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Abstract 
The human innate immune system has evolved to recognise and target invading 

pathogens. As hosts evolve anti-pathogen defences, so pathogens evolve strategies to 

evade or antagonise these systems. Primate lentiviruses encode accessory proteins, 

such as viral protein x (Vpx), that modulate host immune responses to enhance 

replication. Vpx antagonises lentivirus restriction factor SAMHD1. More recently Vpx has 

been shown to antagonise the HUSH complex, which represses proviral DNA 

transcription through chromatin remodelling. Epigenetic silencing has long been 

understood as an anti-retroviral strategy. The majority of the human genome is 

constituted from genetic code derived from endogenised retroviruses or retroelements.  

 

Despite the apparent advantage of counteracting SAMHD1 and HUSH, HIV-1 does not 

encode a specific antagonist. This is unlike HIV-2/SIVsm lineage viruses which encode 

Vpx to do this. Recent studies demonstrate that dysregulation of heterochromatin leads 

to production of retroelement-derived RNA and DNA which trigger IFN signalling. In 

myeloid cells, I find that Vpx enhances interferon-sensitive gene (ISG) expression in a 

similar manner during DNA sensing of SIVsm, and transfected DNA, independently of 

SAMHD1 antagonism. Vpx de-represses retroelements which are transcriptionally 

activated by factors downstream of DNA sensing. Depletion of HUSH by shRNA 

phenocopies this synchronous upregulation of ISGs and retroelements. ISG expression 

enhanced by Vpx is significantly dependent on MAVS-dependent RNA sensing. These 

data suggest that during infection Vpx causes expression of retroelement-derived 

pathogen-associated molecular patterns (PAMPs) to enhance IFN and ISG expression. 

This suggests that epigenetic control of retroelements form a fundamental amplification 

mechanism during IFN signalling. In vivo, we suggest that HIV-2/SIVsm viruses have 

evolved to replicate in T cells where DNA sensing is likely less active and there is no 

induction of de-repressed retroelements and ISGs. HIV-1 evades DNA sensing 

altogether and replicates in both myeloid and T cell niches which may contribute to its 

pandemicity.  
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Impact statement 
Interferon (IFN)-mediated innate immune responses are fundamental host defences 

against a staggering diversity of invading pathogens. Basic understanding of the host-

pathogen immunobiology that underpins lentiviral infection can be extrapolated to other 

viruses besides bacterial, fungal and protozoal organisms that interact with these same 

host pathways. These pathogens include many of global importance, such as 

Mycobacterium tuberculosis. Better understanding of the immunobiology underpinning 

these diseases may drive translational diagnostic and therapeutic innovations for a 

diverse array of pathologies.  

  

Beyond infection, innate immunity is fundamental to cancer pathophysiology: both 

evasion and enhancement of innate immune responses have been implicated in cancer 

progression across a diversity of malignancies in different cell types. Clearly, basic 

understanding of innate signalling networks will better inform our understanding of 

malignancy. Characterising the intersection of IFN signalling pathways and 

retroelements may help define so-called ‘inflammatory tumours’ leading to tailored 

chemotherapy based on ex vivo analysis of tumours from individual patients. Necessarily 

understanding of these pro-inflammatory networks may also lead to new anti-cancer 

treatment strategies.  

 

The field of gene therapy is built around vectors derived from lentiviral genomes. 

Understanding of the physiology of transgenes will fundamentally enhance gene therapy 

efficacy and safety. In particular, understanding of the HUSH complex and associated 

epigenetic regulatory mechanisms may prove transformative for these technologies. 

Modulation of epigenetic pathways may be one strategy to enhance production of gene 

therapy vectors. However we must also be cognisant that dysregulation of epigenetic 

silencing may have deleterious implications in terms of activation of innate immunity. The 

long-term consequences of such a phenomenon are not well understood and my data 

suggest this warrants careful investigation. 

 

More broadly, basic understanding of the physiology of endogenous retroelements and 

epigenetic regulation may have implications for many other aspects of human biology. 

Endogenous retroelements have long been considered non-functional fossils in human 

somatic cells. But retroelement sequences represent the dominant contents of our 

genome. Advances in transcriptomic and epi-transcriptomic analyses of these transcripts 

would allow examination of retroelements across human genetics. There is almost no 

limit to the aspects of health and disease that could be enhanced by improved 

understanding of retroelements and their regulation in human somatic cells.  
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RTI  RT inhibitor 

RTC   Reverse transcription complex 

SAMHD1  Sterile α motif and HD domain-containing protein 1 

SDM   Site directed mutagenesis 

SDS   Sodium dodecyl sulphate 
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SETDB1 SET-domain bifurcated 1 

SG-PERT SYBR Green I-based qPCR-based product-enhanced RT 

SINE  Short interspersed elements 

SIV   Simian Immunodeficiency Virus 

SM  Sooty mangabey 

Sp   Spacer peptide 

SPARCS Stimulated 3 prime anti-sense retroviral coding sequences 

SPVL  Set-point viral load 

SR   Serine/arginine-rich 

SSC-H  Side scatter height 

STING  Stimulator of IFN genes 

SVA  SINE-R/VNTR/Alu-like retroelements 

SV40   Simian Virus 40 

TAD  Transcription activation domain 

TAE   Tris acetate EDTA 

TAK-1   Tumour growth factor-β activated kinase 1 

TAR   Transactivation responsive region 

TASOR Transgene activation suppressor 

Tat   Trans-activator of transcription 

TBK1  TANK-binding kinase 1 

TCMs  Central memory T cells 

TCR   T cell receptor 

TDF  Tenofovir disoproxil fumarate 

TE   Transposable element 

TEMED  Tetramethylethylenediamine 

T/F  Transmitter/founder clone 

TLR  Toll-like receptor 

Tm   Melting temperature 

TNFα   Tumour necrosis factor α 

TNPO3  Transportin 3, a.k.a. TRN-SR2 

TREX1  Three prime repair exonuclease 1 

TRIM   Tripartite motif 

TSD  Target site duplication 

UTR   Untranslated region 

V3   Variable loop 3 

Vif   Viral infectivity factor 

VL  Viral load 

VLP   Virus-like particle 
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VNTR  Variable number tandem repeats 

Vpr   Viral protein r 

Vpu   Viral protein u 

Vpx   Viral protein x 

VS   Virological synapse 

VSV   Vesicular stomatitis virus 

VSV-G  VSV G envelope protein 

WHO   World Health Organisation 

WT   Wild type 

ZFP  Zinc-finger protein 

ZNF  Zinc-finger protein 

Ψ   HIV-1 packaging signal 
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1 Chapter 1: Introduction 

1.1 Origins of retroviruses and retroelements 

1.1.1 Discovery of human retroviruses 

In 1980, only weeks prior to publication of his article documenting the first human 

retrovirus, human T-lymphotropic virus type 1 (HTLV-1), which had been isolated from a 

patient with lymphoma, Robert Gallo received a rejection letter for the same submission 

from the Journal of Virology:  “there is little point in perpetuating this controversy about 

the ‘presumed viral nature of this material’ ” (Poiesz et al., 1980; Gallo, 2015). Only six 

months after this sentence was penned, devastating refutation of the editor’s dogma was 

found in human form: in June 1981 the first documented cases of an immunodeficiency 

syndrome, what would later be termed AIDS, were described in five patients receiving 

treatment for Pneumocystis pneumonia (PCP) (Centers for Disease Control (CDC), 

1981). By 1983, a retrovirus was isolated from a person at high risk of AIDS for the first 

time: HIV-1 had been discovered (Barre-Sinoussi et al., 1983). In little over a decade, 

human retroviruses had transposed from science fiction to overwhelming real-world 

science fact accounting for more than 35 million lives (‘WHO | HIV/AIDS’, 2018).  

 

The scepticism that surrounded the early reports of human retroviruses belies the 

“conceptual and technical tools” of retrovirology that already existed by the late 1970s 

(Gallo and Montagnier, 2003). Derived from the Latin word for poison, Martinus 

Beijerinck had coined the term ‘virus’ for the non-bacterial filterable pathogen first 

identified by Dmitri Ivanosky as the cause of tobacco mosaic disease in 1892 (Iwanowski, 

1892). In the first decade of the twentieth century, filterable oncogenic agents were 

identified in chickens and in 1936 the first transmissible mammalian malignancy was 

discovered in mice (Rous, 1911; Bittner, 1936). By 1960 Howard Temin had proposed 

the provirus hypothesis that RNA viruses produced inheritable genetic changes to cells, 

a direct and heretical affront to what Temin called the “central dogma of molecular 

biology” that genetic information is transferred from DNA to RNA to protein (Temin, 1963, 

1976). Ten years later Temin’s group and that of his former summer-camp student David 

Baltimore separately discovered reverse transcriptase (RT) as an RNA-dependent DNA 

polymerase in 1970 (Baltimore, 1970; Temin and Mizutani, 1970). By 1987 apotheosis 

of this biology was realised in one of the great success stories of translational medicine: 

anti-retroviral therapy (ART), which prevents HIV-1 transmission and now offers normal 

life expectancy to people living with HIV-1 (Coffin and Fan, 2016). It is salutary to 

remember how recently one of humanity’s great discoveries was antithetical and 

unpalatable.  



 23 

1.1.2 Classification of reverse-transcribing viruses  

The International Committee on Taxonomy of Viruses (ICTV) traditionally classified 

reverse-transcribing viruses into five families: Caulimoviridae, Hepadnaviridae, 

Metaviridae, Pseudoviridae and Retroviridae. Recently, the Hepadnaviridae family 

(including hepatitis B virus) was removed from this classification on the basis of distinct 

replication and structural features and the Belpaoviridae family added to create a unified 

order of viruses that reverse-transcribe, intended to reflect the shared origins of these 

viruses: Ortevirales (Krupovic et al., 2018). The infection cycles, nucleic acid 

requirements, genomes, and virion morphologies of these viruses are very diverse to the 

point that reverse-transcribing viruses are distributed between two Baltimore classes of 

viruses. Belpaoviruses, metaviruses, pseudoviruses (better known as Bel-Pao, Ty3-

gypsy-like, and Ty1-copia-like elements), and retroviruses typically encapsidate single-

stranded RNA (ssRNA) genomes and integrate into host genomes (Baltimore class VI). 

In contrast, members of the families Caulimovirdiae and Hepadnaviridae, often referred 

to as pararetroviruses, package circular double-stranded DNA (dsDNA) genomes and 

do not actively integrate into host chromosomes (Baltimore class VII). 

 

Retroviruses encompass a large family of enveloped RNA viruses. Their classification is 

defined by various structural and replication features. All retroviruses are parasites of 

DNA- based organisms: the family hallmark is its replicative strategy whereby reverse 

transcription of viral RNA produces linear double-stranded DNA which integrates into the 

host genome (Coffin, Hughes and Varmus, 1997). Reverse transcription and integration 

result in a provirus comprising identical long-terminal repeats (LTRs) with the viral genes 

arrayed between them. LTRs contain the primary promoter and regulatory elements for 

provirus expression, as well as the cis-acting motifs required for integration. An informal 

taxonomy is often used to divide retroviruses into two classes based on their genome: 

‘simple’ retroviruses contain only gag, pol and env genes between the 5’ and 3’ LTRs; 

‘complex’ retroviruses contain additional non-structural genes (Weiss, 1996). Four 

principle genera of ‘simple’ retroviruses are known: alpha, beta, gamma and epsilon 

retroviruses. While three genera of ‘complex’ retroviruses have been described:  

deltaviruses (previously oncoviruses, including HTLV), spumaviruses (often called 

foamyviruses) and lentiviruses (Fig. 1.1). These genera of retroviruses can also be 

organised into a formal classification of two Retroviridae subfamilies: Spumaretroviriniae 

and Orthoretrovirinae (encompassing all retrovirus genera except spumaviruses) (King 

et al., 2018).  
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1.1.3 Classification of lentiviruses 

The etymology of lentivirus (from Latin lentus ‘slow’) relates to the slowly progressive 

pathobiology of infection by these viruses (Clements and Zink, 1996). Five serogroups 

of lentiviruses are known which reflect their natural vertebrate hosts: caprine, equine, 

feline, ovine and primate. A range of factors distinguish lentiviruses from other 

retroviruses, in particular their morphology (cylindrical or cone-shaped core in the mature 

virion) and their complement of ‘complex’ regulatory and accessory genes (Clements 

and Zink, 1996). Unlike other lentiviruses, primate lentiviruses, both human 

immunodeficiency viruses (HIV) and simian immunodeficiency viruses (SIV) exhibit 

strong tropism for CD4+ cells (including lymphocytes and macrophages) (Clements and 

Payne, 1994).  

 

The integrated genome of HIV-1, or provirus, is 9.7Kbp in length (Muesing et al., 1985). 

Adjacent to flanking LTR regions are unique untranslated regions U5 and U3. Besides 

structural (gag, pol and env) and regulatory genes (tat and rev), HIV-1 contains four 

accessory genes: vpu, vpr, vif and nef. HIV-2 and related SIVs share this genomic 

organization but possess vpx and no vpu (Telesnitsky, 2010). The 9 open reading frames 

(ORFs) of HIVs encode for 15 proteins. The gag gene encodes for a polyprotein, p55, 

which is processed into matrix (MA, p17), capsid (CA, p24), nucleocapsid (NC, p7), p6 

and spacer peptides 1 and 2 (sp1, sp2) by the viral protease during maturation. Pol 

encodes the enzymes reverse transcriptase, protease and integrase. Pol is produced as 

a Gag-Pol which is processed by the viral protease (Jacks et al., 1988). Env encodes 

the polyprotein gp160 which is cleaved by the cellular protease, furin, into gp120 and 

gp41 (Hallenberger et al., 1992). 

 

1.1.4 Discovery of endogenous retroviruses  

Exogenous retroviruses typically infect somatic tissues and the integrated provirus exists 

as part of the host genome for as long as the infected cell survives. When retrovirus 

integration occurs in a germ cell (such as a gamete or an early embryo), the integrated 

provirus can be vertically inherited as a host allele. Upon entering the host gene pool in 

this way, a provirus may be referred to as an endogenous retrovirus (ERV) and is fated 

for either loss or fixation depending on random genetic drift and natural selection 

potentially over millions of years of vertebrate evolution (Johnson, 2019). Thus retroviral 

sequences may persist in animal genomes for millions of years beyond the extinction of 

the original exogenous retrovirus which has led to the frequent description of ERVs as 

molecular ‘fossils’. Differences in frequency and distribution of diverse ERVs is not 

explained but may reflect factors relating to the process or probability of endogenisation.  
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In 1967, before elucidation of reverse transcriptase, Robin Weiss first applied the term 

‘endogenous’ to viruses by reporting that viral proteins could still be detected from 

chicken cells transformed by a replication incompetent oncogenic virus (Weiss, 1967, 

1969, 2006). In parallel, Payne and Chubb demonstrated that Gag-related antigen was 

inherited as a dominant Mendelian gene in crosses between Gag-positive and Gag-

negative inbred lines of chicken (Payne and Chubb, 1968). The term endogenous was 

used to emphasise that provirus was already present in the avian genome prior to 

infection by an invading exogenous virus. Studies of other endogenous viruses existing 

in mammalian genomes soon followed: murine leukaemia virus (MLV) and other 

gammatretroviruses were shown to be inheritable (Weiss, 2006). Numerous ERVs were 

identified in vertebrate hosts mostly using low-stringency hybridization or PCR 

strategies designed to amplify conserved viral sequences (Stoye, 2012). But the true 

prevalence of ERVs in vertebrate genomes has only been fully appreciated with whole 

genome sequencing and increasingly sophisticated in silico methods for ERV 

excavation. More than 8% of the human genome is recognisably derived from 

retroviruses compared to only 3% of the genome dedicated to protein-coding genes 

(Lander et al., 2001).  

 

Comparative genomic studies suggest that homologous ERV sequences are present at 

the same genomic locus in multiple species genomes. Although retroviral integration is 

not random, it is not site-specific. As such these ERV loci were likely generated prior to 

species divergence. For example, in higher primates, most integration events occurred 

after the separation between New World monkeys and Old World monkeys but before 

the split between Old World monkeys and hominoids around 30–45 million years ago 

(Gifford et al., 2018).  

 

1.1.5 Classification of endogenous retroviruses  

The taxonomy of ERVs remains controversial and confusing, and complicates their 

study. There is currently no consensus phylogenetic taxonomy that classifies ERVs. One 

common classification approach depends on pol sequence similarity of ERVs to extant 

exogenous counterparts. Under such a system, human ERVs (HERVs) have been 

divided into three classes named Class I to III for Gammaretrovirus-like, Betaretrovirus-

like and Spumaretrovirus-like elements (Jern, Sperber and Blomberg, 2005). However, 

the majority of HERVs fall outside the diversity defined by exogenous isolates (Fig. 1.1) 

(Hayward, Cornwallis and Jern, 2015). The number of unique ERV lineages extracted 

from genome data now exceeds the number of distinct retroviruses that have been 

classified by the ICTV (Gifford et al., 2018). As a consequence many HERVs have 



 26 

become known by names assigned within transposable element (TE) classification 

systems. 

 

ERVs and exogenous retroviruses share a complex evolutionary relationship with LTR 

retrotransposons. LTR retrotransposons are mostly considered to be elements that 

have evolved to propagate intracellularly by reverse transcription and reinsert into 

host cell DNA predominantly in germline cells (Johnson, 2019). They retain LTRs 

flanking an internal coding region but unlike retroviruses, LTR retrotransposons lack 

any genomic evidence, past or present, of an extracellular virion phase. Ancient 

lineages of LTR retrotransposons, Belpaoviridae (Bel/Pao), Metaviridae (Ty3-gypsy-

like elements) and Pseudoviridae (Ty1/Copia), share genomic, structural and 

mechanistic features with retroviruses and are classified in the same Ortevirales 

order. Complexity of classification arises from the fact that over millennia, ERVs, through 

accumulation of inactivating substitutions, deletions and insertions that prohibit an 

extracellular lifecycle, are often informally described as transforming into LTR 

retrotransposons. This appears to be the most common natural history of HERVs: there 

are no known infectious, replication-competent HERVs unlike in other mammals, which 

means extant HERVs rely on vertical transmission through the germ line for propagation 

(Stocking and Kozak, 2008; Stoye, 2012). Despite this, some so-called ‘defective’ 

HERVs do still have a gag ORF that encodes both capsid and matrix functions, and often 

an env gene (Hayward, 2017). Conceptually at least, HERVs are genetic loci whose 

ultimate origins trace back to exogenously replicating retroviruses, regardless of 

whether they retain the capacity to express infectious virions. Although extant loci are 

not thought to undergo active retrotransposition, HERV-K is the only lineage of ERVs 

for which there is evidence supporting replication within humans in the past few million 

years since HERV-K  insertions exhibit polymorphism in the human population 

(Wildschutte et al., 2016).  

 

Many early studies used non-standardised and, in some cases, directly competing 

approaches, to sub-classify HERVs (Stoye, 2012). This has obfuscated HERV function 

further. Many names given to HERV loci tell us more about their history of discovery than 

any underlying biology (Gifford et al., 2018). Originally HERV names were given 

haphazardly to the most closely related exogenous retrovirus or according to the probes 

used against human genomic libraries derived from animal proviruses: MERV or 

MuERV, in reference to sequences in the human genome, implies the sequences were 

originally found in murine genomes (Weiss, 2006). HERVs have also been classified 

according to the tRNA that binds to the viral primer binding site (PBS) to prime reverse 

transcription: HERV-K refers to any provirus or ERV lineage that uses a lysine tRNA 
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(Cohen and Larsson, 1988). This was later shown to be misleading with the availability 

of larger sequence datasets, as not all elements under the HERV-K group even have the 

same PBS sequence (Lavie et al., 2004). In other cases, HERVs are labelled simply 

according to nearby non-ERV genes (such as HERV-ADP) or amino acid motifs (such 

as ERV-FRD) or cytogenetic designations (such as HERV-K 11q22) (Stoye, 2012).  

 

 
Figure 2.1. Schematic phylogeny for a unified ERV and retrovirus taxonomy.  
The top two brackets indicate taxonomic groupings. The ‘clade’ level reflects three major 

divergences in orthoretroviral reverse transcriptase genes. Seven officially recognised 

genera are shown as coloured goblets at phylogeny tips. Three placeholder groups are 

shown: Spumavirus-related (S), Gammaretrovirus/Epsilonretrovirus-related (GE), 

and Alpharetrovirus/Betaretrovirus-related (AB). Placeholder groups (indicated by 

coloured squares) are reserved for ERVs that do not group within the diversity of 

established genera. Examples of such ERVs are indicated, shown emerging from each 

of their parent groups. Adapted from Gifford et al. (2018) (Gifford et al., 2018). 
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1.1.6 Discovery of transposable elements 

In the late 1940s, before concepts of reverse transcription were articulated, Barbara 

McClintock proposed the existence of mobile elements of DNA: DNA sequences capable 

of changing their position within a genome, that would come to be known as transposons 

or TEs. After decades of cytogenetic studies of maize McClintock described how a 

chromosome-breaking ‘mutable locus’ could change position within a chromosome and 

how site of insertion of the mobile element could reversibly alter expression of other 

genes (McClintock, 1950). The initial profound rejection of the significance of 

transposons for human genetics is reminiscent of the discovery of human retroviruses. 

And the same bioinformatic revolution that elucidated the pervasiveness of ERVs in the 

human genome has delivered even more staggering statistics for TEs: TEs make up 

more than 50% of the human genome (Lander et al., 2001). Besides diverse putative 

roles in past and present modulation of gene function, active transposition of TEs also 

accounts for significant interindividual genetic variation (Bourque et al., 2018). On 

average, any two human haploid genomes differ by more than one thousand TE 

insertions (Sudmant et al., 2015). The significance of this variation for human health and 

disease is unknown.  

 

1.1.7 Classification of transposable elements 

The classification system for TEs applies mechanistic rather than phylogenetic criteria, 

organizing TEs on the basis of the presence or absence of RNA as a transposition 

intermediate: class I is populated by RNA-intermediate retrotransposons and class II 

DNA transposons. Retrotransposons are divided into five so-called orders based on a 

range of features (Fig. 1.2): LTR retrotransposons, DIRS-like elements, Penelope-like 

elements, LINEs (long interspersed nuclear elements) and SINEs (short interspersed 

elements) (Wicker et al., 2007). ERVs are designated a ‘superfamily’ in the TE 

classification system within the ‘order’ of LTR retrotransposon class. The majority of LTR 

retrotransposons exist as solo-LTRs  produced by homologous recombination between 

5ʹ and 3ʹ LTRs. Solo-LTR formation deletes all internal sequences, including the viral 

genes (Copeland, Hutchison and Jenkins, 1983). Identification and classification of solo-

LTR sequences is made more challenging because LTRs are the most variable 

sequences in the retroviral genome, and there is little or no resemblance between the 

LTRs of retroviruses from different genera (Benachenhou et al., 2009, 2013). 

Consequently, solo-LTR annotations in genome-wide studies often depend on 

associations with previously known ERVs or retroviruses (Johnson, 2019). 

 

LINEs are a group of non-LTR retrotransposons and the most abundant TEs in 

mammals, constituting approximately 20% of the human genome (Lander et al., 2001). 
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Although nearly half of the human genome is composed of more than three million 

sequences derived from TEs, LINE-1 or L1 are thought to be the only active autonomous 

TE. Paradoxically for entities defined by their ability to transpose, almost all TEs, 

depending on the nature of accumulated mutations, are fixed in the human genome 

(Beck et al., 2010). Even for L1s, out of half a million human L1 elements fewer than 100 

copies, less than 0.1%, are thought to be intact and capable of retrotransposition. It has 

been suggested that within this limited number of active elements, as few as 6 “hot” 

retrotransposition-competent L1s account for the bulk of retrotransposition activity 

(Brouha et al., 2003). Intriguingly, active L1 elements are mostly specific to the human 

species and as such are often referred to as L1, L1HS or L1PA1 (p for primate), although 

were originally called ‘Ta’. As many as 16 so-called LINE families have been described 

but phylogenetic taxonomy is challenging (Boissinot and Sookdeo, 2016). A typical 

mammalian LINE contains a 5′UTR, two ORFs and a 3′UTR. Phylogenetic analyses are 

typically based on the most conserved region, ORF2; both 5’ and 3’ UTR sequences 

show little homology among mammalian species (Boissinot and Sookdeo, 2016). 

 

An intriguing aspect of L1 replication is the bidirectional nature of the internal L1 UTR 

promoter. Thousands of chimeric transcripts have been identified containing either L1 5’ 

or 3’ UTR sequences and upstream genomic sequences (Nigumann et al., 2002; 

Criscione et al., 2016). Many of these transcripts, encompassing expression of both 

coding and non-coding genes, are controlled by antisense promoters (ASPs) present in 

active L1s but also in ancient immobile L1s, incapable of retrotransposition (Faulkner et 

al., 2009). This suggests that the role of these elements in regulating human biology is 

potentially enormously diverse and not limited to effects mediated by their ability to 

actively retrotranspose. L1 transcription is initiated at the internal Pol II promoter within 

its 5’ UTR and the RNA is transported to the cytoplasm (Swergold, 1990). Translated L1-

encoded proteins, ORF1p (an RNA-binding protein) and ORF2p (encompassing both 

endonuclease and RT activity; Fig. 1.2), then act on the mRNA that encoded them, a 

process termed cis preference (Wei et al., 2001). The resultant ribonucleoprotein particle 

then re-enters the nucleus where L1 integration occurs by target-primed reverse 

transcription. This means that integration of the element involves cleavage of one strand 

of the target DNA and use of the exposed 3' hydroxyl group to prime the reverse 

transcription of L1 RNA transcript (Luan and Eickbush, 1995). Thus integration and 

reverse transcription are coupled for non-LTR retrotransposons. It is unclear how 

specific these chromosomal DNA targets may be.  

 

SINEs are also non-LTR transposons, but unlike LINEs they are non-autonomous (i.e. 

are not protein coding). They are highly repetitive elements, often found within protein-
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coding genes, and defined typically by their transcription by Pol III from an internal 

promoter. They rely on LINEs for trans RT function. SINEs consist of two or more 

modules namely head, body and tail. The 5’ head harbours the Pol III promoter, defines 

SINE ‘superfamilies’ and reveals their origin: tRNA, 7SL RNA and 5S RNA (Wicker et 

al., 2007). The largest SINE ‘superfamily’, most commonly termed Alu repeats owing to 

a common Alu I restriction site, are derived from 7SL RNA (also known as signal 

recognition particle RNA, 7SL RNA is involved in translation and protein trafficking) 

(Weiner, 1980). Remarkably, Alu repeats alone constitute more than 10% of the human 

genome (Lander et al., 2001). The body and tail are highly variable between SINE 

‘superfamilies’ and may mimic LINEs potentially as a strategy to hijack LINE RT (Goodier 

and Kazazian, 2008). Alu elements possess no termination signals for Pol III, therefore, 

the transcription of Alu can extend downstream into the flanking sequence until a 

terminator is reached (Comeaux et al., 2009).  

 

SINE-VNTR-Alu (SVA) elements are a group of composite non-autonomous 

retrotransposons that do not conform to TE taxonomy (Wicker et al., 2007; Rebollo, 

Romanish and Mager, 2012). SVA elements are found only in primates and are typically 

much larger than SINE. They are defined by 5’ hexamer (CCCTCT) repeats, an Alu-like 

region, a region of variable-number-tandem-repeats (VNTR), a HERV-K10-derived 

region, end in a poly A tail and are flanked by target site duplications (TSDs) (Ostertag 

et al., 2003). Target site duplication (TSD) is a common but not uniform feature of all 

classes of TEs. During insertion into the genome, typically short (<10bp) repeats of host 

DNA are duplicated and flank the integrated TEs. These sequences are thought to 

represent filling in of sticky ends caused from the staggered cut by TE enzymes (Wicker 

et al., 2007). The significance of TSD is unknown but these features can be used to help 

identify TEs during sequencing. SVAs appear to have no internal promoter, depending 

on flanking genes, but are likely to be transcribed by Pol II and the resultant RNA 

mobilized in trans by L1s (Ostertag et al., 2003).  

 

Many authors prefer the inclusive and pragmatic term ‘retroelement’ to encompass both 

exogenous retroviruses and all TEs that depend on RT for transposition, including LTR 

retrotransposons and ERVs, LINEs, SINEs and SVAs (Coffin, Hughes and Varmus, 

1997). The term ERV is useful to specifically signify phylogenetic origin of any genomic 

locus as an exogenous retrovirus. The term retroelement is also helpful for removing the 

allusion to transposition from these loci: it is clear that mRNA expression of these 

elements in human cells does not necessarily relate to an ability to move within the 

human genome (Johnson, 2019). 
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Figure 1.2. Class I transposable elements are retrotransposons of five distinct 
orders 
(a) Class I transposable elements are classified as retrotransposons or retroelements 

(REs) and are defined by their use of a reverse transcribed RNA intermediate. REs can 

be further subdivided into orders (for example, long terminal repeat (LTR), long 

interspersed nuclear element (LINE) and short interspersed nuclear element (SINE)) and 

superfamilies (for example, endogenous retrovirus (ERV), Copia and LINE-1), following 

the classification system proposed by Wicker et al (2007) (Wicker et al., 2007).  

(b) Pie chart shows the abundance and composition of REs in the genome of Homo 

sapiens (H.sapiens). The main active REs are shown: LINE-1, Alu and SVA. APE = 

apurinic endonuclease; DIRS = Dictyostelium intermediate repeat sequence; EN = 

endonuclease; ITR = inverted terminal repeat; ORF = open reading frame; PLE = 

Penelope-like element; RH = RNase H; RT = reverse transcriptase; RTE = 

retrotransposable element; SVA = an element formed of fragments of SINEs, variable 

number tandem repeats (VNTRs) and Alu elements; TR = terminal repeat (variable 

structure); YR = tyrosine recombinase.  

Adapted from Deniz et al (2019) (Deniz, Frost and Branco, 2019). 
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1.2 Origins and natural history of primate lentiviruses  

1.2.1 HIV-1 origins 

HIV is a zoonosis, like many other emerging infectious diseases with pandemic potential. 

However, its pathogenicity and global reach make HIV-1 unique among primate 

lentiviruses. Since the beginning of the HIV-1 pandemic, over 70 million people have 

been infected by HIV-1 and nearly half of these individuals have died (‘WHO | HIV/AIDS’, 

2018). Almost all of this morbidity and mortality is the consequence of a single 

transmission of a chimpanzee virus entering a human, most probably during the early 

part of the 20th century: HIV-1 M group virus that emerged from this event is responsible 

for pandemic HIV disease (Sharp and Hahn, 2011). There are four HIV-1 groups (M, N, 

O and P) each from a separate transmission event (Fig. 1.3). M and N originated in 

chimpanzees whilst O and P likely transmitted from Gorillas (De Leys et al., 1990; Gao 

et al., 1999; Plantier et al., 2009; Sharp and Hahn, 2011). N, O and P are found almost 

exclusively in central and west Africa and affect little over 200,000 individuals. There are 

nine subtypes of HIV-1 M group: A-K (‘WHO | HIV/AIDS’, 2018). Subtype C is 

predominant in Africa and accounts for approximately 50% of the global burden of 

disease. Subtype B is dominant in the Americas, Australia, and western Europe. The 

global proportion of recombinant subtypes is increasing and the greatest diversity of 

subtypes is found in the Cameroon and the Democratic Republic of Congo where the 

pandemic originated (Hemelaar et al., 2019).  
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Figure 1.3. Phylogeny of primate lentiviruses. 
Primate lentiviruses phylogenetic relationships of gag. Human lentiviruses, HIV-1 and 

HIV-2, are in red. Horizontal branch lengths are shown to scale. Scale bar represents 

0.3 amino acid replacements per site.  

 

1.2.2 HIV-2 origins 

HIV-2 is derived from SIVsm which infects sooty mangabey monkeys (SMs) which 

probably crossed into human populations for the first time before the 1940s (Gao et al., 

1992; Chen et al., 1996; Faria et al., 2012). A number of transmission routes have been 

suggested including from hunting of sooty mangabeys for meat or as pests, but also from 

domesticated monkeys kept as pets (Sharp and Hahn, 2011). Sooty mangabeys inhabit 

the coastal forests of west Africa from Senegal to the western border of the Ivory Coast 

which coincides with the geographical regions of highest HIV-2 prevalence. Since the 

first isolation of HIV-2 virus in 1986, nine distinct HIV-2 groups are known, classified as 

A-H and 07IC-TNP03, and one known circulating recombinant group, CRF01_AB (Fig. 

1.3) (Clavel et al., 1986; Visseaux et al., 2016).  

 

Unlike pandemic HIV-1, HIV-2 is almost exclusively restricted to west Africa where 

approximately 2 million people lived with the virus at its peak prevalence (Kanki et al., 

1992; De Cock et al., 1993). However, rigorous contemporary population-level 

Human lentiviruses are zoonoses

HIV-1 M Group 60M cases

HIV-1 N Group <20

HIV-1 O Group 100,000

HIV-2 G 1 case
HIV-2 D 1 case

HIV-2 E 1 case

HIV-1 P Group 2

HIV-2 C 1 case
HIV-2 F 2 cases
HIV-2 H 1 case

11 zoonoses
only

1 Pandemic

HIV-2 A/B 1M cases

HIV-1 M group

HIV-1 N group
HIV-1 P group
HIV-1 O group

HIV-2/SIVsm/SIVmac lineage
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epidemiology from all countries affected by HIV-2 is missing. Similarly to HIV-1 M 

amongst HIV-1 groups, only HIV-2 groups A and B are considered epidemic. Subtype A 

is predominant in western parts of west Africa (Senegal, Guinea-Bissau) (Damond et al., 

2001; Peeters, Toure-Kane and Nkengasong, 2003) and subtype B is more predominant 

in Ivory Coast (Pieniazek et al., 1999; Ishikawa et al., 2001). Non-epidemic groups C, G, 

and H have been linked to SIVsm strains from Ivory Coast, group D is most closely 

related to an SIVsm strain from Liberia, and groups E and F resemble SIVsm strains 

from Sierra Leone (Gao et al., 1992; Chen et al., 1996; Santiago et al., 2005). HIV-2 and 

SIVsm lineages are therefore described as being phylogenetically interspersed which 

means that each different HIV-2 subtype represents a discrete cross-species 

transmission event of SIVsm into the human population (Fig. 1.4) (Peeters, D’Arc and 

Delaporte, 2014). Although their sporadic nature suggests that HIV-2 lineages other than 

A and B groups represent ‘dead-end’ transmissions, in 2013 reports of new HIV-2 group 

07IC-TNP03 (TNP for Tai National Park, Ivory Coast) intimated that cross-species 

transmission of SIVsm to humans is ongoing in west Africa representing significant risk 

to public and global health. Blood samples were analysed from rural southwestern Ivory 

Coast where hunting of non-human primates remains common. Amplification and 

sequencing of available DNA samples from individuals with positive HIV-2 serology 

identified HIV-2 07IC-TNP03 in an 8 year old boy. Whole provirus genome sequencing 

of the novel isolate and phylogenetic analyses suggest a complex genetic structure that 

does not clearly segregate with any known HIV-2 group (Ayouba et al., 2013). The 

authors proposed that the 07IC-TNP03 isolate was the consequence of transmission of 

a recombinant SIVsm strain given the high rates of SIVsm diversity in the wild. Despite 

the continuing zoonotic risk, particularly in rural areas, most contemporary HIV-2 

surveillance data report declining prevalence (Olesen et al., 2018).  
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Figure 1.4. Geographical distribution of SIVsm and the historical range of sooty 
mangabeys 
A maximum likelihood phylogenetic tree including all available overlapping gag SIVsm 

strains (black branches) and one strain per HIV-2 group (red branches). The grey and 

red lines connect the terminal branches in the phylogeny representing SIVsm strains and 

HIV-2 groups to the locations in West Africa where these have been discovered. The 

dates represent the sampling year of the first available strains for each HIV-2 group up 

to 2014. Scale bar represents 0.06 amino acid replacements per site. Adapted from 

Encyclopedia of AIDS (2018) (Hope, Richman and Stevenson, 2018). 
 

1.2.3 SIV origins 

Natural SIV infection has only been identified in African primate species. Various  

methodologies suggest widespread presence of SIVs in African non-human primates 

from at least 2000 years ago (Sharp et al., 2000). On the continent of Africa today, SIV 

infection is pervasive with serological evidence in at least 45 African non-human primate 

species (Peeters, D’Arc and Delaporte, 2014). SIVs are each named with a lower case 

letter code derived from the common name of the corresponding non-human primate 

species e.g. SIVrcm for SIVs from red-capped mangabey. Most primate species are 

infected by a species-specific SIV which forms monophyletic lineages in phylogenetic 
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trees. This suggests that transmission between non-human primate species is relatively 

rare. There have been recombination events between each of the different major 

lineages which complicate the SIV phylogeny: the position a virus takes in an 

evolutionary tree varies depends on the genomic region which is analysed. SIVrcm, 

SIVmnd2 and SIVgsn all show discordant phylogenies indicating that both cross species 

transmission and subsequent co-infection with divergent strains have occurred. Most SIV 

transmission is horizontal, between adults, and routes depend on the behaviours of 

different species but biting and other oral exposures, and sexual contact are likely 

predominant (Ansari and Silvestri, 2014). In general, information on the natural history 

of SIV infection in natural hosts in the wild is very scarce owing to logistical challenges. 

As such longitudinal data of SIV infection are from studies of captive hosts and 

predominantly of only three species (African Green Monkeys (AGM), SMs and mandrills) 

(Pandrea and Apetrei, 2010). Definitive conclusions about the pathogenicity of SIVs in 

their natural hosts requires large-scale long-term follow-up in the wild.  

 

1.2.3.1 SIVcpz transmission and natural history in vivo 

Transmission of SIV to chimpanzees likely occurred during chimpanzee hunting of other 

monkeys. Phylogenetic analyses suggest that SIVcpz is the result of a recombination 

between SIVrcm and a clade of SIVs from Cercopithecus species (the greater spot 

nosed, moustached and mona monkeys) (Gao et al., 1999; Bailes, 2003). It was initially 

believed that SIVcpz was non-pathogenic in their natural hosts but longitudinal studies 

using faecal sampling have showed that SIVcpz infection is associated with excess 

mortality and reduced fertility (Keele et al., 2009). AIDS-like syndromes have been 

identified in chimpanzees post mortem and opportunistic infections in live animals with 

low CD4+ T cell counts (Etienne et al., 2011).  

 

1.2.3.2 SIVsm transmission and natural history in vivo 

SIVsm is endemic to many wild-living SM populations and prevalence typically exceeds 

50% (Santiago et al., 2005). Unlike HIV-1 in particular, sexual SIVsm transmission is not 

thought to be the dominant route of transmission in wild-living SMs. Vertical transmission 

is also thought to be rare based on phylogenetic analyses of wild-living communities. 

Oral transmission routes, related to grooming and biting, may be more common 

(Ruprecht et al., 1999; Raehtz, Pandrea and Apetrei, 2016). Necessarily this may mean 

that SIVsm is adapted to different transmission selection pressures compared to HIV-1. 

High levels of genetic diversity of SIVsm isolates in single wild-living communities are 

suggestive of multiple recombination events over generations of primate cross-

transmission (Santiago et al., 2005). This is consistent with high rates of transmission 

between adult monkeys and chiefly non-lethal infection.  
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SIVsm infection is characterised by high levels of viraemia in natural hosts. Despite this, 

the vast majority of SMs are asymptomatic during SIVsm infection and have a normal 

life expectancy (Ansari and Silvestri, 2014). This is in fact typical for vertebrate lentiviral 

infection in other non-primate species. Logistical challenges reaching remote and mobile 

troops of primates mean there have been no population-level immunophenotyping 

studies of wild-living SIVsm. Our understanding of SIVsm virus-host interactions are 

based on small numbers of captive SMs. There is likely significant selection bias in the 

publication of cases of SIVsm-induced AIDS in captive SMs (sometimes termed simian 

AIDS, or SAIDS) (Pandrea et al., 2001; Milush et al., 2007). In these rare instances, 

immunodeficiency occurs decades after SIVsm acquisition and may not significantly 

reduce life expectancy. These cases may represent the impact of normal immune 

senescence on viral control. One small study has shown that in the absence of AIDS and 

with normal peripheral levels of CD4+ T cells, SIVsm does induce loss of gut CD4+ T 

cell populations within 7 days after experimentally-induced infection comparable to 

SIVmac infection of experimentally-infected macaques (Gordon et al., 2007). This 

depletion coincided with a short acute systemic immune response. The dose and nature 

of acquisition of SIVsm means these data must be interpreted with caution but do 

suggest that early post-transmission immune responses contribute to long-term 

tolerance of SIVsm. Unlike human lentiviral infection, immune activation is also absent 

during chronic SIVsm infection in captivity (Silvestri et al., 2003). This has been 

correlated with reduced myeloid compartment infection by SIVsm. In situ hybridisation 

analyses of lymph node histology in SIVsm-infected SMs suggest that SIVsm+ 

macrophages are rare compared to SIVmac-infected hosts in acute and chronic infection 

(Milush et al., 2007; Martinot et al., 2013). In vitro studies have also shown that myeloid 

cells are resistant to SIVsm spreading infection (Mir et al., 2015). The significance to 

pathogenesis is unclear but SIVsm is promiscuous in its use of co-receptors and the 

virus undergoes no switch in cell tropism during its natural history. Like human 

lentiviruses, SIVsm is largely CD4+-dependent for cell entry although in vitro evidence 

of CD4-independent cell entry has also been described.  

 

1.2.3.3 SIVmac origins, transmission and natural history in vivo 

In some sense, the first documented cases of AIDS were actually recorded in captive 

monkeys in the USA during the early 1970s, some 10 years prior to the first report of 

unexplained immunodeficiency in humans. An unprecedented outbreak of lymphoma 

was diagnosed in rhesus macaques in the Californian National Primate Centre (Stowell 

et al., 1971). Although speculation surrounding “immune defects” was articulated, no 

specific studies were instituted at the time. Survivor macaques with the indolent 
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lymphoma syndrome were subsequently moved to other primate research centres 

across the USA (Apetrei et al., 2005). After the discovery of HTLV, primate researchers 

had demonstrated that antibody from macaques with lymphoma reacted with HTLV-

membrane antigen (Homma et al., 1984). Soon after the discovery of HIV in 1983, 

SIVmac was isolated at the New England primate centre in 1984 (Daniel et al., 1985). 

Discovery of an AIDS-causing virus found in macaques was initially interpreted as 

evidence of a macaque reservoir for HIV. It soon became apparent that SIVmac was not 

present in wild macaques which are not native to Africa. 

 

SIVsm was subsequently isolated from captive SMs, and later wild SMs, ultimately 

leading to phylogenetic analyses demonstrating that SIVmac derived from a single 

SIVsm source from the Californian primate centre (Hirsch et al., 1989; Marx et al., 1991). 

SMs had been used by Carlton Gajdusek in the California primate centre as a model to 

study Kuru (a human prion disease) and macaques were used to serially passage tissue 

from kuru-tissue-inoculated SMs (Gajdusek and Gibbs, 1972; Apetrei et al., 2006). 

SIVsm had existed as a silent endemic infection in captive SMs but presumably large 

doses of the virus in tissue extracts led to cross-species transmission to captive 

macaques. Once SIV was introduced artificially into the captive macaque population, it 

is thought that transmission between macaques occurred through a range of routes 

related to co-habitation. The lymphoma outbreak in macaques housed at the California 

primate centre followed and movement of these monkeys around the USA disseminated 

SIVmac to most American primate centres. Serial passage of lymphoma tissue from 

infected macaques into uninfected captive monkeys, in the context of AIDS and other 

infectious disease research, generated viruses SIVmac251 (for rhesus macaque number 

251-79) and SIVmac239 (for rhesus macaque number 239-82) which are highly 

pathogenic for this species (Mansfield et al., 1995). These isolates remain central to 

SIVmac research today. Unlike SIVsm infection, the natural history of experimentally-

induced SIVmac infection of macaques mimics untreated human HIV-1 infection in broad 

terms. There are similarities between SIVmac and HIV-1 infection in terms of kinetics of 

viraemia and the vigorous, but ultimately ineffective, innate and adaptive immune 

responses that culminate in progressive immunodeficiency and death (Evans and 

Silvestri, 2013). One major advantage of the animal model of lentiviral infection is its 

utility for studying the earliest stages of infection, which cannot be studied in humans in 

vivo. A range of inoculation methodologies are used to infect macaques with SIVmac 

and the vaginal challenge models are the closest animal correlate to acute human 

infection. However, there are limitations relating to dosing and technical aspects of these 

iatrogenic approaches which are thought to limit generalisability of these studies for 

understanding transmission in humans (Veazey et al., 2012).  
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There are implications for comparative studies between SIVsm and SIVmac from the 

fascinating vignette about the origins of what remains the predominant animal model of 

HIV and AIDS. SIVmac is not a naturally occurring pathogen in macaques. The most 

commonly used strains of SIVmac used in HIV research were generated by serial 

intravenous passage. These strains, SIVmac251 in particular, were unusual at the time 

SIVsm was first introduced into the captive macaque population for their pathogenicity. 

The majority of macaques iatrogenically infected with SIVsm, or those that acquired early 

low passage SIVmac, were asymptomatic, much like wild SIVsm infection. Although an 

animal model for AIDS that phenocopies HIV-1 has significant utility, it is atypical for its 

virus lineage of viral protein x (Vpx)-encoding viruses. Inferences regarding the 

molecular virology and virus-host interactions of this primate lentivirus lineage may be 

limited compared to HIV-2 and SIVsm which evolved to transmit and replicate under very 

different selection pressures. 
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1.2.4 Transmission and natural history of HIV-1 and HIV-2 in vivo 

1.2.4.1 Transmission and primary infection 

The two epidemics of HIV in Africa have diverged radically in the last 30 years and this 

likely reflects differences in dominant transmission routes of HIV1 and HIV-2 over the 

course of the twentieth century. HIV-2 prevalence appeared to peak in the 1980s with 

an epicentre in Guinea-Bissau: approximately 20% of all adults aged over 40 were 

seropositive in rural Guinea-Bissau in 1987 (Poulsen et al., 1989). HIV-1 emerged from 

central Africa and reached global peak prevalence in 1997 with relatively constant 

incidence recorded in high prevalence regions since 2005 (Sharp and Hahn, 2011; Wang 

et al., 2016). The best available data, mostly from cross-sectional serosurveys in urban 

Guinea-Bissau and Senegal, suggest that HIV-2 prevalence is declining rapidly (De Cock 

et al., 1993; van der Loeff et al., 2006; da Silva et al., 2008; Månsson et al., 2009; Ekouevi 

et al., 2013; Olesen et al., 2018). A cross-sectional study from urban Guinea-Bissau 

reported that HIV-2 prevalence had halved from approximately 4 to 2%  between 2014 

and 2016 (Olesen et al., 2018). The reasons for this dramatic shift are unknown and 

understudied, but the decline may already have begun in the late 1980s and unlike 

control of HIV-1, HIV-2 regression probably preceded global and public health 

interventions (De Cock et al., 1993; Schmidt et al., 2008; Thushan I. de Silva et al., 2013). 

Although there is inter-country variance, HIV-2 seroprevalence is significantly stratified 

by age: cross-sectional studies conducted since the mid-1990s have found few HIV-2 

infected individuals under 25 years and a peak prevalence in groups aged over 60 years 

(Poulsen et al., 2000; Biague et al., 2010; Fryer et al., 2015; Olesen et al., 2018). Some 

commentators connect this observation with protracted civil wars across the region for 

much of the 1960s and 1970s (Poulsen et al., 2000). Although risk factors associated 

with these conflicts have not been rigorously delineated, exposure to contaminated blood 

products or hospital equipment, forced migration and altered sexual practices may have 

contributed to the HIV-2 epidemic before HIV-1 was circulating at high levels in the region 

(Lemey et al., 2003; Biague et al., 2010). Other epidemiology studies have associated 

HIV-2 infection with colonial programmes of parenteral treatments for tuberculosis and 

trypanosomiasis during the 1950s and 1960s (Pépin et al., 2006). These authors suggest 

that the early rapid dissemination of HIV-2 before the 1980s was driven by predominantly 

non-sexual risk factors, and disappearance of these factors explains the equally rapid 

decline in HIV-2 prevalence (Lemey et al., 2003). Phylogenetic analyses, limited by 

sample size and diversity, have not enhanced understanding of the epidemiology 

(Thushan I. de Silva et al., 2013). In urban west Africa, just as for HIV-1, sex workers 

have disproportionately high rates of HIV-2 infection compared to the general population 

and since the 1980s sexual transmission has likely represented the dominant route of 

HIV-2 transmission (Kanki et al., 1992; Thushan I. de Silva et al., 2013). Although direct 
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comparisons with rates of HIV-1 sexual transmission per exposure are problematic, the 

contrasting rise and fall in HIV-1 and HIV-2 incidence respectively since the 1980s, 

means that most authors infer lower infectivity of HIV-2 as a sexually transmitted 

pathogen (Kanki et al., 1994; da Silva et al., 2008). Vertical transmission of HIV-2 has 

been conclusively shown to be rare, unlike HIV-1. In the absence of ART, rates of vertical 

transmission are likely 30-fold lower during HIV-2 infection compared to HIV-1(Adjorlolo-

Johnson et al., 1994). Overall, HIV-1 appears to have adapted to transmit more efficiently 

between humans by both sexual and direct blood-to-blood exposures.   

 

The lower transmissibility of HIV-2 is attributed to low levels of viral replication in vivo.  

The prevalence of detectable viraemia in untreated populations living with HIV-2 may be 

as low as 29% (Matheron, 2008); in contrast, the absence of viraemia in patients living 

with HIV-1, so-called ‘elite controllers’, is extremely rare (Yang et al., 2017). Viral load is 

a major determinant of HIV-1 transmission by all routes (Blaser et al., 2014). It is 

estimated for HIV-1 that one log10 increment in HIV-1 RNA results in 100% greater risk 

of heterosexual transmission (Modjarrad, Chamot and Vermund, 2008). Such rigorous 

high-powered studies of the epidemiology of HIV-2 transmission are missing. When 

viraemic, cross-sectional studies uniformly demonstrate that populations with chronic 

HIV-2 infection have a lower median viral load compared to matched groups with 

untreated HIV-1 infection, typically by two orders of magnitude (Popper et al., 1999; 

Shanmugam et al., 2000; Alabi et al., 2003; MacNeil et al., 2007; Drylewicz et al., 2008; 

Esbjörnsson et al., 2019). HIV-1 viremia peaks during primary infection (typically defined 

as the first 6 months after HIV-1 acquisition) and it is thought that sexual transmission 

during this phase has been the major driver of HIV-1 pandemicity (Wawer et al., 2005; 

Brenner et al., 2007; Cohen et al., 2011; Powers et al., 2011; Blaser et al., 2014). There 

are only three published individual case reports of primary HIV-2 infection but authors 

have speculated that the presumed absence of high primary viraemia during HIV-2 

infection explains the lower rates of sexual transmission (Besnier et al., 1990; 

Christiansen et al., 1996; Andersson et al., 2000; Cazals et al., 2018). A lower rate of 

viral shedding and lower levels of viral RNA have also been demonstrated in both 

cervical and semen samples of people living with HIV-2 compared to those with HIV-1 

(Sankalé et al., 1998; Gottlieb et al., 2006). Low rates of perinatal transmission have also 

been attributed to low viral loads during HIV-2 infection compared with HIV-1 (Burgard 

et al., 2010).  

 

Symptoms during the first six months after HIV-1 acquisition, variably referred to as early 

or acute HIV-1 infection, are reported in as many as 90% of individuals, although often 

these are mild, recalled only in retrospect and are insufficiently severe to prompt medical 
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consultation (Braun et al., 2015; Robb et al., 2016). However, a systemic inflammatory 

response, sometimes labelled ‘acute retroviral syndrome’, manifesting as fever, 

lymphadenopathy, rash and muscle or joint pains are dominant features across studies 

of early HIV-1 infection, typically within the first 6 weeks post-acquisition (Daar et al., 

2001; Braun et al., 2015; Crowell et al., 2018). The precise virus-host interaction 

responsible for this early pathophysiology is uncertain. The primary cellular targets of 

both HIV-1 and HIV-2 remain unclear. In vitro, HIV-1 entry depends on cell expression 

of  CD4 and co-receptors CCR5 and/or CXCR4, which includes T cells and myeloid 

lineages. Ex vivo human samples of the same cell populations after chronic HIV-1 

infection, from blood, live and post-mortem tissue, accord with this (Sattentau and 

Stevenson, 2016). Almost all sexually acquired HIV-1 infections are established by 

CCR5-tropic strains (R5-tropic) (Deng et al., 1996; Margolis and Shattock, 2006). CD4+ 

T cells expressing the CCR5 co-receptor are abundant in cervical mucosa but are even 

more common in rectal tissue which correlates with increased rates virus transmission 

by anal intercourse (McKinnon and Kaul, 2012). One model of transmission, extrapolated 

from animal models, suggest that sentinel myeloid cells, which express CCR5, transit 

virus across mucosal surfaces to lymphoid tissue where T cells acquire virus for 

dissemination (Miller et al., 2005; Cohen et al., 2011; Sattentau and Stevenson, 2016). 

It is this interaction of HIV-1 with mucosal myeloid cells, including dendritic cells (DCs) 

and Langerhans cells (LCs), that is thought to be the source of the systemic IFN-

mediated inflammatory response that often characterises acute HIV-1 infection (Stacey 

et al., 2009). Evasion of or insusceptibility to this immune response may be fundamental 

to the success of HIV-1 as a sexually transmitted disease. During sexual transmission, 

HIV-1 infection is established by a single virus clone or small number of 

transmitter/founder (T/F) clones followed by exponential viral replication (Joseph et al., 

2015). This is not the case after intravenous transmission of HIV-1 where clonal diversity 

resembles chronic infection (Bar et al., 2010). Unlike the broad diversity of HIV-1 clones 

from chronically infected donors, T/F viruses are significantly less sensitive to interferon 

(IFN) and in particular resistant to interferon-induced transmembrane protein (IFITM) 

restriction (Fenton-May et al., 2013; Parrish et al., 2013; Kmiec et al., 2016; Toshana L 

Foster et al., 2016). It has been suggested that host immune responses define the 

mucosal transmission bottleneck for HIV-1 which may be IFN-mediated (Sumner et al., 

2017). Acute HIV-2 infection has simply not been studied in vivo. The absence of clinical, 

immunological or virological measurements during primary HIV-2 infection clearly limits 

meaningful comparisons with HIV-1.  
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1.2.4.2 Chronic infection 

After primary infection, HIV-1 viral load stabilises at a set point level that may have 

orders-of-magnitude variation between individuals ranging from undetectable, by 

contemporary assays, to many millions of copies (so-called set point viral load (SPVL)). 

This variation depends on both host genetics, adaptive and innate immune responses 

and virus genotype (de Wolf et al., 1997; Fraser et al., 2014). The reasons underlying 

the lower SPVL of HIV-2 compared to HIV-1 in vivo are not understood. Intriguingly, in a 

single cross-sectional study low levels of HIV-2 viremia in one community cohort 

correlated with variations in HIV-2 capsid that increased sensitivity to restriction factor 

TRIM5a (Onyango et al., 2010). However, there is no evidence of positive selection 

pressure on gag divergence in a cross-sectional analysis of viral sequences from a 

larger west African cohort (de Silva et al., 2018). In HIV-1 infection, SPVL is principally 

determined by virus-specific cytotoxic CD8+ T cell responses and neutralising antibodies 

(Streeck et al., 2009; Walker and McMichael, 2012). Immunophenotyping studies of HIV-

2 infection are mostly based on samples taken from patients years after HIV-2 

acquisition. Analyses of chronic infection may not reflect critical events involved in virus 

control during early infection. However, HIV-2 infected individuals exhibit persistent 

strong HIV-2 specific CD8+ and CD4+ T cell responses that depend on haemopoietic 

and thymic T cell renewal thought to be reduced during HIV-1 infection (Angin et al., 

2016). Gag-specific CD8+ T cell responses, which are relatively rare during HIV-1 

infection have also been correlated with aviraemia in HIV-2 (T. I. de Silva et al., 2013). 

In particular, the CD4+ T cell response seen during HIV-2 infection resemble the potent 

polyclonal CD4+ T cell responses detected in HIV-1 elite controllers (Rosenberg et al., 

1997; Duvall et al., 2006). By three months post-infection, individuals infected with HIV-

1 develop neutralising antibodies and this in turn selects for viral escape mutants 

(Richman et al., 2003). Even in the roughly 20% of patients that produce broadly 

neutralising antibodies, escape mutants mean that they confer little benefit to the patient 

(Walker et al., 2011; Liao et al., 2013). The majority of HIV-2-infected individuals produce 

broadly reactive, high-titre antibodies but these are also not thought to confer long-term 

protection (Kong et al., 2012; Makvandi-Nejad and Rowland-Jones, 2015). 

 

Once SPVL is reached, clinical latency is typical for both HIV-1 and HIV-2 infection. This 

use of the term latency describes the long asymptomatic period between acute, and 

often symptomatic, infection and the development of AIDS. Latency in the virological 

sense, is defined as a reversibly non-productive state of infection of individual cells and 

will be addressed in greater detail in section 1.3.2.7 (Siliciano and Greene, 2011). For 

HIV-1, viral latency is not necessary for persistence, as active viral replication occurs 

throughout the course of infection in untreated patients.  However, HIV-1 can establish 
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a state of latent infection at the level of individual cells and these sites of latent HIV-1 in 

vivo are termed the viral reservoir (Siliciano and Greene, 2011). The peripheral blood 

cell reservoirs of HIV-2 and HIV-1 differ significantly. Analysis of samples from HIV-2 

infected individuals found no HIV-2 DNA in peripheral monocytes and very limited HIV-

2 DNA was found in central memory T cell subsets (TCMs) (Samri et al., 2019). These 

two cell types represent key compartments for the HIV-1 reservoir (Siliciano and Greene, 

2011). This low level of HIV-2 DNA in TCMs correlates with data for SIVsm in SMs 

(Paiardini et al., 2011). Despite different reservoir sites, the preponderance of data 

suggest that, at least in peripheral blood mononuclear cells (PBMCs) isolated from HIV-

1 and HIV-2 infected individuals, total amount and percentage of integrated proviral HIV-

1 and HIV-2 DNA are very similar (MacNeil et al., 2007; Gottlieb et al., 2008). Non-

peripheral reservoirs of HIV-2 have not been rigorously examined. It is unknown if the 

differing sites of HIV-1 and HIV-2 viral reservoirs contribute to the radically different viral 

kinetics of the two viruses.  

 

Over years, progressive immune dysfunction caused by CD4+ T cell depletion is the 

hallmark of HIV-1 infection. Immunodeficiency is characterised by both T cell death and 

loss of effector function but surprisingly the mechanisms underlying these processes 

remain unclear (Trautmann et al., 2006). It is unknown whether it is infected cells 

themselves that die or if it is an effect on uninfected bystander cells that drives cell loss 

(Cooper et al., 2013; Gilad Doitsh et al., 2014; Doitsh and Greene, 2016). T cell 

compartments and subsets are not affected equally: early and massive loss of gut 

lymphoid tissue-resident CD4+ T cells, in particular Th17 subsets, and other cells 

implicated in bacterial defence may be lost entirely (Doitsh and Greene, 2016). In both 

humans and rhesus macaques, a combination of immune cell loss and increased 

mucosal permeability correlates with increased plasma levels of pro-inflammatory 

bacterial components like lipopolysaccharide (LPS) which activates Toll-like receptor 4 

(TLR4) leading to the production of cytokines interleukin-6 (IL-6) and TNFa (Brenchley 

et al., 2006). Other factors have also been shown to increase inflammation during chronic 

HIV infection: production of type I IFN owing to TLR7 and TLR8 activation, co-infection 

with CMV and dysregulation of T cell homeostasis with altered ratios of T helper 17 and 

regulatory T cells (Hsue et al., 2006; Meier et al., 2009; Prendergast et al., 2010). A 

range of plasma inflammatory markers remain elevated throughout chronic HIV-1 

infection even if ART is initiated within two weeks of presumed HIV-1 acquisition and 

controlling for lifestyle behaviours between control and HIV-infected groups (Hunt, 2017). 

Markers of innate immune activation, such as IL-6 and CXCL10 predominantly secreted 

by myeloid cells, dominate this pro-inflammatory milieu (Hunt, Lee and Siedner, 2016; 
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Hellmuth et al., 2019). These data may reflect ongoing viral replication on treatment (J 

Buzón et al., 2010).  

 

Without effective treatment, HIV-1 is almost uniformly fatal. A tiny minority of elite 

controllers (probably less than 0.1% of all HIV-infected individuals) have so far proven 

able to suppress HIV-1 replication in the absence of ART (Saag and Deeks, 2010). Most 

people living with HIV-1 off ART will be asymptomatic until peripheral CD4+ T cell counts 

fall below 200 cells/µl (Farizo et al., 1992; Hanson et al., 1995). This measurement in 

peripheral blood is estimated to reflect a fall by half from the normal total body supply of 

CD4+ T cells (Vidya Vijayan et al., 2017). The average time from HIV acquisition to 

symptomatic infection is approximately 8 to 10 years (Sabin and Lundgren, 2013). 

Despite symbolic significance to the HIV community, the term AIDS (acquired 

immunodeficiency syndrome) has become less important to clinical and research 

practice. The WHO classification of AIDS into 4 stages was intended as a research tool 

for early HIV epidemiology and has long been considered an insensitive measure of 

immunodeficiency and prognosis. The constellation of opportunistic infections and 

malignancies that define AIDS cannot be strictly organised into clinical stages and 

untreated HIV is a risk factor for these pathologies irrespective of immunological status. 

There is widely accepted dogma that HIV-2 infection is less pathogenic than HIV-1 

infection. However, HIV-2 infection is far from benign: untreated HIV-2 infection leads 

to AIDS and elevated mortality at all stages of immunosuppression (Holmgren et al., 

2007; van Tienen et al., 2011; Prince et al., 2014; Esbjörnsson et al., 2019). 

Pathogenicity in most studies is defined by interval between virus acquisition and onset 

of CD4+ T cell depletion and/or clinical AIDS, and rate of CD4+ T cell depletion. Data is 

almost exclusively based on cross-sectional or retrospective studies comparing clinical 

outcomes and/or CD4+ T cell counts. There is only one prospective study designed to 

compare clinical outcomes between men and women living with, mostly untreated, 

HIV-1 and HIV-2 mono-infection in the same population (Esbjörnsson et al., 2019). 

