super-resolution 

microscopy (Luo et al., 2016; Yakovian et al., 2018); however, the importance of this 

interaction for Env trafficking, conformation, virion incorporation and infectivity remains 

to be investigated. Data in this Chapter showed relatively abundant expression of Env 

even in the presence of almost complete CD3 downmodulation (IL Nef viruses), which 

suggests that Env does not simply get endocytosed together with CD3. Analysis of Env 

recycling back to the plasma membrane also showed faster Env recycling kinetics for LF 

Nef viruses (retained CD3 expression) compared to IL Nef viruses. This may be 

explained either by faster Env internalisation alone as was detected for LF Nef viruses,  
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Figure 3.31: Retained CD3 expression results in increased Env surface expression and virion 
incorporation 
Schematic diagram of Env trafficking and virion incorporation. Env mRNA transcription results in protein 
translation and synthesis of Env, which is transported through the Golgi network to the plasma membrane 

via the secretory pathway. Surface Env is readily internalised (endocytosis) to endosomes where it is 

recycled back to the plasma membrane (via TGN or the endosomal recycling compartment) or sorted for 
lysosomal degradation. Surface Env is incorporated into nascent virions and mechanisms mediating Env 

incorporation remain poorly understood. The diagrams show these processes of Env trafficking for 

(A) viruses that downmodulate CD3 (IL Nef) and (B) for viruses that retain CD3 expression (LF Nef). 
Comparing panels (A) and (B) shows that retained CD3 expression results in increased expression of Env 

mRNA and possibly increased synthesis of Env protein. CD3 expression also results in faster kinetics of Env 

internalisation and recycling. Altogether this leads to increased Env surface expression and Env virion 
incorporation, which ultimately contributes to increased virion infectivity. The contribution of Env degradation 

in the recycling pathway was not measured.  

 

or faster internalisation coupled with differences in intracellular sorting (Env being 

targeted for lysosomal degradation or recycled back to the plasma membrane), with the 

caveat that the latter was not formally tested. Thus, faster kinetics of Env recycling and 

differences in intracellular sorting might explain increased levels of surface Env for LF 

Nef viruses. Another explanation for increased levels of surface Env is increased Env 

synthesis. This is consistent with increased expression of Env that was evident both on 

the transcriptional level (mRNA) and protein level. Although immunoblot analysis did not 

convincingly show differences in cellular Env expression, this was further confirmed by 

flow cytometry analysis that showed increased levels of intracellular Env for LF Nef 

viruses. However, greater levels of intracellular Env might also reflect faster kinetics of 

Env internalisation by LF Nef viruses. Taken together, increased levels of surface Env 

are likely mediated by increased Env synthesis coupled with faster kinetics of Env 
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internalisation and recycling, the latter also being important for Env incorporation (Figure 

3.31).  

 

As noted above, virus budding/release in the supernatant remained largely similar 

between viruses that either retain or downmodulate CD3 expression. This was 

somewhat surprising as retained CD3 expression correlated with increased expression 

of Gag. This suggests that Gag is not a limiting factor in virus budding as it is expressed 

abundantly and suggests that infected primary CD4+ T cells maybe producing virus at 

maximum capacity. Alternatively, host factors involved in viral budding, such as ESCRT 

machinery (Demirov & Freed, 2004) might be a limiting factor, thus increased expression 

of Gag does not result in increased virus release. However, it is possible that virus 

release is enhanced at the VS and differs for IL and LF Nef viruses, and this cannot be 

distinguished by measuring virus release in bulk supernatant. Further experiments would 

be required to test this hypothesis.  

 

CD3 downmodulation did not result in diminished formation of VS. Instead, all Nef 

viruses formed VS at similar frequency. This is at odds with previous observations 

showing that infected TCR knock-out Jurkat cells formed fewer VS with uninfected target 

cells compared to WT Jurkat cells (Len et al., 2017). Importantly, this cell line was 

deficient for TCR-b subunit (but also lacking surface expression of CD3e and CD4) and 

was generated by chemical mutagenesis (Chung & Strominger, 1995), which might have 

resulted in other off-target mutations. Additionally, the requirements (i.e. signalling, cell 

adhesion) for VS formation might be different between Jurkat and primary CD4+ T cells. 

Moreover, it was previously shown that LFA-1 signalling (resulting from LFA-1 and  

ICAM-1 interaction at the VS) is sufficient for polarisation of Gag and Env at the VS 

(Starling & Jolly, 2016). Altogether, this could explain why no differences were observed 

in VS formation between Nef mutant viruses. Alternatively, it is possible that duration of 

donor-target cell contact is different between IL and LF Nef viruses and live cell imaging 

experiments would be required to confirm this. Another possibility is that retained CD3 

expression results in polarisation of more Env and Gag protein to the VS, which could 

result in enhanced viral spread. This could also explain increased Env virion 

incorporation of LF Nef viruses. Although no obvious differences in amount of Env or 

Gag at the VS were apparent, this was not formally tested and further, more quantitative 

microscopy experiments would be required to test this hypothesis.  
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Importantly, increased virion infectivity was not due to differences in Nef antagonism of 

SERINC proteins, as both IL and LF Nef viruses showed similar ability to downmodulate 

SERINC5/3 expression, and were equally restricted by SERINC5/3 overexpression. One 

limitation of this experiment was that no (good) anti-SERINC antibody was available, 

therefore tagged SERINC protein was overexpressed in 293T cells in order to assess 

SERINC inhibition and antagonism. However, this assay of SERINC overexpression in 

293T cells is the current “gold-standard” assay to study SERINC restriction that is 

employed by many groups and so is well-established (Beitari et al., 2017; Heigele et al., 

2016; Kmiec et al., 2018; Rosa et al., 2015; Sood et al., 2017; Usami et al., 2015). 

However, it cannot be excluded that Nef-mediated downmodulation efficiency or kinetics 

of regulation of endogenous SERINCs are different in primary CD4+ T cells compared 

to 293T cells. While the domains in Nef responsible for SERINC5 antagonism have not 

been mapped there is no evidence to suggest that this involves residues I123 and L146 

that interact with CD3 based on the results presented in this Chapter, and the work of 

others (Ananth et al., 2019; Kmiec et al., 2018; Manrique et al., 2017; Pye et al., 2020). 

IL and LF Nef viruses were also confirmed to downmodulate CD4 and CD28 (this thesis), 

and MHC-I (Schmökel et al., 2013; Yu et al., 2015) to a similar extent, thus suggesting 

that observed phenotype of these viruses was dependent on their CD3 modulation. The 

exception here was CXCR4, which was observed to be downmodulated slightly better 

by LF Nef viruses (retained CD3 expression). This was also observed in the original 

study (Schmökel et al., 2013) where they isolated these nef alleles and it was proposed 

this was due to the expanded CXCR4 tropism of these viruses. However, the difference 

in downmodulation between IL and LF Nef viruses was very small and in vitro 

experiments in this thesis are unlikely to be affected by differences in chemokine 

signalling and cell migration, thus the difference in CXCR4 downmodulation is unlikely 

to affect the phenotype of these viruses.  

 

3.3.2 T cell activation and cell signalling  

Retained CD3 expression on infected cells (LF Nef viruses) resulted in increased donor 

cell activation during cell-cell spread. This was measured as upregulation of activation 

markers CD69, CD38, PD-1 and phosphorylation of S6 ribosomal protein. Previous 

observations showed that VS formation activates components of TCR-CD3 signalling 

pathway (Len et al., 2017), which is consistent with upregulation of the activation markers 

measured here. Interestingly, expression of activation markers CD25, CD95, CD98 and 

Glut1 was not affected by CD3 expression, which suggests that CD3-dependent 
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activation of T cell signalling during cell-cell spread only activates specific pathways, 

resulting in upregulation of a selected repertoire of activation markers. This might be due 

to weaker activation of TCR signalling at the VS compared to the immune synapse given 

the lack of TCR-pMHC interaction and CD28 co-stimulation at the VS. Previous studies 

showed that, as expected, Nef-mediated CD3 downmodulation results in diminished 

responsiveness of infected cells to PHA- or CD3/CD28-mediated stimulation (Schindler 

et al., 2006; Schmökel et al., 2013) Importantly, results here show CD3-dependent 

differences in cell activation occurred during cell-cell spread, in the absence of 

exogenous CD3 stimulation. Ribosomal S6 protein is activated by phosphorylation 

downstream of AKT/mTOR and RAS/ERK signalling pathways (triggered by TCR 

signalling and other stimuli) and results in increased protein translation/synthesis 

(Chapman & Chi, 2015; Roux et al., 2007). This is consistent with, and might go some 

way to explain, the increased expression of viral LTR-driven genes (Env, Gag and GFP 

reporter) in LF Nef infected cells. Importantly, viral gene transcription is also linked to 

cell activation as HIV-1 LTR contains binding sites for AP-1, NFAT and NF-kB 

transcription factors, which are activated by TCR-CD3 signalling (Burnett et al., 2009; 

Sauter et al., 2015). Indeed, increased expression of Env and Gag mRNA was observed 

for LF Nef viruses, which retain CD3 expression. Thus, increased cell activation may 

likely explain the increased transcription and translation of viral genes.  

 

Further work in this Chapter showed that preventing infected-uninfected cell contact (VS 

formation) using Env and CD4 blocking antibodies reduced T cell activation (expression 

of CD69, CD38, PD-1, phosho-S6) and expression of Env and induction of the GFP 

reporter. This further supports the hypothesis that cell activation is being induced by 

infected-uninfected cell contact. Similarly, inducing T cell activation by CD3/CD28 

stimulation in infected resting (IL-7-treated) cells also led to increased viral (LTR-driven) 

protein expression (Env and GFP reporter) and enhanced virion infectivity. Taken 

together these data provides a plausible explanation for how retained CD3 expression 

on infected cells and subsequent activation of TCR-CD3 signalling during cell-cell 

contact could result in increased expression of viral proteins, ultimately leading to 

increased Env virion incorporation and infectivity. Schematic representation of this model 

is shown in Figure 3.32. Importantly, RNAi-mediated depletion of CD3 expression 

reduced T cell activation, viral gene expression (Env and GFP reporter) and virion 

infectivity, thus phenocopying the effect of Nef-mediated CD3 downmodulation. This 

further confirmed that differences between IL and LF Nef viruses are specific to their 
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CD3-downmodulaiton abilities and not due to yet unidentified function of Nef mediated 

by these residues.  

 

 

Figure 3.32: Retained CD3 expression at the VS results in increased T cell activation and viral spread 
The VS formation is mediated by interaction of Env (infected donor cell) with CD4 (uninfected target cell) 
and is further stabilised by ICAM-1 and LFA-1 interactions (not shown). This triggers TCR signalling resulting 

in cell activation. The two diagrams show the VS of cells infected with (A) viruses that downmodulate CD3 

(IL Nef) and (B) with viruses that retain CD3 expression (LF Nef). Comparing panels (A) and (B) shows that 
retained CD3 expression results in enhanced activation of signalling. This leads to increased cell activation 

and viral gene expression, Env and Gag. Most importantly, this results in increased surface Env expression 

and Env virion incorporation. Ultimately, production of virions with higher particle infectivity results in 
enhanced viral spread. 

 

Notably, CD3-dependent differences were also apparent (except for CD38 upregulation) 

in target cells (Figure 3.21), which was somewhat surprising as all target cells express 

CD3 at the time of VS formation. Retained CD3 expression results in increased donor 

cell activation, which may contribute to enhanced transfer of viral particles across the VS 

or enhanced donor-target cell cross-talk at the VS, thus resulting in increased cell 

activation of target cells. Both scenarios are intriguing and warrant further investigation. 

 



171 
 

Interestingly, the effect of Nef-mediated CD3-modulation on Env expression and virion 

infectivity was restricted to primary CD4+ T cells and was not observed using Jurkat T 

cells, or 293T cells, which are both commonly used in HIV research. 293T cells do not 

express TCR-CD3 complex, thus this observation was not surprising. Jurkat cells, 

however, express CD3 (which can be downmodulated by IL Nefs), yet CD3-depedendent 

differences in Env expression and virion infectivity were not observed in this system. 

Jurkat cells lack expression of PTEN and SHIP1 phosphatases, which results in 

constitutively active PI3K/AKT pathway (Gioia et al., 2018), a major branch of 

downstream TCR-CD3 signalling. This hyper-activated status of Jurkat cells may explain 

why the effect of CD3 modulation on Env expression and viral infectivity was not 

observed this system. If these effects (Env expression and infectivity) are mediated by 

activation of TCR-CD3 signalling and Jurkat cells are already hyper-activated, then no 

effect may be apparent. This finding further highlights the importance of cell activation in 

these processes. Notably, most of experiments in this Chapter used primary CD4+ T 

cells that were mitogenically activated to make them permissive for initial viral infection. 

Given the Jurkat cell data, this might suggest that cell activation would also mask the 

effect of CD3-modulation in primary cells. However, in vitro stimulation with CD3/CD28 

antibodies results in heterogeneous activation of cell in the culture, where not all cells 

are robustly activated. Moreover, cell activation decreases over time with cells gradually 

returning to resting state. Thus, it is possible to speculate that at the time of experiments, 

a significant population of cells was in state of “limited” or “reduced” cell activation, which 

likely explains why the effect of CD3 expression and TCR signalling was observed in 

primary CD4+ T cells.  

 

Previous work has shown (using phospho-proteomic approaches) that formation of VS 

activates components of TCR signalling pathway (e.g. Lck, AKT, ERK) in both donor and 

target cells (Len et al., 2017). This was proposed to occur independently of antigen 

presentation by MHC-II. However, human CD4+ T cells (unlike in mice) can present self-

antigen (via HLA-DR) to other CD4+ T cells (Kambayashi & Laufer, 2014). However, 

whether this potential TCR-pMHC interaction contributes to the triggering of TCR 

signalling at the VS was not investigated. The kinetic segregation model of TCR 

signalling proposes that close cell-cell contact at the immune synapse (mediated by 

TCR-pMHC interactions) drives size-exclusion (segregation) of inhibitory CD45 

phosphatase from the cell interface, thus allowing for phosphorylation of kinases to 

trigger signalling (Davis & van der Merwe, 2006). In the case of the VS, donor-target cell 

contact is mediated by Env-CD4 and LFA-1-ICAM-1 interactions (Jolly et al., 2004, 
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2007b). Sustaining donor and target cells in close contact in such manner may allow 

triggering of antigen-independent signalling, consistent with the kinetic segregation 

model of TCR signalling. However, whether segregation of CD45 occurs at the VS 

remains to be investigated. Supporting this idea, another study showed that maintaining 

CD4+ T cells in close contact in the absence of TCR ligand (using supported lipid 

bilayers) drives CD45 segregation and triggers TCR signalling (Chang et al., 2016). 

Furthermore, experiments using gp120 and ICAM-1 supported lipid bilayers (mimicking 

infected donor cell) showed activation of TCR signalling in the target cell (Deng et al., 

2016; Vasiliver-Shamis et al., 2009). This is consistent with the kinetic segregation model 

and antigen-independent signalling at the VS. However, further work is needed to test if 

kinetic segregation of phosphatases occurs at the VS.  

 

In this Chapter, TCR signalling at the VS was examined by flow cytometry and showed 

increased phosphorylation of ZAP70, ERK, AKT and S6 in infected donor-target cell 

conjugates compared to mock control (forming non-specific conjugates). This is 

consistent with previous observations (Deng et al., 2016; Len et al., 2017; Vasiliver-

Shamis et al., 2009) and supports the hypothesis that formation of the VS triggers T cell 

signalling. Notably, retained CD3 expression on infected cells (LF Nef viruses) resulted 

in increased phosphorylation of ERK and S6. This is consistent with increased 

expression of activation markers on these cells and supports the hypothesis that retained 

CD3 expression contributes to activation of signalling at the VS. Surprisingly, no CD3-

dependent differences were observed in phosphorylation of ZAP70. This might be 

explained by transient activation of ZAP70 and poor detection of phosphorylation at this 

site by flow cytometry. Additionally, integrin signalling resulting from LFA-1-ICAM-1 

interaction might also contribute to ZAP70 activation (Evans et al., 2011; Li et al., 2009; 

Starling & Jolly, 2016), which could mask any CD3 dependent differences and further 

experiments are required to investigate this possibility. Similarly, no major differences 

were observed in phosphorylation of AKT. Since S6 can be phosphorylated downstream 

of both ERK and AKT signalling cascades (Pende et al., 2004; Roux et al., 2007), this 

suggest that increased activation of S6 is possibly regulated via ERK at the VS. 

Altogether, CD3-dependent differences in phosphorylation were modest, which was 

somewhat surprising given the central role of CD3 complex in TCR signalling. However, 

this assay cannot distinguish between phosphorylation events in donor and target cells. 

Thus, it is possible that target cells have greater contribution to the measured signal 

since they do express CD3. Moreover, IL Nef viruses do not completely downmodulate 

CD3 (≈20% CD3+ infected cells), thus it is possible that CD3-expressing infected cells 
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preferentially form VS, which would skew the results. Further experiments using imaging 

flow cytometry would be required to dissect donor/target cell signalling contributions and 

CD3 expression at the VS. 

