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Abstract

The role of the HIV-1 accessory protein Vpr has been obscure. Recent studies suggested
that HIV-1 is sensitive to type-l Interferon stimulated by activation of cytoplasmic DNA
sensor cGAS. Given that Vpr is packaged into HIV-1 particles and present during early
stages of the viral lifecycle when its DNA is prone to detection by cGAS, it was
hypothesised that Vpr may antagonise cGAS activation of innate immune responses.
Consistent with this hypothesis, HIV-1 replication was Vpr dependent in macrophages
activated with cGAMP, a product of activated cGAS. High dose infection of THP-1 cells by
HIV-1 triggered a Vpr sensitive ISG response, which depended on cGAS but not MAVS.
Vpr expression inhibited interferon stimulated genes (ISGs) mRNA and protein expression
stimulated by cGAMP. Vpr mutants revealed that this activity required interaction with the
DCAF1 E3 ubiquitin ligase complex and importin-a but is independent of Vpr cell cycle
arrest function. DCAF1 requirement was further confirmed by DCAF1 depletion.
Surprisingly, Vpr expression also inhibited LPS or Sendai virus activated ISG expression
suggesting that Vpr targets a conserved step downstream of several innate immune
sensors. Indeed, Vpr potently inhibited nuclear translocation of IRF3 without affecting IRF3
phosphorylation at serine386 which is necessary and sufficient for IRF3 activation. In
addition to IRF3, Vpr also inhibited NF-kB nuclear translocation downstream of DNA
sensing. Immunofluorescence analysis of Vpr correlated antagonism of immune signalling
with localisation of Vpr to the nuclear envelope, suggesting that Vpr may target nuclear

translocation of IRF3 and NF-kB at the nuclear pore.

In parallel, investigation of Vpr in HEK293T cells revealed that Vpr inhibits mRNA
expression from various promoters except the ubiquitin or EF1a promoter which lack NF-
KB binding sites. This function correlated with Vpr localisation to the nuclear envelope and
was independent of the cell cycle arrest function of Vpr. Interestingly, Vpr did not inhibit
HIV-1 gene expression or infectivity. Moreover, nucleofection or integration of a reporter
overcame the Vpr-mediated block to expression, suggesting that Vpr may inhibit nuclear

import of co-transfected plasmids.

In conclusion, | propose that during infection Vpr acts to suppress cGAS activation induced
by inappropriately exposed HIV-1 DNA in infected cells and Vpr mediated block to
expression from the co-transfected plasmids is a consequence of Vpr inhibition of IRF3

and NF-kB nuclear import.



Impact statement

All pathogens are subject to inhibition by the cell autonomous innate immune system. My
research suggests a role for the last HIV-1 orphan gene, Vpr, against the innate immune
system. It suggests that Vpr, a virion associated protein, may target importin-a to inhibit
translocation of activated transcription factors, IRF3 and NF-kB, into the nucleus, which
results in inhibition of ISG and proinflammatory gene expression. Molecular
characterisation of this Vpr function has wide implications for disease biology extending

beyond infection to inflammation, cancer and gene therapy.

A detailed knowledge of IRF3 and NF-kB nuclear translocation and its regulation by
phosphorylation is lacking. Molecular characterisation of how Vpr targets and modulates
activity of the importin-a will broaden our understanding of IRF3 and NF-kB nuclear
translocation. Identification of the importin-a targeted by Vpr and characterisation of their
interactions may allow development of compounds that can be used therapeutically to
prevent inhibition of innate immunity by Vpr during HIV-1 infection. Similarly, therapeutic
compounds can also be designed to disrupt Vpr localisation to the nuclear envelope, which
was found to be essential for its activity against the innate immune system. Given the
differential effects of Vpr on IRF3 phosphorylation, Vpr can also be used to discern the
role played by IRF3 phosphorylation sites in nuclear translocation of IRF3. Furthermore,
the activity of Vpr against expression from transfected plasmids and not from lentiviral

vector transduction can be used to further our understanding of non-viral gene therapy.
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1 Chapter 1: Introduction

1.1 Human Immunodeficiency virus 1

HIV is the causative agent of the acquired immune deficiency syndrome (AIDS) (1,2). It
belongs to the genus Lentivirus of the family Retroviridae (3). Lentiviruses are
characterised by their ability to infect dividing as well as non-dividing cells (4). HIV primarily
infects CD4+ T lymphocytes and macrophages by binding CD4 and engaging a co-
receptor, CXCR4 or CCR5 (5-7). Different HIV strains have different preference for the
co-receptor usage. CCRS5 tropic viruses dominate early stages of infection whereas late

stages of infection are characterised by CXCRA4 tropic viruses (8).

In 2017, approximately 36.9 million people were living with HIV and 1.8 million new cases
of HIV were reported globally (9). So far 35 million people have died due to HIV with 940
000 deaths reported in 2017 (9). Natural history of HIV infection involves infection of target
cells in the mucosal tissues which spreads to the lymphoid tissues (10). Virus replication
peaks at about day 30. After peak viremia, HIV replication drops due to adaptive immune
responses and stays relatively stable for several years (11). During this period CD4+ T-
cells are progressively lost and the resultant immunodeficiency manifests into
characteristic infectious or oncological complications which define AIDS (12). AIDS can
develop in 2-15 years depending on the individual. There is no cure however effective

antiretroviral drugs can suppress the virus and prevent transmission.

1.1.1 HIV-1 classification and origin

HIV belongs to the genus Lentivirus of the family Retroviridae (3). There are two main
types of HIV, HIV-1 and HIV-2. HIV-1 is the cause of most infections worldwide whereas
HIV-2 is less transmitted and is less pathogenic. Several independent zoonotic
transmissions of Simian immunodeficiency virus (SIV) gave rise to HIV. HIV-1 is closely
related to SlVs isolated from African apes whereas HIV-2 is thought to be originated from
SIV that infects sooty mangabeys (13). HIV-1 is further classified into four groups, M, N,
0O, and P, each originated from a zoonotic transmission event (14—16). HIV-1 group M is
the cause of the pandemic whereas groups O, N, and P are restricted to West Central
Africa. Chimpanzees in southern Cameroon are thought to be the source of viruses that
gave rise to group M and N whereas group O and P are thought to have originated from
gorillas. So far two cases of group P and fifteen cases of group N have been identified
(14,17). The mechanism of cross species transmission event is unclear but likely involved
contact with animal blood during butchering and hunting. Overtime, genetic diversification
in the env and gag gene of HIV-1 group M has given rise to nine subtypes A, B, C, D, F,
G, H, J, and K. The diversity of subtypes varies geographically with greatest subtype
18



diversity seen in the Sub-Saharan Africa. North America is dominated by subype B
however infections with non B subtypes and recombinant strains are on the rise in Europe
(18,19).

1.1.2 HIV-1 genome organisation

The HIV-1 genome is 9.4kb long +ssRNA. It contains 9 open reading frames (ORFs) that
encode for 15 protiens. Viral gene transcription is driven by long terminal repeats (LTR)
which are present on each end of the genome and contain binding sites for several cellular
transcription factors such as NF-kB (20). The Gag gene encodes for a myristoylated
polyprotein, p55, which is processed into matrix (MA, p17), capsid (CA, p24), nucleocapsid
(NC, p7), p6 and the spacer peptide 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 precursor due to ribosome frameshifting and is processed by
the viral protease (21). Env encodes the polyprotein gp160 which is cleaved by the cellular
protease, furin, into gp120 and gp41 (22). Regulatory proteins are encoded by the rev and

tat genes whereas the accessory proteins are encoded by the vif, vpr, vpu and nef genes.

1.1.3 HIV-1 virion structure

The mature HIV particle is spherical about 145nm in size (23). Envelope, the outermost
component, is a host cell derived lipid bilayer decorated with 10-20 spikes composed of
trimers of viral surface glycoproteins, gp120, and transmembrane glycoproteins, gp41
(24). The inside of the envelope is lined with the matrix protein (MA). Underneath the
matrix, the capsid shell contains two identical molecules of 9.4kB +ssRNA bound to the
viral enzymes, integrase and reverse transcriptase. Viral accessory gene, Vpr, is also

packaged into virions (25).

1.2 Life cycle

1.2.1 Fusion

HIV-1 entry into cells is a multistep process that involves virus attachment, receptor and
coreceptor binding, conformational changes in the viral envelope glycoprotein (Env) and
eventual fusion of the viral and cellular lipid membranes that results in delivery of the viral

capsid into cell cytoplasm (Fig. a1.1).
1.1.1.1 Envelope glycoprotein

Env is the key viral protein that orchestrates HIV-1 entry into target cells. It is expressed

as a precursor protein, gp160. GP160 undergoes proteolytic processing in the trans-Golgi
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network by the cellular furin protease into gp120 and gp41 hetrodimers (22). After
proteolysis the heterodimers are transported to the cell membrane where trimers of gp120-
gp40 hetrodimers are incorporated into budding virions. Each virion contains about 10-20
Env trimers on its surface (24). Gp120 is a globular glycoprotein that forms the surface
subunit of Env. It is highly glycosylated on the outer surface. It contains five conserved
(C1-C5) domains interspersed with five highly variable (V1-V5) domains. The conserved
domains, especially C1, C3 and C4, determine binding to the receptor. Each variable
domain, except for V5, forms a disulphide bond at its base resulting in the formation of the
variable loops (26). The variable loops, in particular the V3 loop, are important
determinants for coreceptor binding and sensitivity to antibody neutralisation (27). GP41
is a transmembrane glycoprotein that anchors Env in the lipid bilayer. It contains three
major domains: an N-terminal extracellular domain, a transmembrane domain and a C-
terminal cytoplasmic tail (28). The extracellular domain contains the fusion peptide and

two heptad-repeat domains (HR1 and HR2) that form a-helices.

1.1.1.2 Mechanism of HIV-1 fusion

To bring Env closer to its receptor and coreceptor the virus first attaches to the cell.
Specific attachment occurs via interaction between Env and the cellular integrin a437 or
the pattern recognition receptor, DC-SIGN (29). Interactions between negatively charged
hepran sulphate proteoglycan moieties and positively charged side chains of Env results
in non-specific attachment (30). Attachment can also be mediated by cellular proteins that
enter virion membrane during budding. For example, ICAM-1 binds to its cognate receptor
LFA-1 on lymphocytes. Virus attachment is thought to bring Env closer to its receptor and

coreceptor however it is not essential for virus entry and its role in vivo is unclear (31).

CD4 is the receptor for HIV-1 Env (6) . It belongs to the immunoglobulin superfamily and
functions in T cell receptor (TCR) signalling. Binding of CD4 to gp120 triggers a
conformational change in V1, V2 and V3 domains and formation of the 4-stranded 3 sheet
known as the bridging sheet (32). These changes reveal the coreceptor binding site. HIV-
1 Env uses G-protein coupled chemokine receptors, CXCR4 and CCR5, as coreceptors
(5,7). Different HIV strains have different preference for coreceptor binding. R5 viruses
use CCRS5, X4 viruses use CXCR4 and R5/X4 viruses can use CCR5 and CXCR4 (33). In
the absence of coreceptor 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
(34). A six-helix bundle is formed as the fusion peptide from each gp41 folds and brings
the N- and C-terminal helical regions (HR1 and HR2) antiparallel to each other (35).

Formation of the six-helix bundle brings the viral membrane closer to the cell membrane,
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Figure 1.1 HIV life cycle

HIV life cycle is a complex series of immune evasion strategies that allow successful
infection and transmission. To enter cells HIV engages its envelope glycoprotein gp120 with
cell surface protein CD4 and a co-receptor (CXCR4 or CCR5). Upon fusion, the capsid is
released into the cytoplasm. Nucleotides are pumped into the capsid cone through an
electrostatic pump to fuel reverse transcription. Capsid recruits cellular proteins cyclophilin
A (blue) and CPSF6 (yellow) to prevent detection of the viral reverse transcribed products
by DNA sensors. Partial or complete uncoating may happen in the nucleus and the viral
DNA is integrated into the cellular genome. Once integrated the provirus is invisible to the
host cell defences and may become latent. Transcription and translation of the provirus
results in viral proteins that assemble at the cell surface. Immature virions bud off and are
released. Finally, during maturation, the protease enzyme cleaves the structural polyprotein
to form mature Gag proteins, resulting in the production of new infectious virions.
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resulting in lipid mixing and formation of the fusion pore which delivers the capsid core to

the cell cytoplasm (36).
1.1.1.3 Location of HIV-1 fusion

Location or the site of HIV-1 fusion has been controversial. It appears to be cell type and
viral strain specific. HIV-1 entry is pH-independent suggesting that it does not require the
acidic endosomal environment to activate fusion (37). In CD4+ T cells, cell surface fusion
is the main site of virus entry (38). Genetic and pharmacological approaches have been
employed to show that disruption of the endocytic pathway in CD4+ T cells does not inhibit
productive infection by HIV-1 (38,39). Consistently, fusion by the endocytosed viruses has
not been observed (38). Dynamin 2, a GTPase involved in clathrin mediated endocytosis,
has been shown to be important for HIV-1 entry into T-cells (40). However, it has been
demonstrated that Dynamin 2 allows HIV-1 entry by stabilising the fusion pore independent
of its function in the endocytic pathway (41). Macrophages, on the other hand, have a
higher endocytic potential compared to T cells and may readily uptake attached virions
into the endocytic compartment (42). Entry of HIV-1 into macrophages has been shown to
require a Dynamin 2, Rac1 and PaK1 dependent endocytic pathway (39). Retention of
CD4 at the cell surface allowed virus fusion and reverse transcription but not productive
infection suggesting that productive infection relied on the endocytic pathway (39). Virus
fusion may start at the plasma membrane but complete in the endocytic compartment due
to the high endocytic rate of macrophages (43). Elucidating the role of the endocytic
pathway in HIV-1 entry is crucial because endocytic entry of HIV-1 can minimise the
exposure of viral epitopes to the neutralising antibodies and reduce efficiency of fusion

inhibitors.
1.1.1.4 HIV-1 fusion inhibitors

Two inhibitors of HIV-1 entry have been developed. Enfuvirtide targets the gp41 subunit
of Env and inhibits formation of the 6-helix bundle (44). It is expensive and needs to be
injected due to its low oral bioavailability, limiting its clinical application. Maraviroc targets
the transmembrane domain of the coreceptor, CCR5, and prevents binding to the gp120
subunit of Env. It is not active against X4 tropic viruses. Intriguingly, Maraviroc resistant
viruses do not switch coreceptor usage but instead gain ability to use the drug bound
CCRS5 for fusion (45).

1.2.2 Capsid structure and function

HIV-1 capsid core is a closed ultrastructure that is released into the cytoplasm after virus

fusion. It contains two copies of the viral genome, reverse transcriptase, integrase,
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accessory protein Vpr and nucleocapsid. The building block of the capsid core is the
capsid protein (CA). The capsid core is a fullerene-like conical structure made up of
approximately 1200 CA monomers assembled into hexamers and pentamers (46,47).
Hexamers forms the length of the cone whereas five pentamers are present at the narrow
end and seven are present at the wide end. Pentamers provide curvature at the cone ends
resulting in a closed capsid shell. CA consists of an 80 amino acid long C-terminal (CA-
CTD) domain and 150 amino acids long N-terminal domain (CA-NTD). In an assembled
capsid CA-NTD forms the outer surface and CA-CTD forms the inner surface of the capsid.
Recent molecular dynamic simulations and atomic force microscopy have revealed that
capsid is a dynamic structure in which each CA experiences tilting and twisting movements
due to a hinge region between CA-NTD and CA-CTD resulting in different hexamer and
pentamer conformations (48). These allosteric changes are thought to be influenced by
binding of cellular proteins which, depending on the context, can stabilise or destabilise
the capsid structural integrity and trigger CA dissociation, a process known as uncoating
(49).

For a long time, HIV-1 capsid was thought to disassemble in the cytoplasm immediately
after fusion. However, increasing amounts of recent data suggest that HIV-1 capsid is a
metastable structure which encapsidates and protects the viral genome as it traverses the
cellular cytoplasm. In addition, it plays important roles during reverse transcription, nuclear

import and integration.

1.2.3 Reverse transcription

Capsid uncoating and reverse transcription have been shown to be coupled events that
influence virus nuclear import and integration site selection. Recent studies show that
uncoating is triggered by reverse transcription. Second strand transfer of RT and DNA flap
formation have been associated with initiation of capsid uncoating (50,51). Inhibition of RT
by chemical inhibitors such as neverapine stabilised the capsid and resulted in delayed
uncoating (52). Similarly, an immunofluorescence based tracking of HIV-1 single particles
showed that initiation of RT accelerated disassembly of the capsid (53). Recent atomic
force microscopy of HIV-1 capsids during in vitro reverse transcription revealed that as
reverse transcription progresses newly synthesised viral DNA exerts a mechanical force
on the interior of the capsid core which eventually overcomes structural integrity of the

capsid core and results in breakdown of the capsid lattice (48,54).

Reverse transcription is a process that converts an RNA template into a double stranded
DNA. A study by Jacques et a. (2016) suggests that reverse transcription occurs inside
intact capsids (55). It was found that the N-terminal 3-hairpin can adopt at least two distinct

conformations in the capsid hexamer, termed open and closed. Movement of the B-hairpin
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revealed or obscured a pore or channel at the center of each hexamer. The pore or
channel contained six R18, one from each capsid monomer, arranged in a ring. The
positively charged arginine ring was shown to bind negatively charged dNTPs via
electrostatic interactions which resulted in ANTP import into intact capsids and fuelled

reverse transcription, a process termed encapsidated DNA synthesis.

HIV-1 reverse transcriptase (RT) is encoded by the pol gene. It is produced as a GagPol
precursor protein due to programmed frameshift during translation. Fusion of Pol with Gag
ensures incorporation of RT into budding virions. RT is a heterodimer of p66 and p51
subunits. P66 subunit contains two catalytic activities. The N-terminal polymerase activity
allows copying of either an RNA or a DNA template and the C-terminal RNase H activity
causes degradation of RNA in a RNA:DNA hybrid (56,57). HIV-1 contains two copies of
positive sense single stranded RNA (+ssRNA) genome which is used by RT as a template
for DNA synthesis. Cellular tRNALys3 act as a primer for synthesis of the minus-strand
DNA (58). tRNALys3 binds to a complementary sequence at the 5 end of the RNA
genome known as the primer binding sequence (PBS). Polymerase activity of RT results
in the formation of DNA:RNA hybrid, generating a substrate for the RNase H subunit of
the RT. RNase H cleaves the 5’ end of the viral RNA in the RNA:DNA hybrid, releasing
the newly synthesised minus-strand DNA (59). Since the 5’ and 3’ ends of viral genome
are exact copies of each other, the newly synthesised minus-strand DNA anneals to the
3’ end of the viral RNA which is then extended along the rest of the RNA (60). The resulting
minus-strand DNA contains the PBS region which is critical for the formation of the plus-
strand DNA. Since HIV-1 contains two copies of the RNA, the minus-strand DNA can be

transferred to either of the two RNAs.

HIV-1 contains two purine-rich sequence known as the polypurine tract (ppt), one at the 3’
end and one in the middle of the genome. The 3’ppt is essesntial for reverse transcription
whereas the central ppt is not essential but can increase the efficiency of the plus-strand
DNA synthesis (61). Ppt regions are resistant to the RNase H activity and are not digested
during synthesis of the minus-strand DNA (62). 3’ppt act as the primer for plus-strand DNA
synthesis which extends to the 18 nucleotides of the tRNALys3 primer. Since the minus-
strand DNA contains the PBS and the plus-strand DNA contains the complementary
tRNALys3 primer sequence, annealing of the plus and minus strand DNA results in

production of double stranded DNA.

1.2.4 Nuclear import

CA is the main regulator of nuclear entry and determines integration site selection (63),
(64). Studies showed that chimeric HIV-1 with MLV CA was defective for nuclear entry and

certain capsid mutations can result in a virus that can infect dividing cells but is unable to
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infect non-dividing cells (65,66). The CA has been shown to interact with members of the
NPC which allow nuclear import of the virus (63,64). Recent microscopy based studies of
single HIV-1 particles revealed that in primary macrophages CA is imported into the
nucleus along with viral DNA, suggesting a nuclear function of CA (67,68). Consistent with
a nuclear function of CA, preventing interaction of CA with certain cellular cofactors has
consequences for HIV-1 integration site selection in the host genome (63,69). Nuclear
import of HIV-1 is orchestrated by sequential interactions of HIV-1 CA with cellular

cofactors as described below.

1.1.1.5 CypA

CypA was the first HIV-1 cellular co-factor to be identified (70). It is packaged into HIV-1
virions and influence infectivity in the target cells (71,72). It is a peptidyl-prolyl cis-trans
isomerase which catalyses the interconversion of cis and trans forms of proline imidic
peptide bonds (73). It binds to a loop between helix 4 and 5 of the CA-NTD known as the
CypA binding loop and catalyses isomerisation of the Gly89-Pro90 bond at the apex of the
loop (74). Interaction between CA and CypA can be disrupted by capsid mutations G89V
and P90A or by CypA inhibitors, cyclosporines.

The role of CypA in promoting HIV-1 infection seems to be cell type dependent (75).
Abrogation of CA and CypA interaction by CypA depletion, G89V and P90A CA mutations
or cyclosporine treatment have shown that CypA is required at an early step in infection
that influences reverse transcription (71). It is not clear whether the isomerase activity is
required for CypA function during HIV-1 infection due to inability to separate CypA catalytic
activity from CA binding (73).

There are conflicting reports for a role of CypA in virus uncoating. One study observed in
vitro stabilization of CA cores by CypA and a different study showed destabilization of CA
by CypA (76,77). CypA recruitment to the capsid has been shown to be an innate immune
evasion mechanism employed by the virus (78). Perturbing the interaction of CA with CypA
by mutating CA (P90A) or using CypA inhibitor, cyclosporine, resulted in exposure of the
viral DNA to the DNA sensor, cGAS, resulting in type | interferon production and

suppression of viral replication in primary macrophages.

CypA has also been shown to regulate HIV-1 nuclear import (63). Unlike WT virus which
relies on nuclear pore proteins Nup358 and Nup153 for nuclear import, cyclophilinA
binding mutant viruses (P90A and G89V) were found to be imported into the nucleus in
the absence of Nup358 and Nup153. This favored integration of the virus into higher gene

density regions than the wild type virus.
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1.1.1.6 Nup358

Nup358 is located on the cytoplasmic side of the nuclear pore complex. It forms the
cytoplasmic filaments that protrude into the cytoplasm. It contains several FG-repeats that
form a hydrophobic gel-like matrix and regulates transport across the nuclear pore (79).
Depletion of Nup358 reduces HIV-1 2-LTR circle formation without affecting reverse
transcription suggesting that it is involved in virus nuclear import (80). Nup358 contains a
cyclophilin-like domain which has cis—trans isomerisation activity. NMR studies using CA-
NTD have shown that CA-NTD binds to the cyclophilin-like domain of Nup358 which then
catalyses cis—trans isomerisation of G89-P90 bond in CA-NTD (81). This suggested that
HIV-1 CA interaction with the cyclophilin-like domain in Nup358 docks the virus at the
nuclear pore where it may undergo uncoating and nuclear import. However, the role of
cyclophilin-like domain of Nup358 during HIV-1 infection has been challenged by
observations showing HIV-1 infection of cells lacking the Nup358 cyclophilin-like domain
(82).

1.1.1.7 Nup153

Nup153 is a member of the nuclear pore complex, located on the nuclear side of the NPC.
It is required for formation of the nuclear pore basket which is involved in recruiting actively
transcribed genes to the NPC for mRNA export (83). It was identified as a HIV-1 cofactor
in a siRNA screen against HIV-1 infection (80,84). Nup153 depletion prevented HIV-1
infection by inhibiting nuclear import with no effect on reverse transcription (85). Nup153
is one of the FG-nucleoporin present in the nuclear pore complex. It contains
phenylalanine-glycine (FG) dipeptides which form a hydrophobic gel-like matrix in the
central transport channel and regulate transport of cargoes across the nuclear pore
complex (86). C-terminus of Nup153 contains 21 FG-repeats. Structural studies show that
HIV-1 CA specifically contacts the twentieth FG-repeat (87). Nup153 binds to an interface
that is formed between two CA molecules (88). The FG repeat of Nup153 interacts with a
pocket in NTD of one CA monomer whereas on the adjacent CA monomer Nup153
interacts with the hinge between the NTD and CTD. These observations suggest that when
HIV-1 reaches nuclear pore, at least some CA is present as a hexameric lattice to allow

Nup153 binding and nuclear import.

1.1.1.8 CPSF6

Cleavage and polyadenylation specificity factor 6 (CPSF6) is an mRNA-processing protein
that belongs to the family of Ser/Arg-rich (SR) proteins (89). It contains a serine/arginine
(SR)-rich nuclear-localization signal (NLS) on its C terminus which allows nuclear import

by recruiting transportin 3 (90). It was identified as a HIV-1 restriction factor in a murine
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cDNA-expression screen (64). It inhibited HIV-1 infection by preventing RT and delaying
uncoating. Interestingly, murine CPSF6 was unable to inhibit MLV infection which relies
on cell division and nuclear envelope breakdown, suggesting that CPSF6 played a role in
infection of non-dividing cells. The murine CPSF6 cDNA used in the screen lacked the
NLS which resulted in its cytoplasmic accumulation. This cytoplasmic CPSF6 was
responsible for inhibition of HIV-1 infection. Since then human CPSFG6ANLS has been
shown to be active against HIV-1 infection (91). Passage of HIV-1 in CPSFG6ANLS
expressing cells resulted in a CPSF6 independent virus with a single point mutation, N74D,
in the capsid (64). N74 forms two hydrogen bonds with CPSF6 which are lost upon N74D
mutation. Similarly, single point mutation in the CPSF6ANLS (F321N) relieves inhibition of
HIV-1 infection (92).