Over ten years of follow-up in this study, median duration of AIDS-free asymptomatic 

infection (14 years) and median survival (15 years) of the HIV-2 infected cohort from 

estimated date of HIV-2 acquisition, was nearly twice that for the HIV-1 infected cohort 

(Esbjörnsson et al., 2019). In the HIV-2-infected cohort, these clinical outcomes 

correlated with a slower decline in CD4+ T cell populations and higher CD4+ T cell 

percentages at the time of AIDS diagnosis. Importantly, with small cohorts and without 

commercially available HIV-2 RNA testing, most studies do not stratify analyses of HIV-

2 infected individuals according to viraemia. CD4+ T cell loss during HIV-2 infection is 

strongly associated with HIV-2 viraemia, particularly high viral loads: for each logarithmic 

increase in virus load in HIV-2-infected individuals, the rate of CD4+ T cell decrease is 
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similar to that in matched HIV-1-infected individuals (Gottlieb et al., 2002). Aviraemic 

individuals living with HIV-2 typically have well-preserved CD4+ T cell counts but 

individuals with unsuppressed virus, despite low viral loads compared to HIV-1 infection, 

may have comparable prognosis to HIV-1 infected individuals (Fig. 1.5) (Ariyoshi et al., 

2000). Just as for HIV-1, SPVL is a strong predictor of prognosis and disease 

progression, besides the major risk factor for transmission, in both HIV-1 and HIV-2 

infection (van der Loeff et al., 2010). Immune activation during HIV-2 infection also 

correlates with HIV-2 viremia (Leligdowicz et al., 2010). Despite lower viral loads, 

immune activation in viraemic HIV-2 patients may exceed matched HIV-1 infected 

individuals and immune activation is associated with CD4+ T cell depletion as with HIV-

1 (Sousa et al., 2002; Nyamweya et al., 2012; Hegedus et al., 2014).  

 

 
Figure 1.5. HIV-1 and HIV-2 viraemia are associated with poor prognosis 

Kaplan–Meier survival curves for individuals infected with HIV-1 or HIV-2 when stratified 

for viral load. HIV-2 VL = HIV-2 viral load measured in copies/ml.  

Adapted from Boswell and Rowland-Jones (2019) (Boswell and Rowland-Jones, 2019). 
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1.2.4.3 Dual infection 

Probably less than 1% of HIV-1 infected individuals are co-infected with HIV-2, which is 

often referred to as dual infection (Wilkins et al., 1993; da Silva et al., 2008; de Silva et 

al., 2010). Although clinical outcomes are more heterogenous than for mono-infected 

populations, mostly related to inter-individual variation in the relative timing of acquisition 

of the two viruses, the mortality rate for dual infected individuals is comparable to HIV-1 

mono-infected groups when adjusted for levels of immunodeficiency (Holmgren et al., 

2007; de Silva et al., 2010; Sørensen et al., 2016; Tchounga et al., 2016). Treatment 

failure is more common during dual infection. 

 

1.2.4.4 Treatment 

Life expectancy for people living with HIV-1 is now estimated to close to normal for 

individuals who suppress virus and recover CD4+ T cell counts on ART (Rodger et al., 

2013). Typically, treatment will combine two nucleoside reverse transcriptase inhibitors 

(NRTIs) with one non-NRTI third agent: a non-nucleoside reverse transcriptase inhibitor 

(NNRTI), protease inhibitor (PI) or integrase inhibitor (INI). Whilst these regimens reduce 

the plasma viral load to below the limit of detection in most people, CD4+ T cell number 

response to ART are more variable and limited CD4+ T cell recovery is associated with 

elevated risk of poor outcomes (Helleberg et al., 2012). Global and UK guidelines 

recommend all people infected with HIV-1 start ART based on improved mortality rates 

at every treatment phase analysed to date (Black and Regimen, 2015; Waters Chair, 

2016). Poor adherence increases the risk that viral replication will take place in the 

presence of therapy resulting in the selection of viruses resistant to low ineffective drug 

levels.  Currently, based on genotyping studies, more than 5% of  HIV-infected ART-

naïve individuals carry virus with mutations consistent with drug resistance in low 

prevalence settings, including western Europe (WHO, 2017). The precise clinical 

consequences of these genotyping data remain controversial.  

 

There are no randomised control trials for treatment of HIV-2 infection. The first non-

randomised ART trials for HIV-2 infection in west Africa have only commenced in the last 

five years (Ba et al., 2018). Treatment choices are largely extrapolated from HIV-1 

treatment protocols and very limited observational studies. From the very limited data 

available, protease inhibitors in particular are thought to have limited efficacy against 

HIV-2 in vivo and all treatment outcomes for viraemic HIV-2-infected individuals are 

worse than would be expected for clinically matched HIV-1-infected individuals (Ekouevi 

et al., 2014). Understanding of HIV-2 resistance mutations is very limited but is a 

significant clinical problem in areas of high prevalence (Gottlieb et al., 2009).  
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1.3 HIV structure and lifecycle 

1.3.1 Virion structure 

The mature HIV particle is spherical and measures approximately 145nm in diameter 

(Briggs et al., 2003). Viral particles contain both viral and host cellular macromolecules. 

The outermost structure, Envelope, is formed by a host-derived lipid bilayer studded with 

10-20 spikes composed of trimers of viral surface glycoproteins, gp120, and 

transmembrane glycoproteins, gp41 (Zhu et al., 2006). The inside of the envelope is 

lined with the matrix protein (MA). Underneath this shell of MA proteins, the capsid core 

contains two identical molecules of +ssRNA bound to the viral enzymes, integrase and 

reverse transcriptase (Fig. 1.6). When encoded both viral accessory proteins, Vpr and 

Vpx, are also packaged into virions (Franchini et al., 1988; Bachand et al., 1999).  

 

1.3.1.1 Envelope glycoproteins 

The HIV-1 env gene encodes the envelope precursor protein of 160kDa (gp160) which 

is then cleaved by the host protease furin into two glycoproteins of 120 and 41kDa: the 

external gp120 and the internal gp41. For HIV-2 these proteins have slightly different 

molecular masses and are termed gp125 and gp36 respectively (McCune et al., 1988). 

The structure and function of HIV-1 and HIV-2 glycoproteins are nevertheless considered 

highly analogous (Modrow et al., 1987; Reeves and Doms, 2002). The proteins are 

incorporated into new virions during the process of virus budding, and form stable 

heterodimers which form trimers at the cell surface.  

 

Gp41 is a transmembrane glycoprotein that anchors Env in the lipid bilayer. It has three 

major domains: a C-terminus cytoplasmic tail, a transmembrane domain and an 

ectodomain which encompasses two helical regions and the fusion peptide. Gp120 is a 

globular protein that lies on the cell surface and is highly glycosylated on the outer 

surface. The binding sites for both host CD4 receptors and co-receptors are found on 

gp120 (Freed, 2015). It consists of five conserved (C1-C5) domains interspersed with 

five highly variable (V1-V5) domains named for their relative genetic heterogeneity 

(Wilen, Tilton and Doms, 2012). The conserved domains, especially C1, C3 and C4, 

determine binding to the CD4 receptor. Env is the only viral protein exposed on the 

surface of HIV virions and is thus the major target for antibodies (Engelman and 

Cherepanov, 2012).  

 

1.3.1.2 Capsid core 

The conical core of HIV-1 has a beguiling fullerene ultrastructure: a 3-dimensional curved 

shape constituted of hexameric and pentameric oligomers (Fig. 1.6). The building block 
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of the capsid core is the capsid protein (CA). HIV-1 CA monomers assemble into 

hexamers and pentamers to form the closed cone of the capsid core, each of which is a 

lattice of approximately 216 hexamers and 12 pentamers at each end of the core 

(Pornillos et al., 2009; G. Zhao et al., 2013). The amino-terminal domain (NTD) of an 

individual HIV-1 CA protein comprises seven α-helices and a β-hairpin. The carboxy-

terminal domain (CTD) comprises four α-helices and a flexible linker connecting the two 

structural domains (Gitti et al., 1996; Ganser et al., 1999; Bhattacharya et al., 2014). A 

flexible linker region connects the two structural domains. Once assembled, the CA-

NTD is located on the outer surface of the core and CA-CTD is oriented towards the 

interior. In stark contrast to HIV-1 CA, the structure and function of HIV-2 CA has been 

the subject of very little research. The only published structure of HIV-2 CA is limited to 

the NTD of HIV-2 CA. Overall structural topology may be similar but this study 

demonstrates that even a single residue difference between HIV-1 and HIV-2, with 

associated changes in tertiary structure, account for radical differences in virus restriction 

(Price et al., 2009). Fundamental insights into CA biology, and host-virus interactions, 

will derive from more extensive comparative approaches. The role of HIV-1 CA is 

elucidated in more detail below (1.3.2.2). 

 

1.3.1.3 Viral genome 

The HIV-1 RNA dimers are held together by the interaction of sequences in their 5’ UTR 

which form a “kissing loop” structure. Unspliced viral RNA is selectively packaged owing 

to a requirement for elements located downstream of the first splice donor (D’Souza and 

Summers, 2005; Kutluay and Bieniasz, 2010). The viral mRNA genomes are capped at 

their 5’ ends and poly-adenylated at the 3’ ends like eukaryotic mRNAs. They are 

associated with the nucleocapsid and Vif as well as the integrase and reverse 

transcriptase enzymes required for the early stages of infection. RNA dimerisation is 

required for successful packaging and infection of HIV-1 (Lever, 2007; Johnson and 

Telesnitsky, 2010). HIV-1 particles also package host transfer RNA (tRNA) which acts 

as primer for the initial stage of reverse transcription.  
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Figure 1.6. Structure of HIV-1 virion and capsid core 
(a) Schematic diagram of the mature HIV-1 virion, showing the viral glycoprotein 

envelope (Env, which is made of glycoprotein 120 (gp120) and gp41 subunits), Gag-

derived proteins matrix (MA), capsid (CA) and nucleocapsid (NC). The conical viral 

capsid core is assembled from CA hexamers and pentamers. The capsid core packages 

the virus genome constituted of an HIV-1 RNA dimer associated with NC.  

(b) The capsid core forms a fullerene cone containing CA hexamer (orange) and 

pentamer (yellow) subunits. 

Adapted from Campbell and Hope (2015) (Campbell and Hope, 2015). 
 

1.3.2 Viral lifecycle 

The retrovirus lifecycle has historically, and rather arbitrarily, been divided into two 

phases. The first, or early phase, encompasses cell entry after binding and fusion, 

followed by reverse transcription of the RNA genome to DNA and the subsequent 

integration of the viral DNA into the host genome. The late phase encompasses viral 

gene transcription, nuclear export, assembly, budding and maturation. Broadly, the HIV-

2 lifecycle are thought to conform to those of HIV-1 but detailed study at many of these 

stages is limited for HIV-2 (Reeves and Doms, 2002). Comparisons between the two 

human lentiviruses will be made where data are available and instructive, and key HIV-

2 knowledge gaps are highlighted.  

 

1.3.2.1 Cell entry 

Human lentivirus cell entry is a multi-step process encompassing virus attachment, 

receptor and coreceptor binding, and conformational changes in the viral envelope 

glycoprotein (Env) that culminates in fusion of viral and cellular membranes leaving the 

viral capsid in the cell cytoplasm. Binding of host CD4 receptors by Env is necessary but 

an array of associated events (including endocytosis, virological synapse formation, and 

(a) (b)
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engagement of surface receptor-activated signalling pathways) may all contribute to 

enhance HIV-1 infection. This convolution emphasises the importance for target cell 

identification (Wilen, Tilton and Doms, 2012).  

 

1.3.2.1.1 Receptor binding 

Specific and non-specific interactions, between Env and the host cell surface, precede 

Env engagement of host receptors(Connell and Lortat-Jacob, 2013; Starling and Jolly, 

2016). The best characterised attachments are via integrin α4β7 and the pattern 

recognition receptor, DC-SIGN (Geijtenbeek et al., 2000). Positively charged Env side 

chains interact non-specifically with negatively charged proteoglycan surface structures, 

which appears particularly important for macrophage binding (Saphire et al., 2001). Host 

proteins incorporated into the virion have also been implicated at this initial virus-host 

interface, such as ICAM-1 which binds cognate receptor LFA-1 on lymphocytes. Binding 

of Env to its primary cell surface receptor CD4 is the first indispensable phase of cell 

entry(Maddon et al., 1986). CD4 is a member of the immunoglobulin superfamily that 

normally functions to enhance T-cell receptor (TCR)-mediated signalling. Env interacts 

with the CD4 binding site (CD4bs) in gp120 (Kwong et al., 1998). Env binding to CD4 

leads to conformational changes in V1 and V2 which cause the exposure of V3 and 

synchronous formation of a 4-stranded β-sheet called the bridging sheet. These 

structures both act as co-receptor binding sites (Kwong et al., 1998). 

 

1.3.2.1.2 Co-receptor use 

HIV-1 Env uses G-protein coupled chemokine receptors, CXCR4 and CCR5, as co-

receptors (Alkhatib et al., 1996; Feng et al., 1996). Different HIV-1 strains have different 

preference for coreceptor binding. So-called R5 viruses use CCR5, X4 viruses use 

CXCR4 and R5/X4 viruses can use CCR5 and CXCR4 (Berger et al., 1998). In the 

absence of co-receptor binding, the fusion peptide in gp41 is hidden in the Env 

quaternary structure. Upon coreceptor binding conformational changes reveal the 

hydrophobic fusion peptide which is immediately inserted into the target cell membrane 

(Chan et al., 1997). The viral membrane is brought closer to the cell membrane, leading 

to direct mixing of the lipid bilayers and formation of the fusion pore which will deliver the 

capsid core to the cell cytoplasm (Melikyan, 2008).    

 

As discussed in 1.2.4.1, HIV-1 T/F viruses almost exclusively demonstrate R5 or mixed 

R5/X4 tropism (Keele et al., 2008). This is poorly understood but likely relates to available 

cells at the anatomical sites of infection which are predominantly mucous membranes 

for HIV-1, emphasising the selection bottleneck that mucosal transmission presents for 

HIV-1. High CCR5 expression is demonstrated by CD4 + T-cells at mucosal surfaces, 
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particularly by Th17 helper subsets which predominate in mucosae (Brelot and 

Chakrabarti, 2018). Th1 CD4+ T-cells, dendritic cells, and monocytes recruited at sites 

of inflammation, also express upregulate CCR5 expression (Moore et al., 2004). Many 

of these mucosa-resident cells also express CXCR4, but high levels of CXCR4 ligands 

in the mucosa may cause internalisation in intraepithelial T cells thus explaining the rare 

use of this co-receptor by T/F strains (Agace et al., 2000). During chronic infection, viral 

chemokine receptor use or tropism is a correlate of immune status. As HIV infection 

advances, approximately half will switch to X4 virus dominance (HIV that uses the 

CXCR4 co-receptor) or dual-/mixed-tropic virus (Moore et al., 2004; Hunt et al., 2006). 

Co-receptor switching is poorly understood but studies support the hypothesis that cell 

tropism relates to critical depletion of CCR5+ cells in vivo (Regoes and Bonhoeffer, 

2005).  

 

The importance of CCR5 was detected in epidemiology studies of HIV-1 transmission. 

Genotyping of HIV-1-exposed but uninfected individuals from longitudinal studies of 

transmission found that individuals homozygous for a mutation in CCR5 had 

substantially reduced risk of acquiring HIV-1 infection (Dean et al., 1996). Subsequently 

it was shown that a 32 base-pair deletion in CCR5 (CCR5D32) caused retention of the 

co-receptor in the endoplasmic reticulum to explain reduced HIV-1 cell entry and 

therefore infection(Benkirane et al., 1997). The mutation is more common in Caucasian, 

particularly northern European, populations and the heterozygous trait was probably 

selected for its moderate protection against older pandemic infectious diseases, such as 

plague or smallpox (Galvani and Novembre, 2005). Two individuals, colloquially the 

Berlin and London patients, have shown durable treatment-free remission from HIV-1 

infection after haematopoietic stem-cell transplantation (HSCT) using donor cells 

homozygous for the CCR5D32 mutation (Hütter et al., 2009; Gupta et al., 2019). In vitro, 

primary isolates and laboratory-adapted HIV-2 strains show significant co-receptor 

promiscuity (Endres et al., 1996; Blaak et al., 2005). The implications of this in vivo are 

unknown. The absence of T/F viruses and limited longitudinal data mean that cell tropism 

during HIV-2 infection has not been investigated rigorously. 

 

1.3.2.1.3 Fusion 

All enveloped viruses must execute membrane fusion such that their lipid bilayers 

become contiguous with the cellular membrane (Hernandez et al., 1996). The site and 

mechanism of HIV-1 fusion remains controversial. The facts that HIV-1 cell entry is pH-

independent and not inhibited by subversion of endocytosis in CD4+ T cells were the 

basis of the traditional analysis that fusion does not require intracellular compartments 

(Kirchhausen, Macia and Pelish, 2008; Herold et al., 2014). More recently, combined 



 53 

genetic and imaging studies suggest that fusion occurs in perinuclear compartments 

(Miyauchi et al., 2009). These findings are consistent with the phenomenon of cell 

‘surfing’ whereby HIV-1 actively ‘surfs’ along cellular membranes towards the cell body 

by engaging surface receptors (McDonald et al., 2003).  

 

Fusion may be virus strain and cell specific. Unlike T cells, macrophages readily take up 

attached virions by endocytosis and HIV-1 fusion with macrophages requires proteins 

fundamental to the endocytic pathway: Dynamin 2, Rac1 and PaK1 (Mellman, 2002; 

Kirchhausen, Macia and Pelish, 2008). HIV-1 is also able to manipulate CD4+ T cell 

immune activation by engaging host surface receptors for intracellular signalling 

pathways and this is thought to correlate with enhanced cell entry (Lackner, Lederman 

and Rodriguez, 2012). Membrane lipid phosphatidylserine (PS) has been implicated as 

an HIV-1 co-factor for cell entry. The exposure and redistribution of cell membrane PS 

enhances HIV-1 fusion which is dependent on gp120 activation of intracellular Ca2+ 

signalling (Zaitseva et al., 2017). Equivalent studies have not been performed for HIV-2. 

 

1.3.2.1.4 Cell-to-cell transfer 

The rate limiting step of virus infection in vitro is attachment to host cells (Wilen, Tilton 

and Doms, 2012). Increasing evidence suggests that this model of cell-free infection may 

be less efficient for HIV-1 spread in vivo. CD4+ T cells are tightly packed in lymphoid 

tissue which impedes cell movement and facilitates inter-cellular contacts (Feldmann & 

Schwartz, 2010; Sourisseau et al., 2007). Functional cross-talk between immune cells 

occurs at immunological synapses (IS) and is fundamental to antigen presentation and 

T cell activation (Vasiliver-Shamis et al., 2008). In vitro, HIV hijacks elements of the IS 

to induce changes in infected and target cells to form stable adhesive junctions between 

cells that do not undergo fusion (Piguet & Sattentau, 2004). These so-called virological 

synapses (VS) form between T cells and any other cells bearing HIV co-receptors, 

principally other T cells, macrophages and DCs (Felts et al., 2010; Lehmann et al., 2011; 

Piguet & Sattentau, 2004). The CD4-gp120 interaction remains essential for VS 

formations but a range of host adhesion, structural and signalling molecules are also 

important (Sloan et al., 2013). Importantly, T cell-to-T cell spread is estimated to be 10-

100 fold more efficient than cell-free spread in vitro (Jolly et al., 2004). The evidence and 

relevance of this phenomenon to in vivo infection remains controversial but in vitro 

studies suggest that HIV-1 spread between T cells in lymph nodes may help HIV-1 

overcome a diversity of host and environmental threats to replication: anti-viral factors 

(such as tetherin), neutralising antibodies, ART, and poor viral fitness (Jolly, Booth and 

Neil, 2010; Zhong et al., 2013; Brandenberg et al., 2014; Agosto, Uchil and Mothes, 

2015). Recently, T cell-to-T cell spread has also been shown to enhance HIV-1 infection 
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of resting CD4+ T cells, the predominant T cell phenotype in humans and of the HIV-1 

reservoir but very poorly permissive to HIV-1 by cell-free spread (Agosto et al., 2018).   

 

Trans-infection, in the context of cell-to-cell spread, describes enhanced HIV-1 infection 

of CD4+ T cells by co-culture with DCs where the DCs do not become productively 

infected themselves (Cameron et al., 1992). DCs bind HIV-1 virions, most likely via a C-

type lectin, without inducing fusion and remain mostly resistant to productive HIV-1 

infection (Bakri et al., 2001). DCs sequester virions in a non-internalised “invaginated 

pocket” that allows transfer of virus to T cells during antigen presentation (McDonald et 

al., 2003; Lehmann, Nikolic and Piguet, 2011; Ménager and Littman, 2016). Myeloid cells 

have been implicated as “migratory vehicles” for lentiviral dissemination at transmission 

and early stages of infection. Intravital imaging of humanised mice demonstrated in vivo 

that lentivirus acquired by myeloid cells is transported to local and regional lymph nodes 

leading to productive infection of CD4+ T cells (Sewald et al., 2015). There are no data 

examining cell-to-cell spread of HIV-2 infection in either context however cell-to-cell 

spread is consistent with the rapid trafficking of infection from mucosa to regional lymph 

nodes in the macaque model of experimental intra-vaginal SIV infection described using 

in vivo intravital imaging (Miller et al., 2005).  

 

1.3.2.2 Capsid function 

Just as Env singularly interfaces with extracellular determinants of virus fate, through 

multiple synchronous interactions with host defences and molecular machinery, so CA 

mitigates multifarious intracellular processes. Once inside the host cell, the HIV-1 CA 

core facilitates completion of RT, safe delivery of viral DNA to the nucleus and nuclear 

entry. Our understanding of these complex and interconnected processes is incomplete 

but advanced imaging and biochemistry technologies show a core that is much more 

dynamic than a simple shield. The intricate structure of the core accommodates subtle 

movements within and between CA substructures (Mattei et al., 2016; Rankovic et al., 

2018). These allosteric changes may depend on host factor interactions such that a 

physical dialogue with the cell guides diversity and flexibility of CA function in time and 

space (Du et al., 2011). Ultimately, the CA core disassembles in a process called 

‘uncoating’. The precise details of this remain controversial but overwhelming 

evidence supports careful orchestration of a key phase of infection rather than passive 

collapse of the core upon cell entry, as was assumed historically.  

 

It is hypothesised that replication attenuated CA mutants N74D and P90A uncoat 

prematurely to expose viral material to anti-viral cytoplasmic sensors, restriction factors 

and exonuclease enzymes (Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, 
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El Marjou, et al., 2013; Rasaiyaah et al., 2013). This suggests that successful infection 

depends on encapsidated RT that is protected from cell autonomous immunity. The fact 

that an entirely closed intact core would restrict nucleotide supply for RT is a significant 

criticism of this hypothesis. Biochemical and structural studies may reconcile this 

paradox. The CA NTD β-hairpin can adopt at least two distinct conformations in the 

capsid hexamer, termed open and closed. Movement of the β-hairpin defines a channel 

at the centre of each hexamer which contains a ring of six R18, one from each capsid 

monomer (Jacques et al., 2016). It is suggested that this positively charged arginine ring 

is capable of binding negatively charged dNTPs via electrostatic interactions permitting 

nucleotide import into intact capsids to fuel RT. Capsid uncoating and RT are closely 

coupled events. Recent studies show that uncoating is triggered by well-defined RT 

steps which can be modulated by chemical inhibition of RT (Arhel et al., 2007; Hulme, 

Perez and Hope, 2011; Yang, Fricke and Diaz-Griffero, 2013; Cosnefroy, Murray and 

Bishop, 2016). Recent in vitro atomic force microscopy of HIV-1 capsids demonstrated 

that viral DNA exerts a mechanical force on the interior of the core which eventually 

breaks CA ultrastructure (Rankovic et al., 2017, 2018).  

 

Lentiviruses are unusual among retroviruses in their ability to infect non-dividing cells. 

This requires the crossing of an intact nuclear envelope via the Nuclear Pore Complex 

(NPC) which is regulated by CA (Fig. 1.7) (Lee et al., 2010; Schaller et al., 2011). The 

NPC is a large protein complex that forms a channel across the nuclear envelope (Hoelz, 

Debler and Blobel, 2011). Murine leukaemia virus (MLV) is a gamma retrovirus and 

chimeric HIV-1 with MLV CA is defective for nuclear entry in non-dividing cells, while 

certain mutations in CA (A92E and G94D) also make HIV-1 cell-cycle dependent 

(Yamashita and Emerman, 2004). Nuclear import of HIV-1 depends on sequential 

interactions of CA with host co-factors including cleavage and polyadenylation specificity 

factor 6 (CPSF6) and cyclophilin A (CypA). CypA was the first HIV-1 cellular co-factor to 

be identified and is packaged into HIV-1 virions (Luban et al., 1993; Braaten, Franke and 

Luban, 1996; Sokolskaja, Sayah and Luban, 2004). CypA is a prolyl isomerase enzyme 

that binds HIV-1 CA and isomerises the peptide bond between residues G89 and P90 

between cis and trans conformations. CPSF6 is an mRNA-processing protein that 

belongs to the family of Ser/Arg-rich (SR) proteins and has established interactions with 

the NPC (Long and Caceres, 2008; Maertens et al., 2014). Together, these host factors 

help coordinate reverse transcription, capsid uncoating and entry of the viral pre-

integration complex (PIC) into the nucleus, such that viral DNA is not exposed to the 

cytoplasm (Fig. 1.7). These cofactors are critical for HIV-1 replication in primary MDM 

(Price et al., 2012). Depletion of these factors, or genetic disruption of their interaction 

with CA, triggers DNA sensors and activates an IFN response in macrophages infected 
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with HIV-1, suppressing replication. Blockade of IFN signalling using an IFN receptor 

antibody largely rescues this replication defect (Price et al., 2012, 2014; Rasaiyaah et 

al., 2013; Hilditch and Towers, 2014). HIV-1 mutants N74D and P90A do not trigger 

sensing and therefore have well-preserved replication in most cell lines and CD4+ T cells 

although sites of genome integration for the mutants differs significantly from wild-type 

virus (James and Jacques, 2018). 

 

Recent data suggest that the role of CA does not end at the NPC. Microscopy based 

studies of single HIV-1 particles revealed that in primary MDM, HIV-1 CA is imported into 

the nucleus along with viral DNA (Peng et al., 2014). CPSF6 has also been shown to co-

localise with HIV-1 CA in the nucleus of primary MDM (Bejarano et al., 2019). Since 

CPSF6 can only bind hexameric CA structures and not CA monomers, this suggests the 

presence of at least partially intact cores in the nucleus. In the absence of CPSF6 or 

presence of CPSF6 binding mutant, virus was blocked at the NPC without deleterious 

effects for HIV-1 trafficking to the NPC or reverse transcription. Various studies describe 

functional interactions between HIV-1 CA and nuclear pore components Nup358, 

Nup153 and TNPO3 (Brass et al., 2008; Matreyek and Engelman, 2011; Ocwieja et al., 

2011; Wälde et al., 2012; Bichel et al., 2013; Meehan et al., 2014; Dharan et al., 2016). 

Structural studies suggest that CPSF6 and Nup153 may compete for CA binding sites. 

It is suggested that CA interacts with Nup153 at the NPC and subsequent transit of viral 

components into the nucleus depends on CPSF6 displacement of Nup153 from CA. This 

model is also consistent with the role of CPSF6 in directing HIV-1 towards gene rich 

transcriptionally active regions (Achuthan et al., 2018). Unlike its putative role in cloaking 

HIV-1 components from innate immune responses in the cytoplasm, CA may directly 

recruit innate immune signalling proteins in the nucleus. The host factor NONO has been 

suggested to bind HIV-1 CA leading to activation of the cGAS/STING DNA sensing and 

IFN production (Lahaye et al., 2018). Interestingly, this study also proposed that HIV-2 

CA has stronger binding affinity for NONO. However, there are no detailed studies of 

HIV-2 nuclear import to help put these findings in some context of HIV-2 trafficking.  
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Figure 1.7. Schematic diagram of the early stages of the HIV-1 lifecycle 
To initiate infection, Envelope (Env) binds to the CD4 receptor and coreceptor (CCR5 or 

CXCR4) on the host cell surface. Fusion of the viral and cellular membranes releases 

the capsid core into the cytoplasm. The viral core traverses the cytoplasm to dock at the 

nuclear pore. RT copies the viral RNA genome into double-stranded DNA, forming the 

preintegration complex (PIC), which is imported into the nucleus. Interactions between 

the capsid core and various host proteins modulate ultrastructure of the capsid core to 

facilitate completion of RT, safe delivery of viral DNA to the nucleus and nuclear entry.  

In the nucleus the viral genome is integrated into the host cell chromosome. Before, 

during or shortly after nuclear import, the capsid core disassembles in a process termed 

‘uncoating’. Adapted from Ganser-Pornillos and Pornillos (2019) (Ganser-Pornillos and 

Pornillos, 2019). 

 

1.3.2.3 Reverse-transcription 

HIV-1 reverse transcriptase (RT) is encoded by the pol gene. It is produced as a Gag-

Pol precursor protein due to programmed frameshift during translation. Whilst the exact 

triggers of RT are not known it is possible that it is a response to exposure to intracellular 

deoxyribonucleotide triphosphate molecules (dNTPs) (Arhel, 2010). RT comprises a 

heterodimer of p66 and p50. The p66 monomer contains both active sites whilst p51 has 
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a structural role. p66 comprises an RNA/DNA dependent DNA polymerase domain and 

an ribonuclease (RNase) H domain.  

 

HIV-1 uses host tRNA(Lys,3) as primers to initiate reverse transcription and these 

molecules are packaged into HIV-1 virions via interactions with Gag and Pol (Sarafianos 

et al., 2001). The 3’ sequence of tRNA is complementary to the HIV-1 PBS (primer 

binding site) which lies immediately 3’ to the 5’ LTR. Priming from this site, reverse 

transcription initially synthesises only the U5 and repeat minus strand DNA from the plus 

strand RNA template. RNase H cleaves the 5’ end RNA from the new RNA:DNA hybrid, 

releasing the newly synthesised minus-strand DNA (Purohit et al., 2007). Since the 5’ 

and 3’ ends of the viral genome are exact copies of each other, the R sequence of the 

new minus-strand DNA hybridises with the R sequence (R for ‘repeat region’) at the 3’ 

end of the original +ssRNA. This is called first strand, or minus strand, transfer. The 

minus strand DNA is then extended the length of the remaining +ssRNA which acts as 

the primer. As it is copied into DNA most of the RNA genome is digested by RNAse H 

apart from a resistant polypurine tract (PPT) at the 5’ end of the U3 sequence. This 

residual +ssRNA PPT sequence serves as a primer for synthesis of plus strand DNA by 

RT which extends through the U3 R U5 LTR. RNase digests the tRNA which is still 

attached to the 3’ end of the minus strand. This exposes the PBS on the plus strand 

strong stop DNA. Thus the plus strand strong stop DNA can hybridise with the 

complementary PBS sequence on the minus strand DNA. This is called second strand, 

or plus strand, transfer. Synthesis of the minus and plus strands by RT are completed 

from their respective templates leaving double-stranded proviral DNA (Hu and Hughes, 

2012). 

 

Cellular DNA polymerases proofread using a 3’ to 5’ exonuclease activity which enables 

them to remove and repair mis-paired bases. RT lacks this ability so makes as many as 

1 error for every 70 incorporated nucleotide (Roberts, Bebenek and Kunkel, 1988). 

Reverse transcription also enhances viral diversity through recombination of viral 

genomes. Each HIV-1 virion contains two +ssRNA genomes and RT readily moves 

between them particularly during strand transfers (Hu and Hughes, 2012). There are two 

classes of ARVs which inhibit RT: nucleoside and non-nucleoside reverse transcriptase 

inhibitors (NRTIs and NNRTIs). NRTIs mimic dNTPs and are incorporated into viral DNA 

by RT. Since they lack the 3’ OH group required for incorporation of the next dNTP they 

act as chain terminators. NNRTIs are allosteric inhibitors that cause significant 

conformational changes to both the polymerase active site and the primer binding site of 

RT (Arts and Hazuda, 2012; Engelman and Cherepanov, 2012). 
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The progression of reverse transcription can be determined using real-time polymerase 

chain reaction (PCR) and primers that anneal to specific gene products of reverse 

transcription (Butler, Hansen and Bushman, 2001; Julias et al., 2001; Mbisa et al., 2009). 

Generally, primers that anneal to R-U5 are used to measure the initiation of DNA 

synthesis, U3-R for minus-strand DNA transfer, gag for the extension of the minus-strand 

DNA, and U5-5′UTR for plus-strand DNA transfer. Both the minus and plus strand DNA 

intermediates that undergo transfer can be termed “strong stop DNA”. Primers intended 

to target “strong stop DNA” are typically designed to anneal to R-U5 and therefore reflect 

early RT. Primers annealing to GFP DNA are often used during single-round infection 

with GFP-encoding viruses to measure first strand transfer. Primers designed to 

measure what is informally known as “late” reverse transcription are often designed 

against the sequence between LTR and the 5′ end of the gag gene to capture DNA that 

has completed the two template switches of reverse transcription. The LTR ends of linear 

HIV-1 DNA may be ligated by non-homologous end joining (NHEJ) to form what is 

termed a 2-LTR circle. NHEJ is a normal nuclear DNA repair event that may protect cells 

from non-self double-stranded DNA (Jeanson et al., 2002). This only occurs in the 

nucleus so measurement of “dead-end” 2-LTR circles is often used as a measure of 

nuclear entry. Therefore primers that anneal to U5-U3 across the LTR ligation can be 

used to measure 2-LTR circles, as a surrogate for nuclear import despite not 

representing proviral DNA directly. Primers that anneal to both the LTR and human 

repetitive element Alu have been used to detect viral DNAs integrated in the human 

genome (proviruses). 

 
1.3.2.4 Integration 

Integration describes the process by which viral DNA is inserted into the host genome 

by the viral integrase (IN). IN is encoded by pol and packaged into budding virions as a 

Gag-Pol precursor protein. Functional IN is produced after protease mediated 

processing of Gag-Pol during virion maturation (Craigie and Bushman, 2012). IN is a 

polynucleotidyl transferase with three domains. The enzyme catalyses 3’ end processing 

and strand transfer of the viral DNA. Upon viral DNA synthesis, IN multimerises to form 

homotetramer on the nascent DNA resulting in the formation of a DNA:IN complex known 

as the intasome (Hare et al., 2010). 3’-end processing of the DNA by IN results in removal 

of two nucleotides from each 3’end of the blunt ended viral DNA, revealing 3’OH groups 

that can be joined to the target DNA. The second step of integration involves DNA strand 

transfer whereby the viral DNA ends are inserted into the target DNA. 3’OH groups attack 

the phosphodiester bond on opposite strands of the target DNA. 3’ ends are then 

covalently joined to the 5’ends of target DNA. Cellular enzymes repair the overhang at 

the 5’ ends of the viral DNA which completes integration (Craigie and Bushman, 2012). 
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There are four licensed integrase inhibitors (bictegravir, dolutegravir, elvitegravir and 

raltegravir) which all have similar mechanisms interacting with the IN active site 

(Engelman and Cherepanov, 2012). 

 

HIV IN interacts with the host chromatin-binding protein Lens Epithelium-derived growth 

factor p75 (LEDGF/p75) (Busschots et al., 2005). LEDGF binds to a trimethylated lysine 

on histone H3 and forms a complex between IN and chromatin (Eidahl et al., 2013). 

Knock out or dominant negative expression of LEDGF causes post-entry block to HIV-1 

infection (Ciuffi et al., 2005; Shun et al., 2007). However LEDGF is often described as a 

genome tether rather than a guide as it does not seem to direct HIV-1 to specific genes 

itself.  LEDGF also bound HIV-2 IN in biochemical analyses but further mechanistic detail 

is lacking (Busschots et al., 2005). Approximately 80% of HIV-1 integration sites are in 

the bodies of actively expressed genes suggesting that HIV-1 favours integration into 

sites of active transcription. These are characterised by high G/C content, gene density, 

CpG island density and frequencies of Alu repeats, as well as short introns, low 

frequencies of LINE repeats, and particular epigenetic modifications (H3K4 

trimethylation, H3K9 and H3K14 acetylation and H4 acetylation) (Craigie and Bushman, 

2012). There is a negative correlation between HIV-1 integration sites and H3K27 

trimethylation (Stevens and Griffith, 1996; Schröder et al., 2002; Wang et al., 2007). DNA 

methylation is fundamental to repression of ERVs in human somatic cells which might 

be regarded as a form of viral restriction (Collins et al., 2015). Integration site analyses 

have also been performed after in vitro infection of cognate primary CD4+ T cells for 

HIV-2 and SIVmne (Crise et al., 2005; MacNeil et al., 2007). HIV-2 integration sites have 

also been analysed ex vivo in primary CD4+ T cells (MacNeil et al., 2006). In vitro HIV-

2 integration sites were very similar to equivalent analyses for HIV-1. However, in vivo 

HIV-2 proviral DNA was found in heterochromatin in approximately 20% of the cohort; 

no HIV-1 proviral DNA was found in heterochromatin of any patient sample. This may be 

consistent with the ability of Vpx, encoded by HIV-2 but not HIV-1, to antagonise the 

human silencing hub (HUSH) complex which plays key roles in spreading and 

maintaining heterochromatin (see below 1.7) (Tchasovnikarova et al., 2015; Chougui et 

al., 2018; Yurkovetskiy et al., 2018).  

 

1.3.2.5 Provirus transcription 

1.3.2.5.1 Initiation and elongation 

HIV-1 transcription depends principally on the dominant 5’ LTR which acts as promoter 

for all HIV-1 gene expression. Transcription initiates from the R region in the 5’LTR and 

terminates in the R region of the 3’LTR. HIV-1 transcription is initiated when cellular 

transcription factors bind the 5’LTR and recruit histone modifying enzymes, allowing 
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recruitment of the RNA polymerase ll (RNAPll) (Brady and Kashanchi, 2005). Shortly 

after initiation, transcription is halted by recruitment of repressive proteins such as 

negative elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF) (Berkhout, 

Silverman and Jeang, 1989; Raha, Cheng and Green, 2005). The short-transcribed 

mRNA adopts a stem loop structure known as the transactivation region (TAR) 

(Berkhout, Silverman and Jeang, 1989; Raha, Cheng and Green, 2005). The viral Tat 

protein binds TAR and stimulate transcription elongation by recruiting the cellular positive 

transcription elongation factor b (P-TEFb) (Wei et al., 1998). P-TEFb contains a catalytic 

subunit, cyclin dependent kinase 9 (CDK9), and a regulatory subunit, cyclin T1. P-TEFb 

recruitment results in phosphorylation of NELF and DSIF (Yamaguchi et al., 1999). 

Phosphorylated NELF dissociates from the complex and DSIF phosphorylation blocks 

its inhibitory activity on transcription elongation (Wada et al., 1998). P-TEFb also 

phosphorylates serine residues at position 2 and 5 in the C-terminus of the RNAPII which 

enhances its processivity (Komarnitsky, Cho and Buratowski, 2000; Zhou et al., 2000). 

These phosphorylation events result in a Tat dependent positive feedback loop resulting 

in the accumulation of Tat and sustained HIV-1 transcription. Low basal levels of Tat-

independent transcription in activated CD4+ T cells appear sufficient to generate 

sufficient Tat to drive the early phases of this feedback loop. Insufficient basal HIV-1 LTR 

activation may be the central determinant of provirus latency which may be cell type and 

microenvironment specific (see 1.3.2.7). 

 

The minimal functional HIV promoter requires only three tandem SP1 binding sites 

(Harrich et al., 1990; Jones et al., 1986), a TATA element (Garcia et al., 1989; Jones et 

al., 1988; Olsen & Rosen, 1992) and an initiator sequence (Zenzie-Gregory et al., 1993). 

In addition to the core promoter, HIV-1 LTR has an enhancer region that contains two 

NFκB binding motifs (Nabel and Baltimore, 1987). The roles of NFκB in repression, 

initiation and elongation of HIV-1 LTR transcription are complex, incompletely 

understood and likely cell-specific. The prototypical NFκB transcription factor is a 

positively acting heterodimeric complex composed of p65 (or RelA) and p50 (or NFκB1). 

Both subunits bind DNA through a shared Rel homology domain. p65 also contains C-

terminal transcriptional activation domains (TAD), whereas p50 does not. In the absence 

of NFκB activating stimuli, p65/p50 heterodimers are bound by a specific inhibitor, IκBα, 

which prevents association with κB enhancers present in NFκB-responsive genes. In 

unstimulated cells, p50 homodimers are the predominant nuclear species and bind a 

range of NFκB-responsive genes. The ability of p50 to bind DNA coupled with its lack of 

a TAD has suggested that p50 homodimers may act as κB-specific transcriptional 

repressors. p50 homodimers bind histone deacetylases (HDACs) and recruit these 

enzymes to NFκB target genes where they promote chromatin condensation and 
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reduced basal transcriptional activity (Zhong et al., 2002). In stimulated cells, NFκB  

heterodimers (predominantly p65/p50 species) associate with transactivator p300 which 

acetylates LTR-associated chromatin and enhances access for RNAPll to initiate 

transcription (Chan and Greene, 2012). p65 also binds p-TEFb, providing a Tat-

independent mechanism for initial RNA Pol II-dependent synthesis of HIV Tat mRNA 

(Barboric et al., 2001). HIV-1 vectors deleted for κB binding sites have consistently been 

shown to have reduced replication in primary CD4+ T cells and monocytes (Mbonye and 

Karn, 2014). A range of exogenous NFκB agonists, such  as LPS, IL-6, or TNFα, thus 

enhance HIV-1 LTR activity, which appears particularly important for driving proviral 

reactivation in models of latency (Alcami et al., 1995; Bosque and Planelles, 2009). 

Contrastingly, in primary MDM LPS has an inhibitory role which maps to the enhancer 

element of HIV-1 LTR (Bernstein, Tong-Starksen and Locksley, 1991). Viral replication 

in many cell lines is also insensitive to loss of NFκB activation or kB sites in the HIV-1 

LTR enhancer (Chen, Feinberg and Baltimore, 1997). NFAT transcription factors 

competitively bind HIV-1 NFκB motifs although NFκB binding may be more efficient 

owing to cooperative interactions with Sp1. Interpretation of these data is complicated 

by the use of mitogen stimulation of primary cells in vitro. Phorbol myristate acetate 

(PMA) and phytohaemagglutinin (PHA), which are used to differentiate and activate cells 

in vitro, are agonists for NFκB and NFAT signalling. Whether these models reflect active 

HIV-1 transcription in vivo is uncertain.  

 

The LTRs of the HIV-2/ SIVsm/SIVmac lineage viruses have a single kB site in the 

enhancer domain, and either two or three Sp1 sites in the core promoter (Cullen and 

Garrett, 1992). However, HIV-2 transcription factor requirements for initiation and 

elongation of transcription appear very similar to HIV-1 (Hiebenthal-Millow et al., 2004). 

This is in contrast to SIVmac which does not require kB sites at all for effective 

transcription (Hiebenthal-Millow et al., 2004). The requirement of kB sites is not known 

for SIVsm and therefore it is not possible to speculate as to whether these interactions 

of HIV LTRs with NFκB are a human adaptation.   

 

1.3.2.5.2 HIV-1 mRNA processing 

Like cellular mRNA, viral mRNA is capped at the 5’ end, introns are removed by splicing 

and a poly-A tail is added at the 3’ end before it is exported from the nucleus. Splicing is 

a process in which introns are removed from mRNA transcripts by the large 

ribonucleoprotein complex known as the splicosome. HIV-1 transcript splicing results in 

about 40 differentially spliced mRNA transcripts due to alternative usage of multiple 5’ 

and 3’ splice sites (Purcell and Martin, 1993). There are three size classes of mRNA 

produced. First, the 9-kb full-length unspliced RNA which produce the Gag and the Gag-
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Pol precursor proteins, or is incorporated into the virion as the genomic RNA. It produces 

two proteins from one initiation codon due to translational frameshifting. These large 

mRNA transcripts represent 50% of those produced. Second, partially spliced 4-kb 

mRNAs use the splice donor site closest to the 5’ end of the genome together with any 

of the central region splice acceptors. Partial mRNAs encode Env, Vpu, Vpr and Vif. 

Third, fully spliced 2-kb mRNAs from which both introns of HIV have been spliced out. 

These transcripts encode Tat, Rev and Nef.  

 

1.3.2.5.3 HIV-1 mRNA export 

During early stages of HIV infection only fully spliced transcripts are expressed. Partially 

spliced or unspliced transcripts are retained in the nucleus (Nasioulas et al., 1994). The 

fully spliced mRNA encodes for Rev which overcomes the nuclear retention of partially 

spliced and unspliced viral mRNAs (Cullen, 2003). Rev contains an N-terminal arginine-

rich nuclear import signal as well as a C-terminal leucine-rich motif that acts as a nuclear 

export signal besides RNA-binding domains. Rev binds to the Rev response element 

(RRE) present in the Env coding region of both partially spliced and unspliced mRNA 

transcripts. The leucine-rich export sequence binds to an exportin known as 

chromosome region maintenance 1 protein homologue (CRM1) and the whole complex 

is exported to the cytoplasm in a Ran-GTP dependent manner. In the cytoplasm, Ran-

GTP is converted into Ran-GDP and the complex dissociates releasing viral mRNAs in 

the cytoplasm (Suhasini and Reddy, 2009).  

 

1.3.2.6 Translation 

All retroviruses have frameshifting mechanisms where sequence and structural signals 

in the mRNA specify a translational mRNA reading frameshift (Bolinger and Boris-

Lawrie, 2009). The best characterised example of this is for the longest HIV-1 mRNA 

which encodes Gag and Gag-Pol. The mRNA possesses a hexanucleotide “slippery” 

sequence (UUUUUUA) and a stem-loop pseudoknot structure located just 3ʹ to the 

slippery sequence (Jacks et al., 1988). The resulting frameshift at the end of Gag causes 

reads through Pol and synthesis of the Gag-Pol polyprotein. Other strategies are 

deployed that manipulate the host translation machinery to ensure efficient synthesis of 

HIV proteins (Bolinger and Boris-Lawrie, 2009). 

 

1.3.2.7 Latency and repression of transcription  

Following integration into the human genome, the spectrum of provirus activity can be 

defined by two extreme transcriptional states. Active transcription of the provirus leads 

to rapid and vast production of new viral progeny; silencing of the provirus, caused by a 

range of host factors, leads to transcriptional repression and proviral latency. Induction 
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of latency by silencing of lentiviral transcription is emerging as an anti-viral mechanism 

that has molecular correlates of retroviral endogenisation. Although HIV-1 integration 

site mapping demonstrates a preference for integration in transcriptionally active areas 

of the genome, transcriptional regulation is dynamic and determined principally by 

changes in chromatin organisation. Further, traditional delineation of chromatin states 

according to histone modification, as used to define HIV-1 integration sites, may not 

reliably reflect local gene activity (Becker et al., 2017). The processes that regulate 

chromatin structure are yet to be fully elucidated and lentiviruses provide a model for 

interrogating this fundamental biology.  

 

The importance of viral latency only became clear in the ART era. Prior to this viraemia 

was explained by relentless viral replication. From treatment trials, it became clear that 

active HIV-1 replication rebounds in patients after ART cessation despite evidence that 

the virus had been undetectable in peripheral samples during treatment. ART inhibits 

many facets of the HIV lifecycle but does not remove integrated proviral DNA from the 

human genome (Finzi et al., 1997; Wong et al., 1997). Latent replication-competent 

viruses are found to persist  predominantly in resting memory CD4+ T cells (Siliciano 

and Greene, 2011). Unlike the short half-life of infected cells that actively produce virus 

(<1 day), these cells are long-lived (Perelson et al., 1996). The average half-life for 

latently infected cells capable of producing replication-competent virus is approximately 

44-months and it would therefore require over 70 years, a lifetime of treatment, to 

eradicate the latent reservoir (LR) (Siliciano et al., 2003). It remains to be determined in 

vivo whether this so-called reservoir of latently infected cells is established by direct 

infection of resting cells, perhaps through cell-to-cell spread in lymphoid tissues, or 

whether they represent cells that were infected during their permissive activated state 

and have subsequently entered quiescence (Siliciano and Greene, 2011; Agosto et al., 

2018; Sengupta and Siliciano, 2018). Recent evidence suggests that clonal expansion 

of resting memory CD4+ T cells can occur in vivo which may contribute to reservoir 

persistence (Boritz et al., 2016).  

 

The standard assay for LR size and replication competence is a viral outgrowth assay 

(VOA) measuring the frequency of resting CD4+ T cells that produce infectious virus after 

in vitro T cell activation with PHA (Wang et al., 2018). A major challenge to 

understanding the processes that determine latency, or HIV-1 provirus transcriptional 

activity, in vivo is the observation that replication-competent latent provirus is very rare. 

Almost all proviruses (more than 98%) in resting CD4+ T cells from patients on ART 

have major defects that preclude replication, such as APOBEC3G-induced 

hypermutation and large internal deletions (Chun et al., 1997; Bruner et al., 2016). These 
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mutations can be detected by PCR based assays of proviral DNA. However, even for 

latent proviruses that have intact provirus sequences, only a fraction (12%) can be 

induced to actively replicate by PHA stimulation during VOA in vitro (Ho et al., 2013). 

These are termed “intact noninduced proviruses” and their replication competence has 

been demonstrated by reconstructing viruses for infection assays (Ho et al., 2013). 

These data suggest that outgrowth assays significantly underestimate the burden of 

latent provirus and also suggest that provirus repression is highly effective which may 

represent an active virus restriction by host cells. 

 

The formation of chromatin blocks to HIV transcription is the primary event leading to Tat 

restriction and silencing of HIV proviruses (Lusic and Siliciano, 2017). The LTRs of latent 

proviruses accumulate high levels of deacetylated and methylated histones, a pattern of 

modifications associated with repressive heterochromatic structures (Pearson et al., 

2008; Tyagi, Pearson and Karn, 2010; Karn and Stoltzfus, 2012; Mbonye and Karn, 

2017). HDAC inhibitors such as trichostatin A, trapoxin, valproic acid, 

suberanilohydroxamic acid (vorinostat), and panobinostat all robustly induce 

transcription of latent proviruses in cell line models of HIV latency (Van Lint et al., 1996; 

Jamaluddin et al., 2016).  In addition to the HDACs, the histone methyltransferase 

enzymes (HMTs) SUV39H1, EHMT2 (G9a), and EZH2, which are responsible for 

H3K9me3, H3K9me2, and H3K27me3 respectively, play a critical role in HIV silencing 

(Friedman et al., 2011; Nguyen et al., 2017). The HMTs and their corresponding 

methylation marks at the LTR are removed rapidly following activation of proviral 

transcription (Friedman et al., 2011). The responses of individual cells are variable; even 

in clonal cell lines with proviruses integrated into identical sites, latent proviruses 

enriched in H3K27me3 marks show the weakest responses to cellular activation signals 

(Friedman et al., 2011). As described above, NFκB and NFAT transcription factors exert 

negative and positive control over these epigenetic processes in an activation-dependent 

manner. Latency in CD4+ T cells correlates strongly with low basal levels of NFκB activity 

and overall levels of cellular activation, and nuclear expression of NFκB may determine 

the propensity of infected cells to establish proviral latency versus productive infection 

(Duverger et al., 2009). Although HIV-2 establishes a latent reservoir in CD4+ T cells, 

the molecular mechanisms of latency during HIV-2 have not been studied (Saleh et al., 

2017). It has been suggested that HIV-2 has a "higher tendency" towards latency given 

the low levels of viraemia during chronic infection but this has not been rigorously studied 

and it is likely that multiple immunological processes, including adaptive responses, 

contribute to virological control of HIV-2 (Chougui and Margottin-Goguet, 2019). 

 

1.3.2.8 Late stages: assembly, budding, maturation 
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1.3.2.8.1 Assembly 

An assembled virion must contain two copies of +ssRNA, cellular tRNA (Lys,3) 

molecules, Env, Gag polyproteins and the three viral enzymes, protease, RT and IN. 

Gag is produced as a 55 kDa precursor protein that forms the main structures of the virus 

particle. The 160 kDa Gag-Pol polyprotein precursor, which contains the viral enzymes, 

is expressed at approximately 5% the level of Gag, owing to frameshifting as described. 

The Gag precursor contains matrix (MA), capsid (CA), nucleocapsid (NC) and p6 

domains, as well as two spacer peptides, SP1 and SP2. Gag and Gag-Pol traffic to the 

plasma membrane where it is targeted to the plasma membrane by MA (Ono and Freed, 

2004). A basic region in MA forms electrostatic interactions with the negatively charged 

inositol head group of phosphatidylinositol-4,-5-bisphosphate PI(4,5)P2 (Ono et al., 

2004). At the plasma membrane Gag is enriched for cholesterol and sphingolipid forming 

microdomains, or lipid rafts, which become the sites for viral particle assembly (Hogue 

et al., 2011). RNA dimerisation is required for packaging (Moore et al., 2009; Nikolaitchik 

et al., 2013). The 5’ untranslated region (UTR) of the RNA genome contains a dimer 

initiation signal and the packaging sequence known as the Ψ-element. Interaction 

between the dimer initiation signals of two RNA molecules results in the formation of an 

RNA dimer which then binds the two zinc-finger-like regions present in the NC domain 

of Gag (Levin et al., 2005; Lu, Heng and Summers, 2011). Localisation of RNA at the 

plasma membrane triggers particle assembly around it. Env is synthesised as a gp160 

precursor protein in the endoplasmic reticulum. It traffics via the cellular secretory 

pathway where it becomes glycosylated and assembled into trimers. A cellular protease 

(furin) processes these trimers into gp41 and gp120 subunits, which reach the plasma 

membrane by vesicular transport. it is not clear if it Env subunits are incorporated 

passively into new virions, or through co-targeting of Gag and Env to the same specific 

membrane location, or MA and gp41 interact directly (Checkley, Luttge and Freed, 2011). 

 

1.3.2.8.2 Budding 

Since the discovery that HIV recruits cellular ESCRT 

(endosomal sorting complexes required for transport) machinery to facilitate viral 

budding, this pathway has emerged as the major escape route for enveloped viruses 

(Votteler and Sundquist, 2013). The ESCRT pathway is a complex system that controls 

membrane fission. The array of proteins required for ESCRT pathway function, currently 

exceeding 30, continues to expand but the core set of human ESCRT machinery 

encompasses TSG101/ESCRT-I and ALIX, which recruit downstream ESCRT-III and 

VPS4 complexes, which in turn mediate membrane fission and ESCRT factor recycling 

(Sundquist and Kräusslich, 2012). Two different short peptide motifs within the p6 region 

of Gag principally mediate HIV-1 budding (Gottlinger et al., 1991; Strack et al., 2003).  
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1.3.2.8.3 Maturation 

At, or soon after, budding, protease (PR) cleaves Gag and Gag-Pol to induce the 

morphological changes in structure that define maturation (Wlodawer and Erickson, 

1993). Mutations in protease-specific cleavage sites in Gag polyprotein results in non-

infectious particles (Kaplan et al., 1993). PR cleaves the polyproteins at 10 different sites 

producing fully-processed MA, CA, NC, p6, PR, RT, and IN proteins. There are three 

categories of cleavage site: rapid (Sp1/NC), intermediate (Sp2/p6; MA/CA), and slow 

(NC/Sp2; CA/Sp1). MA/CA cleavage disassembles the immature lattice creating a 

membrane bound MA layer. CA/SP1 cleavage produces free CA that can form the 

mature conical core and NC Sp2 cleavage is required for release of NC and formation of 

the NC/RNA ribonucleoprotein complex (G. Zhao et al., 2013; Wagner et al., 2016). The 

unlicensed maturation inhibitor Berivimat was discovered to inhibit HIV-1 by binding to 

the CA-Sp1 site preventing cleavage (Thenin-Houssier and Valente, 2016).  
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1.4 Lentiviruses and innate immunity 

1.4.1 Background to innate immunity  

The history of immunology is one of progressive introspection. The relatively recent 

march of molecular biology has brought the study of extracellular phenomena to 

intracellular understanding. The 8th Nobel Prize for physiology or medicine was awarded 

jointly to Paul Ehrlich and Ilya Mechnikov for their work at the frontier of cellular 

immunology in 1908. Research into humoral responses and their translational benefits 

dominated immunology during the majority of the 20th century (Medzhitov, 2009). The 

interaction between antigen-specific T cells and B cells was only discovered as recently 

as 1985 (Lanzavecchia, 1985). In parallel but entirely independently, diverse microbial 

stimuli had been shown to activate a range of behaviours in purified macrophages and 

neutrophils (Medzhitov, 2009). In virology research, a world apart from bacteriology for 

much of the 20th century, interferon had been named, if not identified biochemically, in 

1957 (Isaacs and Lindemann, 1957). Alick Isaacs and Jean Lindemann had 

demonstrated that a substance secreted within minutes into the supernatant of 

chorioallantoic membranes exposed to heat-inactivated influenza A virus (IAV) caused 

‘interference’ in IAV replication plaque assays. In 1989, Charles Janeway synthesised 

these two branches of research, defining the division of innate and adaptive immune 

systems (Janeway, 1989). Taking an evolutionary perspective, he asserted that human 

immune systems derived from unicellular ancestors which do not possess adaptive 

immunity. Janeway questioned whether a T cell receptor with a randomly generated 

ligand binding site could self-determine a suitable substrate for the initiation of an 

immune response. He proposed that detection of pathogens was mediated by receptors 

of the innate immune system rather than antigen receptors, in a manner that determined 

whether antigen was microbial in origin. In his seminal paper, Janeway christened these 

germline-encoded sensors of the innate immune system as pattern recognition receptors 

(PRRs) which recognise conserved microbial products known as pathogen-associated 

molecular patterns (PAMPs) (Janeway, 1989). 

 

PRRs are now recognised as fundamental to immunity. These molecular tripwires detect 

diverse PAMPS from diverse pathogens to drive immune responses within individual 

cells (cell-autonomous), cellular responses by specialised innate cells (such as Natural 

Killer (NK) cells) and collaboratively between cells to generate immune memory 

(adaptive). PRRs can be divided into two groups by localisation: the extrinsic Toll-like 

receptors (TLRs) found on the cell surface or the endosomal compartment and the 

internal intracellular cytosolic nucleic acid sensors. Several families of PRRs are 

characterised by structure including TLRs, nucleotide-binding oligomerization domain 
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(Nod)-, leucine-rich repeat–containing receptors (NLRs), RIG-I-like receptors (RLRs), C-

type lectin receptors (CLRs) and AIM-2 like receptors, as well as enzymes that function 

as intracellular sensors of nucleic acids, including the family of oligoadenylate synthetase 

(OAS) proteins and cyclic GMP-AMP synthase (cGAS)  (Kawai and Akira, 2010; 

Rathinam, Vanaja and Fitzgerald, 2012; Wu and Chen, 2014). 

 

Activation of PRRs by PAMPs results in a cascade of signalling events that culminate in 

activation and nuclear translocation of transcription factors, such as NFĸB and interferon 

regulatory factor 3 (IRF3) (Fig. 1.8). These transcription factors activate innate immune 

response genes (Akira, Uematsu and Takeuchi, 2006). Anti-viral responses are 

characterised by predominant induction and secretion of soluble type 1 IFN (IFN-I). Type 

I IFNs act in a paracrine and an autocrine manner to signal through the heterodimeric 

type I IFN receptor (IFNAR), which is composed of the subunits IFNAR1 and IFNAR2, 

leading to activation of the receptor-associated protein kinases tyrosine kinase 2 

(TYK2) and Janus kinase 1 (JAK1) (Fig. 1.8) (Takaoka and Yanai, 2006). Their 

activation directs a second line of gene expression of so-called interferon-stimulated 

genes (ISGs). This encompasses transcription of hundreds of genes, the expression of 

which may be said to constitute the anti-viral state (Rustagi and Gale Jr., 2014). In the 

anti-viral state cells upregulate anti-viral proteins, which include restriction factors 

intended to make cells non-permissive to viral replication. PRR activation also induces 

expression of various proinflammatory cytokines, such as IL-8, which promote 

recruitment of neutrophils, monocytes and lymphocytes to the site of infection. The 

cytokines drive differentiation of T-cells into effector T-cells resulting in a pathogen-

specific adaptive immune response (Jain and Pasare, 2017). Innate immune cells, in 

particular macrophages, DCs and NK cells are activated to execute a range of cytotoxic 

and immunoregulatory functions. 
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Figure 1.8. Key innate immune signalling pathways 
Cell-surface and intracellular pattern recognition receptors (PRRs), such as Toll-like 

receptors (TLRs) and retinoic acid-inducible gene I (RIG-I), recognise pathogen-

associated molecular patterns (PAMPs). This activates a range of downstream signalling 

pathways that lead to induction of the genes encoding type I interferons (IFNs). IFNs 

bind their receptor (IFNAR) leading to further signalling activation. The canonical signal 

transducer and activator of transcription 1 (STAT1)–STAT2–IFN-regulatory factor 9 

(IRF9) signalling complex binds to IFN-stimulated response elements (ISREs) in gene 

promoters, leading to induction of a large number of IFN-stimulated genes (ISGs). IFNs 

can also signal through STAT1 homodimers, which are more commonly associated with 

the IFNγ-mediated signalling pathway. Other STAT heterodimers and homodimers may 

also be activated downstream, including STAT3, STAT4 and STAT5. Other signalling 

pathways that do not rely on Janus kinase (JAK) and/or STAT activity may also be 

activated, including mitogen-activated protein kinases (MAPKs) and the 

phosphoinositide 3-kinase (PI3K) pathway. Alt-IRF = IRFs other than IRF3 or IRF7; AP-

1 = activator protein 1; cGAMP = cyclic di-GMP-AMP; cGAS = cytosolic GAMP synthase; 

DAI = DNA-dependent activator of IRFs; ER = endoplasmic reticulum; IKKɛ = IκB kinase-

ɛ; MAVS = mitochondrial antiviral signalling protein; MDA5 = melanoma differentiation-

associated gene 5; MYD88 = myeloid differentiation primary response protein 88; NFκB 

= nuclear factor-κB; NOD2 = NOD-containing protein 2; STING = stimulator of IFN 

genes; TBK1 = TANK-binding kinase 1; TRAF = TNF receptor-associated factor; TRAM 

= TLR adaptor molecule; TRIF = TIR domain-containing adaptor protein inducing IFNβ; 

TYK2 = tyrosine kinase 2. 

Adapted from McNabb et al. (2015) (McNab et al., 2015). 
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1.4.2 Lentiviruses and pattern recognition receptors 

1.4.2.1 DNA sensors 

1.4.2.1.1 cGAS/STING pathway 

The cGAS/STING pathway is the best-described, and likely dominant, DNA sensing 

pathway in mammalian biology. Although originally identified in the context of host-

pathogen interactions, it is clear that the constituent parts are fundamental to hugely 

diverse physiological and pathophysiological processes, including cancer biology, 

autoimmunity and senescence. It is beyond the scope of this introduction to extend too 

much detailed examination into these different disciplines.  

 

Enzyme cGAS recognises double-stranded (dsDNA) in a sequence-independent 

manner. The catalytic site of the cGAS C-terminal nucleotidyl transferase (NTase) 

domain has two separate positively charged surfaces which interact with the sugar 

phosphate backbone of the DNA duplex. The cGAS/dsDNA complex entails two 

molecules of each  cGAS and dsDNA. Upon binding dsDNA, a structural switch 

rearranges the catalytic pocket of cGAS to allow cyclisation of ATP and GTP to form 

cGAMP. The unique isomer produced, termed 2′3′-cGAMP, binds to adaptor protein 

stimulator of interferon genes (STING). Although dsRNA or single-stranded DNA 

(ssDNA) can also bind to cGAS, neither molecule can rearrange the catalytic pocket, 

which explains the specific activation of cGAS by dsDNA. However, cGAS has been 

implicated in the detection of RNA:DNA hybrids in PBMCs and PMA-differentiated THP-

1 cells (Mankan et al., 2014). 