 

Integrating these observations suggests a model where retained CD3 expression on 

infected cells during VS formation and cell-cell spread results in increased T cell 

signalling and activation (Figure 3.32). This supports more efficient expression of viral 

genes, most importantly Env as it is a limiting factor in viral infectivity. Increased Env 

surface expression and intracellular trafficking results in increased Env incorporation into 

nascent virions, thus mediating increased viral infectivity (Figure 3.31). Better 

understanding of mechanisms regulating Env trafficking and virion incorporation is 

required to fully understand the role of CD3 and T cell signalling in this process. During 

cell-cell spread, production and release of virions with higher infectivity would increase 

the probability of virus fusion and target cell infection, thus resulting in increased viral 

spread. It is also possible that retained CD3 expression and increased donor cell 

activation could result in greater number of released virions at the VS, or enhanced 

donor-target cell cross-talk that would make the target cell more permissive for the 

infection, thus increasing viral spread. Either or both mechanisms could act in concert 

with increased virion infectivity to enhance viral spread and further experiments are 

required to investigate this. These observations also suggest that cell-cell contact 

induced expression of Env and virion incorporation may present a possible mechanism 

for the virus to limit excessive exposure of Env and thus evade humoral immune 

responses. This is an intriguing scenario that warrants further investigation. 

 

3.3.3 Cell death  

Retained CD3 expression by LF Nef viruses resulted in increased cell death of donor 

cells during cell-cell spread. This is most likely explained by increased cell activation of 

donor cells, which is also contributing to enhanced viral spread. Since levels of cell death 

increased during cell-cell spread this suggest that cell death is triggered by cell contact. 

Indeed, cell-cell spread has been shown to enhance T cell death compared to cell-free 

infection (Galloway et al., 2015). Similarly, retained CD3 expression (LF Nef viruses) 

also resulted in increased target cell death. Since these cells showed both increased cell 

activation and viral spread, the relative contribution of each factor to cell death cannot 

be estimated. Interestingly, data from HIV infected patients suggests that CD4+T cell 

depletion is more closely corelated with immune cell activation than with viral load (Giorgi 
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et al., 1999; Sousa et al., 2002), suggesting that aberrant cell activation plays an 

important role in T cell death. Importantly, experiments in this Chapter were not designed 

to determine the cause of cell death, rather the data shows a positive correlation between 

cell activation, viral spread and cell death. Regarding the mechanism of cell death, the 

data here suggest that apoptosis is not responsible for observed differences in cell death, 

thus implicating other mechanisms, potentially necrosis or pyroptosis. Indeed, pyroptosis 

has been identified as the main mechanism of cell death in non-productively infected 

cells (Doitsh et al., 2014). Further experiments are thus required to define the 

mechanisms of increased contact-induced cell death.  

 

Notably, loss of Nef-mediated CD3 downmodulation correlated with CD4+ T cell 

depletion during in vivo sooty mangabey infection from which L4 and K2 nef alleles were 

isolated (Schmökel et al., 2013), and our data recapitulates this result. It is therefore 

possible to speculate that increased viral replication and cell activation caused 

accelerated loss of CD4+ T cells in these animals. However, this study also identified 

extended viral tropism (CXCR4 co-receptor usage) of these viruses as a possible factor 

contributing to CD4+ T cell depletion. CCR5 is expressed predominantly on memory T 

cells, which are better able to support lentiviral infection (Brenchley et al., 2004; Paiardini 

et al., 2011; Veazey et al., 2000). By contrast, CXCR4 is also expressed on naïve T cells, 

which are less able to support infection, thus potentially explaining increased cell death 

and CD4+ T cell depletion (Brenchley et al., 2004; Doitsh & Greene, 2016; Milush et al., 

2007).  Importantly, the viruses used in this thesis were also CXCR4-tropic (NL4.3 

backbone). This obviates differences in co-receptor usage as a contributor to the 

differences in cell death mediated by IL and LF viruses, but the effect of viral tropism on 

cell death in vivo remains unclear. Indeed, a switch to CXCR4 co-receptor usage in 

chronic HIV-1 patients has been linked to accelerated CD4+ T cell depletion and disease 

progression (Connor et al., 1997; Moore et al., 2004). Further experiments using Nef 

chimeric viruses with CCR5-tropic backbone are required to dissect the contribution of 

CD3-modulaiton and Env tropism to cell death.  
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4 Viral spread, virion infectivity and T cell activation by SIVmac 
and HIV-2 Nef chimeric viruses 

4.1 Introduction 

This Chapter expands the investigation of viral spread and T cell activation using SIVmac 

and HIV-2 Nef chimeric viruses that differ in their ability to downmodulate surface 

expression of CD3. Specifically, do chimeric viruses expressing SIVmac and HIV-2 Nef 

proteins also show CD3-dependent differences in viral spread and T cell activation? This 

is of interest given that SIVmac and HIV-2 are closely related to SIVsmm.  

 

SIVsmm is a naturally occurring virus infecting sooty mangabeys, which do not develop 

AIDS-like disease, despite high levels of viral replication (Chahroudi et al., 2012; Rey-

Cuillé et al., 1998; Sodora et al., 2009). It was proposed this is in part due to CD3 

downmodulation by SIVsmm Nef, which prevents aberrant immune activation and 

protects from CD4+ T cell depletion (Schindler et al., 2008; Schmökel et al., 2013). 

However, multiple host factors have been identified that might protect sooty mangabeys 

from developing a pathogenic infection (Milush et al., 2011; Paiardini et al., 2011; 

Palesch et al., 2018; Sundaravaradan et al., 2013). SIVmac originated from a forced 

laboratory transmission of SIVsmm into rhesus macaques and as such is not a natural 

infection of rhesus macaques (Murphey-Corb et al., 1986). By contrast natural zoonotic 

transmissions of SIVsmm to humans have given rise to HIV-2 (Ayouba et al., 2013; Gao 

et al., 1994) and this has occurred on multiple independent occasions, resulting in 

HIV-2 groups A-I. Similar to SIVsmm Nef, SIVmac and HIV-2 Nef proteins are able to 

downmodulate CD3 (Schindler et al., 2006). By contrast to SIVsmm, SIVmac and HIV-2 

infections in their respective hosts are usually pathogenic (Feldmann et al., 2009; Jaffar 

et al., 1997; Kaur et al., 1998). However, as described in Chapter 1, HIV-2 infection is 

generally considered to be less pathogenic compared to HIV-1, and a great proportion 

of infected individuals become long-term nonprogressors (Jaffar et al., 1997; Marlink et 

al., 1994; van der Loeff et al., 2010). These observations demonstrate that inter-species 

transmissions of SIVsmm into non-natural hosts can gave rise to pathogenic infections 

(SIVmac and HIV-2) and highlights a complex interplay between virus and host that is 

yet to be fully understood. 

 

To study the effect of CD3 downmodulation by SIVmac Nef, mutant Nefs were generated 

that differ in their ability to downmodulate CD3. SIVmac239 molecular clone Nef chimeric 
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viruses were generated as described previously (Joas et al., 2020; Yu et al., 2015). Wild-

type SIVmac239 Nef with residues I123, L146 and D158 (abbreviate herein as ILD Nef) 

is able to downmodulate surface expression of CD3 (Figure 4.1). Based on SIVsmm L4 

and K2 mutant nef analysis (Figure 3.1) homologous mutations I123L, L146F and D158N 

were introduced into the SIVmac239 nef gene by site-directed mutagenesis (abbreviate 

herein as LFN Nef) to selectively disrupt the CD3 downmodulation ability (Joas et al., 

2020; Yu et al., 2015). The D158N substitution had no significant effect on Nef function 

and was introduced to allow the detection of reversions in Nef during in vivo infection 

(Joas et al., 2020).  

 

Unlike SIVmac Nef mutants that were made by rationale design based on SIVsmm Nef, 

the HIV-2 nef alleles (like SIVsmm L4 and K2) were isolated from natural in vivo 

infections (Khalid et al., 2012). This study described naturally occurring HIV-2 nef alleles 

that differ in their ability to downmodulate CD3 and it was observed that in viremic 

HIV-2 patients low CD4+ T cell counts correlated with loss of Nef-mediated CD3 

downmodulation (Khalid et al., 2012). This might suggest a protective role of CD3 

downmodulation in HIV-2 infection. Interestingly, two nef alleles that were isolated from 

one HIV-2 patient (RH2-1) with blood viremia and low CD4+ T cell count differed in their 

ability to downmodulate CD3. HIV-2 RH2-1 D8 Nef was able to downmodulate CD3 and 

A8 Nef lost this ability (retained CD3 expression). D8 and A8 nef alleles differed only in 

14 amino acids (Figure 4.1) of which one mutation (I132T) was shown to be sufficient to 

disrupt CD3 downmodulation (Khalid et al., 2012). Analysis of SIVmac Nef crystal 

structure in complex with CD3z showed that Nef I123 residue interacts with the z-chain. 

This likely explains how I132T mutation in HIV-2 Nef disrupts the Nef-CD3 interaction 

and results in loss of CD3 downmodulation (Khalid et al., 2012). To specifically disrupt 

CD3 downmodulation, point mutations (I132T and T132I) in D8 and A8 nef alleles were 

made by site-directed mutagenesis. To simplify the naming, HIV-2 nef alleles that are 

able to downmodulate CD3 are referred to in this Chapter as D8 and A8 I Nef (I132) and 

nef alleles that are unable to downmodulate CD3 are referred to as D8 and A8 T Nef 

(T132). As described in Chapter 3, a panel of SIVmac and HIV-2 nef alleles: mac239 

ILD and LFN, D8 I and T, A8 I and T, together with parental NL4.3 and nef-defective 

control was cloned into HIV-1 NL4.3 IRES-GFP proviral construct (Schindler et al., 

2006), allowing to determine the role of CD3 downmodulation on HIV-1 cell-cell spread, 

irrespective of other viral genes. 
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Figure 4.1: Sequence alignment of SIVsmm, SIVmac and HIV-2 nef alleles  
Shown is amino acid sequence alignment of SIVsmm FBr L4 IL and K2 LF, SIVmac239 ILD, HIV-2 RH2-1 

D8 I and A8 T nef alleles. Nef proteins that do not downmodulate CD3 are highlighted in red (SIVsmm K2 

LF and HIV-2 D8 T). Shaded bars indicate amino acids directly involved in CD3 downmodulation (I123, I132, 
L146). Alignment of sequences also highlights important motifs for Nef interaction with: AP-2 (YxxL and 

ExxxLF), PACS (acidic cluster), b-COP (di-acidic motif, EE), V1H (DD), CD4 (PA), MHC-1 (Y221), SH3 

domain of Src-family kinases (PxxP) and PAK-2 (RR). Dots indicate identity and dashes indicate gaps 

introduced to optimise the alignment.  

 

Because, SIVmac and HIV-2 viruses originated from zoonotic transmissions of SIVsmm 

(Gao et al., 1994; Murphey-Corb et al., 1986), the nef alleles are closely related, with 

relatively high sequence similarity (Figure 4.1). A sequence alignment of the nef alleles 

viruses used in this Chapter and Chapter 3 is shown on Figure 4.1. This alignment 

highlights residues and sequence motifs involved in Nef interaction with the host 

endocytic machinery: AP-2 (YxxL and ExxxLF), PACS (acidic cluster), b-COP (di-acidic 

motif, EE), and V1H (DD). Residues important for downmodulation of CD3 (I123, I132, 

L146), CD4 (P73A), MHC-1 (Y221) are also highlighted (Munch et al., 2005). Additionally, 

Nef interacts with SH3 domain of Src-family kinases (PxxP) and PAK-2 (RR) to 
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deregulate cell signalling, activation and the actin cytoskeleton (Haller et al., 2007; 

Olivieri et al., 2011; Rudolph et al., 2009; Stolp et al., 2010). Importantly, this sequence 

analysis shows that the known residues involved in the interaction with major Nef targets 

are conserved between the SIVsmm, SIVmac and HIV-2 nef alleles used in this thesis.  

 

4.2 Results 

4.2.1 Validation of the phenotype of SIVmac Nef chimeric viruses  

The first part of this Chapter investigates viral spread of SIVmac Nef chimeric viruses. In 

order to assess the impact of differences in Nef-mediated CD3 downmodulation it was 

necessary to first validate the chimeric viruses provided by our collaborator Frank 

Kirchhoff (Joas et al., 2020; Yu et al., 2015). SIVmac 239 ILD and LFN nef alleles cloned 

into HIV-1 NL4.3 IRES-GFP proviral construct (Schindler et al., 2006) were first 

sequenced, which confirmed their sequence identity. To validate and characterise the 

SIVmac 293 ILD and LFN variants (as described in Chapter 3), 293T cells were 

transfected with viral plasmids and viruses were titrated prior to infection of primary CD4+ 

T cells. The virus produced from 293T cells was characterised by measuring virion 

infectivity (as described in Figure 3.2), which showed that NL4.3, SIVmac ILD and LFN 

proviruses produce infectious virus with no observable difference between SIVmac ILD 

and LFN mutant pair (Figure 4.2A). Consistent with previous observations (Figure 3.2) 

and published data (Chowers et al., 1994; Münch et al., 2007), nef-defective virus had 

significantly lower infectivity compared to NL4.3 Nef virus. Both SIVmac Nef viruses 

showed slightly higher infectivity compared to NL4.3 Nef virus (1.6-fold increase; 

p=0.0021), which is consistent with previous observations (Heigele et al., 2016; Joas et 

al., 2020). Next, primary CD4+ T cells isolated from healthy PBMC donors were activated 

with anti-CD3/CD28 antibodies and infected with equal infectious doses of Nef chimeric 

viruses (nef-defective, NL4.3, SIVmac ILD, SIVmac LFN). After 48h primary CD4+ T 

cells were analysed by flow cytometry to quantify the percentage of HIV-1 infection and 

Nef activity. Infected cells were identified as single, live lymphocytes that are positive for 

Gag and/or GFP expression (gating strategy shown in Figure 3.2). Analysis of infected 

CD4+ T cells showed broadly similar percentages of Gag+ or GFP+ cells between cells 

infected with the different Nef-containing chimeric viruses (Figure 4.2B-C). Cells infected 

with nef-defective virus showed lower infection levels as measured by Gag expression 

when compared to other Nef-containing viruses; however, this difference was smaller 

when measuring  GFP expression.  As described  in Chapter 3  (Figure 3.2),  GFP+ cells 
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better represent productively infected population, thus expression of GFP was used in 

the majority of further experiments (unless otherwise stated) to identify infected cells. 

 

 

Figure 4.2: Validation of SIVmac Nef chimeric viruses 
(A) Nef chimeric viruses were produced by transfection of HEK293T cells. Viral infectivity (RLU) was 

measured by titration on HeLa-TZMbl reporter cell line and normalised to supernatant RT activity, a measure 

of viral content. (B-G) Primary CD4+ T cells were activated with anti-CD3/CD28 antibodies for 4-5 days, 
infected with Nef chimeric viruses for 48h and analysed by flow cytometry. (B) Percentage of Gag+ live cells. 

(C) Percentage of GFP+ live cells. Percentage of live, GFP+ cells positive for (D) CD3, (E) CD4, (F) CD28, 

and (G) CXCR4 surface markers. Bars show mean and lines join paired results from the same PBMC donor. 
Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

To determine the ability of SIVmac ILD and SIVmac LFN to downmodulate surface 

expression of CD3, CD4, CD28, and CXCR4, primary CD4+ T cells were infected with 

nef-defective, NL4.3, SIVmac ILD and LFN Nef chimeric viruses (or uninfected mock 

control) and analysed by flow cytometry to measure expression of these surface 

markers. For simplicity, SIVmac ILD is hereon abbreviated as ILD and SIVmac LFN is 

abbreviated as LFN. Figure 4.2D shows that, as expected, ILD Nef expressing virus was 

able to downmodulate surface expression of CD3 and reduced the number of CD3+ 

infected cells to less than 20%. By contrast, LFN Nef was unable to downmodulate CD3 

expression as evidenced by more than 90% of cells remaining CD3+, similar to the 

percentage of CD3+ cells in nef-defective and NL4.3 Nef virus infected cells. CD4 

surface staining (Figure 4.2E) showed that all Nef-containing viruses (NL4.3, ILD and 

LFN) retained the ability to downmodulate (»15% CD4+ infected cells). As described in 

Chapter 3, the partial downregulation of CD4 by nef-defective virus (»50% CD4+ infected 
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cells), is attributed to the presence of HIV-1 Vpu that can mediate CD4 degradation 

(Willey et al., 1992). CD28 surface expression analysis (Figure 4.2F) showed that ILD 

and LFN Nef viruses downmodulated CD28 to similar extent (»40% CD28+ infected 

cells), whereas as shown in Chapter 3, NL4.3 Nef was less able to do so (»70% CD28+ 

infected cells), which is in agreement with published data (Munch et al., 2005; Yu et al., 

2015). Similarly, ILD and LFN Nef viruses were able to downmodulate CXCR4 (Figure 

4.2G), however it was observed that LFN Nef virus was better able to downmodulate 

CXCR4 compared to its ILD Nef counterpart, consistent with previous observations 

(Hrecka et al., 2005; Joas et al., 2020). Together these results validate the expected 

phenotype of SIVmac Nef chimeric viruses, and show that generation of ILD and LFN 

Nef mutants by site-directed mutagenesis had specific effect on downmodulation of CD3, 

with a modest effect on CXCR4 downmodulation. This was also observed for SIVsmm 

chimeric viruses (Figure 3.3), suggesting that mutations disrupting CD3 interaction may 

also impact on CXCR4 downmodulation. 