In cells lines CPSF6 depletion or overexpression does not inhibit HIV-1 infection (64).
Nonetheless, N74D mutation or CPSF6 depletion makes the virus independent of other
cellular cofactors such as Nup358 and Nup153 which alters integration site selection.
Unlike WT HIV-1 which integrates into gene dense and transcriptionally active regions of
the genome, N74D mutant HIV-1 integrates into transcriptionally inactive regions (63). In
primary macrophages N74D mutation or CPSF6 depletion resulted in activation of a viral

DNA dependent innate immune response that suppressed viral replication (78).

A recent study has provided new insights into CPSF6 function. Bejarano et al. (2019)
showed that CPSF6 was essential for HIV-1 nuclear import in primary macrophages (68).
The authors showed that CPSF6 co-localised with the CA only in the nucleus. Since
CPSF6 binding interface is present in the CA hexamer and absent from CA monomers
this suggested the presence of intact capsid cores in the nucleus. Furthermore, CA was
found to be present in the nucleus with almost the same signal intensity as the cytoplasmic
CA suggesting none or very little loss of the CA during cytoplasmic trafficking and nuclear
import. By depleting CPSF6 or using a CPSF6 binding mutant, A77V, it was shown that
virus was blocked at the nuclear pore complex without any effect on virus trafficking to the
nuclear pore complex or reverse transcription. Since the binding interface of CPSF6
overlaps with that of Nup153 it was suggested that the viral CA first interacted with the
Nup153 in the NPC and then CPSF6 displaced Nup153 resulting in the nuclear import of
the virus. This model is consistent with the role of CPSF6 in directing HIV-1 towards gene
rich transcriptionally active regions (93). In the absence of CPSF6 the virus is arrested at
the nuclear pore which may allow integration near the nuclear envelope in gene-deficient

heterochromatin as proposed by a recent study (93).
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Figure 1.2 HIV-1 nuclear import and uncoating

(1) Intact or partially intact HIV-1 capsid cores, decorated with CypA and containing partially
or fully reverse transcribed DNA, arrive at the nuclear pore complex. (2) The capsid core is
docked at the nuclear pore complex by Nup358. Cyclophilin-like domain in Nup358 binds to
the cyclophilin-binding loop in the capsid by displacing CypA. (3), (4) HIV-1 nuclear import
is orchestrated by Nup153 and CPSF6. First Nup153 binds to the capsid core (3) which is
then displaced by CPSF®6, resulting in nuclear import of the capsid core (4). (5), (6) Partial
or complete capsid uncoating occurs in the nucleus (5) and the viral DNA is integrated into
the cellular genome (6).
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1.2.5 Integration

Integration is a process by which viral DNA is inserted into the cellular genome by the viral
integrase (IN). IN is encoded by the pol gene and packaged into budding virions as a
GagPol precursor protein. Functional IN is produced after protease mediated processing
of GagPol during virion maturation (94). IN can be divided into three domains (95). The N-
terminal domain consists of three a-helices and regulates oligomerisation and catalytic
activity (96). This domain also coordinate a Zn2+ ion via the “HHCC” motif containing two
histidine and two cysteine residues (97). The catalytic activity and DNA binding site of IN
is present in the central core domain (CCD) (95). The CCD domain is post-translationally
modified by c-Jun N-terminal kinase (JNK) mediated phosphorylation followed by Pin1
mediated peptidyl-prolyl cis-trans isomerization (98). These modifications stabilize IN and
enhance the efficiency of integration. During integration three key residues Asp64, Asp116
and Glu152 present in the active site form coordinate bonds with two Mg2+ ions (99). The
C-terminal domain (CTD) is involved in IN multimerisation and DNA binding (100). It is
regulated by posttranslational acetylation by histone acetyltransferases at specific lysine
residues (K264, K266, K273) which promote DNA strand transfer activity of IN (101).

1.1.1.9 Mechanism of integration

IN catalyses 3’ end processing and strand transfer of the viral DNA. Upon viral DNA
synthesis, IN multimerises on the nascent DNA resulting in the formation of a DNA:IN
complex known as intasome (102). A functional intasome contains four IN proteins in
which only two IN molecules contact the DNA (102). 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’hydroxyl 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’hydroxyl groups carry out a nucleophilic attack on the phosphodiester bond
in the opposite strands of the target DNA. 3’ends are then covalently joined to the 5’ends
of target DNA. The sites of attack on the target DNA are separated by 5 nucleotides. This
results in five nucleotides long single strand gaps on the target DNA and two nucleotides
long overhangs at the 5’ ends of the viral DNA which are filled by the cellular DNA repair

machinery.

After entry into nucleus the viral DNA can also undergo circularization into 2-LTR and 1-
LTR circles. 2-LTR circle formation is dependent on the host cell non-homologous DNA
end-joining components (NHEJ) components Ku70/80, ligase IV and XRCC4 (103). 1-LTR
circles are formed by a recombination event between the LTRs and depend on the host
MRN complex (Mre11, Rad50, and NBS1) (104).
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1.2.6 HIV-1 transcription

Transcription from the integrated provirus marks the beginning of the late phase of the
HIV-1 replication cycle. It is regulated by the viral transactivator protein (Tat). HIV-1
transcription results in about 40 differentially spliced species of mRNA transcripts which
can be of three types: unspliced, spliced or partially spliced. Spliced mRNAs are readily
exported form the nucleus whereas the partially spliced and unspliced mRNAs require the

viral protein Rev for nuclear export.
1.1.1.10 HIV-1 promoter

The HIV-1 genome contains two long terminal repeats (LTRs), one located at the 5’ end
and the other at the 3’ end. The 5 LTR is dominant and acts as the promoter for
transcription. The 3’ LTR functions as the promoter only when the 5’LTR is defective
(105,106). The HIV-1 LTR is divided into three regions, U3, R and U5. Transcription
initiates from the R region in the 5’LTR and terminates in the R region of the 3’LTR. The
U3 region contain four elements that regulates viral transcription. The modulatory and
enhancer elements contain binding sites for cellular transcription factors such as NF-«kB,
Sp1 and NFAT (20). The core promoter element contains the TATA box. The TAR element

binds the HIV-1 protein Tat which enhances proviral transcription.
1.1.1.11 Transcription initiation and elongation

HIV-1 transcription is initiated when cellular transcription factors bind the 5’LTR and recruit
histone modifying enzymes, allowing recruitment of the RNA polymerase Il (RNAPII) (107).
Shortly after initiation, transcription is halted by recruitment of repressive proteins such as
negative elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF) (108,109).
The short-transcribed mRNA adopts a stem loop structure known as the transactivation
region (TAR) (108,109). The viral Tat protein binds TAR and stimulates transcription
elongation by recruiting the cellular positive transcription elongation factor b (P-TEFb)
(110). 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 (111). Phosphorylated NELF dissociates from the complex and DSIF
phosphorylation blocks its inhibitory activity on transcription elongation (112). Furthermore
P-TEFb phosphorylates serine residues at position 2 and 5 in the C-terminus of the RNAPII
which enhances its processivity (113,114). These phosphorylation events result in a Tat
dependent positive feedback loop resulting in accumulation of Tat and sustained HIV-1

transcription.
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1.1.1.12 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. HIV-1 mRNA

processing is coupled with its transcription.

Capping of the viral MRNA is promoted by Tat due to RNAPII phosphorylation (115), (116).
RNA guanylytransferase (RNA GT) is recruited to the viral transcript by the phosphorylated
Ser2 in RNAPII (117). Phosphorylation of the Ser5 is required for activation of the RNA GT
(117). RNA triphosphatase cleaves the 5’ triphosphate into a diphosphate which is then
capped with GMP by RNA GT and methylated by guanine N7methyltransferase.

HIV-1 contains two polyadenylation signals. One at the 5’ end and one at the 3’ end of the
genome. The 5 polyadenylation signal is suppressed due to its close proximity to the
transcription initiation site and by binding of U1 snRNP (118,119). The usage of the 3’
signal is enhanced by the presence of an upstream enhancer motif. Cleavage and
polyadenylation specificity factor (CPSF) binds to this enhancer motif and cleaves mRNA
between the AAUAAA motif and the downstream U or GU rich region (120). A Poly A tail
is then added by Poly(A) polymerase using ATP as a substrate.

Splicing is a process in which introns are removed from mRNA transcripts by a large
multicomponent ribonucleoprotein complex known as the splicosome. Splicosomes
contain five small nuclear ribonucleoprotein complexes (snRNPs), U1, U2, U4, U5, and
U6, which assemble onto the transcript. U1 snRNP recognise the 5’splice site and U2
snRNP recognises the 3’splice site. Splicing is regulated by sequences in the exons and
introns known as exonic and intronic splicing enhancers or silencers (ESE and ISE
respectively) (121,122). Serine-arginine (SR) rich family of splicing activators are recruited
by ESEs rich in purine. SR proteins bind ESEs and stabilize the binding of the core splicing

factors at the splice sites.

HIV-1 transcript splicing results in about 40 differentially spliced mRNA transcripts due to
alternative usage of the multiple 5’ and 3’ splice sites (123). Partially spliced transcripts
are 4kb long and encode Env, Vpu, Vpr and Vif. 2kb transcripts are fully spliced and
encode Tat, Rev and Nef. 50% of the viral MRNAs are unspliced of 9kb length. Unspliced
MmRNA codes for the Gag and GagPol precursor polyproteins that are packaged into

budding virions alongside the viral genome.
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1.1.1.13 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 (124). Nuclear export of the
mRNAs to the cytoplasm occurs through the nuclear pore complex. Export of the fully
spliced viral mMRNAs is mediated by transport factors such as the conserved nuclear RNA
export factor 1 (NXF1) and its cofactor p15 that bind and export fully spliced mRNAs like
cellular mRNAs (125). The fully spliced mRNA encodes for Rev which overcomes the
nuclear retention of partially spliced and unspliced viral mMRNAs (126). 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. Rev binds to the Rev response element (RRE) present in
the Env coding region of both partially spliced and unspliced 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 (127).

1.2.7 HIV-1 mRNA translation

HIV-1 employs various strategies to exploit the cellular translation machinery for efficient
synthesis of its proteins (128). Translation occurs mainly by the Cap-dependent scanning
method in which the 5’ end of the capped mRNA recruits the 40S ribosomal subunit (129).
The 40S ribosomal subunit scans towards the 3’ end and recruits the 60S ribosomal
subunit when a start codon (AUG) is encountered. For translation of the Pol gene, a
programmed frameshift occurs at the Gag stop codon resulting in the production of GagPol
precursor protein (130). This event is crucial for production of the viral enzymes. Env and
Nef genes are translated due to a leaky scanning mechanism of vpu and rev start codons
by the ribosomes (131). Furthermore, HIV-1 uses structural RNA elements such as internal
ribosome entry (IRES) to initiate translation (132). The IRES drives translation by directly
recruiting the 40S ribosomal subunit in a cap-independent manner. Two IRES elements
have been found in HIV-1 genome. The IRES present in the 5’UTR seems to be active
under oxidative stress and when the cap-dependent translation is blocked (133,134). The
IRES present in the Gag coding mRNA drives expression of a 40kDa Gag isoform in
addition to the Pr65Gag (135).
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1.2.8 Assembly

1.1.1.14 Gag trafficking to the plasma membrane

Gag is the building block of HIV-1 virions. Gag expression alone can drive production of
virus like particles (VLPs). The N-terminus of Gag is myristylated by cotranslational
modification. It contains four major domains, matrix (MA), capsid (CA), nucleocapsid (NC)
and p6, and two spacer peptides (SP1 and SP2). HIV-1 particle assembly occurs at the
plasma membrane. Gag is targeted to the plasma membrane by MA where it forms a
curved lattice (136). A basic region in MA forms electrostatic interactions with the
negatively charged inositol head group of phosphatidylinositol-4,-5-bisphosphate
P1(4,5)P, (137). This interaction reveals the N-terminus myristic acid moiety in MA which
is then inserted into the plasma membrane, resulting in tethering of Gag in the plasma
membrane (138). Gag retention at the plasma membrane is followed by enrichment of the
membrane with cholesterol and sphingolipid resulting in the formation of microdomains

known as lipid rafts which act as platforms for viral particle assembly (139).
1.1.1.15 Genome encapsidation

A single HIV-1 virion contains two copies of the RNA genome (140). Dimerisation of the
RNA is a prerequisite for packaging which can occur at the plasma membrane or in the
cytosol (141,142) . The 5’ untranslated region (UTR) of the RNA genome contains a dimer
initiation signal and the packaging sequence known as the W-element. Interaction between
the dimer initiation signals of two RNA molecules results in the formation of an RNA dimer
which then binds the two Cys-Cys-His-Cys zinc-finger-like regions present in the NC
domain of Gag (143,144). Localisation of RNA at the plasma membrane triggers particle

assembly around it.
1.1.1.16 Env incorporation

Env is synthesised as a gp160 precursor protein in the rough endoplasmic reticulum. After
cotranslational glycosylation in the rough endoplasmic reticulum it is transported to the
Golgi and then trans-Golgi where it is cleaved by furin protease into gp120 and gp41 (22).
Heterodimers of gp120-gp41 traffic through the secretory pathway to the plasma
membrane. Trimers of heterodimeric gp120-gp41 are incorporated into virions (24). The
mechanism of Env incorporation into virions is not fully understood. Four models of Env
incorporation into virions have been proposed (145). The passive incorporation model
proposes non-specific incorporation of Env into budding virions. The direct Gag-Env
interaction model claims that direct interaction between MA and the cytoplasmic tail of

gp41 is responsible for Env incorporation. In contrast, the indirect Gag-Env interaction
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model suggests that a host protein acts as a link between Env and Gag which results in
Env incorporation into virions. The Gag-Env co-targeting model argues that Env and Gag
are targeted to the same site in the plasma membrane such as the micro domains known

as lipid rafts where virion assembly takes place.

1.2.9 Budding

HIV-1 usurps the ESCRT machinery for budding. The ESCRT complex is involved in
multivesicular body biogenesis, cytokinesis, and macroautophagy (146). It contains four
multiprotein complexes ESCRT-1, ESCRT-2, ESCRT-3 and several accessory proteins
including AAA ATPase Vps4 (147). ESCRT-1 and ESCRT-2 are essential for the formation
of the bud whereas ESCRT-3 is required for scission of the bud (148). Vps4 is involved in
recycling of the ESCRT proteins after budding (149).

The P6 domain in Gag contains two late domains. The Pro-Thr/Ser-Ala-Pro [PT/SAP]
domain recruits tumour susceptibility gene 101 (TSG101) and the Tyr-Pro-Xn-Leu
(YPXnL, where X is any amino acid and n=1-3 residues) domain recruits ALG2-interacting
protein X (ALIX) (150,151). ESCRT complexes and Vps4 are subsequently recruited. The
ESCRT 3 complex proteins forms concentric rings (circular arrays or spirals) at the base
of the bud that are then constricted resulting in scission of the bud (152). ESCRT complex
mediated budding and scission is triggered by ubiquitination of the cargoes (153). Gag has
been shown to be ubiquitinated but its role in HIV-1 budding and release is not yet clear
(154).

1.2.10 Maturation

Maturation is essential for virion infectivity. It is driven by the protease packaged as a
GagPol precursor. During translation of the Gag RNA very small amounts of GagPol
precursor are produced due to a programmed frameshift event (130). After release of the
virion, protease cleaves Gag and GagPol resulting in morphological changes in virion
structure. HIV-1 protease belongs to the group of aspartyl proteases (155). It functions as
a dimer and contains an active site at the dimer interface (155). Mutations in the protease
specific cleavage sites in the Gag polyprotein results in formation of aberrant non-

infectious particles (156).

In immature virions hexamers of Gag are arranged radially with N-termini contacting the
membrane and the C-termini facing the centre of the virion. MA remains attached to the
membrane and the capsid assembles into a fullerene-like conical core and surrounds the
viral dimeric RNA genome in complex with the NC, RT and IN (46). Like the immature gag

lattice, the mature CA lattice is composed of hexamers of CA. However, the interactions

34



between and within hexamers change. Furthermore, the mature CA lattice contains 12

pentamers at the narrow ends of the capsid cone that fully close the capsid shell (46,157).

1.2.11 Role of IP6 in assembly and maturation

IP6 been shown to promote in vitro assembly of HIV-1 into immature spherical VLPs. It is
a highly negatively charged compound that is involved in various cellular metabolic
processes. Recent studies have provided molecular details of IP6 action during HIV-1
assembly and maturation (158,159). During assembly about 300 molecules of IP6 are
packaged in a single virus. In the immature virus, the six negatively charged phosphate
groups in IP6 make contact with two rings of six positively charged lysine residues (K290
and K359) and stabilise the immature Gag lattice. Consistent with this, IP6 depletion or
mutation at residues K290 or K359 in Gag decreases HIV-1 infection. During maturation,
protease cleavage of Gag releases IP6 which then promotes assembly of the mature CA
lattice inside virions by coordinating a ring of six positively charged arginine residues at

position 18.
1.3 Innate immunity

Innate immunity provides the first line of defence against infections. It keeps the site of
infection under control and conveys specific information about the pathogen to the cells of
the adaptive immune system. Activation of adaptive immunity leads to global surveillance
of the body for that pathogen and provides immunological memory if a reinfection occurs.
Both, innate and adaptive, systems have humoral and cell-mediated components.
Humoral immunity is regulated by soluble proteins that label the pathogenic antigens for
efficient detection and clearance. On the other hand, cell-mediated immunity involves
activation and cross-communication of cells which eventually leads to the clearance of

infection.

Cell-mediated immunity in an innate response is regulated by phagocytes. Macrophages
and neutrophils are the key phagocytes in initiating an innate response while the dendritic
cells act as an interface between the innate and adaptive immune system. These cells can
recognise highly conserved features of a pathogen called pathogen associated molecular
patterns (PAMPs) by pattern recognition receptors (PRR). The PRRs are germline
encoded (160). They detect and distinguish non-self-molecules from self-molecules and
activate adaptive immune responses only to the non-self-molecules. They survey different
cellular compartments such as the plasma membrane, endosomes or cytosol and
recognise several structural and biosynthetic components of bacteria, fungi and viruses
(161). The activation of a particular receptor determines the antiviral functions of the cell

and its impact on the adaptive immune system.
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PRRs are divided into five groups based on protein domain homology. These five groups
comprise the Toll-like receptors (TLRs), C-type lectin receptors (CLRs), nucleotide-binding
domain, leucine-rich repeat (LRR)-containing receptors (NLRs), RIG-I-like receptors
(RLRs), and the AIM2-like receptors (ALRs) (162). Recently, the cGAS/STING pathway of
DNA sensing has been identified. These PRRs can be further classified into membrane
bound or unbound intracellular receptors. TLRs and CLRs localise to the plasma
membrane and endosomal membranes whereas RLRs, NLRs, ALRs are located in the
cytoplasm where they detect PAMPs (161). DNA receptors have been shown to be

cytosolic and nuclear with recent reports of plasma membrane localisation (163,164).

Activation of PRRs by PAMPs results in a cascade of signalling events that culminate in
activation and nuclear translocation of transcription factors such as NF-kB and IRF3.
These transcription factors activate innate immune response genes (162). In an antiviral
response, this is dominated by induction and secretion of soluble type 1 interferon. IFN-I
binds to its receptors on the producer as well as the neighbouring cells activating
JAK/STAT signalling pathway, resulting in a second line of gene expression changes that
lead to development of the so-called antiviral state (165). In the antiviral state cells
upregulate antiviral proteins called restriction factors which makes cells nonpermissive to
viral replication. In addition to IFN-I induction, PRR activation results in expression of
various proinflammatory cytokines such as CXCL-10, IL-8, and CCL-2 which promote
recruitment of neutrophils, monocytes and lymphocytes to the site of infection. These
cytokines drive differentiation of T-cells into effector T-cells resulting in a pathogen specific

adaptive immune response (166).

1.3.1 cGAS/STING pathway of DNA sensing

To date, several proteins have been identified to be involved in detection of DNA.
However, numerous recent studies indicate that cyclic GMP-AMP synthase (cGAS) is

central to sensing of DNA in various cell types and infections.
1.1.1.17 cGAS

cGAS belongs to the family of nucleotidyltransferases (NTase) (167). It contains a C-
terminal NTase domain followed by a Mab21 domain and a highly positively charged N-
terminal domain. The NTase and the Mab21 domains are highly conserved whereas the
N-terminal domain is less conserved (167). cGAS detects double stranded DNA (dsDNA)
in a sequence independent manner (168). It has been shown to induce IFN-B production
when overexpressed and conversely cGAS depletion prevents DNA transfection or DNA

virus infection stimulated IFN- expression (167). Furthermore, cGAS knockout mouse
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cells such as macrophages and DCs have been shown to be completely insensitive to
DNA simulation (169).

Localisation of cGAS has been a controversial topic. cGAS was thought to be a cytosolic
sensor of DNA however recent studies have challenged this view. Barnett et al. (2019)
showed that under unstimulated conditions cGAS is localised to the plasma membrane via
interactions between its N-terminal domain and phosphatidylinositol 4,5-bisphosphate
(P1(4,5)P2) (164). In contrast, Gentili et al. (2019) showed that the N-terminal domain was
responsible for nuclear localisation of cGAS in human and mice dendritic cells (163).
Another study by Liu et al. (2018) demonstrated that cGAS is primarily cytosolic, however
it contains an NLS which mediates its nuclear import in an importin-a dependent manner
(170). B-lymphoid tyrosine kinase was identified to phosphorylate cGAS at tyrosine 215
for cytosolic retention after etoposide treatment (170). The discrepancy between these
observations might be explained by the different cell types and experimental conditions

used in these studies.

1.1.1.18 cGAS structure

Analyses of cGAS structure in complex with or without dsDNA has provided important
insights into activation of cGAS by dsDNA (168,171). Binding of dsDNA results in
formation of cGAS dimers in which two cGAS molecules interact with two dsDNA
molecules (172,173). The NTase domain forms two lobes with the catalytic active site
present in a groove between the two lobes. The sugar-phosphate backbone of dsDNA
contacts the two positively charged surfaces in the NTase which is stabilised by a zinc
ribbon. Dimerisation is followed by formation of ladder-like networks along the dsDNA
molecules which strengthen cGAS association with the dsDNA. A recent study by Du et
al. (2018) showed that the cGAS dsDNA complex is concentrated in phase separated

liquid droplets which promote cGAS dimerisation and activation (174).

1.1.1.19 cGAMP production

dsDNA binding to cGAS results in conformational changes in the active site which reveal
the catalytic residues and the nucleotide binding pocket resulting in the production of a
secondary messenger molecule, cyclic GMP-AMP (cGAMP), from adenosine 5'-
triphosphate (ATP) and guanosine 5'-triphosphate (GTP) (175). cGAMP synthesis occurs
in a two-step reaction (176). First a linear dinucleotide pppGpA intermediate is formed
which is then cyclised to 2'3'-cGAMP with two phosphodiester linkages, one between 2'-
OH of GMP and 5'-phosphate of AMP and the other between 3'-OH of AMP and 5'-
phosphate of GMP (177).
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cGAMP has been shown to be a potent vaccine adjuvant as it can enhance antigen-
specific T cell activation and antibody production (169). Recent studies show that cGAMP
transfers antiviral immunity to bystander cells. cGAMP travels through gap junctions or
HIV-1 envelope glycoprotein induced membrane fusion sites and activates innate
immunity in the bystander cells (178,179). Furthermore, cGAMP can be packaged into
viral particles which carry it to uninfected cells (180,181). These mechanisms of cGAMP
transfer may provide an additional layer of protection to the host when signalling
downstream of cGAMP production is inhibited by the invading pathogen in the infected

cell.

1.1.1.20 STING activation

cGAMP is a secondary messenger molecule that binds and activates an endoplasmic
reticulum resident protein known as stimulator of interferon genes (STING) (182,183).
Structural studies show that STING contains four transmembrane helices and a
cytoplasmic domain (184). In an inactive state the cytoplasmic and the transmembrane
domains interact to form a dimer. In a dimer, the cytoplasmic domains form a V-shaped
binding pocket for cGAMP. Upon cGAMP binding, STING undergoes dramatic
conformational changes (182). The V-shaped cGAMP binding pocket undergoes an
inward rotation such that the STING monomers are brought closer and the cGAMP binding
site becomes deeper (185). This is accompanied by the formation of four antiparallel 3-
sheets which form a “lid” over the cGAMP binding site. Furthermore, the transmembrane
domains undergo 180° rotation relative to the cGAMP binding site. This allows side-by-
side packing of STING dimers and formation of tetramers resulting in formation of higher
order oligomers (186). Activated STING translocates to the Golgi apparatus via the ER-
Golgi intermediate compartment (ERGIC) (187). Localisation of STING to the Golgi is
essential for interaction with downstream signalling proteins and signal transduction. In
the Golgi, STING is palmytoilated at Cys88 and Cys91 which is thought to be involved in

the formation of high order structures (188).

cGAMP binding to STING results in activation of transcription factors such as NF-kB and
IRF3 (189). STING depletion in various cell types has been shown to inhibit IFN induction
by DNA virus infection. Furthermore, STING is critical for antiviral responses to DNA
viruses in vivo and STING knockout mice have been shown to be highly susceptible to
HSV-1 infection (189). The activity of STING has been shown to be regulated by cGAMP
in a negative feedback loop. cGAMP has been shown to activate Unc51-like autophagy
activating kinase 1 (ULK1) by stimulating dephosphorylation of adenosine
monophosphate—activated protein kinase (AMPK) (190). Activated ULK1 phosphorylates
STING which inhibits downstream signalling (190).