 

STING contains four trans-membrane domains at its N terminus that anchor the protein 

to the ER membrane, with its large carboxy-terminal domain projecting into the 

cytoplasm (Ishikawa and Barber, 2008).  2’3’-cGAMP is the most potent activator of 

STING. Cyclicdinucleotides (CDNs) secreted directly from bacteria also activate STING, 

the gene expression profile induced by CDNs is indistinguishable from that of DNA-

stimulated cells (Wu and Chen, 2014). On activation by cGAMP, STING rapidly traffics 

from the ER to the Golgi apparatus and forms large punctate structures (Ishikawa, Ma 

and Barber, 2009). During this process STING recruits and activates TANK-binding 

kinase 1 (TBK1) which in turn phosphorylates STING at several serine and threonine 

residues. Phosphorylated STING binds to a positively charged region of IRF3 and 

thereby recruits IRF3 in turn for phosphorylation by TBK1. The phosphorylated IRF3 

dimerises and then enters the nucleus. Intriguingly, TBK1-mediated IRF3 

phosphorylation and subsequent IFN production is observed only in the IFN-producing 

pathways that use MAVS, STING, or TRIF as adaptor proteins (Wu and Chen, 2014). 

Commentators suggest that this ensures only a limited array of agonists can activate 
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TBK1 (e.g. viral infection) and induce IFN responses.  STING also activates the kinase 

IKK, which phosphorylates the IκB family of inhibitors of the transcription factor NFκB. 

These phosphorylated IκB proteins are subsequently degraded by the ubiquitin-

proteasome pathway releasing NFκB subunits. NFκB subunits translocate to the 

nucleus, where they function together with IRF3 and other transcription factors to induce 

the expression of inflammatory cytokines such as TNFa, IL-1b and IL-6 as well as 

numerous innate immune genes, including IFN (Barber, 2015). Classically TBK1 is linked 

to IRF3 release, but there is evidence that TBK1 can also act directly to stimulate NFΚB 

signalling (Abe and Barber, 2014). However, mutational analysis of human and murine 

STING revealed that translocation of STING to the Golgi apparatus is essential for IRF3 

activation but dispensable for activation of NFĸB, suggesting some important discrete 

separation of these two transcription pathways downstream of STING activation (Ni, 

Konno and Barber, 2017; Stempel et al., 2019).   

 

The conflict arising from the apparent inability of cGAS to distinguish ‘self’ from ‘non-self’ 

dsDNA at the receptor level requires regulatory strategies that synergistically sets a 

cellular threshold that is under normal conditions tolerant to self-DNA, but permits 

pathway activation on encountering pathological challenges. This was traditionally 

explained by the conception of cGAS as a cytoplasmic DNA sensor. cGAS 

compartmentalisation in the cytoplasm protects the cell’s nuclear genetic material. 

However, there are circumstances during normal turnover of cells, such as mitosis and 

apoptosis, when cytoplasmic proteins might be expected to come into contact with 

cellular DNA (Rongvaux et al., 2014; Harding et al., 2017; Mackenzie et al., 2017). 

Although poorly understood, some authors have previously suggested that self-DNA 

may be less immunogenic: the structural organisation of chromatin or other intrinsic 

biophysical properties may restrain cGAS activity toward endogenous DNA (Ablasser 

and Chen, 2019). Further complexity to cGAS/STING regulation has emerged recently 

in studies that show cGAS is more promiscuous than first anticipated: cGAS has been 

localised to the plasma membrane and in the nucleus (Lahaye et al., 2018; Barnett et 

al., 2019). cGAS localisation appears to be cell type and situation specific, but the 

mechanisms that underpin these processes are not yet described. Commentators 

propose that in normal physiological conditions, transient programmed exposure of 

cGAS to self-DNA does not lead to pathological innate immune responses (Ablasser and 

Chen, 2019). Whereas cGAS activity may be provoked by unscheduled or protracted 

exposures to self-DNA, or by altered self-DNA configurations (i.e. damaged DNA). The 

effects of self-DNA sensing in the context of damage can provide advantages to the host 

by facilitating defence against malignant processes (e.g., chromosomal instability in 

cancer), but it may also aggravate maladaptive responses to cellular damage and drive 
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deleterious autoimmune inflammatory diseases (Gao et al., 2015; Dou et al., 2017; 

Bakhoum et al., 2018). 

 

1.4.2.1.2 HIV-1 DNA sensing in myeloid cells 

In most circumstances HIV-1 does not trigger cGAS/STING-dependent IFN responses 

during infection. However HIV-1 DNA is a potent trigger for these responses in certain 

circumstances which leads to failure of replication. HIV-1 depends on a range of viral 

and host factors to protects its DNA. The importance of host exonucleases was identified 

early in this nascent field.  HIV-1 sensing was initially shown to stimulate cGAS/STING 

in primary MDMs only in circumstances where cells were depleted for TREX1 (Three 

prime repair exonuclease 1) (Yan et al., 2010). TREX1 has been suggested to digest 

unencapsidated HIV-1 DNA that would otherwise activate a type I IFN response (Yan et 

al., 2010; Wheeler et al., 2016; Kumar et al., 2018). SAM domain and HD domain-

containing protein 1 (SAMHD1) is a restriction factor that also limits cytoplasmic HIV-1 

DNA levels. SAMHD1 restricts HIV-1 replication principally through its dNTP 

triphosphohydrolase (or dNTPase) ability. Through this mechanism, SAMHD1 indirectly 

reduces the exposure of HIV-1 to anti-viral responses: by reducing intracellular dNTP 

supply SAMHD1 is suggested to starve HIV-1 of fuel for DNA synthesis, which means 

that HIV-1 cannot generate a PAMP to trigger DNA sensing (Maelfait et al., 2016).  

SAMHD1 is antagonised by Vpx, a lentiviral accessory protein encoded by HIV-2/SIVsm 

and SIVrcm lineage viruses, but not by HIV-1. In all studies that have demonstrated 

sensing of WT HIV-1 in myeloid cells, both MDM and dendritic cells, HIV-1 infection has 

been complemented by Vpx (Gao et al., 2013; Jakobsen et al., 2013; Lahaye, Satoh, 

Gentili, Cerboni, Conrad, Hurbain, El Marjou, et al., 2013; Jønsson et al., 2017). Without 

supplementary Vpx, typically delivered by SIV-derived genome-free virus like particles 

(VLPs), HIV-1 is unable to establish adequate levels of infection to study in these models. 

Intriguingly, HIV-1 infection of DCs depleted of SAMHD1 by shRNA rather than by Vpx-

bearing VLPs did not induce DC maturation, a phenotype associated with innate 

activation (Geijtenbeek et al., 2019). This may implicate a separate role for Vpx in 

modulation of innate immune responses separately from indirect effects on modulating 

SAMHD1 and therefore viral DNA PAMPs. cGAS/STING activation by HIV-1 DNA may 

also be enhanced by PQBP1 and IFI16 (Jakobsen et al., 2013; Yoh et al., 2015; Jønsson 

et al., 2017). PQBP1 and IFI16 are thought to be co-factors for optimal cGAS and STING 

signalling.  

 

Viral determinants of HIV-1 DNA sensing remain controversial. Many viral pathogens 

encode specific cGAS/STING antagonists, but this has not been shown for HIV-1. The 

prevailing interpretation of available data is that HIV-1 evades rather than antagonises 
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DNA sensing. The capsid core, as the principal interface between virus and the cell 

cytoplasm, is fundamental to this. HIV-1 CA mutants that are unable to recruit host 

cofactors, CypA and CPSF6, induce IFN responses and have defective replication, 

unlike ‘silent’ WT HIV-1 (Rasaiyaah et al., 2013). IFN induction was dependent on 

reverse transcription but not integration, and replication could be significantly restored 

using an antibody against the IFN receptor. Although precise mechanisms remain 

unknown, it is hypothesised that the dialogue between co-factors and the capsid core 

ensures that CA uncoating optimises both protection of HIV-1 DNA and viral nuclear 

entry.  

 

It is perhaps surprising that the HIV-1 lifecycle, rather than antagonising cGAS/STING-

dependent host defences, may actually support their propagation. cGAMP has been 

shown to be packaged into HIV-1 virions and be sufficient to induce IFN response in 

target cells (Bridgeman et al., 2015; Gentili et al., 2015). In the cell-to-cell spread model 

of HIV-1 transmission, cGAMP has also been shown to be transferred from CD4+ T cells 

to MDM through the virological synapse in an envelope-dependent manner (Xu et al., 

2016). These data suggest that HIV-1 evasion strategies against DNA sensing may be 

so effective that it does not need to counteract these host defence strategies.  

 

1.4.2.1.3 HIV-1 DNA sensing in T cells 

The sensing of HIV-1 DNA, and indeed any DNA PAMPs, in T cells remains 

controversial. CD4+ T cells with normal levels of TREX1 were shown not to produce IFN-

I in response to transfected DNA despite apparent activation of IFI16, STING and TBK1. 

This impaired DNA sensing response was independent of the activation status of the T 

cells (Berg et al., 2014). During HIV-1 infection, it remains unclear which stage of the 

HIV-1 lifecycle induces the reported innate responses. DNA sensing of incoming, newly-

synthesised HIV-1 DNA has only been detected in T cells in circumstances of TREX1 

depletion where ‘excess’ HIV-1 DNA is thought to trigger a cGAS/STING-dependent ISG 

response (Yan et al., 2010). The inherent contradiction between these two studies, may 

point towards differential mechanisms of sensing for lentivirus-associated DNA 

compared to transfected DNA in CD4+ T cells.  

 

Indirect evidence for cGAS DNA sensing in CD4+ T cells, was identified by Xu et al 

(2016). In a T cell-MDM co-culture model of HIV-1 infection they identified an ISG 

response that was STING-dependent but cGAS-independent in target MDM. The ISG 

response in target cells was sensitive to chemical inhibition of cell-to-cell connections 

thus suggesting that cGAMP is transferred from T cells to MDM. In parallel they found 

that infection of MDM or CD4+ T cells with cell-free WT HIV-1 did not induce ISG 
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responses. Given that cell-to-cell spread depends on envelope expression in the 

producer cell, it was not possible to determine which stage of the HIV-1 lifecycle in the 

producer cells stimulated the proposed cGAMP production. Thus it is unclear if this 

observation that T cell-to-MDM HIV-1 spread induces ISGs in MDM represents HIV-1 

DNA sensing or a cGAS response to other PAMPs. It is striking that the proposed 

cGAMP production in the producer T cells did not trigger STING or IFN-I production in 

the same cells. This may highlight significant differences in cGAS/STING regulation and 

signalling between T cells and myeloid cells. 

 

IFN production has also been identified during WT HIV-1 infection of CD4+ T cells in a 

manner that depends on HIV-1 integration (Galão et al., 2012; Vermeire, Roesch, 

Sauter, Baeyens, et al., 2016). The fact that viral transcription is necessary to induce IFN 

suggests that these innate responses to HIV-1 occur later in the lifecyle in CD4+ T cells 

compared to myeloid cells. This integration-dependent ISG response has been attributed 

separately to tetherin signalling (Galão et al., 2012) and cGAS activation (Vermeire, 

Roesch, Sauter, Rua, et al., 2016), and in both circumstances, IFN production was 

antagonised by HIV-1 Vpu. The nature of the PAMP responsible for the identified cGAS-

dependent IFN production during HIV-1 spreading infection of CD4+ T cells has not been 

identified. The authors of this study suggest that HIV-1 RNA detected by cGAS is a 

potential PAMP, however there is little evidence to support this.  

 

The first report of HIV-1 DNA sensing in T cells came from the study of ex vivo human 

lymphoid aggregated cultures prepared from tonsillar tissue infected with HIV-1. The 

authors found very low levels of HIV-1 infection of CD4+ T-cells and very high levels of 

CD4+ T cell death (Doitsh et al., 2010). The T cell death, characterised by pro-

inflammatory cytokine secretion, was not sensitive to integration inhibitors, and was 

associated with so-called ‘abortive HIV-1 infection’ with cellular accumulation of HIV-1 

DNA products. Using unbiased proteomic and biochemical approaches, subsequent 

studies by the same group showed that abortive infection of CD4+ T cells was detected 

by IFI16 which activated inflammasome formation resulting in pyroptosis (G Doitsh et al., 

2014; Monroe et al., 2014). This was not clearly associated with cGAS/STING or ISG 

responses. Relatively pyroptosis-insensitive peripheral CD4+ T cells could be made 

sensitive to pyroptosis by co-culturing with CD4+ T cells extracted from lymphoid tissue, 

which suggests that the lymph node microenvironment may be important for conditioning 

T cell innate immune responses to HIV-1.  
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1.4.2.1.4 HIV-2 DNA sensing  

The study of HIV-2 DNA sensing is characterised by an important paradox. SIVsm/HIV-

2 lineage viruses encode Vpx. In myeloid cells Vpx recruits host proteasomal machinery 

to direct SAMHD1 for degradation. This SAMHD1 antagonism by Vpx enhances viral 

DNA synthesis which might be expected to enhance infection. However, unlike HIV-1 

which does not encode Vpx and protects its DNA PAMP within its capsid core, HIV-2 

infection has been shown to trigger IFN responses in a cGAS/STING-dependent manner 

in myeloid cells (Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, El Marjou, et al., 

2013; Chougui et al., 2018). The apparent paradox in myeloid cells that HIV-2 

antagonises one host restriction in a manner that makes it vulnerable to another has not 

been explained. However, the incongruity of coexisting HIV-2 SAMHD1 antagonism and 

HIV-2 DNA sensing, made possible by SAMHD1 degradation, may be explained by 

considering the replicate niche of SIVsm/HIV-2 lineage viruses in their natural hosts in 

vivo. Based on tissue and blood samples from SMs, SIVsm, which became HIV-2 in 

human hosts, is rarely found in cognate myeloid cells of its natural host. In vitro, SIVsm 

does not support spreading infection of cognate macrophages (Mir et al., 2015). In 

peripheral blood samples from HIV-2 infected individuals, no HIV-2 proviral DNA was 

detected in circulating monocytes (Samri et al., 2019). In vitro, data are complicated by 

techniques used to achieve HIV-2 infection. Vesicular stomatitis virus envelope 

glycoprotein (VSV-G) pseudotyped HIV-2 can establish single-round infection in both 

MDM and dendritic cells, and this has been associated with induction of IFN-I response 

(Manel et al., 2010; Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, El Marjou, et al., 

2013; Lahaye et al., 2018). HIV-2 does not appear able to establish spreading infection 

of primary DCs or MDM in vitro (Marchant, Neil and McKnight, 2006; Duvall et al., 2007; 

Chauveau et al., 2015). The lack of sustained replication in myeloid cells is not thought 

to be related to cell entry or co-receptor preferences, and isolates that do not replicate 

in myeloid cells replicate in CD4+ T cells (Duvall et al., 2006). WT HIV-2 spreading 

infection of MDMs suggest that virus may enter and replicate in these cells transiently 

during the first 48 hours post infection, based on measurements of RT and p24 in 

supernatant and HIV-2 gagLTR expression in cells, but by 3 days replication is 

undetectable. In attempted spreading infection of DCs, WT HIV-2 does not establish 

integrated provirus at all (Duvall et al., 2006; Chauveau et al., 2015). However SAMHD1 

degradation was detected in DCs exposed to HIV-2 despite the failure of the virus to 

establish infection (Chauveau et al., 2015). These data suggest that HIV-2 enters 

myeloid cells but host factors prevent sustained replication, which is not the case for HIV-

1.  Unfortunately host innate responses during HIV-2 spreading infection have not been 

rigorously assessed during these experiments. But we speculate that HIV-2 and SIVsm 

DNA is sensed in myeloid cells in vivo which leads to anti-viral responses that prevent 
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the establishment of infection in this niche. Many authors correlate the divergent 

interactions of HIV-1 and HIV-2 with the host myeloid compartment, and the impaired 

replication profile of HIV-2 in vivo (Chauveau et al., 2015; Lahaye et al., 2018).  

 

A recent study of HIV-2 single-round infection of primary DCs and MDM suggested that 

host protein NONO is a co-factor for optimal HIV-2 DNA sensing (Lahaye et al., 2018). 

NONO is an RNA-and DNA-binding protein implicated in a wide array of physiological 

processes including DNA damage responses, and rare NONO deficiency in vivo is 

associated with neurodevelopmental disorders. NONO was identified in a yeast two-

hybrid screen for protein fragments interacting with the HIV-2 capsid. The authors found 

that NONO binds HIV-2 CA, and this interaction is required for cGAS activation by HIV-

2 DNA. The study found that NONO binds HIV-1 CA with lower affinity, which correlated 

with the lower level of ISG response during Vpx-supplemented HIV-1 infection compared 

with HIV-2 infection of myeloid cells. The findings of the study that cGAS is predominantly 

located in the nucleus during lentiviral sensing, that CA is transported into the nucleus 

and that CA itself represents a potential co-factor for DNA sensing, are all areas of 

controversy and contradict much of the published literature. There are no studies 

examining innate immune responses of HIV-2 in CD4+ T cells.  

 

1.4.2.2 RNA sensors 

1.4.2.2.1 RIG-I-like receptors 

RLRs constitute a family of DExH/D box RNA helicases. Three RLRs have been 

identified: retinoic acid-inducible gene-I (RIG-I), melanoma differentiation gene 5 (MDA5) 

and laboratory of genetics and physiology 2 (LGP2) (Yoneyama et al., 2005). RIG-l and 

MDA5 contain an N-terminal domain consisting of tandem caspase activation and 

recruitment domains (CARD), a central DExD/H box RNA helicase domain and a C-

terminal repressor domain (RD). LGP2 has no CARD domain and is broadly considered 

to be a regulator of RIG-I and MDA5 signalling (Yoneyama et al., 2005; Satoh et al., 

2010; Bruns and Horvath, 2015).  

 

RLRs detect non-self RNA in the cytosol. The specificity for non-self RNA is achieved by 

detection of specific features that are absent in self-RNA but common in foreign RNA. 

RIG-I senses short dsRNA and binds to blunt-ended RNA with 5′ triphosphate groups, 

whereas MDA5 binds to long dsRNA (Hornung et al., 2006; Peisley et al., 2012). Prior to 

RNA-binding, RIG-l and MDA5 each exist in an auto-repressed conformation in which 

the CARD domain is bound by the helicase and the RD. Upon binding RNA 

conformational changes exposes the CARD domains which interact with CARD domains 

in an adaptor protein known as mitochondrial antiviral signalling protein (MAVS) (Xu et 
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al., 2005). MAVS is located in the outer mitochondrial membrane, peroxisomes and 

mitochondria associated membranes via its C-terminal transmembrane domain. MAVS 

localisation to these sites is essential for its signal transduction ability (Seth et al., 2005). 

Activated MAVS oligomerises to form a signalosome which recruits ubiquitin ligases, 

TRAF2, TRAF3 and TRAF6 (Hou et al., 2011). Subsequently, TRAF2 and TRAF6 

activate NFĸB via IKK whereas TRAF3 activates IRF3 via TBK1  (S. Liu et al., 2013). 

Activation of IRF3 and NFĸB leads to expression of proinflammatory cytokines, IFN and 

thus ISGs.  

 

1.4.2.2.2 HIV and RNA sensing 

Both RIG-I and MAVS have been implicated in detection of HIV-1 RNA. Earlier studies 

transfected cells with purified HIV-1 RNA, which makes these results difficult to interpret 

given that during infection HIV-1 genomic RNA is packaged within the capsid core and 

in complex with a range of viral proteins (Solis et al., 2011; Berg et al., 2012).  More 

recently, HIV-1 intron containing RNA (icRNA) was identified as a PAMP produced by 

HIV-1 post integration that induces low levels of IFN in primary MDM (Akiyama et al., 

2018; McCauley et al., 2018). HIV-1 mutant viruses that failed to process or export HIV-

1 icRNA, or infection in the presence of chemical manipulation of the same pathways, 

did not stimulate IFN production. Intriguingly this ISG signal was MAVS-dependent, but 

independent of both RIG-l and MDA5, suggesting that an unidentified HIV-1 RLR may 

exist. Abortive HIV-1 RNA transcripts may also be sensed in DCs by DDX3, an RNA 

helicase related to RIG-I that has a canonical role in HIV-1 transcript translation. It was 

reported that DDX3 binds to abortive HIV-1 RNAs that do not assemble in translation 

complexes as they lack a poly(A) tail. Instead, the DDX3-abortive RNA complexes 

associate with MAVS, which was shown to activate antiviral responses. The authors 

originally observed that IFN induction in DCs, during single-round HIV-1 infection, was 

sensitive to chemical inhibition of gp120 interaction with external C-type lectin receptor 

DC-SIGN, in a separate study examining the role of these receptors in innate signalling. 

Thus the DDX3-dependent ISG response was only de-repressed and revealed during 

inhibition of DC-SIGN signalling which abrogates downstream cellular kinase activity that 

normally inhibits DDX3 interaction with MAVS. This study therefore identified novel HIV-

1 RNA PAMPs but also underlines the complex manipulation of host pathways by HIV-1 

to suppress anti-viral responses, including communication between extracellular and 

intracellular signalling. A further study suggested that any HIV-1 RNA transcript could 

represent a potential PAMP for RLRs if it does not undergo key epitranscriptomic 

modifications (Ringeard et al., 2019). In this study, HIV-1 recruitment of putative 2'-O-

methyltransferase FTSJ3 produces marks on HIV-1 RNA transcripts in such a way as 

they are perceived as self-RNA by host PRRs. HIV-1 viruses produced in FTSJ3 
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knockdown cells showed reduced 2'-O-methylation and triggered IFN production in DCs 

through MDA5.  

 

1.4.2.3 Toll-like receptors 

1.4.2.3.1 Toll-like receptors 

Toll-like receptors (TLRs) are the prototype PRRs. The proteins are named after the 

Drosophila gene Toll that shared significant, and at the time surprising, sequence 

homology to what would soon be recognised as the first cloned TLR gene (Gay and 

Keith, 1991). There are 10 human TLR proteins (TLR1-TLR10). TLRs are type 1 

transmembrane glycoproteins that contain an N-terminal ectodomain, hydrophobic 

transmembrane domain and a cytoplasmic C-terminal domain. The N-terminal 

ectodomain contains leucine rich motifs that allow recognition of various PAMPs (Xu et 

al., 2000). The C-terminal domain is involved in intracellular signal transduction (Botos, 

Segal and Davies, 2011).  TLR1, TLR2 and TLR6 recognise lipoproteins and 

lipopeptides. TLR3 detects double-stranded RNA (Alexopoulou et al., 2001). TLR4 binds 

to LPS,  TLR5 binds flagellin, and TLR7/8/9 bind to nucleic acids (Akira, Uematsu and 

Takeuchi, 2006). TLRs localise to the plasma membrane and endosomal membranes. 

TLR1, TLR2, TLR4, TLR5 and TLR6 are mainly found in the plasma membrane whereas 

TLR3, TLR7, TLR8 and TLR9 are present in endosomes and are therefore often referred 

to as intracellular TLRs (Ahmad-Nejad et al., 2002; Heil et al., 2003; Matsumoto et al., 

2003). TLR10 is thought to be a negative regulator of inflammatory signalling but has not 

been extensively studied (Jiang et al., 2016). 

 

TLR binding to its cognate ligand results in formation of homo- or heterodimers of TLRs 

with the ligand present between the two receptors (Godfroy et al., 2012). This brings the 

C-terminal domains closer to each other and activates intracellular signalling. The C-

terminal domain of TLRs resembles the interleukin-1 beta (IL-1β) receptor and contains 

the Toll-IL-1 resistance (TIR) domain (Slack et al., 2000). Dimerisation of TLRs results 

in exposure of the TIR domain which can recruit downstream adaptor proteins. There 

are 5 adaptor proteins that bind the TIR-domain: myeloid differentiation primary-

response protein 88 (MyD88), TIR-associated protein (TIRAP), TIR-domain-containing 

adaptor protein-inducing IFN-β (TRIF) and TRIF-related adaptor molecule (TRAM) and 

sterile-α-and armadillo-motif-containing protein 1 (SARM1) (O’Neill, Golenbock and 

Bowie, 2013). TLRs activation of NFĸB and IRF3 depends on differential recruitment of 

the adaptor proteins. MyD88 recruitment by TLRs principally activates NFĸB signalling 

and proinflammatory gene expression. Recruitment of TRIF results in activation of IRF3 

and IFN induction (Kagan et al., 2008; Lin, Lo and Wu, 2010). TRIF is only thought to be 

recruited by TLR3 and TLR4 in the endosomes (Kagan and Medzhitov, 2006).  
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1.4.2.3.2 HIV and TLRs 

Both TLR7 and TLR8 recognise genomic HIV-1 ssRNA and induce activation of NFκB 

that is dependent on the adaptor MyD88 in human cell lines (Heil et al., 2004). However, 

only engagement of TLR7 by HIV-1 ssRNA has been shown to induce IFN production in 

primary DCs (Beignon et al., 2005). However these early studies of TLRs and HIV-1 

interactions used only purified genomic HIV-1 ssRNA, which is difficult to correlate with 

the genome as it arrives packaged in the HIV-1 particle. TLRs have been predominantly 

studied in antigen-presenting cells (APCs), particularly DCs. However emerging data 

from studies of TLR interactions with HIV-1 in CD4+ T cells suggest divergent roles for 

these receptors according to cell type. Rather than inducing pro-inflammatory genes or 

IFN, as seen for purified HIV-1 ssRNA treatment of DCs, TLR7 activation on CD4+ T 

cells by HIV-1 enhanced infection (Dominguez-Villar et al., 2015). Chemical inhibition of 

TLR7 in ex vivo CD4+ T cells infected with HIV-1 demonstrated reduced proviral load 

within 7 days. This TLR7-enhancement of HIV-1 infection is associated with an anergic 

T cell phenotype which may favour HIV-1 latency and reduces proinflammatory cytokine 

release. The mechanism of enhanced HIV-1 infection by TLR7 activation in CD4+ T cells 

is unknown. However, a similar role for TLR8 enhancing HIV-1 infection has been 

described during HIV-1 infection of primary DCs which is thought to depend on NFκB 

activation of provirus transcription (Gringhuis et al., 2010). It is instructive to consider 

that the downstream consequences of PRR engagement by HIV-1 may vary according 

to cell type. And further that HIV-1 and other pathogens PRR interactions may not 

necessarily lead to deleterious consequences for the pathogen.  
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1.5 Restriction factors and viral antagonists 

Key effectors of the host anti-viral response are restriction factors, typically encoded 

by ISGs, that target every stage of the HIV-1 lifecycle. The strict definition of what 

constitutes a restriction factor has dissipated and evolved since these anti-viral 

proteins were first identified over 20 years ago (Malim and Bieniasz, 2012). However, 

some criteria remain conceptually useful for thinking about the role and mechanism of 

restriction factors. Restriction factors are dominantly acting, cell-autonomous proteins 

that suppress lentiviral replication (Doyle, Goujon and Malim, 2015). Previously a 

distinction was made between constitutively active, but IFN-sensitive, restriction 

factors (namely APOBEC3G, TRIM5, SAMHD1 and tetherin) and IFN-induced, but not 

constitutively anti-viral, resistance factors (namely IFITMs and MxB; Fig. 1.9). Other 

anti-viral proteins are often called restriction factors but their precise functions or 

identities are unknown (SERINC3/5, unidentified Lv4). Although often informally 

described as components of the innate immune response, restriction factors are 

ready-to-act defences that can operate independently of the orthodox pathway of an 

innate immune response (receptor, transducer, effector). However, more recent 

discoveries that characterise traditional restriction factors as PRRs, in particular 

tetherin and TRIM5, blur the lines between these slightly nugatory classifications of 

host defence. This introduction will describe a series of cell-autonomous factors that 

restrict lentiviral replication where there is a substantial evidence base, or where a 

factor is particularly relevant to this thesis. Current understanding of any viral 

antagonists for each factor will also be described. It is striking that HIV-1 lacks a 

specific antagonist for many of these factors. This re-emphasises the importance of 

evading innate immune responses in host cells. Lentiviruses travel light with 9-10 

genes, unlike other viruses such as herpes viruses which may encode in excess of 

200 ORFs many of which antagonise host defences (Amsler, Verweij and DeFilippis, 

2013). We hypothesise that evasion of PRRs and therefore IFN-induction is the most 

efficient and parsimonious strategy for limiting restriction.  
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1.5.1 IFITMs 

Interferon-induced transmembrane (IFITM) proteins are a family of antiviral factors that 

prevent infection by a great diversity of enveloped viruses, including retroviruses (Brass 

et al., 2009; Huang et al., 2011; Lu et al., 2011). They are often described as the ‘first 

line of defence’ against enveloped viruses (Shi, Schwartz and Compton, 2017). Five 

human IFITM proteins are recognised: 1, 2, 3, 5 and 10 (Bailey et al., 2014). IFITM1, 2 

and 3 are all induced by IFN and implicated in anti-viral responses. All IFITM proteins 

are targeted to the plasma membrane after synthesis. Both IFITM2 and 3 are trafficked 

to endosomal membranes (Jia et al., 2012, 2014). In contrast, IFITM1 is principally a 

plasma membrane protein (T L Foster et al., 2016). IFITM2 is found in early endosomes; 

IFITM3 is present in late endosomes  (T L Foster et al., 2016). The specificity of IFITM 

anti-viral activity appears to depend on  membrane localisation: IFITM3 is active against 

Influenza A virus (IAV) but its anti-viral activity is abrogated by mutation of its endocytic 

motif (Jia et al., 2014). The main anti-viral effector function of IFITM proteins appears to 

entail prevention of fusion by enveloped viruses with target membranes but exact 

mechanisms have proved elusive. IAV studies dominate the IFITM literature and these 

data suggest that IFITM proteins regulate fluidity of target membranes to prevent viral 

fusion (Amini-Bavil-Olyaee et al., 2013; Desai et al., 2014). HIV-1 envelope-deleted 

viruses are routinely pseudotyped with VSV-G to enable safe and efficient single-round  

HIV-1 infection in vitro. VSV-G makes pseudotyped HIV-1 infection vulnerable to 

endocytic IFITM3 restriction (Weidner et al., 2010).  

 

The IFITM proteins were originally identified as HIV-1 restriction factors in an siRNA 

screen of ISGs (Lu et al., 2011). IFITMs may exert two phases of restriction during HIV-

1 infection: inhibition of virus entry and impairment of de novo virion infectivity. A key 

insight has been that IFITMs may have shaped important HIV-1 adaptations to 

transmission across human mucosa. HIV-1 T/F viruses were resistant to IFITM mediated 

restriction compared with chronic viruses isolated from the same HIV-1 infected 

individuals (T L Foster et al., 2016). The reduced sensitivity of HIV-1 T/F viruses to IFITM 

restriction may in part explain the previously described observation that HIV-1 T/F 

viruses have reduced sensitivity to IFN responses. As discussed previously, these HIV-

1 T/F isolates are from individuals with presumed recent HIV-1 acquisition and represent 

a close approximation of the viral sequence that seeds infection in a newly-infected 

individual. The sensitivity of HIV-1 entry to IFITM-mediated restriction depends on 

coreceptor usage. Chronic CXCR4-tropic HIV-1 strains are sensitive to IFITM2 and 

IFITM3, while CCR5-tropic strains were sensitive to IFITM1. This suggests that T/F 

strains may enter cells at the plasma membrane, and chronic viruses may favour 

endosomal fusion, although location of HIV-1 cell entry remains controversial. 
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Intriguingly this preference for intracellular fusion with host cells is associated with 

mutations that are characterised to allow HIV-1 escape from neutralising antibodies. This 

suggests that while transmission is significantly defined by evasion of innate IFN-induced 

restriction including IFITM, evolution of the host response during chronic infection leads 

to selection pressures that drive HIV-1 to evade adaptive responses.  

 

It has also been shown that expression of IFITM proteins in producer cells results in 

IFITM localisation to sites of virus assembly leading to IFITM incorporation into virions, 

which subsequently reduces virion infectivity in the target cells (Compton et al., 2014; 

Tartour et al., 2014). The authors concluded that the antiviral effect of IFITM comes from 

the IFITM present in the virion membrane and not from the target cell membrane 

associated IFITM. In a potentially related observation, IFITM expression was found to 

inhibit processing and virion incorporation of the HIV-1 Env glycoprotein, gp160. It was 

shown that virus escaped IFITM restriction, after passage in IFITM-expressing cells, 

through mutations in the env gene (Yu et al., 2015). Compton et al, (2014) also reported 

that IFITMs have a negative effect on virological synapse formation and thus IFITM 

proteins may inhibit cell-to-cell as well as cell-free HIV-1 transmission (Compton et al., 

2014). The absence of any specific IFITM antagonist reaffirms the primacy of minimising 

induction of IFN responses by HIV-1, which would be assumed to upregulate expression 

of, and therefore restriction by, IFITM proteins (Doyle, Goujon and Malim, 2015). 

 

1.5.2 Serinc and Nef 

SERine INCorporator (SERINC) genes encode for homologous multipass 

transmembrane proteins with unknown cellular function, despite being highly conserved 

across eukaryotes. They are named after their ability to incorporate serine into 

phospholipids during their synthesis, but no phenotypic abnormalities have been 

detected in cellular membranes after SERINC depletion (Inuzuka, Hayakawa and Ingi, 

2005; Trautz et al., 2017). From the SERINC family, SERINC5 is both the most abundant 

and most potent inhibitor of HIV-1 whereas SERINC2 lacks anti-viral activity altogether 

(Schulte et al., 2018). SERINC1 and 3 show intermediate  HIV-1 restriction (Schulte et 

al., 2018). SERINC4 also shows potent antiviral activity against HIV-1 when expressed 

ectopically but it is not thought to be present at significant levels in human cells (Firrito 

et al., 2018). SERINC5 is incorporated into HIV-1 virions and is thought to impair HIV-1 

fusion to human cells leading to an infection block at cell entry. The SERINC proteins 

may prevent enlargement of the fusion pore following HIV-1 binding, thus preventing 

cytoplasmic entry of the capsid core but the mechanism is unclear (Rosa et al., 2015; 

Usami, Wu and Göttlinger, 2015). SERINC5 is also distinct from other restriction factors 

as it does not seem to be induced by IFN (Rosa et al., 2015). 
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Nef is a small protein (approximately 27 kDa) that is expressed early during infection 

(Klotman et al., 2006). The N- terminus of Nef is post-translationally myristoylated which 

allows interaction with lipid membranes (Guy et al., 1987). Even among multifarious HIV-

1 accessory proteins, the list of activities attributed to Nef during the HIV-1 lifecycle is 

long and expanding. In human cells, HIV-1 Nef is able to downregulate host cell surface 

molecules (including CD4, MHC-I and the T cell receptor) via interaction with vesicular 

trafficking machinery (Landi et al., 2011). Nef is also thought to alter the activation 

state of T cells and macrophages, and to disrupt the actin cytoskeleton (Baur et al., 

1994; Alexander et al., 1997; Schrager and Marsh, 1999; Simmons, Aluvihare and 

McMichael, 2001; Stolp et al., 2009). However, none of these functions could explain 

the early block to infection for HIV-1 Nef-deleted viruses that was originally observed 

over 20 years ago (Chowers et al., 1994). Nef was known to enhance HIV-1 infection 

during acute and chronic phases of infection suggesting that it is required for 

transmission and sustained replication (Carl et al., 2002). HIV-1 infectivity was shown to 

be determined by expression of Nef in producer cells and Nef interaction with 

endocytosis in those cells (Craig, Pandori and Guatelli, 1998; Pizzato et al., 2007). It was 

only relatively recently that the SERINC proteins were identified as the host restriction 

factors antagonised by Nef to overcome the early infection block. SERINC3 and 5 were 

identified by comparative transcriptomic analyses between highly Nef-responsive and 

poorly Nef-responsive producer cell lines (Rosa et al., 2015). However, much like the 

mechanism of SERINC restriction, the precise mechanism by which Nef antagonises 

SERINC has not been definitively described.  

 

1.5.3 TRIM5α 

TRIM5α was originally identified in a rhesus macaque cDNA expression screen for genes 

that restrict HIV-1 infection (Stremlau et al., 2004).  TRIM5α is a cytoplasmic protein that 

inhibits completion of reverse transcription (Stremlau et al., 2004). It is a member of the 

large tripartite motif family, of which humans have in excess of 80 genes (van Gent, 

Sparrer and Gack, 2018). All TRIM family members, including TRIM5α, comprise an N-

terminal RING E3 ubiquitin ligase domain, one or two B box domains, and an extended 

central alpha-helical domain. The C-terminal domain is not highly conserved amongst 

the TRIM family and this region is thought to be the main determinant of species 

specificity. TRIM5α possesses as C-terminal SPRY domain (a sequence repeat in dual-

specificity kinase SPIA and RYanodine receptors) which binds retroviral CA initiating 

TRIM5α oligomerisation and formation of a hexagonal lattice on the surface of capsid 

cores (Sebastian and Luban, 2005; Stremlau et al., 2006). Expression of TRIM5α in the 

absence of capsid can also result in assembly of higher-order structures known as 
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cytoplasmic bodies (Reymond et al., 2001). It remains controversial how binding and 

multimerisation leads to restriction of retroviral reverse transcription (Wu et al., 2006). 

Three main hypotheses are postulated: E3 ligase activity of the RING domain leading to 

complex targeting to the proteasome, destabilisation of capsid cores by the TRIM5α 

lattice leading to deleterious disorganised uncoating, and innate immune activation by 

the TRIM5α complex (Malim and Bieniasz, 2012). TRIM5α has been described as a PRR 

for retroviral CA. Higher-order assembly of TRIM5α and the subsequent K63-Ub chain 

formation activates NFκB and AP-1 via a tumour growth factor β activated Kinase 1 

(TAK1) dependent signalling pathway (Pertel et al., 2011). This activation of signalling 

by TRIM5α may enhance adaptive immune responses including cytotoxic activity of 

CD8+ T-cells (Jimenez-Moyano et al., 2016). Cytotoxic T lymphocyte (CTL) escape 

mutations found in CA have been associated with TRIM5α sensitivity (Battivelli et al., 

2011).  

 

Until very recently, human TRIM5α (hTRIM5α) was thought to be inactive against HIV-1 

infection based on in vitro studies (Malim and Bieniasz, 2012). This was despite 

epidemiological observations that high levels of  TRIM5α expression and certain TRIM5α 

polymorphisms are associated with favourable outcomes in HIV-1 infected individuals 

(van Manen et al., 2008; Sewram et al., 2009). A study by Jimenez-Guardeño et al. 

(2019) used an siRNA library targeting ISGs in IFNα-treated U87-MG cells to identify 

hTRIM5a as an HIV-1 restriction factor (Jimenez-Guardeño et al., 2019). Human TRIM5α 

restriction of HIV-1 was demonstrated in CD4+ T cells and was shown to require IFN 

treatment. In contrast to wild-type HIV-1, IFN-mediated restriction of a chimeric HIV-1, 

with SIVmac CA in place of HIV-1 CA, was not affected by TRIM5α knock out suggesting 

that hTRIM5α restriction may be unique to HIV-1 CA. The precise mechanism of 

hTRIM5α restriction was not defined but depended on hTRIM5α turnover by the IFN-

induced, non-constitutive, immunoproteasome. This suggests that hTRIM5α may 

mediate proteasomal degradation. However, this restriction depends on activation of 

innate immune responses and IFN production. It has not been tested, in CD4+ T cells in 

particular, what drives the IFN response responsible for activation of hTRIM5α restriction 

and whether the signalling function of hTRIM5α itself is able to achieve this.  

 

Even in the absence of exogenous IFN treatment, human TRIM5α has been shown to 

modestly restrict HIV-2 in human cell lines but this has not been tested in primary cells 

(Ylinen et al., 2005; Song et al., 2007). HIV-2 is strongly restricted by the rhesus 

macaque orthologue of TRIM5α, unlike SIVmac, and this species specificity maps to the 

putative CypA binding loop of HIV-2 CA (Ylinen et al., 2005). SIVmac CA and SIVsm CA 

are not thought to be sensitive to hTRIM5α restriction in the presence or absence of IFN 
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(Stremlau et al., 2004; Song et al., 2007; Jimenez-Guardeño et al., 2019). The effects of 

TRIM5 genotype on the natural history of HIV-2 has also not been assessed (Boswell 

and Rowland-Jones, 2019).  

 

1.5.4 APOBEC3 and Vif 

APOBEC3G (A3G) is a member of a family of vertebrate proteins (humans encode 11) 

with polynucleotide (RNA or DNA) cytidine deaminase activity (Malim and Bieniasz, 

2012). A3G restricts HIV-1 through hypermutation, causing C to U deamination of the 

minus strand which prevents viral DNA synthesis (Mangeat et al., 2003). A3G is 

expressed in many cell types, including CD4+ T cells and MDMs and is packaged into 

virions as they assemble at the plasma membrane. This packaging is required for 

antiviral activity (Zennou et al., 2004). Packaged A3G may also prevent tRNA binding to 

the PBS on the viral genomic RNA and cause termination of minus-strand synthesis 

(Holmes, Malim and Bishop, 2007). Lentiviral accessory protein Vif induces APOBEC3 

degradation before virion packaging. Vif binds to A3G in producer cells and recruits a 

cullin 5–based E3 ubiquitin ligase complex leading to proteasomal degradation of the 

complex (Yu, 2003; Guo et al., 2014). 

 

Paradoxically A3G has also been shown to benefit HIV-1 replication by enhancing HIV-

1 genomic diversity and by evasion of innate and adaptive immune responses. Sub-

lethal mutations by A3G may generate viral strains that are resistant to immune 

responses and antiretroviral drugs (Kim et al., 2010; Sato et al., 2014). For example, 

mutations generated by A3G drive evolution of HIV-1 cytotoxic lymphocyte (CTL) escape 

mutants leading to reduced CD8+ T cell responses to HIV-1 (Kim et al., 2014). However, 

reports are conflicting. Lethal mutations in the viral genome have been shown to 

generate HIV-1-derived non-functional proteins for antigen presentation and augmented 

CTL responses (Casartelli et al., 2010). In mice, A3G mediated suppression of reverse 

transcription limited detection of viral DNA by PRRs and prevented IFN induction 

(Stavrou et al., 2015). However, in human NK cells, A3G-hypermutated viral DNA leads 

to upregulation of NK cell activating ligands and enhances NK detection of HIV-1 infected 

cells and cell lysis (Norman et al., 2011).  

 

1.5.5 MxB 

The product of the IFN-induced myxovirus resistance-2 (MX2) gene, a dynamin-like 

GTPase designated MxB, also restricts HIV-1 infection in IFN-treated cells (Caroline 

Goujon, Moncorgé, et al., 2013; Melissa Kane et al., 2013; Zhenlong Liu et al., 2013). 

MxB localises to the nuclear membrane and prevents HIV-1 nuclear entry. Passage of 
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HIV-1 in cells expressing MxB results in a point mutation in HIV-1 CA that makes HIV-1 

resistant to MxB (Z Liu et al., 2013). The mutated residue is present in the CypA binding 

loop of HIV-1 CA. Abolishing CypA recruitment by CypA depletion or chemical inhibition 

suppressed MxB anti-viral activity (C Goujon et al., 2013; M Kane et al., 2013). 

Consistently, HIV-1 capsid co-factor binding mutants, P90A and N74D, have also been 

shown to be MxB insensitive (C Goujon et al., 2013; M Kane et al., 2013). It seems that 

HIV-1 recruits co-factors to evade host restriction besides evasion of innate immune 

sensors and the organised process of capsid core uncoating. Despite not clearly 

encoding a specific MxB antagonist, it may be that co-factor recruitment by HIV-1 

performs the role of a specific antagonist. Given the IFN-sensitive nature of MxB 

restriction, the primacy of HIV-1 avoiding induction of IFN in the first place is re-

emphasised. Given its location at the nuclear rim it is unsurprising that depletion of 

nucleoporins, Nup214 and TNPO1, in cell lines and CD4+ T-cells inhibit MxB restriction 

of HIV-1 activity (Dicks et al., 2018). Despite these insights, the precise mechanism of 

MxB restriction is unknown. 

 
Figure 1.9. Host restriction and resistance factors, and lentiviral antagonists 
Key host restriction factors are shown in yellow. TRIM5α may promote fragmentation of 

viral cores, preventing cDNA synthesis. SAMHD1 depletes dNTPs, which are required 

for cDNA synthesis. APOBEC3 proteins interfere with the processivity of HIV-1 RT and 

induce hypermutation of viral cDNA by cytidine deamination. Tetherin prevents the 

release of budded virions from the infected cell. Viral protein antagonists are shown in 

blue. Vpx antagonises SAMHD1; Vif antagonizes APOBEC3 proteins; Vpu antagonises 

tetherin. Examples of HIV-1 resistance factors are shown in brown which inhibit viral 

replication but are not directly counteracted by the viral proteins. Interferon-induced 

transmembrane proteins (IFITMs) inhibit viral entry by interfering with membrane fusion. 

Myxovirus resistance 2 (MX2) encodes MxB protein which prevents the nuclear import 
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and integration of viral cDNA. dsDNA = double-stranded DNA; gRNA = viral genomic 

RNA; LTR = long terminal repeat; ssDNA = single-stranded DNA. 

Adapted from Doyle et al. (2015) (Doyle, Goujon and Malim, 2015). 
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1.5.6 Tetherin and Vpu 

1.5.6.1 Tetherin function 

Tetherin (previously called BST-2, CD317, or HM1.24) is a type II transmembrane 

protein. It contains an N-terminal domain, an alpha helical transmembrane domain, a 

coiled-coil ectodomain and a C-terminal glycosyl-phosphatidylinositol (GPI) anchor 

(Schubert et al., 2010; Yang et al., 2010). The N-terminal domain is cytoplasmic. It 

contains a highly conserved dual tyrosine motif (YxY) which interacts with clathrin 

adaptor proteins AP1 and AP2 resulting in clathrin-dependent endocytosis of tetherin 

into endosomes (Rollason et al., 2007). After synthesis, tetherin continuously cycles 

between the plasma membrane, endosomes and the trans-Golgi network every few 

hours. Tetherin is post-translationally modified in the ER and Golgi apparatus. Two 

asparagine residues in the coiled-coil ectodomain are N-linked glycosylated which allows 

transport to the plasma membrane (Ohtomo et al., 1999), (Kupzig et al., 2003). While in 

the ER, the C-terminus of tetherin is cleaved and a GPI anchor is added to a serine 

residue at position 161 (Cole et al., 2012). GPI anchors allow targeting of tetherin to 

specialised cholesterol-rich microdomains at the boundary of the lipid rafts where viral 

assembly occurs.   

 

Tetherin is an ISG and is inducible in various cell types from different species by type I-

III IFNs (Blasius et al., 2006; Jiménez et al., 2012; Amet et al., 2014). Tetherin expression 

is also induced by TLR3 and TLR8 in an IFN-independent manner (Bego, Mercier and 

Cohen, 2012). Tetherin expression is upregulated upon viral infection and protein levels 

correlate with both HIV and SIV viral loads ex vivo (Homann et al., 2011; Rahmberg et 

al., 2013). However, many cell types constitutively express tetherin in the absence of 

viral infection, particularly at endothelial and epithelial surfaces including liver and lung 

cells, which suggests important, but unidentified, roles in physiology besides early innate 

immune responses at these key host-pathogen interfaces (Erikson et al., 2011). Tetherin 

has two well-described roles in host immune responses: inhibition of virus egress from 

cells and anti-viral signalling. Tetherin exists as a dimer at the plasma membrane (Kupzig 

et al., 2003). The C-terminus is anchored in the lipid rafts, sites of viral budding, by GPI 

whereas the N-terminus is embedded into the plasma membrane by the transmembrane 

domain. During budding the GPI anchor of tetherin is incorporated into viral membranes 

leaving the N-terminus embedded in the plasma membrane and thus tethered to the 

producer cells (Hammonds et al., 2010). Tetherin restricts budding of members of alpha-

, beta-, gamma-, and deltaretroviruses, lentiviruses, and spumaviruses, arena- and 

filoviruses, as well as paramyxo- and rhabdoviruses (Neil, Zang and Bieniasz, 2008; 

Jouvenet et al., 2009; Sauter, 2014). Interestingly, viruses that bud from intracellular 

membranes, including HSV-1, are also restricted by tetherin (Blondeau et al., 2013). 
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Tetherin was identified in an over-expression screen for activators of NFκB (Matsuda et 

al., 2003). Tetherin expressed stably in cell lines does not constitutively signal, but both 

antibody-mediated crosslinking of surface tetherin and virion budding induce NFκB 

activation (Galão et al., 2012; Tokarev et al., 2013). It is suggested that tetherin acts as 

a PRR inducing an antiviral immune response upon binding of budding progeny 

virions. Mutation of the dual tyrosine motif YxYxxφ in its cytoplasmic tail, which is also 

required for tetherin trafficking, abrogates the signalling activity of tetherin. This 

sequence in tetherin behaves as a non-canonical hemi-immunoreceptor tyrosine-based 

activation motif (hemITAM), such that links to the cortical actin network lead to 

phosphorylation of tetherin tyrosine residues by Src-family kinases and recruitment of 

Syk (spleen tyrosine kinase). Syk activates the canonical NFκB signalling pathway 

through adaptor proteins TRAFs 2 and 6 and TAK1 (Galão et al., 2014). Like most 

antiviral genes, tetherin is under high selection pressure in all mammalian lineages and 

residues in all three domains have been shown to be under positive selection (Gupta et 

al., 2009; Lim, Malik and Emerman, 2010). Interestingly, most mammalian tetherin 

orthologues do not sense viral particles and activate NFκB, although they encode the 

dual tyrosine motif. Only human tetherin and (to a lesser extent) chimpanzee tetherin 

have been shown to perform this function (Galão et al., 2012). Although most 

experiments have been performed in human cells, it has been suggested that the 

deletion of five amino acid residues in the cytoplasmic tail of tetherin during human 

evolution may have led to a signalling phenotype (Galão et al., 2012).  

 

Tetherin-mediated tethering of virions has also been shown to enhance adaptive immune 

responses. Tethered viruses are targeted by neutralising antibodies which result in 

antibody dependent cell cytotoxicity (ADDC) mediated by myeloid and NK cells (Alvarez 

et al., 2014; Pham et al., 2014). Tetherin is also a ligand for immunoglobulin-like 

transcript (ILT7), which is a leucocyte inhibitor receptor present on dendritic cells (Cao 

et al., 2009). Tetherin interaction with ILT7 was shown to inhibit TLR signalling pathways. 

In the context of infection, tetherin incorporation into budding virions prevented this 

interaction and allowed activation of pDCs by TLR agonists.  

 

1.5.6.2 Antagonism of tetherin  

1.5.6.2.1 Antagonism of tetherin restriction 

HIV-1 has evolved the accessory protein Vpu to antagonise tetherin restriction. Vpu is 

not particle-associated and is expressed late during HIV-1 provirus transcription. HIV-

1DVpu clusters on the cell surface as it is unable to detach after budding (Klimkait et al., 

1990). Vpu is a type I transmembrane protein that localises to the ER where it gets 
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access to the newly synthesised and recycling tetherin. Phosphorylation of the 

cytoplasmic tail of Vpu allows formation of a complex with tetherin and clathrin adaptor 

proteins, AP1 and AP2 (Kueck et al., 2015). Phosphorylation of a dual serine 

phosphorylation motif, DSGxxS, in Vpu recruits a Skip1-Cullin1-F-box protein (SCF) E3 

ubiquitin ligase via interaction with the β-transducing repeat containing (βTrCP) adaptor 

protein resulting in tetherin ubiquitination and lysosomal degradation (Mitchell et al., 

2009). The cytoplasmic tail of tetherin which recruits the clathrin adaptor proteins is 

critical for its sensitivity to Vpu. The short form of tetherin lacks the cytoplasmic tail and 

is insensitive to Vpu mediated degradation (Weinelt and Neil, 2014).  

 

Most SIVs use their accessory protein Nef to counteract tetherin in their respective host 

species (Jia et al., 2009; Sauter et al., 2009; Schmökel et al., 2011). Total cellular tetherin 

levels are not affected by Nef, suggesting that it sequesters it to intracellular 

compartments rather than inducing its degradation. Sensitivity of tetherin toward Nef 

maps to a five amino acid sequence motif in the cytoplasmic tail of tetherin that is missing 

in the human orthologue.  Human tetherin is therefore resistant to Nef-mediated 

antagonism and may represent a barrier for successful cross-species transmissions of 

SIV to humans (Sauter, 2014). As HIV-1, HIV-2 Nef does not counteract tetherin, but 

unlike HIV-1, HIV-2 does not encode Vpu. HIV-2 utilises its Env protein for this purpose 

but it is a less effective antagonist of human tetherin than HIV-1 Vpu (Dufrasne et al., 

2018). Similar to Nef-mediated antagonism of tetherin, Env does not induce the 

degradation of the restriction factor but sequesters it to intracellular compartments (Le 

Tortorec and Neil, 2009). 

 

1.5.6.2.2 Antagonism of tetherin signalling 

Besides enhancing HIV-1 budding, Vpu antagonises NFκB activation by at least two 

mechanisms. In addition to targeting of tetherin and thus indirect inhibition of NFκB 

signalling, Vpu also directly targets NFκB pathway members (Fig. 1.10b). Vpu stabilises 

IκB, the inhibitor of NFκB, and prevents the nuclear translocation of NFκB independently 

of tetherin (Sauter et al., 2015). IκB stabilisation and inhibition of p65 nuclear 

translocation depends on the presence of intact β-TrCP (beta-transducin repeat-

containing protein). β-TrCP is an E3 ubiquitin ligase that mediates ubiquitination and 

proteasomal degradation of phosphorylated substrates that play a key role in the 

signal transduction and cell cycle regulation, including NFκB (Laney and 

Hochstrasser, 1999). Full inhibition by Vpu requires interaction of Vpu with β-TrCP but 

Vpu mutant proteins that fail to recruit β-TrCP are still able to inhibit binding of p65 to its 

target sequences and to reduce NF-κB-dependent gene expression (Sauter et al., 2015). 

Thus, the interaction of Vpu with β-TrCP is neither required nor sufficient for the inhibition 
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of NF-κB activation. Notably, mutations in the Vpu DSGxxS site may not only prevent β-

TrCP binding but also alter the structure and function of the C-terminal Vpu domain 

(Coadou et al., 2003).  

 

The relationship between tetherin antagonism and NFκB modulation by primate 

lentiviruses is complex and incompletely understood. Broadly, antagonism of NFκB 

activation appears an inherent function of the viral proteins that antagonise tetherin. 

Stimulation via the TCR-CD3 receptor induces NFκB activation. Most primate 

lentiviruses, including SIVsm and SIVmac, prevent this by Nef-mediated 

downmodulation of the TCR-CD3 receptor from the cell surface (Fig. 1.10c). 

Interestingly, the CD3 down-modulation activity of Nef has been lost several times 

independently during primate lentiviral evolution, by the precursors of the 

SIVgsn/mon/mus and SIVcpz/gor/HIV-1 lineages (Fig. 1.10a) (Schindler et al., 2006; 

Kirchhoff, 2009; Schmökel et al., 2011). In most cases, this loss of function coincided 

with the acquisition of a vpu gene, such as for HIV-1. This suggests that Vpu-mediated 

inhibition of NFκB may have reduced the selection pressure to maintain the T cell 

receptor modulating activity of Nef. SIVcol and SIVolc, which lack both vpu and nef 

genes, antagonise NFκB activation through their Vpr protein. HIV-1 and SIVcpz Vprs 

have also been shown to inhibit NFκB activation in vitro (Ayyavoo et al., 1997; Sauter et 

al., 2015). It is possible to speculate that the NFκB antagonist of HIV-2 has not been 

identified: HIV-2 does not encode Vpu and while HIV-2 Env antagonises the tetherin 

restriction of virus budding it activates, rather than inhibits, NFκB activation. In the 

published literature, Vpx, encoded by HIV-2 lineage viruses, has not been tested for its 

role as a tetherin or NFκB antagonist. Alternatively, the absence of a clear HIV-2 NFκB 

antagonist may suggest this deficiency contributes to the relative low virulence and 

pathogenicity of HIV-2 in vivo. The interaction of HIV-1 with NFκB pathways adds 

complexity: over-expression of HIV-1 Nef activates NFκB, unlike the effects of SIV Nef 

ex vivo. However this phenotype appears to be overwhelmed by the more potent effect 

of HIV-1 Vpu inhibiting NFκB activation (Fig. 1.10).  

 

In transcriptomic analyses of infected CD4+ T cells, NFκB activation is linked to induction 

of ISGs by HIV-1 DVpu mutants supporting a role of tetherin as a PRR (Langer et al., 

2019). Supernatant from HIV-1 DVpu infected T cells inhibits single-round HIV-1 vector 

transduction of U87 cells (Galão et al., 2014). Vpu does not target IRF3-dependent 

genes but suppresses expression of many anti-viral genes, including restriction factors, 

through NFκB inhibition even in the context of PHA-prestimulated CD4 +T cells (Langer 

et al., 2019). Thus Vpu demonstrates the typical multifaceted immunomodulatory profile 
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of lentiviral accessory proteins (Sauter and Kirchhoff, 2018). However, it is evident that 

lentiviruses tightly and dynamically regulate NFκB activity throughout their lifecycles. 

  

 
Figure 1.10. Modulation of NFκB activity by HIV and SIV Nef and Vpu proteins.  
(a) HIV-1 Nef is expressed early during the HIV lifecycle and promotes NFκB activation 

by boosting TCR-CD3 mediated T cell activation (blue arrows).  

(b) Host protein tetherin restricts HIV-1 replication by trapping budding virions at the cell 

surface (faded cartoon) and also activates NFκB signalling (dotted black arrow). Late in 

the lentiviral lifecycle, HIV-1 and SIVcpz use their Vpu proteins to directly inhibit NFκB 

and thus anti-viral gene expression during late stages of the replication cycle (red lines). 

Vpu interferes with IκB degradation by sequestration of β-TrCP and other unknown 

mechanisms. HIV-1 Vpu proteins also counteract tetherin, which also leads indirectly to 

inhibition of NFκB signalling (red lines). In the presence of the viral transactivator, Tat, 

viral transcription is maintained independently of NFκB activity. 

(c) HIV-2 and most SIV strains do not contain a vpu gene but express Nef proteins that 

efficiently down-modulate CD3 from the cell surface to prevent T cell activation and 

hence to suppress the induction of NFκB and other transcription factors (red lines). SIV 

Nefs also counteract tetherin in their cognate host. While HIV-2 Env (weakly) counteracts 

tetherin in human cells. 

Adapted from Heusinger and Kirchoff (2017) (Heusinger and Kirchhoff, 2017). 

(a) (b) (c)

Tetherin
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1.5.7 Lv4 

Myeloid cell lines, T-cell cell lines and primary human B, T and DCs have all been shown 

to be up to 100-fold less transducible by HIV-2 or SIVsm Vpx-encoding viruses than by 

HIV-1 during single-round infection (Pizzato et al., 2015). Whereas HIV-2 and SIVsm 

transduction of epithelial cell lines and other permissive cells was equivalent to that by 

HIV-1 (Fig. 1.11). The restriction of the Vpx-encoding viruses mapped to CA: substitution 

of HIV-1 CA with that of SIVmac or HIV-2 capsid reduced HIV-1 transduction. The block 

is shown to occur after reverse transcription and nuclear entry but before integration, 

with reduced proviral DNA. Poorly permissive Jurkat T cells were fused with highly 

permissive HeLa cells to create heterokaryons to test whether HIV-2/SIVsm permissivity 

or restriction was determined by an active factor. The fused cells adopted the restriction 

phenotype with reduced HIV-2 and SIVsm infection levels compared to HIV-1, supporting 

the role of an unidentified restriction factor. The restriction appeared to be constitutive 

and not induced by IFN. The as-yet unidentified restriction factor responsible for this 

phenomenon has been termed Lv4 (Lv for lentivirus) but remains to be identified.  

 
Figure 1.11. SIVmac transduction of human cell lines is less efficient than HIV-1 
Indicated cell lines were infected with equal doses of VSV-G pseudotyped HIV-1-GFP 

(black squares) and SIVmac239-GFP (white circles). Data are plotted as transduction 

(percentage of cells GFP+) against infectious units of virus (IU), calculated by titration of 

vectors on permissive CRFK cells. The reduced transduction of Vpx-containing viruses 
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compared to HIV-1 was ascribed to an as-yet unidentified dominant-acting restriction 

factor named Lv4. Adapted from Pizzato et al. (2015) (Pizzato et al., 2015).  

1.5.8 SAMDH1 

Sterile alpha motif and histidine–aspartate domain containing protein 1 (SAMHD1) is a 

deoxynucleoside triphosphohydrolase (dNTPase) that catalyses hydrolysis of dNTPS 

into NTPs and free phosphate. SAMHD1 is involved in regulation of dNTP homeostasis 

affecting cell cycle distribution and maintaining genome integrity. SAMHD1 comprises 

three main regions: an N-terminal nuclear localisation signal and SAM domain, a large 

catalytic core HD domain, and the C-terminus. The SAM domain is involved in protein-

protein and protein-nucleic acid interactions. The role of SAMHD1 was originally 

identified in genome sequencing of individuals with Aicardi-Goutières syndrome (AGS), 

where mutations in SAMHD1 cause a severe autoimmune disease leading to aberrant 

activation of the innate immune system (Gillian I Rice et al., 2009).  

 

1.5.8.1 SAMHD1 restriction of lentiviruses 

The dNTPase function of SAMHD1 was found to restrict HIV-1 infection by lowering 

nucleotide concentrations below those which support viral DNA synthesis (Goldstone et 

al., 2011; Lahouassa et al., 2012). Mutations of key residues in the HD region cause 

SAMHD1 to lose its ability to restrict HIV-1(Laguette et al., 2011). Depletion of SAMHD1, 

using siRNA or by delivering SIVmac Vpx in VLPs, boosts both intracellular dNTP pools 

and HIV-1 replication. HIV-1 reverse transcriptase mutants with reduced dNTP affinity 

are consistently more sensitive to SAMHD1 restriction (Arnold et al., 2015). Some 

studies have proposed additional anti-viral activities for SAMHD1. For example, Ryoo et 

al. (2014) showed that overexpression of RNAse-active but dNTPase-inactive SAMHD1 

mutants, identified through biochemical assays, are able to restrict HIV-1 (Ryoo et al., 

2014). They also observed modest increases in HIV-1 RNA stability following transient 

SAMHD1 depletion. Other groups have suggested that RNase activity may be an artefact 

of contaminated samples (Seamon et al., 2015; Seamon, Bumpus and Stivers, 2016). 