 

As described in Chapter 3, the ability of Nef chimeric viruses to antagonise host 

restriction factors SERINC5 impacts on viral infectivity. Therefore, antagonism of 

SERINC5 by ILD and LFN Nef chimeric viruses was tested. To do this, 293T cells were 

co-transfected with viral plasmids alongside increasing doses of dual-tagged SERINC5 

expressing plasmid (Pye et al., 2020). In this assay, the presence of increasing doses of 

SERINC5 reduces the infectivity of progeny virus if SERINC5 is not antagonised by Nef 

(Heigele et al., 2016; Rosa et al., 2015). Flow cytometry analysis confirmed a dose-

dependent increase in the amount of total SERINC5 expressed in transfected cells 

measured by intracellular staining for HA-tagged SERINC5 (Figure 4.3A). In agreement 

with previous reports (Heigele et al., 2016; Rosa et al., 2015), SERINC5 over-expression 

resulted in up to a 300-fold reduction in infectivity of nef-defective virus that was rescued 

by expression of functional Nef (Figure 4.3B). Importantly, there was no significant 

difference in infectivity between ILD and LFN Nef viruses in in the presence or absence 

of SERINC5 overexpression (Figure 4.3B). Flow cytometry analysis of SERINC5 cell 

surface expression (detected by extracellular Flag-tag) showed that ILD and LFN Nef 

viruses were equally able to remove SERINC5 from the cell surface as evidenced by 

similar amounts of cell surface SERINC5 (Figure 4.3C). This is consistent with the similar 

levels of infectivity that were observed in Figure 4.3B.  Similar levels of total SERINC5 

expression was confirmed by staining for intricellular HA-tag (Figure 4.3D). Consistent 

with published data (Heigele et al., 2016), NL4.3 Nef is less able to downmodulate 

SERINC5 surface expression compared to SIVmac Nef (2.7-fold reduction; p=0.0074). 
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Taken together, these results show that Nef mutations disrupting CD3 downmodulation 

in SIVmac do not affect SERINC5 antagonism. 

 

 

Figure 4.3: SIVmac Nef chimeric viruses have similar ability to antagonise SERINC5  
HEK293T cells were co-transfected with Nef chimeric proviruses and increasing doses of plasmid encoding 

dual-tagged SERINC5 (n=3). Cells and virus supernatants were harvested 48h post-transfection. Virion 

infectivity (RLUs) was measured using HeLa-TZMbl reporter cell assay and normalised to supernatant RT 
activity. Flow cytometry was used to measure total SERINC expression (intracellular HA-tag) or surface 

SERINC expression (extracellular Flag-tag). (A) MFI of SERINC5 HA-tag in live, GFP+ population. (B) Virion 

infectivity in the presence of SERINC5. (C) MFI of SERINC5 Flag-tag (surface expression), and (D) MFI of 
SERINC5 HA-tag (intracellular expression) in GFP+HA-tag+ cells transfected with 20 ng/ml SERINC5 

plasmid. Error bars show mean ± SEM. Groups were compared using unpaired t-test (ns, P>0.05; *, P<0.05; 

**, P<0.01; ***, P<0.001). 

 

4.2.2 Viral spread of SIVmac Nef chimeric viruses  

To investigate the effect of CD3 downmodulation on cell-cell spread, primary CD4+ T 

cells infected with Nef chimeric viruses (donor cells) were co-cultured with autologous 

uninfected, pre-labelled target cells as described in Chapter 3 (Figure 3.5). Donor cells 

were infected for 48h and the number of infected, GFP+ cells was quantified by flow 

cytometry. To account for differences in initial infection between different PBMC donors, 

donor and target cells were mixed in 1:4 ratio to obtain approx. 10% GFP+ donor cells 

in donor-target cell co-culture. Viral spread was measured 24h post-mix (single round of 
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Figure 4.4: Cell-cell spread of SIVmac Nef chimeric viruses  
(A) Schematic of the 24h cell-cell spread assay. CD4+ T cells infected with indicated viruses were mixed 
with autologous, pre-labelled target cells in 1:4 ratio (GFP+ donor cell:target cell). Cells were analysed by 

flow cytometry at 0h and 24h post-mix. (n=6). (B) Percentage of Gag+ target cells. (C) Donor and target 

cells were co-cultured in the presence or absence of 5 μM Efavirenz (± EFV). Superimposed grey bars show 
percentage of Gag+ target cells in presence of Efavirenz. (D) Percentage of GFP+ target cells. 

(E) Percentage of GFP+ target cells in presence of 5 μM Efavirenz (superimposed grey bars). Shown are 

representative flow cytometry plots. (F) Schematic of the long-term cell-cell spread assay. CD4+ T cells 
were infected with Nef chimeric viruses for 24h and analysed by flow cytometry to count GFP+ cells. Infection 

levels in cell culture were adjusted to 2% GFP+ cells with autologous, unlabelled, uninfected cells. Spreading 

infection was quantified by flow cytometry until 7 days post-infection (n=3). (G) Percentage of Gag+ live 
cells. (H) Percentage of GFP+ live cells. ILD and LFN Nef viruses were compared for statistical significance 

at days 4 and 7 post-infection. Bars show mean and lines join paired results from the same PBMC donor. 

Error bars show mean ± SEM. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; 
***, P<0.001). 
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replication) by flow cytometry to identify Gag+ or GFP+ target cells (Figure 4.4A). Target 

cells were identified as live single cells positive for Target dye (gating strategy shown in 

Figure 3.5). Quantifying Gag-expressing target cells (Figure 4.4B), showed that ILD Nef 

virus (CD3 downmodulation) spread equally well as its LFN counterpart (retained CD3 

expression), thus showing similar levels of cell-cell spread regardless of their ability to 

downmodulate CD3 expression (Figure 4.4B). Notably, ILD and LFN Nef viruses showed 

slightly decreased viral spread (Gag+ target cells) compared to NL4.3 Nef virus (»19% 

vs »25% Gag+ target cells, 1.3-fold reduction; p=0.029). Treating co-cultures with the 

RT inhibitor Efavirenz resulted in an approximately 5-fold reduction of Gag+ target cells 

(Figure 4.4C), indicating that this assay predominantly measures productive infection. 

Measuring infection levels by LTR-driven expression of GFP reporter also showed 

similar levels of cell-cell spread by ILD and LFN Nef viruses (Figure 4.4D). When 

measuring GFP expression it was noted that SIVmac Nef viruses showed similar levels 

of viral spread compared to NL4.3 Nef virus (2.9% vs 2.5% GFP+ target cells; p=0.717) 

that was by contrast to measuring Gag expression. Treating co-cultures with Efavirenz 

almost completely abrogated detection of GFP+ target cells (Figure 4.4E), again showing 

that this assay is measuring productive infection. To extend the analysis of viral spread 

between ILD and LFN Nef viruses over time, a long-term spreading infection assay was 

performed. To do this, primary CD4+ T cells were infected with virus and infection levels 

adjusted to 2% GFP+ cells at 24h post-infection with autologous uninfected cells to 

equalise infection levels (Figure 4.4F). Viral spread was then measured by quantifying 

the percentage of Gag+ or GFP+ cells by flow cytometry over 7 days post-infection. ILD 

and LFN Nef viruses again showed similar levels of viral spread and replication kinetics 

as measured by expression of both Gag and GFP (Figure 4.4G-H). Taken together, 

these data show that the spread of ILD and LFN SIVmac Nef viruses that differ in their 

ability to downregulate CD3 are similar, and that there is no apparent correlation between 

CD3 expression on infected cells and cell-cell spread. These data are not in agreement 

with observations in Chapter 3 using SIVsmm Nef chimeric viruses, which showed CD3-

dependent differences in cell-cell spread. Thus, further experiments in this Chapter were 

done to reconcile these differences.  

 

Viral cell-cell spread takes place at virological synapses – VS (Jolly et al., 2004). Thus, 

to further examine the lack of a difference in cell-cell spread of ILD and LFN viruses, 

formation of VS in the donor-target cell co-cultures was measured. Primary CD4+ T cells 

infected with NL4.3, ILD and LFN Nef viruses were mixed with autologous uninfected 

pre-labelled target T cells, incubated on coverslips for 1h, stained and analysed by 
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immunofluorescent microscopy. As shown in Figure 4.5, examination of VS formation 

revealed no difference in the frequency or appearance of VS formed between ILD and 

LFN Nef viruses and target T cells (Figure 4.5D). This is consistent with no differences 

being observed in cell-cell spread.  

 

 

Figure 4.5: CD4+ T cells infected with Nef chimeric viruses form virological synapses at similar 
frequencies 
CD4+ T cells were infected with Nef chimeric viruses for 48h. Autologous uninfected target cells were 

labelled with cell tracing dye and mixed with infected donor cells at 1:1 ratio. Cells were incubated on 

coverslips for 1h before fixation and antibody staining for immunofluorescence microscopy. Virological 

synapse (VS) was defined as infected donor cell-target cell conjugate with Gag and Env polarised towards 
the cell-cell contact. (A-C) Target cell dye is shown in blue, Gag is shown in green and Env is shown in red 

Scale bar is 5 µm. Shown are representative images (single xy slice) of VS for (A) NL4.3, (B), ILD, and 

(C) LFN SIVmac Nef chimeric viruses. (D) Quantification of microscopy data. Shown is percentage of 
conjugates forming VS out of all donor-target cell conjugates. Minimum of 30 VS were counted for each 

PBMC donor. Bars show mean and lines join paired results from the same PBMC donor. Groups were 

compared using paired t-test (ns, P>0.05; *, P<0.05). 

 

To investigate whether cell activation was masking CD3-dependent differences in viral 

spread, donor CD4+ T cells were treated with IL-7 to make them permissive to infection 

without causing robust T cell activation (as described in Chapter 3) and then co-cultured 
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with autologous uninfected, IL-7 treated, pre-labelled target cells (Figure 4.6A). Viral 

spread was quantified by flow cytometry 48h post-mix. Similar to what was seen using 

CD3/CD28 activated cells, both ILD and LFN Nef viruses showed similar levels of cell-

cell spread when infection quantified either by percentage of Gag+ or GFP+ target cells 

(Figure 4.6B-C). Notably, ILD and LFN Nef viruses showed a more pronounced decrease 

in cell-cell spread compared to NL4.3 Nef virus (5% vs 10% Gag+ target cells, 2-fold 

reduction, p=0.017), whereas this effect was less apparent with CD3/CD28 activated 

CD4+ T cells (19% vs 25% Gag+ target cells, 1.3-fold reduction; Figure 4.4). Comparing 

IL-7 and CD3/CD28 activation experiments, cell-cell spread using IL-7 treated cells 

showed a lower percentage of either Gag+ (19% vs 5%, 3.6-fold reduction) or GFP+ 

(2.5% vs 0.5%, 5-fold reduction) target cells overall. Taken together, these data show 

that mode of T cell activation does not change the relative differences in viral spread of 

ILD and LFN Nef viruses with differential CD3 modulation; however, the mode of T cell 

activation does affect the absolute levels of viral spread, presumably by altering cellular 

permissivity as shown in Chapter 3. 

 

 

Figure 4.6: Cell-cell spread of SIVmac Nef chimeric viruses in IL-7 treated cells 
(A) Schematic of the cell-cell spread assay. Primary CD4+ T cells were treated with IL-7 for 4 days. Donor 
cells were infected with Nef mutant viruses for 48h and analysed by flow cytometry to count GFP+ cells. 

Target cells were labelled with cell dye and mixed with infected donor cells in 1:4 ratio (GFP+ donor 

cell:target cell). Cells were analysed by flow cytometry at 48h post-mix. (B) Percentage of Gag+ target cells. 
(C) Percentage of GFP+ target cells. Bars show mean and lines join paired results from the same PBMC 

donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001).  
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4.2.3 Retained CD3 expression of SIVmac Nef viruses results in decreased 
Env expression and virion infectivity 

To investigate why Nef-mediated modulation of CD3 expression does not affect viral 

spread of SIVmac viruses, virus release from infected cells and virion infectivity were 

analysed. CD4+ T cells were infected with SIVmac Nef chimeric viruses for 48h before 

virus containing culture supernatants and infected cells were collected and analysed. 

Virus release/budding from infected cells was quantified by measuring the amount RT 

activity present in the supernatants using an SG-PERT assay. RT activity measurements 

were normalised to the number of infected (GFP+) cells as quantified by flow cytometry. 

Figure 4.7A shows that cells infected with LFN virus (retained CD3 expression) showed 

significantly more virus release compared to cells infected with ILD virus (CD3 

downmodulation). By contrast, quantification of virion infectivity measured by titrating the 

supernatants on HeLa-TZMbl reporter cell line revealed significantly greater virion 

infectivity of ILD Nef virus (CD3 downmodulation), compared to its LFN Nef counterpart 

(Figure 4.7B). As expected, NL4.3 Nef virus displayed significantly higher virion 

infectivity compared to nef-defective virus that can be attributed to the lack of SERINC 

antagonism (Rosa et al., 2015; Usami et al., 2015). For this analysis, the RLU values 

were normalised to supernatant RT activity to account for any differences in viral 

budding. When normalising RLU values to number of infected (GFP+) cells (to account 

for differences in infection levels) ILD and LFN Nef viruses showed similar supernatant 

infectivity (Figure 4.7C). This indicates that reduced virion infectivity of LFN Nef virus is 

compensated by increased virus release to yield similar levels of total supernatant 

infectivity compared to ILD Nef virus, which likely explains the similar levels of cell-cell 

spread observed for these viruses. Notably, observations here are in stark contrast to 

SIVsmm Nef data, which showed that retained CD3 expression resulted in increased 

virion infectivity and broadly similar levels of virus release.  

 

Next, I sought to gain insight why virions produced in the presence of CD3 expression 

were less infectious. Having already excluded differences in SERINC5 antagonism 

(Figure 4.3), experiments were performed to measure Env expression, processing and 

incorporation into virions, similar to Chapter 3. CD4+ T cells infected with Nef chimeric 

viruses for 48h and then cell culture supernatants and cells were harvested for analysis. 

Immunoblot analysis of sucrose-gradient purified virions showed decreased 

incorporation of both Env subunits, gp120 and gp41 into nascent particles in LFN viruses  

(retained  CD3  expression)   compared  to  the   ILD  Nef  counterpart  (Figure  4.8A-C). 
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Figure 4.7: Virion infectivity and virus release of SIVmac Nef chimeric viruses  
Primary CD4+ T cells were infected with Nef chimeric viruses and culture supernatants collected at 48h 

post-infection. Number of GFP+ cells in cell culture was analysed by flow cytometry. (A) Virus release was 
measured by supernatant RT activity and normalised to number of infected GFP+ cells. 

(B) Virion infectivity (RLUs) was measured using HeLa-TZMbl reporter cell assay and normalised to 

supernatant RT activity as measured in (A). (C) Supernatant infectivity (RLUs) was measured as in (B) and 
normalised to number of infected GFP+ cells (as measured in (A)). Bars show mean and lines join paired 

results from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, 

P<0.01; ***, P<0.001). 

 

Quantification of immunoblots by densitometry analysis of three independently prepared 

viral preparations from three independent PBMC donors showed a significant decrease 

in Env gp120 and gp41 incorporation into virions when normalised by the viral capsid 

protein Gag p24. This decrease in Env content is consistent with observation that this 

virus is less infectious (Figure 4.7). To understand the differences in Env virion 

incorporation, Env synthesis and processing were examined by immunoblot analysis of 

cell lysates (Figure 4.8D). Infected cells were analysed by flow cytometry to confirm 

similar levels of infection between Nef chimeric viruses (Figure 4.8E). Quantifying ratio 

of gp160/gp120 showed no difference in processing between ILD and LFN Nef viruses 

(Figure 4.8F). Env synthesis was quantified as ratio of total Env (gp160 + gp120) or gp41 

normalised to cellular protein tubulin (Figure 4.8G-H). LFN Nef virus showed a decrease 

in Env synthesis compared to ILD Nef virus. By contrast, quantifying Gag expression, 

ILD and LFN Nef viruses showed similar ratios of Gag protein p55 normalised to tubulin 

(Figure 4.8I). Consistent with this observation, quantifying ratios of total Env (gp160 + 

gp120) or gp41 normalised to Gag protein p55 again showed decreased levels of Env 

for LFN Nef virus compared to its ILD counterpart (Figure 4.8J-K). Taken together, these 

results suggest that retained CD3 expression of LFN Nef virus results in decreased Env 

synthesis and Env incorporation into nascent virions, which is consistent with decreased 

virion infectivity of the SIVmac LFN virus. By contrast increased virus release of LFN Nef 
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Figure 4.8: Env virion incorporation, synthesis and processing of SIVmac Nef chimeric viruses  
Primary CD4+ T cells were infected with Nef chimeric viruses. Cells and culture supernatants were collected 

at 48h post-infection for immunoblot and flow cytometry analysis. (A-C) Immunoblotting of virus purified from 
cell culture supernatants. (A) Representative immunoblot shows detection of Env gp120, Env gp41 and Gag 

p24. (B) Quantification of gp120 incorporation normalised to p24. (C) Quantification of gp41 incorporation 

normalised to p24. (D-K) Immunoblot analysis of infected cell lysates. (D) Representative immunoblot shows 
detection of Env gp160, Env gp120, Env gp41, Gag p55 and tubulin. (E) Percentage of GFP+ live cells in 

the infected cell cultures as measured by flow cytometry prior to cell lysis. (F) Quantification of Env cleavage, 

shown as ratio of gp160/gp120. (G) Quantification of Env (gp160+gp120) expression normalised to tubulin. 
(H) Quantification of Env gp41 expression normalised to tubulin. (I) Quantification of Gag p55 expression 

normalised to tubulin. (J) Quantification of Env (gp160+120) normalised to p55. (K) Quantification of Env 

gp41 expression normalised to p55. Bars show mean and lines join paired results from the same PBMC 
donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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virus does not correlate with increased synthesis of Gag protein in the cell, which suggest 

other mechanisms are likely influencing viral budding.  