38



1.1.1.21 IRF3 and NF-kB activation by STING

Recent cryo-electron microscopy has revealed how higher order assembly of STING acts
as a platform for recruitment and activation of downstream signalling proteins (191). First
TBK1 is recruited to the C-terminal tail (CTT) of STING. CTT of STING forms a 3-strand-
like conformation and inserts into the kinase domain of first TBK1 subunit and the scaffold
and dimerisation domain of the second subunit in the TBK1 dimer. In this complex TBK1
phosphorylates adjacent STING molecules at Serine366 present in a conserved motif
pLxIS (p is a hydrophilic residue and x is any residue) (192). This allows recruitment of
IRF3 to the STING CTT which is subsequently phosphorylated by TBK1. Phosphorylated
IRF3 dissociates from the STING-TBK1 complex and homodimerises. Dimeric IRF3
translocates to the nucleus and upregulates IRF3 responsive genes which includes IFN-I
and ISGs (193,194). In addition to IRF3, STING also activates NF-kB. Activation of IRF3
and NF-kB by STING has been shown to be spatially independent events (195,196).
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 NF-
kKB. K224R and K288R mutations in human and murine STING, respectively, abrogated
exit of STING from the ER which prevented IRF3 activation, however NF-kB activation
was unaffected. Activated NF-kB tranlocated to the nucleus and activated expression of

proinflammatory cytokines such as IL-6 (195,196).

1.3.2 RLRs

RLRs are a family of DExH/D box RNA helicases. Three RLRs have been identified:
retinoic acid-inducible gene-l (RIG-I), melanoma differentiation gene 5 (MDA5) and
laboratory of genetics and physiology 2 (LGP2) (197). RIG-I and MDAS5 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, on the other hand, lacks the N-terminal CARD domain but contains the
helicase and C-terminal domain. It is involved in regulating RIG-I and MDAS5 signalling with

reports of both stimulatory and inhibitory effects (197—199).

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-
| senses short dsRNA and binds to blunt-ended RNA with 5' triphosphate groups whereas
MDADS5 binds to long dsRNA (200,201). In the absence of a PAMP RIG-I and MDA5 exist
in an autorepressed 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) (202). RIG-I activation results in its K63-linked ubiquitination by
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TRIM25 and RNF135 (203,204). Activated RIG-I is translocated to MAVS containing
membranes by a chaperone protein 14-3-3e (205). 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 as MAVS variants lacking the C-terminal transmembrane
domain cannot activate signalling despite possessing the interaction domains for
downstream signalling molecules (206). Activated MAVS oligomerises to form prion like
aggregates resulting in formation of a signalsosome and recruitment of ubiquitin ligases,
TRAF2, TRAF3 and TRAF®6, which are required for activation of NF-kB and IRF3 (207).
TRAF2 and TRAF6 activates NF-kB via IKK whereas TRAF3 activates IRF3 via TBK1
(208). Activation of IRF3 and NF-kB leads to expression of proinflammatory cytokines,
IFN-I and interferon stimulated genes. Localisation of MAVS has been shown to determine
the antiviral gene expression. MAVS signalling from the mitochondria results in IFN-l and
IFN-IIl dependent ISG expression whereas signalling from the peroxisome resident MAVS
results in ISG expression that is independent of IFN-I (209,210). However, these findings
have been challenged by a study which showed activation of IFN-I and IFN-III response

by mitochondrial and peroxisomal MAVS (211).

1.3.3 ALRs

In humans, ALRs are a family of four IFN inducible proteins which include AIM2 and IFI16.
ALRs contain an N-terminal pyrin domain (PYD) which allows protein-protein interactions
and a C-terminal DNA binding HIN-200 domain (212). Unlike AIM2, IFI16 contains two
HIN-200 domains. AIM2 and IFI16 have been shown to detect intracellular DNA in a
sequence independent manner (213,214). Detection of DNA leads to the formation of a
multi-protein complex known as inflammasome. Upon binding DNA, AIM2 and IFI16
undergo conformational changes that allow the pyrin domain to interact with the pyrin
domain of an adaptor protein apoptosis-associated speck-like protein containing CARD
(ASC) (215,216). Subsequent ASC nucleation results in recruitment of caspase-1 via
interaction between their CARD domains. Inflammasome activation results in secretion of
bioactive IL-18 and IL-18. IL-1B and IL-18 belong to a groups of cytokines known as
leaderless cytokines that lack protein trafficking signals for secretion (217). They are
synthesised as inactive precursors. The inflammasome provides a platform for caspase-1
to process pro-IL-13 and pro-IL-18 into their active forms which are then secreted by
lysosome exocytosis or exosome release from multivesicular bodies (218). They can also

be released during inflammasome induced pyroptosis (219).

IFI16 has been shown to detect DNA of various viruses such as herpes simplex virus

(HSV), Kaposi's sarcoma—associated herpesvirus (KSHV), cytomegalovirus, and HIV

(216,220,221). IFI16 is predominantly nuclear however depending on the cell type, IFI16
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can be found localised to the cytoplasm (222). Both nuclear and cytoplasmic forms of IFI16
have been shown to detect pathogenic DNA. Nuclear localisation of IFI16 is attributed to
a multipartite nuclear localisation signal which is regulated by acetyltransferase p300
mediated post translational acetylation (223). Acetylation of the IFI16 NLS has been shown
to inhibit its nuclear import and sensing of nuclear viral DNA (223). In addition to
inflammasome activation, IFI16 has also been shown to be involved in modulation of the
cGAS/STING activation of IFN-I (224,225). The role of IFI16 during HIV-1 infection is

describe in section 1.4.2 and 1.4.3.

1.3.4 TLRs

The human genome encodes for 10 TLR proteins (TLR1-TLR10). TLRs are type 1
transmembrane glycoproteins that contain an N-terminal ectodomain, a hydrophobic
transmembrane domain and a cytoplasmic C-terminal domain. The N-terminal ectodomain
contains leucine rich motifs that allow recognition of various pathogen derived molecules
(226). The C-terminal domain is involved in intracellular signal transduction (227). TLR1,
TLRZ2 and TLRG6 recognise lipoproteins and lipopeptides. TLR3 detects double stranded
RNA (228). TLR4 binds to LPS whereasTLR5 binds flagellin. TLR7, TLR8 and TLR9 bind
to nucleic acids (162). TLRs localise to the plasma membrane and endosomes. TLR1,
TLR2, TLR4, TLR5 and TLR6 are mainly found in the plasma membrane whereas TLR3,
TLR7, TLR8 and TLR9 are present in the endosomes (229-231).

TLR binding to its cognate ligand results in formation of homo- or heterodimers of TLRs
with the ligand present between the two receptors (232). This brings the c-terminal
domains closer to each other and activates intracellular signalling. The c-terminal domain
of TLRs resembles the IL-1B receptor and contains a Toll-IL-1 resistance (TIR) domain
(233). Dimerisation of TLRs results in conformational changes that reveal the TIR domain
which then recruits the downstream adaptor proteins. There are 5 TIR-domain binding
adaptor proteins: myeloid differentiation primary-response protein 88 (MyD88), TIR-
associated protein (TIRAP), TIR-domain-containing adaptor protein-inducing IFN-$ (TRIF)
and TRIF-related adaptor molecule (TRAM) and sterile-a-and armadillo-motif-containing
protein 1 (SARM1) (234). TLRs can activate NF-kB and IRF3 by differential recruitment of
the adaptor proteins. MyD88 recruitment allows activation of the NF-kB complex and
proinflammatory gene expression whereas TRIF recruitment results in activation of IRF3
and IFN-l induction (235,236). TRIF is only recruited by TLR3 and TLR4 in the endosomes
(237).
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1.3.5 CLRs

CLRs are a family of membrane bound or cytosolic receptors that contain a characteristic
C-type lectin-like domain (CTLD). They can detect a variety of microbes and are divided
into 17 groups based on structure homology (238). However, only a few CLRs are able to
induce proinflammatory signalling against pathogens. Dectin1 and Dectin 2 are the best

characterised.

Dectin-1 plays a major role against fungi and bacteria. It is expressed by DCs,
macrophages, neutrophils and monocytes. It is a type two transmembrane protein that
detects fungal and bacterial cell wall component such as -glucan (239). It contains an
extracellular CTLD and an intracellular domain called hemiTAM containing a single
tyrosine motif (YxxL) (240). Upon binding B-glucan, Dectin-1 triggers phagocytosis
resulting in microbe destruction and activation of a proinflammatory response. Activated
Dectin-1 dimerises and translocates to lipid rafts where its hemITAM motif is
phosphorylated by Src family kinases (SFKs) (241). This is followed by recruitment of Syk
to the hemITAM motif which in turn results in a signalling cascade that leads to activation
of MAPK, canonical and non-canonical NF-kB and NFAT. Canonical NF-kB is activated
via TRAF6-TAK1 complex activation whereas the non-canonical NF-kB is activated via the
kinase NIK (242,243).

Dectin-2 has been shown to bind alpha-mannose of hyphal Candida however it can also
detect certain bacteria including Schistosoma mansoni and Mycobacterium tuberculosis
(244,245) . In contrast to Dectin-1, Dectin-2 contains a short cytoplasmic tail that lacks the
hemiTAM motif and therefore cannot activate signalling. To activate signalling it binds to
a hemiTAM containing protein, FcRy, which activates signalling in a SFK dependent
manner like Dectin-1 signalling. Dectin 2 has also been shown to form heterodimers with
Dectin-3 which increases the sensitivity of alpha-mannose detection however the

molecular details are not yet clear (246).

1.3.6 NLRs

NLRs are a family of intracellular receptors which are critical for pathogenesis of a variety
of inflammatory diseases. 22 NLR proteins are expressed by human immune and non-
immune cells (247). NLRs are characterised by a tripartite structure containing N-terminal
protein-protein interaction domain, central nucleotide binding domain (NOD) and a C-
terminal leucine rich repeat (LRR). The N-terminal domain is further divided into a CARD
domain, PYRIN domain and baculovirus inhibitor repeat (BIR) which are critical for

intracellular signal transduction (247). The NOD domain is responsible for activation
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induced oligomerisation of the receptors whereas the C-terminal is critical for recognising
the PAMP.

NOD1 and NOD2 recognise components of the bacterial cell wall peptidoglycans, yd-
glutamyl-meso-diaminopimelic acid (iE-DAP) and muramyl dipeptide (MDP) respectively
(248,249). NOD1 recognises iE-DAP primarily on gram negative bacteria whereas NOD2
detects MDP that is found in a range of bacteria including Streptococcus pneumoniae, L.
monocytogenes, Mycobacterium tuberculosis, Salmonella, and Staphylococcus aureus
(250,251) .

Upon sensing the PAMP, NLRs activates a signalling cascade that culminates in the
activation of NF-kB and MAPKSs (252). PAMP binding causes oligomerisation of the NLR
which then recruits a serine threonine kinase RICK (253,254). Polyubiquitination of RICK
results in recruitment of TAK1 which activates IKK by phosphorylating the IKKB subunit
(255). Activated IKK phosphorylates IkBa resulting in its degradation and liberation of NF-
kB for nuclear translocation. NF-kB activates transcription of inflammatory cytokines and
chemokines such as TNF-q, IL-6 and IL-8. For NF-kb activation by NOD1 TRAF6 has been
shown to be important whereas for NOD2 TRAF2 and TRAF5 are shown to be essential
(255). NOD signal transduction is thought to occur by their recruitment to the endosomal
membranes (256). Activation of NOD1 with iE-DAP has been shown to localise RICK
kinase and NOD1 to the endosomes which correlates with cytokine production (257).
NOD1 and NODZ2 signalling also results in activation of MAPKs such as p38, extracellular
signal-regulated protein kinase (ERK), and c-Jun N-terminal kinase (JNK). Unlike NF-kB
activation by NODs, the signalling events that activate MAPKs are less well defined,
however RICK1 and TAK1 have been shown to be required (254,258).

1.4 HIV-1 innate immune detection

1.4.1 HIV-1 RNA detection

The endosomal PRRs TLR7 and TLR8 have been shown to detect HIV-1 ssRNA. Heil et
al. (2004) transfected HIV-1 derived guanosine (G)- and uridine (U)-rich ssRNA
oligonucleotides into macrophages and dendritic cells which resulted in production of IFN-
| and proinflammatory cytokines (259). In mice TLR7 was found to be essential for
detection of HIV-1 derived GU-rich oligonucleotides whereas in human HEK293 cells
overexpression of TLR8 was shown to detect HIV-1 derived GU-rich oligonucleotides and
activate a NF- kb luciferase reporter (259). Another study found that TLR7 detects HIV-1
RNA in plasmacytoid dendritic cells (pDCs) which results in IFN-a production (260). TLR7
detection of HIV-1 RNA was dependent on HIV-1 entry via the endosomes. TLR7 inhibitor
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treatment or infection with HIV-1 lacking genomic RNA prevented IFN- a production

whereas transfection of HIV-1 genomic RNA induced INF-a in pDCs (260).

Cytosolic RLRs have also been implicated in detection of HIV-1 RNA. Berg et al. (2012)
showed that transfection of full-length virion derived genomic RNA of HIV-1 triggers
various ISGs in PBMCs which correlated with activation of NF-kB, p38, and IRF signaling
pathways (261). Analysis of various HIV-1 genomic regions revealed that the regions that
formed secondary structures were the most potent for inducing ISG expression. RIG-I and
MAVS were found to be essential for this response in Huh7 cell lines and murine
macrophages, respectively. In another study transfection of monomeric and dimeric forms
of HIV-1 RNA triggered an ISG response in murine embryonic fibroblasts (MEFs) which
was found to be RIG-I dependent but MDAS5 independent (262).

These studies are limited by the lack of experimental data that show detection of HIV-1
RNA during infection. Most of the experiments were done with purified virion derived
genomic RNA which was transfected into the cells. During natural infection of HIV-1 the
viral RNA genome is associated with various viral proteins and is surrounded by the viral
capsid core which may prevent activation of PRRs. Furthermore, transfection may deliver
the RNA to compartments which are not accessed during infection. However, recent

studies have shed some light on HIV-1 RNA detection during infection.

Recent work by Akiyama et al. (2018) showed that in primary macrophages HIV-1 is
sensed at a post integration step which activates IFN-I dependent proinflammatory
signalling (263). The PAMP for this IFN-I induction was identified to be the viral intron
containing RNA (icRNA). HIV-1 icRNA mediated activation of IFN-l was found to be MAVS
dependent but RIG-I and MDA5 independent. Furthermore, immune activation of
macrophages by HIV-1 induced inhibitory receptor expression and functional immune
exhaustion of co-cultured T-cells. In contrast, Gringhuis et al. (2017) showed that in DCs
abortive HIV-1 RNA is sensed by an RNA helicase DDX3 which activates IFN-I responses
via MAVS (264). In another report, MDA5 was shown to be able to detect HIV-1 genomic
RNA during infection of DCs and macrophages (265).

1.4.2 HIV-1 DNA detection

HIV DNA has been shown to be detected by cGAS and IFI16. Evidence for the HIV-1
reverse transcribed DNA to activate innate immune responses came from a study which
showed that depletion of the exonuclease TREX1 results in ISG expression upon HIV-1
infection in T-cells and macrophages(266). TREX1 was found to bind and degrade HIV-1
DNA. In TREX1 depleted cells accumulation of HIV-1 DNA correlated with activation of
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IFN-I and inhibited virus replication. This observation led to the search for HIV DNA

sSensors.

Gao et al. (2013) found that HIV-1 activated cGAS dependent IFN-I production (267). IFN
production was inhibited by RT inhibitors but not integrase inhibitors suggesting that the
viral reverse transcribed DNA was the PAMP for cGAS. Furthermore, depletion of cGAS
prevented activation of IFN-I by HIV-1 and other retroviruses such as SIV and MLV.
Another study used a comparative approach and showed that both HIV-1 and HIV-2
activated cGAS dependent innate immune responses in DCs however HIV-2 was a more
potent activator of cGAS (268). In contrast to the study by Gao et al. this study showed
that the viral sensing was dependent on integration as the integrase mutant viruses were

unable to activate innate signalling.

IF116 has been reported to detect transfected ssDNA oligo nucleotides derived from HIV-
1 and HIV-1 infection of macrophages (221). This resulted in an IFN-I and IFN-IIl response
which inhibited virus spread. IFI16 depletion was shown to abrogate innate immune
activation by HIV-1. A subsequent study by the same group showed that IFI16 modulated
activity of cGAS/STING pathway (269). IFI16 depletion inhibited cGAMP production by
cGAS, conversely IFI16 overexpression increased cGAMP production. In addition, IFI16
enhanced recruitment of TBK1 to STING. This suggested that IFI16 may not directly sense

HIV-1 DNA but may act as a cofactor for the cGAS mediated innate immune activation.

Similar to the role of IFI16 in augmenting cGAS activity, PQBP1 has also been shown to
contribute to cGAS detection of HIV-1 (270). It was identified in an siRNA screen for
immune modulators that interfere with HIV-1 activation of innate immune responses in
DCs. Unlike IFI16, PQBP1 was found to directly bind HIV-1 DNA and cGAS. Interestingly,
PQBP1 was found to be essential for activation of ISGs by retroviruses including FIV and
EIAV but was not required for ISG activation by transfected DNA or mouse hepatitis virus
(MHV) infection. Figure 1.3 summarises HIV-1 nucleic acid sensing in a schematic

diagram.

1.4.3 HIV-1 detection in T-cells

The DNA sensors, cGAS, IFI16 and DNA-PK, have been shown to detect HIV-1 in T-cells,
however the step of the viral lifecycle required for detection and the outcome of detection
are controversial. Some studies have shown reverse transcription to be required for
detection whereas others have reported a requirement for integration. The outcome of
HIV-1 detection in T-cells is also conflicted with some studies reporting IFN-I production

and others showing cell death via apoptosis or pyroptosis.
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The first report of HIV-1 sensing in T-cells came from a study that used ex vivo human
lymphoid aggregated cultures (HLACs) prepared from tonsillar tissue infected with HIV-1.
Doitsh et al (2010) found very low HIV-1 productive infection of CD4+ T-cells which
coincided with a massive CD4+ T-cell death(271). The T-cell death was shown to be
associated with abortive HIV-1 infection which did not require integration. Abortive
infection resulted in accumulation of viral DNA before integration which induced
proapoptotic and proinflammatroy responses. 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
caspase-1 mediated pyroptosis(272,273). They also found that peripheral blood derived
CD4+ T-cells were resistant to HIV-1 driven pyroptosis and this was associated with the
resting state CD4+ T-cells, the lower HIV-1 reverse transcription and lower IFI16
expression(274). It was proposed that microenvironment of the lymphoid tissues program
the T-cells to undergo pyroptosis upon HIV-1 abortive infection because the PBMC derived
CD4+ T-cells could be made sensitive to pyroptosis by coculturing with lymphoid-derived
T-cells(274).

In contrast to these studies, Cooper et al. (2013) showed that PBMC derived CD4+ T-cell
death was due to HIV-1 productive infection which required integration(275). Integrase
deficient HIV-1 did not cause cell death and treatment with Raltegravir, an integrase
inhibitor, prevented CD4+ T-cell death. Cell death upon HIV-1 infection required DNA-PK

which triggered a DNA damage response via p53 activation.

Evidence for HIV-1 detection by cGAS in T-cells comes from two studies, however the
activation of the downstream pathway which results in IFN-I expression is not clear.
Vermeire et al. (2016) showed that detection of HIV-1 in activated PBMC-derived CD4+
T-cells resulted in IFN-I production(276). This was dependent on integration and
modulated by accessory proteins. Vpu was shown to inhibit and Vpr was shown to
potentiate cGAS induction of IFN-I. On the other hand, Xu et al. (2016) found that HIV-1
infection of T-cells resulted in cGAMP production, however IFN was not detected from

infected cell supernatants(179).

1.4.4 HIV capsid detection

HIV-1 capsid has been shown to be a PAMP that can activate innate immune responses.
The role of TRIM5a in capsid recognition and activation of NF-kB is described in section
1.5.7. A recent study has identified a nuclear protein known as NONO which potentiates
HIV activation of the DNA sensor, cGAS(277). Lahaye et al. (2018) carried out a yeast
two-hybrid screen for potential HIV capsid interacting proteins. NONO was identified to
bind HIV-1 and HIV-2 capsid NTD. Comparison of interaction strength showed that NONO
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interacted more strongly with HIV-2 capsid than HIV-1 capsid. Although depletion of
NONO did not affect HIV-1 or HIV-2 infection of myeloid cells it prevented activation of
innate immune responses by HIV-1 and HIV-2 in dendritic cells and macrophages. NONO
was found to interact with the viral capsid and cGAS in the nucleus. cGAS was shown to
bind HIV-2 DNA in a NONO dependent manner as NONO depletion did not result in
immunoprecipitation of HIV-2 DNA with cGAS. Finally, it was shown that HIV infection of
dendritic cells from NONO deficient individuals resulted in a lower innate immune

activation compared to cells from healthy individuals.
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Figure 1.3 Detection of HIV-1 nucleic acids by the innate immune system

The HIV-1 capsid stays intact and shields the genomic RNA or the reverse transcribed DNA
from the innate PRRs as it transverses the hostile cellular cytoplasm. It uncoates in the
nucleus in a manner that does not lead to innate immune activation (1). HIV-1 cytoplasmic
uncoating may be stochastic or occur under certain conditions (2). The Cytoplasmic
exonuclease TREX1 digests cytosolic HIV-1 DNA (3) that would otherwise trigger DNA
sensing through cGAS (4). After SAMHD1 degradation by viral protein x (Vpx), HIV-1 DNA
products are sensed by polyglutamine-binding protein 1/cGAS (5) or interferon-y inducible
protein 16 (IFI16) (6). HIV-1 virions in endosomal compartments may reveal genomic RNA
to toll-like receptor (TLR) 7 that triggers an innate immune response (7). HIV-1 genomic
RNA detection by TLR8 may lead to assembly of an NLRP3 inflammasome to activate
caspase-1, which cleaves pro-interleukin-1p (IL-1B) into bioactive IL-13 (8). HIV-1 abortive
RNA may be detected by DDX3 which activates IFN-I via MAVS (9). All sensing pathways
described converge on activation of transcription factors IRF3 and NF-kB that drive IFN
production (10).
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1.5 HIV-1 restriction factors

1.5.1 APOBEC3

APOBEC (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like) proteins
belong to the family of cytidine deaminases which include APOBEC1, APOBEC?2,
APOBEC3 and AID (Activation-induced cytidine deaminase) (278). Human chromosome
22 encodes 7 APOBEC3 proteins: A3A, A3B, A3C, A3DE, A3F, A3G and A3H. A3 proteins
contain one or two Z-domains (279). The Z-domains exhibit deaminase activity and
coordinate a zinc ion via three cysteine or histidine residues (280). Structurally the Z-
domains comprise five beta strands flanking alpha helices and connecting loops (280).
A3A, A3C, and A3H have one and A3B, A3DE, A3F, and A3G have two Z-domains (281).
Out of the seven A3 proteins A3G is the most studied and is the most potent inhibitor of
HIV-1.

A3G packaged into HIV-1 virions is the major determinant of A3G mediated restriction of
HIV-1. It is packaged into HIV-1 particles via interaction with the viral RNA and
nucleocapsid in the Gag polyprotein (282). A3G has been shown to dimerise in an RNA
dependent manner which is important for packaging and antiviral activity (283). In the
target or infected cells A3G acts during viral reverse transcription. A3G deaminates
cytidine residues in the newly formed minus single stranded DNA (284). This causes
guanosine to adenosine hypermutation in the plus strand DNA resulting in defective
proviruses. Hypermutated proviruses contain premature stop codons and missense
mutations that produce non-functional proteins and defective particles which cannot

sustain viral replication (285).

Another feature of A3G restriction of HIV-1 is reduction in viral reverse transcription
products. The mechanism of this is not fully understood. It was postulated that the
hypermutated viral DNA is degraded by cellular enzymes. The hypermutated DNA was
shown to be recognised by the cellular uracil-DNA glycosylases (UDGs) involved in the
uracil base excision pathway (UBER) which was thought to result in its degradation (286).
However, inhibition of UBER does not rescue viral DNA levels (287). In addition, the
reduction in viral DNA levels by A3G has been shown to be independent of its deaminase
activity (288). Given that A3G is an RNA binding protein, several groups demonstrated
A3G inhibition of reverse transcription at several steps. A3G has been shown to inhibit
tRNA binding to the primer binding site in the viral RNA, minus and plus strand transfer
and primer tRNA processing and DNA elongation (289-292). A recent study by Pollpeter
et al. (2018) has provided another mechanism for reduction in reverse transcription
products (293). They show that A3G can bind and inhibit HIV-1 reverse transcriptase (RT).
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A point mutation prevented RT binding and reduced the antiviral effect. In addition, a
double point mutant A3G that was defective for RT binding and deaminase activity was
completely inactive against HIV-1. The mechanism by which A3G binding inhibited RT

activity was not determined.

A3G is expressed in numerous cell types to varying levels including HIV-1 target cells,
CD4+ T-cells and macrophages (294). Its expression can be enhanced by IFN-|
stimulation (294). Analysis of hypermutated motifs has revealed A3G to be the most potent
A3 deaminase against HIV-1 in CD4+ T cells and macrophages (295,296). A3G
expression and hypermutation of viral DNA has been correlated with low viremia and
increased CD4+ T-cell counts in HIV-1 infected individuals (297). Furthermore, there is
evidence for A3G mediated restriction of HIV-1 in CD4+ T-cells by hypermutation as well
as inhibition of reverse transcription (295). At least 6% and 10% of guanosines have been
shown to be mutated in HIV-1 infected CD4+ T-cells and macrophages, respectively (298).
Low levels of G to A hypermutations in HIV-1 infected cells suggest that inhibition of
reverse transcription might be the dominant mechanism of HIV-1 restriction by A3 proteins.
Dendritic cells which are refractory to HIV-1 productive infection but allow transfer to T-
cells have also been shown to hypermutate viral cDNA after IFN-I stimulation and inhibit
HIV-1 transmission to T-cells (299).