There is consensus that SAMHD1 binds single-stranded nucleic acids (Tüngler et al., 

2013; Seamon et al., 2015). However, whether there is specificity for this interaction 

remains unclear. In macrophages, HIV-1 ssRNA co-immunoprecipitates with SAMHD1 

and in biochemical assays ssRNA binds monomeric and dimeric SAMHD1 to inhibit 

oligomerisation and dNTPase activity(Ryoo et al., 2014; Seamon, Bumpus and Stivers, 

2016). The relevance of this to infection has not been established but leaves open the 

possibility that binding of SAMHD1 to nucleic acids represents a further SAMHD1 

restriction mechanism.  
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SAMHD1 is widely expressed in diverse human tissues. Unlike other restriction factors, 

SAMHD1 induction by IFN appears to be cell specific. SAMHD1 protein is induced by 

type I IFNs in human monocytes (Berger et al., 2011) and in various cell lines (St Gelais 

et al., 2012; Sommer et al., 2016); and by IFNα (a type I IFN) and IFNγ (type II IFN) in 

microglia (Jin et al., 2016). In contrast, SAMHD1 expression does not change upon type 

I IFN stimulation in THP-1 cells, MDM or DCs (St Gelais et al., 2012; Caroline Goujon, 

Schaller, et al., 2013; Cribier et al., 2013; Schmidt et al., 2015). Also unlike other 

restriction factors, SAMHD1 restriction is regulated in a number of post-translational 

steps. The local dNTP environment regulates SAMHD1 oligmerisation and function. 

Binding of dNTPs to the C-terminal allosteric regulation domains is required to activate 

tetramerisation which is necessary for optimal catalytic activity (Goldstone et al., 2011; 

Ji et al., 2013; Yan et al., 2013; Zhu et al., 2013). SAMHD1 mutants that are unable to 

oligomerise are unable to restrict HIV-1 and this correlates with their inability to reduce 

dNTP pools (Yan et al., 2013; Arnold et al., 2015). It has been suggested that this 

enhances SAMHD1 function in the low dNTP environments of non-cycling cells (such as 

macrophages), where the limited available pool of dNTPs is likely directed towards 

SAMHD1 allosteric sites leading to durable tetramer formation, dNTPase activity and 

HIV-1 restriction (Luban, 2012; Arnold et al., 2015). The second key regulation of 

SAMHD1 restriction is through its phosphorylation status. SAMHD1 is inactivated by 

cyclin-dependent kinase (CDK)-mediated phosphorylation at C-terminal residue T592 

(Cribier et al., 2013). Structural studies have associated this inactivation with unstable 

tetramer structure and increased dissociation to catalytically inactive monomers and 

dimers (Arnold et al., 2015; Seamon et al., 2015). SAMHD1 is a central regulator of dNTP 

homeostasis: high levels of dNTPs are required during the cell cycle for efficient DNA 

synthesis, while excessive dNTPs in non-cycling cells is associated with genomic 

instability and DNA damage. CDK-dependent phosphorylation of SAMHD1 switches off 

SAMHD1 dNTPase function which ensures that dNTP resources are adequate for 

cycling cells. In contrast, in non-cycling dephosphorylated SAMHD1 is switched on and 

can ensure tight control of dNTP pools (Welbourn et al., 2013; Yan et al., 2013; Zhu et 

al., 2013; Mlcochova et al., 2017). A key mitotic exit phosphatase, PP2A-B55α, is 

responsible for actively rendering dephosphorylation of SAMHD1 and its anti-viral activity 

(Schott et al., 2018). Expression of the phosphatase is sensitive to IFN-I suggesting that 

IFN indirectly enhances SAMHD1 activity despite not upregulating SAMHD1 gene 

expression (Schott et al., 2018). This is consistent with previous analogous observations 

that IFN treatment caused SAMHD1 dephosphorylation macrophages and DCs (Cribier 

et al., 2013). Although SAMHD1 is not strictly an ISG, SAMHD1 may be considered an 

IFN-sensitive protein.  
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Recent work has revealed that CDK-mediated regulation of SAMHD1 has a crucial role 

in determining permissivity of myeloid cells to HIV-1 infection and has provided key 

insights into the fundamental nature of these cells. Mlcochova et al. (2017) showed that 

T592 phosphorylation and thus SAMHD1 antiviral activity are dynamic in primary human 

MDM (Mlcochova et al., 2017). They propose that macrophages, and likely other myeloid 

cells, exist in two states through which all of the cells periodically cycle. The first, a typical 

G0 state, characterised by active dephosphorylated SAMHD1, lack of the cell-cycle 

marker mini-chromosome maintenance complex component 2 (MCM2) and resistance 

to HIV-1; and the second, described as a G1-like state, permissive to HIV-1 and 

characterised by expression of MCM2 and inactive phosphorylated SAMHD1 (Fig. 1.12). 

Critically, though SAMHD1 phosphorylation in this model is CDK1 dependent and linked 

to MCM2 expression, both states exist without measurable DNA synthesis or cell division 

(Mlcochova et al., 2017). These observations provide a plausible explanation for the 

ability of HIV-1 to infect myeloid cells despite the apparent presence of active SAMHD1 

within the cell population. The fact that HIV-1 may enter myeloid cells during this window 

of opportunity may explain why HIV-1 does not need to encode a SAMHD1 antagonist, 

which further raises the question of whether encoding a SAMHD1 antagonist, such as 

Vpx in the case of HIV-2, has deleterious consequences for lentiviruses in myeloid cells.  

 

 
Figure 1.12. Regulation of SAMHD1 lentiviral restriction 
In cycling cells, phosphorylation at T592 (yellow circle) in SAMHD1 is introduced by 

CDK2/cyclin A2 in S phase and maintained by CDK1/cyclin A2 until mitosis. SAMHD1 

T592 phosphorylation is rapidly lost upon G1 entry through dephosphorylation by PP2A-

B55α holoenzymes. Dephosphorylated SAMHD1 in non-cycling cells impairs viral cDNA 

synthesis during lentiviral infection by reducing the dNTP supply. Phosphorylated 

SAMHD1 does not restrict lentiviral infection. 
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1.5.8.2 SAMHD1 and innate immunity 

The original observation that SAMHD1 mutations are associated with some cases of  

AGS has generated studies examining a physiological role for SAMHD1 as a regulator 

of  innate and adaptive immune responses in the absence of virus infection (G I Rice et 

al., 2009). AGS is an interferonopathy that mimics viral infection. AGS is characterised 

by encephalopathy and high systemic levels of type I IFN. Approximately 40% of cases 

are fatal in childhood (Crow and Manel, 2015). A number of genetic mutations are 

associated with AGS most of which occur in genes implicated in RNA processing and 

metabolism. SAMHD1 mutations account for approximately 13% of all documented 

cases; mutations of four other enzymes involved in nucleic acid processing and sensing 

are also recognised as causative: TREX1, RNase H2, ADAR1 (double-stranded RNA-

specific adenosine deaminase), and MDA5 (Crow et al., 2015). AGS clinical phenotypes 

appear to vary according to this genetic heterogeneity, and mutations in these other 

enzyme genes, but not SAMHD1, are associated with prominent vasculopathy and 

arthropathy. Attempts to recapitulate AGS in SAMHD1 null mice produced offspring with 

high level of circulating IFN but no evidence of pathological autoimmune disease. 

However, high levels of IFN production and ISG induction in SAMHD1 null mice were 

abrogated in SAMHD1-cGAS or SAMHD1-STING double knockout mice (Maelfait et al., 

2016). The PAMP driving this DNA sensing-dependent IFN response in SAMHD1 null 

mice was not identified. 

 

It remains unclear what drives the IFN response in patients suffering from AGS who lack 

functional SAMHD1. The nature of mutations responsible for AGS strongly implicates 

accumulation of endogenous nucleic acid products and an associated innate sensing 

response driving IFN production (Crow and Manel, 2015). There are two main 

hypothesises:  nucleic acids arise as a result of either chronic DNA damage or the 

processing of retroelement-derived nucleic acids. An in vitro study in cell lines 

demonstrated that SAMHD1 is a negative regulator of L1 retrotransposition and 

that SAMHD1 pathogenic variants seen in patients with AGS encode proteins that are 

defective in L1 inhibition based on a transfected retrotransposition reporter (K. Zhao 

et al., 2013). Conducted in HEK293T and HeLa cells, the authors found that inhibition 

of L1 retrotransposition was preserved by SAMHD1 mutants deficient for dNTPase 

function. Necessarily in these cell lines, the inhibition was present in cycling cells, 

which also supports the proposition that SAMHD1-mediated L1 inhibition is 

independent of SAMHD1 dNTPase function. However, the transient overexpression 

model of SAMHD1 used in this study may alter sensitivity of SAMHD1 to physiological 

regulation. A separate study in the same cell lines suggested that L1 inhibition by 

SAMHD1 is dependent upon sequestration of retroelements into stress granules (Hu 
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et al., 2015). Stress granules have previously been described as a mechanism for 

controlling L1 retrotransposition in cell lines that is an extension of normal RNA 

metabolism (Goodier et al., 2007). The authors suggest that SAMHD1 enhances this 

aspect of RNA metabolism. However, the precise mechanisms underpinning the role 

of SAMHD1 in this is unclear. The study suggests that it requires SAMHD1 dNTPase 

function and does not exclude the possibility that increased levels of L1 products in 

stress granules are merely markers of enhanced DNA damage in the absence of 

SAMHD1, rather than suggestive of a specific interaction between L1 expression and 

SAMHD1. Neither study measured innate immune responses during manipulations of 

SAMHD1 in vitro. There are no studies of these proposed mechanisms in primary cells 

and no genome-wide sequencing of RNA products extracted from AGS patients has 

been conducted. However, a small open label trial of three standard anti-retroviral agents 

(two NRTIs and an NNRTI) as treatment for AGS demonstrated significant reduction in 

levels of IFNa protein in blood and cerebrospinal fluid, and reduced ISG expression 

based on genome-wide sequencing of RNA extracted from whole blood (Rice et al., 

2018). This treatment response was lost within 6 months of treatment cessation. The 

study supports the hypothesis that IFN responses during SAMHD1-associated AGS are 

driven by an RT-dependent process consistent with increased retroelement DNA 

synthesis and subsequent sensing. However, no measurements of retroelements were 

made during the clinical study and the most pronounced treatment responses were 

detected in individuals with RNase H2 mutations.   

 

Other studies have interrogated the hypothesis that IFN responses induced by SAMHD1 

deficiency are the result of DNA damage and genome instability. Transcriptional profiling 

of SAMHD1-deficient fibroblasts from patients with AGS demonstrated constitutive 

upregulation of DNA damage response genes (Kretschmer et al., 2015). The fibroblasts 

from AGS patients also showed senescent morphology, and increased genomic 

instability (based on alkaline single-cell gel electrophoresis) and increased sensitivity to 

UV-induced DNA double-strand breaks. The authors recapitulated these findings in 

SAMHD1-depleted HeLa cells but did not address whether the phenotype is dependent 

on SAMHD1 dNTPase activity, the nature of the underlying PAMP for IFN induction, or 

which innate response pathways may be required. A more recent study connects this 

DNA damage phenotype with a cGAS/STING-dependent IFN response. In HEK293T 

and HeLa cells, SAMHD1 was shown to promote degradation of ssDNA at stalled 

replication forks by recruiting exonuclease activity of MRE1 in a manner that did not 

require dNTPase function and was active in cycling cells. It remains unclear whether 

SAMHD1 interacts directly with DNA during damage repair. Therefore SAMHD1 

depletion led to accumulation of ssDNA molecules in the cytoplasm, where they 
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activated cGAS/STING inducing IFN and other pro-inflammatory gene expression 

(Coquel et al., 2018). These data have not been recapitulated in primary non-

malignant cells which may be expected to have altered DNA damage responses to 

cell lines. Chen et al. (2018) demonstrated interactions between endogenous 

SAMHD1 and NFκB and IRF7 pathways in primary monocytes and MDM, where 

SAMHD1 inhibits phosphorylation and therefore activation of these key pathways 

reducing IFN induction during Sendai virus infection or LPS treatment. Interestingly 

SAMHD1 did not interact with or inhibit IRF3 signalling (Chen et al., 2018). The 

interaction of NFκB and IRF7 was not dependent on SAMHD1 dNTPase function, but 

did depend on an intact SAMHD1 HD domain. The significance of these interactions 

to IRF3-dominant DNA sensing pathways and in vivo is unclear. Together these data 

suggest that SAMHD1 is intimately connected to innate immune responses both for 

homeostasis and during infection in more complex ways that must be deconvoluted. 

The impact on innate immune responses of SAMHD1 degradation by lentiviral 

antagonist Vpx in the context of cognate HIV-2 or SIVsm infection, have not been 

rigorously studied.   
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1.6 Vpx 

Vpx is prototypic for lentiviral accessory proteins as a multi-functional antagonist of host 

immune defences. It has been extensively studied as the viral antagonist of SAMHD1, 

while the implications of the more recent discovery of its antagonism of transcriptional 

repressor complex HUSH remain to be fully characterised. Through SAMHD1 

antagonism, its capacity to enhance lentiviral infection of non-cycling cells means that 

Vpx is frequently used as an adjunct to HIV-1, which does not encode Vpx, during diverse 

studies of HIV-1 infection of non-cycling cells, such as macrophages and DCs. In these 

experiments Vpx is typically delivered by virus-like particles (VLPs) which possess the 

structural elements of the cognate lentivirus but with no packaged viral genome. Until 

recently, interpretation of results from Vpx-supplemented HIV-1 infection studies have 

rarely considered the contribution of Vpx beyond its purported pure SAMHD1 

antagonism. Vpx is also striking for its sequence and structural similarities to the 

universal lentiviral accessory protein Vpr. The origins and complementarity of this 

lentiviral dyad are also not fully understood. The presence of vpr and absence of vpx in 

the HIV-1 genome remains a fascinating and unexplained observation.  

 

1.6.1 Vpx genetic and structural studies 

Vpx was originally discovered as an open reading frame in the HIV-2 genome that was 

missing from HIV-1 (Franchini et al., 1988; Henderson et al., 1988). It was subsequently 

found to be a small particle-associated protein (approximately 14kDa) present in only 

two primate lentivirus lineages. Whilst vpr is found in all lentiviral groups, vpx is found 

only in HIV-2/SIVsm/SIVmac and SIVrcm/SIVmnd-2 genomes (Beer et al., 2001; Hu et 

al., 2003). These viruses infect sooty mangabeys, macaques, mandrills and red-capped 

mangabeys, all of which belong to the same primate family.  

 

Vpx is packaged into particles through an interaction with a di-leucine motif in the p6 

domain of Gag (Accola et al., 1999). Vpr, which is a similar size to Vpx, is also associated 

with virus particles but binds to a different p6 motif (Bachand et al., 1999). The precise 

number of Vpx molecules packaged with each virion has not been measured but HIV-2 

and SIVmac Vpx are thought to be packaged in equimolar amounts to Gag (Henderson 

et al., 1988). A range of biochemical and microscopy studies have found conflicting 

results regarding the association of Vpx with the capsid core. It remains unclear whether 

Vpx is incorporated inside the core, which has been shown for Vpr, or binds the external 

core surface, or whether such findings are artefacts of purification techniques 

(Henderson et al., 1988; Yu et al., 1993; Kewalramani and Emerman, 1996; Jáuregui et 

al., 2015). In vitro biochemical studies have reported isolation of Vpx homodimers in 
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purified viral particles, although this has not been replicated in more modern studies 

(Kewalramani and Emerman, 1996). Vpr has also been shown to oligomerise during 

infection but Vpr mutants abrogating this behaviour have not been shown to modify Vpr 

function during infection (Fritz et al., 2010). Vpx oligomerisation has not been 

demonstrated inside cells and the structural determinants of the behaviour in vitro are 

unknown. The fact that Vpr and Vpx are pre-packaged into virus particles has always 

been strongly suggestive of their involvement in the early phases of the lentirviral 

lifecycle.  

 

Expressed in the absence of Gag, Vpx localises to the nucleus and two separate Vpx 

NLS sequences have been proposed (Pancio, Heyden and Ratner, 2000; Mahalingam 

et al., 2001; Belshan and Ratner, 2003; Rajendra Kumar et al., 2003; Belshan, Mahnke 

and Ratner, 2006; Mahnke, Belshan and Ratner, 2006; Singhal et al., 2006; Greenwood 

et al., 2019). The polyproline motif, which is conserved across Vpx protein species, is 

one of these suggested sequences. The fact that Vpx mutants deleted for this polyproline 

motif (Vpx DPro) may be intrinsically less stable compromises interpretation of infection 

experiments using Vpx DPro mutants (Berger et al., 2012; Miyake et al., 2014; Zhang et 

al., 2017). Despite this, in myeloid cells infected with VLPs bearing mutant Vpx proteins, 

Vpx DPro appears functionally comparable to WT Vpx (Berger et al., 2012). Other studies 

have suggested that single-round infection of myeloid cells, but not Jurkat T cell lines, is 

reduced for viruses encoding Vpx DPro (Goujon et al., 2008; Zhang et al., 2017). The 

elucidation of two Vpx protein crystal structures in the last 5 years has significantly 

enhanced interpretation of historical Vpx genetic studies (Schwefel et al., 2014; 

Schwefel, Boucherit, Christodoulou, et al., 2015). Vpx has a central three-helix bundle 

stabilised by a zinc finger motif (formed of residues H39, H82, C87 and C89), which is 

indispensable to Vpx protein stability. Both crystal structures show Vpx in complex with 

host proteins SAMHD1 and DCAF1. Vpx extensively interacts with the C-terminal 

domain of DCAF1 which forms a large seven-bladed β-propeller disc shape. Vpx 

residues that define key interactions with DCAF1 had been shown previously to abolish 

the ability of Vpx-encoding viriuses to infect non-cycling cells, something that was later 

demonstrated to be the consequence of Vpx-mediated SAMHD1 degradation 

(Srivastava et al., 2008; Bergamaschi et al., 2009; Hrecka et al., 2011). Vpx residues 

Q76 and K77 are critical for hydrogen bond interfaces with DCAF1, while an extensive 

salt-bridge network between DCAF1 and Vpx is dependent on Vpx residues R70, Y69 

and Y66 in helix 3 of Vpx (Schwefel et al., 2014).  

 



 103 

1.6.2 Vpx origins 

The HIV-2/SIVsm and SIVrcm/SIVmnd-2 lineages possess two homologous genes to 

HIV-1/SIVcpz vpr: vpr and vpx (Fig. 1.13). Despite often being described as paralogues, 

the evolutionary relationship of the two genes is uncertain. The vpr and vpx genes are 

likely the result of complex cross-species transmission. Phylogenetic analyses of vpr and 

vpx are complicated by the small number of data points (each gene encodes a small 

protein of approximately 114 amino acids) and the sequence diversity between clades: 

vpx genes from the SIVrcm/SIVmnd-2 lineage share only approximately 30% amino acid 

identity with vpx from HIV-2/SIVsm. Nonetheless, the monophyletic nature of the 

lentivirus clade encoding Vpx supports the hypothesis of a single event leading to vpx 

origination, rather than multiple events (Hu et al., 2003).  

 
Figure 1.13. Schematic diagram of genomic organisation of primate lentiviruses 
(a) The basic common, and presumably ancestral, structure for primate lentiviruses is  

LTR-gag-pol-vif-vpr-tat-rev-env-nef-LTR. This basic structure applies to the members of 

the SIVagm, SIVsyk, and SIVlhoest lineages. The viruses belonging to the SIVcpz and 

SIVsm lineages each have one additional gene. (b) SIVsm-related viruses, including 

HIV-2 and SIVmac, have a vpx gene (blue) upstream of the vpr gene (red). (c) The vpu 

gene occurs upstream of, and overlapping, env in SIVcpz and HIV-1. 

Vpx VprPol
LTR LTRGag Vif

Env gp120 gp41

Tat

Rev

HIV-2, SIVsm, SIVmac, SIVrcm, SIVmnd2

VprPol
LTR LTRGag Vif

Vpu

Env gp120 gp41

Tat

Rev

HIV-1,SIVcpz, SIVgsn, SIVmon, SIVmus

(c)

(b)

VprPol
LTR LTRGag Vif

Env gp120 gp41

Tat

Rev

SIVagm, SIVsyk, SIVmnd1, SIVlhoest, SIVsun, SIVcol

(a)



 104 

There are two main hypotheses that describe the origins of vpx. First, it has been 

suggested that vpx arose by duplication of a vpr ancestor (Tristem et al., 1990). This is 

supported by sequence similarity and by the fact that both genes are always adjacent to 

each other in the genome. However, this would require that vpr and vpx from SIVsm are 

more closely related to each other than to vpr from any other lineage and this has not 

been proven to be the case across all published analyses (Tristem et al., 1992; Sharp et 

al., 1996). Vpr from SIVsm is more closely related to vpr from HIV-1/SIVcpz, but SIVsm 

vpx is more closely related to the vpr of SIVagm. This is inconsistent with a duplication 

event after divergence. A duplication before divergence of the different lineages is also 

unlikely as it would mean that vpx had been deleted from multiple separate lineages. 

Alternatively, because vpx genes are closely related to vpr from SIVagm.Sab (infecting 

African green monkeys), it has been proposed that a recombination event between 

SIVagm and SIVsm led to acquisition of SIVagm.Sab vpr by the latter, presumably in a 

primate infected with both viruses (Sharp et al., 1996; Hu et al., 2003). This is generally 

the favoured and more parsimonious explanation for the genetic data available. There 

are documented recombination events between those two viruses and the habitats of 

African green monkeys and sooty mangabeys are overlapping (Sharp and Hahn, 2011). 

Whilst SAMHD1 degradation is mediated by Vpx it may have been Vpr that initially 

evolved for this purpose. The Vpr encoded by SIVagm degrades SAMHD1. In contrast, 

the Vpr proteins of the HIV-2/SIVsmm/SIVmac and SIVrcm/SIVmnd-2 lineages are 

inactive against SAMHD1. Given that SIVagm Vpr existed prior to the origination of Vpx 

according to this evolutionary model, it seems likely that the Vpr proteins of these Vpx-

encoding viruses were never able to antagonize SAMHD1. Therefore, it can be assumed 

that the acquisition of vpr from SIVagm would have been beneficial. Consistent with this 

recombination hypothesis, it has also been shown that the Vpr protein of SIVagm 

(specifically of the vervet genus) is able to antagonise a broad range of SAMHD1 

proteins from primates (Lim et al., 2012). Two clades of old world monkey lentivirus, 

SIVagm and a more heterogenous group of lentiviruses typified by SIVsyk, encode for 

Vpr proteins that mediate SAMHD1 degradation and do not encode Vpx. The Vpr and 

Vpx nomenclature has been described as misleading for old world monkey lentiviruses 

that degrade SAMHD1, as it requires that homologous proteins with conserved function 

are labelled differently according to whether one or two of the encoding genes are 

present in the virus genome.  

 

SIVcpz, the precursor of HIV-1, is the result of recombination events between ancestors 

of SIVs from red-capped mangabeys and Cercopithecus species such as greater spot-

nosed, mustached and mona monkeys (Bailes, 2003; Sharp and Hahn, 2011). Each of 

these viruses has the ability to antagonise their cognate host SAMHD1 (SIVrcm with Vpx 
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and SIVgsn/SIVmus/SIVmon with Vpr) (Lim et al., 2012). However, this function was lost 

in SIVcpz (Etienne et al., 2013). As SIVrcm was still able to cross into chimpanzees 

despite the fact that SIVrcm Vpx is unable to antagonise chimpanzee SAMHD1, the loss 

of vpx appears to have minimal consequences for the transmission of SIV to 

chimpanzees, and therefore, by inference, to humans(Lim et al., 2012). It has been 

hypothesised that the loss of vpx led to the reconstruction of vif, which adjoins or overlaps 

the open reading frame of vpx in the lentiviral genome, and therefore to full antagonism 

of APOBEC3 proteins (Etienne et al., 2013).  

 

1.6.3 Vpx and in vivo infection 

There are only three studies that directly compare infection with WT SIV to infection with 

SIV deleted for Vpx expression (DVpx) in vivo (Gibbs et al., 1995; Hirsch et al., 1998; 

Belshan et al., 2012). Rhesus macaques infected intravenously with SIVmacDVpx 

progress to SAIDS, although objective measurements of SIVmacDVpx infection, using 

techniques available at the time, were inconsistent ex vivo compared to samples from 

WT SIVmac infected animals (Gibbs et al., 1995). In a separate study, rhesus macaques 

were infected with WT SIVsmPBj and SIVsmPBjDVpx (Hirsch et al., 1998). SIVsmpbj14 

is a highly unusual SIVsm isolate which was originally isolated from a pig-tailed macaque 

that had been experimentally infected with SIVsm from an asymptomatic SM (Fultz et 

al., 1989). Unlike SIVsm infection of SMs, SIVsmpbj14 is acutely pathogenic in primates, 

and has atypical high infectivity of resting CD4+ T cells, which has been attributed to its 

particular nef allele (Du et al., 1995). Rhesus macaques infected intra-rectally or 

intravenously with SIVsmPBjDVpx progressed to AIDS but established lower viraemia. 

Pig-tailed macaques infected with WT SIVmne027 progressed to AIDS with high viral 

loads while infection with three different Vpx mutant viruses (DVpx, DPro and one Vpx 

mutant with three tyrosine mutations) resulted in dramatically lower viral loads, no 

progression to SAIDS and minimal evidence of tissue dissemination ex vivo on post-

mortem histology (Belshan et al., 2012). All of these in vivo primate studies are 

compromised by the very few animals involved, typically two for each virus. The use of 

atypical pathogenic isolates, delivered by likely atypical routes (intra-rectal and 

intravenous), and, in two of the studies, in macaque non-natural hosts of SIV, also limit 

extrapolation of these data to HIV-2 and SIVsm infections in vivo. It seems possible to 

generalise that Vpx is important for sustaining viral replication for the viruses tested but 

it remains unclear in which cells Vpx is important for replication in vivo.  

 

A further study compared WT SIVmac239 and WT SIVmac316 infection of rhesus 

macaques to infection by Q76A mutant viruses of each isolate (Shingai et al., 2015). 
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SIVmac Q76A infection was characterised by dramatically lower viral loads and 

specifically preservation of memory subsets of resting CD4+ T cells. In two SIVmac 

Q76A infected macaques, viral rebound was noted and viral amplicons extracted from 

these monkeys showed revertant mutations. The A76S and I32T revertant mutations 

identified were consistent with an attempt by the virus to recover efficient DCAF1 likely 

driven by the SAMHD1 selection pressure. Although this study is subject to similar 

criticisms as the other primate experiments, these findings are consistent with a role for 

Vpx in enhancing infection of resting CD4+ T cells in vivo by mediating SAMHD1 

degradation. The importance of this role is emphasised by the fact that in vivo more than 

95% of macaque peripheral cells are characterised by the resting phenotype (Nishimura 

et al., 2005). There is significant heterogeneity amongst human populations in terms of 

circulating T cell populations, but the memory subset is also dominant(Farber, Yudanin 

and Restifo, 2014).  

 

1.6.4 Vpx antagonism of SAMHD1  

For more than a decade, it had been observed that non-cycling myeloid cells are 

resistant to HIV-1 infection but easily transduced by HIV-2. Two seminal papers from two 

separate groups synchronously identified Vpx as the HIV-2 encoded antagonist for 

SAMHD1 restriction using similar proteomic approaches entailing tandem affinity 

purification combined with mass spectrometry (Hrecka et al., 2011; Laguette et al., 

2011). Laguette et al. (2011) identified that SAMHD1 associates with Vpx, when Vpx is 

stably expressed in THP-1 cells (Laguette et al., 2011). Knock-down of endogenous 

SAMHD1 in non-permissive differentiated THP-1 cells results in increased HIV-1 

infection, while ectopic expression of SAMHD1 in SAMHD1-deficient U937 cells potently 

blocked HIV-1 replication. Hrecka et al. (2011) identified SAMHD1-Vpx complexes in 

HEK293T cells and found that Vpx mediates proteasome-dependent degradation of 

SAMHD1, by loading it onto an E3 ubiquitin ligase complex, damage-specific DNA 

binding protein 1 (DDB1)-Cullin4A (CUL4A), via interactor protein DDB1-CUL4A-

associated factor 1 (DCAF1; Fig. 1.14) (Hrecka et al., 2011). 

 

SAMHD1 is localised in the nucleus of non-cycling cells. Vpx is thought to efficiently 

interact with both nuclear and cytoplasmic SAMHD1 (Baldauf et al., 2012; Hofmann et 

al., 2012). However, disruption of the SAMHD1 NLS results in relative resistance to Vpx-

mediated degradation (Brandariz-Nuñez et al., 2012; Hofmann et al., 2012; Wei et al., 

2012; Guo et al., 2013). It is unclear if this is relevant during infection and may reflect the 

relative resistance of cytoplasmic SAMHD1 oligomers to Vpx and DCAF1 binding. 

Recently, it has been shown that phosphorylation of Vpx is required for optimal Vpx-

mediated SAMHD1 degradation (Miyakawa et al., 2019). Kinases PIM3 and PIM5 from 
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the PIM (Proviral Integration site for Moloney murine leukemia virus) family of kinases 

were identified in a screen of protein kinases that interact with HIV-2 Vpx and were 

shown to phosphorylate serine residue 13, which is highly-conserved across lentiviral 

species. Chemical or genetic inhibition of this phosphorylation led to reduced SAMHD1 

degradation and reduced virus infection in single-round and spreading infection in 

myeloid and CD4+ T cells. Biomolecular analyses demonstrated that Vpx S13 

phosphorylation could enhance SAMHD1 binding, presumably by forming an additional 

hydrogen bond between phospho-Vpx and SAMHD1. Phosphorylation of HIV-1 proteins 

Vif (at S144) and Vpu (at S52 and S56) is associated with enhanced antagonism of 

restrictions factors APOBEC3G and tetherin respectively, which supports the role of 

post-translational modification as an added layer of viral plasticity to escape anti-viral 

immunity.  

 

1.6.5 Species specificity of Vpx antagonism of SAMHD1  

Evolutionary analysis of SAMHD1 amino acid sequences reveals strong signatures of 

positive selection in the N- and C-terminal parts of the protein, which suggests that both 

termini have contributed to interaction with Vpx (Laguette and Benkirane, 2012; Lim et 

al., 2012). The two subsequent published crystal structures of Vpx proteins in complex 

with DCAF1 and SAMHD1 have provided great insight into SAMHD1/Vpx co-evolution. 

Vpx of different lentiviral lineages recognise either the N- or C-terminus of SAMHD1 in a 

species-specific manner: Vpx of SIVmnd2 binds the N-terminal region of mandrill 

SAMHD1; SIVsm Vpx binds the C-terminal tail of human SAMHD1 (Fig. 1.14). The 

retrovirus restriction by SAMHD1 and the countermeasures by Vpr and Vpx therefore 

represent another fascinating example of the molecular arms race between viruses and 

their hosts: when mutations occurring in SAMHD1 led to a decreased affinity and escape 

from Vpx, mutants of Vpx were likely selected that bound with higher affinity to the 

opposite SAMHD1 domain (Fregoso et al., 2013). To support the importance of 

conserving SAMHD1 antagonism in old world monkeys, SIVagm Vpr adaptation to 

SAMHD1 polymorphisms in wild-living African green monkey populations can be 

detected in analyses of contemporary genome sequencing (Spragg and Emerman, 

2013).  

 

It is remarkable that Vpx proteins evolved to target either the N- or C- terminus of 

SAMHD1, which are entirely unrelated in amino acid sequence and structure (Schwefel, 

Boucherit, Christodoulou, et al., 2015). This is likely a consequence of the highly 

conserved overall structure of Vpr and Vpx proteins, and conservation of modes of 

DCAF1 binding.  Amino acid residues that bind to DCAF1 are highly conserved in all 

lentiviral Vpr and Vpx proteins. While DCAF1 itself is highly conserved throughout 
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mammalian evolution. The same variable regions of the Vpx N-terminus are involved in 

binding to either the N or C terminus of SAMHD1. The variable regions of Vpx have low 

sequence conservation between species with high structural variability. In the SIVsm 

complex, side chains of the GEET-motif form salt bridges with basic residues in the 

SAMHD1 C-terminal domain, and this GEET-motif is conserved within the HIV-2/SIVsm 

clade of primate lentiviruses (Schwefel et al., 2014).  

 

 
Figure 1.14. Species specificity of Vpx antagonism of SAMHD1  
There are two lineages of the accessory protein Vpx, shown here as V-shaped 3-helical 

bundles within two separate ternary complex structures. HIV-2/SIVsm-derived Vpx (blue) 

interacts with the C terminus of SAMHD1 (pink) and directs the host cullin-4 ubiquitin 

ligase to target SAMHD1 for proteasomal degradation. SIVrcm/SIVmnd2-derived Vpx 

(orange) targets the N terminus of SAMHD1. Vpx recruitment of DCAF1 (light grey) is 

required for SAMHD1 degradation irrespective of Vpx species. Adapted from Schwefel 

et al. (2015) (Schwefel, Boucherit, Christodoulou, et al., 2015).   
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1.6.6 Vpx and innate immune responses to HIV infection 

An in vivo study in SAMHD1 null and SAMHD1 cGAS and SAMHD1-STING double 

knockout mice using HIV-1 based viruses, adapted to mice, demonstrated that IFN 

responses to infection depended on DNA synthesis and that the IFN response was 

required to induce specific cytotoxic CD8+ T cell responses against viral antigens 

(Maelfait et al., 2016). This associates SAMHD1 indirectly to adaptive immune 

responses through the indirect relationship of SAMHD1 with DNA sensing and the 

authors speculate that IFN induction caused by Vpx-mediated SAMHD1 degradation 

during HIV-2 infection may be important for effective control of HIV-2 replication in vivo. 

These data are consistent with a number of studies of single-round HIV-1 infection of 

non-cycling myeloid cells enabled by supplementary infection with Vpx-bearing VLPs. In 

these experiments IFN induction is attributed to a cGAS/STING dependent sensing 

event that is enhanced by increased lentiviral DNA synthesis resulting from Vpx-

mediated SAMHD1 antagonism (Manel et al., 2010; Gao et al., 2013; Jakobsen et al., 

2013; Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, El Marjou, et al., 2013; 

Puigdomenech et al., 2013; Jønsson et al., 2017; Lahaye et al., 2018).  

 

The equivalent experiments for cognate Vpx-encoding viruses have not been performed, 

namely measurement of innate immune response during infection of myeloid cells with 

WT HIV-2/SIVsm lineage viruses compared to responses during infection with DVpx  

mutants. However, intriguingly while Vpx-bearing VLPs have been shown to rescue 

single -round HIV-1 infection of DCs from an anti-viral state induced by exogenous IFN, 

LPS, RNA or DNA, supplementary Vpx-bearing VLPs were not able to rescue HIV-2 or 

SIV infection(Pertel, Reinhard and Luban, 2011). Although not tested in these 

experiments it is possible to speculate that DNA sensing of HIV-2 and SIV, which has 

been previously shown, and subsequent IFN induction is enhanced by Vpx owing to 

increasing the viral PAMP during HIV-2/SIV infection owing to Vpx-mediated SAMHD1 

degradation. Because the rescue of HIV-1 infection was independent of DCAF1, 

demonstrated by recapitulation in DCAF1 knockdown cells, it also suggests that Vpx 

may interact with innate signalling pathways stimulated by exogenous agonists that is 

independent of its interactions with DCAF1 and its effect on SAMHD1. A follow up study 

supported these findings by demonstrating that VLPs bearing Vpx Q76A, the DCAF1 

binding mutant, was also able to rescue HIV-1 infection from an anti-viral state in DCs, 

without altering dNTP levels and in manner that could not be enhanced by exogenous 

dNTP supplementation which might be expected to antagonise any effects of SAMHD1 

restriction. Other studies have found that Vpx can only incompletely rescue single-round 

HIV-1 infection of macrophages from exogenous IFN, suggesting that other, Vpx-

insensitive, IFN-induced restriction factors or innate immune responses are important 
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which may include Mx2 (Caroline Goujon, Moncorgé, et al., 2013; Caroline Goujon, 

Schaller, et al., 2013; Dragin et al., 2013).  

 

1.6.7 Vpx and T cells  

The Keppler group have provided complementary but complex insights into restriction of 

HIV-1 reverse transcription in T cells (Baldauf et al., 2012, 2017). One of the puzzles of 

HIV-1 biology is why the virus barely replicates in resting CD4+ T lymphocytes, whereas 

activated CD4+ T lymphocytes support robust HIV-1 replication. SAMHD1 restriction 

provides a simple explanation for HIV-1 restriction in resting T cells. The original papers 

describing SAMHD1 assumed that this factor was not operating in T cells because the 

authors did not detect SAMHD1 expression in T cell lines. Baldauf et al. (2012) show 

that SAMHD1 is highly expressed in resting primary human CD4+ T cells similar to in the 

THP-1 monocyte cell line, but is not expressed in Jurkat T cells (Baldauf et al., 2012). 

Enhanced HIV-1 infection by up to nearly 20-fold was seen in resting CD4+ T cells 

depleted of SAMHD1 by siRNA or Vpx-mediated degradation, or in cells extracted from 

AGS patients with SAMHD1 deficiency. In activated cycling CD4+ T cells, SAMHD1 is 

phosphorylated which explains why SAMHD1 restriction is not active in these cells; in 

resting CD4+ T cells the same phosphatase complex dephosphorylates and activates 

SAMHD1 restriction as in myeloid cells (Schott et al., 2018).  

 

The second paper from the Keppler group challenges the dogma that restriction of HIV-

1 RT and its antagonism by Vpx are exclusively accomplished by modulation of cellular 

dNTP concentrations in a SAMHD1 dependent manner. Baldauf et al. (2017) identified 

a hitherto unrecognised block to HIV-1 reverse transcription that is unique to resting 

CD4+ T cells among HIV-1 target cells. Using an HIV-1 vector that packages Vpx, owing 

to mutagenesis of the Gag p6 region to match that of SIVmac, the authors demonstrated 

a SAMHD1 independent enhancement of HIV-1 infection by HIV-1 bearing Vpx derived 

from SIVrcm and SIVmnd2, both of which are unable to degrade human SAMHD1, 

compared to HIV-1 bearing no Vpx. Both SIVrcm and SIVmnd2 Vpx proteins dramatically 

increased early and late DNA products of RT, but did not enhance synthesis of 2-LTR 

circles, suggesting that these Vpx species variants did not enhance HIV-1 nuclear import 

or later stages of the lifecycle. The ability of all Vpx species to overcome this block to 

reverse transcription depended on interaction with DCAF1, although a novel HIV-1 

restriction factor has not been identified. The authors propose that the low cellular dNTP 

levels in macrophages and other myeloid cells  (20–40 nM) are more sensitive to 

SAMHD1 regulation and therefore HIV-1 infection is more readily enhanced by Vpx 

antagonism or supplementary exogenous dNTP treatment. In contrast, in resting CD4+ 

T cells dNTP concentrations are higher (300–5,000 nM) and thus HIV-1 infection is only 
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partly enhanced in these cells by Vpx-mediated degradation of SAMHD1, or 

phosphorylation and therefore inhibition of SAMHD1 by T cell activation, or by 

exogenous dNTP supplementation. In resting CD4+ T cells they suggest that dNTP 

supply is rate-limiting but not restrictive for HIV-1 RT. The study did not encompass any 

measurement of innate responses during this restriction but it is interesting to speculate 

whether HIV-1 DNA products, that are not restricted by SAMHD1, in resting CD4+ T cells 

are sensed which might induce an anti-viral response. By extension Vpx may antagonise 

this host anti-viral response by a mechanism that has not been identified. Study of this 

novel Vpx activity in cognate viruses and in target cells of the natural host have not yet 

been accomplished.  
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1.7 HUSH complex  

1.7.1 HUSH complex discovery and background 

The discovery of the human silencing hub (HUSH) complex has added a new dimension 

to the understanding of provirus repression as a form of lentivirus restriction. Discovery 

of HUSH was born out of the long-standing observation that integration of a GFP reporter 

transgene into a human cell line results in cells with highly divergent GFP expression 

levels (Tchasovnikarova et al., 2015). Tchasovnikarova et al. (2015) purified the 

subpopulation of cells with very low GFP expression, which was presumed to be the 

result of transgene repression, subjected the cells to random mutagenesis, and 

sequenced the mutant cells where enhanced reactivated GFP was detected. This 

forward genetic screen identified three proteins, transgene activation suppressor 

(TASOR; previously FAM208A), M-phase phosphoprotein 8 (MPP8), and periphilin 

(PPHLN1), which operate as the HUSH complex.  

 

Methlytransferase SET domain, bifurcated 1 (SETDB1) was also recovered in the 

original screen that identified the HUSH complex. SETDB1 is a KMT enzyme that 

trimethylates H3K9 (Fig. 1.14). By binding to H3K9me3 and recruiting SETDB1 as a 

modifier for the same methylation mark, the HUSH complex behaves like chromodomain 

proteins studied in Drosophila which enable spreading of heterochromatin along the 

same DNA strand. This is akin to position-effect variegation (PEV) whereby a difference 

in expression is observed when an identical gene is positioned at different sites in the 

genome. In this case, positioning of a normally active gene into or near to 

heterochromatin results in epigenetic silencing. The group found that HUSH knockout 

enhanced GFP expression from an HIV-1 LTR-dependent vector in primary CD4+ T 

cells. Comparison of the genomic integration sites of repressed and active transgenes 

revealed that the reporter gene was silenced most strongly when inserted into genomic 

regions covered by H3K9me3. HUSH complex components were typically found at these 

sites prior to transgene insertion suggesting that HUSH and SETDB1 act to repress 

transgenes rather than being recruited by transgene or provirus. Further, the scale of 

HUSH repression was surprising in the study given the redundancy of the vast array of 

epigenetic  regulators identified previously and the high proportion of integrated genes 

impacted by HUSH regulation (Brummelkamp and Steensel, 2015). A follow-up genome-

wide CRISPR/Cas9-mediated forward genetic screen of the same cells with low GFP 

expression, and presumed high transgene repression, identified microrchidia CW-type 

zinc finger protein 2 (MORC2) as a HUSH complex co-factor (Tchasovnikarova et al., 

2017). MORC2 was found to be recruited by the HUSH complex to heterochromatic loci, 

where its ATPase activity is essential for HUSH-mediated silencing, and, in the same 
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study, MORC2 polymorphisms were associated with HUSH-mediated hyper-repression 

in Charcot-Marie Tooth disease. The examination of HUSH in HIV-1 provirus latency in 

ex vivo samples awaits investigation.  

 

MPP8, as its name suggests, was originally identified in a cloning expression screen of 

phosphoprotein cDNA isolated during M phase in HeLa cells (Matsumoto-Taniura et al., 

1996). MPP8 was subsequently identified as a methyl-H3K9-binding protein in an in vitro 

screen for proteins with chromodomains (Kokura et al., 2010). A chromodomain 

(chromatin organisation modifier) is a structural region found in proteins associated with 

chromatin remodelling that was originally discovered in the repressor proteins 

responsible for PEV in Drosophila (Paro and Hognesst, 1991). Structural studies suggest 

that MPP8 has an N-terminal chromodomain and C-terminal ankyrin domains, and forms 

homodimers during chromatin binding (Kokura et al., 2010; Chang, Horton, et al., 2011; 

Li et al., 2011). The crystal structure of the MPP8 monomer and H3K9 peptide has been 

solved (Chang, Horton, et al., 2011). A partial hydrophobic cage in MPP8, with three 

aromatic residues (F59, W80, Y83) and one aspartate (D87), encloses the methylated 

K9. In addition to histone interactions, MPP8 interacts with a range of H3K9 

methyltransferase enzymes that have different roles in heterochromatin formation and 

regulation. These interactions also seem to depend on MPP8 recognising methylation 

sites on target proteins. MPP8 binds G9a and G9a-like protein (GLP; also known as 

EHMT1) which methylate histones at euchromatin imprinting centres, establishing de 

novo repression, but also other non-histone proteins. MPP8 targets, SETDB1 (also 

known as ESET) and DNA methyltransferase 3a (DNMT3a) are implicated in 

maintenance of heterochromatin but also de novo methylation of euchromatin (Barski et 

al., 2007). G9a/GLP proteins are auto-methylated but also mediate methylation of 

DNMT3a (Chang, Sun, et al., 2011). Based on a crystal structure of truncated DNMT3a 

and MPP8, MPP8 residue W80 is also required for binding GLP-methylated DNMT3a 

K47 (Chang, Sun, et al., 2011). This GLP-MPP8-DNMT3a complex may be required for 

the relationship between DNA methylation and H3K9 methylation during 

heterochromatin formation (Chang, Sun, et al., 2011). The existence of MPP8 

homodimers may be explained by the requirement to simultaneously interact with 

methylated histones and methylated MT enzymes. Regulation of MPP8 is linked to the 

cell cycle. In HeLa cells, MPP8 dissociated from chromatin in early mitosis and re-

associated in late mitosis in a manner dependent upon MPP8 phosphorylation by cdk1 

(Nishigaki et al., 2013). MPP8 phosphorylation at residue Y83 dissociated MPP8 from 

H3 in a separate study (Irving-Hooper and Binda, 2016). No phosphatase has been 

implicated in MPP8 regulation to date. High levels of MPP8 expression have been 

demonstrated in a range of cancer tissues. MPP8 is implicated in tumorigenesis and 
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metastasis by repression of tumour suppressor genes, including E-cadherin (Chang, 

Sun, et al., 2011; Li et al., 2011; Gao et al., 2018). The depletion of MPP8 by siRNA has 

been shown to significantly inhibit proliferation of human TT cells, a thyroid cancer 

derived cell line, causing G1 phase cell cycle arrest (Li et al., 2016).  

 

Periphilin was identified in yeast two-hybrid screening for proteins interacting with 

periplakin, which is essential for the transition of keratinocytes to cornified epithelium in 

skin (Kazerounian and Aho, 2003). Homozygous periphilin deficiency is lethal in mice 

during early embryogenesis but heterozygous mice have no discernible phenotype 

(Kazerounian and Aho, 2003). Periphilin is widely expressed in human tissues with 

structural similarities to scaffolding nuclear matrix proteins (Kazerounian and Aho, 2003).  

GenBank data suggest that there are at least five alternative-splicing isoforms of 

periphilin which appear to be specific to different human tissues (Kazerounian and Aho, 

2003). The periphilin gene has been the site of recurrent retroelement insertion during 

vertebrate evolution which may have contributed to the diverse splicing patterns, and the 

human gene encompasses a truncated HERV-M sequence (Huh et al., 2006). Based on 

its homology to a putative tumour repressor, one group demonstrated that periphilin 

overexpression reduced transcription of cell division cycle 7-related protein (Cdc7) 

arresting S phase progression in cell lines (Kurita et al., 2004). Although it does not bind 

chromatin, periphilin was reported to achieve this through interactions with the HDAC 

co-repressor complex, although this phenotype depended on fusion of periphilin to a 

DNA-binding protein (Kurita et al., 2007).  

 

TASOR was originally identified, as a product of FAM208A, in a mutagenesis screen in 

vivo for epigenetic modifiers in mice carrying a GFP transgene which is sensitive to 

epigenetic silencing (Harten et al., 2014). Heterozygous offspring from parent mice, each 

with different point mutations in FAM208A, did not progress beyond early 

embryogenesis. Beyond this single study, no functional characterisation of TASOR in 

human or animal cells had been conducted prior to discovery of the HUSH complex.  

 

1.7.2 Vpx antagonism of HUSH 

There have been a number of proteomic studies of Vpx examining changes in the 

proteome of primary cells and cell lines during infection by Vpx-bearing VLPs or by stable 

expression of Vpx (Hrecka et al., 2011; Laguette et al., 2011; Kudoh et al., 2016; Chougui 

et al., 2018; Yurkovetskiy et al., 2018; Greenwood et al., 2019). There are no studies 

comparing the proteome of cells infected with WT compared to Vpx-deleted HIV-

2/SIVsm lineage viruses, which may neglect significant events at the protein level during 

sensing of these Vpx-encoding viruses. In retrospect HUSH components had been 
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identified as Vpx targets in the earlier proteomic studies, but little was known at the time 

about these ‘orphan’ proteins. In 2018 two studies simultaneously demonstrated that Vpx 

mediates proteasomal degradation of HUSH through the same DCAF1-dependent 

machinery that degrades SAMHD1 (Fig.1.15) (Chougui et al., 2018; Yurkovetskiy et al., 

2018).  As for antagonism of SAMHD1, particle-associated Vpx was sufficient for 

degradation. The fact that HUSH components form a complex has complicated the 

assessment of which components are specifically bound by Vpx. Molecular techniques 

aimed at depletion of individual HUSH components leads to reduced protein levels of all 

three components. In particular, depletion of TASOR or MPP8 very significantly reduces 

the levels of the other protein. Cell line studies using over-expressed tagged MPP8 and 

TASOR proteins shows that Vpx can co-IP with each protein, but not periphilin. Vpx 

Q76A, which does not bind DCAF1, although deficient for HUSH degradation was still 

able to bind both TASOR and MPP8 in the same assays.  

 

Both studies used J-Lat cells, where HIV-1 provirus transcription can be induced by 

exogenous TNFa treatment, to demonstrate that Vpx-bearing VLPs and HUSH 

knockdown enhanced provirus transcription measured by GFP expression. In J-Lat cells 

expressing inducible Vpx, under the control of doxycycline, Chougui et al (2018) 

demonstrated that Vpx induces a small but significant increase in HUSH-regulated TAF7 

expression. Consistent with this upregulation of a HUSH-regulated gene, ChIP analysis 

demonstrated that Vpx expression induced a loss of H3K9me3 repression marks on the 

integrated GFP sequence and on the TAF7 gene, suggesting that Vpx indirectly 

modulates heterochromatin and therefore gene expression through HUSH degradation. 

Yurkovetskiy et al. (2018) focused on different HUSH-regulated genes, and 

demonstrated in CEMx174 (a hybrid cell line of lymphoblastoid T cell and B cell origin) 

and NTERA-2 embryonal carcinoma cells that Vpx-bearing VLPs or TASOR knockdown 

were sufficient to increase protein expression of L1 ORF1p measured by immunoblot. 

Yurkovetskiy et al. (2018) were also able to demonstrate that WT SIVmac infection of 

TASOR-depleted CMEMx174 cells phenocopied greater SIVmacDVpx infection of 

control cells, which suggests that Vpx degradation of the HUSH complex may enhance 

infection in certain circumstances in vivo. However, the effects of Vpx-mediated HUSH 

degradation were not tested in the context of HIV-2 or SIVsm replication. Vpx-mediated 

degradation of SAMHD1, and therefore enhancement of lifecycle stages from DNA 

synthesis onwards including transcription, complicates assessment of the effect of Vpx-

mediated HUSH degradation on infection. In other words, whether measuring p24 

antigen, RT activity or GFP expression during infection of cells, all these measurements 

are impacted by both Vpx-mediated antagonism of SAMHD1-restricted reverse 

transcription and Vpx-mediated antagonism of HUSH-regulated transcription. A mutant 
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Vpx that does not degrade HUSH would enhance genetic approaches to understanding 

virus-HUSH interactions.  

 

Unfortunately a major point of disagreement between the two papers was the 

conservation of HUSH degradation activity across the lineages of Vpx-encoding viruses 

and the identification of such a HUSH-degradation mutant. Chougui et al (2018) found 

that Vpx derived from SIVrcm was unable to degrade HUSH, and generated mutant 

Q47A V48A, based on Vpx sequence alignments of SIVrcm Vpx and Vpx proteins that 

degrade HUSH, which was significantly deficient for TASOR degradation. In contrast, 

Yurkovetskiy et al. (2018) reported HUSH degradation by Vpx derived from SIVrcm and 

SIVmnd2, from the same lentivirus lineage, comparable to that of Vpx proteins from the 

HIV-2/SIVsm lineage. One explanation proposed in a later commentary was the use of 

different SIVrcm isolates for Vpx expression (Chougui and Margottin-Goguet, 2019). 

However all known SIVrcm isolates conserve Q47 V48 residues and would be expected 

not to degrade TASOR as a consequence. An alternative explanation is the manner of 

Vpx delivery, Yurkovetskiy et al. (2018) demonstrated degradation of HUSH by all Vpx 

proteins using cell lines with inducible Vpx, while Chougui et al (2018) used VLPs to 

deliver Vpx. The relative amount and localisation of Vpx in cells may therefore be 

important. It is possible to hypothesise that if SIVrcm Vpx, which may not have evolved 

to degrade human HUSH, just as it does not degrade human SAMHD1, is expressed at 

artificially high levels, potentially in a particular cellular location, it may accumulate in 

complex with DCAF1 in such a way that HUSH and other targets are degraded. It is also 

possible that HUSH degradation by SIVrcm and other Vpx species variants is cell type 

specific: SIVrcm Vpx was shown to degrade HUSH in Jurkat and CD4+ T cells, while 

SIVrcm Vpx did not degrade HUSH in THP-1 cells or MDM. However the proposed 

TASOR-binding mutant Vpx Q47A V48A was tested in both T cell and myeloid cell types 

and shown to be deficient for HUSH degradation. Given that post-translational 

modifications are important for Vpx-mediated SAMHD1 degradation this remains an 

important consideration: cell type, cell activation status or the process of Vpx particle 

association may all modify Vpx functionality in ways that have not been tested rigorously.  

 

1.7.3 HUSH repression of unintegrated DNA 

A key role for ZNFs has been described for recruitment of HUSH for silencing of 

unintegrated retroviral DNA (Zhu et al., 2018). Luciferase expression of both HIV-1 and 

MLV luciferase-encoding reporter viruses deficient for integration was increased by 

knockout of NP220 (encoded by ZNF638). NP220 was shown to bind MLV DNA, and to 

a lesser extent HIV-1 DNA, in a sequence specific manner, and recruit MPP8 and thus 

indirectly TASOR to silence the unintegrated genome through enhanced SETDB1-
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mediated methylation. In contrast, silencing of HIV-1 unintegrated DNA did not require 

HUSH recruitment despite being de-repressed by NP220 knockout, suggesting that 

other host factors are required for silencing of unintegrated HIV-1 DNA. Equally, 

integrated HIV-1 provirus expression was not affected by NP220 depletion in these cell 

lines, and the effect of HUSH knockout on HIV-1 provirus expression was not shown in 

this study. A further interesting insight into silencing of retroviral DNA was the 

observation that methylation of the viral genome requires recruitment of HDAC4 

upstream of HMT activity which is mediated by NP220 in the context of unintegrated 

MLV. The interaction between HDACs and both endogenous and exogenous provirus 

silencing has not been rigorously studied. The study suggests that silencing of 

endogenous and exogenous retroelements may require specific ZNF recruitment to the 

host genome, and it may be ZNF specificity that enables recognition of active 

retroelement transcription and subsequent recruitment of the repressor apparatus, 

inclusive of HDACs and HMTs, potentially in a HUSH-dependent manner. 

 
Figure 1.15. The HUSH complex directs epigenetic silencing of exogenous 
lentiviral vectors 
(a) The HUSH complex (composed of TASOR, MPP8 and periphilin) directs H3K9me3-

mediated transcriptional repression of an HIV-1-GFP vector provirus (shown as LTR). 

The chromodomain of MPP8 binds the H3K9me3 histone mark, where subsequent 

recruitment of the histone methyltransferase SETDB1 is required for further H3K9me3 

deposition to spread epigenetic transcriptional silencing. HUSH co-factor MORC2 

contributes to targeted silencing of heterochromatic loci. 

(b) HP1 and the histone methyltransferase Suv39H1 are also thought to interact with the 

HIV-1 LTR promoter and deposit repressive H3K9me3 marks. 

(c) Vpx/Vpr proteins associate with the HUSH complex through DCAF1 to recruit the 

ubiquitin E3 ligase complex for subsequent proteasomal degradation of HUSH proteins.  

Adapted from Van Lint (2018) (Van Lint, 2018). 

 

Van Lint 2018 Nature Micro

(a) (b) (c)



 118 

1.8 Repression of retroelements  

Retroelements are repressed by co-operative epigenetic mechanisms during the first 

few days of embryogenesis. Krüppel-associated box zinc finger proteins (KRAB-ZFPs) 

are the largest single family of mammalian transcription factors and are thought to have 

co-evolved with retroelements, in particular LTR transposons (Jacobs et al., 2014; Ecco, 

Imbeault and Trono, 2017). Through their C-terminal array of DNA-binding zinc fingers 

KRAB-ZFPs are thought to facilitate sequence-specific silencing of LTR retroelements, 

for example by binding to retroelement primer-binding sites. KRAB-ZFPs recruit co-

repressor proteins, principally KAP1 which engages a range of chromatin modifier 

enzymes to form and maintain heterochromatin. Repressive chromatin is typically 

characterised by epigenetic modification of its DNA and nucleosome components, 

including hypermethylation of CpG dinucleotides by DNMTs and histone modification, in 

particular H3K9 methylation by SETDB1 (also known as ESET) and other SET-domain 

lysine methyltransferase enzymes (KMTs) (Rowe et al., 2010; Li and Zhang, 2014; Ecco 

et al., 2016). Genome wide studies of DNA methylation suggest that it correlates with 

histone modification but despite these observations their functional relationship is poorly 

understood (Meissner et al., 2008).  Thus epigenetic silencing suppresses 

retrotransposition in differentiated somatic cells, where unregulated retroelements may 

represent deleterious insertional mutagens (Hancks and Kazazian, 2016). The bulk of 

these data are derived from studies of mouse embryogenesis and stem cells (Johnson, 

2019). The study of retroelement activity and regulation in human somatic cells is less 

well developed as a discipline. 

 

1.8.1 Transcriptional activity of retroelements in human somatic cells 

There are very limited data reporting the transcriptional activity of retroelements in 

human somatic tissues. The majority of studies examining retroelement physiology make 

inferences from pathologic states such as cancer, auto-inflammatory or inherited 

developmental diseases. Further, most studies of retroelement transcriptional control 

focus on complete retrotransposition, and therefore the study of retroelement-derived 

gene products, that may not undergo genome integration, is relatively neglected.  

 

Retrotransposition of diverse retroelements in multiple human cancers has been inferred 

from whole-genome sequencing tailored to retroelement insertion sites in tumour cells 

compared to matched healthy samples (Lee et al., 2012; Helman et al., 2014). However, 

a major technical limitation of these data are the potential false positive results inferred 

from bulk tissue analyses: an insertion originating at embryogenesis initially present 

within a single normal cell is much more likely to be detected, by current techniques, 
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once that cell clonally expands to a large tumour population. Better evidence for 

transcriptional activity of retroelements in human somatic cells might be extrapolated 

from detection of retroelement gene products in cancer tissues. Excluding cell lines in 

vitro, retroelement RNA and proteins, predominantly HERV-derived, have been detected 

in diverse solid-tumour tissues ex vivo and found to be absent in adjacent healthy tissue 

(Wentzensen et al., 2007; Belancio et al., 2010; Ma et al., 2016). Beyond oncology, 

studies have also detected retroelement RNA in serum and brain tissue of patients with 

amytrophic lateral sclerosis (ALS; also known as motor neurone disease), multiple 

sclerosis, and schizophrenia (Douville et al., 2011; H Perron et al., 2012; Hervé Perron 

et al., 2012). Similar studies have detected retroelement RNA in serum and tissue 

samples from patients with traditional autoimmune conditions such as rheumatoid 

arthritis and systemic lupus erythematosus (Neidhart et al., 2000; Mavragani et al., 2016, 

2018). Retrospective analyses of large RNA-seq datasets comparing a range of 

pathological states, including sepsis and diabetes, to healthy control patients have also 

demonstrated increased levels of retroelement transcripts, principally LTR-elements and 

L1 (Attig et al., 2017; Tongyoo et al., 2017). Most of these data examining retroelement 

transcriptional activity in human samples are small observational or retrospective studies 

and lack systematic comparisons to matched healthy controls. However, even if it is not 

possible to infer retroelement transcriptional activity as a cause for these diverse 

conditions, these studies do suggest that expression of retroelement-derived gene 

products can occur in certain contexts in human somatic cells.  

 

A recent effort to map the ‘ERVome’ in available human sequencing data suggested that 

expression of autonomous LTR elements varies between primary cell types (Tokuyama 

et al., 2018). Further the study observed that primary cells universally have lower ERV 

expression levels than cell lines, suggesting that retroelement repression and regulation 

may be fundamentally different in cell lines compared to primary cells in vivo.  

 

1.8.2 Transcriptional regulation of retroelements in human somatic cells 

Most of these studies reporting retroelement transcriptional activity are descriptive and 

do not explore mechanisms of retroelement regulation. However, a strong association 

has been described between expression of retroelement-derived transcripts and 

hypomethylation of DNA and histones, particularly in cancer and SLE (Lee et al., 2012; 

Nakkuntod et al., 2013; Fali et al., 2014; Tokuyama et al., 2018). Chemical inhibition of 

chromatin modifiers, in particular DNMT enzymes, is also associated with upregulation 

of retroelement gene expression in somatic cells (Chiappinelli et al., 2015; Roulois et al., 

2015). Genetic manipulations of somatic cells have also demonstrated that chromatin 

modifiers perform a key role in repression of retroelements in differentiated tissues. 
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CRISPR-Cas 9 deletion of SETDB1 from human myeloid cell lines, under puromycin 

selection, induced upregulation of LTR and non-LTR retroelements, as well as KRAB-

ZNF genes (Cuellar et al., 2017). CRISPR-Cas 9 knockout (KO) of DNMT1 from human 

neural progenitor cells (hNPCs), which encodes the enzyme that maintains DNA 

methylation, led to chromatin remodelling defined by acquisition of H3K27ac 

suggestive of active transcription (Jönsson et al., 2019). In DNMT1-KO cells, there 

was upregulation of almost all young L1s, in particular full-length L1s (defined intact 

open reading frames (ORF) 1 and 2, 5′UTR internal promoter, and 3′UTR region), with 

associated increases in L1 ORF1 peptide expression also detected by immunoblot. 

Protein-coding genes located within 50 kb of activated primate-specific L1s were also 

significantly upregulated in DNMT1-KO hNPCs. Intriguingly, older L1s, full-length 

HERVs, and SVAs were not expressed, even in the absence of DNA methylation. 

Similar findings were found for other human neuronal cells from patients with a Rett’s 

syndrome, a rare neurodevelopmental disorder, caused by congenital deficiency of a 

protein required for DNA methylation (Muotri et al., 2010).  

 

In certain circumstances, de-repression alone is necessary but not sufficient for 

retroelement transcriptional activity. Emerging evidence suggests that retrolement 

activation depends on cell type-specific transcription factors. In adult mice, most ERV 

genes assumed a de-repressed chromatin state in SETDB1-deficient cells but only a 

fraction were transcribed, and this was dependent on LTR activation and the 

availability of corresponding transcription factors (Matsui et al., 2010; Collins et al., 

2015; Kato, Takemoto and Shinkai, 2018). A self-evident but important difference 

between chemical inhibition of DNMTs or genetic manipulations under antibiotic 

selection, and germline deletion of the same enzyme, is the presence of the drug. 

Pleiotropic properties of chemotherapeutic agents and antibiotic selecting agents, 

intended to kill cells, are common and this may include activation of innate signalling 

pathways that mimic treatment of cells with exogenous innate stimuli. Other studies 

have begun to highlight the role of innate agonists and signalling pathways for 

activating retroelement expression in human cells. Based on observations that 

expression of murine ERVs was sensitive to microbial stimulation, retroelement 

transcriptional activity in primary human DCs was assessed using bespoke retroelement 

microarrays (Young, Mavrommatis and Kassiotis, 2014). Primary human DCs treated 

with LPS, IAV, Leishmania major, an HIV-1-derived vector or Vpx-bearing VLPs all 

demonstrated altered retroelement expression profiles compared to control cells, 

although the study does not report these data beyond presentation of microarray 

heatmaps. Many retroelement LTRs are sensitive to an array of transcription factors 

essential for innate immune responses, including NFκB, IRFs and STATs, which has 
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been demonstrated in human primary neuronal cells (Manghera and Douville, 2013; 

Manghera et al., 2016). Thus the regulatory architecture of each LTR is a key 

determinant for whether it will become activated once de-repressed.   