 

Having observed differences in Env protein expression by immunoblotting, this 

phenotype was further examined using quantitative PCR and flow cytometry. First, the 

expression of Env and Gag mRNA was analysed by qRT-PCR. As above, CD4+ T cells 

were infected for 48h and analysed by flow cytometry to confirm similar infection levels 

between Nef chimeric viruses (Figure 4.9A). Percentage of infected (GFP+) cells was 

equalised to 8% in all infected cultures (using autologous uninfected cells) to facilitate 

the comparison between viruses and PBMC donors. Env and Gag mRNA expression 

was normalised to a housekeeping gene GAPDH mRNA levels. Decreased expression 

of Env mRNA was observed in cells infected with LFN Nef virus, which retain CD3 

expression, compared to ILD Nef virus (Figure 4.9B). By contrast, ILD and LFN Nef 

viruses showed similar levels of Gag mRNA expression (Figure 4.9C). Consistent with 

this, decreased Env mRNA expression was observed when normalised to Gag mRNA 

(Figure 4.9D). These data are in agreement with the immunoblot analysis and show that 

retained CD3 expression results in decreased expression of Env mRNA and similar 

expression of Gag mRNA, suggesting that the decrease in Env protein is likely due to 

decreased transcription from the env gene.  

 

 

Figure 4.9: Env and Gag mRNA expression of SIVmac Nef chimeric viruses  
Primary CD4+ T cells infected with Nef chimeric viruses were collected at 48h post-infection for flow 

cytometry analysis to equalise percentage of GFP+ live cells (8%) in all samples using autologous uninfected 

cells. Cells were  analysed by qRT-PCR for Env, Gag, and GAPDH mRNA expression. (A) Percentage of 
GFP+ live cells before mixing with autologous uninfected cells. (B) Env mRNA relative expression 

normalized to GAPDH. (C) Gag mRNA relative expression normalized to GAPDH. (D) Env mRNA relative 

expression normalized to Gag. Bars show mean and lines join paired results from the same PBMC donor. 

Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 
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Env is expressed on the plasma membrane of infected cells where it gets incorporated 

into viral particles as they bud from the cell surface. Decreased Env incorporation by 

LFN virus may therefore reflect a decrease in Env surface expression on infected cells. 

To test this, and further validate the immunoblot and qPCR data, Env protein expression 

was analysed by flow cytometry. CD4+ T cells were infected for 48h and analysed by 

flow cytometry to detect surface Env expression. As described in Chapter 3, surface 

staining was performed using two conformation-sensitive, broadly neutralising 

antibodies (bnAbs) that recognise functional Env trimers: PGT151 (cleaved trimer) and 

PG9 (trimer apex) (Burton et al., 2009; Falkowska et al., 2014). Decreased expression 

of surface Env (as recognised by both antibodies and quantified by the Env MFI) was 

observed on cells infected with LFN virus, which retains CD3 expression, when 

compared to ILD Nef virus (Figure 4.10). This is consistent with decreased levels of total 

intracellular Env (immunoblot) and decreased expression of Env mRNA for LFN Nef 

virus. This is also consistent with (and might explain) lower Env virion incorporation and 

decreased infectivity of LFN Nef virus.  

 

 

Figure 4.10: Surface Env expression of SIVmac Nef chimeric viruses  
Primary CD4+ T cells infected with Nef chimeric viruses were collected at 48h post-infection for flow 

cytometry analysis of surface Env expression. Expression (MFI) of surface Env as detected by 
(A) PGT151 Ab, and (B) PG9 Ab. Right-hand side panels show representative flow cytometry plots. Mock 

is uninfected control. Bars show mean and lines join paired results from the same PBMC donor. Groups 

were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

To test whether increased Env trimer surface expression correlates with increased Env 

virion incorporation (as measured by immunoblot analysis), incorporation of functional 

Env trimers into virions was analysed by antibody neutralisation assay. Equal amounts 

of infectious virus produced from CD4+ T cells were titrated against increasing doses of 

antibodies to obtain neutralisation curves and to calculate IC50 values. LFN Nef virus, 

which retain CD3 expression, was easier to neutralise and showed lower IC50 values 
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compared to ILD Nef virus (Figure 4.11A-B) that is consistent with decreased Env trimer 

incorporation into virions. This result is in agreement with the immunoblot analysis where 

decreased Env virion incorporation into LFN Nef virions was observed (Figure 4.8). 

Furthermore, no differences in IC50 values were observed between ILD and LFN Nef 

viruses produced by 293T cells (Figure 4.11C). This was expected given  that these 

viruses are equally infectious when produced from 293T cells (Figure 4.2) and that they 

express equal levels of surface Env on 293T cells (Figure 4.11D). Taken together, these 

results show that retained CD3 expression on infected CD4+ T cells results in production 

of virus that is easier to neutralise, indicative of less Env in viral particles, which 

correlates with decreased Env surface expression and Env virion incorporation.  

 

 

Figure 4.11: Neutralisation of SIVmac Nef chimeric viruses 
Virus produced from primary CD4+ T cells and HEK293T cells was analysed by neutralisation assays. These 
were performed using HeLa-TZMbl reporter cell line with equal amounts of infectious supernatant and 

increasing amounts of bnAbs. IC50 values were calculated by non-linear regression analysis of the 

neutralisation curves. (A-B) Primary CD4+ T cells were infected with Nef chimeric viruses and cell culture 

supernatants were collected at 48h post-infection. Shown are IC50 values for (A) PGT151 Ab, and (B) PG9 
Ab. (C) HEK293T cells were transfected with Nef chimeric proviruses and virus supernatants collected at 

48h post-transfection. Shown are IC50 values for PGT151 Ab. Right-hand panels show representative 

examples of neutralisation curves. (D) HEK239T cells were analysed for surface expression (MFI) of Env 
(PGT151 Ab) at 48h post-transfection. Bars show mean and lines join paired results from the same PBMC 

donor. Error bars show mean ± SD. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05). 
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4.2.4 Viral spread of SIVmac Nef chimeric viruses in Jurkat T cells 

To test whether the effect of CD3 modulation on Env expression and viral infectivity was 

specific to primary CD4+ T cells, key experiments were repeated with Jurkat T cells. 

Jurkat cells were infected with Nef chimeric viruses and analysed by flow cytometry 48-

post infection. It was confirmed that ILD Nef virus was able to downmodulate CD3 

expression in these cells, while LFN Nef virus and the NL4.3 WT control retained CD3 

expression (Figure 4.12A), as expected. Figure 4.12B-C shows there was no difference 

in cell-cell spread between ILD and LDN Nef viruses in Jurkat cells when measured by 

either Gag+ or GFP+ target cells. Next, virus release and viral infectivity were measured 

at 48h post-infection as described in Figure 4.7. Increased levels of virus release (Figure 

4.12D) were detected from cells infected with LFN Nef virus (retained CD3 expression) 

compared to ILD Nef virus (CD3 downmodulation). By contrast, quantification of virion 

infectivity (RLU/RT) revealed significantly lower virion infectivity of LFN Nef virus 

compared to its LFN Nef counterpart (Figure 4.12E). Finally, analysing total supernatant 

infectivity (RLU/GFP+ cell), which accounts for differences in both virion infectivity and 

virus budding showed that ILD and LFN Nef viruses have similar supernatant infectivity 

(Figure 4.12F). This suggests that reduced virion infectivity of LFN Nef virus is 

compensated by increased virus release to yield similar levels of total supernatant 

infectivity compared to ILD Nef virus. This likely explains the similar levels of cell-cell 

spread observed for these viruses., LFN Nef virus also showed decreased levels of 

surface Env expression (detected by PGT151 and PG9 Abs) compared to ILD Nef virus 

(Figure 4.12G-H), which possibly explains decreased virion infectivity of this virus. 

Together these data show that Env expression, virion infectivity, virus release, and viral 

spread of SIVmac Nef chimeric viruses are similar between virus-infected Jurkat T cells 

and  primary CD4+ T cells. This is again by contrast to SIVsmm Nef chimeric viruses 

(Chapter 3), where differences were observed between Jurkat T cells and primary CD4+ 

T cells in cell-cell spread, Env expression and virion infectivity.  

 

4.2.5 T cell activation during cell-cell spread of SIVmac Nef chimeric 
viruses 

Similar to Chapter 3, I next sought to investigate the effects of CD3 downmodulation on 

T cell activation during cell-cell spread. To do so, the same experimental setup was used 

as for the cell-cell spread assay described in Figure 4.4. The expression of activation 

markers in infected (GFP+) donor and target cell population after 0h and 24h of co-

culture (allowing for cell-cell contact and VS formation)  was measured.  Figure 4.13A-D 
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Figure 4.12: Viral spread, Env expression, virion infectivity and release of SIVmac Nef chimeric 
viruses in Jurkat T cells 
Jurkat T cells were infected with Nef chimeric viruses were analysed by flow cytometry 48h post-infection. 
(A) Percentage of CD3+ cells in infected (GFP+) population. (B-C) Jurkat cells infected with indicated viruses 

were mixed with autologous pre-labelled target cells and analysed by flow cytometry at 24h post-mix as 

described in Figure 3.6. Shown is percentage of (B) Gag+ target cells, and (C) GFP+ target cells at 24h 
post-mix. (D-F) Virus supernatant was collected at 48h post-infection and analysed for virus release and 

virion infectivity as described in Figure 3.10. (D) Virus release was measured by supernatant RT activity and 

normalised to number of infected GFP+ cells. (E) Virion infectivity (RLUs) was measured using HeLa-TZMbl 
reporter cell assay and normalised to supernatant RT activity as measured in (D). 

(F) Supernatant infectivity (RLUs) was measured as in (E) and normalised to number of infected GFP+ cells 

(as measured in (D)). (G-H) Infected (GFP+) Jurkat cells were analysed at 48h post-infection for surface 

expression (MFI) of Env as detected by (G) PGT151 Ab, and (G) PG9 Ab. Bars show mean and lines join 
paired results from the same experiment. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; 

**, P<0.01; ***, P<0.001). 
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shows increased expression of CD69, phospho-S6, CD38, and PD-1 in NL4.3 Nef virus 

infected donor cells compared to uninfected (mock) cells, which was already apparent 

at 0h post-mix (48h post-infection). This may reflect activation of cell signalling at the VS 

or modulation of T cell activation by viral infection (Cavrois et al., 2017; Corneau et al., 

2017; Len et al., 2017; Pardons et al., 2019; Rato et al., 2017). Notably, expression of 

CD69 and phospho-S6 in donor cells infected with LFN Nef virus, which retain CD3 

expression, was greater than that observed for its ILD Nef counterpart, suggesting a 

contribution of CD3 expression to this phenotype. Comparing expression of CD69 and 

phospho-S6 at 0h and 24h post-mix (allowing for cell-cell spread and VS formation) 

shows increased expression of both markers over time in all infected cell cultures (Figure 

4.13E-F); however, the increase was greater in LFN Nef infected cells, which retain CD3 

expression and are thus better able to trigger TCR signalling. The small increase 

observed in ILD Nef infected cells is likely due to incomplete CD3 downmodulation by 

these viruses (Figure 4.2D). This increase in cell activation over time (as measured by 

CD69 expression and S6 phosphorylation) is consistent with the hypothesis that 

continuous donor-target cell contact is triggering T cell activation, which is increased by 

retained CD3 expression. By contrast, expression of CD38 and PD-1 remained similar 

between ILD and LFN Nef virus infected donor cells at 0h post-mix (Figure 4.13C-D) and 

at 24h post mix (Figure 4.13G-H). Next, target cells in the co-culture were also analysed, 

and a similar trend was seen in the newly infected target cell population, which showed 

increased expression of CD69, phospho-S6, CD38, and PD-1 compared to uninfected 

(mock) control (Figure 4.13I-L). As expected, target cells did not show any CD3-

dependent differences in the expression of activation markers, as target cells in all 

infected cell cultures express CD3, and should thus respond similarly to cell-cell spread 

induced activation. Figure 4.14 shows similar analysis but using an expanded panel of 

surface markers (CD25, CD95, CD98 and Glut 1) as described in Chapter 3. These data 

show that increased expression of all markers was observed in all infected cell cultures 

in both donor and target cells compared to mock infected control (Figure 4.14). Notably, 

no significant differences in expression of these markers were observed between ILD 

and LFN Nef viruses in donor cells either at 0h or 24h post-mix or in target cells, which 

is similar to what was observed for expression of CD38 and PD-1 (Figure 4.13). This 

suggests that upregulation of these markers is independent of cell-cell spread and VS 

formation, and is likely caused by infection alone. This is consistent with previous 

observations showing that HIV-1 infected cells show increased activation phenotype 

(Cavrois et al.,  2017;  Corneau et al., 2017;  Pardons et al.,  2019).  Another  possibility 
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Figure 4.13: T cell activation (CD69, phospho-S6, CD38, PD-1) during cell-cell spread in donor and 
target cells infected with SIVmac Nef chimeric viruses  
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 
and analysed by flow cytometry 24h post-mix as described in Figure 3.6. (A-D) Infected (GFP+) donor cell 

population was analysed for expression of activation markers at 0h post-mix. Shown is percentage of 

positive donor cells for (A) CD69, (B) MFI of phospho-S6 (pS6), (C) CD38, and (D) PD-1. (E-H) Infected 
(GFP+) donor cell population was analysed for expression of activation markers at 24h post-mix. Shown is 

percentage of positive donor cells for (E) CD69, (F) MFI of phospho-S6 (pS6), (G) CD38, and (H) PD-1. 

(I-L) Infected (GFP+) target cell population was analysed for expression of activation markers at 24h post-
mix. Shown is percentage of positive target cells for (I) CD69, (J) MFI of phospho-S6 (pS6), (K) CD38, and 

(L) PD-1.  Mock is uninfected control and total live population of donor or target cells was analysed. Bars 

show mean and lines join paired results from the same PBMC donor. Groups were compared using paired 

t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 



196 
 

 

Figure 4.14: T cell activation (CD25, CD95, CD98, Glut1) during cell-cell spread in donor and target 
cells infected with SIVmac Nef chimeric viruses  
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry 24h post-mix as described in Figure 4.4. (A-D) Infected (GFP+) donor cell 

population was analysed for expression of activation markers at 0h post-mix. Show is percentage of positive 
donor cells for (A) CD25, and MFI of (B) CD95, (C) CD98, and (D) Glut1. (E-H) Infected (GFP+) donor cell 

population was analysed for expression of activation markers at 24h post-mix. Show is percentage of 

positive donor cells for (E) CD25, and MFI of (F) CD95, (G) CD98, and (H) Glut1. (I-L) Infected (GFP+) 
target cell population was analysed for expression of activation markers at 24h post-mix. Show is percentage 

of positive target cells for (I) CD25, and MFI of (J) CD95, (K) CD98, and (L) Glut1. Mock is uninfected control 

and total live population of donor or target cells was analysed. Bars show mean and lines join paired results 

from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; 
***, P<0.001). 
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is that cells with high expression of CD38/PD-1/CD25/CD95/CD98/Glut1, i.e. highly-

activated cells are preferentially infected or are better able to support productive infection 

(Rato et al., 2017).  

 

HIV-1 viral gene expression is tightly linked to T cell activation (Gagne et al., 2019; 

Sauter et al., 2015; Shan et al., 2017; Stevenson et al., 1990; Weiss et al., 2014). Having 

observed some CD3-dependent differences in T cell activation during cell-cell spread, it 

was investigated whether increased expression of CD69 and phospho-S6 correlates with 

increased viral (or GFP-reporter) gene expression in cells that retain CD3 expression. 

As above, LTR-driven expression of Gag and GFP was measured in infected donor and 

target cells during cell-cell spread. ILD and LFN Nef virus infected donor cells showed 

similar levels of Gag expression (MFI) at 0h and 24h post-mix (Figure 4.15A-B). This is 

consistent with observation that these cells also showed similar levels of Gag protein 

and Gag mRNA by immunoblot and qPCR analysis (Figure 4.8Figure 4.9). By contrast, 

GFP MFI was higher in LFN Nef virus infected donor cells (retained CD3 expression) 

compared to ILD Nef virus at 0h and 24h post-mix (Figure 4.15D-E), suggesting a 

contribution of CD3 expression to this phenotype. This also correlates with increased 

expression of CD69 and phospho-S6 activation markers by these cells. Analysis of newly 

infected target cells showed no differences in expression of Gag or GFP between ILD 

and LFN Nef viruses, consistent with equal levels of viral spread and expression of 

activation markers by these cells.  