A3G has been shown to modulate innate and adaptive immune activation. In mice, A3G
mediated suppression of reverse transcription limited detection of viral DNA by the DNA
sensor, cGAS, and prevented IFN induction (300). Hypermutation of the viral DNA has
been proposed to be both beneficial and detrimental for the virus. Sub lethal mutations by
A3G may generate viral strains that are resistant to immune responses and antiretroviral
drugs (301,302). In support of this, a study has shown reduced CD8+ T cell responses to
HIV-1 infected T-cells due to hypermutation of the genomic regions that are associated
with CTL escape (303). In contrast, lethal mutations in the viral genome have been shown
to generate non-functional proteins that are processed and presented by the MHC-I on the
cell surface which increased CTL response to HIV-1 infected T-cells (304). A3G also
promotes detection of infected T-cells by NK cells (305). Hypermutation of viral DNA by
A3G activates a DNA damage response which leads to upregulation of NK cell activating

ligands such as ULBPs and PLAP and enhances NK cell detection and cell lysis (305).

1.5.2 IFITMs

Interferon-induced transmembrane (IFITM) proteins are a family of antiviral factors that
prevent infection by enveloped viruses including members of the retro-, orthomyxo-, flavi-
and filo- families of viruses (306-308). In humans, five loci have been identified on
chromosome 11 that encode for IFITM proteins, 1, 2, 3, 5 and 10 (309). IFITM1, 2 and 3
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are IFN inducible with antiviral activity. IFITM5 has been shown to be involved in bone
mineralization in osteoblasts. It is not induced by IFN and lacks antiviral activity. The
function of IFITM10 has not yet been identified. IFITMs localize to distinct cellular
membranes where they inhibit virus membrane fusion with the target cell membranes
(310). All IFITM proteins are targeted to the plasma membrane after synthesis. Unlike
IFITM1, IFITM2 and 3 contains the endocytic motif, Yxx® which results in their
internalisation into endosomes (311,312). IFITM1 is mainly found at the plasma membrane
(313). IFITM2 is found in early endosomes whereas IFITM3 is present in late endosomes
(313). The specificity of IFITM antiviral activity is determined by its localisation. For
example, IFITM3 is active against Influenza A virus (IAV), however IFITM3 relocalisation
to the plasma membrane by mutating the endocytic motif has been shown to abolish its
antiviral activity (312). IFITMs have also been shown to inhibit entry of non-enveloped

viruses such as reoviruses which require endosomes for cell entry (314).

IFITMs belong to the dispanins superfamily of proteins (315). They contain a conserved
intracellular loop (CIL) flanked by an N-terminal and a C-terminal hydrophobic domain.
The CIL is cytoplasmic. Unlike the C-terminal hydrophobic domain in which the alpha helix
is transmembrane, the N-terminal hydrophobic domain contains two alpha helices that are
embedded into the inner leaflet of the membrane (310,316). The IFITMs structure is
stabilized by posttranslational palmitoylation of the CIL domain (317). The N- terminal
hydrophobic domain appears to regulate the curvature of the membrane which may
modulate the antiviral activity (318). The C-terminal transmembrane domain is involved in
IFITM oligomerisation into higher order structures which may influence the fluidity of the

membrane (319).

IFITMs block fusion of enveloped viruses with target cell membranes but the exact
mechanism is not fully understood. Most mechanistic studies have been done in the
context of IAV infection and suggest that IFITMs prevent fusion by regulating the fluidity of
the target membranes (320,321). Based on these studies three mechanisms have been
proposed that all depend on interaction between IFITM proteins and formation of higher
order complexes. It has been suggested that multimerisation of the IFITM reduces fluidity
of the membranes which may hinder the movement of virus receptors along the membrane
and limits interaction with the viral envelope glycoproteins, inhibit clustering of the viral
glycoproteins in the viral membrane required for their role in fusion or induce a membrane
curvature that counteracts the curvature forced by the virus membrane fusion (322). A
recent study found a transmembrane zinc metallopeptidase STE24 (ZMPSTE24) to be
required for the antiviral activity of IFITM (323). ZMPSTEZ24 inhibited infection by various

enveloped viruses and immunoprecipitated with IFITM1, 2 and 3. ZMPSTE24 processes
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lamin A on the inner nuclear membrane however the antiviral activity of ZMPSTE24 was

found to be independent of its catalytic activity.

IFITM inhibitory activity against HIV-1 was identified in an ISG siRNA screen (308).
IFITM1, 2 and 3 were found to suppress HIV-1 spreading infection. Subsequently it was
shown that expression of IFITMs in producer cells results in IFITM localisation to the sites
of virus assembly which does not affect virion production but reduces virion infectivity in
the target cells due to IFITM virion incorporation (324,325). 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. Another study found that IFITM
expression inhibited processing and virion incorporation of the HIV-1 Env glycoprotein,
gp160. It was shown that virus passage in IFITM expressing cells resulted in an IFITM
resistant virus with mutations in the Env gene (326). A recent study found that HIV-1
transmitted founder (TF) viruses were resistant to IFITM mediated restriction (313). TF
viruses are thought to be responsible for the establishment of de novo infections and
known to be more resistant to the antiviral effects of IFN than viruses isolated during
chronic phase. In this study Foster et al. (2016) compared TFs and chronic viruses from
the same individual and found that TFs were more resistant to IFITM restriction than the
chronic viruses. The increased susceptibility of chronic viruses to IFITMs, especially
IFITM2 and 3 was associated with mutations that drive escape from neutralizing
antibodies, positing IFITMs as a barrier to HIV-1 transmission. Using HIV-1 strains with
different coreceptor usage, it was demonstrated that R5 tropic viruses were restricted by
the plasma membrane associated IFITM1. In contrast X4-tropic viruses were found to be
restricted by IFITM2 and IFITM3 present in the endosomes. Furthermore, the restrictive
activity of IFITM2 and 3 against X4-tropic viruses could be abolished by their
mislocalisation to the plasma membrane. These observations not only implicate the
dependency of HIV-1 fusion site on the coreceptor usage but also demonstrates that
IFITMs in the target cells provide the antiviral activity as the IFITM incorporation was not

affected by different corecptor usage.

1.5.3 MxB

Human genome encodes for two Myxovirus resistance (Mx) genes, MxA and MxB, which
were identified as IAV restriction factors (327,328). Mx proteins are IFN-I inducible
guanosine triphosphatases (GTPases) belonging to the dynamin superfamily. MxA inhibits
infection of various DNA and RNA viruses however antiviral activity of MxB is restricted to
retroviruses, VSV and herpes viruses (327,329-331). Both Mx proteins contain a GTPase
domain connected to a C-terminal stalk domain via tripartite bundle signaling element
(BSE) (332). Unlike MxA, MxB contains a 25-amino acid long N-terminal domain that
confers antiretroviral activity to MxB (333).
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MxB has been shown to restrict HIV-1 infection in various cell lines such as
CD4+CXCR4+U87 MG cells and SupT1 cells (334,335). MxB restricts HIV-1 infection by
inhibiting integration without affecting reverse transcription (335). It is thought that MxB
blocks nuclear import of HIV-1 preintegration complex because it Inhibits HIV-1 more
potently in nondividing cells and reduces HIV-1 2-LTR circles which are only formed after
nuclear entry. One study has shown a bigger defect in infection than in nuclear import

suggesting that MxB may inhibit additional steps in viral life cycle (336).

Mutational analyses of MxB revealed that the GTPase domain is dispensable for its
antiviral activity. This was shown by mutations in the GTPase domain that prevented GTP
binding and hydrolysis (335). Recently, MxB has been shown to oligomerise into higher-
order structures. Recombinant MBP-fused MxB has been shown to form helical
assemblies in vitro (337). However abrogation of higher order assembly of MxB does not
seem to be essential for HIV-1 restriction (338). On the other hand, the N-terminal domain
of MxB is essential for HIV-1 restriction. Addition of the human MxB N-terminus to the
canine MxB, which lacks anti-HIV-1 activity, made HIV-1 sensitive to the canine MxB (336).
Similarly, two unrelated proteins, Fv1 and oligomerization competent leucine zippers,
gained anti-HIV-1 activity when fused to MxB N-terminal domain (339). MxB mRNA
translation results in synthesis of two isoforms, short and long, due to an internal initiation
methionine at position 26. The long isoform contains the N-terminal domain that provides
the antiviral activity and allows localisation to the nuclear envelope (336). Since antiviral
activity correlated with the nuclear envelope localisation, initially it was proposed that
nuclear envelope localisation is required for HIV-1 restriction. However, a study genetically
separated the two activites of MxB by a single point mutation at K20. Mutation of K20
abrogated nuclear envelope localization but allowed HIV-1 restriction, suggesting that

nuclear envelope localisation is not required for the antiviral activity of MxB (340).

HIV-1 capsid is targeted by MxB. A ftriple arginine motif, 11RRR13, in the N-terminal
domain was identified to bind to the capsid and in vitro studies have shown MxB binding
to the CA nanotubes (339,341,342). However, the relationship between CA binding and
restriction seems to be complicated because mutations in MxB that abolished HIV-1
restriction did not prevent CA binding (342). Nonetheless, passage of HIV-1 in cells
expressing MxB results in a point mutation in CA at position A88 that makes HIV-1
resistant to MxB (343). The occurrence of MxB resistance mutation at residue A88 which
is present in the cypA binding loop implicated the role of HIV-1 cofactors in MxB meditated
restriction of HIV-1. Further investigations showed that MxB antiviral activity was
dependent on HIV-1 cofactor recruitment. Abolishing CypA recruitment by CypA depletion

or CsA treatment inhibited MxB antiviral activity (334,335). Interaction between MxB and
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CypA has also been reported (343). Consistently, HIV-1 capsid cofactor binding mutants,
P90A and N74D, have been shown to be MxB insensitive (334,335).

Given the localisation of MxB to the nuclear rim and MxB insensitivity of HIV-1 mutants
that show altered nuclear import mechanism, two recent studies investigated the role of
nucleoporins in MxB antiviral activity. The first study carried out a yeast-two-hybrid screen
for MxB N-terminal domain and identified interaction with seven nucleoporins (344).
Depletion of these nucleoporins in cell lines and CD4+ T-cells inhibited MxB anti-HIV-1
activity. Nup214 and TNPO1 depletion was sufficient to completely inhibit MxB antiviral
activity and nuclear envelope localisation. TNPO1 and Nup214 were found to interact with
MxB in a triple arginine motif dependent manner. Consistent with these findings the second
study carried out an siRNA screen against nucleoporins and found that changes in
nucleoporin levels alter MxB activity (345). NPCs in different cell lines were found to be
composed of different nucleoporins that differentially modulated MxB activity. Interestingly,
MxB expression also inhibited non-viral NLS mediated nuclear entry. These studies
demonstrated that nuclear pore proteins and nuclear import factors can regulate antiviral

activity of MxB and extend its function in nuclear import of cargoes beyond HIV-1.

1.5.4 SAMHD1

Human sterile alpha motif and HD-domain-containing protein (SAMHD1) restricts HIV-1 in
non-dividing cells including monocyte derived macrophages and resting CD4+ T-cells
(346-348). SAMHD1 is a deoxynucleoside triphosphate triphosphohydrolase (dNTPase)
(349). In the presence of dGTP or GTP SAMHD1 hydrolyses dNTPs into
deoxynucleosides and inorganic triphosphate (350). It contains 626 amino acids that from
N-terminal nuclear localisation signal, a sterile alpha motif (SAM) and an HD domain. The
SAM domain is involved in protein-protein or protein-nucleic acid interactions whereas the
HD domain contains the dNTP hydrolase activity. In non-cycling cells the dNTPase activity
of SAMHD1 results in depletion of ANTPs to such a level that HIV-1 reverse transcription
is inefficient and infection is blocked (346). It is highly expressed in HIV-1 target cells,
macrophages and CD4+ T-cells (346-348).

Structural studies show that SAMHD1 can oligomerise. Monomers and dimers of SAMHD1
are catalytically inactive whereas a homotetramer of SAMHD1 has a catalytically active
dNTPase domain (351-353). Tetramerisation is promoted by GTP and is essential for
restriction of HIV-1. Binding of GTP to the first allosteric site (AL1) in a monomer results
in conformational changes that allow dimer formation. This is followed by binding of ANTPs
to the second allosteric site (AL2) and the catalytic site resulting in the formation of an

active tetramer.
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SAMHD1 catalytic activity and tetramerisation is regulated by cell cycle dependent
phosphorylation. In cycling cells CDK1 and 2 have been shown to phosphorylate SAMHD1
at the C-terminal residue T592 in a cyclin A dependent manner that inhibits dNTPase
activity (354,355). SAMHD1 dNTPase activity has also been shown to be sensitive to
oxidation. It has been shown that cell proliferation results in oxidation of SAMHD1 which
inhibits its tetramerisation and dNTPase activity (356). Unlike SAMHD1 phosphorylation,
oxidation of SAMHD1 resulted in its cytoplasmic localisation. The tetramer formation can
also be inhibited by binding of single stranded nucleic acids to the dimer-dimer interface
(357).

A recent study by Micochova et al. (2017) has shed light into how HIV-1 exploits the
regulation of SAMHD1 to infect macrophages (358). Primary macrophages were found to
transition between two states, a G1-like and a GO-like state. In the G1-like state,
macrophages expressed a cell cycle marker protein minichromosome maintenance
complex component 2 (MCM2) but did not progress to DNA replication or cell division. The
expression of MCM2 correlated with SAMHD1 phosphorylation and HIV-1 infection. On
the other hand, in the GO-like state macrophages did not express MCM2 and SAMHD1
was not phosphorylated which correlated with HIV-1 restriction. These observations
demonstrated how HIV-1 evaded SAMHD1 restriction in macrophages by exploiting a

window during which SAMHD1 antiviral activity is turned off.

In addition to the dNTPase dependent restriction of HIV-1, some studies have suggested
dNTPase independent restriction of HIV-1. In vitro studies have shown that SAMHD1 binds
single stranded nucleic acids and contains a nuclease activity (359). Another in vitro study
found the nuclease activity to be independent of the dNTPase activity (360). SAMHD1 was
shown to bind and degrade the incoming HIV-1 genomic RNA in MDMs and CD4+ T-cells
(361). These findings have been controversial and associated with contamination during

protein purification and different experimental conditions in different studies.

Several lines of research have implicated SAMHD1 as a negative regulator of innate and
adaptive immune responses. Mutations in SAMHD1 are associated with a rare hereditary
autoimmune disease Aicardi-Goutieres syndrome (AGS) (362). AGS is a severe
inflammatory disease characterised by spontaneous IFN production and upregulation of
ISGs. AGS associated mutations in SAMHD1 have been shown to prevent dNTP
hydrolysis by SAMHD1 and result in IFN-I production (363).

Consistent with the role of SAMHD1 in AGS, depletion of SAMHD1 in THP-1 cells was

shown to spontaneously induce IFN-I production and upregulate ISGs (364). This was

found to be inhibited by TBK1 phosphorylation inhibitor, BX795, and treatment of cells with

type | IFN receptor antibody. However, the stimulus for this spontaneous IFN-I induction
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was not determined. In addition to restriction of exogenous viruses, SAMHD1 also restricts
replication of endogenous retroviruses. LINE-1 is the only retrotransposon active in
humans (365). SAMHD1 depletion increases LINE-1 expression in dividing cells (366).
dNTPase activity and phosphorylation of T592 are essential for LINE-1 restriction.
SAMHD1 was shown to interact with the LINE-1 RNP and sequester it in large cytoplasmic
stress granules (367). Expression of LINE-1 in the absence of SAMHD1 is thought to drive
IFN-I induction seen in AGS.

In contrast to these reports, a recent study by Chen et al. (2018) showed a direct inhibition
of NF-kB and IRF7 signaling by SAMHD1 that prevented IFN-I induction (368). Silencing
of SAMHD1 in primary macrophages and THP-1 cells resulted in a higher IFN-I response
upon stimulation with viruses, including HIV-1, or inflammatory stimuli. Reconstitution of
SAMHD1 knocked out THP-1 cells with SAMHD1 resulted in suppression of NF-kB
activation and IFN-I induction upon stimulation. SAMHD1 was shown to interact with NF-
kB and prevent phosphorylation of IkBa. SAMHD1 also prevented phosphorylation of IRF7
by interacting with IRF7 and its kinase IKKe. The HD domain of SAMHD1 was required for

interaction with IRF7.

SAMHD1 restriction of HIV-1 reverse transcription has been shown to prevent activation
of innate immune system and development of an adaptive immune responses (369). Since
SAMHD1 prevents DNA synthesis by HIV-1, this was shown to limit activation of the DNA
sensor cGAS and IFN-I induction. Lack of an innate immune response to HIV-1 prevented

induction of virus specific cytotoxic CD8+ T-cells.

1.5.5 SERINCs

SERINCs are a group of transmembrane proteins with unknown cellular function. The
human genome contains 5 loci that encode SERINC 1, 2, 3, 4, and 5 proteins. SERINCs
contain 10 transmembrane domains flanked by cytoplasmic C- and N-termini. SERINCs
(SERine INCorporator) are named after their function in serine incorporation in cellular
membranes however these observations have been challenged by studies showing no
impact on membrane phospholipids in the absence of SERINCs (370,371). Out of the five
SERINCs, SERINCS is the most abundant and potent inhibitor of HIV-1 whereas SERINC2
lacks the antiviral activity (372). SERINC1 and 3 show moderate antiviral activity against
HIV-1(372). SERINC4 also shows potent antiviral activity against HIV-1 when expressed
ectopically however in vivo relevance of SERINC4 is undermined by lack of expression in

human tissues (373).

In HIV-1 producer cells SERINCS localises to the detergent-resistant microdomains known

as lipid rafts where virus assembly takes place, resulting in virion incorporation (372). The
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determinants of localisation to these sites are not known. The antiviral activity of SERINC5
has been shown to correlate with virion incorporation suggesting that virion associated
SERINCS is the major determinant of virus inhibition (374,375).

Studies have shown that SERINCS5 virion incorporation prevents delivery of reporter
proteins into the target cell cytoplasm, suggesting a block to virus entry (374,375). Given
that SERINCs have been shown to be involved in serine incorporation during phospholipid
biosynthesis, SERINC5 was thought to restrict HIV-1 fusion by modulating the composition
of the viral membrane. It was proposed that changes in membrane composition by
SERINCS5 would decrease the fluidity of the viral membrane, making it too rigid to fuse with
the target cell membrane. However, no significant changes in lipid composition of the
cellular or viral membranes were observed in the presence or absence of SERINCS5 (371).
Nonetheless, like IFITM proteins, it is possible that sole presence of SERINCS5 in the viral

membrane may decrease the propensity of membrane fusion.

Recent studies point towards the modulation of Env activity by SERINC5. SERINCS5 has
been shown to prevent formation of the fusion pore by inactivating the Env trimers
(376,377). In addition to a block to fusion, this activity of SERINC5 makes HIV-1 sensitive
to neutralization by antibodies raised against gp41 peptides. Furthermore, these studies
found a bigger defect in infection than fusion suggesting that SERINC5 may inhibit a step

after fusion pore formation.

1.5.6 Tetherin

Tetherin inhibits egress of several enveloped viruses including HIV-1 (378-380). Tetherin
is a type Il 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 (381,382). The N-terminal domain is cytoplasmic. It
contains a conserved dual tyrosine motif (YDYCRV) which interacts with clathrin adaptor
proteins AP1 and AP2 resulting in clathrin dependent endocytosis of tetherin into
endosomes (383). After synthesis, tetherin continuously cycles between the plasma
membrane, endosomes and the trans-Golgi network. 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
(384,385). The coiled-coil ectodomain also contains three cysteine residues which form
disulphide bonds and allow homodimerisation (385). The transmembrane domain has also
been shown to be involved in homodimerisation (386). While in the ER, the C-terminus of
tetherin is cleaved and a GPI anchor is added to a serine residue at position 161 (386).
GPIl anchors allow targeting of tetherin to specialised cholesterol rich microdomains known

as lipid rafts where viral assembly occurs.
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Tetherin exists as a dimer at the plasma membrane (385). 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. Scission of the particles tethers the viral particles to the producer cells

as well as to each other which has been observed by electron microscopy (387).

Tetherin expression can be induced in an IFN dependent and independent manner
(388,389). It has been shown to be induced by Type |, Il and Il IFNs in various cell types
(389-391). In HIV-1 positive individuals tetherin expression has been found to be highest
during the acute phase in peripheral blood mononuclear cells including CD4+ T-cells
(392). In addition, tetherin can be induced in an IFN independent manner. Using STAT1
depleted cells, activation of TLR8 and TLR3 was shown to upregulate tetherin (388).
Similarly, II-27 stimulation induced tetherin expression in an IFN independent manner
(393). Blockade of IFN signaling by the soluble vaccinia virus-encoded type I-IFN receptor
(B18R) inhibited IFN signaling but not IL-27-mediated upregulation of tetherin in human
monocytes and T-cells. In contrast, TGF beta has been shown to inhibit tetherin

expression in epithelial cells (394).

Two isoforms, long and short, are expressed from the tetherin mRNA (395). Both isoforms
have been shown to be able to dimerise and suppress virus release. The shorter isoform
is produced due to leaky scanning of the mRNA that allows methionine at position 13 to
act as an alternative start codon. The shorter tetherin isoform lacks the initial 12 amino
acids that contain the tyrosine motif responsible for the clathrin mediated endocytosis and

activation of innate signaling.

In addition to inhibiting release of budding virions, tetherin has also been shown to act like
a PRR that activates innate immune responses and modulates adaptive immunity.
Tetherin was identified to activate NF-kB in a cDNA expression screen for NF-kB activators
(396). Subsequently, it was shown that virion budding results in NF-kB activation (397).
Virion retention and NF-kB activation were found to be genetically separable (398). The
GPI anchor which is essential for virion capture is dispensable for NF-kB activation. On
the other hand, the dual tyrosine motif present in the cytoplasmic tail is essential for the
NF-kB signaling activation however endocytosis of tetherin is not required. Further
analysis of the tetherin cytoplasmic tail has revealed the presence of hemi-
immunoreceptor tyrosine-based activation motifs (hemITAMs) which are a feature of C-
type lectin pattern recognition receptors (399). Tethering of virions results in exposure of
the SH2 domains in the cytoplasmic tails of tetherin. Tetherin is first phosphorylated by a

Src-fiamily kinase (Src) at residue Y6 which is followed by phosphorylation of the residue
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Y8 by the spleen tyrosine kinase (Syk) (399). This allows recruitment of TRAF2, TRAF6
and TAK1 complex that activates NF-kB. Activation of NF-kB is also dependent on tetherin
interaction with the cortical actin cytoskeleton via the adaptor protein RICh2 (399,400).
Tetherin mediated tethering of virions on the cell surface has 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 (401,402). Recently, tetherin has also been shown to be a ligand for leucocyte
inhibitory receptor, immunoglobulin-like transcript (ILT7), present on plasmacytoid
dendritic cells (403). Tetherin Interaction with ILT7 was shown to inhibit TLR signaling
pathways. In the context of infection, tetherin incorporation into budding virions prevented

this interaction and allowed activation of pDCs by activating TLR signals.

1.5.7 TRIM5a

TRIM5 was identified in a rhesus macaque cDNA expression screen as a retroviral
restriction factor (404). It is IFN inducible and belongs to the TRIpartite Motif (TRIM) family
of proteins (405). In the human genome about 100 genes encode for TRIM proteins which
are involved in a wide variety of cellular functions including innate immunity. TRIMS is the

best studied for its antiviral function against HIV-1.

TRIMS5 contains an N-terminal RING domain, a B-box domain, a coiled-coil domain and a
C-terminal PRYSPRY domain (406). Among the TRIM5 isoforms, the alpha isoform
contains the PRYSPRY domain and exhibits antiviral activity (407). The PRYSPRY
domain of TRIM5a detects retroviral capsids that leads to the formation of a higher order
hexagonal lattice on the surface of the capsid cores (408—410). This suppresses reverse
transcription and blocks infection (411). Since TRIM5a has a low affinity for the capsid the
higher-order complex formation stabilises the lattice by increasing the avidity. Expression
of TRIM5a in the absence of capsid can also result in assembly of higher-order structures
known as cytoplasmic bodies (412). These structures have been shown to be dynamic
and can envelope the incoming viral capsid cores (413). The flexibility and dynamic nature
of these structures are thought to be the reason why TRIM5a can assemble into lattices
on diverse lentiviral capsids. Assembly of TRIM5a into higher order complexes depends
on the B-box domain. Mutations of the residues in the B-box domain that form the
oligomerisation interface prevent the formation of the hexagonal lattice on the capsid cores

and abolishes the antiviral activity (414,415).

The RING domain contains an E3 ubiquitin ligase activity (416). TRIM5a is
autoubiquitinated by the RING domain resulting in its turn over via the proteasome (417).
During retroviral infection recruitment of TRIM5a to the capsid promotes the E3 ligase

activity of the RING domain which correlates with its increased turnover in the infected
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cells (418,419). First, Ube2W attaches mono-Ub to K63 in TRIM5a. Then poly-Ub chains
are formed by the Ube2N/Ube2v2 complex. Mutations in the RING domain that abolish
the ligase activity relieve the block to RT but not infection (418,420). This can be
recapitulated by treating cells with the proteasome inhibitor, MG132. Based on these
observations, two models of TRIM5a restriction have been proposed. One model of
restriction depends on the ligase activity of the RING domain and results in a block to RT
and infection. The second mechanism depends on the assembly of TRIM5a into a
hexagonal lattice on the capsid surface that allows RT but may stabilise the cores or

disassemble the cores prematurely, resulting in a block to infection.