 

1.8.3 Innate immune responses to retroelement transcriptional activity in human 
somatic cells 

If transcriptional repression, sometimes called “transcriptional interference”, is a key host 

mechanism for restriction of HIV-1 replication, it is surprising that HIV-1 does not encode 

a clear antagonist (Chougui and Margottin-Goguet, 2019). There is an emerging 

literature that suggests regulators of chromatin repression, and epitranscriptomic 

modifications, may modulate host innate immune responses through retroelement gene 

regulation. There may be a balance to strike between evasion of transcriptional 

repression and induction of innate immune responses: antagonism of chromatin 

modifiers is strongly associated with induction of IFN and ISGs, at least in part mediated 

by retroelement genes. Retroelements have been implicated as transducers of host IFN 

and ISG responses through three principle mechanisms: as direct transcriptional 

enhancers of ISGs, as initiating PAMPs driving IFN induction, and as “adjuvant” 

amplifiers of a pre-existing IFN response. 

 

It has been suggested that mammalian hosts harnessed endogenised retroelements to 

diversify and amplify IFN-mediated immune responses to exogenous pathogens. 

Retroelements have been described as orthodox enhancers of the IFNg-stimulated gene 

expression. Extensive analysis of published ChIP-seq data demonstrated significant 

enrichment at a number of retroelement LTR loci for STAT1 and other IFNg-activated 

transcription factors. These loci were also marked by H3K27 acetylation in IFNg-treated 

primary MDM consistent with enhancer activity (Chuong, Elde and Feschotte, 2016). A 

genetic approach in HeLa cells was taken to assay the contribution to host ISG 

responses of MER41, one of the retroelements proposed to act as an IFNg enhancer 

and noted to be 220 bp upstream of ISG AIM2, to host ISG responses. CRISPR-Cas9 

MER41-KO HeLa cells were unable to induce AIM2 expression, and a range of other 

ISGs in close proximity to MER41, in response to IFNg and demonstrated a deficient 

AIM2-dependent inflammasome response to vaccinia virus. IFNg- and IFNb-inducible 

STAT1 binding to a range of related retroelement LTRs were found throughout available 

mammalian ChIP-seq data and these could be reconstituted in an IFN-inducible reporter 

assay in vitro. The authors proposed a gene regulatory network that has turned foe into 

friend: mammalian hosts have capitalised on retrotransposition of elements within their 
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genomes to expand and enhance host responses to extant insults that those 

retrotransposons once represented.  

 

Loss of repressive chromatin marks in somatic cells has been associated with expression 

of retroelement-derived PAMPS and IFN induction in a number of oncology studies using 

chemotherapy to modulate key chromatin modifier enzymes (Fig. 1.16). Two studies 

during DNMT inhibitor 5-azacytidine (Aza) chemotherapy implicated retroelement RNA 

as PAMPs amplifying or initiating IFN responses by so-called “viral mimicry”. Inhibition 

of DNMT 1 and 3 by Aza, which reduces activity and expression of these proteins, 

induced expression of diverse retroelement dsRNAs. Neither study undertook unbiased 

RNA-seq analyses of retroelement transcripts, and thus the selection of LTR elements 

and ERVs implicated in IFN responses by these data may only represent a fraction of all 

retroelement transcriptional activity involved. Evidence for the double-stranded nature of 

retroelement products was based on dsRNA-specific J2 antibodies, loss of IFN secretion 

with RNA sensor depletion or knockout, and resistance of retroelement transcripts to 

RNase A digestion, which is expected to remove single-stranded RNA species. Neither 

study saw increased expression of retroelement-derived peptides, but only a small range 

of ERV-derived peptides were assessed. A similar ERV-induced IFN response was 

demonstrated in a separate study of CDK inhibitors as treatment for breast cancer (Goel 

et al., 2017). CDK4/6 inhibition reduced E2F transcription factor activation which 

subsequently reduced DNMT expression. Reduced levels of ERV3 DNA methylation at 

its 5’-LTR was associated with enhanced ERV3 expression, intracellular dsRNA levels, 

and ISG induction in CDK inhibitor treated human cancer cell lines in vitro compared to 

untreated cells. The only retroelement expression reported in this study was for ERV3 

and the dsRNA PAMP was demonstrated using an anti-dsRNA ELISA. The RNA sensing 

pathway responsible for transducing the putative dsRNA PAMP was not investigated in 

this study. The chemotherapy-induced IFN signature was associated in human tissue 

and mouse models with reduced numbers and function of regulatory T cells, and 

enhanced anti-tumour CTL responses, linking innate to adaptive pathways through “viral 

mimicry”. The agents used in these studies are also known to activate HIV-1 provirus 

(Kauder et al., 2009; Fernandez and Zeichner, 2010; Boehm and Ott, 2017).  

 

Besides loss of DNA methylation, loss of histone methylation is also associated with 

generation of a retroelement-derived PAMP and induction of innate immune responses 

(Fig. 1.16). Compared to control cells, CRISPR-Cas9 SETDB1-KO THP-1 cells, part of 

a loss-of-function screen for a model of acute myeloid leukaemia, demonstrated 

enhanced ISG and retroelement induction measured by RNA-seq associated with loss 

of H2K9 methylation particularly at sites of KRAB-ZNF genes (Cuellar et al., 2017). A 
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wide variety of autonomous and non-autonomous retroelements were induced by loss of 

SETDB1, although levels of ERV3 mRNA were most prominently elevated. Increased 

dsRNA was detected by microscopy of J2 antibody-labelled cells and the resistance of 

retroelement transcripts to RNase A treatment. SETDB1-RIG-I and SETDB1-MDA5 

double-knockout THP-1 showed reduced ISG induction, however the ISG expression 

was not lost entirely, suggesting that other signalling pathways may contribute to this 

phenotype. Somatic cells from SETDB1 null adult mice have also been shown to have 

elevated levels of retroelements, predominantly ERVs, associated with loss of H3K9 

marks at ERV loci (Kato, Takemoto and Shinkai, 2018). DNMT-KO mice had less 

profound retroelement upregulation but the signature of de-repressed retroelements also 

significantly differed from SETDB1-KO conditions. Intriguingly the authors found that for 

certain loci of ERV families with intact LTRs, shown to be upregulated by loss of 

SETDB1, expression varied according to cell type, transcription factor activation by the 

MAPK pathway and also according to competent transcription factor binding sites at the 

DNA level. Thus autonomous LTR retroelement transcriptional activity appears to 

depend on cell-type specific transcription factor complement and activation, AP-1 

predominantly for the specific murine ERV examined, in a retroelement-specific manner. 

Knockout of TRIM28, which is thought to initiate retroelement repression during 

development, did not upregulate retroelements in somatic mice cells.  

 

A distinct “adjuvant” role has also been proposed for retroelements to amplify, rather 

than initiate, IFN responses. One study implicated Alu RNA in augmenting the IFN 

response underlying SLE (Hung et al., 2015). The authors built on original observations 

that SLE patients producing antibodies against Ro60 autoantigen have particularly high 

levels of systemic IFN, and Alu elements were elevated in an RNA-seq analysis of SLE 

patients with high systemic IFN scores. Ro60 is part of a ribonucleoprotein complex that 

is known to interact with RNA. Through a combination of molecular and biochemical 

techniques, Hung et al (2015) were able to demonstrate that Ro60 binds Alu RNA in IFN-

treated human myeloid cell lines. IFN-induced Alu RNA was significantly higher in Ro60-

KO cells compared to control cells suggesting that Ro60 acts to mop up IFN-induced Alu 

RNA. Synthetic Alu RNAs transfected into primary PBMCs potently stimulated secretion 

of cytokines, including IFNα, IL–6, and TNFα in a TLR7 and 8-dependent manner. IFN 

induction was not affected by chemical inhibition of RNA sensors. A recent study of a 

sub-population of small cell lung cancer cells characterised an ERV-derived PAMP 

responsible for high levels of innate immune activation and ISG expression in these 

cancer cells. Cañadas et al (2018) identified a subset of ERVs that they termed 

collectively SPARCS (stimulated 3 prime antisense retroviral coding sequences). 

SPARCS are defined by their sensitivity to IFN, their ability to create dsRNA PAMPs 
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via bi-directional transcription and their role in regulating immune responses in solid 

tumours by driving chemokine and cytokine release. The authors focus on MLT1C49 

of the SPARCS which is found in the 3’ UTR of ISG TRIM22 and enriched for STAT1 

binding sites. Depletion of MLT1C49 impaired induction of ISGs in response to IFN 

and was sufficient to induce ISG expression in cells transfected with an MLT1C49 

expression construct. dsRNA specific to MLT1C49 and two other ERVs was identified 

by using RNase treatment of isolated RNA followed by qPCR of RNA 

immunoprecipitated with dsRNA-specific J2 antibody. TAG-aided sense/antisense 

transcript detection PCR confirmed that dsRNA resulted from bi-directional 

transcription of MLT1C49. MLT1C49 dsDNA was identified using digital droplet PCR. 

Further, ISG induction by exogenous IFN treatment was severely impaired by both 

MAVS and STING KO in related lung cancer cell lines. This is consistent with “positive 

feedback amplification” of an IFN response dependent on both DNA and RNA sensing 

of a retroelement PAMP. In ex vivo studies of a range of lung cancer phenotypes, the 

amplified IFN response phenotype was shown to enhance T cell infiltration. The authors 

suggest that altered DNA methylation, in this subpopulation of cancer cells with 

enhanced innate immune activation, is required to de-repress SPARCS during IFN 

treatment. In particular, they identify DNA MT EZH2 as the key SPARCS repressor, 

which normally prevents retroelement induction during an IFN response. A number of 

malignancies associated with high levels of SPARCS expression also demonstrated 

reduced expression of a range of chromatin modifiers based on RNA-seq data.  

 

Of the range of papers proposing retroelement-derived dsRNA as PAMPs driving IFN 

induction, Hung et al (2015) is the only one that biochemically isolates retroelement-

specific dsRNA bound to host RNA-binding proteins. In most of the studies discussed 

here, the association between elevated retroelement mRNA secondary to loss of 

chromatin repression and increased intracellular dsRNA is correlative. Even where 

retroelement-specific dsRNA has been isolated this has not been in complex with RNA 

sensors. It remains a possibility that there may be other cellular sources of non-

retroelement dsRNA induced by changes to chromatin structure and function acting as 

PAMPs in these settings. Given that retroelements are part of the host genome, the 

mechanism by which host gene products derived from retroelement sequences can form 

PAMPs in host cells remains controversial. The bidirectional transcription of 

retroelements may predispose to generation of dsRNA which marks the gene product as 

‘foreign’ to host RNA sensors, as demonstrated by so-called SPARCS in particular 

(Cañadas et al., 2018; Hur, 2019). The length of RNA products and the sheer quantity 

of transcripts may also be significant (Hur, 2019). In this regard, Alu repeats lack 

transcription termination signals and L1s have inherently weak poly adenylation signals 
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which means that long read-throughs are common and termination of transcription may 

depend on flanking DNA (Goodier, 2016). Epitranscriptomic modifications to RNA may 

also be important for innate immune surveillance of RNA. Specifically in the context of 

HIV-1 transcription, HIV-1 TRBP recruits methyltransferase FTSJ3 which marks HIV-1 

mRNA in such a way that it prevents detection by immune sensors, preventing an IFN-

mediated anti-viral response that would otherwise restrict replication (Ringeard et al., 

2019). It remains to be tested whether endogenised retroelements have lost, or ever had, 

the ability to effect such epitranscriptomic changes for their own gene products.  Single-

stranded RNA with a 5’-triphosphate moiety provides substrate specificity for RIG-I, but 

it is unclear how this would be present on retroelement-derived transcripts generated by 

host machinery from host genes (Myong et al., 2009).  

 

Interestingly, no mutations of recognised chromatin modifiers have been identified in 

individuals with AGS, where IFN production has been suggested to derive from an innate 

immune response to de-repressed retroelement gene products. This does not preclude 

the hypothesis that restriction factors and exonucleases, polymorphisms of which genes 

are associated with AGS, prevent sensing of retroelement gene products that elude tonic 

chromatin repression. However, direct evidence of this in adult human cells is scant. 

Stetson et al. (2008) found ssDNA fragments from ERVs in heart muscle of TREX1 null 

mice, in an animal model of AGS, which could be prevented by treatment of the mice 

with NRTIs (Stetson et al., 2008). This leaves open the possibility that constitutive 

transcription of retroelements is prevented from driving innate immune responses due to 

host exonucleases and potentially other post-transcriptional regulators of RNA 

physiology. 
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Figure 1.16. Retroelement-derived PAMPs induce an IFN response in tumour cells 
Increased retroelement (RE) expression has been associated with 1. loss of CpG DNA 

methylation (solid to empty circles) by chemical inhibition of DNA-methyltransferase 

enzymes (DNMTi) and 2. loss of heterochromatic methylation marks (Me) by depletion 

of methyltransferase SETDB1. Both 3. double-stranded (ds) RNA and 4. dsDNA may be 

generated from upregulated RE transcripts which can be detected by pattern recognition 

receptors (PRRs), such as RNA sensors MDA5 and RIG-I, or DNA sensor cGAS 

(signified by red arrows). 5. Activation of PRR pathways culminates in expression of 

interferon (IFN). Retrotransposition of REs may also be seen synchronously. In the 

setting of cancer biology, IFN signalling may drive an adaptive immune response against 

the IFN-secreting cell which can be harnessed as a chemotherapeutic strategy. 
 

1.8.4 HUSH repression of retroelements  

More recently MORC2, MPP8 and TASOR (hereafter in this chapter MORC2/HUSH) 

were identified in a screen for regulators of L1 retroelements (Liu et al., 2018). Knockout 

of these proteins under puromycin selection, in human myeloid K562 cells, upregulated 

endogenous expression of evolutionarily younger L1PA families (including L1Hs) and 

KRAB-ZNF genes measured by polyA-selected RNA sequencing (RNA-seq), and also 

increased protein expression of endogenous L1 ORF1p measured by immunoblot. 

However only a subset of these younger L1 sequences were silenced by HUSH/MORC2 

which correlated with the transcriptional status of surrounding chromatin. Surprisingly, 

HUSH/MORC2-occupied L1s were found preferentially within the transcriptionally 
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permissive euchromatic environment marked by modifications such as H3K4me3 and 

H3K27ac, and enriched within introns of actively transcribed genes. To model the 

importance of L1 transcriptional activation for HUSH/MORC2 repression, Liu et al. (2018) 

measured MORC2 and MPP8 occupancy by ChIP at the doxycycline-inducible L1 

transgene sites. Increased HUSH/MORC2 binding was observed with increased 

transcriptional activation of L1 by doxycycline, suggesting that transcription through L1 

sequences facilitates HUSH/MORC2 binding. It is not clear how HUSH/MORC2 is 

specifically recruited to this subset of active intronic L1 sites. Despite immersion within a 

euchromatic environment defined by H3K4me3 and H3K27ac modifications, 

HUSH/MORC2-bound L1s are marked with H3K9me3 denoting transcriptional 

repression consistent with the role of HUSH in facilitating H3K9me3 deposition at target 

sites. HUSH/MORC2 may silence host genes through its interaction with L1 sequences. 

Host genes that harbour intronic MORC2/HUSH-bound L1s were also H3K9me3 

enriched, and these repressive marks are lost and the expression of these host genes 

upregulated with MORC2/HUSH knockout. This was not the case for host genes 

harbouring L1s that were not MORC2/HUSH-bound. Deletion of  intronic HUSH/MORC2-

bound L1 from host CYP3A5 gene phenocopied HUSH/MORC2 KO effects by increasing 

host CYP3A5 mRNA expression, again supporting a specific role for L1s in modulating 

host gene expression through HUSH/MORC2 silencing. Robbez-Masson et al. (2018) 

also demonstrated that MPP8 and TASOR repress L1s in a human pluripotent embryonal 

carcinoma cell line. TASOR was also implicated in ERV repression. While TASOR was 

shown to co-repress L1 LTR promoters in a non-redundant manner with TRIM28, also 

known as KAP1 and previously described as a retroelement repressor targeted to 

retroelements through its KRAB-zinc finger (KZNF) domain (Robbez-Masson et al., 

2018). A role for KZNFs in targeting HUSH and epigenetic silencing to sites of L1, and 

potentially exogenous retrovirus, active transcription has not been explored further.  

 

The innate immune consequences of increased retroelement expression which might be 

expected during HUSH depletion has not been assessed. It has previously been 

observed as paradoxical that HIV-2 infection should be characterised by low viral loads 

despite possessing antagonists of transcriptional repression and RT restriction. It is 

intriguing to speculate whether there is a trade-off between this antagonism and 

induction of innate immune responses, which explains the absence of these functions in 

HIV-1. It has been shown that HIV-2 triggers ISG expression in myeloid cells in a 

cGAS/STING-dependent manner (Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, 

El Marjou, et al., 2013; Lahaye et al., 2018). Whether transcriptional de-repression, by 

HIV-2 Vpx-mediated HUSH degradation, plays a role in induction of these innate immune 

response has not been examined.  
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1.9 Thesis rationale 

Many studies have demonstrated that viruses from the SIVsm/HIV-2 lineage, which 

express Vpx, trigger DNA sensing and IFN signalling when they infect myeloid cells. 

However, these experiments have never been conducted with a Vpx-deleted virus to 

interrogate the contribution of Vpx to this phenotype. One significant challenge of such 

an experiment is that Vpx acts as the lentiviral antagonist of SAMHD1. SAMHD1 restricts 

viral DNA synthesis by reducing cellular pools of dNTPs required for reverse 

transcription. Thus a Vpx-deleted virus is expected to have an infectivity defect as 

compared to wild-type virus. This complicates comparison of DNA sensing of Vpx +/- 

viruses because the viral PAMP (DNA) is expected to be lower in the absence of Vpx 

(i.e. the presence of active SAMHD1). This is particularly true in primary MDM which are 

commonly used for the study of lentiviral DNA sensing.  

 

Besides its role in enhancing infection of its parental virus, Vpx is also routinely supplied 

in trans to antagonise SAMHD1 and enhance HIV-1 infection of primary myeloid cells. In 

these studies, HIV-1 infection is complemented by Vpx delivered in VLPs. This is known 

to cause HIV-1 to trigger innate immune responses. We hypothesised that Vpx enhances 

DNA sensing responses either by augmenting viral DNA synthesis and PAMP production 

through SAMHD1 degradation, or by a SAMHD1-independent mechanism. To explore 

these hypothesises I developed an assay using cycling THP-1 cells, a myeloid cell line, 

thus enabling study of lentiviral DNA sensing in cells where SAMHD1 is switched off. 

During my doctoral studies, the discovery was made that Vpx is also an antagonist of 

the HUSH complex which invited the specific question whether antagonism of HUSH 

might also contribute to Vpx enhancement of DNA sensing responses. 

 

1.10 Thesis aims 

1. To determine how Vpx enhances lentiviral DNA sensing responses during infection of 

myeloid cells  

2. To test whether Vpx antagonism of SAMHD1 enhances lentiviral DNA sensing 

responses 

3. To test whether Vpx antagonism of HUSH enhances lentiviral DNA sensing responses 

4. To characterise the molecular mechanisms of aims 1-3 
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2 Chapter 2: Materials and Methods 

2.1 DNA preparation and manipulation 

2.1.1 Preparation of plasmid DNA 

Following transformation, plasmid DNA was purified from amplified bacterial clones by 

alkaline lysis using the QIAprep Spin Miniprep Kit (Qiagen). For small-scale preps, single 

colonies were picked from agar plates and used to inoculate 5ml of ampicillin-containing 

LB media which were grown in a shaker at 250rpm for 16-18 h at 37oC. Plasmid DNA 

concentration was measured using Nanodrop NDW1000 (Thermo Fischer Scientific 

Inc.). 

 

For midi cultures, 5ml LB was inoculated with a single colony as above and agitated and 

incubated at 37oC for 6-8 hours. 200μl of this starter culture was then used to inoculate 

200ml LB, which was incubated, shaking, at 37oC for approximately 18 hours. Cultures 

were centrifuged at 4000g, at 4oC, for 20mins, and the supernatant was removed. 

Plasmid DNA was extracted using QIAfilter Plasmid Midi Kit (Qiagen). 

 

2.1.2 Agarose gel electrophoresis and purification of DNA 

DNA was separated by agarose gel electrophoresis on a 1 % (w/v) agarose gel at 80-

125 mV in TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA). Ethidium 

bromide (0.2μg/ml) (Sigma) was used to visualise the DNA by UV transillumination (UVP 

BioDocWIT). DNA bands of interest were excised from agarose gels with a scalpel and 

the DNA was purified using the QIAgen gel extraction kit according to the manufacturer’s 

protocol. 

 

2.1.3 Restriction enzyme digestion  

Each digestion contained 1.5μg DNA, 1μl appropriate 10x restriction enzyme buffer 

(Sigma/NEB), 1.0μl of each restriction enzyme (Sigma/NEB) and made up to 30μl with 

water. Restriction digests were incubated at 37oC for at least 2 hours. Digestion products 

were analysed by agarose gel electrophoresis and the DNA was purified from the gel.  

 

2.1.4 DNA ligation 

Each ligation reaction contained 100 ng digested plasmid vector, an appropriate quantity 

of digested insert to achieve a 2:1 molar ratio of insert:vector, 10 x T4 DNA ligase buffer 

(Promega) and 1ul T4 DNA ligase (Promega), made up to 10μl with water. Ligation 

reactions were incubated at 16o C for at least 2 hours. 
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2.1.5 Production of competent E.coli bacteria 

Chemically competent HB101 (F- mcrB mrr hsdS20(rB- mB-) recA13 leuB6 ara-14 proA2 

lacY1 galK2 xyl-5 mtl-1 rpsL20(SmR) glnV44 +-, described in(Boyer and Roulland-

dussoix, 1969)): a single starter colony was cultured overnight in 3 ml LB broth without 

antibiotic and then inoculated into 200ml lysogeny broth (LB - tryptone 10 g/l, yeast 

extract 5 g/l, NaCl 5 g/l) which had been previously autoclaved at 121oC for 15 min. This 

suspension was grown at 30oC until OD550nm = 0.45-0.55, chilled at 0oC for 10 min, 

divided into 4x50 ml aliquots, and centrifuged 3500 rpm for 10 min at 4oC (Sorvall Legend 

RT Centrifuge). Supernatant was discarded and pellets kept on ice at 0oC throughout 

further manipulations. Pellets were gently resuspended in 20 ml TFB1 buffer (30mM KAc, 

100mM RbCl, 10mM CaCl, 50mM MnCl, 15% glycerol in dH2O, sterilized through a 

0.45μm filter), incubated at 0ÅãC for 5 min, centrifuged at 3500 rpm for 10 min, the 

supernatant was discarded and the remaining pellets resuspended in 2 ml TFB2 buffer 

(10mM PIPES, 75mM CaCl2, 10mM RbCl, 15% glycerol in dH2O, sterilised through a 

0.45 μm filter). Bacteria were aliquoted at 50μl, and snap frozen in liquid nitrogen, stored 

at -80oC. Competency was assessed by transforming 50μl HB101 with 10pg pUC19 

>100 colonies indicated high transformation efficiency. 

 

2.1.6 Transformation of E.coli 

50μl of transformation competent HB101 E. coli were mixed with 10μl of a ligation 

reaction. The bacteria were incubated on ice for 30 min. Bacteria were then heat shocked 

at 42oC for 45 seconds and then incubated on ice for 5 min. The bacteria were spread 

on Luria Broth (LB) agar plates containing ampicillin (100 μg/ml). 

 

2.1.7 Site directed mutagenesis (SDM) 

Point mutations were introduced into plasmids using site directed mutagenesis with 

overlapping forward and reverse primers, each bearing the mutation. SDM PCRs were 

performed using Pfu Turbo DNA Polymerase (Agilent). For details of reaction setup, see 

Table 1. For cycling parameters, see Table 2. For each PCR, a negative control that 

contained no Pfu Turbo was included. 1μl DpnI (NEB) was added to each completed 

PCR and incubated at 37°C for 2 hours. The DpnI digested PCR products were purified 

using a QIAquick PCR purification kit (QIAgen) and used to transform HB101 bacteria. 

Successful insertion of the desired mutations was confirmed by sequencing. 
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Table 1: SDM reaction setup  

Component Amount per reaction 

Pfu Turbo DNA Polymerase 2.5U/μl 2μl 

Pfu Turbo 10x Buffer 5μl 

dNTPs (Promega) 25mM each 1μl 

Forward primer (Sigma) 10μM 2μl 

Reverse primer (Sigma) 10μM 2μl 

Plasmid Template (30ng) 3μl 

dH2O 35μl 

Final volume 50μl 

 

Table 2: SDM PCR cycling parameters 

Step Temp (°C) Time (min) No. of Cycles 

Initial denaturing 92 1 1 

Denaturing 92 1 
 

12 
Annealing 55 1 

Extension 68 2 / kb 

Final extension 68 30 1 

 

Table 3: SDM primer sequences 

Vpx mutations Primer sequence (5’-3’) 

E15A E16A Fwd GAATCCCCCCTGGCAACAGCGGCGCGGCAACAATC 

E15A E16A Rev CCACTCGAAGGCCTCGCCGATTGTTGCCGCGCCG 

W24A L25A R27A Fwd AACGCGACCGTGGAAGAGATCAACCG 

W24A L25A R27A Rv CGCCGCCTCGAAGGCCTCGCCGAT 

H39A L40A Fwd GGCCGTGAACGCAGCGCCCCGCGAGC 

H39A L40A Rev TCGCGGTTGATCTCTTCC 

Q47A V48A Fwd GATGATGATAAAAGCGACCCCAGAGAGAGAATC 

Q47A V48A Rev ATCTTTATAATCCATGGATCCGGTGGCGGC 
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R51A S52A Fwd AGTGTGGCAGGCGGCCTGGGAGTACTG 

R51A S52A Rev TGGAAGATCAGCTCGCGG 

W56A H57A D58A Fwd CGCCGAGCAGGGCATGAGCCAG 

W56A H57A D58A Rev GCCGCGTACTCCCAGCTCCGCTG 

G61A S63A S65A Fwd CCAGGCCTACGTGAAGTACAGATACCTG 

G61A S63A S65A Rev GCCATGGCCTGCTCATCGTGCCAGTA 

Y69A R70A Y71A L72A Fwd GCCGCCTGCCTGATGCAGAAAGCC 

Y69A R70A Y71A L72A Rev GGCGGCCTTCACGTAGCTCTGGCTC 

Q76R Fwd GAACTGAAGAACGAGAGCGTGCGGCACTTCCCC 

Q76R Rev GGGGAAGTGCCGCACGCTCTCGTTCTTCAGTTC 

FLAG Fwd GAATGCGGCCGCGAGCGACCCCAGAGAGAGAATC 

FLAG Rev GCCTCTAGATCAAGCCAGTCCAGGTGGTGG 

ΔPro Fwd GGACTGGCTTGAGCGGCCG 

ΔPro Rev CCGCCATCCGCCAGCGCC 

 

2.1.8 Vpx species variant plasmid construction 

Codon-optimised FLAG tagged Vpx cDNA was synthesised by GeneArt. and designed 

to include BamHI and No1I sites. These were manufactured in a PMA vector and 

subsequently digested and ligated to pcDNA3.1. Correct insertion was checked through 

sequencing (Beckman Coulter Genomics). 

 

2.2 Cell culture 

2.2.1 Maintenance of cells  

HEK293T cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) 

supplemented with 10% fetal calf serum (FCS; Gibco) and penicillin-streptomycin (50 

μg/ml) (Gibco). IFIT1 luciferase reporter THP-1 cells were a gift of V.Hornung and were 

grown in Roswell Park Memorial Institute (RPMI 1640; Gibco) medium supplemented 

with 10% FCS and 50 μg/ml penicillin-streptomycin. Jurkat cells were also grown in 

Roswell Park Memorial Institute (RPMI 1640; Gibco) medium supplemented with 10% 

FCS and 50 μg/ml penicillin-streptomycin. 

 

Peripheral blood mononuclear cells (PBMCs) were prepared from HIV seronegative 

donors (after informed consent was obtained), by density-gradient centrifugation 

(Lymphoprep, Axis-Shield, UK). Monocyte-derived macrophages (MDM) were prepared 

by adherence with washing of non-adherent cells after 2 h, with subsequent 
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maintenance of adherent cells in RPMI 1640 medium supplemented with 10% human 

serum and MCSF (10 ng/ml) for 3 days and then differentiated for a further 4 days in 

RPMI 1640 medium supplemented with 10% fetal calf sera without M-CSF. 

 

2.2.2 MAVS and STING knockout THP-1 cells 

THP-1 knockout cells were generated using the CRISPR/Cas9 system. A plasmid 

containing mCherry Cas9 and a U6 promoter-driven gRNA against MAVS or STING  (see 

Table 4) was electroporated into THP-1 cells under following conditions: 5 μg plasmid 

were mixed with 250 μl cell suspension (10 × 106/ml in OptiMEM) and electroporated at 

950 μF and 250 V. Cells were FACS sorted for mCherry expression 24 h after 

electroporation. Positive cells were diluted under limiting conditions and plated in 96-well 

plates to obtain single cell clones. THP1-DualTM KO-cGAS cells were purchased from 

InvivoGen. 

 

Table 4: CRISPR/Cas9 sgRNA sequences 

sgRNA Sequence (5’-3’) 
MAVS CAGGGAACCGGGACACCCUC  

STING TCCATCCATCCCGTGTCCCAGGG  

Non-targeting ACGGAGGCTAAGCGTCGCAA  

 

2.3 Reporter gene assays 

The NFκB-sensitive firefly luciferase reporter plasmid shown has expression of firefly 

luciferase is under the control of a synthetic NFκB-sensitive promoter. This promoter 

contains five copies of an NFκB response element (NFκB-RE) that drives transcription 

of the luciferase reporter (Promega). Early experiments were duplicated with a reporter 

plasmid under control of the natural promoter of the immunoglobulin kappa light chain 

gene which is also sensitive to NFκB subunits p50 and p65 and contains three repeat kB 

sequences. The binding sequence is 5'-GGGRNYYYCC-3', where R is a purine, Y is a 

pyrimidine, and N is an unspecified base (personal communication A. McDonalds). No 

significant differences were seen in either NFκB activation or antagonism between the 

synthetic and natural promoters. Where NFκB activity is shown it is from the synthetic 

promoter. The IFIT1 promoter fused with firefly luciferase was obtained from A. Bowie.  

 

For dual luciferase reporter gene assays in HEK293T cell, 1.5x105 cells/ml were seeded 

in 24-well plates and transfected with 5ng luciferase reporter (IFIT1 or NFκB-sensitive), 

2.5ng thymidine kinase renilla luciferase reporter (Promega), 0.5-200ng empty or Vpx 
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expressing pcDNA3.1, 1.5-6ng pcDNA3.1 FLAG-cGAS and STING using 0.75ul 

FuGENE 6 (Promega) and 20ul Opti-MEM (Promega). 48 hours later cells were lyse in 

passive lysis buffer (Promega), and firefly and renilla luciferase activities were measured 

using a Glomax luminometer (Promega). Expression of the thymidine kinase renilla 

luciferase reporter was used as a control for transfection efficiency between wells. The 

fold induction of the reporter activity was calculated by normalizing each result to the 

luciferase activity of the unstimulated cells transfected with empty pcDNA3.1. 

 

For reporter gene assays in pIFIT1-Gluc THP-1 cells, 5x104 cells/well were seeded in 

96-well or 48-well plates. Gaussia luciferase activity was measured in supernatants by 

using a Glomax luminometer (Promega). The fold induction of the reporter activity was 

calculated by normalising each result to the luciferase activity of the nonstimulated and 

untransduced or uninfected cells. 

2.4 RNA extraction and cDNA synthesis 

RNA was extracted from cells using the NORGEN RNA extraction kit according to the 

manufacturers protocols. For reverse transcription to synthesize complementary DNA 

(cDNA), each reaction contained 1 μg RNA, 2.5 μM oligo dT, 500 μM dNTP, made up to 

13 μl with nuclease-free water. These reactions were incubated at 65o C for 5 min and 

then transferred directly to ice for 1 min. To each reaction was then added 4 μl 5x First-

strand buffer (Invitrogen), 5 mM DTT, 40 U RNase OUT (Invitrogen), 50 U Superscript 

III reverse transcriptase (Invitrogen), made up to a total of 20 μl with nuclease-free water. 

The reactions were incubated at 50o C for 1 hour, followed by 70o C for 15 min. cDNA 

was diluted 1:5 in nuclease-free water before quantitative reverse transcription-

polymerase chain reaction (qRTPCR) analysis.  
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2.5 Real-time quantitative PCR (RT-qPCR) 

Each qRT-PCR contained 2μl cDNA, 10μl 2x SYBR® Green PCR master mix (Applied 

Biosystems), 0.5 μM of each primer, made up to 20 μl with water per well. 7900HT Real-

Time PCR machine (Applied Biosystems) was used to run the following programme: 

 

Table 5: RT-qPCR reaction 

Temperature Duration 
50° C 2 min 

95° C 10 min 

40 cycles:  

95° C         

60° C 

 

15 sec 

1 min 

 

Table 6: qPCR primer sequences 

Gene Primer sequence (5’-3’) 
GAPDH Fwd ACCCAGAAGACTGTGGATGG 

GAPDH Rev TTCTAGACGGCAGGTCAGGT 

cGAS Fwd GGGAGCCCTGCTGTAACACTTCTTAT 

cGAS Rev TTTGCATGCTTGGGTACAAGGT 

CXCL10 Fwd TGGCATTCAAGGAGTACCTC 

CXCL10 Rev TTGTAGCAATGATCTCAACACG 

HERV3 Fwd CCTGCTCTAGTCACCCTGGA 

HERV3 Rev CTTCCCTGATGATTACTCAAGC 

IFIT1 Fwd CCTGAAAGGCCAGAATGAGG 

IFIT1 Rev TCCACCTTGTCCAGGTAAGT 

IFNβ Fwd CTCTCCTGTTGTGCTTCTCC 

IFNβ Rev GTCAAAGTTCATCCTGTCCTTG 

L1 (2102 loci) Fwd GAACGCCACAAAGATACTCC 

L1 (2102 loci) Rev CTCTTCTGGCTTGTAGGGTTTCTG 

L1P1_5' end Fwd TGCCCTAAAAGAGCTCCTGA 

L1P1_5' end Rev TGTTTTTGCAGTGGCTGGTA 

ML1C49 Fwd TATTGCCGTACTGTGGGCTG 

ML1C49 Rev TGGAACAGAGCCCTTCCTTG 

MPP8 Fwd TGCCTGTATCTGCCCAAAC 

MPP8 Rev CCTTGTCAGAATCATGCCTTT 

MxA Fwd ATCCTGGGATTTTGG GGC TT 

MxA Rev CCGCTTGTCGCTGGTGTCG 
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Periphilin Fwd GGTTCCAGTGTCAGTAGCAG 

Periphilin Rev TCATTCTGCCGTTTGTAGGAG 

STING Fwd TGGGGTGCCTGATAAC 

STING Rev TGGCAAACAAAGTCTG 

TAF7 Fwd CTCCAGGAATGTCTGGTCAC 

TAF7 Rev CTTGATGCTGGGTCTCATCT 

TASOR Fwd TGAAGACATTGCAGGTTTCATTC 

TASOR Rev CATCCAGGCTATCAACACCAG 

ZNF37A Fwd CATTCTGAAGAGGAACCTTCTG 

ZNF37A Rev TTTCTGATGCCAAATGAGGT 

ZNF91 Fwd GACTTTTGGCCAGAGCAGAG 

ZNF91 Rev CTCTGGGCAGTTGTGAGACA 

ZNF93 Fwd AGAAGCCCTACGTTTGTGAAG 

ZNF93 Rev GGTTGAGGATGCAATAAAGGC 

2.6 shRNA preparation 

shRNA sequence targeting MPP8, periphilin and TASOR were used. The oligos were 

annealed and then ligated into the digested HIV-1 SIREN vector as below. HB101 

competent bacteria were transformed and colonies were screened for shRNA sequence 

by sequencing.  

 

Table 7: shRNA sequences 

shRNA Sequence 5’-3’ 
shRNA MPP8 Fwd GATCCAAGAAGACCCCGAGAAAGGTTCAAGAGACCTTTCTC

GGGGTCTTCTTTTTTTTG 

shRNA MPP8 Rev AATTCAAAAAAAAGAAGACCCCGAGAAAGGTCTCTTGAACCT

TTCTCGGGGTCTTCTTGGATCG 

shRNA Periphilin Fwd GATCCAGCTAACCACTCGCTCTAATTCAAGAGATTAGAGCGA

GTGGTTAGCTTTTTTT 

shRNA Periphilin Rev GAATTCAAAAAAAGCTAACCACTCGCTCTAATCTCTTGAATTA

GAGCGAGTGGTTAGCTGGATCG 

shRNA TASOR Fwd GATCCGAGGAAGCTTGAGGATCTATTCAAGAGATAGATCCT

CAAGCTTCCTCTTTTTTG 

shRNA TASOR Rev AATTCAAAAAAGAGGAAGCTTGAGGATCTATCTCTTGAATAG

ATCCTCAAGCTTCCTCG 
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Table 8: shRNA oligo annealing 

Temperature Duration 
95oC 30 sec 

72oC 2 min 

37oC 2 min 

25oC 2 min 

 

Table 9: shRNA oligo ligation 

Component Amount per reaction 
Digested HIV-1 SIREN vector 50ng 

Annealed oligo (0.5uM) 1ul 

10X T4 ligase buffer 1.5ul 

BSA (10mg/ml) 0.5ul 

T4 DNA ligase 1ul 

Total Volume Up to 15ul with water 

 

2.7 Protein analysis 

2.7.1 Preparation of cell lysates 

Cells were lysed in passive lysis buffer (Promega) or cell lysis buffer (50 mM Tris pH 8, 

150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1 % (v/v) Triton X100, 0.05 % (v/v) NP40 

supplemented with protease inhibitors (Roche), and phosphatase inhibitors (Roche) for 

immunoblotting with phospho-specific antibodies. The cells were collected in eppendorf 

tubes and the cell debris was collected by centrifugation at 14,000 x g for 10 min, 4o C. 

The cleared lysate was transferred to a clean eppendorf and stored at -20o C. 

 

2.7.2 SDS-PAGE 

For sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

cell lysates were heated at 100o C for 10 min in 6x protein loading buffer, containing 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. The samples were loaded on an appropriate polyacrylamide 

gel and proteins were separated by electrophoresis at 120V in SDS running buffer (25 

mM Tris-HCl, 250 mM glycine, 0.1 % (w/v) SDS).  

 

2.7.3 Immunoblotting 

After PAGE, proteins were transferred to a Hybond nitrocellulose membrane (Amersham 

biosciences) in transfer buffer (25 mM Tris-HCl, 250 mM glycine, 20 % (v/v) methanol) 
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using a semi-dry transfer system (Biorad) or wet transfer system for larger proteins 

(expected molecular mass >100kDa;???). Membranes were subsequently blocked by 

incubation for 1 h at room temperature in 5 % (w/v) milk proteins + 0.01 % (v/v) Tween-

20 in PBS (PBST). The membranes were then incubated overnight at 4o C with primary 

antibody (Ab) diluted in 5 % (w/v) milk proteins in PBST. Membranes were washed three 

times for 5 min in PBST and then were incubated with secondary Ab diluted in 5% (w/v) 

milk proteins in PBST for 1 h at room temperature. The membranes were again washed 

three times for 5 min in PBST and once in PBS. Membranes were imaged using the 

Odyssey infrared imager (LI-COR Biosciences). 

 

Table 10: Antibodies used for immunoblotting 

Antibody Source 
Rabbit-anti-VSV-G Sigma 

Rabbit-anti-HIV-1 p24 NIH AIDS reagent program 

Mouse-SIVmac-p27 NIH AIDS reagent program 

Mouse-anti-Vpx NIH AIDS reagent program 

Rabbit-anti-STING Cell Signalling 

Rabbit-anti-phospho-STING Cell Signalling 

Rabbit-anti-TBK1 Cell Signalling 

Rabbit-anti-phospho-TBK1 Cell Signalling 

Rabbit-anti-IRF3 Cell Signalling 

Rabbit-anti-phospho-IRF3-386 Sigma 

Mouse-anti-IκBa Cell SIgnalling 

Mouse-anti-phospho-IκBa Cell Signalling 

Mouse-anti-p65 Santa Cruz 

Mouse-anti-phosho-p65-536 Cell Signalling 

Mouse-anti-actin Abcam 

Rabbit-anti-cGAS Cell SIgnalling 

Mouse-anti-MAVS Santa Cruz 

Rabbit-anti-DCAF1 Bethyl 

Rabbit-anti-VCP Santa Cruz Biotechnology 

Mouse-anti-FLAG Sigma 

Mouse-anti-HA Sigma 

Mouse-anti-tubulin Millipore 

Rabbit-anti-SAMHD1 Proteintech 

Rabbit-anti-FAM208A(TASOR) Atlas antibodies 

Rabbit-anti-PPHLN1(Periphilin) Atlas antibodies 
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Rabbit-anti-MPP8 Proteintech 

Goat anti-rabbit IRDye 800CW LICOR Biosciences 

Goat anti-mouse IRDye 800CW LICOR Biosciences 

 

2.8 Immunoprecipitation 

HEK293T cells were grown in 10-cm dishes and co-transfected with plasmids expressing 

FLAG-tagged Vpx protein and a range of HA-tagged host proteins or HA-tagged GFP. 
Cells were washed three times with ice-cold PBS and lysed by incubation for 10min on 

ice in lysis buffer (150mM NaCl, 20mM Tris-HCl pH 7.4, 10mM CaCl2, 0.1% Triton-X, 

10% glycerol with protease (cOmplete Mini, Roche) and phosphatase inhibitors 

(PhoSTOP, Roche)), then cleared by centrifugation. Lysates were subject to 

immunoprecipitation with anti-FLAG M2 agarose beads for 2h. Immunoprecipitations 

were washed 3 times in lysis buffer and bound proteins were eluted by boiling in buffer 

containing SDS. Samples were then subject to immunoblot analysis.  

2.9 Immunofluorescence 

For nuclear translocation assays, HEK293T cells (4x105 cells/ml) were adhered in an 

optical 96-well plate. Cells were washed twice with ice-cold PBS and fixed in 4% (vol/vol) 

paraformaldehyde. Autofluorescence was then quenched in 150mM ammonium 

chloride, the cells permeabilized in 0.1% (vol/vol) Triton X-100 in PBS, and blocked for 

30 min in 5% (vol/vol) FCS in PBS. The cells were stained with mouse-anti-p65 (Sigma) 

for 1 hour followed by incubation with goat anti-mouse Alexa Fluor 546 secondary IgG 

antibody (Life Technologies). Cells were washed with PBS three times between each 

step. 1ug/ml DAPI (4′,6-diamidino-2-phenylindole) was added per well to visualise DNA 

and cells analysed.  

 

Imaging was carried out on a Hermes Wiscan (IDEA Bio-Medical) wide field, high-content 

microscope using a 20x or 40x objective. Staining in captured images was quantified 

using the Metamorph 7 software suite, followed by data analysis using R. Metamorph 7 

was used to process images in an automated fashion. The inbuilt journals system was 

used to create scripts which loop through images, identify different channels and perform 

analysis. For detection of infection, the Multi Wavelength Cell Scoring package was used 

to evaluate staining in multiple colours for each cell. To analyse nuclear translocation, 

the Translocation-Enhanced package was used to compare staining inside and outside 

of nuclei. The R programming language was used to further analyse data from the image 

analysis scripts and generate relevant plots and figures as required. Graphs were 

generated using the ggplot2 package. 
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Table 11: Antibodies used for immunofluoresence 

Antibody Source 
Mouse-anti-FLAG Sigma 

Mouse-anti-p65 Santa Cruz 

Goat-anti-mouse Alexa Fluor 546 IgG Life Technologies 

 

2.10  CXCL10 ELISA 

PRO-BIND flat bottom 96-well assay plates (BD) were coated overnight at room 

temperature with 100 μl capture Ab (CXCL-10 ELISA Duosets, R&D Systems) per well 

diluted in PBS. The plates were washed 3 times in PBST (PBS + 0.1% Tween) and then 

were blocked for 1 h at room temperature with 300 μl 1 % (w/v) BSA in PBS (diluent) per 

well. The plates were washed 3 times in PBST. The standards were prepared in duplicate 

(CXCL-10: 2000 pg/ml-31.3 pg/ml) by preparing a two-fold dilution in diluent. One-

hundred μl un-diluted cell culture supernatant was added per well and the mixture was 

incubated for 2 h at room temperature. The plates were washed again 3 times in PBST. 

The detection Ab (CXCL-10 ELISA Duosets, R&D Systems) was prepared in diluent, 100 

μl was added per well and the plate was incubated at room temperature for 2 h. The 

plates were washed 3 times in PBST. Streptavidin HRP (R&D systems) was diluted 

1:200 in diluent, 100 μl was added per well and the plate was incubated at room 

temperature for 20 min. The plates were again washed 3 times in PBST and the ELISA 

substrate reagent (R&D systems) was prepared by mixing solutions A and B in a 1:1 

ratio. One-hundred μl was added per well and the plate was incubated in the dark for 20 

min. The reaction was stopped by the addition of 100μl 2N H2SO4 per well. The 

absorbance at 450 nm was measured.   

2.11  Vector, virus and virus-like particle (VLP) preparation 

2.11.1 Production 

HIV-1 Vpx-encoding vector was produced in HEK293T cells plated in T150 flasks and 

transfected with 2.5ug p8.91, 2.5ug pMDG and 3.75ug lentiviral IRES empty or Vpx 

expressing genome plasmid using 30ul FuGENE 6 (Promega) and 500ul Opti-MEM 

(Promega). HIV-1 Vpx and no Vpx were produced with 10ug p8.91 with modified p6, 

10ug pMDG, 15ug HIV-1 genome CSGW and with or without 1ug of Vpx-expression 

plasmid. VLPs were produced with 8ug pMDG, 32ug SIV4+ and with or without 1ug of 

Vpx-expression plasmid. SIVsm(E543) WT and Δvpx were produced with 10ug pMDG 

and 25ug SIVsm construct. HIV-1 Sp1 was produced with 7.5ug SpI mutant p8.91 and 

2.5ug WT p8.91, 10ug pMDG and 15ug HIV-1 genome pLAI GFP. shRNA-expressing 
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vectors were produced using 15μg of the genome plasmid, 10μg p8.91 and 10μg pMDG. 

Supernatants were harvested 48 and 72 hours post-transfection and filtered through 0.45 

μm filter.  

 

2.11.2 Concentration  

All lentivectors and VLPs were DNAse treated for 2 hours before they were concentrated 

by ultracentrifugation in a Sorvall Discovery (Hitachi) at 23000rpm for 2 hours at 4oC 

under vacuum conditions through a 20% sucrose cushion. The pellet was then 

resuspended in RPMI + 10% FCS and stored at -80oC.  

 

2.11.3 Titration 

HEK293T cells were seeded in 48-well plates (5x104 cells/ml); Jurkat and THP-1 cells  

were suspended in 48-well plates (1x105 cells/ml). Cells were transduced with a range 

of serially diluted (1:3) purified vector supernatant starting from 1:20-1:100 using 8ug/ml 

Polybrene. 48 hours later cells were fixed in 4% (vol/vol) paraformaldehyde in PBS and 

analysed on an Accuri C6 Flow cytometer for GFP expression.  

 

2.11.4 shRNA knockdown experiments 

For shRNA knockdown experiments, 2000μl of non-concentrated vector, encoding a 

puromycin resistance gene, was spinoculated for 1 hour at 1000g with 5x105 THP-1 cells. 

2x105 transduced cells per well were seeded in 6 well plates. After 48 hours, puromycin 

(1μg/ml) was added for 48 hours or until all untransduced controls cells died. Cells were 

then used at stated time-points following antibiotic selection for Western blot and RT-

qPCR to verify the knockdown efficiency and for readouts of innate immune responses. 

 

2.12 SYBR Green I-based qPCR-based product-enhanced RT 
(SG-PERT) assay  

SG-PERT  measures RT activity which provides a means of lentivirus quantification not 

dependent on infection. RNA from bacteriophage MS2 was used as template for the SG-

PERT assay. MS2 RNA was purchased from Roche Diagnostics (Vilvoorde, Belgium; 

Catalog #10165948001). Primers to amplify MS2 cDNA in the SG-PERT reaction were 

obtained from Eurogentec (Seraing, Belgium) and had the following sequence: Fwd (5′-

TCCTGCTCAACTTCCTGTCGAG-3′) and Rev (5′-

CACAGGTCAAACCTCCTAGGAATG-3′).  Ribolock™ RNase inhibitor was from 

Fermentas (St. Leon-Rot, Germany; Catalog # EO0381). SYBR Green I Master mix from 

Roche was used as reaction mix (Catalog #04707516001). Recombinant HIV Reverse 
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Transcriptase was purchased from Ambion (Life Technologies, Catalog # AM2045). 

Two-times concentrated lysis buffer was composed of 0.25% Triton X-100, 50 mM KCL, 

100 mM TrisHCL pH 7.4, 40% glycerol. 2 µL of RNAse inhibitor was added per 100 µL 

of the 2× lysis buffer immediately prior to use. 

 

To perform SG-PERT, cell-free viral supernatant was diluted 100-fold in PBS as input for 

the assay. 5 µL of the viral supernatant or recombinant RT solution was added to a well 

of a 96-well U-bottom plate (Beckton Dickinson, Erembodegem, Belgium) and mixed with 

5 µL of 2× concentrated lysis buffer, already containing RNAse inhibitor. Samples were 

incubated for 10 minutes at room temperature and subsequently diluted by addition of 

90 µL nuclease-free water (Life Technologies). After brief centrifugation, the lysates were 

resuspended and used as input for the assay. 12µL of the lysate was added to a 96-well 

plate (MicroAmp Optical 96-well reaction plate, Applied Bisosystems) together with 13 

µL of a reaction mix consisting of 12.5 µL 2× Roche SYBR Green I Master mix, 0.125 µL 

10× diluted RNAse inhibitor, 0.125 µL MS2 RNA and 0.125 µl of both the MS2 Fwd and 

Rev primer. After brief centrifugation of the plate, the reaction was carried out according 

to the following program: 20 minutes (min) at 42°C for RT reaction, 15 min at 95°C for 

activation of FastStart Taq DNA polymerase and 40 cycles of amplification: 10 seconds 

(sec) at 95°C for denaturation, 30 sec at 60°C for annealing and acquisition, 15 sec at 

72°C for elongation. Fluorescence acquisition was done at the end of annealing phase. 

 

For each sample lysate, an SG-PERT reaction was always performed in duplicate. To 

perform absolute quantification of RT activity values, a standard curve of replication-

competent HIV-1 containing supernatant with known RT activity levels was run in parallel 

in each assay and values were extrapolated from the obtained Cq values. 

2.13  Quantification of viral DNA synthesis 

Monocytic THP-1 cells were plated 1x105  cells per well in 1 mL of media in a 6 well-

plate format. 24 hours later the cells were infected with virus. Cells were collected at 6h 

and 20h post-infection to measure RT products and at 48h to measure infection by flow 

cytometry.  As a negative control, cells were treated with boiled virus (100oC for 10 

minutes). Cells were collected by centrifugation and washed with PBS. Cells were 

resuspended in 100μl PBS and DNA extracted using the QIAamp DNA Blood Mini kit 

following manufacturer’s instructions. For the qPCR, the following primers and probes 

were used:  

 

1. RU5 (LTR U5 region; strong stop DNA) 

RU5 Fwd: 5’- GCCTCAATAAAGCTTGCCTTGA -3’  
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RU5-Rev: 5’- TGACTAAAAGGGTCTGAGGGATCT -3’  

RU5-Probe: 5’- FAM-AGAGTCACACAACAGACGGGCACACACTA-TAMRA -3’  

 

2. GFP (1st strand RT transcripts) 

GFP-Fwd: CAACAGCCACAACGTCTATATCAT 

GFP-Rev: ATGTTGTGGCGGATCTTGAAG 

GFP-probe: FAM:CCGACAAGCAGAAGAACGGCATCAA:TAMRA 

 

Table 12: TaqMan qPCR reagents 

Component/Stock Concentration Volume (ul) 
2x TaqMan Gene Expression Master Mix 

(ThermoFisher) 

10 

FAM/TAMRA Probe 7.5uM 0.5 

Primer 1 7.5uM 1 

Primer 2 7.5uM 1 

dH2O 2.5 

Master Mix Total 15ul 

DNA sample (20-150ng/ul) or plasmid 

standard (101-106 copies/ul) 

5 

Total 20ul 

 
Table 13: TaqMan qPCR cycling parameters 

Step Temp (oC) Time No. of Cycles 
Polymerase Activation 95 10 mins 1 

Denaturing 95 15 secs 
40 

Annealing/Extension 60 60 secs 

2.14  Flow cytometry 

All GFP readouts were determined by flow cytometry using either a BD Accuri C6 

machine or a FACS Calibur machine both from BD Bioscience. Analysis was performed 

using BD Accuri software or FlowJo. Live cells were gated on using the forward scatter 

height (FSC-H) and side scatter height (SSC-H) parameters, which correspond to cell 

size and granularity, respectively. 10,000 live cells were used for analysis in each 

sample. A non-transduced cell sample was used to define the percentage of GFP as 

measured using the FL1 channel. 
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2.15  Cell viability assay 

Monocytic THP-1 cells were seeded at a density of 0.5x106 cells per well into a U-

bottomed 96-well plate. Cells were centrifuged and washed with PBS. Cells were re-

suspended in 50μl Zombie NIR™ dye (BioLegend) made up 1:500 in PBS and incubated 

at 37oC for 10 minutes. Cells were again centrifuged and washed with PBS, and fixed in 

100μl 4% (vol/vol) paraformaldehyde. FACS analysis was performed on a Calibur (BD 

Bioscience) using the FL3 laser. 

2.16  siRNA mediated protein depletion 

HEK293T cells (1.5x105 cells/ml) were seeded in 6-well plates and transfected with 

150nM siRNA using 4ul Lipofectamine 2000 (Invitrogen) and 184ul OptiMEM. 48 hours 

later 2x105 cells/ml were seeded in 24-well plate to carry out the reporter gene assays.  

 

Table 14: siRNA sequences 

Target  RNAi target sequence 

DCAF1  CGGAGUUGGAGGAGGACGAUU UCGUCCUCCUCCAACUCCGUU  

Control  

 
AAUUCUCCGAACGUGUCACGU ACGUGACACGUUCGGAGAAUU  

 

2.17  Drugs and exogenous agonists of innate immune signalling 
pathways 

Lipopolysaccharide (LPS), tumour necrosis factor-alpha (TNFα) and interferon-beta 

(IFNβ) were obtained from Peprotech. cGAMP and Poly I:C (polyinosinic:polycytidylic 

acid) were obtained from Invivogen. Tenofovir (TDF) was obtained from the NIH AIDS 

Reagent Program. 

2.18  Phylogenetic analysis 

Gag, vpr and vpx sequences obtained from the Los Alamos database were manually 

aligned using the Seaview sequence editor (Gouy, Guindon and Gascuel, 2010). Whilst 

Vpr and Vpx have undergone extensive insertions and deletions in various lineages, 

multiple alignment strategies consistently give the clades of interest strong support. 

Maximum-likelihood phylogenies were estimated by Dr C Monit using the General Time-

Reversible model of nucleotide substitution with gamma-distributed rate variation across 

sites (GTR-gamma) implemented in RAxML 8 software (Stamatakis, 2014). Branch 

support was determined using 1000 bootstrap alignments. Phylogenies were visualised 

with the program FigTree (https://github.com/rambaut/figtree/releases). The vpr/vpx tree 
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was midpoint-rooted. Branch lengths indicate the number of nucleotide substitutions per 

site. 
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3 Chapter 3: Vpx enhances ISG expression during 
SIVsm infection of myeloid cells 

3.1 Vpx enhances ISG expression during WT SIVsm infection 
without modulating viral DNA synthesis  

A chimeric virus derived from primary isolate SIVsm(E543) was used to investigate the 

function of Vpx in the context of the original SIVsm lineage (Hirsch et al., 1997). The 

chimera was made by inserting the gag, pol and accessory genes (vif, vpr, vpx) of 

SIVsm(E543) into an SIVmac239-based vector where a large deletion in env limits the 

vector to single-round infection of human cells and GFP is expressed in place of nef, 

enabling quantification of productive infection by flow cytometry. All SIVsm(E543) viruses 

were pseudotyped with VSV-G envelope for cell entry. The start codon of wild-type (WT) 

SIVsm(E543) was mutagenised to generate a virus that did not produce Vpx (referred to 

here as WT SIVsm and SIVsm Δvpx; Fig. 3.1a). Immunoblotting of purified WT and Δvpx 

particles demonstrated equivalent SIV Gag p27 and the expected absence of Vpx protein 

from the Δvpx viral particles (Fig. 3.1b). RT activity of each WT SIVsm and Δvpx virus 

preparation was calculated using SG-PERT (an in vitro RT activity assay) in order to 

equalize dosing between WT and the mutant virus for immunoblot and infection 

experiments(Vermeire et al., 2012). In order to compare SAMHD1 degradation ability of 

the two viruses, THP-1 cells were infected with equal doses of WT SIVsm and SIVsm 

Δvpx virus, and cells harvested at 24 hours for analysis of protein expression. Canonical 

functionality of Vpx was established by demonstrating degradation of Vpx target protein 

SAMHD1 by WT virus during single-round WT SIVsm but not by Δvpx infection of THP-

1 cells, particularly for donor 1 (Fig. 3.1c).  

 

MDM possess highly sensitive anti-viral DNA sensing responses(Sumner et al., 2017). 

They represent attractive primary cells to investigate the interaction between Vpx and 

these pathways. SAMHD1 is not phosphorylated (restrictive) in most MDM in vitro culture 

conditions (Mlcochova et al., 2017). SAMHD1 dNTPase function starves the lentivirus of 

fuel for DNA synthesis which restricts replication (Goldstone et al., 2011). Vpx 

degradation of SAMHD1 releases this restriction. The Gupta lab have developed a 

protocol to enhance macrophage permissivity to lentiviral infection by using FCS-

supplemented culture media during macrophage differentiation which increases the 

proportion of cells with phosphorylated (non-restrictive) SAMHD1 (Mlcochova et al., 

2017). FCS-treated MDM were infected with equal doses of WT SIVsm and Δvpx and 

cells were collected 48 hours later for measurements of infection and ISG induction by 

RT-qPCR analysis. Despite using FCS-supplemented media, WT SIVsm showed 
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significantly higher rates of single-round infection of primary MDM compared with an 

equal dose of SIVsm Δvpx which likely reflects the remaining SAMHD1 activity in FCS-

treated cells (Fig. 3.1d). Both WT SIVsm and Δvpx induced ISG expression during 

infection of primary MDM but surprisingly there was higher ISG expression induced by 

the WT virus (Fig. 3.1e).  

 
Figure 3.1: SIVsm(E543) induces ISG expression during infection of primary MDMs  
(a) Schematic map of chimeric SIVsm(E543)-GFP Denvelope. Arrows mark the SIVsm(E5453) 

genome. 

(b) Immunoblot of purified virus particles of WT SIVsm(E543) and Dvpx using antibodies against 

Gag p27 and Vpx. Doses of virus were equilibrated by SG-PERT (5x1011 pU RT loaded per well). 

Representative of 3 biological replicates. 
(c) Immunoblot of pIFIT1-luc THP-1 cell lysates, uninfected (UI) or 24 hours post-infection with 

equal doses of WT SIVsm(E543) and Dvpx (2.0 RT U/ml) using antibodies against tubulin and 

SAMHD1. Molecular mass markers (kDa) are indicated on the right. Representative of 3 biological 

replicates. 

(d) Percentage infection of FCS-treated primary monocyte-derived macrophages (MDM) from 2 

donors at 48 hours post-infection with WT SIVsm(E543) and Dvpx (1.0 RT U/ml) measured by 

GFP expression (flow cytometry). Data are presented as single experiments.  

(e) Fold induction of ISG CXCL10 in MDM from the same 2 donors as (d) at 48 hours post-

infection with WT SIVsm(E543) and Dvpx (1.0 RT U/ml). Gene expression was normalised to 

GAPDH. CXCL10 mRNA values were then normalised to uninfected cells. Data are presented as 

single replicates or mean ± SD technical duplicates.  
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In contrast to MDM, SAMHD1 is constitutively phosphorylated in cycling monocytic THP-

1. Therefore its lentivirus restriction is switched off. Single-round infection of monocytic 

THP-1 cells by HIV-1 is not affected by SAMHD1 knockdown (Fig. 3.2a). Conversely in 

non-cycling, PMA-differentiated THP-1 (macrophage-like cells) SAMHD1 is 

dephosphorylated, HIV-1 infection is therefore sensitive to SAMHD1 restriction so that 

SAMHD1 knockdown enhances lentivirus infection. Monocytic THP-1 cells are also a 

well-established model for studying DNA sensing pathways (Sumner et al., 2017). 

Because SAMHD1 is constitutively inactive, these cells represented an ideal system for 

testing the effects of Vpx on ISG expression independently of its effect on the dNTPase 

function of SAMHD1 and therefore viral DNA synthesis. Other groups have recently 

shown that Vpx enhances GFP expression by degradation of transcription repressor 

complex HUSH (Chougui et al., 2018; Yurkovetskiy et al., 2018). Monocytic THP-1 cells 

were infected with equal doses of WT SIVsm and Δvpx, measured by an in vitro assay 

of RT activity (SG-PERT) and demonstrated subtly increased GFP expression in the 

presence of Vpx (Fig. 3.2b).  We also noted that SIVsm infection of monocytic THP-1 

cells, in the presence or absence of Vpx, reached a plateau of GFP expression between 

30 and 40%. In previous studies this characteristic infection curve of SIVsm infection in 

THP-1 cells, suggestive of a sub-population of non-permissive cells, has been attributed 

to an unidentified restriction factor referred to as Lv4 (Pizzato et al., 2015). Lv4 restriction 

has been described to inhibit virus nuclear entry and has no effect on cell entry. For 

example, Lv4 does not affect cell entry of VSV-G pseudotyped HIV-1. Therefore Lv4 

restriction does not to impact cell delivery of particle-associated Vpx or viral DNA 

synthesis, both of which are thought to increase with increased SIVsm dose despite the 

plateau of GFP expression. This can be inferred by my observation that in THP-1 cells 

infected with a Vpx packaging virus or vector, all SAMHD1 can be degraded in a 

population of cells in which only 30-40% are infected according to measurements of GFP 

expression. 