 

4.2.6 Phosphorylation changes in ZAP70, ERK, AKT and S6 during 
virological synapse formation of SIVmac Nef viruses  

To further explore CD3-dependent changes in T cell activation during cell-cell spread, 

activation of TCR signalling at the VS was examined. Previous work has shown that 

HIV-1 activates TCR signalling at the virological synapse to support viral spread (Len et 

al., 2017). Since SIVsmm and SIVmac Nef chimeric viruses showed different phenotypes 

in regard to viral spread, viral gene expression and T cell activation, it was investigated 

whether there is also difference in TCR signalling at the VS. As described in Chapter 3, 

a flow cytometry-based assay was developed to enable a high-throughput and 

quantitative analysis of TCR signalling at the virological synapse. Briefly, primary CD4+ 

T cells were infected (donor cells) and mixed with pre-labelled uninfected target cells 

and allowed to interact over a time course until formaldehyde fixation. 



198 
 

 

Figure 4.15: Expression of GFP and Gag during cell-cell spread in donor and target cells infected 
with SIVmac Nef chimeric viruses 
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry 0h and 24h post-mix as described in Figure 3.6. (A) Gag MFI in Gag+ donor 
cells at 0h post-mix. (B) Gag MFI in Gag+ donor cells at 24h post-mix. (C) Gag MFI in Gag+ target cells at 

24h post-mix. (D) GFP MFI in GFP+ donor cells at 0h post-mix. (E) GFP MFI in GFP+ donor cells at 24h 

post-mix. (F) GFP MFI in GFP+ target cells at 24h post-mix. Bars show mean and lines join paired results 
from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; 

***, P<0.001). 

 

Infected donor-target conjugates were identified as live lymphocyte doublets that are 

positive for GFP (infected donor cell) and Target dye (target cell) expression (Figure 

3.27). First, a time course experiment was performed using ILD and LFN Nef virus 

infected cells. Figure 4.16A-E shows that both ILD and LFN Nef virus infected donor-

target cell conjugates displayed time-dependent changes in the phosphorylation of 

ZAP70, ERK, AKT, and S6 over 40mins, suggesting TCR signalling activation. However, 

when comparing the cells infected with either ILD and LFN Nef viruses the responses 

were identical, and a similar pattern and magnitude of phosphorylation for all five 

markers was observed.  Graphing these data at the 20min time-point, alongside NL4.3 

Nef virus and analysing multiple PBMC donors showed although time dependent 

changes in T cell signalling was observed (Fig. 4.16A-E), the phosphorylation of ZAP70, 

ERK, AKT and S6 in infected  conjugates was similar  between NL4.3, ILD and  and LFN  
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Figure 4.16: Phosphorylation of ZAP70, ERK, AKT and S6 in donor-target cell conjugates  
Primary CD4+ T cells infected with Nef chimeric viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry to detect phosphorylation changes in pZAP70, pERK, pAKT, and pS6 as 

described in Figure 3.27. (A-E) Phosphorylation changes in infected donor cell-target cell conjugates at 
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0-40min post-mix. Shown is a representative example for SIVmac ILD and LFN Nef viruses (n=1). Shown 

are MFI values of (A) pZAP70 (Y319), (B) pERK (T202/Y204), (C) pAKT (T308), (D) pAKT (S473), and (E) 
pS6 (S235/S236). (F-J) Phosphorylation changes in infected donor cell-target cell conjugates at 20min post-

mix. Shown are MFI values of (F) pZAP70 (Y319), (G) pERK (T202/Y204), (H) pAKT (T308), (I) pAKT 

(S473), and (J) pS6 (S235/S236). Mock is uninfected cells and total live doublet population was analysed. 
Bars show mean and lines join paired results from the same PBMC donor. Groups were compared using 

paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

Nef viruses (Figure 4.16F-J). This observation was surprising given the central role of 

CD3 expression in TCR signalling activation. It is also inconsistent with observed higher 

phosphorylation of S6 in LFN infected donor cells during cell-cell spread (Figure 4.13). 

Once again, the results also reveal differences between SIVmac Nef viruses (Chapter 

4) and SIVsmm (Chapter 3). 

 

Lck is a key upstream kinase in TCR signalling (reviewed in Dustin & Depoil, 2011). It 

has been reported that HIV and SIV Nef proteins can bind to Lck and cause its 

relocalisation from the plasma membrane to the TGN (Haller et al., 2007; Rudolph et al., 

2009) through the interaction of PxxP motif in Nef with SH3 domain in Lck (Collette et 

al., 2000; Greenway et al., 1996; Haller et al., 2007). It has been proposed that this Lck 

relocalisation in turn results in increased T cell signalling (via activation of ERK); however 

precise mechanism remains unclear (Hung et al., 2007; Pan et al., 2012). Indeed, PxxP 

motif has been shown to be important for Nef-induced T cell hyperresponsiveness to 

stimulation (Fenard et al., 2005; Sauter et al., 2015; Schrager & Marsh, 1999) and to 

enhance viral spread (Carl et al., 2000; Fackler et al., 2006; Homann et al., 2009; 

Meuwissen et al., 2012). Although all SIVsmm and SIVmac nef alleles used in this thesis 

have an intact PxxP motif (Figure 4.1), other amino acid changes in these Nefs might 

affect Lck binding and thus modulation of T cell signalling that may explain differences 

in TCR signalling responses between viruses. To investigate the localisation of Lck, 

primary CD4+ T cells infected with Nef chimeric viruses were stained 48h post-infection 

for total intracellular Lck protein and analysed by immunofluorescence microscopy. As 

expected, uninfected (mock) and nef-defective control showed plasma membrane 

localisation of Lck, whilst NL4.3 Nef infected cells showed an intracellular accumulation 

of Lck and the appearance of larger Lck puncta (Haller et al., 2007; Rudolph et al., 2009), 

as well as Lck at the plasma membrane (Figure 4.17A-C). Similarly, both SIVmac ILD 

and LFN Nef viruses showed an intracellular accumulation of Lck, and no obvious 

difference in Lck staining or localisation were apparent between these mutant pairs 

(Figure 4.17D-E). For completeness,  SIVsmm L4 Nef viruses  were also  examined and 
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Figure 4.17: Lck relocalisation by Nef chimeric viruses  
Primary CD4+ T cells were infected with indicated viruses for 48h and then incubated for 1h on coverslips 

before fixation and antibody staining for immunofluorescence microscopy. DAPI nuclear stain is shown in 

blue, Lck is shown in red and GFP is shown in green. Scale bar is 5 µm. Shown are representative images 

(single xy slice) of (A) uninfected (mock) cells, or cells infected with (B) nef-defective, (C) NL4.3, (D) SIVmac 
ILD, (E) SIVmac LFN, (F) SIVsmm L4 IL, and (G) SIVsmm L4 LF Nef chimeric viruses. 
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both IL and LF L4 Nef viruses induced intracellular Lck accumulation with no obvious 

differences between these mutant pairs (Figure 4.17F-G). These data show that all Nef-

containing viruses examined induced a similar Lck localisation pattern and therefore 

further examination of Nef interaction with Lck was not pursued.  

 

4.2.7 T cell death during cell-cell spread of SIVmac Nef chimeric viruses  

Having observed in Chapter 3 that differences in CD3 downmodulation affected cell 

death during cell-cell spread of SIVsmm, cell death was next investigated in the context 

of SIVmac Nef virus infection. As described in Figure 4.4, flow cytometry was used to 

measure cell death (using a cell viability dye) in donor and target cells during cell-cell 

spread. LFN Nef virus infected donor cells (retained CD3 expression) showed similar 

levels of cell death compared to their ILD Nef infected counterparts at 0h and 24h post-

mix (Figure 4.18A-B), which is consistent with similar levels of viral spread in these 

cultures. As expected, all infected cell cultures showed more cell death compared to 

mock infected control. Comparing donor cell death over time (0-24h post-mix), all 

infected cultures showed increase in the number of dead donor cells, most likely due to 

viral spread, which is consistent with previous observations showing cell-cell spread 

induced cell death (Galloway et al., 2015). A similar trend was seen in target cell 

population at 24h post-mix (Figure 4.18C). ILD and LFN Nef virus infected cultures 

showed similar levels of target cell death, again consistent with no differences in viral 

spread or cell activation. Overall, lower levels of cell death were seen for target cells 

compared to donor cells, with the latter having been infected for longer. Together these 

data show that T cell death is independent of CD3-modulation during cell-cell spread of 

SIVmac Nef viruses. This is again by contrast to the SIVsmm data which showed that 

retained CD3 expression resulted in increased cell death of donor and target cells, most 

likely due to increased cell-cell spread.  

 

4.2.8 Validation of the phenotype of HIV-2 Nef chimeric viruses 

The second part of this Chapter investigates viral spread of HIV-2 Nef chimeric viruses. 

D8 and A8 I Nef (CD3 downmodulation) and D8 and A8 T Nef (retained CD3 expression) 

chimeric viruses provided by our collaborator Frank Kirchhoff (Khalid et al., 2012) were 

first sequenced, which confirmed their sequence identity. To validate and characterise 

the HIV-2 Nef mutant viruses, 293T cells were transfected with viral plasmids and viruses  
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Figure 4.18: Cell death during cell-cell spread in donor and target cells infected with SIVmac Nef 
chimeric viruses 
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 
and analysed by flow cytometry at 0h and 24h post-mix as described in Figure 3.6. (A) Percentage of dead 

donor cells at 0h post-mix. (B) Percentage of dead donor cells at 24h post-mix. (B) Percentage of dead 

target cells at 24h post-mix. Mock is uninfected control. Bars show mean and lines join paired results from 
the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, 

P<0.001). 

 

were titrated prior to infection of primary CD4+ T cells (as described in Figure 4.2). Figure 

4.19A shows that all Nef chimeric proviruses produce infectious virus. Importantly, there 

was no difference in the relative infectivity of D8 and A8 mutant pair (I and T) Nef viruses. 

HIV-2 Nef viruses showed reduced infectivity compared to NL4.3 Nef virus (1.8-fold 

reduction; p=0.0057), which is consistent with previous observations that HIV-2 Nefs are 

less potent in enhancing virion infectivity due to weaker SERINC antagonism compared 

to HIV-1 Nef (Heigele et al., 2016; Khalid et al., 2012; Munch et al., 2005). Next, primary 

CD4+ T cells isolated from healthy PBMC donors were activated with anti-CD3/CD28 

antibodies and infected with equal infectious doses of Nef chimeric viruses (nef-

defective, NL4.3, D8 I and T, A8 I and T). After 48h primary CD4+ T cells were analysed 

by flow cytometry to quantify the percentage of infection and Nef activity. Analysis of 

infected primary CD+ T cells showed broadly similar percentages of Gag+ or GFP+ cells 

between cells infected with NL4.3 or HIV-2 Nef chimeric viruses (Figure 4.19B-C). As 

described in Chapter 3 (Figure 3.2), GFP+ cells better represent the population of 

productively infected cells, thus GFP expression was used in further experiments (unless 

otherwise stated) to identify infected cells. 
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Figure 4.19: Validation of HIV-2 Nef chimeric viruses 
(A) Nef chimeric viruses were produced by transfection of HEK293T cells. Viral infectivity (RLU) was 

measured by titration on HeLa-TZMbl reporter cell line and normalised to supernatant RT activity, a measure 
of viral content. (B-G) Primary CD4+ T cells were activated with anti-CD3/CD28 antibodies for 4-5 days, 

infected with Nef chimeric viruses for 48h and analysed by flow cytometry. (B) Percentage of Gag+ live cells. 

(C) Percentage of GFP+ live cells. Percentage of live, GFP+ cells positive for (D) CD3, (E) CD4, (F) CD28, 
and (G) CXCR4 surface markers. Bars show mean and lines join paired results from the same PBMC donor. 

Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

To confirm the Nef phenotypes, primary CD4+ T cells infected with Nef chimeric viruses 

(or uninfected mock control) were analysed by flow cytometry to measure surface 

expression of CD3, CD4, CD28, and CXCR4. Figure 4.19D shows that, as expected, D8 

and A8 I Nef expressing viruses were able to downmodulate surface expression of CD3; 

however, A8 I Nef was less able to downmodulate CD3 expression ( »40% CD3+ 

infected cells) compared to D8 I Nef (»20% CD3+ infected cells), consistent with previous 

observations (Khalid et al., 2012; Yu et al., 2015). By contrast, D8 and A8 T Nefs were 

unable to downmodulate CD3 expression as evidenced by more than 90% of cells 

remaining CD3+, similar to the percentage of CD3+ cells in nef-defective and NL4.3 Nef 

virus infected cells, again as expected. CD4 surface staining (Figure 4.19E) showed that 

all nef-containing viruses (NL4.3, ILD and LFN) retained the ability to downmodulate 
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CD4 (»20% CD4+ infected cells). Examination of CD28 showed that D8 and A8 mutant 

pair (I and T) Nef viruses downmodulated CD28 to similar extent (»40% CD28+ infected 

cells), whereas NL4.3 Nef was less able to do so (»70% CD28+ infected cells) (Figure 

4.19F), in agreement with published data (Khalid et al., 2012; Munch et al., 2005; Yu et 

al., 2015). Similarly, NL4.3 Nef was also less able to downmodulate CXCR4 (»60% 

CXCR4+ infected cells) (Figure 4.19G) compared to D8 and A8 Nef viruses, again as 

expected (Hrecka et al., 2005; Khalid et al., 2012). While it was observed that A8 T Nef 

virus appeared slightly better able to downmodulate CXCR4 compared to its I Nef 

counterpart, this difference was not significant for D8 mutant pair (I and T) Nef viruses. 

Together these results validate the expected phenotype of this panel of HIV-2 Nef 

chimeric viruses, and show that generation of I and T Nef mutants in D8 and A8 HIV-2 

nef alleles by site-directed mutagenesis had specific effect on downmodulation of CD3, 

with a modest effect on CXCR4 downmodulation. 

 

4.2.9 Viral spread of HIV-2 Nef chimeric viruses 

To investigate the effect of CD3 downmodulation on cell-cell spread of HIV-2, primary 

CD4+ T cells infected with Nef chimeric viruses (donor cells) were co-cultured with 

autologous uninfected, pre-labelled target cells in 1:4 ratio as described in Figure 4.4. 

Viral spread was measured 24h post-mix (single round of replication) by flow cytometry 

to identify Gag+ or GFP+ target cells (Figure 4.20A). Analysing Gag expression in target 

cells showed that D8 and A8 I Nef viruses (CD3 downmodulation) showed similar levels 

of cell-cell spread compared to their T Nef counterparts, which retained CD3 expression 

(Figure 4.20B). Treating co-cultures with the RT inhibitor Efavirenz resulted in an 

approximately 5-fold reduction of Gag+ target cells (Figure 4.20C), confirming that this 

assay measures productive infection of target cells. Consistent with this, similar results 

were obtained when measuring infection levels by LTR-driven expression of GFP 

reporter, which also showed similar levels of cell-cell spread by D8 and A8 mutant pair 

(I and T) Nef viruses, regardless of their ability to downmodulate CD3 (Figure 4.4D). 

Treating co-cultures with Efavirenz almost completely abrogated detection of GFP+ 

target cells (Figure 4.20E). To examine the differences in viral spread between I and T 

mutant Nef viruses over time, a long-term spreading infection assay was performed as 

previously described in Figure 4.4. D8 and A8 mutant pair (I and T) Nef viruses again 

showed similar levels of viral spread and replication kinetics as measured by expression 

of both Gag and GFP up to day 7 post-infection (Figure 4.20G-H). 
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Figure 4.20: Cell-cell spread of HIV-2 Nef chimeric viruses  
(A) Schematic of the 24h cell-cell spread assay (as described in Figure 3.6). CD4+ T cells infected with 

indicated viruses were mixed with autologous, pre-labelled target cells in 1:4 ratio (GFP+ donor cell:target 

cell). Cells were analysed by flow cytometry at 0h and 24h post-mix. (B) Percentage of Gag+ target cells. 
(C) Donor and target cells were co-cultured in the presence or absence of 5 μM Efavirenz (± EFV). 

Superimposed grey bars show percentage of Gag+ target cells in presence of Efavirenz. (D) Percentage of 

GFP+ target cells. (E) Percentage of GFP+ target cells in presence of 5 μM Efavirenz (superimposed grey 
bars). Shown are representative flow cytometry plots. (F) Schematic of the long-term cell-cell spread assay. 

CD4+ T cells were infected with Nef chimeric viruses for 24h and analysed by flow cytometry to count GFP+ 

cells. Infection levels in cell culture were adjusted to 2% GFP+ cells with autologous, unlabelled, uninfected 
cells. Spreading infection was quantified by flow cytometry until 7 days post-infection (n=3). (G) Percentage 

of Gag+ live cells. (H) Percentage of GFP+ live cells. ILD and LFN Nef viruses were compared for statistical 

significance at days 4 and 7 post-infection. Bars show mean and lines join paired results from the same 
PBMC donor. Error bars show mean ± SEM. Groups were compared using paired t-test (ns, P>0.05; *, 

P<0.05; **, P<0.01; ***, P<0.001). 
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Together these data show that there is no apparent correlation between CD3 expression 

on infected cells and viral spread of HIV-2 Nef viruses. This is consistent with previous 

observations of SIVmac Nef chimeric viruses (Figure 4.4); however, these data are again 

at odds with observations in Chapter 3 using SIVsmm Nef chimeric viruses, which 

showed CD3-dependent differences in cell-cell spread. 