Upon detecting retroviral capsids TRIM5a not only blocks infection but also initiates an
innate immune response that drives adaptive immunity. TRIM5a has been shown to
activate nuclear factor kB (NF-kB) and activator protein 1 (AP-1) via a tumour growth factor
B activated Kinase 1 (TAK1) dependent signaling pathway (416). Higher-order assembly
of TRIM5a on the viral capsid and the subsequent K63-Ub chain formation are essential
for NF-kB and AP-1 activation. It has been suggested that TRIM5a mediated degradation
of the capsid produces peptides for MHC presentation that enhances adaptive immune
responses. Indeed, TRIM5a was shown to promote activation and cytotoxic activity of
CD8+ T-cells (421). Furthermore, some CTL escape mutations in the capsid have been
associated with TRIM5a sensitivity (422).

hTRIM5a has largely been described to be inactive against HIV-1 infection. A recent study
by Jimenez-Guardefio et al. (2019) provide new insights into antiviral action of hTRIM5a
against HIV-1. By using an siRNA library targeting ISGs in IFN-a treated U87-MG cells,
hTRIM5a was identified as a HIV-1 restriction factor (423). hTRIM5a antiviral activity was
then confirmed in IFN-a treated CD4+ T-cells, the main targets of HIV-1 infection in vivo.
HIV-1 capsid was the target of hTRIM5a as replacing the HIV-1 capsid with SIV capsid
abrogated the restriction. In addition, hTRIM5a lacking the PRYSPRY domain, the region
that recognises the capsid, was unable to restrict HIV-1. Interestingly, this study showed
that inhibition of the hTRIM5a ligase activity or the proteasome is sufficient to allow HIV-1
infection. The requirement of IFN-a treatment to induce hTRIM5a activity was associated
with increased hTRIM5a turnover via the specialized proteasome known as the

immunoproteasome.

In addition to TRIM5a mediated targeting of HIV-1 to the immunoproteasome, hTRIM5a
has also been shown to direct HIV-1 to autophagosomes (424). Langerhans cells (LC) are
a subset of dendritic cells that specifically express Langerin, a C-type lectin receptor. HIV-
1 uptake by LCs via Langerin resulted in HIV-1 degradation. In LCs TRIM5a was found to

be associated with the components of the autophagosomes. Depletion of hTRIM5a or
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autophagosome components, ATG16L1 or ATGS5, allowed HIV-1 infection of LCs.
hTRIM5a dependent restriction of HIV-1 was specific to Langrin and not observed when

HIV-1 used another C-type lectin receptor, DC-SIGN, for entry.

1.6 Antagonism and evasion of innate immunity by HIV-1

1.6.1 Vpu antagonism of tetherin and NF-kB signaling

Vpu is a type 1 transmembrane protein expressed from a bicistronic mRNA by HIV-1 but
not HIV-2. Vpu deleted HIV-1 clusters on the cell surface as it is unable to detach after
budding (425). Early studies showed that this was a cell-type specific effect which could
be enhanced by IFN-I stimulation (426,427). A microarray screen for IFN-I inducible
membrane associated factors specific to the non-permissive cell types revealed tetherin
as the dominant factor that inhibited the release of Vpu deleted virus (427).
Overexpression of tetherin was shown to inhibit Vpu deficient virus release whereas the

wild type virus was unaffected (427).

Vpu localises to the endosomes where it gets access to the newly synthesized and
recycling tetherin. A very highly conserved alanine and tryptophan domain in the
transmembrane region of Vpu interacts with the transmembrane domain of tetherin (428).
Phosphorylation of the cytoplasmic tail of Vpu allows formation of a complex with tetherin
and clathrin adaptor proteins, AP1 and AP2 (429). 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 B-transducing repeat containing (3TrCP) adaptor
protein resulting in tetherin ubiquitination and ESCRT mediated lysosomal degradation
(430). 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 (431). However, it contains the transmembrane
domain that allows interaction with Vpu and disrupts its incorporation into budding virions
(431).

Downregulation of tetherin by Vpu not only allows virion egress but also prevents tetherin
activation of NF-kB. However, Vpu has also been shown to inhibit NF-kB activation
downstream of various other NF-kB activators such as TNF-a in a tetherin independent
manner (432). Vpu inhibits TNF-a induced degradation of IkBa without inhibiting activation
of the upstream kinase IKK (432). Interaction of Vpu with BTrCP is essential for inhibition
of NF-kB downsteam of TNF-a as a BTrCP biding mutant is unable to inhibit NF-kB
activation. Since BTrCP is involved in degradation of activated IkBa which allows NF-«kB

activation it has been proposed that Vpu sequesters BTrCP in the endosomes resulting in
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IkBa stabilisation and inhibition of NF-kB signaling. Recent studies show that Vpu inhibition
of IkBa degradation does not correlate with its ability to interact with TrCP suggesting
that there might be BTrCP independent mechanism of NF-kB inhibition (433).

1.6.2 Nef antagonism of SERINC5/3

Nef is a 27 kDa protein that is expressed early during infection (434). N-terminus of Nef is
post-translationally myristoylated which allows interaction with lipid membranes (435). Nef
is best characterised for its role in downmodulation of CD4 and MHC-I from the plasma
membrane (436). Nef uses a di-leucine-based motif to recruit components of the
endosomal sorting machinery such as AP-1 and AP-2 (437,438) . This results in
endocytosis of CD4 and MHC-I molecules which are then degraded in the lysosomes via

the multivesicular body pathway (439).

For a long time Nef has been known to enhance infectivity of HIV-1 (440). Nef has been
shown to retain this activity during acute and chronic phases of infection suggesting that it
is required for transmission and persistence (441). Increased infectivity of HIV-1 was
associated with expression of Nef in the producer cells and required Nef mediated
endocytosis via interactions with AP2 and dynamin 2 (442,443). These observations
suggested that Nef overcame a virus restriction by targeting a plasma membrane
associated restriction factor. Two groups showed that Nef counteracted SERINC5/3 in
producer cells to enhance virion infectivity in the target cells (444,445). One group carried
out transcriptomic analyses of various producer cells whereas the other group analysed
the proteomic profile of virions produced in the presence or absence of Nef. Both studies
revealed that in the absence of Nef SERINC5/3 was incorporated into HIV-1 virions which
inhibited infectivity in the target cells. Nef was shown to inhibit cell surface expression of
SERINC5/3 by promoting its endocytosis into endosomes which prevented its
incorporation into virions. Like endocytosis of CD4, myristoilation and the di-leucine-based
motif were shown to be essential for Nef mediated downregulaton of SERINC5/3.
Endocytosis of SERINC5/3 has been shown to result in its lysosomal degradation.
Endocytosed SERINC5/3 has been shown to colocalise with the lysosome marker LAMP1
and treatment with lysosome inhibitors, Bafilomycin A1 and ammonium chloride, inhibited
degradation of SERINC5/3 (446). A recent study showed that Nef increased infectivity of
HIV-1 when reduced SERINC5/3 incorporation and cell surface expression was not
evident suggesting that there might be an additional endocytosis independent mechanism
(447).

62



Attachment

;

e ©
APOBEC3 .
— o

O CcPsF6
@ Cyclophilin A
Q Capsid
@ Vpr/Vif

L) RNA

‘Q:' DNA

Figure 1.4 Antagonism of innate restriction factors by HIV-1

SERINCS3/5: Inhibit fusion of viral particles with target cells. Antagonised by Nef. IFITMs:
Impair virus entry into target cells. Antagonised by evolving IFITM3 insensitive Env proteins.
TRIM5: Forms a hexagonal lattice around the capsids. Targets them for proteasomal
degradation and activates innate signalling. Antagonised by evolving TRIM5 insensitive viral
capsid proteins. APOBEC3s: Suppress viral DNA synthesis and induces mutations in the
viral DNA. Antagonised by Vif mediated degradation. SAMHD1: Restricts infection by
lowering nucleotide concentrations below those which support viral DNA synthesis.
Antagonised by Vpx mediated degradation (SIVsm/HIV-2) or infection of cells with inactive
SAMHD1 (HIV-1). MxB: Restricts HIV-1 nuclear entry and possibly integration. Schlafen 11:
Restricts HIV-1 protein translation. Tetherin: Inhibits virus release from infected cells.
Antagonised by Vpu mediated degradation.
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1.6.3 Vif antagonism of APOBEC3s (A3)

HIV-1 viral infectivity factor (Vif) is essential for viral replication in CD4+ T-cells and some
T-cell lines (448). Vif counteracts the antiviral activity of A3 enzymes by inducing their
degradation in producer cells which prevents their virion incorporation (449). Vif recruits
A3 enzymes to a Cullin5 (Cul5) E3 ubiquitin ligase complex by mimicking Cul5 cellular
substrate recognition subunit suppressor of cytokine signaling (SOCS2) (450). This results

in polyubiquination of A3 enzymes and proteasomal degradation.

Structural and biochemical analyses have revealed that Vif contains specific motifs that
are responsible for recruiting different A3 enzymes. Structurally, Vif exhibits an elongated
cone-like shape with two domains on either side of a Zn2+ ion (451). The af domain in
the N-terminus has been shown to interact with various A3 proteins. The 40YRHHY44
motif allows interaction with A3G, 11TWQxDRMR17 and 74TGERxW79 allow interaction
with A3F, A3C and A3D and 39F and 48H have been shown to be involved in A3H
interaction (452—455) . Vif expression is stabilized by interaction with a transcription factor
(CBFp) and the Vif structure is held together by Zn2+ coordination through the HCCH motif
(456).

Counteraction of A3G by Vif has been shown to be species specific and acts as a cross-
species infection barrier. Species specificity of A3G antagonism by Vif has been mapped
to a single residue at position 128 in A3G (457). African green monkey (AGM) A3G
contains a lysine (K) at position 128 whereas the human A3G contains a positively charged
aspartic acid (D). This single point mutation makes AGM A3G resistant to HIV-1 Vif and
mutating this residue in human A3G from 128D to 128K makes the human A3G insensitive
to HIV-1 Vif. Furthermore, it has been shown that the charged amino acid rather than the
identity of the amino acid governs the Vif sensitivity as mutation of residue 128 to alanine

does not abrogate Vif sensitivity (457).

Vif can also antagonise A3G antiviral activity in a degradation independent manner. Vif
has been shown to inhibit translation of A3G mRNA, virion incorporation of A3G and
cytidine deaminase activity of A3G (458—460).

1.6.4 HIV-1 evasion of innate immunity

Current studies suggest that after fusion the capsid core stays intact as it traverses the
hostile cytoplasm which not only allows encapsidated reverse transcription and nuclear

import but also shields viral nucleic acids from detection by cellular PRRs.

HIV-1 evasion of DNA sensing has been shown to be orchestrated by the capsid which

recruits cellular cofactors CypA and CPSF6 to cloak viral replication. Rasaiyaah et al.
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(2013) showed that infection of MDMs by WT HIV-1 was silent and did not induce IFN-I
however HIV-1 capsid mutants which were unable to recruit CypA (P90A) or CPSF6
(N74D) activated IFN-I production which suppressed viral replication (78). This effect was
recapitulated by inhibition of CypA with a non-immunosuppressive cyclosporine A
analogue, Smbz, and depletion of CPSF6. IFN-I induction was dependent on reverse
transcription and independent of integration suggesting that viral reverse transcribed DNA
was sensed by innate sensors. Critically, inhibition of IFN-I signaling by IFN-I receptor
antibody treatment rescued replication of P90OA and N74D mutant viruses. More cGAMP
was detected from HIV-1 P90A infected MDMs suggesting that this mutant virus was
detected by the DNA sensor cGAS. The exact mechanism of how recruitment of CypA and
CPSF6 by capsid prevents viral detection by innate immune sensors in not fully
understood. One hypothesis is that CypA and CPSF6 regulate capsid uncoating and
disturbing their recruitment to the capsid results in premature uncoating in the cytoplasm
which reveals viral DNA to cGAS.

Evasion of HIV-1 RNA sensing has recently been shown to be mediated by methylation of
the viral RNA genome in the producer cells (265). 2’-O-methylation is one of the most
common RNA modification in mammalian cells. The 5’guanosine cap of cellular mRNA is
methylated by methyltransferases which allows cellular innate immune system to
distinguish self RNA from non-self RNA (461). Various viruses including West Nile virus,
Ebola virus and Flaviviruses encode a 2'-O-Methyltransferase (2'-O-MTase) to methylate
their RNA and avoid detection by the innate immune system (462). In contrast, HIV-1 does
not encode a 2'-O-MTase but hijack a cellular 2'-O-MTase known as FTSJ3 to carry out
2'-0O-methylation of its genomic RNA to avoid detection by the innate immune sensors.
Ringeard et al. (2019) showed that FTSJ3, a 2-O-MTase, is recruited to HIV-1 RNA by
TAR binding protein (TARBP) in producer cells. TARBP binds to the TAR sequence and
Rev response element in HIV-1 RNA. Recruitment of FTSJ3 resulted in 2'-O-methylations
at 17 residues in the viral genome. Production of virus in FTSJ3 depleted cells resulted in
virions that induced an IFN-I response in primary dendritic cells and macrophages which
inhibited viral replication. Furthermore, it was shown that IFN-I induction was partially
MDAS dependent but RIG-I independent. Finally, treatment with IFN receptor antibody
partially restored replication of the virus produced in FTSJ3 depleted cells. These
observations showed that HIV-1 hijacks a cellular 2'-O-MTase to methylate its genome to
avoid MDAS sensing and IFN-I production which explains why premature uncoating has
never been reported to activate RNA sensors. One of the limitations of this study is that all
the viruses were produced in 293T cells whereas in vivo virus is produced by HIV-1 target
cells, CD4+ T-cells and macrophages. The role of FTSJ3 in methylating HIV-1 RNA in

CDA4+ T-cells and macrophages needs further investigation.
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1.7 Viral protein R (Vpr)

Vpr is a 96 amino acid long protein encoded by all HIVs and SIVs (463). In vitro, Vpr is
dispensable for HIV-1 replication (464). However, in vivo infection of macaque rhesus
monkeys with Vpr deleted SIV results in poor viral replication and delayed disease
progression (465). In humans, infection with a Vpr-defective HIV-1 has been reported to
result in markedly delayed seroconversion, suppressed viremia and normal T-cell levels
without treatment (466). Like other HIV accessory proteins, Vpr hijacks the cellular
cullin4dA-RING E3 ubiquitin ligase (CRL4) by interacting with its substrate recognition
subunit DDB1- and CUL4A-associated factor 1 (DCAF1) (467). Vpr has been shown to
recruit several cellular proteins to CRL4 resulting in their ubiquitination and subsequent
proteasomal degradation (468—470). Vpr‘s molecular functions include nuclear import of
the viral pre-integration complex (PIC), induction of G2 cell cycle arrest, modulation of T-
cell apoptosis, transcriptional coactivation of viral and host genes, and regulation of
nuclear factor kappa B (NF-kB) activity (276,468,471-473). Despite numerous reported
functions of Vpr, its role in HIV-1 infection has remained poorly defined and its function is
somewhat enigmatic. This is partly because under cell culture conditions Vpr is
dispensable for replication in CD4+ T-cells and there are conflicting reports of Vpr-
dependent HIV-1 replication in MDMs, suggesting that its function might only be apparent
under certain conditions (464,474). A major challenge is to identify a reliable assay for Vpr
function and a corresponding replication assay that links target degradation to viral
replication as was the key to understanding the relationships between HIV-1 Vif and
APOBECSs, Vpu/Nef and Tetherin and Nef and SERINC3/5.

1.7.1 Structure of Vpr

The NMR structure of Vpr shows that it contains a central a-helical core, containing three
alpha helices connected by loops, which is flanked by unstructured N- and C-terminal tails
(475). The N-terminal tail is negatively charged whereas the C-terminal tail is positively
charged. Vpr contains four proline residues at position 4, 10, 14 and 35 which are thought
to undergo cis/trans isomerisation by the peptidyl-propyl isomerase cyclophilin A and allow
correct folding of Vpr (476). The third a-helix is rich in leucine residues and is involved in
the formation of a leucine-zipper like motif that allows assembly of Vpr into higher order

oligomers (477).

The recently resolved crystal structure of Vpr confirmed the NMR structure and delineated

interactions of Vpr with its cofactor, DCAF1 (478). It showed that Vpr interacted with

DCAF1 primarily through the N-terminal tail and a-helix 3. Residues Arg62, GIn65, and

Arg73 on the third a-helix of Vpr formed hydrogen bonds with Glu1088, Ser1136, and

Thr1139 of DCAF1, respectively. Phe69 of Vpr was also found to make contact with a
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small hydrophobic pocket in DCAF1 and mutating it to alanine abolished the interaction.
In addition, DCAF1 residue Trp1156 was buried in a hydrophobic pocket made by the a-
helix 1 and 3. The N-terminal tail of Vpr was found to be wrapped around DCAF1, however
the C-terminal tail was unresolved suggesting that it is flexible and can adopt multiple

conformations which might be stabilized by binding other cellular proteins.

1.7.2 Particle incorporation

Vpr is specifically packaged at a high copy number into virions (25). An estimate suggested
275 molecules of Vpr per virion (479). Vpr incorporation into budding virions is the result
of Vpr interaction with the p6 domain in the Gag polyprotein (25). Phosphorylaion of p6 by
cellular protein kinase C has been shown to be essential for Vpr packaging (480). Earlier
reports suggested that a leucine rich motif in the p6 C-terminus directly bound Vpr (481).
This was done with particles formed by chimeric Rous sarcoma virus (RSV) or murine
leukemia virus (MLV) Gag polyproteins containing the HIV-1 p6 sequence fused to their C
termini. Latter studies investigated Vpr incorporation in the context of full length HIV-1 Gag
and found the leucine rich domain in p6 to be dispensable for Vpr incorporation (482). P6
region responsible for Vpr packaging was mapped to an FxFG motif, 15FRFG, commonly
found in proteins of the nuclear pore complex. During maturation proteolytic cleavage of
the Gag polyprotein generates NCp7 which has been shown to exhibit higher affinity for
Vpr than the mature p6 (483,484). After maturation Vpr binds NCp7 which recruits it into

the conical core where Vpr associates with the viral RNA genome (479,485)

A real-time study using a flow cytometry fluorescence resonance energy transfer has
shown that Vpr self-assembles into dimers, trimers, tetramers and higher order oligomers
(477). Oligomerisation of Vpr is required for interaction with the Gag polyprotein and is
essential for virion incorporation. However, oligomerisation of Vpr does not seem to be
essential for its function. Mutations in Vpr that prevent oligomerisation do not affect Vpr
mediated cell cycle arrest. Similarly, mutations that abrogate Vpr cell cycle arrest function

do not prevent oligomerisation of Vpr (486).

Virion incorporation of Vpr has been exploited in various ways to investigate HIV-1
infection. Beta-lactamase-Vpr chimeric protein (BlaM-Vpr) has been used extensively for
the study of HIV-1 entry into cells (487). Vpr has been used to package various cellular
and viral proteins into virions such as the integrase and the reverse transcriptase
(488,489). Vpr tagged with a fluorescent protein such as mCherry or GFP has been used
to study uncoating of the viral capsid and track viral particles as they traverse the cellular
cytoplasm (490,491).
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1.7.3 Cellular localisation

Localisation of Vpr is dynamic and depends on the step of the viral life cycle. Desai et al.
(2015) used single virus tracking, confocal imaging and fluorescence -correlation
spectroscopy to investigate the localisation of virion delivered Vpr (492). Fluorescently-
tagged Vpr was found to dissociate from HIV-1 cores to accumulate rapidly in the nucleus
as monomers and large complexes with host proteins. Vpr shedding from the viral core
did not correlate with capsid stability as HIV-1 mutants with hyperstable or unstable
capsids did not affect kinetics of Vpr nuclear localisation. Shedding of Vpr from the viral
cores was suggested to be an active process that did not occur when immobilized virions
were treated with detergents in the presence or absence of cytosol. In contrast, a previous
study by Campbell et al. did not observe GFP-tagged Vpr accumulation in the nucleus

post fusion (493).

Exogenously expressed Vpr localises to the nucleus and shows accumulation around the
nuclear envelope in various cell lines and primary macrophages (494). HIV-1 containing
Vpr mutants that do not show nuclear envelope localisation replicate less in macrophages
compared to WT HIV-1 (494,495). Localisaion of Vpr to the nuclear envelope has been
associated with interaction with components of the nuclear pore complex (NPC). Vpr has
been shown to interact with various members of the NPC. It interacts with FG-rich regions
of Nup54, Nup58 and Pom121 (496,497). hCG1 has been shown to interact with Vprin a
FG-region independent manner (498). The relevance of Vpr interactions with nucleoporins

is not clear.

Gag expression has been shown to change localisation of Vpr. Co-transfection of Vpr with
Gag expressing plasmid resulted in localisation of Vpr to the plasma membrane and this
inhibited the cell cycle arrest function of Vpr (477,486). This is consistent with the fact that
Vpr interacts with the p6 domain of Gag for virion incorporation at the plasma membrane
(25,484). These findings suggest that certain functions of Vpr that depend on nuclear
envelope localisation may only be apparent during very early stages of infection when Gag
is absent. Proviral expression of Gag may inhibit Vpr functions by changing Vpr localisation

or by masking the target or co-factor binding sites.

1.7.4 Vpr and importins

Several studies have shown Vpr interaction with components of the nuclear import
machinery which has been linked to nuclear import of the HIV-1 preintegration complex
(499). Importins are a group of proteins involved in nuclear import of cellular proteins and
nucleic acids. Different groups of importins recognise different classes of nuclear

localisation signals (NLS) in proteins (500). The classical nuclear import pathway is
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regulated by importin-a and importin-B. Importin-a contains an NLS binding site that
recognises a canonical basic NLS in protein cargoes. Upon binding the NLS, importin- a
recruits importin- § which carries the complex through the nuclear pore via interactions

with nucleoporins in a Ran GTPase dependent manner.

Vpr does not contain a canonical NLS and Vpr mediated transport has been shown to be
insensitive to NLS peptide (501-503). Nonetheless, there are numerous reports of Vpr
interaction with importin-a. Vodicka et al. (1998) showed that GST-tagged Vpr co-purified
with importin-a but not importin-f3 from yeast cell extracts (495). This was associated with
localisation of Vpr to the nuclear envelope as the Vpr mutant (F341) defective for nuclear
envelope localisation did not co-purify with importin-a. Furthermore, the cell cycle arrest
function of Vpr was found to be independent of importin-a interaction. Finally, the authors
showed that HIV-1 encoding the Vpr mutant F341 was unable to replicate in primary human

macrophages.

An in vitro transport assay using digitonin permeabilised HelLa cells has been used to
characterize Vpr interaction with importin-a. In this assay, recombinant Vpr localises to the
nuclear envelope and enters the nucleus upon addition of recombinant importin-a but not
importin-f or transportin (504). Cytosolic extracts from macrophages have been shown to
allow Vpr nuclear import whereas cytosolic extracts from monocytes do not which was
correlated with lower expression of importin-a in monocytes (505). In Vvitro
immunoprecipitation experiments have been used to show Vpr interaction with three
importin-a Rch1, Qip1 and NPI-1 (506). Although biochemical analyses revealed identical
binding affinities between Vpr and the importin-a isoforms, interaction with NPI-1 was
responsible for its nuclear import. In vitro immunoprecipitation experiments showed that
CAS/Exportin 2, a protein involved in importin-a export, prevented Vpr interaction with NPI-
1 but not with Rch1 or Qip1 (506). Furthermore, in vitro transport assay showed that
depletion of CAS prevented nuclear import of Vpr by NPI-1 which was rescued by addition
of recombinant NPI-1 (506).

The Vpr C-terminal tail contains a cluster of basic residues (¥’ RRTRNGASKS®). It is
different from the canonical NLS but has been shown to interact with importin-a (507).
Miyatake et al. (2016) resolved the crystal structure of the Vpr C-terminal tail and murine
importin-a2 lacking the autoinhibitory importin-B binding domain (AIBB—m-importin-a2).
AIBB—m-importin-a2 shares 94.5% amino acid sequence with human importin-a1 and
yields crystals. They found that Vpr C-terminal tail makes a twisted B-turn that mimics a
canonical NLS-binding motif. Upon binding importin-a it induces homodimerization of

importin-a.
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1.7.5 Vpr causes cell cycle arrest

Vpr hijacks the Cul4-DCAF1 E3 ubiquitin ligase complex to target proteins for proteasomal
degradation (508). The most extensively studied function of Vpr is to cause cell cycle arrest
at the G2 to mitosis (G2/M) transition. A study by Laguette et al. (2014) has provided some
insight into this process. Taking a biochemical approach, the authors showed that Vpr
manipulates an endonuclease complex to arrest the cell cycle (468). They proposed this
prevents innate immune sensing of the viral DNA. The data suggested that Vpr interacts
directly with SLX4, which is implicated in DNA damage repair pathways. SLX4 recruits
structure-specific endonucleases (SSE) MUS81-EME1, ERCC1-ERCC4 and SLX1 to form
a complex (SLX4com) that repairs DNA damage. The activity of SSEs is kept under tight
control during cell cycle. They are only activated at the G2/M transition, for example, by
kinases such as polo-like kinase 1 (PLK1) leading to resolution of stalled replication forks
and maintenance of genomic integrity. Vpr recruits PLK1 to the SLX4com prior to the G2/M
transition. PLK1 then prematurely activates SLX4com by phosphorylating EME1 resulting
in abnormal processing of replication forks that eventually leads to replication stress and
cell cycle arrest at the G2/M transition. This function of Vpr is dependent on Cul4-DCAF1
ubiquitin E3 ligase complex as the DCAF1 binding mutant, VprQ65R, is unable to interact
with SLX4com to cause cell cycle arrest. Furthermore, SLX4 was found to bind HIV-1
reverse transcripts only in the presence of Vpr suggesting that Vpr may recruit SLX4 to

process HIV-1 reverse transcripts and prevent innate sensing.