 

To probe Vpx function, I developed an assay using monocytic THP-1 cells with a stably 

integrated luciferase reporter driven by the promoter of the IFIT1 gene (pIFIT1-luc THP-

1 cells) (Mankan et al., 2014). IFIT1 is an ISG activated directly by the transcription factor 

IRF3 downstream of a broad range of innate agonists, including during DNA sensing by 

cGAS (Au et al., 1995; Sun et al., 2013; Liu et al., 2015). Measurement of luciferase 

production in the supernatant of these cells provides a simple measure of IFIT1 and 

therefore ISG expression. To investigate a role for Vpx in ISG induction, monocytic 

pIFIT1-luc THP-1 were infected with equal doses of WT SIVsm and Δvpx with 

supernatant collected for luciferase measurments, followed by fixation for flow cytometry 

analysis of infection (GFP) at 48 hours. WT SIVsm and Δvpx achieved very similar levels 
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of infection (GFP) but ISG expression was significantly enhanced at each dose by virus 

bearing Vpx (Fig. 3.2c,d). These results suggested that, in cells where the amount of 

viral DNA synthesis is expected to be the same for Vpx encoding and non-encoding 

SIVsm because SAMHD1 is inactive, Vpx enhances ISG expression. 

 
Figure 3.2. WT SIVsm(E543) induces higher ISG expression than SIVsm(E543)Dvpx during 
infection of monocytic THP-1 cells 
(a) Titre of HIV-1 pLAI (IU/ml) calculated at 48 hours post infection of pIFIT1-luc THP-1 cells 

differentiated with PMA (50ng/ml) or not (monocytic), and transduced with control shRNA or 

shRNA targeting SAMHD1. Data are presented as mean ± SD technical triplicates.  

(b) Percentage infection of  monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with 

increasing doses of WT SIVsm(E543) and Dvpx equalised by SG-PERT measured by GFP 

expression (flow cytometry). Data are presented as single technical replicates. Representative of 

3 biological replicates. 

(c) Percentage infection of  monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with 

increasing doses of WT SIVsm(E543) and Dvpx measured by GFP expression (flow cytometry). 

Data are presented as mean ± SD triplicate technical replicates. Representative of 3 biological 

replicates.  

(d) Fold induction of IFIT1-luc measured in supernatant from cells in (c) at 24 hours post-infection. 

Luciferase production was normalised to that of uninfected cells. Data are presented as mean ± 

SD triplicate technical replicates. Representative of 3 biological replicates. 
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1, DNA products of both early (Figs 3.3a,b) and first strand transfer (GFP; Figs 3.3c,d) 

RT were measured at 6 and 20 hours post infection. As expected RT products were the 

same in the presence or absence of Vpx for three doses of virus. At 48 hours, infection 

was comparable between WT SIVsm and Δvpx (Fig 3.3e). However, by measurement of 

supernatant luciferase in the same experiment, WT SIVsm was shown to induce 

significantly higher ISG expression at each dose compared with SIVsm Δvpx (Fig. 3.3f). 

These data demonstrate that Vpx enhances ISG expression in a manner that does not 

appear to depend on its modulation of viral DNA synthesis. Measurement of endogenous 

ISG expression (IFIT1, Fig. 3.4b and CXCL10, Fig. 3.4c) at the mRNA level by qPCR 

and at the protein level (CXCL10, Fig. 3.4f) by ELISA in the same experiment further 

confirmed enhanced ISG expression in the presence of Vpx during SIVsm infection of 

monocytic THP-1 cells, consistent with ISG reporter activation (Fig. 3.4e), despite 

comparable infection between WT and Δvpx viruses (Fig. 3.4a,d). Interestingly, when 

cells were harvested at 24 hours post-infection and analysed by immunoblotting, 

increased phosphorylation of STING and IRF3 were observed during SIVm WT infection 

of cells compared with Δvpx infection consistent with enhanced innate immune activation 

by Vpx-bearing virus (Fig. 3.4g). 
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Figure 3.3 WT SIVsm(E543) enhances ISG expression compared with SIVsm(E543)Dvpx 
independently of effects on viral DNA synthesis  
(a) Copies of early RT transcripts (strong-stop DNA) in monocytic pIFIT1-Luc THP-1 cells at 6 

hours and (b) 20 hours post-infection with increasing doses of WT SIVsm(E543) and Δvpx. SIVsm 

DNA copy number was quantified per 200ng of total cellular DNA. Data are presented as mean 

± SD triplicate technical replicates. Representative of 2 biological replicates. 
(c) Copies of 1st strand RT transcripts (GFP) in monocytic pIFIT1-Luc THP-1 cells at 6 hours and 

(d) 20 hours post-infection with increasing doses of WT SIVsm(E543) and Δvpx. SIVsm DNA 

copy number was quantified per 200ng of infected cellular DNA. Data are presented as mean ± 

SD triplicate technical replicates. Representative of 2 biological replicates. 

(e) Percentage infection of monocytic pIFIT1-Luc THP-1 cells at 48 hours post-infection with 

increasing doses of WT SIVsm(E543) and Δvpx (0.3 to 1.0 RT U/ml) measured by GFP 

expression (flow cytometry) in the same experiment as (a-d). Data are presented as mean ± SD 
triplicate technical replicates. Representative of 2 biological replicates. 

(f) Fold induction of IFIT1-luc measured in supernatant of monocytic pIFIT1-Luc THP-1 cells from 

(a-d) at 20 hours post-infection with increasing doses of WT SIVsm(E543) and Δvpx (0.3 to 1.0 

RT U/ml). Luciferase production was normalised to that of uninfected cells. Data are presented 

as mean ± SD triplicate technical replicates. Representative of 2 biological replicates. 
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Figure 3.4. WT SIVsm(E543) enhances ISG expression and activation of STING and IRF3 
compared with SIVsm(E543)Dvpx during infection of monocytic THP-1 cells 
(a) Percentage infection of monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with 

increasing doses of WT SIVsm(E543) and Δvpx (1.0 to 4.0 RT U/ml) measured by GFP 

expression (flow cytometry). Data are presented as mean ± SD triplicate technical replicates. 

Representative of 3 biological replicates. 

Fold induction of ISGs (b) IFIT1 and (c) CXCL10 in monocytic pIFIT1-luc THP-1 cells at 48 hours 
post-infection with increasing doses of WT SIVsm(E543) and Δvpx (1.0 to 4.0 RT U/ml) in parallel 

to (a). Gene expression was normalised to GAPDH for an internal control. CXCL10 mRNA values 

were then normalised to uninfected cells. Data are presented as mean ± SD triplicate technical 

replicates. Representative of 3 biological replicates. 

(d) Percentage infection of monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with 

increasing doses of WT SIVsm(E543) and Δvpx (0.1 to 1.0 RT U/ml) measured by GFP 

expression (flow cytometry). Data are presented as mean ± SD triplicate technical replicates. 
Representative of 3 biological replicates. 
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(e) Fold induction of IFIT1-luc measured in supernatant of monocytic pIFIT1-luc THP-1 cells from 

(d) at 24 hours post-infection. Luciferase levels were normalised to that of uninfected cells. Data 

are presented as mean ± SD triplicate technical replicates. Representative of 3 biological 

replicates. 

(f) CXCL10 protein secretion measured by ELISA in supernatant of monocytic pIFIT1-luc THP-1 

cells from (d) at 48 hours post-infection. Data are presented as mean ± SD triplicate technical 
replicates. Representative of 2 biological replicates. 

(g) Immunoblot of monocytic pIFIT1-luc THP-1 cell lysates at 24 hours post-infection with WT 

SIVsm(E543) and Δvpx (1.0 RT U/ml) using antibodies against phospho-STING (residue 366), 

STING, actin, phospho-IRF3 (residue 386), IRF3 and SAMHD1. Molecular mass markers (in kDa) 

are indicated on the right. Representative of 2 biological replicates. 
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3.2 Genome-free virus-like particles bearing Vpx do not induce 
ISGs 

Vpx is associated with incoming virus particles allowing delivery to the cytoplasm of 

target cells when virus fuses with the cell membrane and viral cores are delivered to the 

cytoplasm (Wu et al., 1994). It is important to establish whether Vpx protein alone was 

able to induce ISG expression. Here we define virus-like particles (VLPs) by the absence 

of genome. They are made by VSV-G pseudotyping particles using the SIV packaging 

construct but no genome plasmid (Nègre et al., 2000). SIVmac VLPs are commonly used 

together with HIV-1 infection of myeloid cells to deliver Vpx to overcome SAMHD1 

restriction and facilitate HIV-1 infection(Hrecka et al., 2011). VLPs based on SIVmac 

were generated packaging SIVmac251 Vpx (VLP +Vpx) or no Vpx (VLP -Vpx) as a 

control. VLPs by our definition have no genome thus VLP infection cannot be measured 

by flow cytometry, and must be inferred from Vpx functional analysis, such as SAMHD1 

degradation by VLP-packaged Vpx. Monocytic pIFIT1-luc THP-1 were infected with 

VLPs and supernatant was collected to measure luciferase and thus ISG induction.  

Across a range of doses, genome-free VLP-delivered Vpx did not induce ISG expression 

(Fig. 3.5a,b) but was sufficient to degrade all SAMHD1 protein in a population of THP-1 

cells (Fig. 3.5c). In the same experiment, transfection of HT-DNA did induce robust IFIT1 

reporter activity as expected (Fig. 3.5b). The VLP dose range was consistent with the 

dose range used during SIVsm infection experiments (0.1-1.0 RT U/ml). Based on these 

findings, we hypothesised that Vpx was modulating ISG expression dependent on the 

presence of the SIVsm genome. We hypothesised that DNA synthesis from the SIVsm 

genome provides a PAMP that triggers DNA sensing inducing ISG expression, and Vpx 

is able to enhance this induction.  
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Figure 3.5. Vpx delivered by genome-free VLPs does not induce ISG expression 

(a) Fold induction of IFIT1-luc measured in monocytic pIFIT1-luc THP-1 cells at 24 hours post-

infection with increasing doses of genome-free VLPs either bearing Vpx (VLP +Vpx) or no Vpx 

(VLP -Vpx) or (b) treated with HT-DNA (50 ng/ml). Luciferase production was normalised to that 

of mock uninfected cells. Data are presented as mean ± SD triplicate technical replicates. 
Representative of 3 biological replicates. 

(c) Immunoblot of monocytic pIFIT1-luc THP-1 cell lysates, uninfected (UI) or at 24 hours post-

infection with VLPs either bearing Vpx (VLP +Vpx) or no Vpx (VLP -Vpx) using antibodies against 

SAMHD1 and actin. Molecular mass markers (in kDa) are indicated on the right. Data are 

presented as mean ± SD triplicate technical replicates. Representative of 3 biological replicates. 

 

3.3 Packaged Vpx is sufficient to enhance ISG expression 
during SIVsm infection 

To test whether packaged Vpx, as opposed to expressed Vpx, was sufficient for 

enhancement of ISG expression I developed an assay whereby SIVsm Δvpx was 

supplemented in trans by Vpx delivered by genome-free VLPs. Thus in an experiment in 

which VLP bears but does not encode Vpx (i.e. no vpx gene is present), we hypothesised 

that sensing of DNA synthesised by SIVsm Δvpx would be enhanced by Vpx delivered 

by VLP in trans. As shown previously, at each dose WT SIVsm (blue line, round markers) 

induced significantly higher ISG expression, compared to SIVsm Δvpx (red line, square 

markers; Figs 3.6b,d). As predicted, ISG expression induced at each dose by SIVsm 

Δvpx was enhanced by supplementing the SIVsm Δvpx with VLP Vpx in trans (VLP 

+Vpx; blue dotted line with square symbols). ISG expression during SIVsm Δvpx 
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expression during WT SIVsm infection, whether at higher dose ranges of SIVsm (Fig. 

3.6b) or lower dose ranges (Fig. 3.6d). There were minor changes to GFP expression 

on Vpx supplementation consistent with Vpx-mediated HUSH degradation (Figs 3.6a,c). 

WT SIVsm consistently demonstrated subtly higher GFP expression compared with 

SIVsm Δvpx infection and VLP Vpx in trans. This may relate to expression of Vpx by the 

WT virus, in addition to its particle-associated Vpx, which may result in qualitative and 

quantitative differences in Vpx in WT SIVsm-infected cells by 48 hours. These data 

suggest that packaged Vpx is sufficient to enhance ISG expression during SIVsm 

infection of monocytic THP-1 cells and that the mechanism underlying this phenotype 

may be saturable. This assay also provided opportunity to test Vpx mutants to gain 

further insight into Vpx mechanism.   

 
Figure 3.6. Particle-associated Vpx enhances ISG expression in trans during SIVsmΔvpx 
infection 
(a and c) Percentage infection of monocytic pIFIT1-luc THP-1 cells from two replicate experiments 

measured by GFP expression (flow cytometry) at 48 hours post-infection with either three doses 

of WT SIVsm(E543), with different dose ranges in each experiment, and co-infected with VLPs 
bearing no Vpx (VLP -Vpx; round markers, blue line), or three doses of SIVsm(E543) Δvpx  with 

VLPs bearing no Vpx (VLP -Vpx; square markers, red line) or Vpx (VLP +Vpx; square markers, 

dotted blue line). Data are presented as mean ± SD triplicate technical replicates.  

(b and d) Fold induction of IFIT1-luc measured in supernatant from cells in (a and c) at 24 hours 

post SIVsm infection. Luciferase production was normalised to that of uninfected cells. Data are 

presented as mean ± SD triplicate technical replicates. Mean IFIT1-luc values with increasing 

SIVsm dose for each condition were compared by two-way ANOVA with multiple comparisons 
(*= P≤0.05; **= P≤0.01; ns=not significant).  
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Square markers indicate SIVsm(E543) Δvpx infection; round markers indicate SIVsm(E543) WT 

infection; red indicates no Vpx during experiment; blue indicates the presence of Vpx (either 

delivered by SIVsm and/or VLP); dotted lines indicate co-infection with any VLP Vpx in trans. 

3.4 Vpx enhances ISG expression independently of SAMHD1 

SAMHD1 is phosphorylated in cycling cells which switches off its dNTPase, and 

therefore lentiviral restriction, function. However, a novel role for SAMHD1 in DNA repair 

has recently been suggested. In its phosphorylated state, in certain cell lines, SAMHD1 

was shown to recruit an exonuclease to degrade nascent DNA at stalled replication forks. 

In the absence of SAMHD1 by shRNA depletion, this putative ssDNA PAMP is sensed 

by cGAS/STING and leads to IFN production (Coquel et al., 2018). We therefore tested 

whether Vpx degradation of SAMHD1 might de-repress this induction of IFN during 

SIVsm infection. To test whether enhanced ISG expression by Vpx during SIVsm 

infection of monocytic THP-1 cells depended on degradation of SAMHD1, we took a 

genetic approach aiming to separate SAMHD1 degradation and ISG induction 

phenotypes of Vpx using Vpx mutagenesis. SIVsm Δvpx infection of monocytic THP-1 

cells was supplemented by VLPs packaging Vpx mutant E15A E16A, which is unable to 

degrade SAMHD1, as evidenced by immunoblotting VLP-infected THP1-cells (Fig. 3.7a) 

(Schwefel et al., 2014). Increasing ISG expression with increasing doses of SIVsm Δvpx 

was enhanced by VLP-delivered Vpx E15A E16A (VLP vpx E15A E16A) but not by VLPs 

packaging no Vpx (VLP -Vpx) with no significant change to GFP expression (Figs 3.7b,c), 

in a manner that phenocopied VLP-delivered Vpx WT. Thus Vpx enhancement of ISG 

expression during SIVsm infection of monocytic THP-1 cells does not require SAMHD1 

degradation. 
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Figure 3.7. Vpx mutant E15A E16A does not degrade SAMHD1 but enhances ISG 
expression 
(a) Immunoblot of monocytic pIFIT1-luc THP-1 cell lysates, uninfected (UI) or at 24 hours post-

infection with genome-free VLPs either bearing Vpx or SAMHD1-degradation mutant Vpx E15A 

E16A using antibodies against SAMHD1 and actin. Molecular mass markers (in kDa) are 

indicated on the right. 

(b) Percentage infection of monocytic pIFIT1-luc THP-1 cells measured by GFP expression (flow 

cytometry) at 48 hours post-infection with either three doses of SIVsm(E543) WT and co-infected 

with VLPs (1.0 RT U/ml) bearing no Vpx (VLP -Vpx; round markers, blue line), or three doses of 
SIVsm(E543) Δvpx  with VLPs (1.0 RT U/ml) bearing no Vpx (VLP -Vpx; square markers, red line) 

or Vpx E15A E16A (VLP +Vpx E15A E16A; square markers, dotted blue line). Data are presented 

as mean ± SD triplicate technical replicates. Representative of 3 biological replicates.  

(c) Fold induction of IFIT1-luc measured in supernatant from cells in (b) at 24 hours post SIVsm 

infection. Luciferase production was normalised to that of uninfected cells. Data are presented as 

mean ± SD triplicate technical replicates. Representative of 3 biological replicates. Mean IFIT1-

luc values with increasing SIVsm dose for each condition were compared by two-way ANOVA 
with multiple comparisons (**= P≤0.01; ns=not significant).  

3.5 Vpx enhances ISG expression during SIVsm infection 
downstream of cGAS/STING activation  

We hypothesise that the HIV-1 capsid core enables encapsidated reverse transcription 

of  viral DNA which specifically allows evasion of cGAS/STING DNA sensing (Jacques 

et al., 2016). In certain circumstances, such as infection of myeloid cells by HIV-1 CA 

mutants, DNA is exposed to DNA sensors and ISG expression is seen (Rasaiyaah et al., 

2013). This is consistent with data from our lab and others that DNA sensing of HIV-1 
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WT vectors or full-length virus does not occur during single-round or spreading infection 

of THP-1 cells or primary MDM (Sumner et al., 2017). Therefore measurement of ISG 

induction during HIV-1 infection of myeloid cells provides an ideal model for testing 

whether genome sensing during lentiviral infection is required for Vpx enhancement of 

ISG expression. In order to test whether Vpx enhances ISG expression during infection 

by a virus that does not trigger DNA sensing, an HIV-1-based vector was used with a 

packaging construct that has a mutagenised p6 Gag region (based on SIVmac239) 

which enables HIV-1 Gag to recruit and package Vpx (Fig. 3.8a) (Sunseri et al., 2011). 

Transfection of HEK293T producer cells with this construct, in addition to a GFP-

encoding HIV-1-based genome plasmid (CSGW) and increasing amounts of Vpx 

expression plasmid in trans, produced vector with amounts of packaged Vpx protein that 

were comparable to the WT cognate SIVmac construct (Fig. 3.8b) (Nègre et al., 2000). 

This so-called HIV-1 +Vpx vector thus bears Vpx protein but did not encode Vpx in its 

genome. Canonical functionality of Vpx packaged by HIV-1 +Vpx was demonstrated by 

immunoblot detecting degradation of SAMHD1, 48 hours post HIV-1 +Vpx transduction 

of monocytic THP-1 cells (Fig. 3.8c).  The transduction data for the purified vectors were 

produced without dose-adjusting by SG-PERT. However, for the highest three doses 

measured transduction of monocytic THP-1 cells by HIV-1 +Vpx was very similar to the 

same vector produced without Vpx (HIV-1 -Vpx; Fig. 3.8d). Despite high transduction 

efficiency, neither HIV +Vpx nor HIV -Vpx induced significant ISG expression in 

monocytic THP-1 cells at these three highest doses of vector (Fig. 3.8e,f).  
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Figure 3.8. Modified HIV-1 bearing Vpx does not activate ISG expression 

(a) Schematic map of modified HIV-1 packaging plasmid with p6 region mutagenised to p6 Vpx-

binding sequence (residues 17-26) of SIVmac239. 

(b) Immunoblot of purified virus particles of SIV3+ (SIVmac251-derived packaging vector with 
intact accessory genes) or modified HIV-1 vector produced in HEK293T producer cells 

transfected with increasing amounts of Vpx expression plasmid (100ng to 500 ng) detecting CA 

p24 (HIV-1), CA p27 (SIV) and Vpx. Molecular mass markers (in kDa) are indicated on the right. 

(c) Immunoblot of monocytic pIFIT1-luc THP-1 cell lysates, uninfected (UI) or at 24 hours post-

infection with modified HIV-1 vector bearing Vpx (HIV-1 +Vpx, blue) or no Vpx (HIV-1 -Vpx, red; 

MOI 2) using antibodies against SAMHD1 and tubulin. Molecular mass markers (in kDa) are 

indicated on the right. Representative of 3 biological replicates. 

(d) Percentage infection of monocytic pIFIT1-Luc THP-1 cells at 48 hours post-infection with 
increasing volumes of modified HIV-1 vector bearing Vpx (HIV-1 +Vpx, blue) or no Vpx (HIV-1 -

Vpx, red), without SG-PERT dose-adjustment, measured by GFP expression (flow cytometry). 

Data are presented as mean ± SD triplicate technical replicates. Representative of 3 biological 

replicates.  
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(e) Fold induction of IFIT1-luc measured in supernatant from cells in (d). Luciferase production 

was normalised to that of uninfected cells. Data are single replicates. Representative of 3 

biological replicates.  

(f) Fold induction of IFIT1-luc measured in supernatant of monocytic pIFIT1-Luc THP-1 cells at 

48 hours post-infection with modified HIV-1 vector bearing Vpx (HIV-1 +Vpx, blue) or no Vpx (HIV-

1 -Vpx, red; MOI 2), or transfected with HT-DNA (50 ng/ml) as a positive control. Luciferase 
production was normalised to that of mock uninfected cells. Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates.  
 

We hypothesised that Vpx delivered in viral particles enhances ISG expression during 

virus infection only in circumstances when viral DNA is sensed. We tested whether VLP-

delivered Vpx might enhance ISG expression during infection of monocytic THP-1 cells 

by a range of viruses that have been shown to trigger DNA sensing responses and ISG 

induction. HIV-2 has been shown to induce ISG expression in myeloid cells that is 

dependent on DNA sensing (Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, El 

Marjou, et al., 2013). As expected, VLP-delivered Vpx enhanced ISG expression during 

single-round HIV-2 infection of monocytic THP-1 cells (Fig. 3.9a,b). Our lab has shown 

that HIV-1 Gag cleavage mutant vectors also induce ISG expression: in particular vectors 

with Gag mutations that prevent cleavage between capsid and spacer peptide (Sp1) 

(Sumner R, unpublished) (Wang et al., 1993). Such a mutant (referred to here as HIV-1 

DSp1) was generated using a mixture of mutant and WT packaging constructs in 

producer cells (75% HIV-1 DSp1 and 25% WT HIV-1 Sp1). HIV-1 DSp1 mutant 

transduces monocytic THP-1 cells but has been shown to assemble defective virus 

particles which we hypothesise has an CA lattice which leaks viral DNA(de Marco et al., 

2010). VLP-delivered Vpx enhanced ISG expression triggered by single-round HIV-1 

DSp1 infection of monocytic THP-1 cells, but not WT HIV-1 infection which did not induce 

ISG expression in the presence or absence of Vpx (Fig. 3.9c,d). We also tested a 

recombinant HIV-1 vector where HIV-1 CA has been replaced in entirety by SIVmac CA 

in the packaging plasmid (referred to here as HIV-1 SIVmac CA; Fig. 3.9e) (Owens et 

al., 2003). There are currently no recombinant HIV-1 vectors where SIVsm CA has 

replaced HIV-1 CA. HIV-1 SIVmac CA titre in monocytic THP-1 cells compared poorly 

with HIV-1 WT titre, likely due to capsid dependent Lv4 restriction  (Fig. 3.9f). Infection 

of THP-1 IFIT1-luc cells by HIV-1 SIVmac CA was similar with and without VLP bearing 

Vpx. However, only HIV-1 SIVmac CA co-infected with Vpx bearing VLP significantly 

activated IFIT1-luc expression despite comparable infection levels to virus infection 

without Vpx (Figs 3.9g,h). These data suggested that the ISG expression enhanced by 

Vpx during virus infection correlated with viruses that are known to trigger DNA sensing. 



 162 

 
Figure 3.9. Vpx enhances ISG expression induced by lentiviruses that trigger DNA sensing 
(a) Percentage infection at 48 hours post-infection with increasing doses of HIV-2 in monocytic 

pIFIT1-luc THP-1 cells pre-infected 24 hours prior to HIV-2 infection with VLPs bearing Vpx (VLP 

+Vpx; 1.0 RT U/ml) or treated with media, measured by GFP expression (flow cytometry). Data 

are presented as mean ± SD triplicate technical replicates. Representative of 3 biological 

replicates.  

(b) Fold induction of IFIT1-luc measured in supernatant of cells from (a) at 24 hours. Luciferase 
production was normalised to that of mock uninfected cells. Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates.  

(c) Percentage infection at 48 hours post-infection with increasing doses of WT HIV-1 pLAI or 

HIV-1 pLAI DSp1 mutant in monocytic pIFIT1-luc THP-1 cells pre-infected 24 hours prior to HIV-

1 infection with VLP bearing Vpx (VLP +Vpx; 1.0 RT U/ml) or treated with media, measured by 
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GFP expression (flow cytometry). Data are presented as mean ± SD triplicate technical replicates. 

Representative of 3 biological replicates. 

(d) Fold induction of IFIT1-luc measured in supernatant of cells from (c) at 24 hours. Luciferase 

production was normalised to that of mock uninfected cells. Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates.  

(e) Immunoblot of purified virus particles of WT HIV-1 8.9 CSGW (HIV-1) and HIV-1 SIVmac CA 
CSGW (HIV-1 SIVmac CA; 1.0 RT U/ml) detecting CA p24 (HIV-1) and CA p27 (SIV). Molecular 

mass markers (in kDa) are indicated on the right. 

(f) Percentage infection in monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with 

increasing volumes of WT HIV-1 8.9 CSGW (HIV-1, star markers) and HIV-1 SIVmac CA CSGW 

(HIV-1 SIVmac CA, diamond markers). Data are single replicates. Representative of 2 biological 

replicates.  

(g) Percentage infection at 48 hours post-infection with increasing doses of HIV-1 SIVmac CA  in 

monocytic pIFIT1-luc THP-1 cells pre-infected 24 hours prior to HIV-1 SIVmac CA infection with 
VLPs bearing Vpx (VLP +Vpx; blue dotted line; 1.0 RT U/ml) or treated with media (green line), 

measured by GFP expression (flow cytometry). Data are presented as mean ± SD triplicate 

technical replicates. Representative of 3 biological replicates.  

(h) Fold induction of IFIT1-luc measured in supernatant of cells from (g) at 24 hours. Luciferase 

production was normalised to that of mock uninfected cells. Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates. 
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3.6 Vpx enhancement of ISG expression depends in part on 
RNA sensing by MAVS 

We hypothesised that ISG expression downstream of DNA sensing is enhanced by Vpx. 

In the absence of Vpx, ISG expression is reduced and in the absence of a DNA PAMP 

that can be sensed (such as during WT HIV-1 infection), there is no ISG induction at all.  

cGAS/STING is the key DNA sensing pathway detecting lentivirus in myeloid cells 

(Lahaye, Satoh, Gentili, Cerboni, Conrad, Hurbain, El Marjou, et al., 2013). MAVS is a 

protein central to RNA sensing downstream of RNA sensors RIG-I and MDA5. In order 

to test whether these key sensing proteins are required for the ISG expression enhanced 

by Vpx during SIVsm infection, pIFIT1-luc THP-1 cells knocked out for STING and MAVS 

were generated using the CRISPR-cas9 system (Tie et al., 2018). Separate cell lines 

based on the same THP-1 lineage, THP-1 Dual control and cGAS KO cells, were also 

obtained which stably express a secreted luciferase reporter gene under the control of 

an IFIT2 minimal promoter in conjunction with five IFN-stimulated response elements 

(Lama et al., 2019). cGAS and STING KO cells were incompetent for DNA sensing but 

competent for RNA sensing as expected, evidenced by transfection of HT-DNA or 

double-stranded RNA mimic (poly I:C), respectively (Figs 3.10a,b,e,f). Infection of the 

control cell lines with increasing doses of WT SIVsm and Δvpx demonstrated dose-

dependent ISG induction which was enhanced in the presence of Vpx (Figs 3.10d,h). 

cGAS or STING KO did not significantly impact single-round infection of SIVsm (Figs 

3.10c,g). However, either cGAS KO or STING KO abrogated the ISG expression induced 

by SIVsm infection whether in the presence of Vpx or not (Figs 3.10c,d,g,h).  
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Figure 3.10. Vpx enhancement of ISG expression during SIVsm infection is cGAS/STING-
dependent 
(a) Fold induction of IFIT1-luc measured in supernatant of monocytic THP-DualTM control and (b) 

cGAS KO cells at 24 hours post-treatment with HT-DNA (50 ng/ml) or Poly I:C (1ug/ml). 

Luciferase production was normalised to that of mock cells. Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates. 

(c) Percentage infection of monocytic THP-DualTM control (solid lines) or cGAS KO cells (dotted 

lines) at 48 hours post-infection with three doses of WT SIVsm(E543) and Δvpx measured by 

GFP expression (flow cytometry). Data are presented as mean ± SD triplicate technical replicates. 
Representative of 3 biological replicates. 

(d) Fold induction of IFIT1-luc measured in supernatant of cells from (g) at 24 hours. Luciferase 

production was normalised to that of mock uninfected cells of control cells. Data are presented 

as mean ± SD triplicate technical replicates. Representative of 3 biological replicates. 

(e) Fold induction of IFIT1-luc measured in supernatant of monocytic pIFIT1-luc THP-1 control 

cells and (f) STING KO cells at 24 hours post-treatment with HT-DNA (50 ng/ml) or Poly I:C 
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(1ug/ml). Luciferase production was normalised to that of mock cells. Data are presented as mean 

± SD triplicate technical replicates. Representative of 3 biological replicates. 

(g) Percentage infection of monocytic pIFIT1-luc THP-1 control cells (solid lines) or STING KO 

cells (dotted lines) at 48 hours post-infection with three doses of WT SIVsm(E543) and Δvpx 

measured by GFP expression (flow cytometry). Data are presented as mean ± SD triplicate 

technical replicates. Representative of 3 biological replicates. 
(h) Fold induction of IFIT1-luc measured in supernatant of cells from (g) at 24 hours. Luciferase 

production was normalised to that of mock uninfected cells of control cells. Data are presented 

as mean ± SD triplicate technical replicates. Representative of 3 biological replicates. 

 

As expected, MAVS KO cells were incompetent for RNA sensing but competent for DNA 

sensing, evidenced by the absence of ISG induction during transfection of poly I:C and 

preserved ISG induction during HT-DNA transfection (Fig. 3.11a). MAVS KO did not 

significantly impact single-round infection of SIVsm (Fig. 3.11b). Infection of MAVS KO 

cells with increasing doses of WT SIVsm and Δvpx demonstrated dose-dependent ISG 

expression (Fig. 3.11c). Intriguingly, ISG expression induced by WT SIVsm in the MAVS 

KO cells (dotted blue line) was significantly reduced compared with WT SIVsm infection 

in the control cells (solid blue line; Fig. 3.11c). Whereas, the ISG expression induced by 

SIVsm Δvpx infection was broadly the same in control (solid red line) and MAVS KO cells 

(dotted red line) (Fig. 3.11c).  These data suggested that during DNA sensing of SIVsm 

infection, Vpx enhancement of ISG expression, downstream of the initial DNA sensing 

event, is in part dependent on MAVS and therefore RNA sensing. In the following chapter 

I will explore explanations for the contribution of RNA sensing to the amplification of DNA 

sensing dependent ISG induction. 
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Figure 3.11. Vpx enhancement of ISG expression during SIVsm infection is reduced in 
MAVS KO THP-1 cells 

(a) Fold induction of IFIT1-luc measured in supernatant of monocytic pIFIT1-luc THP-1 control 

cells and (f) MAVS KO cells at 24 hours post-treatment with HT-DNA (50 ng/ml) or Poly I:C 

(1ug/ml). Luciferase production was normalised to that of mock cells. Data are presented as mean 

± SD triplicate technical replicates. Representative of 3 biological replicates. 

(b) Percentage infection of monocytic pIFIT1-luc THP-1 control cells (solid lines) or STING KO 
cells (dotted lines) at 48 hours post-infection with three doses of WT SIVsm(E543) and Δvpx 

measured by GFP expression (flow cytometry). Data are presented as mean ± SD triplicate 

technical replicates. Representative of 3 biological replicates. 

(c) Fold induction of IFIT1-luc measured in supernatant of cells from (g) at 24 hours. Luciferase 

production was normalised to that of mock uninfected cells of control cells. Data are presented 

as mean ± SD triplicate technical replicates. Representative of 3 biological replicates. Mean IFIT1-

luc values with increasing SIVsm dose for each condition were compared by two-way ANOVA 
with multiple comparisons (*= P≤0.05; ns=not significant).  
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3.7 Vpx does not enhance ISG expression during SIVsm 
infection of cells that are not competent for DNA sensing 

SIVsm lineage viruses infect T cells in vivo, but unlike HIV-1, do not infect macrophages 

at least in vivo (Mir et al., 2015; Samri et al., 2019). Moreover, SIVsm infection of its 

natural hosts does not typically cause CD4+ T cell loss, unlike HIV-1 infection (Silvestri 

et al., 2003). CD4+ T cells show reduced or absent cGAS/STING signalling ex vivo, 

particularly resting CD4+ T cells which are the predominant cell type infected in vivo 

(Berg et al., 2014; Doitsh and Greene, 2016).  We hypothesised that in cells where 

SIVsm replicate successfully in vivo, and where cGAS/STING is likely less active, we 

would not expect to find significant induction of anti-viral innate immune responses and 

therefore no phenotype of Vpx-mediated ISG enhancement. To test this, Jurkat cells, a 

common T cell line, were infected with increasing doses of WT SIVsm or Δvpx, equalised 

by SG-PERT, or treated with innate agonists (IFNβ, HT-DNA, cGAMP). WT SIVsm and 

Δvpx have comparable infectivity in Jurkat cells measured by GFP expression at 48 

hours post-infection (Fig. 3.12a). As has been described previously and attributed to Lv4 

restriction, similar to the infection of THP-1 cells, SIVsm/HIV-2 lineage virus infection of 

Jurkat cells is non-linear and GFP expression reaches a plateau despite increasing 

doses of virus (Fig. 3.12a) (Pizzato et al., 2015). In the same experiment, exogenous 

IFNβ treatment induced endogenous expression of ISGs IFIT1 and MxA in Jurkat cells, 

but ISG expression was not induced by transfection with HT-DNA or cGAMP treatment, 

or by three high doses of WT SIVsm or Δvpx measured at 48 hours post-infection (Figs 

3.12b,c). As has been previously described, these data suggest that DNA sensing is 

defective in these cells. Many cell lines, derived from cancer tissue, have inactive 

cGAS/STING DNA sensing pathways, such as HEK293T cells (Lau et al., 2015). These 

provide an alternative system to test the hypothesis that intact cGAS/STING pathways 

are required for Vpx enhancement of ISG expression during SIVsm infection. HEK293T 

cells were transfected with an NFκB-sensitive  luciferase reporter and 48 hours later 

infected with increasing doses of WT SIVsm or Δvpx (Fig. 3.12d). NFκB is a key 

transcription factor activated during DNA sensing which is involved in ISG induction thus 

measurement of NFκB activation in this assay represents a surrogate measure of ISG 

expression (Wu and Chen, 2014). HEK293T cells are highly permissive to SIVsm and 

increasing doses of both WT and mutant virus resulted in high levels of infection (Fig. 

3.12d). Virus dosing was not equilibrated by SG-PERT in these experiments with 

HEK293T cells. Lysate was harvested from cells infected with the top three doses of WT 

SIVsm or Δvpx and luciferase expression measured. Despite high levels of infection 

SIVsm did not activate the NFκB reporter in the presence or absence of Vpx (Fig. 3.12e). 

As expected, TNF⍺ treatment of HEK293T cells did activate NFκB but the cells 
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demonstrated no response to transfected HT-DNA consistent with incompetent DNA 

sensing pathways (Fig. 3.12f).  

 
Figure 3.12. Vpx does not enhance ISG expression in cell lines defective for DNA sensing 
(a) Percentage infection of Jurkat cells at 48 hours post-infection with doses of WT SIVsm(E543) 

and Δvpx, measured by GFP expression (flow cytometry). Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates. 

(b) Fold induction of ISGs IFIT1 and (c) MxA at 48 hours post-infection with 3 SIVsm doses  from 

(a), or treated with IFNb (1 ng/ml), HT-DNA (50 ng/ml) or cGAMP (5µg/ml). Gene expression was 

normalised to GAPDH. IFIT1 and MxA mRNA values were then normalised to mock uninfected 

cells. Data are presented as mean ± SD triplicate technical replicates. Representative of 3 

biological replicates. 

(d) Percentage infection of HEK293T cells at 48 hours (transiently expressing an NFκB-sensitive 

luciferase reporter) infected with increasing volumes of WT SIVsm(E543) and Δvpx measured by 
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GFP expression (flow cytometry). There is no adjustment for dose by SG-PERT. Data are single 

replicates. Representative of 3 biological replicates. 

(e) Fold induction of NFκB-luc in cell lysates from (d). 

(f) Fold induction of NFκB-luc in HEK293T cells at 24 hours post treatment with TNFa (50 ng/ml) 

or transfection with HT-DNA (50 ng/ml). Luciferase production was normalised to that of mock 

uninfected cells. Data are single replicates. Representative of 3 biological replicates. 

 

Given that cGAS/STING signalling seemed necessary for ISG expression during SIVsm 

infection we hypothesised that signalling downstream of cGAS/STING activation by any 

DNA PAMP would be enhanced by Vpx. Increasing amounts of transfected HT-DNA 

induced increasing ISG expression in monocytic THP-1 cells as expected. Remarkably, 

ISG induction was enhanced by VLP-bearing Vpx when cells were co-treated with both 

VLP +Vpx and HT-DNA at the same time (Fig. 3.13a). However, the fold increase in ISG 

expression in the presence of Vpx was approximately 0.5 and did not reach statistical 

significance, which was pointedly less than the 7 fold increase in ISG expression seen 

for the positive control in the same experiment (synchronous VLP-delivered Vpx and 

SIVsm Δvpx infection; Fig. 3.13b). We hypothesised that in the context of SIVsm 

infection, DNA sensing and subsequent ISG expression is delayed by the time required 

for viral DNA synthesis. This may allow time for Vpx to undertake the host interaction 

underlying the enhanced ISG expression phenotype (Bejarano et al., 2018). When HT-

DNA is transfected into a cell, presumably DNA sensing and ISG induction occurs very 

fast over seconds to minutes after DNA enters the cytoplasm (Barber, 2015). Thus we 

hypothesised that Vpx must be present when the DNA appears in the cytoplasm as it is 

during viral infection. As expected, Vpx enhancement of ISG expression induced by HT-

DNA transfection, measured by the IFIT1 reporter or quantification of endogenous ISG 

mRNA, was significantly increased by leaving an interval of 24 hours between pre-

treatment of monocytic THP-1 cells with VLP-delivered Vpx and subsequent transfection 

of HT-DNA (Figs 3.13c-e).  
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Figure 3.13. Vpx enhances ISG expression induced by DNA transfection 
(a) Fold induction of IFIT1-luc in supernatant from monocytic pIFIT1-luc THP-1 cells at 24 hours 

post-infection with a single dose of genome-free VLPs either bearing Vpx (VLP +Vpx) or no Vpx 

(VLP -Vpx;1.0 RT U/ml) and co-treated with increasing doses of HT-DNA (1 to 1000 ng/ml). 

Luciferase production was normalised to that of mock uninfected cells. Data are presented as 

mean ± SD triplicate technical replicates. Representative of 3 biological replicates. 

(b) Fold induction of IFIT1-luc in supernatant from monocytic pIFIT1-luc THP-1 cells at 24 hours 

post-infection with a single dose of genome-free VLPs either bearing Vpx (VLP +Vpx) or no Vpx 
(VLP -Vpx; 1.0 RT U/ml) and co-treated with a single dose of SIVsm(E543) WT (1.0 RT U/ml), in 

parallel to (a). Luciferase production was normalised to that of mock uninfected cells. Data are 

single replicates. Representative of 3 biological replicates. 

(c) Fold induction of IFIT1-luc in supernatant from monocytic pIFIT1-luc THP-1 cells at 48 hours 

post-infection with a single dose of genome-free VLPs either bearing Vpx (VLP +Vpx)  or no Vpx 

(VLP -Vpx; 1.0 RT U/ml) and then treated with increasing doses of HT-DNA (1 to 1000 ng/ml) at 

24 hours post VLP infection. Luciferase production was normalised to that of mock uninfected 
cells. Data are presented as mean ± SD triplicate technical replicates. Representative of 3 

biological replicates. Mean IFIT1-luc values with increasing amounts of HT-DNA for each 

condition were compared by two-way ANOVA with multiple comparisons (**= P≤0.01; ns=not 

significant). 
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3.8 Summary 

In summary, ISG induction triggered by viral DNA during SIVsm infection of myeloid cells 

was enhanced by the presence of Vpx in the viral particle (Figs 3.1d, 3.2d, 3.4b,c, 

3.10d,h). Particle-associated Vpx was sufficient for this phenotype (Figs 3.6b,d). Vpx 

achieved this independently of its degradation of SAMHD1 (Fig. 7c) and thus 

independently of any effect on viral DNA synthesis (Figs 3.3a-f). Consistent with this, 

Vpx enhanced ISG expression induced by transfected DNA (Fig. 3.13c). Importantly, 

Vpx did not activate or enhance ISG expression in the absence of a PAMP, i.e. genome-

free VLP-delivered Vpx induced no ISG expression alone (Fig. 3.5a). Intriguingly, Vpx-

mediated enhancement of ISG expression seen during DNA sensing was significantly 

dependent on MAVS suggesting a role for RNA sensing in amplifying ISG expression 

downstream of DNA sensing (Figs 3.11c-e). We hypothesised that Vpx-mediated 

enhancement of ISG expression during DNA sensing depends on Vpx modulation of 

innate signalling pathways. 
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4 Chapter 4: Vpx enhances ISG expression by releasing 
HUSH-dependent repression of retroelements 

4.1 Vpx enhances ISG expression in a DCAF1 dependent 
manner 

In addition to SAMHD1, the HUSH complex is the other characterised target for DCAF1-

dependent proteasomal degradation coordinated by Vpx. Evidence suggests that Vpx 

may bind both MPP8 and TASOR proteins while periphilin, the third component of the 

HUSH complex, is not thought to be directly targeted by Vpx (Chougui et al., 2018). In 

order to test whether HUSH complex degradation was required for our demonstration of 

ISG expression enhancement during SIVsm infection, Vpx mutants were generated that 

have been reported to show reduced degradation of HUSH complex components. Vpx 

mutant Q47A V48A is described as a TASOR binding mutant (Chougui et al., 2018). 

DCAF1-binding Vpx mutant Q76R is unable to recruit DCAF1 and thus cannot degrade 

SAMHD1 or any HUSH complex components (Chougui et al., 2018; Yurkovetskiy et al., 

2018). We found that Vpx mutant proteins packaged equally well as WT into genome-

free VLPs when this was assessed by immunoblot of purified Vpx-bearing particles (Fig. 

4.1a). VLPs packaging a species variant Vpx, derived from SIVrcm, that infects red 

capped mangabeys (here referred to as Vpx RCM), is also deficient for degradation of 

human SAMHD1 and HUSH complex components (Chougui et al., 2018). Vpx RCM is 

not detected by available antibodies against Vpx so Vpx RCM was cloned with a FLAG 

tag (FLAG-Vpx RCM). Immunoblot analysis of purified particles using antibodies against 

FLAG showed that FLAG-Vpx RCM is also packaged into SIVmac particles (Fig. 4.1b).  

 

The Vpx mutants were further characterised by their ability to degrade HUSH complex 

components or SAMHD1 in monocytic THP-1 cells. Cells were infected with equal doses 

of VLPs packaging no Vpx, Vpx WT, or Vpx mutants, and HUSH and SAMHD1 

expression were analysed at 24 hours post-infection by immunoblot. Delivery of WT Vpx 

by VLP reduced protein expression of TASOR, MPP8 and periphilin as has been 

previously reported (Fig. 4.1c). Loss of all HUSH components after VLP-delivered Vpx 

Q47A V48A was reduced in comparison to the effect of Vpx WT. Vpx Q47A V48A did 

not significantly degrade TASOR or periphilin. MPP8 degradation by Vpx Q47A V48A 

was still evident, although MPP8 degradation was not as pronounced as for Vpx WT. 

Although subtle, this suggested a partial phenotype for Vpx Q47A V48A HUSH-

degradation activity (Fig. 4.1c). Induction of SAMHD1 degradation by Vpx Q47A V48A 

was similar for Vpx WT suggesting conserved DCAF1 and SAMHD1 recruitment, and 

therefore SAMHD1 degradation, by the Vpx mutant protein (Fig. 4.1c). As expected, 
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VLPs packaging Vpx Q76R (which is deficient for DCAF1 binding) and Vpx RCM were 

unable to degrade either HUSH or SAMHD1, and in fact even appeared to enhance 

protein expression, particularly for TASOR (Fig. 4.1c). This suggests that these Vpx 

Q76R and Vpx RCM may still bind these proteins and reduce their turnover. These 

measurements of protein expression were made in the same luciferase reporter THP-1 

cell line used in chapter 1 (pIFIT1-luc THP-1 cells). The luciferase gene in these cells is 

under the control of the IFIT1 gene promoter, a common anti-viral ISG. Thus 

measurement of secreted luciferase in cell supernatant provides a measure of IFIT1 

gene expression which is thought to reflect overall ISG expression in the cell. In Chapter 

1 it was shown that Vpx enhancement of ISG expression was downstream of DNA 

sensing. In the absence of a viral genome and thus with no viral DNA to trigger DNA 

sensing leading to ISG expression that is enhanced by Vpx, Vpx does not induce ISG 

expression alone (Fig. 1.5). To ensure that none of the mutants induced ISG expression 

independently, luciferase production was measured in the supernatant of pIFIT1-luc 

THP-1 cells during infection by VLPs in the same experiment where HUSH and SAMHD1 

protein expression was analysed. As expected, cells infected with VLPs, bearing the full 

range of Vpx mutants or the species variant Vpx RCM, demonstrated no induction of ISG 

expression (Fig. 4.1d). In the same experiment, ISG expression was induced in the two 

positive control conditions, in cells infected with WT SIVsm or transfected with HT-DNA 

(Fig. 4.1d). Infection by WT SIVsm was measured by flow cytometry (GFP expression; 

Fig. 4.1e).  
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Figure 4.1. Vpx variants are packaged into virus-like particles and demonstrate variable 
degradation of HUSH components 
(a) Immunoblot of purified genome-free VLPs either bearing no Vpx, Vpx WT (derived from 

SIVmac) or Vpx mutants (Q76R, Q47A V48A, E15A E16A), or (b) no Vpx or FLAG-tagged species 

variant Vpx RCM (derived from SIVrcm (red-capped mangabey), using antibodies against Gag 
p27 and Vpx. Doses of VLP were equilibrated by SG-PERT. Molecular mass markers (kDa) are 

indicated on the right. 

(c) Immunoblot of monocytic pIFIT1-luc THP-1 cells uninfected (UI) or 24 hours post-infection 

with genome-free VLPs either bearing no Vpx, DCAF1-binding mutant Q76R, TASOR-binding 

mutant Vpx Q47A V48A, or species variant Vpx RCM using antibodies against TASOR, MPP8, 
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periphilin, SAMHD1 and actin. Molecular mass markers (kDa) are indicated on the right. 

Representative of 3 biological replicates.  

(d) Fold induction of IFIT1-luc from (c) and monocytic pIFIT1-luc THP-1 cells transfected with HT-

DNA (100ng/ml) or infected with WT SIVsm(E543) (1.0 RT U/ml) for 24 hours are shown as 

positive controls. Luciferase production was normalised to that of mock uninfected cells. Data are 

presented as mean ± SD triplicate technical replicates. Representative of 3 biological replicates.  
(e) Percentage infection of monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with WT 

SIVsm(E543) (1.0 RT U/ml) from (d) measured by GFP expression (flow cytometry). Data are 

presented as mean ± SD triplicate technical replicates. Representative of 3 biological replicates. 

 

The ability of the Vpx mutants to enhance ISG expression during SIVsm infection was 

tested by infecting monocytic THP-1 cells with SIVsm Δvpx, supplemented by co-

infection with genome-free VLPs delivering Vpx WT, Vpx mutant or Vpx RCM. GFP 

expression during SIVsm Δvpx infection of THP-1 cells was similar in the presence of 

Vpx WT and Vpx Q47A V48A (Fig. 4.2a). ISG expression induced by increasing doses 

of SIVsm Δvpx (0.3 to 3.0 RT U/ml) was enhanced by both VLP-delivered Vpx WT and 

Vpx Q47A V48A, compared to cells receiving no Vpx (Fig. 4.2b). Although, Vpx Q47A 

V48A demonstrated a reduced ability to fully enhance ISG expression at each dose of 

SIVsm that was statistically significant, the difference between the phenotypes of 

supplementary Vpx WT and Vpx Q47A V48A was small (Fig. 4.2b). It is difficult to 

interpret this subtle difference between WT and mutant Vpx. The reduced ability of Vpx 

Q47A V48A to enhance ISG expression may be consistent with a role for HUSH 

degradation in Vpx-mediated ISG enhancement. The intermediate ability of Vpx Q47A 

V48A to enhance ISG expression might be considered to correlate with the partial ability 

of this mutant to degrade HUSH, in particular MPP8 (Fig. 4.1c). Our preferred hypothesis 

is that HUSH degradation is not absolutely required for Vpx antagonism of HUSH-

mediated modulation of ISG expression. Thus Vpx Q47A V48A, which is deficient for 

HUSH degradation, may still retain some ability to enhance ISG expression through 

binding DCAF1 and HUSH, and altering HUSH complex structure and/or function in a 

manner that does not require full degradation of the complex. This has previously been 

described for Vpx mutants which are unable to degrade SAMHD1 but antagonise 

SAMHD1 function in the setting of DNA damage responses (Mlcochova et al., 2018), 

and also for Vpu antagonism of tetherin, where Vpu mutants deficient for tetherin 

degradation are still able to inhibit tetherin function by binding and disrupting trafficking 

(Kueck and Neil, 2012; Kueck et al., 2015). As expected in the absence of HUSH 

degradation, GFP expression during SIVsm Δvpx infection of THP-1 cells in the presence 

of Vpx Q76R and Vpx RCM was reduced compared to in cells receiving Vpx WT (Figs 

4.2c,e). VLP-delivered Vpx Q76R and Vpx RCM did not enhance ISG expression (Figs 

4.2d,f). These data suggested that DCAF1, and therefore potentially recruitment of the 
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proteasome or DCAF1 binding with DCAF1-Vpx-HUSH complex formation, is likely 

required for full activity of Vpx-mediated enhancement of ISG expression during SIVsm 

infection of monocytic THP-1 cells. 

 
Figure 4.2. Vpx enhancement of ISG expression is DCAF1 dependent 
(a,c,e) Percentage infection of monocytic pIFIT1-luc THP-1 cells at 48 hours post-infection with 

three doses of SIVsm(E543) Δvpx measured by GFP expression (flow cytometry) and co-infected 

with genome-free VLPs (1.0 RT U/ml) bearing either: no vpx (red line), Vpx WT (blue dashed line) 

or one of: Vpx mutant Q47A V48A (deficient TASOR binding; blue dotted line), Vpx mutant Q76R 

(deficient for DCAF1 binding; blue dotted line), or species variant Vpx RCM; blue dotted line). 

Data are presented as mean ± SD triplicate technical replicates. Representative of 3 biological 

replicates.  

(b,d,f) Fold induction of IFIT1-luc from (a,c,e) at 24 hours. Luciferase production was normalised 
to that of uninfected cells. Data are presented as mean ± SD triplicate technical replicates. 

Representative of 3 biological replicates. Mean IFIT1-luc values with increasing SIVsm dose for 

each condition were compared by two-way ANOVA with multiple comparisons (ns=not 

significant*= P≤0.05; **= P≤0.01). 
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4.2 HUSH depletion phenocopies Vpx enhancement of ISG 
expression 

In order to test whether loss of the HUSH complex might enhance ISG expression during 

SIVsm infection in a manner that phenocopies Vpx, shRNAs targeting the individual 

HUSH components were used to deplete the HUSH complex in THP-1 cells (Fig. 4.3a). 

As has been described, depletion of individual HUSH complex components by shRNA, 

siRNA or Vpx, significantly reduced protein expression of the other components 

measured by immunoblot (Fig 4.3a) (Tchasovnikarova et al., 2015). However, protein 

expression for each component was most reduced by shRNA specifically targeting that 

component. Monocytic THP-1 cells depleted of MPP8 and TASOR, and to a lesser 

degree periphilin, showed a large induction of ISG expression compared with cells 

transduced with a vector encoding control shRNA (Figs 4.3b,c,d). The induction was 

significantly greater in MPP8 knockdown cells compared to all other conditions (Figs 

4.3b,c,d). This enhanced ISG expression did not correlate, at the time points tested, with 

increased IFNb gene expression or indeed with cGAS and STING gene expression (Figs 

4.3e,f,g). These findings suggested that gene de-repression and upregulation during 

HUSH depletion may not be a global phenomenon across the whole genome and may 

specifically correlate with genomic regions regulated by HUSH. Importantly, as expected 

from available data, cGAS and STING genes do not appear to be under transcriptional 

control by HUSH. 
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Figure 4.3. Knockdown of HUSH complex components enhances ISG expression  
Monocytic pIFIT1-luc THP-1 cells were transduced with control shRNA or shRNA targeting the 

individual HUSH complex members (TASOR, MPP8, periphilin). (a) Immunoblot of cells at 72 

hours post puromycin selection using antibodies to detect TASOR, MPP8, periphilin and tubulin. 

Molecular mass markers (kDa) are indicated on the right.  

(b) Fold induction of IFIT1-luc in supernatant of cells in (a). Luciferase production was normalised 
to that of uninfected cells. Data are presented as mean ± SD triplicate technical replicates. 

Representative of 3 biological replicates. 

(c) Fold induction of IFIT1, (d) CXCL10, (e) IFNb,  (f) cGAS, (g) STING gene expression at 144 

hours post puromycin selection in same experiment as (a). Expression of genes were normalised 

to GAPDH for an internal control. mRNA values were then normalised to those for shCtrl 

transduced cells to generate a fold induction. All data are presented as mean ± SD triplicate 
technical replicates. Representative of 3 biological replicates. All statistical analyses by unpaired 

t-test (*= P≤0.05; **= P≤0.01; ***= P≤0.001). 
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These data were consistent with the hypothesis that Vpx-enhanced ISG expression 

during SIVsm infection depends on HUSH degradation or interaction. To test this, ISG 

expression was measured during single-round WT SIVsm and Δvpx infection of 

monocytic THP-1 cells knocked down for MPP8 and TASOR compared to cells 

transduced with the control vector (Fig. 4.4a). We expected HUSH complex depletion by 

shRNA to enhance ISG expression during SIVsm Δvpx infection to phenocopy WT 

SIVsm ISG induction. Stable depletion by shRNA of either MPP8 or TASOR significantly 

reduced levels of SIVsm infection of THP-1 cells compared with cells expressing control 

shRNA (Fig. 4.4b). This apparent anti-viral effect was most pronounced in MPP8 

knockdown cells, with up to 10-fold reduction in infection compared with cells transduced 

with the control vector (Fig. 4.4b). In cells expressing control shRNA, a significant 

difference in ISG expression was seen between WT SIVsm and Δvpx during infection, 

as seen in Chapter 1, measured by the IFIT1 reporter (Fig. 4.4c) or endogenous ISG 

mRNA quantification (Figs 4.4d and e). This difference in ISG expression between the 

WT and Δvpx viruses was lost entirely after MPP8 depletion. The difference in ISG 

expression between WT and Δvpx viruses was also much reduced in TASOR depleted 

cells compared to control, but ISG expression differences induced by the two viruses 

remained statistically significant in these cells (Figs 4.4c-e). Both MPP8 and TASOR 

knockdown under puromycin selection, resulted in small, but significant, increases in cell 

death compared to control cells, although this small effect does not clearly explain the 

ISG induction and anti-viral effects of  MPP8 or TASOR knockdown (Fig. 4.4f). These 

results supported the hypothesis that MPP8 degradation is predominantly required for 

Vpx-enhanced ISG expression during SIVsm infection. Although they did not exclude 

some contribution from TASOR degradation. It is important to note that the complex 

structure of HUSH means that knockdown of one HUSH component impacts protein 

expression or stability of other HUSH components. Thus TASOR depletion by shRNA 

also reduced MPP8 protein levels and vice versa (Fig. 4.3a). It is difficult  to distinguish 

ISG expression induced specifically by TASOR depletion by shRNA, from ISG 

expression induced by indirect MPP8 depletion, or altered HUSH complex structure or 

function, that may also be caused by TASOR loss.  
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Figure 4.4 HUSH complex depletion phenocopies Vpx enhancement of ISG expression 
during SIVsm infection 

(a) Fold induction of MPP8 and TASOR gene expression in monocytic pIFIT1-luc THP-1 cells 
transduced with control shRNA or shRNA targeting MPP8 or TASOR at 144 hours post puromycin 

selection.  Expression of genes were normalised to GAPDH for an internal control. mRNA values 

were then normalised to those for shCtrl transduced cells to generate a fold induction. All data 

are presented as mean ± SD triplicate technical replicates. Representative of 3 biological 

replicates. All statistical analyses by unpaired t-test (*= P≤0.05; **= P≤0.01; ns = not significant). 

(b) Percentage infection of monocytic pIFIT1-luc THP-1 cells transduced with control shRNA or 

shRNA targeting MPP8 or TASOR at 144 hours post puromycin selection, and infected with two 

doses of WT SIVsm(E543) or Δvpx measured by GFP expression at 48 hours post SIVsm 
infection (flow cytometry). Two doses of SIV are shown by dose triangle throughout.  

(c) Fold induction of IFIT1-luc of cells from (b) at 48 hours post SIVsm infection. Luciferase 

production was normalised to uninfected shCtrl cells. 
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Fold induction of ISGs (d) IFIT1 and (e) CXCL10 gene expression in cells from (b) at 48 hours 

post SIVsm infection. Expression of genes were normalised to GAPDH for an internal control. 

mRNA values were then normalised to those for uninfected shCtrl cells to generate a fold 

induction. 

Data (b-e) are presented as mean ± SD triplicate technical replicates. Representative of 3 

biological replicates. All statistical analyses by unpaired t-test (ns = not significant; *= P≤0.05; **= 
P≤0.01; ***= P≤0.001). 

(f) Cell viability of cells from (a) analysed by LiveDead stain measured by flow cytometry at 144 

hours post puromycin selection. Data are presented as mean ± SD triplicate technical replicates. 

Representative of 3 biological replicates. All statistical analyses by unpaired t-test (*= P≤0.05; 

***= P≤0.001). 

 

If MPP8 degradation was necessary for Vpx-mediated enhancement of ISG expression 

during SIVsm infection, we had not expected it to be sufficient for ISG induction in the 

absence of SIVsm. Vpx delivered by VLPs with no viral genome was able to degrade 

MPP8 but did not induce ISG expression (Figs 4.1c,d), in contrast to the high ISG 

induction seen during MPP8 depletion by shRNA (Fig 4.3b-d). During WT SIVsm 

infection, DNA sensing of SIVsm was required to induce ISG expression and ISG 

expression was enhanced by Vpx. For the ISG expression seen during MPP8 KD alone 

in the absence of sensing of SIVsm virus, we hypothesised that DNA sensing of the 

shRNA vector itself might induce ISG expression and that this would be enhanced by 

MPP8 KD. To test this, ISG CXCL10 expression was compared between untransduced 

monocytic THP-1 cells, control knockdown and MPP8 knockdown cells (Fig. 4.5a). More 

than 10-fold ISG expression was induced in cells transduced with the vector expressing 

non-targeting control shRNA compared to untransduced cells (Fig. 4.5a). MPP8 

knockdown enhanced this ISG expression nearly 100-fold further (Fig. 4.5a). To probe 

whether the ISG expression induced during shRNA vector transduction was DNA 

sensing dependent, cGAS KO and control monocytic THP-1 cells were transduced with 

control shRNA or shRNA targeting MPP8 and subjected to puromycin selection. At 120 

hours post transduction and 72 hours post puromycin selection, ISG expression was 

approximately 100-fold less in the cGAS KO cells depleted of MPP8 than that seen in 

the DNA sensing competent control cells (Fig. 4.5a). This result strongly suggested that 

the ISG expression enhanced by MPP8 depletion was almost entirely dependent on 

cGAS DNA sensing. Conflicting with the hypothesis that the shRNA transducing 

lentivector provided the PAMP for the ISG expression seen during MPP8 depletion, was 

the fact that HIV-1 had demonstrated no ISG expression in monocytic THP-1 cells in the 

presence or absence of Vpx (Chapter 3, Figs 3.8e and 3.9d), and the vector delivering 

shRNA has an HIV-1 packaging construct which we expect to prevent sensing of 

lentiviral DNA. An alternative hypothesis to the ISG expression being induced by DNA 
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sensing of the transduced lentivector itself was the notion that it was induced by DNA 

sensing of cellular DNA released during cell death of non-transduced bystander cells 

during puromycin selection or by ER stress activated by puromycin. The lentivector 

encodes a puromycin resistance gene as well as shRNA. To test this, monocytic THP-1 

cells were transduced with control shRNA or shRNA targeting MPP8 in the absence of 

puromycin selection. THP-1 cells were successfully depleted for MPP8 without 

puromycin selection, and based on mRNA expression of MPP8 this unselected 

knockdown protocol compared favourably with the efficiency of MPP8 knockdown using 

puromycin selection (unselected shMPP8 knockdown Fig. 4.5b, compared with 

puromycin-selected shMPP8 knockdown Fig. 4.4a). However, no ISG expression was 

induced in the depleted cells unless stimulated by an appropriate agonist, such as 

transfected HT-DNA (Fig. 4.5c).  

 

In Chapter 3, it was shown that Vpx enhanced ISG expression induced by transfected 

DNA (Figs 3.13a, c, d and e).  Without a formal dose titration of HT-DNA transfected into 

shMPP8 expressing cells, it is difficult to say whether MPP8 knockdown phenocopies 

Vpx for ISG enhancement during sensing of transfected HT-DNA. In this initial 

experiment, only a single dose of HT-DNA was used as a positive control in cells with 

MPP8 knockdown (Fig 4.5c). However, ISG expression induced by HT-DNA transfected 

into cells expressing shMPP8 did appear greater than in control shRNA expressing cell, 

which would be consistent with MPP8 depletion phencopying Vpx ISG enhancement. To 

test whether MPP8 knockdown, in the absence of puromycin selection, was sufficient to 

enhance ISG expression induced by DNA sensing of SIVsm Δvpx and thus phenocopy 

Vpx, monocytic THP-1 cells were infected by Δvpx virus at 120 hours post MPP8 

knockdown in the presence or absence of RTI tenofovir (TDF). Compared to mock cells, 

SIVsm Δvpx infection induced a 4-fold induction of ISG expression in untransduced and 

control transduced cells but nearly 30-fold induction in MPP8 knockdown cells (Fig. 