 

To investigate why Nef-mediated modulation of CD3 expression does not affect viral 

spread, virus release from infected cells and virion infectivity were analysed. CD4+ T 

cells were infected with Nef chimeric viruses for 48h before virus containing culture 

supernatants and infected cells were collected and analysed. As described in Figure 4.4, 

virus release/budding from infected cells was quantified by measuring the amount RT 

activity in the supernatants and normalised to the number of infected (GFP+) cells. 

Figure 4.21A shows similar levels of virus released from cells infected with D8 and A8 

mutant pair Nef viruses. Similarly, quantification of virion infectivity measured by titrating 

the supernatants on HeLa-TZMbl reporter cell line revealed similar virion infectivity of D8 

and A8 mutant pair Nef viruses (Figure 4.21B). D8 and A8 Nef mutant viruses showed 

lower virion infectivity when compared to NL4.3 Nef virus (2-fold reduction; p=0.0084), 

which is consistent with previous observations showing reduced virion infectivity of D8 

and A8 Nef viruses when produced in 293T cells (Figure 4.19) and is most likely due to 

HIV-2 Nefs being weaker antagonists of SERINC compared to HIV-1 Nefs (Heigele et 

al., 2016). Consistent with similar levels of virus release and virion infectivity (RLU/RT), 

the D8 and A8 mutant pair Nef viruses showed similar levels of supernatant infectivity 

(RLU/GFP+ cell) (Figure 4.21C). The fact that these viruses have similar virion and 

supernatant infectivity likely explains why there was no difference observed in the cell-

cell spread of D8 and A8 mutant pair viruses. Notably, despite these HIV-2 viruses 

having reduced virion infectivity, D8 I, D8 T, A8 I and A8 T viruses showed similar levels 

of cell-cell spread when compared to each other and to NL4.3 Nef virus (Figure 4.20). 

This suggests that highly efficient cell-cell spread might overcome reduced virion 

infectivity of HIV-2 Nef chimeric viruses.  

 

To further explore cell-cell spread of HIV-2 Nef chimeric viruses, it was examined 

whether the lack of correlation between CD3 modulation and viral spread was specific 

to primary CD4+ T cells or whether this could also be observed using Jurkat cell line. To 

investigate this, Jurkat cells were infected with Nef chimeric viruses and analysed by 

flow cytometry 48h post-infection. It was confirmed that D8 and A8 I Nef virus were able 
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Figure 4.21: Virion infectivity and virus release of HIV-2 Nef chimeric viruses  
Primary CD4+ T cells were infected with Nef chimeric viruses and culture supernatants collected at 48h 

post-infection. Number of GFP+ cells in cell culture was analysed by flow cytometry. (A) Virus release was 

measured by supernatant RT activity and normalised to number of infected GFP+ cells. (B) Virion infectivity 
(RLUs) was measured using HeLa-TZMbl reporter cell assay and normalised to supernatant RT activity as 

measured in (A). (C) Supernatant infectivity (RLUs) was measured as in (B) and normalised to number of 

infected GFP+ cells (as measured in (A)). Bars show mean and lines join paired results from the same 
PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

 

Figure 4.22: Viral spread of HIV-2 Nef chimeric viruses in Jurkat T cells 
Jurkat T cells were infected with Nef chimeric viruses were analysed by flow cytometry 48h post-infection. 
(A) Percentage of CD3+ cells in infected (GFP+) population. (B-C) Jurkat cells infected with indicated viruses 

were mixed with autologous pre-labelled target cells and analysed by flow cytometry at 24h post-mix as 

described in Figure 3.6. Shown is percentage of (B) Gag+ target cells, and (C) GFP+ target cells at 24h 
post-mix. Bars show mean and lines join paired results from the same experiment. Groups were compared 

using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

to downmodulate CD3 expression in these cells, while NL4.3 and D8 and A8 T Nef 

viruses retained CD3 expression (Figure 4.22A). Cell-cell spread was measured as 

described in Figure 4.4, which showed similar numbers of Gag+ or GFP+ target cells in 

all infected cultures (Figure 4.22B-C). This is consistent with observations in primary 

CD4+ T cells and further confirms that viral spread of HIV-2 Nef chimeric viruses does 

not correlate with CD3 expression on infected cells. 
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4.2.10 T cell activation during cell-cell spread of HIV-2 Nef chimeric viruses 

Previous experiments in this Chapter and Chapter 3 showed CD3-dependent differences 

in T cell activation and viral gene expression in infected cells. Thus, it was further 

explored how retained CD3 expression affects T cell activation during cell-cell spread of 

HIV-2 Nef chimeric viruses. To do so, the same experimental setup was used as for the 

cell-cell spread assay described in Figure 4.4. The expression of activation markers in 

infected (GFP+) donor and target cell population after 0h and 24h of co-culture (allowing 

for cell-cell contact and VS formation) was measured. Figure 4.23A-C shows increased 

expression of CD69, CD38 and CD25, in NL4.3 and all HIV-2 Nef virus infected donor 

cells compared to uninfected (mock) cells, which was already apparent at 0h post-mix 

(48h post-infection), consistent with SIVmac data in Figure 4.13. Notably, expression of 

CD69 in donor cells infected with D8 and A8 T Nef viruses, which retain CD3 expression, 

was greater than that observed for their I Nef counterparts (CD3 downmodulation), 

suggesting a contribution of CD3 expression to this phenotype. Comparing expression 

of CD69 at 0h and 24h post-mix (allowing for cell-cell spread and VS formation) shows 

increased expression of this marker over time in all infected cell cultures (Figure 

4.23A,D). However, the increase was greater in T Nef infected cells, which retain CD3 

expression, and are thus better able to trigger TCR signalling. The small increase 

observed in I Nef infected cells is likely due to incomplete CD3 downmodulation by these 

viruses (Figure 4.19D). This increase in cell activation over time (as measured by CD69 

expression) is consistent with the hypothesis that continuous donor-target cell contact is 

triggering T cell activation, which is increased by retained CD3 expression. By contrast, 

expression of CD38 and CD25 remained similar between I and T Nef virus infected donor 

cells at 0h post-mix (Figure 4.23B-C) and at 24h post-mix (Figure 4.23E-F). Similar 

results were seen using SIVmac Nef viruses and as described in Figure 4.13, this 

suggests that upregulation of these markers is independent of cell-cell spread and VS 

formation, and is likely caused by infection alone (Cavrois et al., 2017; Corneau et al., 

2017; Pardons et al., 2019). Alternatively, highly-activated cells (high expression of 

CD38/CD25) are preferentially infected or are better able to support productive infection 

(Rato et al., 2017). Next, target cells in the co-culture were also analysed, and a similar 

trend was seen in the newly infected target cell population, which showed increased 

expression of CD69, CD38 and CD25 compared to uninfected (mock) control (Figure 

4.23G-I). As expected, target cells did not show any CD3-dependent differences in the 

expression of activation markers, as target cells in all infected cell cultures express CD3, 

and should thus respond similarly to cell-cell spread induced activation. 
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Figure 4.23: T cell activation (CD69, CD38, CD25) during cell-cell spread in donor and target cells 
infected with HIV-2 Nef chimeric viruses  
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry 24h post-mix as described in Figure 3.6. (A-C) Infected (GFP+) donor cell 

population was analysed for expression of activation markers at 0h post-mix. Shown is percentage of 
positive donor cells for (A) CD69, (B) CD38, and (C) CD25. (D-F) Infected (GFP+) donor cell population was 

analysed for expression of activation markers at 24h post-mix. Shown is percentage of positive donor cells 

for (D) CD69, (E) CD38, and (F) CD25. (G-I) Infected (GFP+) target cell population was analysed for 
expression of activation markers at 24h post-mix. Shown is percentage of positive target cells for (G) CD69, 

(H) CD38, and (I) CD25. Mock is uninfected control and total live population of donor or target cells was 

analysed. Bars show mean and lines join paired results from the same PBMC donor. Groups were compared 
using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). 

 

Having observed some CD3-dependent differences in T cell activation during cell-cell 

spread, it was next investigated whether increased expression of CD69 correlates with 

increased viral (or GFP-reporter) gene expression in cells that retain CD3 expression. 

As above, LTR-driven expression of Gag and GFP was measured in infected donor and 

target cells during cell-cell spread. D8 and A8 mutant pair Nef virus infected donor cells 

showed similar levels of Gag and GFP expression (MFI) at 0h and 24h post-mix (Figure 

4.24). Interestingly, this does not correlate with increased expression of CD69 by these 
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cells, however it is consistent with no observed differences in virus release or virion 

infectivity by D8 and A8 mutant Nef viruses. Next, analysis of newly infected target cells 

(Figure 4.24C,F) showed no differences in expression of Gag or GFP between D8 and 

A8 mutant pair Nef viruses, consistent with equal levels of viral spread and expression 

of activation markers by these cells.  

 

 

Figure 4.24: Expression of GFP and Gag during cell-cell spread in donor and target cells infected 
with HIV-2 Nef chimeric viruses 
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 

and analysed by flow cytometry 0h and 24h post-mix as described in Figure 3.6. (A) Gag MFI in Gag+ donor 

cells at 0h post-mix. (B) Gag MFI in Gag+ donor cells at 24h post-mix. (C) Gag MFI in Gag+ target cells at 
24h post-mix. (D) GFP MFI in GFP+ donor cells at 0h post-mix. (E) GFP MFI in GFP+ donor cells at 24h 

post-mix. (F) GFP MFI in GFP+ target cells at 24h post-mix. Bars show mean and lines join paired results 

from the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; 
***, P<0.001). 

 

 

4.2.11 T cell death during cell-cell spread of HIV-2 Nef chimeric viruses 

Having observed no CD3-depedent differences in cell-cell spread and only a partial 

phenotype in T cell activation, it was investigated whether there is also no difference in 

cell death. As described in Figure 4.4, flow cytometry was used to measure cell death 

(using a cell viability dye) in donor and target cells during cell-cell spread. D8 and A8 T 
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Nef virus infected donor cells (retained CD3 expression) showed similar levels of cell 

death compared to their I Nef infected counterparts at 0h and 24h post-mix (Figure 

4.25A-B), which is consistent with similar levels of viral spread in these cultures. As 

expected, all infected cell cultures showed more cell death compared to mock infected 

control. Comparing donor cell death over time (0-24h post-mix), all infected cultures 

showed increase in the number of dead donor cells, most likely due to viral spread. A 

similar trend was seen in target cell population at 24h post-mix (Figure 4.25C). D8 and 

A8 mutant pair Nef virus infected cultures showed similar levels of target cell death, again 

consistent with no differences in viral spread or cell activation. Together these data show 

that T cell death is independent of CD3-modulation during cell-cell spread of HIV-2 Nef 

viruses. 

 

 
Figure 4.25: Cell death during cell-cell spread in donor and target cells infected with HIV-2 Nef 
chimeric viruses 
Primary CD4+ T cells infected with indicated viruses were mixed with autologous pre-labelled target cells 
and analysed by flow cytometry at 0h and 24h post-mix as described in Figure 3.6. (A) Percentage of dead 

donor cells at 0h post-mix. (B) Percentage of dead donor cells at 24h post-mix. (C) Percentage of dead 

target cells at 24h post-mix. Mock is uninfected control. Bars show mean and lines join paired results from 
the same PBMC donor. Groups were compared using paired t-test (ns, P>0.05; *, P<0.05; **, P<0.01; ***, 

P<0.001). 

 

 

4.3 Discussion  

The results in this Chapter show the consequences of differential Nef-mediated CD3 

downmodulation for HIV-1 viral spread, T cell activation and cell death using SIVmac 

and HIV-2 Nef chimeric viruses. It was hypothesised that retained CD3 expression on 

infected cells would result in triggering of TCR/CD3 signalling and T cell activation during 

the VS formation and cell-cell spread, thus supporting more efficient viral spread. Indeed, 

this hypothesis was supported by results in Chapter 3 using SIVsmm Nef chimeric 

viruses. By contrast, results in this Chapter show that cell-cell spread of SIVmac and 
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HIV-2 Nef chimeric viruses does not correlate with CD3 expression on infected cells. 

Notably, viruses that downmodulate CD3 (ILD and I Nefs) spread equally well as viruses 

with retained CD3 expression (LFN and T Nefs) and similar to NL4.3 Nef virus (retained 

CD3 expression), although SIVmac Nef viruses showed slightly reduced viral spread 

compared to NL4.3 Nef virus. This was not the case for SIVsmm viruses where CD3 

downmodulation resulted in reduced viral spread. This suggests there are likely to be 

additional determinants (apart from CD3 downmodulation) in Nef that contribute to 

efficient cell-cell spread that may explain the differences between SIVsmm, SIVmac and 

HIV-2 Nef chimeric viruses and highlights additional species-specific differences 

between the nef alleles.  

 

Retained CD3 expression of SIVmac LFN Nef virus resulted in increased virus release 

and decreased virion infectivity compared to ILF Nef virus (CD3 downmodulation). 

Importantly, reduced virion infectivity was not due to differences in Nef antagonism of 

SERINC5, as both SIVmac ILD and LFN Nef viruses showed similar ability to 

downmodulate SERINC5 expression, and were equally restricted by SERINC5 

overexpression. Overall, total supernatant infectivity (accounting for differences in virus 

release and virion infectivity) was similar between the mutant pair viruses, which 

correlated with similar levels of viral spread. This suggests that somehow reduced virion 

infectivity of LFN virus was compensated with increased virus release, thus resulting in 

similar levels of viral spread. This is an intriguing observation and it is difficult to propose 

a mechanism that would explain how a triple point mutation in Nef that specifically affects 

CD3 downmodulation results in this phenotype, especially considering previous 

observations showing that retained CD3 expression of SIVsmm Nef viruses results in 

increased virion infectivity, but similar levels of virus release. This might suggest an 

additional yet unknown Nef-dependent link between viral budding and infectivity. 

 

Retained CD3 expression and reduced virion infectivity of SIVmac LFN Nef virus 

correlated with decreased Env expression and decreased Env incorporation into virions. 

Env virion incorporation was measured directly by immunoblot analysis of purified virions 

and indirectly by Ab neutralisation assay, both of which showed decreased Env 

incorporation into LFN Nef virus. This was not due to differences in furin-mediated 

cleavage of Env gp160 as shown by immunoblot analysis of cell lysates. Decreased 

expression of Env was evident both on the transcriptional level (mRNA) and protein level. 

Importantly, flow cytometry analysis showed decreased levels of cell surface Env for LFN 
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Nef virus. Decreased expression of Env mRNA likely explains decreased Env synthesis 

in the cell, which in turn mediates reduced Env surface expression. Env is a limiting 

factor in viral infectivity due to low cell surface expression and low virion incorporation 

and mechanisms of Env virion incorporation are poorly understood (Checkley et al., 

2011). However, disrupting Env endocytosis, which increases Env surface expression 

results in increased Env virion incorporation and virion infectivity (Day et al., 2004; 

Groppelli et al., 2014; Kirschman et al., 2018). This provides a plausible explanation how 

decreased surface Env expression results in decreased virion incorporation and virion 

infectivity of LFN Nef virus. However, it remains uncertain whether differences in Env 

expression are directly linked to CD3 downmodulation ability of ILD and LFN Nef viruses 

and not to some other effect of mutating these residues on Nef protein function. 

Experiments in Chapter 3 showed that RNAi-mediated CD3 depletion phenocopied Nef-

mediated CD3 downmodulation effect on Env surface expression and virion infectivity of 

SIVsmm Nef chimeric viruses. Similar experiments are thus required to establish 

whether the same correlation exists for SIVmac Nef chimeric viruses.  

 

By contrast to virion infectivity, retained CD3 expression of LFN Nef virus correlated with 

increased virus release as measured by RT activity in the culture supernatant. 

Interestingly, Gag expression was similar between ILD and LFN Nef viruses. This was 

apparent both on the transcriptional level (mRNA) and protein level as measured by 

immunoblot analysis of cell lysates and intracellular flow cytometry. This suggest that 

increased virus release is unlikely to be due to increased expression of Gag protein. 

Increased virus release could be mediated by increased Gag localisation to the plasma 

membrane (where the virions bud) or increased efficiency of viral budding mediated by 

ESCRT machinery (Halwani et al., 2003; Usami et al., 2009) and further experiments are 

required to test this possibility or how that might be regulated via Nef or CD3 modulation. 

 

Examination of SIVmac Nef viruses in Jurkat cells showed that retained CD3 expression 

of LFN Nef virus correlated with increased virus release, but decreased virion infectivity 

and Env surface expression. This resulted in similar levels of supernatant infectivity and 

viral spread between ILD and LFN Nef viruses and shows the consistency of this 

phenotype between primary CD4+ T cells and Jurkat cells. This was not observed using 

SIVsmm Nef viruses, which showed no CD3-dependent differences in Env expression 

and virion infectivity in Jurkat cells. It was proposed this was perhaps due to the hyper-

activated status of Jurkat cells (Gioia et al., 2018), which might be masking CD3-
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modulation and cell activation-dependent effect on Env expression of SIVsmm viruses. 

By contrast, the consistency of SIVmac phenotype between primary CD4+ T cells and 

Jurkat cells might suggest that differences in virus release, Env expression and virion 

infectivity are not dependent on cell activation for SIVmac Nef viruses and it further 

highlights that SIVmac Nef is doing something different. Further experiments inducing T 

cell activation in infected cells (as done in Chapter 3) are required to explore the 

connection between T cell activation and SIVmac Nef function.  