These findings raise important questions of how Vpr manipulates the SLX4com to degrade
viral DNA and evade innate sensing without suppressing productive infection. Importantly,
the significance of SLX4 activation by Vpr should be demonstrated during HIV-1
replication. The relevance of the Vpr interaction with SLX4 is undermined by the recent
suggestion that specific HIV-1 Vpr isolates are unable to interact with SLX4 (509).
However, species specific Vpr-SLX4 interactions support the validity of this interaction
(510). The role of SLX4 in HIV-1 replication and Vpr activity certainly warrants further

investigation.

1.7.6 Vpr and innate immunity

Various studies have shown that Vpr modulates innate immune activation by regulating
activation of transcription factors, IRF3 and NF-kB. In Tzmbl cells reconstituted with
STING, Vpr was found to inhibit sensing of HIV-1 by blocking translocation of IRF3 into
the nucleus (511). On the other hand, in PBMCs, and the Jurkat T-cell line, Vpr was found
to degrade IRF3 to suppress immune responses (512). In contrast to the effects of Vpr on
IRF3, NF-kB has been described to be activated by Vpr, potentiating innate sensing of
HIV-1 in CD4+ T-cells and dendritic cells (276,513).

70



1.7.7 Vpr drives global cellular proteome remodeling

A recent study by Greenwood et al. (2019) showed Vpr driven global cellular proteome
remodelling (514). Comparison of total proteomes of uninfected CEM-T4 T-cell line with
cells infected with either WT HIV-1 or an HIV-1 Vpr deletion mutant (HIV-1 AVpr) showed
that 1,940 proteins changed significantly in wild-type HIV-1 infected cells whereas only 45
significant changes occurred in cells infected with HIV-1 AVpr (514). Vpr-dependent
proteomic remodeling was found to be dependent on the interaction of Vpr with
DCAF1/DDB/Cul4 ligase complex. Critically, depletion of DCAF1 alone did not phenocopy
Vpr-mediated proteome remodeling, and the widespread effects of Vpr were therefore
unlikely the result of DCAF1 depletion. Proteomics analysis using CEM-T4 T cells exposed
to lentiviral particles lacking or bearing Vpr in the presence of reverse transcriptase
inhibitors (RTIs) phenocopied the Vpr-dependent proteome remodeling seen in HIV-1
infection, suggesting that incoming Vpr is sufficient for remodeling of the proteome.
Comparison of the proteomic profiles showed depletion of at least 302 proteins and
upregulation of 413 proteins by Vpr. By combining data acquired from cell proteomics, MS
co-IP with epitope-tagged Vpr, and pulsed SILAC, the authors proposed at least 38 direct

targets for Vpr-dependent degradation, some of which were validated by immunoblotting.

These observations explain why effects of Vpr on cellular phenotypes and viral replication
are complex and remain poorly understood. However, these observations are limited to
the CEM-T4 T cell line model and need to be validated in primary CD4+ T-cells. Moreover,
some functions of Vpr might be exclusive to other cell types such as macrophages or

dendritic cells and may not be explained by protein targets identified in this study.
1.8 Project Aim

Demonstration of HIV-1 reverse transcribed DNA as a potent PAMP for the DNA sensor,
cGAS, instigated efforts for identification of a DNA sensing antagonist encoded by HIV-1.
Given the role of HIV-1 accessory proteins in antagonism of innate restriction factors and
the presence of Vpr during early stages of the HIV-1 life cycle when its reverse transcribed
DNA is prone to detection by cGAS, it was hypothesised that Vpr may play a role in
antagonism of the cGAS signalling pathway. The aim of the project was to investigate and
characterise the function of Vpr against innate immunity, particularly the cGAS/STING
pathway of DNA sensing, in myeloid cells competent for mounting effective IFN-I

responses.
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2 Chapter 2: Methods and materials

2.1 Restriction enzyme digestion

Each digestion contained 1.5 uyg DNA, 1 pl appropriate 10 x restriction enzyme buffer
(Sigma/NEB), 1.0 pl of each restriction enzyme (Sigma/NEB) and made up to 30 ul with
water. Restriction digests were incubated at 37 °C for at least 2 hours. Digestion products

were analysed by agarose gel electrophoresis and the DNA was purified from the gel.

2.2 Agarose gel electrophoresis

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 (0.2 ug/ml) (Sigma) was used to visualise the DNA by UV transillumination (UVP
BioDocWIT).

2.3 Purification of DNA from agarose gel slices

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.

2.4 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 10 pl with water. Ligation

reactions were incubated at 16 °C for at least 2 hours.

2.5 Transformation of E. coli

50 ul of transformation competent HB101 E. coli were mixed with 10 pl of a ligation
reaction. The bacteria were incubated on ice for 30 min. Bacteria were then heat shocked
at 42 °C for 45 seconds and then incubated on ice for 5 min. The bacteria were spread on

Luria Broth (LB) agar plates containing ampicillin (100 pug/ml).
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2.6 Site directed mutagenesis (SDM)

SDM PCRs were performed using Pfu Turbo DNA Polymerase (Agilent). For details of
reaction setup, see Table 2.1. For cycling parameters, see Table 2.2. For each PCR, a
negative control that contained no Pfu Turbo was included. 1yl Dpnl (NEB) was added to
each completed PCR and incubated at 37°C for 2hours. The Dpnl 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.

Component Amount per reaction
Pfu Turbo DNA Polymerase 2.5U/pl 2ul
Pfu Turbo 10x Buffer Sul
dNTPs (Promega) 25mM each Tl
Forward primer (Sigma) 10uM 2ul
Reverse primer (Sigma) 10uM 2l
Plasmid Template (30ng) 3ul
dH,0 35ul
Final volume 50ul

Table 2.1: SDM reaction setup

Step Temp (°C) | Time (min) | No. of Cycles
Initial denaturing 92 1 1
Denaturing 92 1
Annealing 55 1
12
Extension 68 2/kb
Final extension 68 30 1

Table 2.2: SDM PCR cycling parameters
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Vpr Mutations Primer sequence (5’-3’)
A30S Fwd GAACTGAAGAACGAGAGCGTGCGGCACTTCCCC
A30S Rev GGGGAAGTGCCGCACGCTCTCGTTCTTCAGTTC
V31S Fwd CTGAAGAACGAGGCCAGCCGGCACTTCCCCAGA
V31S Rev TCTGGGGAAGTGCCGGCTGGCCTCGTTCTTCAG
F341 Fwd GCCGTGCGGCACATCCCCAGACCTTGGCTGCATAGC
F341 Rev GCTATGCAGCCAAGGTCTGGGGATGTGCCGCACGGC
P35N Fwd GCCGTGCGGCACTTCAACAGACCTTGGCTGCATAGC
P35N Rev GCTATGCAGCCAAGGTCTGTTGAAGTGCCGCACGGC
W54R Fwd GAGACATACGGCGACACCCGGGCTGGCGTGGAAGCC
W54R Rev GGCTTCCACGCCAGCCCGGGTGTCGCCGTATGTCTC
Q65R Fwd GCCATCATCAGAATCCTGCGGCAGCTGCTGTTCATC
Q65R Rev GATGAACAGCAGCTGCCGCAGGATTCTGATGATGGC
H71R Fwd CAGCTGCTGTTCATCCGGTTCCGGATCGGCTGCCGG
H71R Rev CCGGCAGCCGATCCGGAACCGGATGAACAGCAGCTG
R73S Fwd CTGTTCATCCACTTCAGCATCGGCTGCCGGCAC
R73S Rev GTGCCGGCAGCCGATGCTGAAGTGGATGAACAG
S79A Fwd ATCGGCTGCCGGCACGCCAGAATCGGCATCACC
S79A Rev GGTGATGCCGATTCTGGCGTGCCGGCAGCCGAT
R80A Fwd GGCTGCCGGCACAGCGCCATCGGCATCACCCCT
R80A Rev AGGGGTGATGCCGATGGCGCTGTGCCGGCAGCC
R90K Fwd CCTCAGCGGAGAGCCAAGAACGGCGCCAGCAGA
R90K Rev TCTGCTGGCGCCGTTCTTGGCTCTCCGCTGAGG
A30S V31S Fwd GAACTGAAGAACGAGAGCAGCCGGCACTTCCCC
A30S V31S Rev GGGGAAGTGCCGGCTGCTCTCGTTCTTCAGTTC
F341 P35N Fwd GCCGTGCGGCACATCAACAGACCTTGGCTGCATAGC
F341 P35N Rev GCTATGCAGCCAAGGTCTGTTGATGTGCCGCACGGC

Table 2.3:SDM primer sequences
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2.7 shRNA preparation

shRNA sequence targeting DCAF1 (GCGGACTGGAGGTGATCAT) was 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.

Temperature (°C) Duration
95 30 sec
72 2 min
37 2 min
25 2 min

Table 2.4: shRNA oligo annealing

Component Amount per reaction
Digested HIV-1 SIREN vector |50ng
Annealed oligo (0.5uM) Tul
10X T4 ligase buffer 1.5ul
BSA (10mg/ml) 0.5ul
T4 DNA ligase Tul
Total Volume Up to 15ul with water

Table 2.5: shRNA oligo ligation

2.8 Reporter gene assays

For dual luciferase reporter gene assays in HEK293T cells, 2x10° cells/ml were seeded in
48-well plates and transfected with 5ng IgK-luciferase reporter, 2.5ng thymidine kinase
renilla luciferase reporter (Promega), 50ng empty or Vpr expressing pcDNA3.1, 1.5ng
pcDNA3.1 flag-cGAS and STING using 0.75ul FUGENE 6 (Promega) and 20ul Opti-MEM
(Promega). 48 hours later cells were lysed, and firefly and renilla luciferase activities were
measured using a Glomax luminometer (Promega). For reporter gene assays in HEK293T

cells containing an integrated NF-kB luciferase reporter 2x10° cells/ml were seeded in 48-
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well plates and transfected with pcDNA3.1 empty or Vpr. Cells were lysed in passive lysis
buffer (Promega), and the firefly luciferase activity was measured using the Glomax
luminometer (Promega). Firefly luciferase values were divided by renilla luciferase values
and a fold induction of reporter activity was calculated by normalising each result to the
luciferase activity of the unstimulated cells transfected with empty pcDNA3.1. For reporter
gene assay in pIFIT1-Gluc THP-1 cells, 5x10* cells/well were seeded in 96-well plates.
Gaussia luciferase activity was measured in supernatants by using the 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

cells. cGAMP (Invitrogen) was added into the culture media.

2.9 Cell culture

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
pg/ml) (Gibco). HEK293T- cells with integrated NF-kB luciferase reporter were grown in
DMEM supplemented with 15% fetal FCS, 50 ug/ml penicillin-streptomycin (Gibco) and
2ug/ml puromycin (Calbiochem). pIFIT1-Gluc THP-1 and ¢cGAS-/- and MAVS-/- THP-1
cells were grown in Roswell Park Memorial Institute (RPMI 1640; Gibco) medium

supplemented with 10% FCS and 50 pg/ml penicillin-streptomycin.

2.10Nucleofection

5 x 10° HEK293T cells were resuspended in 100ul of Nucleofector Solution T. The cell
suspension was then combined with 1ug plasmid DNA. The celllDNA suspension in a
cuvette was inserted into the Nucleofector™ 2b Device (LONZA) and program T-016 was
used. The sample was then incubated for 10 minutes at room temperature. The sample
was mixed with appropriate media and 1x10”6 cells/well were plated in a 48-well plate.

After 4-6 hours, the media was replaced with fresh media.

2.11Flow Cytometry

Cells wer fixed in 4% paraformaldehyde for 20 min at room temperature and analysed by
BD Accuri C6 (BDBiosciences). Live cells were gated by forward scatter height (FSC-H)
and side scatter area (SSC-A). At least 5000 alive cells were measured for each sample.

A gate for GFP-positive cells was made using an uninfected sample.
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2.12RNA extraction and cDNA synthesis

RNA was extracted from cells using the NORGEN RNA extraction kit according to the
manufacturer’'s protocol. For reverse transcription to synthesise complementary DNA
(cDNA), each reaction contained 1 ug RNA, 2.5 uM oligo dT, 500 uM dNTP, made up to
13 ul with nuclease-free water. These reactions were incubated at 65° C for 5 min and
then transferred directly to ice for 1 min. To each reaction was then added 4 pl 5x First-
strand buffer (Invitrogen), 5 mM DTT, 40 U RNase OUT (Invitrogen), 50 U Superscript IlI
reverse transcriptase (Invitrogen), made up to a total of 20 yl with nuclease-free water.
The reactions were incubated at 50° C for 1 hour, followed by 70° C for 15 min. cDNA was
diluted 1:5 in nuclease-free water before quantitative reverse transcription-polymerase

chain reaction (QRTPCR) analysis.

2.13Real-time quantitative PCR (RT-qPCR)

Each gRT-PCR contained 2ul diluted cDNA, 10ul 2x SYBR® Green PCR master mix
(Applied Biosystems), 1 uM of each primer, made up to 10 pl with water per well. A 7900HT

Real-Time PCR machine (Applied Biosystems) was used to run the following programme.

Temperature Duration
50° C 2 min
95° C 10 min
40 cycles:
95° C 15 sec
60° C 1 min

Table 2.6: RT-qPCR reaction

Gene Primer sequence (5’-3’)

GAPDH Fwd ACCCAGAAGACTGTGGATGG

GAPDH Rev TTCTAGACGGCAGGTCAGGT

CXCL-10 Fwd TGGCATTCAAGGAGTACCTC

CXCL-10 Rev TTGTAGCAATGATCTCAACACG

IFIT2 Fwd CAGCTGAGAATTGCACTGCAA
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IFIT2 Rev CGTAGGCTGCTCTCCAAGGA
MxA Fwd ATCCTGGGATTTTGGGGCTT
MxARev CCGCTTGTCGCTGGTGTCG
Viperin Fwd CTGTCCGCTGGAAAGTG
Viperin Rev GCTTCTTCTACACCAACATCC

Table 2.7: qPCR primer sequences
2.14Propidium iodide staining for cell cycle analysis

Cells were washed with PBS and then fixed in 1ml cold 70% ethanol on ice for 30 minutes.
To ensure efficient fixing and minimise clumping, ethanol was added dropwise while
vortexing. Ethanol was removed and cells were washed twice with PBS. To remove RNA
from the samples RNase A (100 ug/ml) was added with propidium iodide (50ug/ml). Cells
were incubated for 10 minutes at room temperature and analysed on a BD FACSCalibur

cytometer (BD Biosciences). The data was analysed using the FlowJo software.

2.15Preparation 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, 4° C.

The cleared lysate was transferred to a clean eppendorf and stored at -20° C.

2.16 SDS-PAGE

For sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-PAGE) analysis
cell lysates were heated at 100 °C for 10 min in 6x protein loading buffer, containing 50
mM Tris-HCI (pH 6.8), 2 % (w/v) SDS, 10% (v/v) glycerol, 0.1% (w/v) bromophenol blue,
100 mM B-mercaptoethanol. The samples were loaded on an appropriate polyacrylamide
gel and proteins were separated by electrophoresis at 120 V in SDS running buffer (25
mM Tris-HCI, 250 mM glycine, 0.1 % (w/v) SDS).
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2.17Immunoblotting

After PAGE, proteins were transferred to a Hybond nitrocellulose membrane (Amersham
biosciences) in transfer buffer (25 mM Tris-HCI, 250 mM glycine, 20 % (v/v) methanol)
using a semi-dry transfer system (Biorad) and 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 4 °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).

Antibody Source Dilution
Rabbit-anti-VSV-G Sigma 1:20000
Rabbit-anti-HIV-1 p24 NIH AIDS reagent| 1:1000
program
Rabbit-anti-Vpr NIH AIDS reagent| 1:1000
program
Rabbit-anti-STING Cell signalling 1:1000
Rabbit-anti-pSTING Cell signalling 1:1000
Rabbit-anti-TBK1 Cell signalling 1:1000
Rabbit-anti-pTBK1 Cell signalling 1:1000
Rabbit-anti-IRF3 Cell signalling 1:1000
Rabbit-anti-pIRF3-386 Sigma 1:1000
Mouse-anti-actin Abcam 1:20000
Mouse-anti-TREX-1 Sant Cruz | 1:250
Biotechnology
Rabbit-anti-DCAF 1 Bethyl 1:1000
Rabbit-anti-Nup358 Abcam 1:2000
Mouse-anti-TNPO3 Abcam 1:100
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Rabbit-anti-VCP Santa Cruz | 1:1000
Biotechnology

Mouse-anti-flag Sigma 1:1000

Mouse-anti-Tubulin Millipore 1:10000

Rabbit-anti-GFP Abcam 1:20000

anti-rabbit IRDye 800CW LICOR Biosciences | 1:10000

anti-mouse IRDye 800CW LICOR Biosciences | 1:10000

Table 2.8: Antibodies used for immunoblotting

2.18Immunofluorescence

For confocal microscopy, HelLa cells (5x10* cells/ml) were seeded into 24-well plates
containing sterile glass coverslips. For nuclear translocation assays, THP-1 cells (4x105
cells/ml) were adhered in an optical 96-well plate with PMA (50ng/ml) for 72 hours. Cells
were washed twice with ice-cold PBS and fixed in 4% (v/v) paraformaldehyde.
Autofluorescence was then quenched in 150 mM ammonium chloride, the cells
permeabilised in 0.1% (vol/vol) Triton X-100 in PBS, and blocked for 30 min in 5% (vol/vol)
FCS in PBS. Cells were incubated with primary Ab for 1 hour followed by incubation with
secondary Ab for 1 hour. Cells were washed with PBS three times between each step.
The coverslips were placed on a slide prepared with a 30ul drop of mounting medium
(Vectashield, containing 4',6-diamidino-2-phenylindole (DAPI)) and allowed to set before
storing at 4° C. Images were taken on a Leica TCS SPE confocal microscopes and
analysed in Imaged. For translocation assays DNA was visualised with DAPI. Images were

taken on Hermes WiSan and analysed by Metamorph.

Antibody Source Dilution
Mouse-anti-FXFG  repeats  containing | Abcam 1:3000
nucleoporins (Mab414)

Rabbit-anti-flag Sigma 1:500
Rabbit-anti-IRF3 Sant Cruz Biotechnology 1:400
Mouse-anti-NF-kB p65 Sant Cruz Biotechnology 1:50

Goat-anti-rabbit Alexa Fluor 488 IgG Invitrogen 1:500
Goat-anti-mouse Alexa Fluor 546 1gG Life Technologies 1:500

Table 2.9: Antibodies used for immunofluorescence
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2.19CXCL-10 ELISA

PRO-BIND flat bottom 96-well assay plates (BD) were coated overnight at room
temperature with 100 yl 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 ul 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
Ml un-diluted cell culture supernatant was added per well and 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 yl 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 yl 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 yl was added per well
and the plate was incubated in the dark for 20 min. The reaction was stopped by the

addition of 100ul 2N H,SO, per well. The absorbance at 450 nm was measured.

2.20Vector production

HEK293T cells were plated in T150 flasks and transfected with 2.5 ug p8.91, 2.5 ug pMDG
and 3.75 pg lentiviral genome plasmid using 30ul FUGENE 6 (Promega) and 500ul Opti-
MEM (Promega). Media was replaced 24 hours post-transfection. Supernatants were

harvested 48 and 72 hours post-transfection and filtered through a 0.45 pm filter.

2.21Vector concentration

Lentiviral vectors were concentrated by ultracentrifugation in a Sorvall Discovery (Hitachi)
at 23000 rpm for 2 hours at 4°C under vacuum conditions through a sucrose cushion (20%
sucrose (w/v) in PBS). The pellet was then resuspended in RPMI + 10% FCS and stored
at -80°C.

2.22Vector titration

THP-1 cells (2x10° cells/ml) were seeded in 48-well plates. Cells were transduced with a

range of serially diluted (1:3) purified vector supernatant starting from 1:100 using 8ug/ml

Polybrene. 48 hours later cells were fixed in 4% (v/v) paraformaldehyde in PBS and
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analysed on an Accuri C6 Flow cytometer for GFP expression. The data was analysed in

Microsoft Excel software.

2.23SG-PERT

Activity of the HIV-1 reverse transcriptase was measured by the RT-qPCR assay known
as SG-PERT to normalise input dose of VLPs. Virus was lysed and then the reaction was
set up as below. Recombinant HIV RT (Applied Biosystems) was used to create standards
for quantitation. A 7900HT Real-Time PCR machine (Applied Biosystems) was used to

run the programme.

Step Temperature (°C) Time No. of cycles
Reverse transcription 42 20 min
Taq initial heat activation 95 15 min 1
Denaturation 95 10 sec
Annealing 60 30 sec 40
Extension 72 15 sec

Table 2.10: SG-PERT RT-qPCR cycling parameters

2.24 Statistical tests

Data were analysed statistical tests as indicated in the figure legends. Stars (*) represent
statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001).
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3 Chapter 3: HIV-1 Vpr promotes viral

replication by suppressing innate immune

activation

3.1 Vpr is essential for HIV-1 replication in cGAMP stimulated
MDMs

Numerous functions have been proposed for Vpr however its role in HIV-1 infection has
remained poorly defined and its function is somewhat enigmatic. This is partly because
under cell culture conditions Vpr is dispensable for replication in CD4+ T-cells and there
are conflicting reports of Vpr-dependent HIV-1 replication in MDMs, suggesting that its
function might only be apparent under certain conditions (464,474,496). To address the
hypothesis that Vpr function might be required when innate immunity is activated,
replication of an infectious molecular clone HIV-1 Yu2 (WT HIV-1) with or without the Vpr
gene (HIV-1AVpr) was monitored in primary MDMs. In the absence of any innate immune
stimulation WT HIV-1 and HIV-1AVpr replicated equally over the period of two weeks (Fig.
3.1A). However, in the presence of 1 ug/ml cGAMP HIV-1AVpr replicated significantly less
compared to WT HIV-1 (Fig. 3.1B). Addition of 4 ug/ml cGAMP completely inhibited the
replication of both viruses (Fig. 3.1C). These results demonstrated that in the absence of
innate immune activation Vpr is not necessary for HIV-1 replication in MDMs. However,

when innate immunity is activated with cGAMP Vpr is essential for HIV-1 replication.

3.2 Vpr inhibits cGAMP activation of ISGs in THP-1 cells

To characterise the role of Vpr in overcoming cGAMP-activated antiviral response in a
more tractable system, the monocytic THP-1 cell line was used. THP-1 cells express
endogenous cGAS and STING and have a functional DNA sensing pathway. THP-1 cells
expressing the Gaussia luciferase gene under the control of the endogenous promoter for
the IFIT1 gene (plFIT1-Gluc THP-1) were used to study the effect of Vpr on cGAMP
activated gene expression. IFIT1, also known as ISG56, is a well-characterised ISG which
is transcribed when transcription factors such as ISGF3 (STAT1, STAT2 and IRF9
complex) or IRFs bind to ISRE in the /IFIT1 promoter upon PRR stimulation (Fig. 3.2A).

To express Vprin THP-1 cells a codon optimised Vpr gene from an HIV-1 founder clone,

SUMA (515,516), was cloned downstream of the SFFV promoter in a lentiviral genome
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plasmid that expressed GFP from an internal ribosome entry sequence (IRES) (Fig. 3.2B).
Lentiviral vectors were produced in HEK293T cells and purified by ultracentrifugation at
72000g for 2 hours through a sucrose cushion (20% in PBS). Immunoblot of viral particles
showed viral capsid protein (p24), vesicular stomatitis virus envelope glycoprotein (VSV-
g) and Vpr (Fig. 3.2C).

Monocytic pIFIT1-Gluc THP-1 cells were transduced with an empty or a Vpr-expressing
lentiviral vector at MOl 0.5 or 1 for 40 hours. Cells were then stimulated with 5 pug/ml
cGAMP for 8 hours. Supernatants were collected from each sample and luciferase
production was quantified by luminometry (Fig. 3.2D). cGAMP treatment activated the
IFIT1 luciferase reporter in the untransduced or empty vector transduced cells. However,
transduction with the Vpr-expressing vector significantly suppressed the IFIT1 luciferase
reporter activation in a dose dependent manner (Fig. 3.2E). Analysis of the cells by flow
cytometry for GFP expression showed a dose dependentincrease in GFP expressing cells
transduced with the Vpr-expressing vector, which was unaltered by cGAMP stimulation
(Fig. 3.2F). These results showed that Vpr expression inhibits cGAMP activation of IFIT1

gene expression.

To determine if Vpr inhibited expression of other ISGs, plIFIT1-Gluc THP-1 cells were
transduced with empty or Vpr expressing lentiviral vectors for 40 hours and then stimulated
with cGAMP for 8 hours. Analysis of GFP expression by flow cytometry showed equivalent
transduction level by empty and Vpr vectors (Fig. 3.3B). Expression of endogenous MxA,
CXCL10, IFIT2 and Viperin genes was quantified by gqRT-PCR and normalised to the
housekeeping gene, GAPDH. cGAMP activated MxA, CXCL10, IFIT2 and Viperin gene
expression in untransduced and empty vector transduced cells however the expression of

all of these ISGs was significantly reduced in Vpr vector transduced cells (Fig. 3.3A).