4.5e). In the absence of viral DNA, in all cells treated with TDF, no ISG expression was 

induced during SIVsm Δvpx infection unlike the HT-DNA transfected positive controls 

(Fig. 4.5e and f). These data support our central hypothesis that during SIVsm infection, 

ISG expression downstream of DNA sensing is repressed by HUSH and that Vpx 

degradation of HUSH components leads to enhanced ISG expression.   
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Figure 4.5 MPP8 depletion without puromycin selection phenocopies Vpx enhancement of 
ISG expression during SIVsm Δvpx infection  
(a) Fold induction of ISG CXCL10 gene expression in control and cGAS KO monocytic pIFIT1-

luc THP-1 cells transduced with control shRNA or shRNA targeting MPP8 or TASOR harvested 

at 144 hours post puromycin selection. Gene expression was normalised to GAPDH for an 

internal control. mRNA values were then normalised to those for untransduced cells to generate 

a fold induction. Data are presented as mean ± SD duplicate technical replicates. Representative 

of 3 biological replicates. 
(b) Fold induction of MPP8 gene expression in monocytic pIFIT1-luc THP-1 cells untransduced 

or 120 hours post transduction with control shRNA or shRNA targeting MPP8 and without 

puromycin selection. MPP8 gene expression was normalised to GAPDH for an internal control. 

mRNA values were then normalised to those for untransduced cells to generate a fold induction. 

Data are presented as mean ± SD duplicate technical replicates. Representative of 2 biological 

replicates. 

(c) Fold induction of ISG CXCL10 in unselected monocytic pIFIT1-luc THP-1 cells 120 hours post 
transduction with control shRNA or shRNA targeting MPP8, and treated with HT-DNA or mock. 
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CXCL10 gene expression was normalised to GAPDH for an internal control. mRNA values were 

then normalised to those for mock untransduced cells to generate a fold induction. Data are 

presented as mean ± SD technical duplicates.  

(d) Percentage infection of monocytic pIFIT1-luc THP-1 cells untransduced or transduced with 

control shRNA or shRNA targeting MPP8, treated with media (TDF-) or with reverse transcriptase 

inhibitor tenofovir (TDF+; 1uM) from 6 hours post-transduction, and then infected at 72 hours post 
transduction with SIVsm(E543) Δvpx (1.0 RT U/ml) for 48 hours (flow cytometry of GFP 

expression). Data are presented as mean ± SD triplicate technical replicates. 

(e) Fold induction of IFIT1-luc in cells from (d). Luciferase production was normalised to 

uninfected untransduced TDF- cells. Data are presented as mean ± SD triplicate technical 

replicates. Statistical analyses by unpaired t-test (*= P≤0.05; **= P≤0.01; ***= P≤0.001). 

(f) Fold induction of IFIT1-luc in untransduced monocytic pIFIT1-luc THP-1 cells, treated with 

media (TDF-) or with reverse transcriptase inhibitor tenofovir (TDF+; 1uM), 48 hours post 

transfection with HT-DNA (200 ng/ml). Luciferase production was normalised to TDF- mock cells. 
Data are presented as mean ± SD triplicate technical replicates.  
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4.3 Vpx enhances retroelement and regulatory element 
expression during DNA sensing 

Recently, MPP8 and TASOR have been shown to repress retroelements (Liu et al., 2018; 

Robbez-Masson et al., 2018). In a variety of circumstances, DNA and RNA derived from 

de-repressed retroelements induce IFN production and ISG expression (Stetson et al., 

2008; Chiappinelli et al., 2015; Roulois et al., 2015; Cuellar et al., 2017; Cañadas et al., 

2018; Chatterjee et al., 2018). However, there have been no studies interrogating innate 

responses to retroelement products specifically repressed by HUSH. Given that Vpx-

mediated ISG enhancement during SIVsm infection was phenocopied by MPP8 

depletion (Fig. 4.4d) and also significantly dependent on RNA sensing (Chapter 3, Fig. 

3.11c), we hypothesised that the enhancement of ISG induction caused by Vpx, during 

SIVsm infection, may be driven by an innate response to retroelement RNA and/or DNA 

and/or hybrid products de-repressed by Vpx-mediated MPP8 degradation. Four primers 

targeting retroelement genes were selected (HERV3, MLT1C49, L1(2102), L1P1_5’ 

end), from three sub-classes of retroelement, that have all been shown to induce ISG 

expression through innate responses to their gene products(Roulois et al., 2015; Cuellar 

et al., 2017). This selection also included primers for LINE-1 ORF1 (L1(2102)) and 5’-

UTR (L1P1_5’ end) sequences thought to be repressed by the HUSH complex (Robbez-

Masson et al., 2018). Retroelement gene expression was measured at 48h post WT 

SIVsm and Δvpx infection of monocytic THP-1 cells using RNA samples extracted during 

the experiment illustrated in Figures 3.4a-c. The highest SIVsm dose (4 RT U/ml) was 

used for retroelement RT-qPCR. At this dose, infection of monocytic THP-1 cells was 

equivalent between WT SIVsm and Δvpx viruses (Fig. 3.4a), while endogenous ISG 

expression was 12-fold higher during WT infection compared with SIVsm Δvpx infection 

(Figs 3.4b,c).  Expression of all four retroelement genes was significantly increased in 

cells infected with WT SIVsm, in a Vpx-dependent manner (Fig. 4.6a-d). SIVsm Δvpx 

infection did not enhance expression of any of the retroelement genes except MLT1C49 

although this expression was significantly lower than in cells infected by WT SIVsm (Fig. 

4.6d). Overall, the enhanced retroelement expression in WT SIVsm infected cells 

therefore correlated with the increased ISG expression seen in the same WT SIVsm 

infected cells compared to SIVsm Δvpx infected cells.  

 

Predictably, studies have shown that loss of repression alone is not sufficient for 

retroelement expression: de-repressed retroelement genes must also be 

transcriptionally activated by transcriptional activation machinery to drive expression 

(Athanikar, Badge and Moran, 2004; Chuong, Elde and Feschotte, 2016; Kato, 

Takemoto and Shinkai, 2018). We hypothesised that Vpx or shRNA-mediated depletion 
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of HUSH complex components was sufficient to de-repress retroelement genes but not 

sufficient to drive transcription of those genes in this cell type. In addition, we 

hypothesised that DNA sensing, either of SIVsm viral DNA or of cryptic PAMPs produced 

during puromycin selection, or induction of ER stress, activates transcription factors that 

are sufficient to drive transcription of de-repressed retroelements. This is consistent with 

previous observations that genome-free VLP-delivered Vpx and MPP8 depletion, in the 

absence of puromycin selection, did not induce ISG expression (Figs 4.1d and 4.5e). 

Induction of retroelement genes was therefore also tested in monocytic THP-1 cells 

infected with genome-free VLPs bearing Vpx (1 RT U/ml). In the absence of viral DNA 

and therefore any DNA sensing, genome-free VLP-delivered Vpx did not induce 

retroelement expression (Figs 4.6e-h). In fact, in the absence of viral genome, 

expression of both L1 and MLT1C49 showed small but statistically significant inhibition 

by Vpx delivery (Figs 4.6f and h). This suggests that the activation of retroelement gene 

expression by Vpx is dependent on the transcriptional activation status of the cell.  

 

 
Figure 4.6. Expression of retroelements is increased during SIVsm infection in a Vpx-
dependent manner 
(a-d) Fold induction of retroelement gene expression in monocytic pIFIT1-luc THP-1 cells 

uninfected or at 48 hours post infection by WT SIVsm(E543) and Δvpx from Figs 3.4a-c. Gene 

expression was normalised to GAPDH for an internal control. mRNA values were then normalised 
to those for uninfected cells to generate a fold induction. Data are presented as mean ± SD 

triplicate technical replicates. Statistical analyses by unpaired t-test (*= P≤0.05; **= P≤0.01; 

***=p≤0.001).  

(e-h) Fold induction of retroelement gene expression in monocytic pIFIT1-luc THP-1 cells 

uninfected or at 48 hours post infection by genome-free virus like particles (VLPs) bearing either 

no Vpx or Vpx WT. Gene expression was normalised to GAPDH for an internal control. mRNA 

values were then normalised to those for uninfected cells to generate a fold induction. Data are 
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presented as mean ± SD triplicate technical replicates. Statistical analyses by unpaired t-test (*= 

P≤0.05).  

 

As well as retroelements, HUSH has recently been shown to regulate expression of 

KRAB-ZNFs which are recognised retroelement repressors (Liu et al., 2018). Intriguingly, 

recent studies have also shown that KRAB-ZNFs bind both endogenous and exogenous 

retroelements leading to HUSH recruitment and epigenetic silencing of bound 

retroelements (Robbez-Masson et al., 2018; Zhu et al., 2018). Together these studies 

suggest that HUSH may regulate KRAB-ZNF expression as part of epigenetic silencing 

of retroelements, potentially as motifs that provide retroelement-specificity to epigenetic 

silencing. We hypothesised that loss of HUSH, and therefore loss of retroelement 

repression, might synchronously lead to upregulation of KRAB-ZNFs, implying 

simultaneous regulation of ERV sequences and the proteins that regulate their 

expression. For example, KRAB-ZNFs might be upregulating during de-repression of 

retroelements in order to re-initiate HUSH silencing by KRAB-ZNF-mediated binding of 

upregulated retroelements. We wished to test whether Vpx-mediated HUSH degradation 

would induce KRAB-ZNF expression in parallel to the upregulated retroelement 

signature already seen (Figs 4.6a-d). Expression of a range of KRAB-ZNF genes were 

measured at 48h post WT SIVsm and Δvpx infection of monocytic THP-1 cells using 

RNA samples extracted during the experiment illustrated in Chapter 3 (Figures 3.4a-c). 

The highest SIVsm dose (4 RT U/ml) was used for retroelement RT-qPCR. As previously 

described, at this dose, infection of monocytic THP-1 cells was equivalent between WT 

SIVsm and Δvpx viruses (Fig. 3.4a), while endogenous ISG expression was 12-fold 

higher during WT infection compared with SIVsm Δvpx infection (Figs 3.4b,c). The 

identity of KRAB-ZNF proteins required for retroelement repression in human somatic 

cells is very poorly characterised, thus the selection of KRAB-ZNF genes measured in 

this assay was based on the limited available data for KRAB-ZNF proteins shown to be 

active in human somatic cells. The KRAB-ZNF genes selected were ZNF37A (known to 

be repressed by HUSH), ZNF91 (known to co-repress retroelements co-operatively with 

HUSH), and ZNF93 (known to repress young L1s, which are retroelements shown to be 

repressed by HUSH) (Jacobs et al., 2014; Tchasovnikarova et al., 2015; Liu et al., 2018; 

Robbez-Masson et al., 2018). As we hypothesised, mRNA expression of all three KRAB-

ZNF genes (ZNF37A, ZNF91 and ZNF93) were significantly increased during WT SIVsm 

infection of THP-1 cells compared with SIVsm Δvpx, which is consistent with Vpx-

degradation of HUSH and de-repression of KRAB-ZNFs (Figs 4.7a-c).  ZNF93 was 

induced during SIVsm Δvpx infection and reached statistical significance, but was more 

greatly induced by WT SIVsm (Fig. 4.7c). Expression of the same gene panel was also 

assessed at 48h post infection with genome-free VLP-delivered Vpx. In contrast to 
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SIVsm infection, there was no statistically significant change in expression of any KRAB-

ZNF regulatory elements in cells infected with VLPs (Figs 4.7d-f), whether bearing Vpx 

or not, consistent with a requirement of transcriptional activation downstream of DNA 

sensing for KRAB-ZNF expression as was the case for the burst of retroelement 

expression (Figs 4.6a-h). 

 
Figure 4.7. Expression of regulatory elements is increased during SIVsm infection in a Vpx-
dependent manner 
(a-c) Fold induction of indicated regulatory element gene expression in monocytic pIFIT1-luc 

THP-1 cells uninfected or at 48 hours post infection by WT SIVsm(E543) and Δvpx from Figs 

3.4a-c. Gene expression was normalised to GAPDH for an internal control. mRNA values were 

then normalised to those for uninfected cells to generate a fold induction. Data are presented as 

mean ± SD triplicate technical replicates. Statistical analyses by unpaired t-test (*= P≤0.05; **= 
P≤0.01).  

(d-f) Fold induction of indicated regulatory element gene expression in monocytic pIFIT1-luc THP-

1 cells uninfected or at 48 hours post infection by genome-free virus like particles (VLPs) bearing 

either no Vpx or Vpx WT. Gene expression was normalised to GAPDH for an internal control. 

mRNA values were then normalised to those for uninfected cells to generate a fold induction. 

Data are presented as mean ± SD triplicate technical replicates. Statistical analyses by unpaired 

t-test (ns=not significant).  
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4.4 MPP8 knockdown phenocopies Vpx induction of 
retroelements during DNA sensing 

If Vpx-mediated MPP8 degradation de-represses retroelements which are then 

transcriptionally activated by factors downstream of DNA sensing of SIVsm infection, it 

was expected that retroelement expression during SIVsm Δvpx infection of MPP8 

depleted cells would phenocopy WT SIVsm infection of control cells.  Untransduced cells 

and cells transduced with either control shRNA or shRNA targeting MPP8 were infected 

with SIVsm Δvpx. Efficacy of MPP8 depletion is shown in Figure 4.5b. Infection was 

comparable in all three conditions (Fig. 4.8a). As shown before in Figure 4.5e, SIVsm 

Δvpx induces ISG expression in the untransduced and control cells to a low level but this 

is significantly enhanced by MPP8 depletion (Fig. 4.8b). Correlating with this enhanced 

ISG expression, retroelement MLT1C49 expression was also significantly enhanced 

during SIVsm Δvpx infection of shMPP8 cells compared to untransduced and shCtrl cells 

(Fig. 4.8c). HERV3 and LINE-1 expression were slightly increased by MPP8 depletion 

during SIVsm Δvpx infection, but this did not reach statistical significance (Figs 4.8d-e). 

A titration of SIVsm Δvpx doses in this assay would help qualify these results. WT SIVsm 

infection levels are reduced in MPP8 depleted cells compared with untransduced and 

control knockdown cells, but ISG induction by WT SIVsm is greatest in MPP8 depleted 

cells, although this did not reach statistical significance (Figs 4.8f and g). As expected, 

WT SIVsm infection of THP-1 cells significantly enhanced expression of all three 

retroelement genes tested in all three cell types (untransduced, shCtrl, shMPP8) (Figs 

4.8h-j).  
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Figure 4.8. Expression of retroelements is increased by MPP8 knockdown during DNA 
sensing of SIVsm 
(a) Percentage infection of monocytic pIFIT1-luc THP-1 cells, untransduced or transduced with 

shCtrl or shMPP8, at 48 hours post infection by SIVsm(E543) Δvpx (3.0 RT U/ml; flow cytometry 

of GFP expression).  

(b) Fold induction of IFIT1-luc at 48 hours post infection by SIVsm(E543) Δvpx (3.0 RT U/ml) in 

monocytic pIFIT1-luc THP-1 cells untransduced or transduced with shCtrl or shMPP8. Luciferase 

production was normalised to untransduced uninfected cells.  

Fold induction of retroelement (c) MLT1C49,  (d) HERV3,  (e) L1 gene expression in same 
experiment as (b). Gene expression was normalised to GAPDH for an internal control. mRNA 

values were then normalised to those for untransduced uninfected cells to generate a fold 

induction.  
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(f) Percentage infection of monocytic pIFIT1-luc THP-1 cells, untransduced or transduced with 

shCtrl or shMPP8, at 48 hours post infection by WT SIVsm(E543) (3.0 RT U/ml; flow cytometry 

of GFP expression).  

(g) Fold induction of IFIT1-luc at 48 hours post infection by WT SIVsm(E543) (3.0 RT U/ml) in 

monocytic pIFIT1-luc THP-1 cells untransduced or transduced with shCtrl or shMPP8. Luciferase 

production was normalised to untransduced uninfected cells.  
Fold induction of retroelement (h) MLT1C49,  (i) HERV3,  (j) L1 gene expression in same 

experiment as (g). Gene expression was normalised to GAPDH for an internal control. mRNA 

values were then normalised to those for untransduced uninfected cells to generate a fold 

induction.  

All data are presented as mean ± SD technical triplicates. Statistical analyses by unpaired t-test 

(*= P≤0.05). 
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I have shown that Vpx enhances ISG expression induced by transfected DNA (Fig. 

3.13c-e). To test whether MPP8 KD, without any antibiotic selection, might phenocopy 

Vpx by enhancing ISG induction and expression of retroelements during DNA sensing 

of transfected DNA, monocytic THP-1 control cells and MPP8 KD cells were transfected 

with HT-DNA. RNA was extracted at 24 hours post transfection. MPP8 KD efficacy is 

demonstrated in Fig. 4.5b. As expected, MPP8 KD enhanced endogenous ISG CXCL10 

expression induced by HT-DNA (Figs 4.9a). In control cells, HT-DNA induced MLT1C49 

expression two-fold but did not upregulate any other retroelements (Fig. 4.9b-d). 

However, compared to control cells, MPP8 KD enhanced expression of all retroelements 

6 to 10-fold in THP-1 cells transfected with HT-DNA (Figs. 4.9b-d). These data suggested 

that MPP8 and HUSH may repress a range of retroelement genes during DNA sensing. 

WT SIVsm infection enhances ISG expression and retroelement expression in a manner 

that phenocopies DNA sensing in shMPP8-depleted cells. However, precise 

comparisons between MPP8 depletion by shRNA and by virus or VLP-delivered Vpx, 

and between a virus PAMP and a transfected HT-DNA PAMP, are difficult in these 

experiments especially without full titration of doses. 

 

 
Figure 4.9. Expression of retroelements is increased by MPP8 knockdown during DNA 
sensing of transfected HT-DNA  
Fold induction of (a) ISG CXCL10 and retroelements (b) MLT1C49, (c) HERV3 and (d) L1 in 

monocytic pIFIT1-luc THP-1, transduced with control shRNA or shRNA targeting MPP8, and 

transfected with HT-DNA or mock. Data are presented as mean ± SD technical duplicates. Gene 

expression was normalised to GAPDH for an internal control. mRNA values were then normalised 

to those for control mock cells to generate a fold induction.  
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4.5 Vpx enhancement of ISG expression induced by transfected 
DNA is predominantly MAVS-dependent  

We hypothesised that the Vpx enhancement of ISG responses to transfected DNA, or 

indeed any DNA PAMP, would depend on retroelement-derived RNA or DNA products. 

As has been demonstrated in other studies we hypothesised that retroelement-derived 

gene products would act as PAMPs to trigger a second round of PRR activation, IFN 

production and an amplified ISG response. Thus we expected that RNA sensing of 

retroelement-derived gene products would contribute to full enhancement of ISG 

induction downstream of DNA sensing. In order to test for MAVS-dependent RNA 

sensing during Vpx-enhanced ISG expression downstream of DNA sensing, ISG 

expression was measured during HT-DNA transfection of monocytic THP-1 control and 

MAVS KO cells. Cells were infected with VLPs 24 hours prior to transfection with a 

titration of HT-DNA. Vpx enhanced ISG expression in HT-DNA transfected cells up to 

approximately 100-fold at low doses of HT-DNA (Fig. 4.10a). This enhancement of ISG 

expression was reduced to three-fold in MAVS KO cells strongly supporting the 

hypothesis that Vpx enhancement of ISG expression downstream of DNA sensing 

depends on RNA sensing of retroelement RNA (Fig. 4.10a). The residual three-fold 

enhancement of ISG expression in the MAVS KO cells suggested that MAVS 

independent sensing of putative retroelement gene products might also contribute. 

Retroelement DNA synthesis in human cells requires reverse transcriptase activity which 

has been shown to be sensitive to NRTIs used against HIV-1 (Tyagi et al., 2017). We 

hypothesised that NRTI pre-treatment of cells would inhibit retroelement DNA synthesis 

and thus would reduce Vpx-mediated enhancement of ISG expression. Control and 

MAVS KO cells were treated with the NRTI tenofovir (TDF) 2 hours prior to VLP infection 

of monocytic THP-1. In control cells receiving Vpx (+Vpx), TDF treatment did not 

significantly alter enhancement of ISG expression by Vpx (Fig. 4.10b). In MAVS KO cells 

receiving Vpx (+Vpx), TDF treatment similarly did not significantly alter enhancement of 

ISG expression by Vpx (Fig. 4.10c). Evidence for NRTI efficacy was demonstrated in 

parallel where HIV-1 infection was undetectable in TDF-treated THP-1 cells (Fig. 4.10d). 

These data suggest that retroelement RNA, or RNA:DNA hybrid products, are produced 

during DNA sensing in the presence of Vpx, and that these products provide substrate 

for an innate response that amplifies the ISG expression. However, these data do not 

exclude a contribution of retroelement-derived DNA to the amplified ISG response. 
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Figure 4.10. Vpx enhancement of ISG expression induced by transfected DNA is 
predominantly MAVS dependent 
(a) Fold IFIT1-luc induction in monocytic pIFIT1-luc THP-1 control cells (Ctrl) or MAVS KO cells 

infected with genome-free virus like particles (VLP; 1.0 RT U/ml) bearing either no Vpx (-Vpx) or 

Vpx WT (+Vpx), then at 24 hours post VLP transfected with increasing amounts of HT-DNA.  

Fold IFIT1-luc induction in monocytic pIFIT1-luc THP-1 (b) control cells (Ctrl) or (c) MAVS KO 

cells pre-treated for 6 hours with mock (TDF-) or reverse transcriptase inhibitor tenofovir (TDF +; 
1uM), then infected with genome-free virus like particles (VLP; 1.0 RT U/ml) bearing either no 

Vpx (-Vpx) or Vpx WT (+Vpx), then at 24 hours post VLP transfected with increasing amounts of 

HT-DNA. For all data luciferase production was normalised to uninfected untransfected cells for 

each cell type (Ctrl and MAVS KO). Data are presented as mean ± SD triplicate technical 

duplicates. Mean IFIT1-luc values with increasing HT-DNA dose for each condition were 

compared by two-way ANOVA with multiple comparisons (ns=not significant; **= P≤0.01). 

(d) Percentage infection of cells from (a-d) 48 hours post infection with HIV-1 CSGW (MOI 5) 
measured by GFP expression (flow cytometry). Data are presented as mean ± SD triplicate 

technical duplicates. 
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4.6 Summary 

Figure 4.11 summarises our proposed mechanism by which Vpx amplifies ISG 

expression during DNA sensing: Vpx antagonises and mediates degradation of HUSH, 

and potentially other transcriptional regulators, which leads to de-repression of genes 

encoding retroelements and associated regulatory elements, expression of these genes 

is driven by transcription factors activated by DNA sensing resulting in generation of 

retroelement gene products which are PAMPs for a second wave of innate sensing that 

enhances ISG expression in a predominantly MAVS-dependent manner.  
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Figure 4.11. Model of ISG regulation by the HUSH complex that is modulated by Vpx-
encoding lentiviruses 
(a) SIVsm(E543) Δvpx triggers DNA sensing in monocytic myeloid cells leading to activation of 

transcription factors NFκB and IRF3 and production of type I IFNs predominantly. IFN-I activation 
of the JAK-STAT pathway induces ISG expression. HUSH complex silences retroelement (RE) 

and regulatory element (KZNF) genes. (b) During WT SIVsm(E543) infection of myeloid cells 

DNA sensing culminates in type I IFN production. 1. Vpx antagonism of HUSH de-represses RE 

and KZNF genes. 2. JAK-STAT signalling now activates transcription of de-repressed REs and 

KZNFs. 3. Retroelement-derived PAMPs (including dsRNA) are generated. 4. These PAMPs 

activate PRRs (such as MAVS activation by dsRNA). 5. This amplified innate sensing leads to 

increased production of IFN which augments JAK-STAT pathway signalling. 6. This culminates 

in amplified ISG expression. 7. Synchronous induction of HUSH-regulated KZNFs with REs 
represents a potential regulatory network to prevent uncontrolled RE-IFN signalling and 

retrotransposition of REs. 8. Upstream Vpx also binds NFκB pathway members to prevent nuclear 

translocation  and thus antagonise activation of NFκB-dependent gene expression. This suggests 

that NFΚB signalling is not required for the RE-IFN network seen in these cells. The amplified 

Figure 11. Model of ISG regulation by the HUSH complex that is 
modulated by Vpx-encoding lentiviruses
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RE-IFN network is indicated by the red arrows. (c) During infection of myeloid cells  by genome-

free VLP +Vpx, in the absence of an upstream PAMP there is no activation of innate signalling 

and therefore no IFN production or ISG induction. Despite antagonism of HUSH and de-

repression of REs, there is transcription without upstream pathway activation.  
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5 Chapter 5: Vpx is an NFκB antagonist 

5.1 Vpx selectively antagonises NFκB activation downstream of 
reconstituted cGAS/STING pathway in HEK293T cells 

In parallel to experiments in THP-1 cells, reporter assays were developed in HEK293T 

cells to provide an alternative and tractable system for dissecting Vpx interactions with 

DNA sensing pathways. HEK293T cells do not possess a competent cGAS/STING 

pathway(Lau et al., 2015). Therefore, a reporter assay was developed in the lab whereby 

transient expression of both FLAG-tagged cGAS and STING in HEK293T cells triggered 

an innate response that induced luciferase expression driven by the IFNβ promoter in 

manner equivalent to endogenous DNA sensing activation (Fig. 5.1a). Amounts of 

plasmid for transient overexpression were optimised to a range between 1.5 and 6.0ng 

of equal doses for cGAS and STING (Fig. 5.1b). The canonical cGAS/STING pathway 

predominantly activates transcription factors IRF3 and NFκB signalling pathways 

downstream of STING(Cai, Chiu and Chen, 2014). Assays were developed in HEK293T 

cells using reporter systems driven by these two discrete signalling pathways as 

surrogate measures of cGAS/STING activation and ISG expression. An NFκB-sensitive 

luciferase reporter was co-transfected with cGAS and STING in HEK293T cells. The 

promoter of this reporter contains five copies of an NFκB response element (NFκB-RE) 

that drives transcription of the luciferase gene. At 48 hours post-transfection, cells were 

infected with high doses of SIVsm WT and Δvpx viruses (MOI 2). Surprisingly, rather 

than enhance NFκB activation, SIVsm WT virus significantly inhibited NFκB activation in 

a Vpx-dependent manner (Fig. 5.1c). Single-round  infection of HEK293T cells was the 

same for both SIVsm WT and Δvpx viruses in cells transiently overexpressing 

cGAS/STING or not (Fig. 5.1d). 
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Figure 5.1. SIVsm(E543) WT inhibits NFκB activation downstream of cGAS/STING transient 
overexpression in HEK293T cells 

(a) Fold induction of IFNβ-luc after activation in HEK293T cells by FLAG-cGAS alone (1-100ng), 

STING alone (1ng) or FLAG-cGAS (0.4ng) and STING (1ng). Data are presented as mean ± SD 

triplicate technical replicates. Representative of 3 biological replicates. Protein expression was 

analysed by SDS-PAGE and immunoblotting using antibodies against the FLAG tag (cGAS), 

STING or VCP. 

(b) Fold induction of NFκB-luc after activation by FLAG-cGAS and STING (1.5-6.0ng). Luciferase 
production was normalised to non-stimulated pcDNA controls. Data are presented as mean ± SD 

technical triplicates. Representative of 3 biological replicates.  

(c) Fold induction of NFκB-luc in HEK293T cells activated by transient overexpression of FLAG-

cGAS (1.5ng) and STING (1.5ng), and infected with WT SIVsm(E543) and Dvpx (MOI 2). 

Luciferase production was normalised to mock infected cells. Data are presented as mean ± SD 

technical triplicates. Representative of 2 biological replicates.  
(d) Percentage infection of HEK293T cells from (c)  by GFP expression (flow cytometry) in the 

presence or absence of cGAS and STING expression. Data are presented as mean ± SD 

technical triplicates. Representative of 2 biological replicates. Statistical analyses by unpaired t-

test (**= P≤0.01). 
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To further interrogate this novel phenotype of Vpx as an NFκB antagonist, transient 

overexpression of SIVmac251 Vpx (here referred to as Vpx) was used in place of virus-

delivered Vpx. Consistent with our initial observation, increasing amounts of transfected 

Vpx inhibited activation of an NFκB-sensitive luciferase reporter downstream of 

cGAS/STING in a dose dependent manner (Fig. 5.2a). Increasing NFκB activation 

induced by increasing doses of cGAS and STING were antagonised by a single dose of 

Vpx to near background levels (Fig. 5.2b). Surprisingly, in the absence of NFκB activation 

by transient cGAS and STING expression, Vpx also induced a small but statistically 

significant increase in background NFκB activation (Fig. 5.2a,b). In contrast to cells 

reading out NFκB activation, HEK293T cells transfected with a luciferase reporter driven 

by the promoter of the IFIT1 gene showed enhanced IFIT1 activation when Vpx was co-

expressed with cGAS and STING (Fig. 5.2c). Even the lowest dose of Vpx was able to 

boost ISG expression. These results are consistent with results from Chapters 3 and 4 

demonstrating that during DNA sensing, Vpx, delivered by various virus constructs, 

enhanced induction of ISGs, many of which are predominantly IRF3-dependent, such as 

IFIT1. Increasing amounts of transfected GAS and STING resulted in increasing IFIT1 

mRNA expression in the presence of Vpx (Fig. 5.2d). In the absence of Vpx, the same 

titration of transfected cGAS and STING that incrementally increased NFκB activation 

did not significantly increase IFIT1 activation across the dose range. In parallel, 

measurement of endogenous ISG expression in the same experiments showed that 

NFκB-sensitive CXCL10 mRNA expression induced by cGAS and STING 

overexpression in HEK293T cells was inhibited by co-expressed Vpx (Fig. 5.2e). While 

NFκB-insensitive IFIT1 mRNA expression induced by cGAS and STING overexpression 

was enhanced by co-expressed Vpx (Fig. 5.2f).  
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Figure 5.2. Transient overexpression of Vpx inhibits NFκB activation downstream of 
cGAS/STING in HEK 293T cells  
(a) Fold induction of NFκB-luc in HEK293T cells transiently expressing FLAG-cGAS (1.5ng) and 

STING (1.5ng) or transfected with pcDNA (3ng), and increasing amounts of Vpx (1.5 – 50ng) or 
pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. 

(b) Fold induction of NFκB-luc in HEK293T cells transiently expressing Vpx (50ng) or transfected 

with pcDNA and increasing amounts of FLAG-cGAS (1.5 – 6.0ng) and STING (1.5 – 6.0ng), or 

pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. 

(c) Fold induction of IFIT1-luc in HEK293T cells transiently expressing FLAG-cGAS (1.5ng) and 

STING (1.5ng) or transfected with pcDNA (3ng), and increasing amounts of Vpx (5 – 50ng) or 

pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. 
(d) Fold induction of IFIT1-luc in HEK293T cells transiently expressing Vpx (50ng) or transfected 

with pcDNA and increasing amounts of FLAG-cGAS (1.5 – 6.0ng) and STING (1.5 – 6.0ng), or 

pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. 

Fold induction of ISGs (e) CXCL10 and (f) IFIT1 in HEK293T cells after activation by transient 

expression of increasing amounts of FLAG-cGAS (1.5 – 6.0ng)  and STING (1.5 – 6.0ng), and 

transient expression of Vpx (50ng). Luciferase production was normalised to non-stimulated 

pcDNA cells.  All data are presented as mean ± SD technical triplicates. Representative of at least 

3 biological replicates. Statistical analyses by unpaired t-test (ns = not significant; *= P≤0.05; **= 
P≤0.01;***= P≤0.001). 
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Work in the lab has shown that HIV-1 Vpr inhibits expression of certain transfected 

expression plasmids (H Khan and C Van Tulleken, data not shown). To ensure that 

putative NFκB antagonism by Vpx was not a consequence of inhibition of cGAS or 

STING expression from transfected plasmids, cGAS, STING and endogenous ISG 

CXCL10 mRNA expression were measured in the presence of co-transfected Vpx or 

Vpr. As reported previously, endogenous cGAS and STING mRNA expression of 

HEK293T cells did not reach detectable levels by RT-qPCR (Lau et al., 2015). Therefore 

to quantify the effect of lentiviral accessory proteins on transiently expressed cGAS and 

STING mRNA, mRNA values were normalized to the highest dose of transfected cGAS 

or STING (6ng) and that value was set to 100% to give a percentage change in cGAS or 

STING mRNA expression in the presence or absence of Vpr or Vpx. Both Vpx and Vpr 

were able to inhibit endogenous CXCL10 expression induced by transient expression of 

cGAS and STING (Fig. 6.3a). However Vpx did not significantly affect expression of 

cGAS or STING, while Vpr inhibited both cGAS and STING transient expression at the 

mRNA level (Fig. 6.3b,c).  

 

 
Figure 5.3. Transient overexpression of Vpx does not affect transcription of transfected 
cGAS and STING 

(a) Fold induction of ISG CXCL10 in HEK293T cells after activation by transient expression of 

increasing amounts of FLAG-cGAS (1.5-6.0ng) and STING (1.5-6.0ng), and co-transfection with 
pcDNA, Vpx (50ng) or Vpr (50ng). ISG induction was normalised to non-stimulated pcDNA cells. 

(b) cGAS and (c) STING mRNA expression in HEK293T cells after activation by transient 

expression of increasing amounts of FLAG-cGAS (1.5-6.0ng) and STING (1.5-6.0ng), and co-

transfection with pcDNA, Vpx (50ng) or Vpr (50ng). mRNA expression expressed as percentage 

of cGAS mRNA expression induced by transient overexpression of highest amount of FLAG-

cGAS (6.0ng) or STING (6.0ng) given absent basal cGAS and STING mRNA expression in 

HEK293T cells.  

Data are presented as mean ± SD technical duplicates or triplicates. Representative of at least 2 
biological replicates. Statistical analysis by unpaired t-test comparing pcDNA control cells to Vpx- 

or Vpr-expressing cells (ns = not significant; *= P≤0.05). 
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Given its recruitment of the proteasome for degradation of both SAMHD1 and the HUSH 

complex, the ability of Vpx to deplete cGAS and STING protein was tested during 

transient overexpression in HEK293T cells. In the same experiment, transfected Vpx 

antagonised activation of the NFκB-sensitive luciferase reporter driven by cGAS and 

STING overexpression, but did not significantly impact expression of either cGAS or 

STING measured by immunoblot and densitometry (Fig. 5.4a-d). These data suggested 

that Vpx may specifically be interacting with the NFκB signalling pathway rather than 

cGAS and STING proteins themselves.  

 
Figure 5.4. Transient overexpression of Vpx does not affect protein expression of 
transfected cGAS and STING 

(a) Fold induction of NFκB-luc in HEK293T cells transiently expressing FLAG-cGAS (1.5ng) and 
STING (1.5ng) or transfected with pcDNA (3ng), and increasing amounts of Vpx (1.0 – 100ng) or 

pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. Data are 

presented as mean ± SD technical triplicates. Representative of 3 biological replicates. Protein 

expression in cell lysates from (a) was analysed by SDS-PAGE and immunoblotting using 

antibodies against cGAS, STING, Vpx and tubulin. Molecular mass markers (in kDa) are indicated 

on the right. (c-d) densitometry analysis of cGAS and STING protein expression on the 

immunoblot in (b). Protein intensity was normalised to mock transfected cells. 
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5.2 Vpx is a broad antagonist of NFκB signalling acting at or 
downstream of p65 activation 

A range of NFκB agonists were tested for Vpx antagonism in HEK293T cells to assess 

the breadth of the Vpx inhibitory phenotype. Vpx effectively antagonised activation of the 

NFκB sensitive luciferase reporter by TNF⍺, interleukin-1 (IL-1) and Sendai virus (Fig. 

5.5a-f). These results suggested that Vpx antagonism of NFκB activation was not specific 

to DNA sensing. Most viral NFκB antagonists target specific NFκB proteins. In order to 

assay which pathway members may be targeted by Vpx, a range of canonical NFκB 

proteins were transiently overexpressed in HEK293T cells to activate the NFκB reporter, 

which contains canonical NFκB response elements. We hypothesised that Vpx would 

inhibit NFκB activation at or above the level of its pathway target. In a dose-dependent 

manner, Vpx antagonised NFκB activation driven by all NFκB pathway proteins 

transiently overexpressed including terminal NFκB subunit p65 (Fig. 5g,h). Surprisingly, 

transiently expressed Vpx exhibited a hormetic dose response for NFκB activation: lower 

doses of Vpx enhanced NFκB activation by p65 and higher doses inhibited NFκB 

activation (Fig. 5.5g). Similar biphasic regulation of NFκB signalling has been described 

for other modulators of NFκB pathways (Connelly et al., 2001; Chen, Rabson and Gorski, 

2010). p65 activation is required for all agonists of the canonical NFκB pathway tested 

which suggests that Vpx antagonises NFκB signalling by targeting p65 or events 

downstream of the subunit.  
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Figure 5.5. Vpx is a broad antagonist of NFκB signalling acting at or downstream of p65 
activation 

(a, c, e, g) Fold induction of NFκB-luc in HEK293T cells at 8 hours post activation by TNF⍺ 

(10ng/ml), interleukin-1 (IL-1; 1ng/ml) or Sendai virus (5µl), or at 48 hours post transfection with 

p65 (50ng), and expressing increasing amounts of Vpx or pcDNA. Luciferase production was 

normalised to non-stimulated pcDNA cells. Data are presented as mean ± SD technical triplicates. 

Representative of 3 biological replicates. 

(b, d, f, h) Fold induction of NFκB-luc in HEK293T cells at 8 hours post activation by increasing 

concentrations of  TNF⍺ (0.1ng/ml to 25ng/ml), IL-1 (1.5ng/ml to 12.5ng/ml) or Sendai virus (1-

5µl), or at 48 hours post transfection with increasing amounts of p65, and expressing Vpx or 

transfected with pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. 

Data are presented as mean ± SD technical triplicates, except (f and g) where data are single 
technical replicates. Representative of 3 biological replicates. 

All statistical analyses by unpaired t-test (*= P≤0.05; **= P≤0.01; ***= P≤0.001). 
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Vpx directs SAMHD1 and the HUSH complex for proteasomal degradation (Laguette et 

al., 2011; Chougui et al., 2018). In order to test whether Vpx targets p65 in the same 

manner, protein expression of p65 was measured during TNF⍺ stimulation in the 

presence of Vpx and vaccinia virus protein A49 as a negative control. A49 is a viral NFκB 

antagonist that sequesters β-TrCP which principally leads to stabilisation of phospho-

I𝜅B𝛼 causing retention, but not degradation, of cytoplasmic p65 (Mansur et al., 2013). 

Although both A49 and Vpx proteins antagonise activation of the NFκB luciferase 

reporter, there is no clear degradation of p65 in either the unactivated (TNF⍺-) or 

activated cells (TNF⍺+) (Fig. 5.6a,b). Downstream of TNF⍺ activation, reduced 

phosphorylation of p65 was noted in Vpx expressing cells suggesting that Vpx may 

interfere with p65 phosphorylation at residue 536 measured by the antibody used in this 

assay (Fig. 5.6b). The transfection efficiency of liposome-based techniques, used in 

these experiments, is between 40 and 90% in HEK293T cells depending on a wide range 

of cell culture conditions (Maurisse et al., 2010). As a consequence, host protein 

degradation or phosphorylation induced by transfected viral protein may be 

underestimated when measured by immunoblot of any given cell population subject to 

transfection. Gene transfer into HEK293T cells by lentivectors is more efficient than 

transfection (Fig. 5.6c). A lentivector expressing both GFP and Vpx was generated in an 

effort to increase the fraction of cells expressing Vpx. Transduction of cells with the Vpx 

encoding vector inhibited TNF⍺-induced NFκB activation which was not affected by 

transduction with the control vector (Fig. 5.6d). In parallel, cells were harvested for 

analysis of protein expression. Phosphorylation of p65 was reduced in Vpx-transduced 

HEK293T cells activated by TNF⍺ with no clear reduction in total p65 protein expression 

(Fig. 5.6e). These results are consistent with the hypothesis that Vpx inhibits p65 

phosphorylation but does not direct p65 degradation.  
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Figure 5.6. Vpx inhibition of NFκB activation does not depend on p65 degradation 

(a) Fold induction of NFκB-luc in HEK 293T cells at 8 hours post activation by TNF⍺ ( TNF⍺+; 

50ng/ml) or media (TNF⍺-) and expressing Vpx or vaccinia virus protein A49 or transfected with 

pcDNA. Luciferase production was normalised to non-stimulated pcDNA cells. Luciferase 

production was normalised to non-stimulated pcDNA cells. Data are presented as mean ± SD 

technical triplicates. Representative of 3 biological replicates. 

(b) Immunoblots of HEK293T cells expressing Vpx or vaccinia virus protein A49 or transfected 

with pcDNA harvested at 0 (TNF⍺-) and 15 minutes post TNF⍺ treatment (TNF⍺+; 50ng/ml) using 

antibodies against Vpx, vaccinia virus A49, total IκB⍺, phospho- IκB⍺ (p-IκB⍺ residue 32, total 

p65, phospho- p65 (p-p65; residue 536), or tubulin; in parallel to (a). Molecular mass markers (in 

kDa) are indicated on the right. Representative of 3 biological replicates. 

(c) Percentage of infection of HEK 293T cells at 48 hours post transduction with GFP-expressing 
control lentiviral vector (No vpx; red) or lentiviral vector co-expressing Vpx (Vpx; blue) measured 

by GFP expression (flow cytometry). Data are presented as mean ± SD technical triplicates. 

Representative of 3 biological replicates. 
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(d) Fold induction of NFκB-luc in cells from (c) at 0 (TNF⍺-) and 15 minutes (TNF⍺+ activated by 

TNF⍺ (10ng/ml). Luciferase production was normalised to non-stimulated cells transduced with 

the control vector. Data are presented as mean ± SD technical triplicates. Representative of 3 

biological replicates. Statistical analysis by unpaired t-test (*= P≤0.05). 

(e) Immunoblot of cell lysates from (d) using antibodies against Vpx, total p65, phospho- p65 (p-

p65; residue 536), or actin. Molecular mass markers (in kDa) are indicated on the right. 
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5.3 Vpx antagonism of NFκB is independent of DCAF1 but may 
depend on direct interaction with p65 preventing nuclear 
translocation 

Vpx-mediated degradation of all known host targets depends on DCAF1 binding and 

recruitment of E3 ubiquitin ligase machinery (Hrecka et al., 2011; Chougui et al., 2018; 

Yurkovetskiy et al., 2018). To test whether DCAF1 interactions were required for Vpx 

antagonism of NFκB, Vpx mutant Q76R was generated which is deficient for DCAF1 

binding (Schwefel et al., 2014). Transient expression of Vpx Q76R was able to 

antagonise NFκB activation by transfected p65 in the same dose-dependent manner as 

Vpx WT (Fig. 5.7a). Vpx Q76R protein expression was  modestly higher than for Vpx 

WT, consistent with reduced interaction with the proteasome (Fig. 5.7b).  HIV-1 Vpu is a 

recognised NFκB antagonist (Sauter et al., 2015). Vpu also recruits E3 ligase machinery 

but independently of DCAF1, depending instead on interactions with adaptor protein β-

TrCP (Mitchell et al., 2009; Schwefel, Boucherit, Bishop, et al., 2015). Transiently FLAG-

tagged Vpx WT, Vpx Q76R and Vpu were all able to antagonise cGAS/STING-

dependent NFκB activation in HEK293T cells whether DCAF1 was present or depleted 

(Fig. 5.7c and d). Immunoblot analysis demonstrated successful depletion of DCAF1 and 

equivalent protein expression between the three FLAG-tagged viral NFκB antagonists 

(Fig. 5.7c). These data are consistent with a model in which Vpx antagonism of NFκB 

activation does not depend on DCAF1 interactions.  

 

In order to test if Vpx interacts with p65 or p65-containing complexes, 

immunoprecipitation (IP) assays were undertaken. Lysate from HEK293T cells 

transiently expressing FLAG-Vpx and HA-p65 were subjected to IP with anti-FLAG 

beads. Samples were washed, proteins separated by SDS-page and subject to 

immunoblot in parallel to whole cell lysates. Transiently expressed HA-p65 co-

immunoprecipitated with FLAG-tagged Vpx but not in the pcDNA control IP (Fig. 5.8a). 

An expanded panel of HA-tagged proteins was used in a separate IP experiment again 

using FLAG-beads. FLAG-tagged Vpx pulled down HA-p65 and two other NFκB pathway 

members (NEMO and p100) but no other co-transfected NFκB pathway members or 

negative control proteins tested (Fig. 5.8b). These results suggested that Vpx may 

interact with p65 directly or potentially an NFκB signalling complex that entails p65. Many 

viral NFκB antagonists retain p65 in the cytoplasm thus preventing nuclear translocation 

and activation of NFκB-dependent genes (Brady and Bowie, 2014).  

 



 211 

 
Figure 5.7. Vpx inhibition of NFκB activation does not depend on DCAF1 

(a) Fold induction of NFκB-luc in HEK293T cells activated by transfected p65 (25ng) and 

expressing increasing amounts of Vpx (25-200ng) or Vpx Q76R or transfected with pcDNA. 

Luciferase production was normalised to non-stimulated pcDNA cells. Data are presented as 

mean ± SD technical triplicates. Representative of 3 biological replicates. 
(b) Immunoblots of cell lysates from (a) using antibodies against actin and Vpx. Molecular mass 

markers (in kDa) are indicated on the right.  

(c) Fold induction of NFκB-luc in HEK293T cells transfected with DCAF1 (siDCAF1) or control 

siRNA (siCTRL) for 72h then activated by transient expression of FLAG-cGAS (3ng) and STING 

(3ng) or transfected with pcDNA and co-transfected with pcDNA, FLAG-Vpx WT, FLAG-Vpx 

Q76R (DCAF1-binding mutant) or FLAG-Vpu. Data are presented as mean ± SD technical 

triplicates. Representative of 3 biological replicates. 

(d) Immunoblot of cells from (c) using antibodies against DCAF1, tubulin and FLAG (Vpx, Vpx 
Q76R, Vpu). Molecular mass markers (in kDa) are indicated on the right.  

 

(a) (b)

(c)

(d)
siCTRL siDCAF1

0

10

20

30

40

50

N
Fk

B
 lu

c 
fo

ld
 a

ct
iv

at
io

n pcDNA

Vpx WT

Vpx Q76R

Vpu

cGAS/STING (3ng/3ng)

- 17
- 43

Vpx
Actin

pc
DNA

Vpx
W

T
pc

DNA
Vpx

Q76
R

Tubulin
DCAF1

FLAG

pc
DNA

FL
AG-Vpx

W
T 

FL
AG-Vpx

Q76
R

FL
AG-Vpu

- 170
- 55

- 15

pc
DNA

FL
AG-Vpx

W
T 

FL
AG-Vpx

Q76
R

siCTRL siDCAF1

FL
AG-Vpu

pcD
NA

W
T V

px

Q76
R V

px 
0

50

100

150

N
Fk

B
 lu

c 
fo

ld
 a

ct
iv

at
io

n

NFkB reporter
p65 (25ng)      

pcD
NA

W
T V

px

Q76
R V

px 
0

50

100

150

N
Fk

B
 lu

c 
fo

ld
 a

ct
iv

at
io

n

NFkB reporter

pcD
NA

W
T V

px

Q76
R V

px 
0

50

100

150

N
Fk

B
 lu

c 
fo

ld
 a

ct
iv

at
io

n

NFkB reporter



 212 

 
Figure 5.8. Vpx binds p65 

(a) Immunoblot of immunoprecipitation (IP) in HEK293T cells expressing HA-tagged p65 (500ng) 

and FLAG-tagged Vpx (500ng) or transfected with pcDNA (500ng). At 24 hours post transfection 

cell lysates (input) were subjected to immunoprecipitation (IP) with anti-FLAG M2 agarose beads 
and immunoblotting using antibodies against HA (p65) and FLAG (Vpx). Molecular mass markers 

(in kDa) are indicated on the right. Representative of 3 biological replicates. 

(b) Immunoblot of immunoprecipitation (IP) in HEK293T cells expressing FLAG-Vpx (500ng) and 

HA-tagged GFP, p50, p65, IKK-β, CD4, NEMO, p100 or pcDNA (each 500ng). At 24h post 

transfection cell lysates (input) were subjected to IP with anti-FLAG M2 agarose beads and 

immunoblotting using antibodies against FLAG (Vpx) and HA (GFP, p50, p65, IKK-β, CD4, 

NEMO, p100). Red arrows indicate relevant transiently expressed proteins in each lane.  
Molecular mass markers (in kDa) are indicated on the right. Representative of 3 biological 

replicates. 

✯ Please note that the lane order of samples is different for the input (top immunoblot) and IP 

(bottom immunoblot). Experiment performed by James Cai, supervised by me.  
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We hypothesised that interactions with p65 by Vpx may inhibit translocation of the 

subunit. HEK293T cells, transiently expressing Vpx or transfected with pcDNA as a 

negative control, were seeded in optical plates. At 24 hours post transfection, cells were 

treated with TNF⍺ or media for 15 minutes, fixed, stained with antibodies against p65 

and DNA, and subject to immunofluorescence microscopy. p65 nuclear translocation 

was analysed at a single cell level using Metamorph software which calculated an NFκB 

translocation coefficient for each cell with a translocation threshold normalised to the 

negative control population. Translocation of p65 activated by TNF⍺ was significantly 

reduced in HEK293T cells transiently expressing Vpx compared to pcDNA-transfected 

cells (Figs 5.9a and 5.9b). Transiently expressed Vpx alone in the absence of exogenous 

stimulation enhanced p65 translocation in a manner similar to the small but statistically 

significant enhancement of NFκB activation by Vpx observed in reporter assays (Figs 

5.2a and 2b, and 5.5g).  

 
Figure 5.9. Vpx inhibits translocation of p65 

(a) Dot plot of immunofluorescence microscopy analysis of p65 translocation coefficient at a 

single cell level in HEK 293T cells expressing Vpx (100ng) or transfected with pcDNA (100ng) 

activated by media (TNF⍺) or TNF⍺ ( TNF⍺+; 10ng/ml) for 15 minutes. Each dot represents a 

single cell of 100 selected cells for each condition. Blue lines represent mean p65 translocation 

coefficient. Red line shows the translocation coefficient threshold normalised to mock. 

Representative of 3 biological replicates. (b) Percentage of NFκB positive nuclei in HEK293T cells 

from (a) defined by NFκB translocation coefficient >0.5. (c) Fold induction of NFκB-luc in 

HEK293Tcells at 8 hours post activation by two doses of TNF⍺ while expressing Vpx (100ng) or 

transfected with pcDNA (100ng); in parallel to (a). Data are presented as mean ± SD technical 

triplicates. Representative of 3 biological replicates. 
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5.4 Vpx antagonism of NFκB is preserved in a range of known 
and novel Vpx mutants, and all Vpx species variants 

To further characterise this novel phenotype of Vpx a panel of published Vpx mutants 

were tested for their ability to antagonise NFκB by reporter gene assay (Fig. 5.10a). All 

available sequences of Vpx derived from SIVsm, SIVmac and HIV-2 have a polyproline 

tail which has been described as a nuclear localisation signal although functional 

consequences of its deletion have not been clearly delineated (Sakai et al., 2016; Zhang 

et al., 2017). Deletion of the polyproline tail in Vpx has been reported to result in a failure 

of nuclear import of viral DNA during HIV-2 infection of primary MDMs (Pancio, Heyden 

and Ratner, 2000). A Vpx mutant was generated that was deleted for all prolines at its 

C-terminus (referred to here as Vpx Δpro tail; Fig. 5.10 a and b). We hypothesised that 

a Vpx mutant deficient for nuclear localisation and putative nuclear import functions may 

also be compromised in its ability to inhibit p65 translocation into the nucleus. Transiently 

expressed Vpx mutants E15A E16A (deficient for SAMHD1 degradation) and Q47A 

V48A (deficient for TASOR degradation) were also tested in the reporter assay (Figs 

5.10a-d) (Schwefel et al., 2014; Chougui et al., 2018). All three published Vpx mutants 

were able to antagonise NFκB activation by transiently expressed cGAS and STING in 

HEK293T cells (Fig. 510d). Vpx Δpro tail protein expression was reduced compared to 

other Vpx proteins, accounting for sample loading, although there was no significant 

difference in NFκB inhibition between these mutants (Fig. 5.10e).  
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Figure 5.10. Vpx inhibition of NFκB activation does not depend on interactions with 
SAMHD1 or TASOR 

(a) Schematic representation of Vpx amino acid sequence with key residues marked. The three 

alpha helices of Vpx secondary structure are also shown. 

(b) PyMOL software was used to generate images based on crystal structures (PDB code 4CC9) 

of SIVsm Vpx (blue) in complex with human SAMHD1 (amino acid residues 582-626; red) and 
human DCAF1 (amino acid residues 1058-1396; green). 

(c) PyMOL images were generated of Vpx with SAMHD1 and DCAF1 structures deleted. 

Mutations that abrogate SAMHD1 binding (E15A E16A) and HUSH complex interaction (Q47A 

V48A), and deletion of the poly-proline tail that disrupts the putative Vpx nuclear localisation signal 

(NLS; Δpro tail) are marked in orange.  

(d) Fold induction of NFκB-luc in HEK293T cells activated by increasing amounts of FLAG-cGAS 

and STING (1.5ng to 6.0ng) and expressing Vpx WT, Vpx E15A E16A, Vpx Q47A V48A, or Vpx 

Δpro tail or transfected with pcDNA. Luciferase production was normalised to non-stimulated 
pcDNA cells. Data are presented as mean ± SD technical triplicates. Representative of 3 

biological replicates. 

(e) Immunoblot of cell lysates from (d) using antibodies against Vpx and tubulin. Molecular mass 

markers (in kDa) are indicated on the right. Representative of 3 biological replicates. 
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Vpr/Vpx proteins capable of degrading SAMHD1 are encoded by a diversity of non-

human primate lentiviruses (Schwefel, Boucherit, Bishop, et al., 2015).  The other major 

clade of lentiviruses encoding genes commonly referred to as Vpx, besides the 

SIVsm/HIV-2 lineage, are derived from red-capped mangabey monkeys (RCMs) and 

mandrill monkeys (Mnds; Fig. 5.11). Vpx expression plasmids were prepared using 

synthetic codon-optimised Vpx sequences from HIV-2, SIVsm, SIVmac, SIVmnd2 and 

SIVrcm.  

 

 
Figure 5.11. Vpr/Vpx phylogeny of primate lentiviruses  
Maximum likelihood phylogeny of primate lentiviruses vpr and vpx genes generated using FigTree 

software. Vpx sequences are coloured blue; vpr sequences are coloured black. All Vpx proteins 
degrade SAMHD1; certain Vpr proteins also degrade SAMHD1 in their cognate host (marked with 

*). Horizontal branch lengths are shown to scale. Scale bar represents 0.3 nt substitutions per 

site. 

 
All Vpx species variants antagonised NFκB activation by transiently expressed p65 in 

HEK293T cells (Fig. 5.12a). Vpx derived from HIV-2 was the most potent NFκB 

antagonist in this assay compared with matching doses of all other Vpx proteins tested 

(p<0.001 for each comparison by unpaired t-test, not shown in Fig. 5.12a). Both HIV-2 

and SIVm demonstrated more potent NFκB antagonism than SIVmac (Fig. 5.12a). This 
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could not clearly be explained by higher protein expression by the more potent 

antagonists (Fig. 5.12c). Uniquely amongst the species variants tested, SIVmac Vpx 

displayed hormetic dose-dependent effects on NFκB activation. In the absence  of NFκB 

pathway activation by exogenous p65, the highest amount of SIVmac Vpx transiently 

expressed (100ng) significantly enhanced activation of the NFκB-sensitive reporter by 

approximately 70% while the lowest amount of transfected SIVmac Vpx (10ng) and all 

other Vpx species variants at all doses tested significantly inhibited background NFκB 

activation by between 45 and 65% (Fig 5.12b). Given FLAG-tagged SIVrcm Vpx had the 

least potent antagonism of NFκB activation, although still significant, untagged SIVrcm 

Vpx was tested in the same assay to assess impact of the tagging on Vpx function and 

was equivalent (data not shown). These data suggest that the ability to antagonise NFκB 

activation is conserved across species of Vpx-encoding lentiviruses.  

 

 
Figure 5.12. Vpx inhibition of NFκB is conserved across Vpx species 
(a) Fold induction of NFκB-luc in HEK293T cells activated by transiently expressed p65 (100ng) 

and transfected with pcDNA (110ng) or expressing three doses (10 to 100ng) of one species 

variant Vpx: HIV-2, SIVsm, SIVmac, SIVmnd2, SIVrcm. Luciferase production was normalised to 

non-stimulated pcDNA cells. Data are presented as mean ± SD technical triplicates. 
Representative of 3 biological replicates. Statistical analyses by unpaired t-test (***= P≤0.001). 

(b) Fold induction (shown on log10 scale) of NFκB-luc in HEK293T cells with no exogenous NFκB 

pathway activation, transfected with pcDNA (100ng) or expressing three doses (10 to 100ng) of 

one species variant Vpx: HIV-2, SIVsm, SIVmac, SIVmnd2, SIVrcm. Luciferase production was 

normalised to non-stimulated pcDNA cells. Data are presented as mean ± SD technical triplicates. 

Representative of 3 biological replicates. Statistical analyses by unpaired t-test compare non-
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stimulated pcDNA-transfected cells to non-stimulated Vpx-expressing cells (***= P≤0.001; **= 

P≤0.01).  

(c) Immunoblots of cell lysates from (b) using antibodies against Vpx and tubulin. The lower panel 

of immunoblots were re-blotted using antibodies against FLAG (Vpx). Molecular mass markers 

(in kDa) are indicated on the right. Representative of 3 biological replicates. 

 

A genetic approach was used to interrogate which Vpx residues are required for Vpx 

antagonism of NFκB activation. A range of novel Vpx mutants was generated that met  

phylogenetic and structural biology criteria as follows. Novel Vpx mutants were all based 

on residues or sections of Vpx amino acid sequence that are conserved between Vpx-

encoding lentiviruses that antagonise NFκB (Fig. 5.13a). These selected sections of 

sequence are also not implicated in maintaining the intrinsic structural integrity of Vpx or 

for mediating interactions with known Vpx target proteins (Fig. 5.13b and c).  

 
Figure 5.13. Description of novel Vpx mutants 

(a) Alignment of Vpx linear sequence of amino acids from four Vpx-encoding HIV and SIV species: 

SIVmac, HIV-2, SIVsm and SIVrcm. The red horizontal line indicates the two different clades of 
Vpx-encoding viruses. The position of the three alpha helices of Vpx are marked in blue. The six 

selected amino acid sequences (A-F), used for generating novel Vpx mutants, are marked by 

black boxes.  
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(b) PyMOL software was used to generate images based on crystal structures (PDB code 4CC9) 

of SIVsm Vpx (blue) in complex with human SAMHD1 (amino acid residues 582-626; red) and 

human DCAF1 (amino acid residues 1058-1396; green). 

(c) PyMOL images were generated of Vpx with SAMHD1 and DCAF1 structures deleted. The 

positions of the novel Vpx mutants listed in (d) are marked in orange (A-F). 

 

Those selected sections of sequence that met these two criteria were then interrogated 

for known protein-protein interaction motifs using online software 

(https://prosite.expasy.org/scanprosite/) and comparisons with motifs reported for other 

lentiviruses. Mutations were then based on sequences with the highest likelihood of 

functional importance (Table 15).  

 

Table 15. Novel Vpx mutants based on selected amino acid sequences A-F in Fig. 5.13 

and published functions of associated protein motifs. 

Sequence Mutant Motif Function 
A W24A L25A R27A WxxRx Mannosylation target 

(Falzarano et al., 2007) 

B H39A L40A HxxR NFκB activation  

(Rajagopal and Ponnusamy, 

2018) 

C R51A S52A RS Phosphorylation target 

(Duarte et al., 2013) 

D W56A H57A D58A WxD Phosphatase binding (Egloff 

et al., 1997; Wang et al., 

1997) 

E G61A S63A S65A GxSxS Vpu βTrCP interaction  

(Bour et al., 2001; Pujol et al., 

2016) 

N-myristoylation target 

(Afonso et al., 2001) 

F Y69A R70A Y71A L72A YxxФ  

YxY 

Viral protein trafficking 

(Byland and Marsh, 2005) 

Tetherin NFκB activation 

(Byland and Marsh, 2005; 

Galão et al., 2012) 
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Surprisingly, all novel Vpx mutants retained the ability to antagonise NFκB activation 

when tested by reporter gene assay in HEK293T cells (Fig. 14a, c and e). Protein 

expression of the mutants was  broadly comparable with Vpx WT (Fig. 14b, d and f), 

however mutant Vpx Y69A R70A Y71A did show enhanced expression (Fig. 14f).  

 

 
Figure 5.14. Novel Vpx mutants inhibit NFκB activation 
(a, c, e) Fold induction of NFκB-luc in HEK293T cells activated by FLAG-cGAS (5ng) and STING 
(5ng) or by p65 (25ng), or transfected with pcDNA, and expressing Vpx WT or one of the indicated 

Vpx mutants, or transfected with pcDNA. Luciferase production was normalised to non-stimulated 

pcDNA cells. Data are presented as mean ± SD technical triplicates. Representative of 2 

biological replicates. 

(b, d, f) Immunoblots of cell lysates from (a, c, e) using antibodies against Vpx and actin. Molecular 

mass markers (in kDa) are indicated on the right. Representative of 2 biological replicates. 
 

Analysis was undertaken to compare Vpx WT antagonism of NFκB activation by 

transfected cGAS/STING with the full panel of generated mutants. From three 

independent sets of experiments, NFκB antagonism was calculated for the highest 

transfected amount of each Vpx mutant (100ng) and expressed as percentage of NFκB 

activation by cGAS/STING in the absence of Vpx (pcDNA transfected positive control); 

the positive control was set to 100% (Fig. 5.15a). This analysis demonstrated that while 

all Vpx mutants retained the ability to antagonise NFκB activation in an absolute sense, 

most were less potent at inhibiting NFκB activation compared to Vpx WT (Fig. 5.15a). 
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Only Vpx W56A H57A D58A amongst the novel mutants maintained WT-levels of NFκB 

antagonism (Fig. 5.15a). Enhancement of background NFκB activity was also calculated 

for the highest transfected amount of each Vpx mutant (100ng) in the absence of 

cGAS/STING and expressed as percentage of NFκB activation by cGAS/STING in the 

absence of Vpx (pcDNA transfected positive control); the positive control was set to 

100% (Fig. 5.15b). Compared to Vpx WT only three Vpx mutants demonstrated both a) 

significantly reduced activity against NFκB activation by cGAS/STING (Fig. 5.15a and b) 

significantly reduced background NFκB activation in the absence of cGAS/STING (Fig. 

5.15b). This suggested that these three Vpx mutants may have significantly reduced 

interactions with NFκB signalling, thus compromising their ability to either antagonise or 

activate the NFκB pathway like WT SIVmac Vpx.  These three mutants were: Vpx W24A 

L25A R27A, Vpx G61A S63A S65A, and Vpx Δpro tail (Fig. 5.15b).  

 
Figure 5.15. Modulation of NFκB activity by Vpx mutants is reduced compared to Vpx WT  
(a) Fold induction of NFκB-luc combined from three independent experiments with different 

panels of Vpx mutants in HEK293T cells activated by FLAG-cGAS (5ng) and STING (5ng), or 

transfected with pcDNA, and expressing Vpx WT or one of the indicated Vpx mutants, or 
transfected with pcDNA. For each set of experiments, luciferase production was normalised to 

non-stimulated pcDNA cells (negative control) then expressed as a percentage, with stimulated 

pcDNA (positive control) set to 100%.  
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(b) Fold induction of NFκB-luc calculated as in (a) for cells expressing pcDNA, Vpx WT or Vpx 

mutants with no cGAS/STING activation.  