 

It is possible to suggest that SIVmac Nef is interacting with host cellular factors in a 

different manner compared to SIVsmm thus ILD/LFN mutations result in a different 

phenotype. To confirm the specificity of ILD/LFN mutations to CD3 downmodulation it 

was shown that ILD and LFN mutant pair viruses downmodulate CD4, CD28, SERINC5 

(this thesis), and MHC-I (Joas et al., 2020; Yu et al., 2015) to a similar extent. A modest 

difference was observed in CXCR4 expression, which was downmodulated slightly 

better by LFN Nef (retained CD3 expression). However, the difference in 

downmodulation between ILD and LFN Nef viruses was small and experiments in this 

thesis are unlikely to be affected by differences in chemokine signalling and cell 

migration. Moreover, SIVsmm Nef viruses showed similar phenotype, further suggesting 

that differences in CXCR4 modulation are not responsible for observed differences 

between SIVsmm and SIVmac Nef viruses.   However, it is possible that ILD and LFN 

Nefs (and compared to SIVsmm Nef) differ in their ability to interact with Src-family 

kinases: Lck, Fyn, Hck or Lyn (Collette et al., 2000; Saksela et al., 1995; Trible et al., 

2006), PAK-2 (Rudolph et al., 2009; Stolp et al., 2010) or modulation of NF-kB signalling 

(Fortin et al., 2004; Sauter et al., 2015), which would change the host cell environment 

and could potentially explain the observed differences in virus release and virion 

infectivity. These activities of Nef were previously shown to be conserved between  

HIV-1, HIV-2, SIVsmm and SIVmac Nefs, however the effect size can vary significantly 

between different nef alleles (Collette et al., 2000; Rudolph et al., 2009; Sauter et al., 

2015). Importantly, these Nef functions (except for Lck relocalisation, discussed below) 

have not been tested for the panel of nef alleles used in this thesis and further 

experiments are required to test this. Moreover, it cannot be excluded that Nef is 

interacting with a yet unidentified host cell factor, which could potentially account for 

differences in viral phenotypes observed here. Indeed, recent study showed that HIV-1 

Nef promotes viral spread even in the absence of SERINC5/3 restriction or CD4 

downmodulation (Wu et al., 2019), which hints that Nef has another yet unknown 

function. We cannot exclude the possibility that ILD and LFN Nef viruses have additional 
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different mutations in the viral NL4.3 backbone that were introduced during the cloning 

process by our collaborators in the Kirchhoff lab. Additional mutations in Env or Gag (or 

elsewhere in the genome) could potentially explain observed differences in Env 

expression and virus budding (independent of CD3-modulation) and full-length genome 

sequencing is required to exclude this possibility.   

 

Retained CD3 expression on SIVmac LFN virus infected cells resulted in increased 

expression of CD69 and S6 phosphorylation during cell-cell spread, indicating increased 

T cell activation. This is consistent with SIVsmm Nef data and supports the hypothesis 

that VS formation triggers TCR signalling and cell activation during cell-cell spread in 

CD3-dependent manner. However, SIVsmm Nef viruses also showed CD3 dependent 

differences in expression of CD38 and PD-1, which was not observed in this Chapter. 

SIVmac showed high expression of CD38 and PD-1 regardless of CD3 downmodulation. 

This again shows that SIVmac Nef viruses are different compared to SIVsmm and may 

manipulate host cell factors in a different manner. 

 

Consistent with increased cell activation as measured by expression of CD69 and 

phospho-S6, LFN Nef virus (retained CD3 expression) showed increased LTR-driven 

GFP expression, which might indicate increased viral gene expression. However, Gag 

mRNA and protein expression was similar between ILD and LFN Nef viruses and (as 

described earlier) LFN virus showed reduced expression of Env. Here we see a great 

disconnect between cell activation and viral gene (or GFP reporter) expression, which 

was not observed for SIVsmm Nef chimeric viruses and reasons for this remain hard to 

speculate.  

 

Investigation of TCR signalling at the VS showed phosphorylation of ZAP70, ERK, AKT 

and S6 in infected donor-target cell conjugates, indication activation of TCR signalling. 

This is consistent with results in Chapter 3 using SIVsmm Nef viruses and previous 

observations showing triggering of TCR signalling at the VS (Len et al., 2017). 

Interestingly, ILD Nef virus, which downmodulates CD3, showed equally high levels of 

phosphorylation of ZAP70, ERK, AKT and S6 compared to LFN or NL4.3 Nef viruses 

(retained CD3 expression), which is surprising given the central role of CD3 in TCR 

signalling. This might suggest that CD3 expression is dispensable for TCR signalling 

activation at the VS of SIVmac Nef virus infected cells and reasons for this are unclear. 
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It is possible that SIVmac Nef is enhancing cell signalling in a different way (such as 

manipulation of Src-family kinases or modulation of NF-kB signalling as described 

above) so the effect of CD3 modulation is lost. This is inconsistent with SIVsmm data 

(Chapter 3), which showed that retained CD3 expression resulted in increased 

phosphorylation of ERK and S6 at the VS. Whether other cellular factors might contribute 

to the signalling activation remains to be investigated. Importantly, SIVmac ILD Nef virus 

does not completely downmodulate CD3 (≈20% CD3+ infected cells), thus it is possible 

that CD3-expressing infected cells preferentially form VS, which would skew the results. 

Further experiments using imaging flow cytometry (ImageStream) may help to dissect 

the role of CD3 expression and recruitment to the VS. Observing CD3-independent 

differences in TCR signalling is also inconsistent with increased cell activation as 

measured by CD69 and phospho-S6 expression in LFN Nef virus infected cells (retained 

CD3 expression) during cell-cell spread. Since signalling at the VS was independent of 

CD3 modulation it remains to be investigated how the retained CD3 expression results 

in increased cell activation later during cell-cell spread. Lck kinase is crucial for TCR 

signalling (Dustin & Depoil, 2011) and it has been shown that lentiviral Nef proteins bind 

to Lck and cause its relocalisation to the TGN, which was proposed to modulate T cell 

signalling and activation (Haller et al., 2007; Pan et al., 2012; Rudolph et al., 2009). 

Immunofluorescence analysis showed similar patterns of Lck relocalisation by SIVmac 

and SIVsmm Nef viruses irrespective of their CD3 downmodulation ability. This result 

suggested that observed differences in TCR signalling between the viruses are not due 

to differential Lck relocalisation. However, more quantitative analysis and using multiple 

PBMC donors is required to fully confirm there is no difference in Nef interaction with 

Lck. Moreover, Nef also interacts with other Src-family kinases (Hck, Lyn, Fyn) and  

PAK-2 to modulate cell signalling and activation (Collette et al., 2000; Olivieri et al., 2011; 

Saksela et al., 1995). It remains to be investigated whether SIVsmm and SIVmac Nefs 

used in this thesis have similar ability to interact with these kinases and how this might 

impact on TCR signalling.  

 

A recent study (Joas et al., 2020) by our collaborator Frank Kirchhoff also showed no 

differences in viral spread of SIVmac ILD and LFN Nef chimeric viruses (same constructs 

as used in this thesis), which further confirms that SIVmac Nef mutant viruses spread 

equally well, regardless of their ability to downmodulate CD3. Joas et al. (2020) used a 

similar in vitro long-term spreading infection system using human primary CD4+ T cells 

as described in Figure 4.4F, which showed similar results, thus further validating 

observations in this Chapter. The second part of their study (Joas et al., 2020) described 
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in vivo infection of rhesus macaques infected with full-length SIVmac239 virus containing 

ILD or LFN mutations in nef gene. Viral replication was similar between ILD and LFN Nef 

viruses (irrespective of their CD3 downmodulation ability) in the acute phase of infection, 

which is consistent with in vitro observations using Nef chimeric viruses. However, 

retained CD3 expression by LFN Nef resulted in increased immune activation as 

measured by proinflammatory gene expression and cytokine secretion. Subsequently, 

some of the animals infected with LFN Nef virus (retained CD3 expression) showed 

reversions in the nef gene, mutating back to WT Nef able to downmodulate CD3. In the 

absence of nef reversions animals presented with attenuated course of infection and 

improved immune control of viral replication. These observations suggest that while 

SIVmac Nef CD3 downmodulation ability might be dispensable for viral replication 

directly, it is crucial for efficient immune evasion. 

 

As observed for SIVmac Nef viruses, cell-cell spread of HIV-2 Nef chimeric viruses also 

does not correlate with CD3 expression on infected cells and viruses that downmodulate 

CD3 (D8 and A8 I Nef) spread equally well as viruses with retained CD3 expression (D8 

and A8 T Nef, NL4.3 Nef). Consistent with this observation, HIV-2 Nef chimeric viruses 

showed similar levels of virus release and similar virion infectivity regardless of their 

ability to downmodulate CD3, which likely explains no differences in viral spread 

observed for these viruses. Notably, retained CD3 expression by SIVsmm, SIVmac and 

HIV-2 Nef viruses resulted in different effects on virion infectivity. For SIVsmm and 

SIVmac Nef viruses this was mapped to differences in Env expression and virion 

incorporation; however, this was not measured for HIV-2 Nef viruses. Given that all  

HIV-2 Nef viruses showed similar virion infectivity, it is likely that Env expression and 

virion incorporation will also be similar for these viruses. Retained CD3 expression on 

HIV-2 D8 and A8 T virus infected cells resulted in increased expression of CD69 during 

cell-cell spread, suggesting increased cell activation. This is consistent with SIVsmm and 

SIVmac data; however, the analysis of activation marker expression was not extensive 

and it cannot be excluded that other differences may arise. By contrast to SIVsmm and 

SIVmac data, HIV-2 Nef chimeric viruses did not show any CD3-dependent differences 

in Gag or GFP expression during cell-cell spread. This does not correlate with increased 

expression of CD69 in D8 and A8 T Nef virus infected cells (retained CD3 expression), 

suggesting that T cell activation might not impact on viral gene expression of HIV-2 Nef 

viruses; however, the analysis of HIV-2 Nef chimeric viruses was limited (since they 

showed no differences in viral spread or virion infectivity), thus further experiments are 
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required (as done in Chapter 3) to better define the relationship between CD3 

downmodulation, cell activation and viral gene expression for HIV-2 Nef chimeric viruses.  

 

Given the differences in viral spread, viral gene expression and T cell activation between 

nef alleles from the three lentiviral lineages tested here, a unifying mechanism that could 

explain all observations cannot be proposed. However, the data suggests that there are 

additional determinants in Nef (in addition to CD3 downmodulation) that impact on viral 

replication and T cell activation. Despite the main structural and functional motifs being 

conserved between the nef alleles, there are many changes in the amino acid sequence 

(Figure 4.1), which could affect Nef function. The C-terminal flexible loop, which contains 

the ExxxLL motif and is important for Nef interaction with cellular endocytic machinery 

(Munch et al., 2005), shows multiple differences between the nef alleles. However, given 

that all Nef chimeric viruses showed similar downmodulation ability of the major Nef 

targets, substitutions in this region unlikely explain the differences between the nef 

alleles observed here. Similarly, the unstructured N-terminal region (between the N-

terminus and the PxxP motif) shows many differences (Figure 4.1); however this region 

is not well characterised and its role in Nef function remains poorly defined (Ananth et 

al., 2019; Fackler et al., 2006; Kirchhoff et al., 2004; Manrique et al., 2017; Munch et al., 

2005). Future work making Nef chimers (e.g. swapping SIVsmm and SIVmac N-terminal 

regions of Nef) could help to establish whether differences between the nef alleles can 

be mapped to a particular region in Nef and thus help to identify the additional Nef 

determinants that impact on viral replication. It is important to note that naturally 

occurring SIVsmm causes a non-pathogenic infection in sooty mangebeys, whereas 

zoonotic transmissions to give SIVmac and HIV-2 result in pathogenic infections in 

rhesus macaques and humans (although HIV-2 is only moderately pathogenic in humans 

compared to HIV-1) (Gao et al., 1994; Frank Kirchhoff, 2009; Marlink et al., 1994; 

Murphey-Corb et al., 1986; Sodora et al., 2009). The adaptation of SIVsmm to a new 

host (macaques and humans) might have necessitated changes in Nef to better support 

viral replication in face of CD3 downmodulation. This is consistent with observations in 

this Chapter showing that SIVmac and HIV-2 viruses which downmodulate CD3 spread 

equally well as viruses that retain CD3 expression.  
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5 Conclusions and future work  

5.1 Summary  

The Nef protein of HIV-2 and most SIV lineages downmodulates the surface expression 

of CD3 - the signalling component of the TCR complex (Schindler et al., 2006). As 

described earlier, it was shown that CD3 downmodulation impairs signalling at the 

immunological synapse (Arhel et al., 2009) and may therefore interfere with antiviral 

responses and prevent aberrant immune activation during in vivo infection (Silvestri et 

al., 2003b; Sodora et al., 2009; Sumpter et al., 2007). However, this function of Nef was 

lost twice during the primate lentiviral evolution, most recently in the SIVcpz lineage that 

gave rise to the pandemic HIV-1 (Schindler et al., 2006). The reason why HIV-1 does 

not employ this potential immune evasion strategy remained poorly understood. It was 

previously shown that HIV-1 activates TCR/CD3 signalling during the VS formation and 

cell-cell spread, thus supporting more efficient viral spread (Len et al., 2017). Therefore, 

it was hypothesised that loss of Nef-mediated CD3 downmodulation in infected cells 

would result in triggering of TCR signalling and T cell activation during cell-cell spread, 

thus resulting in enhanced viral spread. Indeed, data in Chapter 3 showed that retained 

CD3 expression by SIVsmm Nef chimeric viruses is associated with increased viral 

replication and spread. Retained CD3 expression was associated with increased T cell 

activation and Env expression, resulting in increased viral infectivity, thus likely 

explaining enhanced viral spread. These observations provide a plausible explanation 

why the CD3 downmodulation ability of Nef was lost in HIV-1 lineage. In another words, 

retained CD3 expression on infected cells provides a replicative advantage for the virus. 

It is possible to speculate that SIVcpz and HIV-1 upon zoonotic transmissions to 

chimpanzees and humans required viral adaptations to enhance viral spread in the new 

host, possibly at the expense of additional means of immune evasion. 

 

By contrast to SIVsmm Nef chimeric viruses, data in Chapter 4 shows that SIVmac and 

HIV-2 Nef chimeric viruses spread equally well, regardless of their ability to 

downmodulate CD3. This suggests that SIVmac and HIV-2 Nef proteins may have an 

additional ability to enhance viral spread, thus overriding the negative effect of CD3 

downmodulation seen in SIVsmm Nef viruses. Further investigation is required to 

uncover the mechanism of CD3-independent enhancement of viral spread. Notably, 

SIVmac and HIV-2 transmitted from sooty mangabeys (SIVsmm) and are thus infections 

of non-natural hosts, macaques and humans. It is therefore plausible to speculate that 

additional changes in Nef may have occurred during adaptation of these viruses to a 
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new host that supported better viral replication, despite CD3 downmodulation. To explore 

this further and to better understand the impact of zoonotic transmissions on Nef function 

it would be interesting to observe the effect of CD3 downmodulation in the ancestral 

SIVcpz Nef or in Nefs from other SIV lineages. Given that both SIVcpz and HIV-1 do not 

downregulate CD3 and considering the evolutionary relationship, one may speculate that 

SIVcpz Nef engineered to downregulate may also show reduced cell-cell spread, but this 

is a hypothesis that will require further testing. Likewise, Nef proteins from other SIV 

lineages that are natural infections, like SIVsmm, may behave in a similar way and show 

reduced cell-cell spread compared to Nef mutant viruses that retain CD3 expression.  

 

5.2 Relationship between Vpu and Nef function  

Interestingly, the loss of Nef-mediated CD3 downmodulation in the lentiviral evolution 

appeared to coincide with acquisition of vpu gene. As described in detail in Chapter 1, 

one major function of Vpu is downmodulation of the host restriction factor tetherin, thus 

enhancing release of nascent virions from the cell surface (Neil et al., 2008; van Damme 

et al., 2008), but also preventing tetherin-mediated activation of NF-kB signalling (Galão 

et al., 2012). Another major function of Vpu is direct inhibition of NF-kB signalling by 

stabilising IkB and preventing NF-kB nuclear translocation and thus limiting interferon 

and ISG induction and innate immune responses (Akari et al., 2001; Langer et al., 2019; 

Sauter et al., 2015). Notably, lentiviruses that lack vpu gene have been shown to use 

Nef-mediated CD3 downmodulation as a strategy to prevent TCR signalling and 

consequently downstream NF-kB activation and thus limiting innate immune responses 

(Hotter et al., 2017; Schindler et al., 2006). This suggests that lentiviruses need a 

strategy to antagonise NF-kB activation and shows that viruses have evolved different 

mechanism and different accessory proteins to achieve this.  