The effect of Vpr on cGAMP activity was also determined by quantification of cGAMP
stimulated protein production. pIFIT1-Gluc THP-1 cells were transduced with empty or Vpr
expressing lentiviral vectors for 40 hours and then stimulated with cGAMP for 8 hours.
Supernatants were analysed by ELISA for CXCL10 protein production. cGAMP-stimulated
CXCL10 protein production in untransduced and empty vector transduced cells and this
was inhibited by Vprin a dose dependent manner (Fig. 3.3C). Analysis of GFP expression
by flow cytometry showed dose dependent increase in GFP expressing cells that were
equivalent between empty or Vpr expressing vectors (Fig. 3.3D). These results indicated
that Vpr overcomes cGAMP activated antiviral responses by suppressing cGAMP

activation of ISGs RNA and protein production.
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Figure 3.1 Vpr is essential for HIV-1 replication in cGAMP stimulated MDMs

Replication of WT Yu2 HIV-1 or Yu2 HIV-1AVpr in MDMs stimulated with 1 pyg/ml cGAMP
(B), 2 pg/ml cGAMP (C), 4 pg/ml cGAMP (C) or left unstimulated (A) measured by ELISpot.
Experiment is representative of three independent experiments. Experiment done by Dr.
Jane Rasaiyah.
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Figure 3.2 Vpr inhibits cGAMP activation of IFIT1 luciferase reporter

(A) Schematic of the IFIT1 promoter. (B) Vpr encoding lentiviral expression construct
contained self-inactivating Long terminal repeat (SIN LTR), Rev response element (RRE),
Central polypurine tract (cPPT), Spleen focus-forming virus promoter (SFFV), internal
ribosome entry site (IRES), green fluorescent protein (GFP) and Woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE). (C) Immunoblot detecting VSV-G, capsid
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(p24) or Vpr in vector supernatants. Size markers (in kDa) are indicated on the right. (D)
Schematic of THP-1 cells based Gaussia luciferase reporter gene assay to study the
function of Vpr. (E) Fold induction of IFIT1-Luc after activation of STING by cGAMP (5 pg/ml)
and expression of Vpr from a lentiviral vector, or empty vector or in untransduced IFIT1-Luc
reporter THP-1 cells. (F) Percentage of THP-1 cells from (E) transduced by the vector
encoding Vpr and GFP or GFP alone (empty vector) treated with cGAMP (5 pug/ml) or left
untreated as a control. (G) Flow cytometry plots showing gating strategy for F. Error bars
represent standard deviation of biological repeats (n=3). Experiments are representative of
three independent experiments. Data were analysed using two-way ANOVA test. Stars (*)
represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001)
compared to empty vector.
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3.3 Vpr inhibits IFIT1 luciferase reporter activation downstream

of various innate immune agonists

There are numerous PRRs that can be activated by various stimuli to induce an ISG
response (517). To determine whether Vpr has a broad activity against innate signalling
pathways, activity of Vpr was tested against Herring Testis DNA (HT-DNA), Sendai virus
(SeV) and Lipopolysaccharide (LPS) which activate three different PRRs. HT-DNA is a
potent stimulator of the cytoplasmic DNA sensors (518). SeV is an RNA virus that induces
ISG expression via RIG-I activation (519). LPS is an outer membrane component of Gram-

negative bacteria and activates TLR4 (520).

Monocytic plFIT1-Gluc THP-1 cells were transduced with an empty or a Vpr expressing
lentiviral vector for 40 hours. Cells were then stimulated with HT-DNA (5 pg/ml)
transfection, SeV (200HAunits/ml) infection or LPS (1 pg/ml) for 8 hours. Supernatants
were collected from each sample and luciferase production was quantified by luminometry.
HT-DNA, SeV or LPS stimulation activated the IFIT1 luciferase reporter in the
untransduced and empty vector transduced cells however transduction with the Vpr
expressing vector significantly suppressed the IFIT1 luciferase reporter activation in a
dose dependent manner (Fig 3.4A, C, E). Analysis of GFP expression by flow cytometry
showed a dose dependent increase in GFP expressing cells transduced with empty or Vpr
expressing vectors (Fig. 3.4B, 4D, 4F). These results showed that Vpr has broad activity
against innate immune agonists indicating that Vpr may target a step conserved between

different PRR signalling pathways.

3.4 Vpr does not inhibit STING, TBK1 or IRF3-S386
phosphorylation

To identify the step inhibited by Vpr in the innate immune signalling pathways, activation
of signalling molecules involved in the HT-DNA-induced signalling cascade was probed
by immunoblotting. HT-DNA stimulation activates cytoplasmic DNA sensors including
cGAS (518). Activated cGAS catalyses the synthesis of secondary messenger molecule
cGAMP from ATP and GTP (175). cGAMP binds and activates STING in the endoplasmic
reticulum (182,183). Activated STING translocates to the Golgi where it recruits TBK1 and
IRF3 (192). TBK1 then phosphorylates IRF3 which then translocates to the nucleus and
upregulates type | IFN genes (193,194). Monocytic pIFIT1-Gluc THP-1 cells were
transduced with an empty or a Vpr expressing lentiviral vector at MOI of 1 for 40 hours to
express Vpr. Cells were then stimulated with HT-DNA (5 pg/ml) transfection using
Lipofectamine 2000 and harvested for immunoblotting after 3 hours. After 8 hours
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supernatants were collected for luminometry and cells were fixed and analysed for GFP
expression by flow cytometry. HT-DNA stimulation activated the IFIT1 luciferase reporter
in the untransduced and empty vector transduced cells and transduction with the Vpr
expressing vector inhibited this by 4-fold (Fig. 3.5B). Analysis of GFP expression by flow
cytometry showed equivalent GFP expressing cells with empty or Vpr expressing vectors
(Fig. 3.5C). Immunoblotting showed that HT-DNA stimulation resulted in phosphorylation
of STING, TBK1 and IRF3-serine386 (IRF3-S386) in the untransduced or empty vector
transduced cells. However, despite the reduction in IFIT1 reporter gene activation by Vpr
vector transduction, there was no reduction in the levels of total or phosphorylated STING,
TBK1 or IRF3-S386 (Fig. 3.5A). These results demonstrated that Vpr suppresses HT-DNA
activation of ISGs without inhibiting the phosphorylation of STING and TBK1. Given that
IRF3 phosphorylation at S386 has been shown to be necessary and sufficient for IRF3
activation (521-524) and that Vpr did not inhibit IRF3 phosphorylation at S386 suggests

that Vpr may block the signalling pathway downstream of IRF3 activation.
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Figure 3.3 Vpr inhibits cGAMP activation of ISG mRNA expression and protein
production

(A) Fold induction of ISGs MxA, CXCL10, IFIT2 and Viperin after activation of STING by
cGAMP (5 pg/ml) and expression of Vpr from a lentiviral vector, or after transduction by
empty vector or in untransduced THP-1 cells. (B) Percentage of THP-1 cells from (A)
transduced by the vector encoding Vpr and GFP or GFP alone (empty vector), treated with
cGAMP or left untreated as a control. (C) Secreted CXCL10 (ELISA) from THP-1 cells
expressing Vpr from a lentiviral vector delivered at two doses or after transduction by empty
vector at two doses or from untransduced THP-1 cells, stimulated with cGAMP (5ug/ml) or
left untreated as a control. (D) Percentage of THP-1 cells from (C) transduced by the vector
encoding Vpr and GFP or GFP alone (empty vector) at two doses, treated with cGAMP (5
pg/ml) or left untreated as a control. Error bars represent standard deviation of biological
repeats (n=3). Data were analysed using two-way ANOVA test. Stars (*) represent statistical

significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty
vector.
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Figure 3.4 Vpr inhibits IFIT1 luciferase activation downstream of various innate
immune agonists

(A), (C), (E) Fold induction of IFIT1-Luc after (A) HT-DNA transfection (5 pg/ml), (C) Sendai
virus infection or (E) LPS (1 pg/ml) treatment and expression of Vpr from a lentiviral vector,
or after transduction by empty vector or in untransduced IFIT1-Luc reporter THP-1 cells. (B),
(D), (F) Percentage of THP-1 cells from (A, C and E) transduced by the vector encoding Vpr
and GFP or GFP alone (empty vector) and stimulated with HT-DNA transfection (5 pg/ml)
(B), Sendai virus infection (D) or LPS (1 pug/ml) treatment (F) or left untreated as a control
in each case. Error bars represent standard deviation of biological repeats (n=3).
Experiments are representative of three independent experiments. Data were analysed
using two-way ANOVA test. Stars (*) represent statistical significance: * (p<0.05), **
(p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty vector.
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Figure 3.5 Vpr suppresses ISG expression without inhibiting STING, TBK1 or IRF3
phosphorylation

(A) Immunoblot detecting Phosho-STING (S366), total STING, phospho-TBK1 (S172), total
TBK1, phosphor-IRF3 (S386), total IRF3, or actin as a loading control, from extracted THP-
1 cells expressing Vpr, empty vector or left untransduced as a control and transfected with
HT-DNA or left untransfected as a control. Size markers are shown (kDa). (B) Fold induction
of IFIT1-Luc in cells from (A) expressing Vpr or not and transfected with HT-DNA or left
untransfected as a control. (C) Percentage of THP-1 cells from (B) transduced by the vector
encoding Vpr and GFP or GFP alone (empty vector) transfected with HT-DNA (5 ug/ml) or
left untransfected as a control. Experiments are representative of two independent
experiments.
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3.5 IRF3 phosphorylation at S396 is affected by Vpr

The C-terminal of IRF3 spanning amino acids 385 to 405 contains a cluster of
serine/threonine  residues  (**SSLENTVDLHISNSHPLSLTS*®) that can be
phosphorylated (525). Phosphorylation of IRF3 at S396 has also been shown to be
induced by TBK1 during infection (194). Therefore, the effect of Vpr on IRF3
phosphorylation at S396 was investigated. Flow cytometry was used to detect IRF3
phosphorylation at S396 because this antibody did not work in immunoblotting. HIV-1
virus-like particles bearing Vpr protein were made in HEK293T cells with p8.91 packaging
plasmid, VSV-glycoprotein envelope plasmid (pMDG) and a pcDNA3.1 plasmid
expressing Vpr. Monocytic pIFIT1-Gluc THP-1 cells were stimulated with cGAMP (5 pg/ml)
or HT-DNA (5 pg/ml) transfection and treated with empty or WT Vpr VLP (1URT/ml). After
3 hours cells were fixed in PFA, stained with phospho-IRF3-S396 specific antibody and
analysed by flow cytometry. cGAMP or HT-DNA stimulation phosphorylated IRF3 at S396
in about 16% and 20% cells, respectively, when treated with empty VLP (Fig. 3.6A, B). On
the other hand, Vpr VLP treatment inhibited HT-DNA or cGAMP stimulated IRF3
phosphorylation at S396 by almost 10- and 3-fold, respectively (Fig. 3.6A, B). These
results showed that IRF3 phosphorylation at S396, which is dispensable for IRF3
activation (521-524), is inhibited in the presence of Vpr.

3.6 Vpr blocks IRF3 and NF-kB (p65) nuclear translocation

Given the differential effects of Vpr on IRF3 phosphorylation, immunofluorescence
microscopy was used to quantify nuclear translocation of IRF3 and NF-kB (p65) as a
consequence of activation. Firstly, translocation assays were optimised with cGAMP and
LPS stimulations. THP-1 cells were differentiated into adherent macrophage-like cells with
phorbol 12-myristate 13-acetate (PMA) (50ng/ml) stimulation for 72 hours. Cells were then
stimulated with cGAMP (5 ug/ml) for 3 hours or LPS (1 pg/ml) for 2 hours. Cells were fixed
with 4% PFA, permeabilised with triton and then stained for IRF3 or NF-kB (p65). DAPI
was used to stain nuclei. Immunofluorescence images were taken using the Hermes
WiScan Cell Imaging System. Nuclear:cytoplasmic ratios of IRF3 and NF-kB (p65)
immunostain were measured at the single cell level by quantitation of IRF3 or NF-kB (p65)
signal intensities overlapping the nucleus and represented as a translocation coefficient.
An increase in the translocation coefficient is indicative of nuclear translocation and vice
versa. Results with cGAMP or LPS stimulation showed a very similar increase in IRF3
nuclear translocation. However, the nuclear translocation for NF-kB (p65) was increased
significantly by LPS treatment but not cGAMP under the conditions tested (Fig. 3.7A).
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Figure 3.6 IRF3 phosphorylation at Ser396 is affected by Vpr

(A) Flow cytometry plot (forward scatter vs plRF3-S396 fluorescence) of THP-1 cells
infected with an empty or Vpr bearing virus-like particles and stimulated with cGAMP (5
pg/ml) or HT-DNA transfection (5 pug/ml). (B) Flow cytometry plot in (A) represented as a bar
graph, plotting pIRF3-S396 positive cells in each case. Error bars represent standard
deviation of biological repeats (n=3). Experiments are representative of three independent
experiments. Data were analysed using two-way ANOVA test. Stars (*) represent statistical
significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty
vector.
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To further analyse this data an arbitrary threshold was set at 0.5 (red line) and the number
of cells with a translocation coefficient greater than 0.5 were counted and the data was
plotted as a bar graph. This analysis showed that cGAMP stimulation resulted in about
20% cells with nuclear IRF3 but did not increase NF-kB (p65) positive nuclei. On the other
hand, LPS stimulation gave 20% IRF3 and 70% NF-kB (p65) positive nuclei (Fig. 3.7B).

To assess the activity of Vpr against IRF3 nuclear translocation THP-1 cells were
differentiated into adherent macrophage like cells with PMA (50ng/ml) stimulation for 72
hours. Cells were then treated with empty or Vpr vector (4-fold serial dilution starting from
1 URT/mI) in the presence or absence of cGAMP (5 ug/ml) for 3 hours. Cells were fixed
with 4% PFA and stained for IRF3 (red). DAPI was used to stain nuclei (blue). Figure 3.7C
shows representative immunofluorescence images taken using the Hermes WiScan Cell
Imaging System. Quantification of IRF3 nuclear translocation showed that cGAMP
increased the IRF3 nuclear translocation in cells treated with or without the empty vector.
However, Vpr vector treatment inhibited the cGAMP-stimulated increase in IRF3 nuclear
translocation in a dose dependent manner (Fig. 3.7D). Further analysis by setting the
translocation coefficient threshold at 0.5 (red line) showed that cGAMP stimulation
resulted in IRF3 nuclear translocation in 30% cells treated with or without empty vector
and Vpr vector treatment decreased IRF3 positive nuclei in a dose dependent manner to
5% (Fig. 3.7E).

To assess the activity of Vpr against NF-kB (p65) nuclear translocation THP-1 cells were
infected as above and treated with LPS (1 ug/ml) for 2 hours or transfected with poly I:C
(0.5 ug/ml) for 3 hours. Cells were fixed with 4% PFA and stained for NF-kB (p65) (red).
DAPI was used to stain nuclei (blue). Quantification of NF-kB (p65) nuclear translocation
showed that LPS and poly I:C increased NF-kB (p65) nuclear translocation in cells treated
with or without the empty vector. However, Vpr vector treatment inhibited LPS or poly |:C
stimulated increase in NF-kB (p65) nuclear translocation (Fig. 3.8A, C). Further analysis
by setting the translocation coefficient threshold at 0.5 (red line) showed that LPS or poly
I:C stimulation resulted in NF-kB (p65) nuclear translocation in 70% and 20% of the cells
respectively. On the contrary, Vpr vector treatment decreased the number of NF-kB (p65)
positive nuclei in both cases (Fig. 3.8B, D). Taken together, these results showed that Vpr
blocks IRF3 and NF-kB (p65) nuclear translocation stimulated with diverse innate immune

agonists, which may explain the ability of this protein to block ISG expression.
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Figure 3.7 Vpr blocks cGAMP activated nuclear translocation of IRF3

(A) Single cell measurement of IRF3 and NF-kB(p65) nuclear translocation in PMA
differentiated THP-1 cells treated with cGAMP (5 pug/ml), LPS (1 pg/ml) or left untreated. (B)
Number of cells from (A) with translocation coefficient of greater than 0.5 (red line) were
plotted as a percentage. (C) Immunofluorescence images showing IRF3 (red) in PMA
differentiated THP-1 cells treated with cGAMP (5 pg/ml) or left untreated and infected with
empty vector, Vpr vector or left uninfected. (D) Single cell measurement of IRF3 nuclear
translocation in cells from (C). (E) Number of cells with translocation coefficient of greater
than 0.5 plotted as a percentage from (C). Red line shows the translocation coefficient
threshold. Blue lines represent mean translocation coefficient. Experiments are
representative of three independent experiments. Data were analysed using Unpaired
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Student's T tests. Stars (*) represent statistical significance: * (p<0.05), ** (p<0.01), ***
(p<0.001), **** (p<0.0001).

3.7 Vpr deficient HIV-1 activates a genome dependent innate

immune response

Given that Vpr is specifically packaged into budding virons and is present during early
stages of the HIV-1 lifecycle when its DNA is prone to detection by DNA sensors, it was
hypothesised that particle associated Vpr may suppress innate immune responses. To

test this hypothesis HIV-1 vectors were produced by transfecting HEK293T cells with
either p8.91 packaging plasmid that expresses Gag-Pol, tat and rev (HIV-GFP) or p8.2
packaging plasmid that expresses Gag-pol, tat, rev, vpr, vpu, vif and nef (HIV-GFP-Vpr).
Vectors made with p8.2 packaging plasmid will incorporate only Vpr into virions but not
express the accessory proteins in the infected cells, ruling out a role for the other

accessory proteins in this assay.

THP-1 Lucia cells expressing Lucia, a secreted luciferase reporter gene, driven by an IFN-
B minimal promoter fused to five copies of the NF-kB consensus transcriptional response
element and three copies of the c-Rel binding site were infected with HIV-GFP or HIV-
GFP-Vpr at MOI of 0.3, 1 or 3. After 24 hours supernatants were collected for luminometry
and cells were harvested for qRT-PCR and flow cytometry. The results showed that at
MOI of 0.3, which infected about 20% cells, there was no significant difference in NF-kB
luciferase reporter activation or CXCL 10 gene induction by HIV-GFP or HIV-GFP-Vpr (Fig.
3.9A, B, C). However at high MOls of 1 or 3, which infected almost 90% of cells, HIV-GFP
triggered 5-fold more NF-kB luciferase reporter activation and CXCL10 gene induction
when compared to HIV-GFP-Vpr (Fig. 3.9A, B, C). These results suggest that at high
multiplicity of infection, HIV-1 triggers an innate immune response that is suppressed by

the virion delivered Vpr.

To investigate whether the viral genome is responsible for innate immune activation in the
absence of Vpr, HIV-1 VLPs were made with p8.91 packaging plasmid and VSV-g
envelope but without the genome plasmid. To equalise the dose, RT activity of vector
supernatants was determined by SG-PERT. THP-1 Lucia cells were infected with 3, 10 or
30 mURT/ml (MOI 0.3, 1 and 3, respectively) of HIV-GFP or HIV-VLP for 24 hours.
Supernatants were collected for luminometry and cells were harvested for qRT-PCR and
flow cytometry. The results showed that HIV-GFP activated NF-kB luciferase reporter and
CXCL10 gene expression in a dose dependent manner (Fig. 3.9D, E, F). In contrast, HIV-

VLP did not induce any NF-kB luciferase reporter activation or CXCL 10 gene expression
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Figure 3.8 Vpr blocks LPS and poly I:C activated p65 nuclear translocation

(A), (C) Single cell measurement of NF-kB(p65) nuclear translocation in PMA differentiated
THP-1 cells treated with LPS (5 pug/ml) (A), or transfected with poly I:C (0.5 pg/ml) (C) or left
untreated and infected with empty vector, Vpr vector or left uninfected. (B and D) Number
of cells with translocation coefficient of greater than 0.5 plotted as a percentage from (A)
and (C). Red line shows the translocation coefficient threshold. Blue lines represent mean
translocation coefficient. A and B are representative of three independent experiments. Data
were analysed using Unpaired Student's T tests. Stars (*) represent statistical significance:
* (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001).
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Figure 3.9 Vpr deficient HIV-1 activates ISG expression in a viral genome

dependent manner

(A), (D) Fold induction of NF-kB-Luc after infection of THP-1 cells with HIV-GFP (p8.91),
HIV-GFP-Vpr (p8.2) or HIV-VLP at three doses. (B), (E) Fold induction of CXCL10 after
infection of THP-1 cells with HIV-GFP (p8.91), HIV-GFP-Vpr (p8.2) or HIV-VLP at three
doses. (C), (F) Percentage of THP-1 cells from (C) infected by HIV-GFP (p8.91), HIV-GFP-
Vpr (p8.2) or HIV-VLP at three doses. Error bars represent standard deviation of biological
repeats (n=3). Experiments are representative of three independent experiments. Data were
analysed using two-way ANOVA test. Stars (*) represent statistical significance: * (p<0.05),
** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty vector.
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at any dose (Fig. 3.9D, E, F). This suggested that the viral nucleic acids are the PAMP for

innate immune response in the absence of Vpr.

3.8 ISG expression by Vpr deficient HIV-1 depends on cGAS but
not MAVS

HIV-1 reverse transcribed DNA has been shown to be the PAMP that under certain
conditions is recognised by the DNA sensor, cGAS (268), (78). Given that Vpr deficient
HIV-1 activated a genome dependent innate immune response, the role of the DNA sensor
cGAS in this sensing event was investigated. THP-1 cells in which cGAS or MAVS was
deleted by CRISPR/Cas-9 were obtained (Veit Hornung, LMU Munich). Loss of cGAS and
MAVS expression was confirmed by immunoblotting (Fig. 3.10C). Cells were infected with
Vpr deficient HIV-GFP and harvested for RT-qPCR 24 hours post infection. Flow cytometry
was carried out 48 hours after infection. Vpr deficient HIV-GFP activated CXCL10 gene
expression in control cells and MAVS-/- cells but not in cGAS -/- cells (Fig. 3.10A). Flow
cytometry for GFP 48 hours post infection showed that infection by HIV-GFP was
equivalent between different cell types (Fig. 3.10B). These data demonstrated that cGAS
is responsible for detecting HIV-1 DNA and triggers an innate immune response in the

absence of Vpr.

3.9 Summary

This section summarises the data presented in this chapter. Several recent studies have
shown that HIV-1 reverse transcribed DNA is recognised by the DNA sensor, cGAS,
resulting in innate immune activation and suppression of viral replication (268), (78). Given
that Vpr is specifically packaged into HIV-1 virions and present during early stages of HIV-
1 life cycle when its DNA is vulnerable to detection by cGAS, it was hypothesised that Vpr
may suppress innate immune activation to allow HIV-1 replication. To this end, Vpr was
found to be essential for HIV-1 replication in cGAMP-stimulated MDMs (Fig. 3.1B).
However, in the absence of innate immune activation Vpr did not provide any advantage
for viral replication (Fig. 3.1A). Expression of Vpr by lentiviral transduction in a myeloid cell
line, THP-1, inhibited activation of ISG RNA and protein production downstream of cGAMP
activation of STING in a concentration dependent manner (Fig 3.2, 3.3). Testing the
activity of Vpr against different innate immune stimuli revealed that Vpr has broad activity
against PRR signalling pathways indicating that Vpr likely targets a step conserved in
innate immune activation (Fig. 3.4). To identify the step blocked by Vpr, activation of key

signalling molecules in the DNA sensing pathway was tested by immunoblotting.
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Intriguingly, Vpr expression did not affect phosphorylation of STING or TBK1 (Fig. 3.5A).
Investigation of IRF3 phosphorylation showed that in the presence of Vpr IRF3 was
phosphorylated at S386 (Fig. 3.5A) but not at S396 (Fig. 3.6) when stimulated with HT-
DNA transfection. Quantification of IRF3 or NF-kB (p65) nuclear translocation at the single
cell level by immunofluorescence microscopy showed that Vpr inhibited IRF3 and NF-kB
(p65) nuclear translocation stimulated by various innate immune agonists (Fig. 3.7, 3.8).
Given that IRF3 phosphorylation at s386 is necessary and sufficient for IRF3 nuclear
translocation, these results indicate that Vpr may inhibit nuclear translocation of s386-

phosphorylated IRF3 to prevent ISG expression.

To investigate whether virion-associated Vpr is sufficient to block innate immune
activation, HIV-GFP vectors with or without incorporated Vpr were used. At high multiplicity
of infection HIV-1 lacking virion associated Vpr triggered genome dependent CXCL10
mRNA expression, however HIV-GFP vector bearing Vpr did not (Fig. 3.9). Finally,
CRISPR/Cas9 mediated deletion of cGAS, but not MAVS, prevented induction of CXCL10
mMRNA by Vpr deficient HIV-1, confirming that at high multiplicity of infection HIV-1 triggers

a DNA-dependent innate immune response which is dampened by Vpr (Fig. 3.10).
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Figure 3.10 ISG expression by Vpr deficient HIV-1 depends on cGAS but not MAVS

(A) Fold induction of CXCL10 after infection of control, cGAS-/- or MAVS-/- THP-1 cells with
HIV-GFP (p8.91). (B) Percentage of control, cGAS-/~- or MAVS-/- THP-1 cells from (A)
infected by HIV-GFP (p8.91). (C) Immunoblot detecting cGAS, MAVS and actin as a loading
control from extracted control, cGAS-/- or MAVS-/- THP-1 cells. Size markers are shown
(kDa). Error bars represent standard deviation of biological repeats (n=3). Experiments are
representative of three independent experiments. Immunoblot in (C) was kindly provided by
Dr. Rebecca Sumner. Data were analysed using two-way ANOVA test. Stars (*) represent
statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to
empty vector.
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4 Chapter 4: Characterisation of Vpr

antagonism of innate immunity

4.1 Vpr suppresses ISG expression independently of cell cycle

arrest

For further characterisation of Vpr antagonism of innate immune activation, mutations that
have been described in the literature to prevent Vpr interaction with cellular target proteins
were introduced into Vpr by site directed mutagenesis (Fig. 4.1 A, B, C). One of the best-
characterised functions of Vpr is its ability to induce cell cycle arrest (468). Vpr recruits a
DCAF1/DDB1/Cul4 E3 ligase complex to degrade a SLX4 endonuclease-containing
complex and block cell cycle in the G2/M phase (468). To determine whether cell cycle
arrest and suppression of innate immune signalling are independent functions of Vpr, three
mutant Vpr proteins, VprF34I-P35N, VprQ65R and VprR80A, were constructed. VprQ65R
is a DCAF1 binding mutant that cannot degrade Vpr cellular targets via the proteasome
(526). VprR80A can recruit DCAF1 but is unable to interact with some members of the
SLX4 complex and does not arrest cell cycle (468). Vpr has been shown to interact with
importins and cyclophilin A through residues F34 and P35 respectively (476), (495). To

abrogate these interactions a double mutant VprF341-P35N was constructed.