Data are presented as mean ± SD technical triplicates. Representative of at least 2 biological 

replicates. Statistical analyses by unpaired t-test compare Vpx WT expressing cells to Vpx mutant 

expressing cells (***= P≤0.001; **= P≤0.01; *= P≤0.05). 

 

5.5 Vpx antagonises LPS activation of primary MDM 

In previous chapters I have demonstrated that Vpx delivered in the context of SIVsm 

virus enhances ISG activation during DNA sensing which is in part thought to be 

dependent on NFκB-signalling. An assay was developed in primary cells that did not 

activate DNA sensing pathways but used the well-described exogenous NFκB agonist 

LPS. Primary monocyte-derived macrophages were infected with VLPs packaging no 

Vpx, Vpx WT (SIVmac251 Vpx) and Vpx derived from SIVrcm (Vpx RCM). At 24 hours 

post-infection, the cells were activated with LPS and mRNA of LPS-dependent genes 

measured 24 hours later. While VLPs packaging no Vpx had no effect on gene 

expression post LPS treatment, both Vpx WT and Vpx RCM inhibited CXCL10 

expression by nearly 1000-fold, thus supporting data obtained in the HEK293T cells (Fig. 

5.16a).  

 
Figure 5.16. Vpx inhibits NFκB activation downstream of LPS in primary MDM 
Fold induction of ISG CXCL10 at 24 hours post LPS treatment (1ng/ml) in primary monocyte-

derived macrophages pre-infected with genome-free virus-like particles packaging no Vpx, Vpx 

WT or Vpx RCM (3.0 RT U/ml) 24 hours prior to LPS. Expression of genes was normalised to 

GAPDH for an internal control. mRNA values were then normalized to mock infected cells. Data 

are presented as mean ± SD technical triplicates. 

5.6 Summary 

In summary (Fig. 5.17), our data suggest a model where Vpx antagonises NFκB 

activation after stimulation by a range of agonists in a DCAF1-independent manner. Vpx 

interacts with p65 or p65-containing complexes which prevents p65 translocation and 
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reduces p65 phosphorylation. This phenotype is conserved across divergent Vpx-

encoding lentivirus species. Uniquely, SIVmac Vpx had a dose-dependent relationship 

with NFκB activity: in the absence of exogenous stimuli, SIVmac Vpx enhanced NFκB 

activation, whilst at higher doses it inhibited NFκB activation. During the course of these 

experiments it was not possible to identify a single residue or motif in Vpx that is 

responsible for this novel activity. However, Vpx mutants with reported deficiencies in 

nuclear localisation (Vpx Δpro tail) and interaction with adaptor protein βTrCP (Vpx G61A 

S63A S65A) did demonstrate reduced NFκB antagonism activity relative to Vpx WT.  

 

 
Figure 5.17. Model of Vpx NFκB antagonism  
1. Many pro-inflammatory signalling pathways (LPS/TLR4, TNFα/TNFR, IL-1/ILR, cGAS/STING) 

activate canonical NFκB signalling. 2. Typically activation of the IKK complex releases NFκB 

subunits from inhibitor proteins (such as IκBα). 3. Released NFκB subunits are subsequently 

phosphorylated and translocate to the nucleus to bind NFκB sites leading to induction of NFκB-

dependent genes. p65 is the most abundant canonical NFκB subunit and often forms 

heterodimers with p50. 4. Vpx directly interacts with p65 or a complex containing p65. This may 

not prevent p65 phosphorylation but prevents nuclear translocation and therefore NFκB-
dependent gene expression. 5. This activity of Vpx does not require DCAF1 which is required for 

Vpx-mediated degradation of restriction factor SAMHD1 by the proteasome. 6. In the presence 

of Vpx, IRF3 signalling and downstream gene expression is not affected.  

SAMHD1

p50p65

IκB⍺

IKK
complex

p50p65
P P

IκB⍺
P

LPS/
TLR

IL-1/
ILR

TNF⍺/
TNFR

Vpx DCAF1

Vpx
p50p65

P P

NF"B-dependent 
genes

WT SIVsm

cGAS

STING

IRF3
P

IRF3

cell 
membrane

nuclear
membrane

IRF-dependent 
genes

Proteasome

1.

1. 

2.

. 

3.

. 

4.

. 

5.

. 

6.

. 



 224 

6 Chapter 6: Discussion 

6.1 Characterisation of lentiviral accessory protein 
Vpx modulation of innate immune signalling 

The innate immune system represents a complex and inter-connected series of tripwires 

and early-warning systems. Detected invading viruses stimulate IFN production and 

induce an anti-viral state characterised by ISG expression and downstream cellular and 

humoral immune responses targeted at virus eradication. By definition, a successful 

virus must antagonise or avoid detection by these host defences. The success of 

lentiviral immune evasion is all the more remarkable considering how light lentiviruses 

travel: a typical lentiviral genome has 9 genes. Millennia of host-virus co-evolution have 

closely moulded each lentiviral gene against the contours of diverse immune responses. 

Lentiviral structural proteins, such as CA, protect viral proteins and genetic material from 

discovery, while accessory proteins, such as Vpu, have degradative mechanisms for 

manipulating innate immunity at every stage of the lifecycle. 

 

However, not all human lentiviruses have evolved the same or equal strategies for 

evading host immune responses. It is our hypothesis that the relative ability of human 

lentiviruses to escape the IFN-mediated anti-viral state is a major determinant of 

transmission and therefore pandemicity. HIV-1 M group is the pandemic strain of HIV-1. 

By comparison, the three other HIV-1 sub-groups and the nine recorded HIV-2 sub-

groups have failed to establish significant epidemics beyond west Africa, and many of 

these zoonoses, particularly from Sooty Mangabey monkeys to form HIV-2, represent 

dead-end infections or are declining. The inability of these less successful viruses to 

cause pandemic transmission  may correlate with relative deficiencies in virus-host 

interactions. For example, HIV-2 CA, unlike HIV-1 CA, has been shown to enhance 

detection of HIV-2 DNA by cGAS/STING and ISG induction (Lahaye et al., 2018). Unlike 

HIV-1, HIV-2 and SIVsm lineage viruses also encode accessory protein Vpx which 

antagonises host anti-viral factors SAMHD1 and HUSH complex (Chougui et al., 2018; 

Hrecka et al., 2011; Laguette et al., 2011; Yurkovetskiy et al., 2018). Vpx is frequently 

used in vitro as an adjunct to HIV-1 infection of myeloid cells (Laguette et al., 2011; 

Lahaye et al., 2018, 2013). My study inverts the common perception that Vpx is uniformly 

beneficial for lentivirus infection, particularly in myeloid cells. Paradoxically, given the 

apparent benefit of Vpx as a potent antagonist of host immunity, my data suggest that 

Vpx, in certain circumstances e.g. during infection of myeloid cells, may have deleterious 

consequences for lentiviruses by enhancing anti-viral ISG responses during infection. 

This finding may help explain why HIV-1, derived from SIVcpz, which itself originated 
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from a recombination of Vpx-encoding lentiviruses, did not retain or evolve a specific 

antagonist directed at SAMHD1 and HUSH. 

 

We hypothesise that in myeloid cells, which are highly competent for DNA sensing, 

SIVsm and Vpx-encoding virus infection induces retroelement expression by 

synchronously 1) removing epigenetic regulation in the form of HUSH and 2) driving 

transcription factor activation downstream of DNA sensing of the virus. We propose that 

these Vpx-liberated retroelement-derived gene products act as PAMPs, principally 

formed of dsRNA and sensed by MAVS, to drive further IFN production and an amplified 

ISG response. In the absence of Vpx, this retroelement-mediated amplification of IFN 

signalling has been demonstrated in a number of studies of cancer cells by in vitro 

manipulation of transcriptional repression. My data are the first to demonstrate this 

enhanced IFN response in the context of viral DNA sensing and implicate the HUSH 

complex as a potential gatekeeper of a retroelement-IFN network. This suggests that 

vertebrates have co-opted prior pathogens as part of the extant anti-pathogen response 

in a fascinating example of co-evolution. 

 

My data suggest that HIV-1 is able to cloak its lifecycle in myeloid cells such that it entirely 

avoids activation of this retrolement-derived amplified IFN response. This may in part 

explain both the primacy HIV-1 devotes to avoiding induction of IFN at all stages of its 

lifecycle, and the replicative niche of HIV-1, unlike HIV-2 and SIVsm, as encompassing 

both myeloid and T cell compartments. Ex vivo and in vitro spreading infection studies 

have shown that HIV-2 and SIVsm do not replicate effectively, if at all, in cognate myeloid 

cells, although the biological understanding for this is poorly understood. My single round 

infection experiments of myeloid cells using Vpx-encoding viruses supports the 

supposition that innate immune responses to incoming Vpx-encoding viruses define the 

major barrier to replication of these viruses in myeloid cells. I will discuss the biological 

context of this in detail in 6.1.3. 

 

My data also demonstrate that Vpx is an NFκB antagonist. It is expected that accessory 

proteins have multiple functions often with immunomodulatory roles, given the limited 

genome size of lentiviruses. The precise role of this function for the virus in vivo is 

uncertain. However, HIV-1 and the majority of intracellular pathogens demonstrate 

inhibition of NFκB signalling during their lifecycles (J. Zhao, He, Minassian, Li, & Feng, 

2015). Viral NFκB inhibition is thought to antagonise diverse exogenous pro-

inflammatory signals, such as TNFα and TCR-CD3 receptor activation, which are 

secreted during untreated acute and chronic HIV-1 infection immune activation in vivo 

(Heusinger & Kirchhoff, 2017; Stacey et al., 2009; Vaidya et al., 2014). NFκB antagonism 
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by Vpx may therefore support antagonism of innate immune signalling during virus 

infection particularly in mucosal tissue during transmission in vivo. Prior to lentivirus 

integration, inhibition of NFκB activation may also antagonise intracellular signalling 

downstream of multiple PRRs but antagonism of NFκB by Vpx does not impair 

cGAS/STING DNA sensing in myeloid cells. Intriguingly, Vpx leaves IRF3 signalling 

intact, which is consistent with the parallel phenotype of Vpx enhancing ISG responses 

during DNA sensing that I have described. A number of cancer biology studies suggest 

retroelement induction requires IFN-JAK-STAT signalling which is clearly active in the 

presence of Vpx as ISGs are induced during DNA sensing of SIVsm infection (Cañadas 

et al., 2018; Chuong, Elde, & Feschotte, 2016). Thus dissecting the different, and 

potentially, complementary roles of Vpx may help elucidate the transcriptional regulation 

of the retroelement-IFN network. My observations are consistent with a model where 

retroelement induction depends on upstream IFN induction which may be less 

dependent on NFκB signalling. If retroelement induction is sensitive to IFN signalling 

then it would be expected that other upstream PAMPs, including RNA, which induce IFN, 

would also induce retroelement expression and an amplified IFN response in certain 

circumstances. The retroelement-IFN network may represent an important discovery for 

our understanding of innate immune physiology. 

 

6.1.1 Vpx enhances ISG expression downstream of DNA sensing 

6.1.1.1 Epigenetic silencing of retroelements and innate immunity  

6.1.1.1.1 Vpx degradation of HUSH 

My data are consistent with the hypothesis that Vpx enhances ISG induction during DNA 

sensing in a manner that is independent of SAMHD1 degradation and dependent on 

degradation of HUSH complex components (Figs 3.7c and 4.2b,d,f). The Vpx-mediated 

degradation of host restriction factor SAMHD1 is well-characterised (Hrecka et al., 2011; 

Laguette et al., 2011; Schwefel et al., 2014). The interplay between the HUSH complex 

and Vpx is less well understood. My data support recent studies demonstrating that Vpx 

degrades HUSH complex components in a manner dependent on Vpx-DCAF1 

interactions and recruitment of the E3 ubiquitin ligase machinery (Chougui et al., 2018; 

Yurkovetskiy et al., 2018). However, there are no published structural data for the Vpx-

HUSH complex which means that the molecular determinants of degradation of HUSH 

by Vpx remain poorly characterised. 

 

My data suggest that SIVrcm Vpx is unable to degrade HUSH while SIVmac Vpx Q47A 

V48A has reduced HUSH degradation yet remains active against HUSH (Figs 4.2b,f). 

These findings compound disagreement between the two studies of HUSH degradation 
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by Vpx. My data accord with the first study which suggested that SIVrcm Vpx does not 

degrade the HUSH complex (Chougui et al., 2018). This study also identified mutant Vpx 

Q47A V48A as deficient for TASOR binding and degradation. My findings suggest that 

this mutant is unable to degrade TASOR but retains some ability to degrade MPP8, 

although this is reduced compared to WT (Fig. 4.1c). Compared to Vpx WT, mutant Vpx 

Q47A V48A also had a slightly reduced, although statistically significant, ability to 

enhance ISG expression during SIVsm infection (Fig. 4.2b). However the difference 

between WT and Vpx Q47A V48A in terms of ISG enhancement was very small and it 

appears that Vpx antagonism of HUSH modulation of ISGs does not require HUSH 

degradation. It is possible that Vpx may antagonise HUSH function in a manner similar 

to Vpu antagonism of tetherin, whereby binding of the complex can alter localisation, 

trafficking, structure and function without requiring actual degradation of the host protein 

(Arias & Evans, 2014; Kueck & Neil, 2012). DCAF1 does appear to be required for 

antagonism of HUSH by Vpx as DCAF1-binding mutant Vpx Q76R was unable to 

enhance ISG expression (Fig. 4.2d), but again this does not mean that full recruitment 

of the proteasome is required to effect inhibition of HUSH retroelement repression. It 

remains to be investigated whether Vpx-DCAF1-HUSH complex formation also impacts 

HUSH function without HUSH degradation. The precise mechanism of Vpx antagonism 

of HUSH function will require more functional and structural studies. 

 

In my hands, SIVrcm Vpx is packaged into SIVmac VLP virions (Fig.4.1b) and, in a 

different assay, these VLPs bearing SIVrcm Vpx inhibit NFκB activation by LPS in 

primary MDM, suggesting that Vpx is functionally active when delivered in this way (Fig. 

5.15). The second study of Vpx-HUSH interaction found that SIVrcm Vpx does degrade 

HUSH (Yurkovetskiy et al., 2018). SIVrcm Vpx has R47 L48 at the putative TASOR 

binding site. Glutamine (Q) and arginine (R) are not typically considered interchangeable 

in terms of tertiary structure. Clearly structural studies are needed to resolve the 

mechanism of Vpx-mediated HUSH degradation and these conflicting data. To explain 

the discordance in behaviour of SIVrcm Vpx it is important to consider the post-

translational regulation of Vpx activity. Vpx activity may vary in different cell types, during 

different cellular states and by different delivery mechanisms (expression of Vpx 

compared with VLPs bearing Vpx in particular). This has recently been demonstrated for 

optimal degradation of SAMHD1 which requires phosphorylation of Vpx S13 (Miyakawa 

et al., 2019). 

 

My data do not determine whether Vpx primarily targets MPP8 or TASOR, and do not 

clearly demonstrate whether MPP8 or TASOR co-regulate or have discrete functions in 

retroelement repression. Consistent with previous studies, my data demonstrate that 
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depletion of individual HUSH components, by Vpx or by shRNA, impacts protein 

expression of other HUSH components (Figs 4.1c and 4.3a) (Chougui et al., 2018; 

Yurkovetskiy et al., 2018). Depletion of any individual HUSH complex component 

therefore likely impacts the function of the entire complex, i.e. targeted depletion of MPP8 

reduces protein levels of TASOR which means that it is difficult to attribute function to 

loss of MPP8 alone because collateral non-targeted TASOR depletion may also 

contribute to the phenotype. Periphilin degradation by Vpx is slightly reduced compared 

to its effects on MPP8 and TASOR protein levels (Fig. 4.1c). Consistent with the notion 

that Vpx enhancement of ISG expression is less dependent on periphilin degradation, 

periphilin depletion by shRNA had a much-reduced impact on ISG expression compared 

with MPP8 and TASOR depleted cells (Fig. 4.3b). It may be that the apparent effects of 

periphilin depletion on ISG induction are in fact related to subtle loss of MPP8 and 

TASOR proteins, or HUSH complex stability and function. However, the efficiency of 

periphilin knockdown in the shRNA depletion may have been lower than that for MPP8 

and TASOR (Figs 4.3a,b). My later experiments focused on MPP8 owing to the greater 

ISG induction phenotype and its proposed central role in determining HUSH complex 

chromatin interactions (Zhu, Wang, Cingöz, & Goff, 2018). 

 

6.1.1.1.2 HUSH regulation of retroelements and innate immune responses 

We hypothesise that loss of HUSH leads to de-repression of retroelements which in 

certain circumstances leads to generation of retroelement-derived PAMPs, particularly 

dsRNA, which act as substrate for further PRR-mediated innate immune responses and 

enhanced ISG induction. My data support a recent study showing that both MPP8 and 

TASOR mediate retroelement silencing (Liu et al., 2018). This is consistent with another 

recent study suggesting that TASOR depends on MPP8 for binding and silencing of 

unintegrated proviral DNA (Zhu et al., 2018). However, my findings implicate HUSH for 

the first time in the regulation of innate immune responses, as a guardian of 

retroelements and an amplified anti-pathogen IFN response. 

 

The mechanism of HUSH recruitment to retroelement sites, its means of retroelement 

silencing and the regulation of HUSH complex activity remain incompletely described. 

We hypothesise that HUSH selectively silences retroelements that are potentially 

transcriptionally active and capable of producing PAMPs to amplify IFN responses, 

including the newly described SPARCS loci such as MLT1C49, and recruits chromatin 

modifiers to effect silencing through heterochromatin formation (Cañadas et al., 2018). 

ChIP-seq analysis of human myeloid cells suggested that HUSH/MORC2 specifically 

bind and silence transcriptionally active, evolutionarily young L1 loci and KZNFs in 

regions of euchromatin (Liu et al., 2018). My data also suggest that HUSH represses 
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such L1 loci (Figs. 4.6b,c and 4.9b-d). It is unclear how the complex targets these regions 

in a sequence and activation-status specific manner. In somatic mice cells, TASOR and 

TRIM28, a known KZNF regulator, co-regulated a range of young L1 loci (Robbez-

Masson et al., 2018). ZNF638 (also known as NP220) targets MLV DNA in a sequence 

specific manner to recruit MPP8 and subsequently TASOR for initiation of retroviral 

genome silencing (Zhu et al., 2018). It is intriguing to hypothesise that the specificity of 

KZNFs may allow HUSH and other chromatin modifiers to direct silencing of endogenous 

retroelement loci in a dynamic and sequence specific manner. This is consistent with my 

findings that regulatory elements are synchronously upregulated with retroelements 

during WT SIVsm infection (Figs 4.7a-c).  This fundamentally re-examines current 

understanding of retroelement and KZNF interactions. Traditionally KZNF proteins have 

been considered as repressors that are instituted during early development to silence 

retroelements in somatic cells. This orthodox perspective was in part perpetuated by the 

lack of a clear physiological role for retrolements in somatic cells. But our interpretation 

of my data and other studies is that the interaction is one of dynamic regulation rather 

than static repression: we suggest that retrolements and KZNFs are switched on and off 

at appropriate times to generate short bursts of retroelement-mediated innate responses. 

We conjecture that KZNFs may represent an inherent negative regulatory network during 

the amplified IFN response, such that active retroelement loci can be targeted and re-

repressed if upstream innate signalling has ceased and the exogenous threat concluded. 

KZNF specificity for ERVs allows them to target unintegrated retroelement DNA, e.g. 

incoming gammaretroviruses, as previously shown for MLV DNA, preventing its 

retrotransposition (Zhu et al., 2018). Therefore this dual expression of retroelements and 

regulatory elements may permit the hypothetical positive contribution of retroelement-

derived PAMPs to an amplified anti-pathogen IFN response, while preventing or 

minimising retrotransposition of these expressed retroelements, which may have 

negative consequences upon re-integration into the host genome.  

 

The mechanism of HUSH-mediated retroelement silencing is also uncertain. There are 

currently only structural studies of MPP8 in the absence of periphilin and TASOR 

(Chang, Horton, Bedford, Zhang, & Cheng, 2011; Chang, Sun, et al., 2011; Li et al., 

2011; Nishigaki et al., 2013). Within the HUSH complex, MPP8 is thought to possess the 

chromo-domain that enables interaction of HUSH with chromatin but not to DNA directly 

(Kokura, Sun, Bedford, & Fang, 2010; Li et al., 2011; Tchasovnikarova et al., 2015; Zhu 

et al., 2018). Periphilin is best described as a structural protein and may provide a 

platform for the diverse machinery required for chromatin modification (Kazerounian & 

Aho, 2003). The role of TASOR during epigenetic silencing is unclear. The HUSH 

complex is thought to principally mediate epigenetic silencing by recruiting HMT SETDB1 
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which deposits repressive H3K9me marks at HUSH-bound sites (Tchasovnikarova et al., 

2015). HUSH also recruits MORC2 and the ATPase function of this histone-binding 

protein is necessary for HUSH epigenetic silencing in a manner that remodels chromatin 

ultrastructure. Consistent with HUSH regulation of retroelements and associated innate 

immune responses, SETDB1 knockout has been shown to upregulate retroelements and 

IFN responses in studies of human cancer cells (Cuellar et al., 2017; Kato, Takemoto, & 

Shinkai, 2018). Other HMTs, EZH2 and SETD2, which deposit H3K27me3, have also 

been shown to repress MLT1C49, a retroelement that is upregulated in the presence of 

Vpx during DNA sensing (Figs 4.6d, 4.7h, 4.8c) (Cañadas et al., 2018). In proteomic 

studies of Vpx-bearing VLPs in THP-1 cells, Vpx was shown to downregulate SETD2 

amongst many other host proteins (Chougui et al., 2018; Greenwood et al., 2019). It is 

not known whether SETD2 interacts with HUSH or whether Vpx targets multiple 

epigenetic silencing components. 

 

Other epigenetic regulators, including HDACs, have also been shown to be important for 

HUSH-mediated silencing of unintegrated MLV DNA but the role of HDACs has not been 

tested for HUSH-mediated control of endogenous retroelements (Zhu et al., 2018). 

DNMT enzymes are thought to be fundamental for retroelement repression during 

embryo development. But there is no known functional relationship between HUSH and 

DNA methylation. Intriguingly, studies focused on MPP8, prior to discovery of the HUSH 

complex, suggest that MPP8 forms a complex with MTs G9a and GLP (also known as 

EHMT1) and DNMT3a, via MPP8 binding of methylation marks deposited by G9a or GLP 

(Chang, Sun, et al., 2011). DNMT3a is specifically involved in de novo DNA methylation 

rather than maintenance. DNMT3a was also shown to be downregulated in proteomic 

studies of Vpx (Chougui et al., 2018; Greenwood et al., 2019). While DNMT depletion, 

pharmacologically and genetically, has also been shown to upregulate retroelements 

and IFN responses, phenocopying Vpx (Chiappinelli et al., 2015; Roulois et al., 2015). 

We hypothesise that the HUSH complex represents a central regulator of a larger 

network of epigenetic silencing proteins which in turn regulate a diverse array of 

retroelement loci, and by targeting HUSH Vpx can effect changes that extend throughout 

this network. However, it is also possible that Vpx targets a wider range of distinct 

epigenetic modifiers, including SETD2 and DNMT3a, in a manner that is independent of 

its interaction with HUSH. The implications for the virus of Vpx downregulation of 

epigenetic regulators is considered below. 

 

If HUSH regulates retroelements as part of the physiological innate immune response to 

pathogens and potentially malignant molecular processes, then we expect HUSH 

regulation to be dynamic and responsive to fluctuating threats. The regulation of HUSH 
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complex is not understood. However there are data examining MPP8 activity 

independently of HUSH. MPP8 dissociates from chromatin in early mitosis which is 

thought to be mediated by CDK1 phosphorylation at MPP8 Y83 (Nishigaki et al., 2013). 

It seems likely that post-translational modifications of MPP8, and potentially other HUSH 

components, enable HUSH to respond dynamically to cellular states. However, the 

hypothetical loss of HUSH-mediated silencing of retroelements during mitosis seems 

paradoxical, as retroelement upregulation may produce PAMPs leading to IFN response. 

This sort of auto-immune response is presumed not to happen in vivo under physiological 

conditions. The control and interplay between epigenetic regulation and innate immune 

responses are not well understood in any context. The relationship of epigenetics and 

innate immunity to the cell cycle, and the need to protect host DNA during cell division, 

has not been extensively studied. The physiological interplay between these different 

networks has implications for understanding human autoimmunity, cancer and infection. 

In the first instance, characterisation of these pathways in primary cells in cycling and 

non-cycling states will act as a foundation for future studies. All studies, including my 

own, demonstrating retroelement-dependent ISG induction have been conducted in 

primary malignant tissue or in cancer-derived cell lines. It is important to consider 

whether regulation of epigenetic machinery, including HUSH, is specifically altered in 

malignant cells. Reproducing my data in primary immune cells will be central to 

demonstrating the importance of these networks to physiological IFN responses. 

 

6.1.1.1.3 Genomic loci regulated by HUSH 

Retroelements 
My data suggest that HUSH regulate a broader range of retroelements than has been 

previously described. My analysis of retroelement upregulation during HUSH depletion 

was targeted at two sets of specific retroelement-derived gene-products. One primer for 

L1 mRNA (L1 (2102 loci)) was used in a study of TASOR regulation of young L1s; the 

other primers were taken from studies that demonstrated ISG induction downstream of 

retroelement-derived PAMPs in cancer cells (HERV3, MLT1C49, and L1P1_5’ end). It is 

clear that a much wider range of L1 loci are regulated by MPP8 and TASOR in human 

somatic cells (Liu et al., 2018). Accurate and detailed descriptions of retroelement 

expression during DNA sensing and during HUSH depletion will require careful unbiased 

transcriptomic approaches. 

 

DNMT and HMT enzymes (particularly SETDB1) are thought to mitigate developmental 

silencing of all retroelement classes, and upregulation of retroelements from all 

recognised classes has been demonstrated during pharmacological and genetic 

depletion of these enzymes (Chiappinelli et al., 2015; Cuellar et al., 2017; Roulois et al., 



 232 

2015). The full range of chromatin modifying enzymes recruited or modulated by the 

HUSH complex awaits characterisation. It is also likely that cell type and cell status (such 

as, cell cycle stage, malignant potential, qualitative and quantitative variations in 

immune-activation) significantly affect HUSH and other epigenetic regulators. Further 

these same cellular factors affect the transcriptional activation status of individual 

retroelement loci. There are major deficits in our basic understanding of the physiology 

of retroelement expression in primary human somatic cells. 

 

There are also technical limitations of available data regarding retroelement regulation 

by HUSH. Based on published methodology, it is unclear whether the available RNA-

seq data in cells depleted or deleted for individual HUSH components have been 

optimised to encompass the complexities of all retroelement mRNA products (Liu et al., 

2018; Tchasovnikarova et al., 2017a, 2015). It is likely that the preparation of RNA 

samples to ensure preservation of retroelement-derived RNA and careful bioinformatic 

analyses will be required to accurately measure the dynamics of retroelement 

expression. For example, many non-autonomous retroelement mRNA products do not 

have a polyadenylated tail thus polyA+ RNA selection protocols will not capture these 

transcripts, while other RNA-seq approaches may miss other small non-coding RNAs (S. 

Zhao, Zhang, Gamini, Zhang, & von Schack, 2018). Post RNA extraction, enrichment 

and library preparation, highly repetitive non-autonomous retroelement sequences are 

typically discarded from most conventional bioinformatic pipelines as they do not map to 

single gene loci (Treangen & Salzberg, 2012). There remains no standardised 

methodology for sequencing the full diversity of retroelement RNA expression and a 

range of complementary approaches may be required to prepare and analyse RNA from 

a single experiment (Tokuyama et al., 2018). 

 

Non-retroelement genes 
Liu et al (2018) suggested that protein-encoding genes proximal to L1s may also be 

silenced by HUSH recruitment (Liu et al., 2018). I have not tested whether the ISGs 

measured in my studies are proximal to L1 loci and whether local gene expression may 

be enhanced by HUSH depletion, rather than their expression being enhanced by innate 

responses to de-repressed retroelement-derived PAMPs. However, from the limited 

available published ChIP-seq data, it has not been reported that HUSH regulates ISGs 

directly (Liu et al., 2018; Tchasovnikarova et al., 2017b, 2015). Again, such regulation of 

non-retroelement genes is also very likely to be cell type and status specific, which 

warrants future careful analysis. The fact that IFNβ was not found to be induced 

synchronously with ISGs is not necessarily surprising. Downstream of PRR activation, 

levels of IFNβ mRNA rapidly increase and then rapidly decrease potentially within 8 
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hours of PAMP detection, although this may vary depending on the upstream stimulus 

and cell-type (Abe et al., 2012). A time course with earlier time points to demonstrate the 

sequential relationship between IFN production and ISG induction in the assays I have 

used is required (Fig. 4.3e). Transcriptomic approaches will also help interrogate which 

IFN families might be required for retroelement induction and amplified IFN responses. 

 

6.1.1.1.4 Retroelement induction: foot off the brake, step on the accelerator 

My data support other studies that describe a two-step process for induction of 

retroelements in human somatic cells (Cañadas et al., 2018; Kato et al., 2018). 

Expression of retroelements requires both transcriptional de-repression (removal of an 

epigenetic ‘brake’) and transcriptional activation (instigation of a transcription 

‘accelerator’). De-repression in this context appears to depend on antagonism of 

chromatin regulators. In particular, my results demonstrate that loss of HUSH complex 

components, mediated by Vpx degradation or shRNA depletion, increases induction of 

retroelement genes downstream of DNA sensing. The specific nature of transcriptional 

activation required for retroelement induction during DNA sensing is less clear from my 

data. There are limited data describing the transcriptional requirements of retroelements 

in human somatic cells, but analysis of putative retroelement LTRs or enhancer regions 

suggest that, as for exogenous retroviruses, they are expected to be sensitive to a broad 

range of transcription factors involved in innate immune responses. In the absence of 

innate immune activation, HUSH depletion does not induce significant retroelement 

activation (Fig. 4.6e-h). However, in the presence of innate immune activation, either by 

DNA sensing or potentially by activation of multiple pathways during puromycin 

selection, HUSH depletion leads to upregulated retroelement expression and enhanced 

ISG induction (Figs 4.6a-d, 4.8g-j and 4.9a-d). It is unclear from these observations 

whether transcriptional activation of retroelements requires factors involved in the 

primary innate immune response, e.g. IRF3 and NFκB downstream of DNA sensing, or 

those activated by IFN, e.g. STAT signalling, or other transcription factors not explored 

in my experiments or in published studies. The fact that other studies have described the 

requirement of active IFN-JAK-STAT signalling for retroelement expression, and the fact 

that Vpx inhibited NFκB signalling (Figs 5.1-5.16), make it likely that HUSH de-repression 

increases retroelement sensitivity to IFN-JAK-STAT signalling. Thus upstream IFN 

generates amplified downstream IFN responses in a positive feedback loop. The precise 

nature of the IFN proteins required is also poorly defined, but both type I and type II IFN 

signalling pathways have been implicated (Cañadas et al., 2018; Hung et al., 2015). 

Importantly, these inferences also suggest that any PAMP or IFN-inducing agonist, 

including RNA viruses, may induce retroelement expression in certain circumstances, a 

possibility that I intend to test. 
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6.1.1.1.5 The nature of retroelement-derived PAMPs 

Retroelement-derived dsDNA, ssDNA and dsRNA have all been described as PAMPs 

driving ISG expression in human somatic cells (Cañadas et al., 2018; Chiappinelli et al., 

2015; Cuellar et al., 2017; Härtlova et al., 2015; Hung et al., 2015; Kato et al., 2018; 

Roulois et al., 2015; Stetson, Ko, Heidmann, & Medzhitov, 2008).  Double-stranded RNA 

appears to be the most abundant PAMPs across the studies and may be derived from 

any retroelement class, including non-autonomous retroelements such as Alu repeats 

(Hung et al., 2015). However there are no rigorous data examining the discrete 

physiological control of expression or gene product characteristics of different 

retroelement classes. The amount, length, and double-stranded nature of gene products 

generated from anti-sense reading frames and missing poly-A tails are thought to 

contribute to the immunogenicity of retroelement-derived PAMPs. The enhancement of 

ISGs by Vpx in my data is sensitive to MAVS knockout and therefore loss of RNA 

sensing, which strongly suggests that dsRNA represents a significant component of the 

retroelement-derived PAMP (Fig. 3.11c and 4.10a). Tenofovir (TDF) was also used to 

test whether hypothetical suppression of retroelement RT and therefore retroelement 

DNA synthesis were required for enhanced ISG responses. TDF did not consistently 

affect ISG induction in the presence of Vpx during sensing of transfected DNA, 

suggesting that retroelement reverse transcription may not be required to produce 

PAMPs to enhance ISG induction (Fig. 4.10b). However, I did not demonstrate that TDF 

inhibited retroelements specifically, which may not be the case, and a titration of doses 

and testing a variety of RT inhibitor classes might be instructive. The fact that STING 

and IRF3 phosphorylation are enhanced during WT SIVsm compared to SIVsm Δvpx 

suggests that STING signalling may be involved in the Vpx-mediated enhanced ISG 

response. STING may be activated during DNA sensing but also by other pathways 

(Barber, 2015; Härtlova et al., 2015). Upstream DNA sensing of the virus or transfected 

DNA requires intact cGAS/STING in order to activate retroelement transcription so it is 

challenging technically to test by KO or KD or RTI treatment the contribution of 

cGAS/STING to downstream retroelement sensing induced by upstream DNA sensing 

especially during virus infection. 

 

Multiple host enzymes, including TREX1 and SAMHD1, which are impaired in auto-

inflammatory diseases such AGS, are thought to restrict synthesis of pathological 

retroelement gene-products (Crow & Manel, 2015; Stetson et al., 2008). These enzymes 

in turn are regulated by the cell cycle and other cellular factors. In particular, in my THP-

1 assays the cells are cycling and SAMHD1 restriction is switched off which means that 

SAMHD1 restriction of exogenous and, putatively, endogenous retroviruses is not active. 
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It will be important to explore regulation of retroelement expression in non-cycling 

primary cells where SAMHD1 is expected to be active, however we would not expect 

SAMHD1 to restrict expression of retroelement RNA PAMPs, only DNA PAMPs owing 

to RT restriction. It will be important to test whether TREX1 and other exonucleases 

target retroelement-derived RNA in primary human immune cells. The THP-1 cell line is 

thought to have functional TREX-1, which suggests that TREX-1 is not involved in 

regulation of the retroelement-dependent amplified IFN response I have described. 

However, regulation of TREX-1 activity may be different in cancer lines, such as THP-1 

and in other cells used in cancer biology studies demonstrating retroelement-derived IFN 

responses. 

 

There are other epitranscriptomic modifications to host RNA that are also thought to 

reduce detection by the innate immune system. HIV-1 has evolved mechanisms to 

subvert this machinery to ensure its RNA products are labelled as host RNA and do not 

induce IFN (Ringeard, Marchand, Decroly, Motorin, & Bennasser, 2019). It is interesting 

to speculate whether retroelements modulate these epitranscriptomic processes or 

whether host co-option of endogenous retroviruses excised the retroviral ability to 

interact with these processes therefore ensuring their gene products can act as PAMPs. 

This remains to be tested experimentally. 

 

6.1.1.1.6 Reconciling inconsistencies in retroelement and ISG induction in different 

assays 

Vpx synchronously enhanced ISG and retroelement induction during SIVsm infection of 

THP-1 cells (Figs 3.4b,c,e,f; 4.6a-d; 4.8g-j). This was phenocopied by MPP8 depletion 

in THP-1 transfected with HT-DNA (Figs 4.9a-d). This is consistent with the hypothesis 

that Vpx antagonism of HUSH retroelement silencing mediates the phenotype of 

enhanced ISG expression during infection of Vpx-encoding viruses. MPP8 KD also 

enhanced ISG induction during SIVsm Δvpx infection, phenocopying Vpx (Fig. 4.8b). 

However only one of the retroelements measured at this time point, MLT1C49, was 

enhanced my MPP8 KD (Figs 4.8c-e). Only a single dose of SIVsm Δvpx was used in 

this experiment which makes firm conclusions challenging, and it may be that titration of 

higher doses of SIVsm Δvpx in MPP8 KD cells will trigger retroelements in a similar 

manner to HT-DNA transfection. Timing of sample collection is also a significant 

consideration. Necessarily the timing of retroelement upregulation in cells infected with 

WT SIVsm, where viral Vpx dually antagonises HUSH antagonism and activates DNA 

sensing, may be different in cells already depleted of HUSH (i.e. MPP8 KD) and 

subsequently infected with SIVsm Δvpx. There are also inevitable differences between 

virus-delivered DNA genome and transfected herring testes DNA in terms of nature of 
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DNA, timing of innate immune responses, and location of generated PAMPs. 

Transfected DNA likely triggers innate PRRs within seconds of exposure to the cell 

whether in endosomes or cytoplasm. Conversely, viral DNA must be synthesised during 

virus infection and likely reaches the nucleus at least in part protected by the capsid core. 

This may have consequences for the timing of sampling for measurements of both ISGs 

and retroelement expression. Proper investigation will likely require further experimental 

optimisation. Further it has been suggested by one group that HIV-2 DNA is sensed by 

cGAS in the nucleus (Gentili et al., 2019; Lahaye et al., 2018), whereas transfected DNA 

is expected to be sensed in the cytoplasm (Sun, Wu, Du, Chen, & Chen, 2013). The 

implications of cGAS activation in different cellular locations by different PAMPs is not 

fully understood and may affect the nature of downstream innate signalling which may 

vary retroelement expression. A time course of measurements of ISGs and retroelement 

expression for these assays will help qualify my preliminary results. 

 

It is important to note that the primer used to measure MLT1C49 mRNA will also measure 

TRIM22 mRNA expression, a recognised ISG, as MLT1C49 is in the 5’ UTR of TRIM22. 

Importantly, the antisense orientation of MLT1C49, a so-called SPARCS retroelement 

locus, means that it also creates a dsRNA PAMP driving further innate sensing and IFN 

production, as well as being intrinsically part of an ISG gene product (Cañadas et al., 

2018). As induction of other ISGs and MLT1C49 were enhanced synchronously in the 

presence of Vpx or by MPP8 KD, compared to control cells, this is consistent with an 

amplified IFN response driven by MLT1C49-derived gene products. It may be that 

MLT1C49 induction and expression of MLT1C49-derived gene products are 

physiological components of any DNA sensing response if sufficient IFN is produced 

upstream of MLT1C49 induction. The reported high sensitivity of MLT1C49 to IFN means 

that it may be more readily induced than other retroelements, such as HERV3. HERV3 

and other retroelements, which are not SPARCS or sited within orthodox ISGs, may also 

require more complete de-repression, i.e. higher doses of Vpx or more complete HUSH 

KD to interrupt silencing.  

 

Comparisons seem possible in my experiments between Vpx carried by the virus itself 

and Vpx delivered by SIVmac VLPs in trans to the viral genome or transfected HT-DNA, 

but it is important to consider fundamental differences. HIV-2 CA has been proposed to 

enhance sensing of HIV-2 DNA by recruiting cGAS/STING in myeloid cells (Lahaye et 

al., 2018). Our simpler explanation is that HIV-2 CA fails to properly protect HIV-2 DNA 

in myeloid cells. The HIV-2, Vpx bearing CA, may be permeable because it has evolved 

to let Vpx leave the CA in order to degrade SAMHD1 prior to DNA synthesis. It is possible 

that DNA sensing of viral DNA associated with its cognate CA is fundamentally different 
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from sensing of transfected DNA not associated with CA or Vpx directly. As such, 

although the interaction of Vpx with HUSH and epigenetic regulators may be comparable 

in these conditions, the activation of innate signalling pathways may differ both 

quantitively and qualitatively. This is difficult to control for experimentally, except for 

ensuring appropriate titration of all assay components, which will require further work. 

There are also no detailed structure-function studies comparing SIVsm and SIVmac CA 

but there may be difference in this important protein between these two viruses, and also 

in CA structure or function in the absence of viral genome within the viral particle. Future 

studies will use the same SIVsm construct whether in virus or VLP form. 

 

6.1.2 Vpx antagonises NFκB activation in the absence of canonical DNA sensing 

I attempted to recapitulate my findings in THP-1 cells in HEK293T cells in order to 

develop a more tractable cell line based assay to interrogate the role of Vpx in modulating 

retroelement expression and ISG expression. HEK293T cells, like certain other cancer-

derived cell lines, do not have active cGAS/STING DNA sensing pathways (Lau, Gray, 

Brunette, & Stetson, 2015). Transient over-expression of cGAS and STING in these cells 

is thought to reconstitute a DNA sensing event characterised by NFκB and IRF3 

transcription factor pathway activation and induction of IFNβ (Figs 5.1a,b). Unexpectedly 

Vpx was shown to inhibit activation of an NFκB-sensitive reporter and enhance activation 

of an ISG IFIT1-driven reporter during reconstitution of cGAS/STING in HEK293T cells 

(Figs. 5.1c and 5.2a-d). In primary MDM NFκB-dependent gene activation by LPS was 

also shown to be inhibited by VLP-delivered Vpx in the absence of viral genome (Fig. 

5.15). Enhanced IFIT1 activation by Vpx in cells over-expressing cGAS and STING is 

consistent with the observations from Chapters 1 and 2. Although not tested 

experimentally in these cells, we would expect Vpx, in the presence of a reconstituted 

cGAS/STING DNA sensing event, to antagonise HUSH leading to generation of 

retroelement-derived PAMPs to drive amplified ISG responses. The fact that Vpx can 

synchronously antagonise NFκB suggests that NFκB signalling is not required for 

transcriptional activation of the retroelements upregulated in Chapters 1 and 2. 

Preservation of IRF3 and other signalling pathways by Vpx would still allow IFN 

production during DNA sensing to drive transcription of de-repressed retroelements 

through IFN-JAK-STAT signalling as has been shown to be required for retroelement 

induction in other studies. Intriguingly, my findings accord with previous studies of Vpx 

in primary myeloid cells where VLP-delivered Vpx was shown cells to rescue HIV-1 from 

an ‘anti-viral state’ induced by LPS but was unable to rescue HIV-2, a Vpx-encoding 

virus, from the same LPS treatment. These studies pre-dated full understanding that 

HIV-2 triggers DNA sensing and IFN responses in myeloid cells, whereas HIV-1 does 

not (Lahaye et al., 2018). Together these data, together with my own, suggest that for 
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viruses that trigger DNA sensing and IFN production, Vpx has deleterious consequences 

for the virus in myeloid cells or any cells that are competent for DNA sensing. The ability 

of Vpx to antagonise NFκB is insufficient, or perhaps not relevant, to antagonise viral 

DNA sensing. The implication of these observations for the virus are considered below. 

 

Vpx bound NFκB subunit p65 (Figs 5.8a,b) and prevented its translocation into the 

nucleus (Figs 5.9a,b). The fact that Vpx also appears to bind NFκB subunit p100 and 

NEMO (NFκB essential modulator, which is part of the NFκB activating IκB complex) 

may suggest that Vpx targets a larger NFκB signalling complex in the cytoplasm rather 

than achieving direct interactions with individual subunits (Fig 5.8b). These findings are 

consistent with a recent study which showed Vpx interaction with p65 using mass 

spectrometry based analyses (Landsberg et al., 2018). Unlike the antagonism of HUSH 

and SAMHD1, Vpx inhibition of NFκB activation does not depend on DCAF1. This is 

further supported by my observation that NFκB antagonism is conserved across Vpx-

encoding lentiviral species, including those that are unable to degrade human HUSH and 

SAMHD1 (Fig. 5.11). NFκB signalling is highly conserved in eukaryotes therefore it is 

not surprising that if it is important to Vpx-encoding viruses to antagonise NFκB, then 

this lineage would use a common mechanism. This is unlike the dynamic co-evolution 

that exists for many other specific lentivirus-host interactions where adaptations by the 

virus are recurrently countered by host evolution in a continuous arms race (Towers & 

Noursadeghi, 2014). It is surprising that extensive mutagenesis did not ‘break’ Vpx 

antagonism of NFκB signalling (Figs 5.12-14). The fact that Vpx antagonism of NFκB 

activation was preserved despite deletion of the Vpx proline tail, which is purported to 

act as a nuclear localisation signal for Vpx, is consistent with the suggestion that Vpx 

interacts with p65 prior to nuclear translocation (Fig. 5.10). Large deletions of Vpx 

sequence are challenging given the small size of the protein and attempts to create Vpx 

mutants missing alpha helices, despite FLAG labelling, were not detectable on 

immunoblot (data not shown). It is also important to consider whether an over-expression 

assay is the best for testing Vpx mutants for antagonism of NFκB activation. In vivo it is 

likely that much smaller amounts of Vpx are present during infection compared to over-

expression, with potential effects of over-expression on localisation and multimerisation. 

Thus testing some of the mutants that are least effective as NFκB antagonists in an 

infection assay might be more sensitive for recognising deficiencies in the mutants. 

 

Despite NFκB antagonism likely not offering an evasion strategy against DNA sensing 

in myeloid cells, NFκB antagonism by Vpx may still have positive anti-immune 

implications for lentiviruses in other contexts. The translocation from mucosa of LPS and 

host secretion of pro-inflammatory cytokines are increased during HIV-1 infection in vivo. 
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The ability to antagonise these anti-pathogen pathways and stimulation of cellular 

immune responses may benefit the virus, such as during transmission across mucosal 

surfaces (Foster et al., 2016; Stacey et al., 2009). Vpx may also benefit the virus by 

antagonising TLR7 and 8 signalling: both receptors have been shown to be activated by 

HIV-1 RNA and signal through NFκB-dependent pathways (Heil et al., 2004). In cells 

with reduced DNA sensing activity compared to myeloid cells, NFκB antagonism may 

have a more important anti-innate immune role. It remains to be tested whether Vpx-

encoding viruses trigger IFN responses in non-myeloid primary cells and whether Vpx 

modulates ISG induction in those cells. In particular, T cells are the principal niche of 

Vpx-encoding lentiviruses in vivo, and T cells are thought to have absent or reduced IFN 

responses downstream of DNA sensing, which is consistent with the lack of SIVsm virus 

sensing in the Jurkat T cell line in my data (Figs 3.12b,c). 

 

NFκB signalling is also thought to be required for transcription of integrated human 

lentiviruses. Thus NFκB antagonism, especially by Vpx which is delivered with the 

incoming virus particle, might be expected to have a negative effect on lentiviral 

replication. In fact, available studies support the opposite phenomenon: Vpx degradation 

of HUSH enhances proviral transcription in Jurkat cells with integrated HIV-1 and in 

spreading infection of other cell lines infected with SIVmac (Yurkovetskiy et al., 2018). It 

may be that Vpx-encoding lentiviruses degrade HUSH to enhance their own transcription 

to compensate for a negative effect on transcription of NFκB antagonism. Alternatively 

NFκB antagonism by Vpx may have implications for transcriptional activation of both 

endogenous and exogenous retroelements during virus infection. We hypothesise that 

IFN-JAK-STAT signalling is the dominant pathway responsible for upregulating 

endogenous retroelements to amplify IFN responses. However it is possible that if Vpx 

left NFκB signalling intact during virus infection there would be an even more 

catastrophic retroelement induction and anti-viral response. The nature of these innate 

immune pathways has not been rigorously studied in non-human primate cells where 

endogenous and exogenous retroelement transcription may require different activation 

factors compared to human cells. All of these hypotheses await testing in infection 

assays, however without a clean Vpx mutant deficient for NFκB antagonism this may be 

challenging. Vpx deletion is an alternative genetic approach to Vpx mutation. But 

spreading infection of viruses deleted for Vpx are challenging in primary cells owing to 

SAMHD1 restriction, particularly in primary MDM and primary resting T cells, the main 

target cells of HIV-1 in vivo. 

 

It is striking that while HIV-1 does not encode a SAMHD1 or HUSH antagonist, perhaps 

owing to the deleterious consequences of antagonising these proteins, it does encode 



 240 

an NFκB antagonist that is missing from Vpx-encoding viruses: Vpu. Intriguingly, Vpu 

motifs that are thought to facilitate interactions with NFκB signalling are present in Vpx, 

but mutation of these residues did not significantly impact Vpx antagonism of NFκB (Figs 

5.12 and 5.13). Unlike Vpx, Vpu is not packaged with the incoming virus and its 

expression depends on successful viral integration. Vpu antagonism of NFκB is thought 

to inhibit IFN induction in CD4+ T cells and in T-cell cell lines in a manner that enhances 

viral replication (Galão, Pickering, Curnock, & Neil, 2014; Langer et al., 2019). Like Vpx, 

Vpu does not antagonise IRF3-dependent signalling or other pathways central to innate 

immune responses. Therefore it may be that like Vpu, Vpx antagonism of NFκB is most 

relevant for infection of T cells. For SIVsm and SIVmac, Nef antagonises restriction factor 

tetherin, which is accomplished by Vpu for HIV-1 (Schmökel et al., 2011). Nef also 

downmodulates the TCR for these lentiviruses which is a receptor complex that activates 

NFκB signalling; thus Nef acts as an indirect NFκB antagonist (Schindler et al., 2006). 

However SIVsm and SIVmac Nef do not directly target NFκB pathway members like Vpu. 

Together these data may suggest that Vpu replaced some aspects of Nef and Vpx 

function in the HIV-1 lentiviral lineage. 
 

6.1.3 Biological context of Vpx modulation of innate immune responses during 
SIVsm and HIV-2 infection 

In single-round infection of human myeloid cells I have shown that SIVsm induces 

potentially deleterious anti-viral ISG responses that are enhanced by Vpx. In single-

round lentiviral infection it is expected that effects on viral replication of ISG expression 

induced by incoming virus will not be seen, as the virus has typically integrated into the 

genome before ISG-encoded anti-viral proteins are effective. Therefore assessing the 

impact of Vpx-mediated enhancement of ISG expression for replication of Vpx-encoding 

viruses is difficult to infer from single-round infection experiments alone. Besides single-

round infection studies, there are very limited data for infection of cognate myeloid cells 

by Vpx-encoding lentiviruses. Most studies agree that in vivo and during in vitro 

spreading infection, Vpx-encoding lentiviruses are able to enter myeloid cells but do not 

sustain replication (Chauveau et al., 2015; Duvall et al., 2006; Marchant, Neil, & 

McKnight, 2006; Mir et al., 2015; Samri et al., 2019; Silvestri et al., 2003). The underlying 

immunobiology of these observations is not well defined. Single-round infection assays 

provide us with an opportunity to understand whether innate immune responses to 

incoming virus may partly explain the inability of Vpx-encoding viruses to sustain 

replication in myeloid cells. We hypothesise that Vpx-encoding viruses do not 

significantly replicate in myeloid cells in vivo owing to their activation of DNA sensing and 

induction of the amplified anti-viral IFN response driven by Vpx. Further, we speculate 

that induction of innate immune responses in the myeloid compartment may contribute 
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to lower levels of viraemia for HIV-2 in vivo leading to lower rates of transmission and 

non-pandemicity. 

 

Therefore it may seem paradoxical that Vpx-encoding viruses do not replicate in myeloid 

cells despite encoding a protein highly effective at antagonising the restriction factor 

SAMHD1 and the repressor HUSH complex which were discovered in myeloid cells. We 

hypothesise that SAMHD1 and HUSH antagonism are particularly beneficial to the 

replication of Vpx-encoding viruses in resting CD4+ T cells, which are the dominant 

replicative niche of Vpx-encoding viruses in vivo (Samri et al., 2019; Silvestri et al., 2003). 

Although controversy remains, it is generally thought that T cells have less active, and 

potentially inactive, cGAS/STING DNA sensing pathways that do not produce IFN during 

lentiviral infection (Berg et al., 2014; Yan, Regalado-Magdos, Stiggelbout, Lee-Kirsch, & 

Lieberman, 2010). In settings where IFN is produced during lentiviral infection of T cells 

it has been shown to depend on viral integration, and therefore likely not DNA sensing, 

or in MDM-T cell co-culture (Galão, Le Tortorec, Pickering, Kueck, & Neil, 2012; 

Vermeire et al., 2016; Xu et al., 2016). Thus Vpx antagonism of SAMHD1 in T cells may 

enhance viral DNA synthesis without the negative complications of augmenting a 

potential PAMP for cGAS/STING. Further the Vpx antagonism of HUSH in T cells may 

enhance transcription of exogenous retroelements without significant upregulation of 

endogenous retroelements and therefore no induction of enhanced ISG responses. As 

discussed above, Vpx antagonism of NFκB activation may mitigate TLR-mediated anti-

viral responses specifically in T cells. The implications of NFκB antagonism for 

endogenous retroelement expression in T cells also requires investigation. 

 

A significant frustration in the study of Vpx is the inability to study the protein in the non-

human primate cells that shaped its evolution. Macaques are common experimental 

animals but they are not natural hosts for SIV. Whereas most of the non-human primate 

natural hosts of Vpx-encoding SIVs, in particular SMs, are protected animals and their 

study is restricted to a very small number of highly regulated institutions. SIVsm infection 

is thought to induce high viraemia in SMs despite low pathogenicity. This is unlike HIV-

2 infection where infected humans experience low viraemia and potentially high 

pathogenicity late in the natural history of the disease. Without clear understanding of 

SM immunology it is difficult to put my findings in the context of these long-held 

observations. It would be fascinating to recapitulate the same assays using SM primary 

cells. Such experiments may also inform understanding of the evolution of the 

retroelement-IFN network that we suggest is a fundamental aspect of human anti-viral 

defences. 
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6.2 Future work 

6.2.1 Vpx enhances ISG expression downstream of DNA sensing 

6.2.1.1 Retroelement transcriptome  

I plan to undertake RNA-seq analysis of monocytic THP-1 cells infected with WT SIVsm 

and SIVsm Δvpx to enable unbiased analysis of retrolements and regulatory elements 

induced in a Vpx-dependent manner. This will require careful preparation of the RNA 

samples to ensure preservation of retrolement RNA, and close collaboration with 

bioinformaticians experienced in retroelement transcriptomics. We expect these 

analyses to provide a gene signature of retroelements and regulatory elements that may 

be characteristic of the retroelement-IFN network that can be applied to other 

experimental settings.  

 

6.2.1.2 Nature of retroelement-derived PAMP 

A range of techniques are available for demonstrating the presence of the putative 

dsRNA PAMP in cells. I will use an anti-dsRNA antibody and microscopy to identify 

increased dsRNA in THP-1 cells infected with WT SIVsm compared to SIVsm Δvpx 

infected cells. RNase A treatment of extracted RNA samples is expected to degrade 

ssRNA leaving predominantly dsRNA products. I would therefore treat RNA samples 

from the above experiment in this manner and use the primers against retroelements I 

have already identified as upregulated to demonstrate that these retroelements generate 

dsRNA products and therefore potential PAMPs. I will also use RNA immunoprecipitation 

(RIP) of RNase treated samples using antibodies against dsRNA coupled to PCR (RIP-

seq) to identify specific retroelement RNAs. TAG-aided sense/antisense transcript 

detection PCR can be used to demonstrate the anti-sense nature of the retroelement-

derived products, as has previously been demonstrated for MLT1C49 (Cañadas et al., 

2018). Individual nucleotide cross-linking and immunoprecipitation (iCLIP) is a further 

technique used to identify protein-RNA interactions.  

 

6.2.1.3 Epigenetic and transcriptional regulation of retroelement expression 

I will repeat targeted ISG and retroelement qPCR in THP-1 cells knocked out for MPP8 

or TASOR, and in cells knocked out for all HUSH components. If KO proves to be lethal 

to the cells then I will use a KD strategy in the absence of antibiotic selection. I will use 

a long titration of transfected HT-DNA to test whether ISG and retroelement induction is 

DNA dose dependent. I will also consider assessing the role of SETD2 in repressing 

retroelements since this is an HMT downregulated in proteomic studies of THP-1 cells 

infected with Vpx-bearing VLPs (Chougui et al., 2018). If SETD2 degradation by Vpx 

also contributes to Vpx enhancement of ISG induction, I expect that HT-DNA transfection 
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of SETD2 KD THP-1 cells will phenocopy WT SIVsm infection. If this is the case I will 

use IP approaches to investigate whether SETD2 interacts with the HUSH complex 

independently or during targeting by Vpx. This will further elucidate the role of Vpx in 

antagonising epigenetic silencing and also enhance understanding of the co-operative 

behaviour of chromatin modifier proteins.   

 

To test whether Vpx, by antagonising HUSH, reduces histone methylation at the sites of 

retroelements during SIVsm infection, I would perform H3K9me3 ChIP-seq in WT SIVsm 

and SIVsm Δvpx infected THP-1 cells, and in THP-1 cells depleted for HUSH. I would 

expect WT SIVsm to phenocopy HUSH KD cells for reduced H3K9me3 marks at sites of 

retroelement repression. I could also use methylated DNA IP (Me-DIP) to compare the 

effects of Vpx and HUSH depletion on DNA methylation. I could also use ATAC-seq to 

compare WT SIVsm and SIVsm Δvpx infected THP-1 cells which might better 

characterise the effects of Vpx on the chromatin accessibility landscape. I could also use 

an SIVsm virus with the Q47A V48A mutation to interrogate whether this mutation affects 

epigenetic regulation even if it does not achieve HUSH degradation.  

 

To test whether IFN-JAK-STAT signalling is required for induction of retroelement-

derived enhanced IFN responses during SIVsm infection, I will use ELISA assays for 

IFN-I and II to measure secreted IFN and RNA-seq during WT SIVsm and SIVsm Δvpx 

infection of THP-1 cells in the presence and absence of ruxolitinib (a JAK1 and 2 

inhibitor). In the absence of JAK inhibition I expect that WT SIVsm infection will generate 

higher levels of IFN than SIVsm Δvpx infection and as demonstrated previously this will 

be associated with greater induction of ISGs and retroelements. In the presence of JAK 

inhibition, if JAK signalling is required for retroelement induction, I expect that WT SIVsm 

and SIVsm Δvpx viruses will generate the same amount of IFN and the profile of 

retroelement and ISG gene expression will be the same. I will repeat this experiment 

with STAT1, STAT2 and IRF9 KO THP-1 cells in lieu of chemical JAK inhibition. STAT1, 

STAT2 and IRF9 are required for type I and II IFN signalling. I will also repeat these 

experiments in HUSH KD cells in lieu of Vpx-encoding virus infection. If it is 

demonstrated that IFN-JAK-STAT signalling is required for retroelement induction 

downstream of DNA sensing, I will test whether other upstream PAMPs are able to drive 

retroelement induction and enhanced ISG expression. I will use a range of IFN-inducing 

exogenous agonists taken from bacterial and viral species, including LPS and 

transfected RNA, in THP-1 cells infected with Vpx-bearing VLPs or transduced with 

shRNA against HUSH. I expect that these upstream agonists will also upregulate the 

retroelements I have already identified. If this is the case then I would use RNA-seq to 

investigate whether different upstream PAMPs, in particular virus compared to bacterial 
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PAMPs, induce different retroelement and regulatory element expression profiles. In the 

long-term this could have great utility as a diagnostic technique for diagnosing bacterial 

versus viral infections which would have major implications for the use of anti-microbials 

globally and is a high priority for the WHO. I will also use exogenous type I and II IFNs 

in HUSH depleted cells to test whether IFN alone is sufficient to upregulate de-repressed 

retroelements. 

 

6.2.2 Primary cell experiments 

It will be important to investigate the role of HUSH-mediated repression of the putative 

retroelement-IFN network in human primary somatic cells, in particular fibroblasts, 

monocytes, MDM and CD4+ T cells. I will use lentiviral vectors encoding GFP to 

transduce primary cells with shRNA targeting HUSH complex components. Rather than 

use cell populations, single-cell RNA-seq of cells expressing GFP may be more sensitive 

for analysis of ISG, retroelement and regulatory element expression in HUSH depleted 

cells treated with exogenous IFN or other exogenous stimuli expected to induce gene 

retroelement expression. I could also undertake single cell RNA-seq analysis of WT 

SIVsm and SIVsm Δvpx, selecting for cells expressing GFP. This might overcome issues 

relating to Vpx enhancing levels of infection in  cells with active SAMHD1 such as primary 

MDM. It will also be instructive to test WT HIV-2 and HIV-2 Q47A V48A spreading 

infection of primary MDMs and T cells, or HIV-1 spreading infection in primary cells 

depleted of HUSH components. This may elucidate whether the putative amplified 

retroelement-IFN response is significantly anti-viral in terms of replication. 

 

In the long-term, it will also be interesting to interrogate RNA samples taken from human 

studies of pathological conditions characterised by type I IFN production. For example, 

collaboration with a sepsis study might make PBMCs available for careful RNA 

extraction, preparation and transcriptomic analysis. We would hypothesise that the 

retroelement gene signature would differ between sepsis patients and healthy controls. 

If this proves to be the case then further analysis for RNA and DNA PAMPs might lead 

to a trial of RTIs as an adjunctive treatment for sepsis aimed at suppressing any amplified 

retroelement-IFN response by inhibiting synthesis of retroelement DNA PAMPs. 

 

6.2.3 Molecular mechanisms of Vpx antagonism of NFκB 

I will use alanine scanning to generate systematically a mutagenesis map of Vpx for 

NFκB antagonism in HEK293T cells activated by transfected p65. I will extend the VLP-

delivered Vpx experiments to test for NFκB inhibition by Vpx in T cells downstream of a 

range of NFκB agonists, including TLR, TNFα and IL-1. The most promising mutants will 



 245 

be put in full-length HIV-2 virus and tested in spreading infection of primary CD4+ T cells 

and MDM to better characterise the role of NFκB antagonism during replication. It would 

also be interesting to interrogate the role of Vpx and a Vpx mutant deficient for NFκB 

antagonism in spreading infection between T cells and between MDM and T cells. Vpx-

encoding viruses have not been investigated in this context, and by extension neither 

has any role for Vpx in supporting cell-to-cell spread. 

 

I will also further interrogate the molecular mechanisms of NFκB inhibition by Vpx. I will 

optimize the nuclear translocation using antibodies against other NFκB subunits to assay 

whether Vpx inhibits translocation of other NFκB pathway members. Post-translational 

modifications (PTMs) of NFκB proteins are known to potentiate function (Huang et al., 

2010). I will test a range of constitutively active p65 proteins with a variety of PTMs by 

overexpression in HEK293T cells to test whether these are sensitive to Vpx inhibition. If 

any PTM-p65 proteins are insensitive to Vpx this may suggest that Vpx inhibits specific 

NFκB PTM pathways contributing to prevention of p65 translocation. I will repeat IP 

experiments with transiently expressed Vpx in HEK293T cells in the presence or 

absence of different NFκB agonists to see if interaction of p65, and other NFκB subunits, 

with Vpx is altered by NFκB pathway activation. With collaborators we will seek crystal 

structures of Vpx in complex with p65. Necessarily this would enhance design of Vpx 

mutants to better understand the biology of this novel phenotype particularly when 

introduced into full-length virus in primary cells.   
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