 

Vpu is only found in SIVcpz/HIV-1 lineage and in the lineage infecting closely related 

Cercopithecus monkeys: greater spot-nosed (SIVgsn), moustached (SIVmus) and mona 

(SIVmon) monkeys (Bibollet-Ruche et al., 2004). The origin of vpu gene is unclear, but 

phylogenetic analysis suggested that it was acquired by an early ancestor of 

SIVgsn/mus/mon lineage (Bailes et al., 2003). Since Nef proteins of closely related 

SIVdeb and SIVsyk (infecting DeBrazza and Sykes’ monkeys) have the ability to 

downmodulate CD3, it was suggested that this ancestor of SIVgsn/mus/mon also had 

CD3 downmodulation ability, which was then lost upon acquisition of vpu gene (Frank 



222 
 

Kirchhoff, 2009). Phylogenetic analysis of pol, env and nef genes suggested that late 

ancestor of SIVgsn/mus/mon (containing Vpu and lacking CD3 downmodulation) 

recombined with the ancestor of SIVrcm (infecting red-capped mangebeys) to give an 

early ancestor of SIVcpz (Bailes et al., 2003). SIVcpz Nef is closely related to SIVrcm 

Nef, which is able to downmodulate CD3, therefore it was suggested that this early 

SIVcpz ancestor was able to downmodulate CD3 and that this ability was lost upon 

acquisition of vpu gene (after the recombination with SIVgsn/mus/mon) (Schindler et al., 

2006). This was therefore the second loss of Nef-mediated CD3 downmodulation in 

lentiviral evolution.  

 

Nef proteins from most SIV lineages are able to downmodulate tetherin in their 

respective hosts; however, SIVgsn/mon/mus Nefs are inactive in tetherin antagonism 

and instead use Vpu to downmodulate tetherin (Sauter et al., 2009; Zhang et al., 2009). 

Upon transmission to chimpanzees, SIVcpz Vpu was unable to antagonise chimpanzee 

tetherin, but instead SIVcpz evolved to use Nef to downmodulate tetherin (Sauter et al., 

2009; Zhang et al., 2009). Upon subsequent transmission to humans, HIV-1 Nef protein 

was inactive against human tetherin, because of a short deletion in the cytoplasmic tail, 

which conferred resistance to Nef-mediated downmodulation (Zhang et al., 2009).  

HIV-1 M group thus evolved Vpu to antagonise tetherin (Neil et al., 2008; van Damme et 

al., 2008), and HIV-1 O group (despite having Vpu) evolved Nef to overcome human 

tetherin resistance (Kluge et al., 2014). By contrast HIV-2 (transmitted from SIVsmm) 

evolved Env to antagonise human tetherin (Heusinger et al., 2018; le Tortorec & Neil, 

2009). This shows that tetherin antagonism is species-specific and while the mechanism 

of antagonism varies, this function is conserved in lentiviruses and thus suggest it is 

highly important for the virus.  

   

Activation of NF-kB is necessary for efficient viral transcription as lentiviruses usually 

contain multiple NF-kB binding sites (Burnett et al., 2009; Williams et al., 2007). Thus, it 

was postulated that keeping both Vpu and Nef-mediated CD3 downmodulation (both 

preventing NF-kB activation) would result in poor viral replication. Therefore, it is 

possible to hypothesise that acquisition of Vpu necessitated or facilitated the loss of Nef-

mediated CD3 downmodulation. Data in Chapter 3 are consistent with this hypothesis. 

Retained CD3 expression by SIVsmm Nef viruses resulted in increased T cell activation 

and viral gene expression, resulting in enhanced viral spread. These data therefore may 

help to explain why CD3 downmodulation was lost in HIV-1 lineage. For example, the 
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virus needs to balance cell activation for NF-kB-dependent proviral transcription with 

suppression of antiviral responses. As such, HIV-1 evolved to target NF-kB via Vpu 

instead of CD3 downmodulation, thus ensuring sufficient viral spread while supressing 

immune activation; however, further experiments are required to better understand the 

relationship between Vpu and Nef function. Since Vpu functions of tetherin and NF-kB 

antagonism are genetically separable (Sauter et al., 2015), it would be interesting to 

observe whether CD3 downmodulation results in improved viral spread in viruses that 

are specifically defective for Vpu-mediated NF-kB antagonism. 

 

As mentioned above, activation of NF-kB is required for efficient viral replication; 

however, it can also result in expression of ISGs, resulting in innate immune response 

activation, thus inhibiting viral replication (Langer et al., 2019; Sauter et al., 2015). This 

suggests that lentiviruses need at least one strategy to antagonise NF-kB signalling to 

avoid innate immune responses, whether indirectly via Nef-mediated CD3 

downmodulation or directly via Vpu. This is further exemplified by SIVolc and SIVcol 

(infecting olive colobus (olc) and guereza colobus (col) monkeys), which lack both Nef-

mediated CD3 downmodulation and a vpu gene, but instead use Vpr to directly 

antagonise NF-kB signalling in a manner similar to Vpu (Hotter et al., 2017). However, 

new evidence is emerging that lentiviruses use additional mechanisms to antagonise 

NF-kB signalling. First, HIV-2 uses Vpx to target p65 subunit of NF-kB for degradation 

(Landsberg et al., 2018). This raises a question whether also other Vpx-containing 

viruses (i.e. SIVsmm, SIVmac, SIVrcm) use this mechanism to antagonise NF-kB and 

this remains to be investigated. Second, HIV-1 (which contains a vpu gene) also uses 

Vpr to inhibit NF-kB signalling, possibly by preventing its nuclear translocation (Khan et 

al., 2020). Taken together, this shows that the evolutionary relationships between 

lentiviral accessory protein function are highly complex and likely extend beyond the 

correlation between lack of Nef-mediated CD3 downmodulation and presence of a vpu 

gene. Lentiviruses need to finely balance the activation of NF-kB signalling to ensure 

optimal viral replication and as such have evolved several strategies to achieve this. 

 

5.3 CD3, immune activation and viral pathogenicity  

SIV infections in natural hosts are usually non-pathogenic and do not cause AIDS-like 

disease (Chahroudi et al., 2012; Kaur et al., 1998; Sumpter et al., 2007). While there are 

many possibilities for why the interplay between virus and host may have different 
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outcomes in different species, it has been proposed that this might be due to Nef-

mediated CD3 downmodulation preventing aberrant immune activation in infected 

animals and thus mediating low pathogenicity of these viruses (Milush et al., 2007; 

Schmökel et al., 2013). However, sufficient evidence for low pathogenicity only exists for 

SIVsmm and SIVagm (infecting African green monkeys), which do not show CD4+ T cell 

depletion and do not develop disease despite high levels of viral replication (Silvestri et 

al., 2003b; Sodora et al., 2009). SIV infections in other monkey species have not been 

well studied, thus a clear link between CD3 downmodulation and lack of disease cannot 

be established. For example, it would be interesting to observe whether 

SIVgsn/mus/mon (which lack CD3 downmodulation ability) cause the disease in infected 

animals. 

 

As described in Chapter 3, rare cases have been reported where loss of Nef-mediated 

CD3 downmodulation occurred in SIVsmm infected sooty mangabeys. This resulted in 

CD4+ T cell depletion and moderate immune activation; however, infected animals 

maintained relatively high viral loads and did not develop disease (Milush et al., 2007; 

Schindler et al., 2008; Schmökel et al., 2013). This might suggest that CD3 

downmodulation in SIVsmm infection is not a crucial strategy to evade immune 

responses and further investigation is required to confirm this. Loss of Nef-mediated CD3 

modulation also coincided with expanded Env co-receptor tropism, thus a direct link 

between retained CD3 expression and CD4+ T cell depletion could not be established 

(Schmökel et al., 2013). However, data in Chapter 3 showing that retained CD3 

expression on infected cells resulted in increased T cell activation and cell death is 

consistent with these in vivo observations. Notably, loss of CD4+ T cells in sooty 

mangabeys did not result in AIDS-like disease, which was attributed to presence of 

functional double negative (CD4-CD8- ) T helper cells (Milush et al., 2011; 

Sundaravaradan et al., 2013). Additionally, sooty mangabeys have been identified with 

low CCR5 co-receptor expression on memory T cells, defective TLR4 signalling and 

absence of ICAM-2 expression, which have been suggested to contribute to low 

pathogenicity of SIVsmm infection (Paiardini et al., 2011; Palesch et al., 2018). Like 

sooty mangabeys, African green monkeys also show certain level of adaptation to SIV 

infection. Low CD4 expression on memory T cells and presence of functional double-

negative (CD4-CD8-) T helper cells have been suggested to have a protective role in 

SIVagm infection (Beaumier et al., 2009; Vinton et al., 2011). Infection with chimeric 

SIVagm that contained HIV-1 Nef (no CD3 downmodulation) and SIVgsn Vpu (to 

antagonise tetherin and NF-kB activation) showed increased levels of T cell activation 
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and inflammatory gene expression compared to WT virus that is able to downmodulate 

CD3 (Joas et al., 2018), consistent with protective role of CD3 downmodulation against 

aberrant immune activation. However, these viruses showed similar levels of viral 

replication and did not cause T cell depletion or disease, which suggest host factor 

adaptation that is protective against viral pathogenicity. Taken together, examination of 

SIVsmm and SIVagm infections indicates high level of host adaptation and perhaps 

suggests co-evolution between the virus and the host that prevents host pathology while 

maintaining sufficient viral replication. Furthermore, these observations argue that low 

pathogenicity of SIVsmm and SIVagm may not be simply due to Nef-mediated CD3 

downmodulation, but instead may be related to specific host factors and unique features 

of the immune systems of sooty manganbeys and African green monkeys.   

 

Unlike SIVsmm and SIVagm, SIVcpz and HIV-1 cause chronic immune activation, CD4+ 

T cell depletion and disease in chimpanzees and humans (Brenchley et al., 2006; Keele 

et al., 2009; Moir et al., 2011). As explained above, these viruses originated from 

zoonotic transmissions into non-natural hosts, and it has been suggested that the lack 

of virus-host adaptation may explain the high virulence and pathogenecity of these 

viruses. Interestingly, HIV-2 infection can cause disease in humans; however, it is 

generally considered less pathogenic compared to HIV-1, demonstrated by reduced viral 

loads, lower transmission rates and slower disease progression where the majority of 

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

1994; Nyamweya et al., 2013; Olesen et al., 2018; van der Loeff et al., 2010). HIV-2 Nef 

is able to downmodulate CD3 and this has been shown to have a protective role against 

CD4+ T cell depletion and aberrant immune activation (Khalid et al., 2012), but clearly it 

does not protect against disease progression in all infected individuals (Feldmann et al., 

2009; Jaffar et al., 1997). Taken together, observations form in vivo infections of 

SIVsmm, SIVagm and HIV-2 suggest that CD3 downmodulation seems to be an 

important mechanism helping to reduce T cell activation and thus preventing aberrant 

immune activation. Data in this thesis showing that retained CD3 expression results in 

increased T cell activation is consistent with these observations. By contrast, CD3 

downmodulation ability and its importance in reduced viral pathogenicity and efficient 

immune evasion is different in different viruses and host species. This illustrates highly 

complex interplay between the viral genes and between virus and host that remains 

incompletely understood. It is difficult to extrapolate in vitro data to in vivo observations; 

however, data in this thesis suggests that loss of Nef-mediated CD3 downmodulation in 

the HIV-1 lineage (and its SIVcpz ancestor) was beneficial for the virus to increase viral 
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replication, and thus selected for even at the expense of increased pathogenicity and 

less effective immune evasion. 

 

5.4 Future directions 

Data in Chapter 3 showed that increased Env expression and virion incorporation was 

the main factor mediating increased virion infectivity and viral spread. Moreover, retained 

CD3 expression resulted in faster kinetics of Env trafficking between the plasma 

membrane and the intracellular compartments. Previous work has shown that Env 

recycling through the TGN or endosomal recycling compartment (ERC) is important for 

Env virion incorporation (Groppelli et al., 2014; Kirschman et al., 2018). Questions that 

rise include the following: Does retained CD3 expression result in trafficking of Env 

through different intracellular compartments (TGN vs ERC)? Are there differences in 

trafficking to lysosomal compartment that would affect Env surface expression levels and 

consequently virion incorporation? Performing immunofluorescence microscopy co-

localisation analysis would help to answer these questions. Another possibility is that 

retained CD3 expression (and signalling activation) results in more Env being recruited 

to the VS, which would also help to explain increased Env virion incorporation. 

Microscopy analysis of VS formation in Chapter 3 did not reveal any gross differences in 

Env levels at the VS; however, higher resolution and more quantitative imaging may help 

to address this question. Further analysis of CD3-dependent differences in Env 

localisation and trafficking would also help to increase our understanding of HIV-1 Env 

trafficking and virion incorporation in general. Moreover, whether Env directly interacts 

with CD3, which could impact on Env surface expression, could be explored further given 

that previous reports have suggested this interaction (Luo et al., 2016; Yakovian et al., 

2018). Although my data showing increased Env internalisation in presence of CD3 

expression argues against this hypothesis, more definitive experiments (such as co-

immunoprecipitation or FRET) are required to determine whether there is direct Env-

CD3 interaction.  

 

Whether the effect of CD3 modulation on Env expression and virion incorporation is 

specific to the lab-adapted CXCR4-tropic NL4.3 strain remains to be tested. In light of 

this, can similar results be observed using a different Env or a different backbone 

altogether, particularly one of a primary CCR5-tropic viral isolate? Previous reports have 

also showed that HIV-1 transmitted founder viruses have higher Env incorporation and 

virion infectivity compared to chronic control viruses (Parrish et al., 2013). Thus, it would 
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also be interesting to observe whether there is different effect of CD3 modulation on 

transmitted founder compared to chronic control viruses. Furthermore, using chimeric 

viruses with CCR5 tropism would also help to answer the question whether observed 

differences in cell death were specific to CXCR4 tropism as was suggested in the original 

in vivo study that identified the SIVsmm nef alleles used in this thesis (Schmökel et al., 

2013).  

 

As described earlier in this Chapter, there might be a link between Nef and Vpu function 

in modulating NF-kB activation. Importantly, NF-kB activation was not measured in this 

thesis. Further experiments measuring phosphorylation or nuclear translocation of 

NF-kB would help to better understand the role of CD3 modulation on NF-kB activation 

during cell-cell spread. Another option is to create Nef chimeric viruses with Vpu mutants 

(R45K) specifically defective for NF-kB antagonism (Langer et al., 2019; Pickering et al., 

2014) and measure viral spread and gene expression. Does CD3 downmodulation in 

R45K Vpu mutant result in enhanced viral spread? Does retained CD3 expression in 

R45K Vpu mutant result in innate immune response that inhibits viral spread? These 

experiments would thus help to better understand the relationship between Nef and Vpu 

function.  

 

Data in Chapter 4 showed that SIVmac and HIV-2 Nef chimeric viruses spread equally 

well, regardless of their ability to downmodulate CD3. Is there another yet unknown 

function of Nef that contributes to enhanced viral spread? Indeed, a recent study 

suggested that Nef might have another previously unidentified function as it promotes 

viral spread even in the absence of SERINC restriction or CD4 downmodulation (Wu et 

al., 2019). Nef sequence analysis showed multiple differences between SIVsmm, 

SIVmac and HIV-2 Nefs, particularly in the poorly defined, unstructured N-terminal 

region. Making chimeric Nef constructs (e.g. swapping N-terminal domains) would help 

to map the differences between Nefs to a particular region in Nef. Further experiments 

could thus identify a particular sequence motif or a potential interaction with a host cell 

factor that would explain enhanced viral spread in face of CD3 downmodulation. Nef 

interaction with Src-family kinases, PAK2 and NF-kB stimulation have also been shown 

to affect T cell activation and viral spread (Collette et al., 2000; Fortin et al., 2004; Olivieri 

et al., 2011; Rudolph et al., 2009; Sauter et al., 2015). Therefore, further experiments 

are required to test these activities in the panel of Nef viruses used in this thesis. This 
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could also help to understand why there was no difference observed in TCR signalling 

between SIVmac Nef viruses.  

 

SIVmac Nef chimeric viruses also showed an unusual phenotype in virus budding and 

Env expression compared to SIVsmm Nef viruses. Retained CD3 expression resulted in 

increased virus budding and further experiments are required to determine what factors 

mediate increased virus budding. Is there more Gag localised at the plasma membrane? 

Is it dependent on the activity of ESCRT machinery? Does CD3 downmodulation 

indirectly affect tetherin expression? Retained CD3 expression also resulted in 

decreased Env expression and virion infectivity. Is there a difference in Env 

internalisation and recycling? What is the effect of CD3 KD or stimulation of infected cells 

on Env expression? Performing these experiments (as described in Chapter 3) would 

thus help to better understand the relationship between CD3 expression, cell activation 

and Env expression in cell infected with SIVmac Nef chimeric viruses.  

 

5.5 Final remarks 

Lentiviruses have evolved in different hosts, and under different selective pressures, to 

support efficient replication and dissemination, while balancing this with the need to 

modulate the host environment towards immune evasion. To this end, lentiviruses have 

acquired and evolved different accessory genes to manipulate their host and increase 

viral fitness. Here I have explored the role of one such accessory protein: Nef and its 

ability to modulate surface expression of CD3, a key feature that differs amongst 

pandemic HIV-1 lineage and its ancestors. Collectively, the data in this thesis has 

highlighted the plasticity between different lentiviruses in Nef activity and reveals the 

evolution of multiple pathways available for these viruses to support efficient spread 

between T cells. While the interplay between virus and host is complex, this work 

highlights the value of comparative virology as an endeavour to gain new insight into the 

biology of HIV-1 and to inform our understanding into the evolution of an important 

human pathogen.   
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