The ability of Vpr mutants to cause cell cycle arrest was confirmed by cell cycle analysis
using propidium iodide (PI) staining. Pl is a fluorescent nucleic acid binding dye that allows
DNA content quantification and classification of cells into three phases of the cell cycle.
Cells in the G1/G0 phase are diploid with 2n DNA content, whereas cells in G2 and just
prior to mitosis (G2/M) contain double the amount of DNA and are 4n. In S-phase,
synthesis of DNA results in DNA content ranging between 2n and 4n. Monocytic THP-1
cells were transduced with an empty vector, WT Vpr or a mutant Vpr expressing lentiviral
vector at MOI 1. After 48 hours, cells were fixed with ethanol, stained with PI in the
presence of RNase A and analysed by flow cytometry. A histogram plot of DNA content
against cell number was plotted (Fig. 4.1D). Untransduced or empty vector transduced
cells showed a typical DNA profile of proliferating cells with 60% cells in G1/G0 phase,
10% in S phase and 30% in the G2/M phase (Fig. 4.1D). However, WT Vpr expression
resulted in 60% of the cells being in the G2/M phase. Similarly, VprF341+P35N increased
the number of cells in the in the G2/M phase (Fig. 4.1D). These results were consistent

with previous reports of Vpr function in cell cycle arrest and confirmed that mutations
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Figure 4.1 Cell cycle analysis of Vpr proteins

(A) Schematic showing position of Vpr mutants on a linear amino acid sequence of Vpr. (B)
NMR structure of full length Vpr showing position of Vpr mutants (PDB 1M8L). (C) Crystal
structure of Vpr with its target protein UNG2 and cofactors DCAF1 and DDB1 showing
position of Vpr mutants (PDB 5JK7). White region of Vpr in (B) is unresolved in the crystal
structure. (D) Flow cytometry plots showing cell cycle phases of THP-1 cells transduced with
an empty vector, WT Vpr or mutant Vpr encoding vector or left untransduced as a control.
Each experiment is representative of two independent experiments.
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at residue 65 or 80 prevent cell cycle arrest by Vpr, whereas mutating residues 34 and 35

does not significantly impact cell cycle arrest function of Vpr.

To investigate whether Vpr mutant proteins were able to inhibit innate immune activation,
pIFIT1-Gluc THP-1 cells were transduced with an empty, WT or a mutant Vpr expressing
lentiviral vector at MOl 1 for 40 hours and then stimulated with 5 pg/ml cGAMP or
Lipofectamine2000-transfected HT-DNA (5 ug/ml) for 8 hours. Culture supernatants were
collected for luciferase quantification by luminometry. Cells were harvested for gqRT-PCR
analysis using primers specific for the endogenous MxA ISG and for flow cytometry for
GFP expression. Transduction with the VprF34I-P35N or VprQ65R vector did not
suppress cGAMP or HT-DNA stimulated IFIT1 reporter gene activation or MxA induction.
Interestingly, VprR80A suppressed IFIT1 reporter activation, as well as MxA gene
induction, to a similar extent as wild type Vpr (Fig. 4.2A, B, D). Flow cytometry showed
equivalent levels of transduction with the empty vector or Vpr encoding vectors (Fig. 4.2C,
E).

Next, the activity of Vpr proteins against IRF3 nuclear translocation was tested. THP-1
cells were differentiated into adherent macrophage-like cells with PMA (50ng/ml) for 72
hours. Cells were then treated with empty vector, WT Vpr vector or mutant Vpr vector (1
URT/ml) in the presence or absence of cGAMP (5 ug/ml), HT-DNA (1 pg/ml) or polyl:C
(0.5 pg/ml) for 3 hours. Cells were fixed with PFA and stained for IRF3. DAPI was used to
stain the nuclei. Immunofluorescence images were taken using the Hermes WiScan Cell
Imaging System. Nuclear:cytoplasmic ratios of IRF3 immunostaining were represented as
a translocation coefficient by quantitation of IRF3 signal intensities inside and outside the
nucleus at the single cell level. cGAMP, HT-DNA or poly I:C stimulation increased the IRF3
nuclear translocation in cells treated with or without the empty vector (Fig. 4.3A, C, E). WT
Vpr or VprR80A inhibited the cGAMP, HT-DNA or poly I:C activated increase in IRF3
nuclear translocation (Fig. 4.3A, C, E). In contrast, VprF341+P35N or VprQ65R did not
inhibit the increase in IRF3 nuclear translocation activated with cGAMP, HT-DNA or poly
I:C (Fig. 4.3A, C, E). Further analysis by setting the translocation coefficient threshold at
0.5 (red line) showed that cGAMP, HT-DNA or poly I:C stimulation resulted in IRF3 nuclear
translocation in approximately 15-20% cells treated with or without the empty vector and
WT Vpr or VprR80A decreased IRF3 positive nuclei to < 5% (Fig. 4.3B, D, F). In contrast,
VprF341+P35N or VprQ65R did not decrease the number of IRF3 positive nuclei (Fig.
4.3B, D, F). Taken together, these results demonstrated that cell cycle arrest and inhibition
of innate immune activation are genetically separable functions of Vpr. Furthermore, it

suggests that Vpr interaction with its cofactor DCAF1 and other proposed cellular targets
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Figure 4.2 Vpr suppresses ISG expression independently of cell cycle arrest

(A) Fold induction of IFIT1-Luc after activation of STING by cGAMP (5 ug/ml) and
expression of WT or mutant Vpr from a lentiviral vector, or empty vector or in untransduced
IFIT1-Luc reporter THP-1 cells. (B) Fold induction of MxA after activation of STING by
cGAMP (5 pg/ml) and expression of WT or mutant Vpr from a lentiviral vector, or after
transduction by empty vector or in untransduced THP-1 cells. (C) Percentage of THP-1 cells
from (A and B) transduced by the vector encoding WT or mutant Vpr and GFP or GFP alone
(empty vector) treated with cGAMP (5 ug/ml) or left untreated as a control. (D) Fold induction
of IFIT1-Luc after HT-DNA transfection (5 pg/ml) and expression of WT or mutant Vpr from
a lentiviral vector, or empty vector or in untransduced IFIT1-Luc reporter THP-1 cells. (E)
Percentage of THP-1 cells from (D) transduced by the vector encoding WT or mutant Vpr
and GFP or GFP alone (empty vector) transfected with (5 pg/ml) or left untransfected as a
control. Error bars represent standard deviation of biological repeats (n=3). Each experiment
is representative of three independent experiments. Data were analysed using two-way
ANOVA test. Stars (*) represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001),
**** (p<0.0001) compared to empty vector.
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Figure 4.3 Vpr blocks IRF3 nuclear translocation independently of the cell cycle

arrest

(A), (C), (E) Single cell measurement of IRF3 nuclear translocation in PMA differentiated
THP-1 cells stimulated with (A) cGAMP (5 pg/ml), (C) HT-DNA transfection (5 ug/ml) or (E)
poly I:C (0.5 pg/ml) transfection or left unstimulated and infected with empty vector, WT or
mutant Vpr encoding vector or left uninfected. (B), (D), (F) Number of cells with translocation

107




coefficient of greater than 0.5 plotted as a percentage from (A), (C) and (E). Red line shows
the translocation coefficient threshold. Blue lines represent mean translocation coefficient.
Error bars represent standard deviation. Each experiment is representative of three
independent experiments. Data were analysed using Unpaired Student's T tests. Stars (*)
represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001).

such as cyclophilin A or importin-a may be essential for its function in innate immune

antagonism.

To further confirm the requirement of DCAF1 for Vpr-mediated antagonism of innate
signalling, activity of Vpr was investigated in DCAF1 depleted plFIT1-Gluc THP-1 cells. A
control or DCAF1-targeting short hairpin RNA (shRNA) was expressed in THP-1 cells by
lentiviral transduction for 72 hours. Cells were then selected with 1 ug/ml Puromycin for
48 hours. After selection cells were transduced with an empty or a Vpr expressing lentiviral
vector at MOI 0.25, 0.5 or 1 for 40 hours and then stimulated with 5 ug/ml cGAMP for 8
hours. Culture supernatants were collected for luciferase quantification by luminometry.
The cells were fixed with PFA and analysed by flow cytometry for GFP expression.
Transduction of cells expressing the control shRNA with Vpr expressing vector resulted in
a dose dependent decrease in cGAMP activation of the IFIT1 luciferase reporter compared
to the empty vector transduced cells (Fig 4.4A). In contrast, transduction of cells
expressing the DCAF1 shRNA with Vpr expressing vector had no effect on cGAMP
activation of the IFIT1 luciferase reporter compared to the empty vector transduced cells
(Fig 4.4A). Importantly, flow cytometry results showed that both cell types were transduced
to the same level by empty vector or Vpr expressing vector (Fig 4.4B). Immunoblotting
was performed to confirm DCAF1 protein depletion (Fig 4.4C). This data further supports
the mutational analysis of Vpr and confirms the requirement of DCAF1 for antagonism of
innate immune signalling by Vpr, suggesting ubiquitination of a Vpr cellular target and its

degradation via the proteasome.

4.2 Virion delivered Vpr is sufficient for suppression of cGAMP

activated IFIT1 luciferase reporter

To investigate whether virion delivered Vpr can inhibit cGAMP activation of ISGs, HIV-1
virus-like particles (VLPs) which do not contain a genome were used. Empty VLPs were
made in HEK293T cells by transfecting the p8.91 packaging plasmid and the VSV-
glycoprotein envelope plasmid (pMDG). To produce Vpr VLPs (Vpr bearing HIV-1
particles) pcDNA3.1 plasmid expressing Vpr was used in addition to the p8.91 and pMDG.
Monocytic pIFIT1-Gluc THP-1 cells were stimulated with cGAMP (5 ug/ml) and infected
with empty or WT Vpr VLP (1URT/ml). After 6, 8 or 24 hours supernatants were collected
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Figure 4.4 Vpr suppresses ISG expression in a DCAF1 dependent manner

(A) Fold induction of IFIT1-Luc after activation of STING by cGAMP (5 ug/ml) and
expression of Vpr from a lentiviral vector, or empty vector, or in untransduced IFIT1-Luc
reporter THP-1 cells expressing a control, or a DCAF1 targeting shRNA. (B) Percentage of
THP-1 cells from (A) transduced by the vector encoding Vpr and GFP or GFP alone (empty
vector) treated with cGAMP (5 pg/ml) or left untreated. (C) Immunoblot detecting DCAF1,
and actin as a loading control, from extracted THP-1 cells expressing a control or DCAF1-
targeting shRNA. Size markers are shown (kDa). Dots in the graphs represents biological
repeats (n=3). Data were analysed using two-way ANOVA test. Stars (*) represent statistical
significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty
vector.
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and luciferase activity was quantified by luminometry (Fig. 4.5A). cGAMP stimulation
resulted in 200-fold activation of the IFIT1 luciferase reporter after infection by the empty
VLP. However, Vpr bearing VLP infection inhibited the IFIT1 luciferase reporter activation
by 20-fold after 6 and 8 hours (Fig. 4.5A). Twenty four hours after Vpr bearing VLP infection
the reporter activation recovers and only 5-fold difference is observed compared to empty
VLP infection (Fig. 4.5A). This is likely due to degradation of incoming Vpr by the cellular

degradation machinery.

Next the activity of Vpr mutants was tested in this assay. Consistent with previous results,
VLP carrying the cell cycle arrest mutant, VprR80A, had the same effect as VLP bearing
WT Vpr and inhibited IFIT1 luciferase reporter activation to the same degree (Fig. 4.5B).
In contrast, VLPs containing VprF341+P35N or VprQ65R did not inhibit the IFIT1 luciferase
reporter activation as effectively (Fig. 4.5B). The incorporation of Vpr proteins into VLPs
was confirmed by immunoblotting and all Vpr mutants showed similar levels suggesting
that the differential effects of Vpr proteins were not due to varying incorporation (Fig. 4.5C).
Overall, these results demonstrated that virion delivered Vpr is sufficient for suppression

of cGAMP-activated IFIT1 luciferase reporter.

4.3 Localisation of Vpr to the nuclear envelope correlates with

suppression of ISG expression

Given that the WT Vpr and various Vpr mutants suppressed innate signalling to different
extents, the localisation of wild type Vpr was compared with the different Vpr mutants.
HelLa cells were transfected with flag-tagged wild type or mutant Vprs. Cells were fixed
after 24 hours and stained for immunofluorescence microscopy using antibodies against
the flag-tag (green) and nuclear pore complex proteins (Mab414) (red). Nuclei were
visualised by DAPI staining (blue). Wild type Vpr localised exclusively to the nucleus (Fig.
4.6A) and showed clear nuclear rim staining (Fig. 4.6B). Vpr mutants that lacked the ability
to block immune signalling, VprF341+P35N and VprQ65R, lost the nuclear rim localisation
and showed diffuse cytoplasmic staining (Fig. 4.6A, B). The cell cycle arrest mutant,
VprR8O0A, localised only to the nucleus and showed significant nuclear rim accumulation
similar to the WT Vpr (Fig. 4.6A, B), further supporting the notion that the ability of Vpr to
suppress innate signalling is independent of the cell cycle arrest function of Vpr. These
observations showed a correlation between nuclear envelope localisation of Vpr and its
function in inhibiting innate immune signalling, suggesting that Vpr may interact with
proteins at the nuclear envelope to disable IRF3 and NF-kB (p65) activation or nuclear

translocation thereby suppressing innate immune activation.
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Figure 4.5 Virion delivered Vpr is sufficient for suppression of ISG expression

(A) Fold induction of IFIT1-Luc after activation of STING by cGAMP (5 ug/ml) and infection
with WT Vpr bearing VLP or empty VLP in IFIT1-Luc reporter THP-1 cells. (B) Fold induction
of IFIT1-Luc after activation of STING by cGAMP (5 pug/ml) and infection with WT or mutant
Vpr bearing VLP, or empty VLP in IFIT1-Luc reporter THP-1 cells. (C) Immunoblot detecting
p24 (capsid) and Vprin VLPs. Size markers are shown (kDa). Error bars represent standard
deviation of biological repeats (n=3). Each experiment is representative of two independent
experiments. Data were analysed using two-way ANOVA test. Stars (*) represent statistical
significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty

vector.

111



A. DAPI Flag Nuplear
(Vpr) rim

Merge

WT Vpr

F34l

P35N

Q65R

R80A

VprF341+P35N

Figure 4.6 Localisation of Vpr to the nuclear envelope correlates with suppression
of ISG expression

(A) Immunofluorescence images of Hela cells transfected with 50ng of flag-tagged WT or
a mutant Vpr expressing pcDNA3.1 plasmid using antibodies against the flag-tag (green)

and nuclear pore complex (mab414) (red). (B) z-section of cells in (a) showing nuclear rim
accumulation of Vpr.
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4.4 Nup358 is not required for Vpr antagonism of innate immune

activation

Given the localisation of Vpr to the nuclear rim and previous reports of Vpr being a
cyclophilin A binding protein (476), it was hypothesised that Vpr may interact with
cyclophilin A or cyclophilin-like domain containing proteins to block IRF3 and NF-kB (p65)
activation. Unpublished data from the lab showed that cyclophilin A was not involved in
innate immune signalling pathways and did not interact with Vpr. Nucleoporin 358
(Nup358) is a nuclear pore complex protein that has been implicated in HIV-1 infection
(81) and contains a cyclophilin-like domain, therefore, the role of Nup358 as a Vpr target

or cofactor was explored.

First the localisation of Vpr was investigated in Nup358 depleted cells by
immunofluorescence microscopy. An empty vector or flag-tagged Vpr vector was
transfected into HelLa cells previously stably transduced with a control shRNA or shRNA
targeting Nup358. Cells were fixed after 24 hours and stained for immunofluorescence
using antibodies against the flag-tag (green) and nuclear pore complex proteins (red).
Nuclei were visualised by DAPI staining (blue). Depleting Nup358 did not alter the
localisation of Vpr as Vpr localised to the nucleus (Fig. 4.7A) and showed significant
nuclear rim accumulation (Fig. 4.7B) in cells treated with shRNA targeting Nup358.
Nup358 depletion was confirmed by immunoblotting (Fig. 4.7C). This result demonstrated

that Vpr did not use Nup358 to localise to the nucleus.

Next, the role of the Nup358 cyclophilin domain in various signalling pathways was probed.
THP-1 cells in which the cyclophilin domain of Nup358 was deleted by insertion of a stop
codon using CRISPR/Cas9 were obtained (Torsten Schaller — Heidelberg University). WT
or two clones with deleted Nup358 cyclophilin domain (Nup358ACyp) were stimulated with
LPS (1 pg/ml), TNFa (250 ng/ml) or cGAMP (5 ug/ml). After 24 hours RNA was extracted
from the cells, cDNA was synthesised and used for qRT-PCR analysis using primers
specific for IL-8, IkBa and IFIT1. Gene expression was normalised to the housekeeping
gene GAPDH. The results showed that deletion of the Nup358 cyclophilin domain did not
inhibit expression of IFIT1 (Fig. 4.8A), IL-8 (Fig. 4.8B) or IkBa (Fig. 4.8C) when stimulated
with LPS, TNFa or cGAMP, demonstrating that the Nup358 cyclophilin domain is not

required for gene activation downstream of these stimuli.

Overall, the localisation of Vpr to the nuclear rim in Nup358 depleted cells and lack of a
role for Nup358 cyclophilin domain in activating ISG or proinflammatory gene expression

indicated that Nup358 was unlikely to be involved in Vpr-mediated suppression of ISGs.
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Figure 4.7 Nup358 depletion does not affect localisation of Vpr

(A) Immunofluorescence images of HelLa cells expressing a control or Nup358 targeting
shRNA transfected with empty vector or flag-tagged Vpr expressing pcDNA3.1 plasmid
using antibodies against the flag-tag (green) and the nuclear pore complex (mab414) (red).
(B) z-section of cells from (A) showing nuclear rim accumulation of Vpr. (C) Immunoblot
detecting Nup358 and actin as a loading control from extracted Hela cells expressing a
control or Nup358 targeting shRNA (A). Expression of Nup358 in HelLa cells expressing a
control or Nup358 targeting shRNA. Size markers are shown (kDa).
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4.5 TNPO3 is required for PRR signalling activated with various

stimuli

TNPO3 is an HIV-1 cofactor that belongs to the 3-karyopherin family of proteins (527). It
imports proteins such as CPSF6 that contain RS domains (Arg-Ser rich sequence) (90).
Several studies have reported interaction of Vpr with importins (471,505,506). Given that
the Vpr importin binding mutant did not localise to the nuclear rim (Fig.4.6) and did not
inhibit innate immune activation (Fig. 4.2), it was hypothesised that TNPO3 may play a
role in Vpr mediated suppression of innate signalling. To test this hypothesis, pIFIT1-GLuc
THP-1 cells were transduced with a control or a TNPO3 targeting shRNA for 72 hours.
After 48 hours of puromycin (1 ug/ml) selection TNPO3 knockdown was confirmed by
immunoblotting (Fig. 4.9B). Cells were then stimulated with cGAMP (5 pug/ml), Sendai virus
(200HAunits/ml) or LPS (1pg/ml). Supernatants were collected after 8 hours and luciferase
activity was quantified by luminometry. cGAMP or Sendai virus stimulation of TNPO3
depleted cells resulted in about 4-fold less IFIT1 reporter activation compared to the
control cells (Fig. 4.9A). Similarly, LPS stimulation gave 10-fold less IFIT1 luciferase
reporter activation in TNPO3 depleted cells than in control cells (Fig. 4.9A). This suggested

that TNPO3 may play a role in ISG induction downstream of various PRR stimuli.

To identify the step in the innate signalling cascade at which TNPO3 was required,
activation of key signalling proteins, TBK1 and IRF3, was probed by immunoblotting. Wild
type or TNPO3-depleted monocytic THP-1 cells were stimulated with 5, 2.5 or 1.25 ug/ml
HT-DNA. After 3 hours cells were harvested in cell lysis buffer, the proteins were separated
by SDS-PAGE and immunoblotted with antibodies against phospho-TBK1, TBK1,
phospho-S386-IRF3 and IRF3. Luciferase was quantified by luminometry after 8 hours.
Immunoblotting showed that TNPO3 depletion had no effect on total or phosphorylated
TBK1 or IRF3 when stimulated with HT-DNA (Fig. 4.9C). This suggested that TNPO3 was

acting downstream of IRF3 phosphorylation.
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Figure 4.8 Deleting the Cyp-like domain in Nup358 does not prevent ISG or

proinflammatory gene expression

(A), (B), (C) Fold induction of (A) IFIT1, (B) IL-8, and (C) /kBa genes after LPS (1ug/ml),
TNFa (250ng/ml) or cGAMP (5ug/ml) treatment of WT or Nup358ACyp THP-1 cells. Error
bars represent standard deviation of biological repeats (n=3).
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To test whether TNPO3 was involved in nuclear import of IRF3 or NF-kB (p65) an
immunofluorescence based assay was used to quantify nuclear translocation of these
proteins at the single cell level. THP-1 cells stably expressing a control or TNPO3 targeting
shRNA were differentiated into adherent macrophage-like cells with PMA (50 ng/ml) for 72
hours. Cells were then stimulated with a dose range of cGAMP, HT-DNA or Poly I:C for 3
hours. Cells were fixed with PFA and stained for IRF3 and NF-kB (p65). DAPI was used
to stain the nuclei. Immunofluorescence images were taken using the Hermes WiScan
Cell Imaging System. Nuclear:cytoplasmic ratios of immunostaining were measured at a
single cell level by quantitation of IRF3 or NF-kB (p65) signal intensities inside and outside
the nucleus and represented as translocation coefficient. cGAMP or HT-DNA stimulation
resulted in IRF3 nuclear translocation in a dose dependent manner in control cells however
TNPO3 depletion resulted in about a 2-fold decrease in IRF3 nuclear translocation (Fig.
4.10). Similarly, TNPO3 depletion decreased NF-kB (p65) nuclear translocation in
response to HT-DNA or Poly I:C stimulation compared to the control cells (Fig. 4.11). This
suggested that TNPO3 may be involved in innate signalling pathways at the level of IRF3

and NF-kB (p65) nuclear translocation.

4.6 Vpr does not degrade or alter TNPO3 function

Given that TNPO3 played a role in innate signalling pathways at the level of IRF3 and NF-
KB (p65) nuclear translocation and Vpr blocked the nuclear translocation of IRF3 and NF-
KB (p65), it was hypothesised that Vpr may target TNPO3 for degradation to block IRF3
and NF-kB (p65) nuclear translocation. To address this hypothesis, expression of
endogenous TNPO3 protein was investigated in 293T cells transfected with a Vpr
expressing pcDNA3.1 plasmid. After 24 hours of Vpr expression cells were lysed and
subjected to SDS-PAGE and immunoblotted for TNPO3. Immunoblot analysis showed that
Vpr expression did not reduce TNPO3 protein level (Fig. 4.12A) suggesting that Vpr did
not target TNPO3 for degradation to block IRF3 or NF-kB (p65) nuclear translocation.

To explore the possibility that Vpr may modulate TNPO3 functions without targeting it for
degradation, localisation of CPSF6 in the presence or absence of Vpr was quantified by
immunofluorescence. CPSF6 is a SR-protein that contains a RS-domain (90). The RS-
domain is thought to be phosphorylated and allows TNPO3 to transport CPSF6 from the
cytoplasm to the nucleus (90). To address this, THP-1 cells were differentiated into
adherent macrophage-like cells with PMA (50 ng/ml) for 72 hours. Cells were then
stimulated with cGAMP (5 pg/ml) and treated with an empty or a Vpr bearing VLP
(TURT/mI) for 3 hours. Cells were fixed with PFA and stained for IRF3 and CPSF6. DAPI
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Figure 4.9 TNPO3 depletion inhibits ISG expression downstream of various innate

immune agonists

(A) Fold induction of IFIT1-Luc after cGAMP (5 pg/ml), Sendai virus (200HAunits/ml) or LPS
(1pg/ml) stimulation of IFIT1-Luc reporter THP-1 cells expressing a control or TNPO3
targeting shRNA. (B) Immunoblot detecting TNPO3 and actin as a loading control from
extracted IFIT1-Luc reporter THP-1 cells expressing a control or TNPO3 targeting shRNA.
(C) Immunoblot detecting phospho-TBK1 (Ser172), total TBK1, phosphor-IRF3 (Ser386)
and total IRF3 from extracted THP-1 cells stimulated with HT-DNA transfection. Error bars
represent standard deviation of biological repeats (n=2). Each experiment is representative
of two independent experiments. Data were analysed using two-way ANOVA test. Stars (*)
represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001)
compared to empty vector.
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Figure 4.10 TNPO3 depletion inhibits nuclear translocation of IRF3

Single cell measurement of IRF3 nuclear translocation in PMA differentiated THP-1 cells
expressing a control or TNPO3 targeting shRNA and treated with three doses of (A) cGAMP
or (C) HT-DNA or left untreated. (B), (D) Number of cells from (A) and (C) with translocation
coefficient of greater than 0.5 were plotted as a percentage. Red line shows the translocation
coefficient threshold. Blue lines represent mean translocation coefficient. Data were
analysed using Unpaired Student's T tests. Stars (*) represent statistical significance: *
(p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001).
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was used to stain the nuclei. Immunofluorescence images were taken using the Hermes

WiScan Cell Imaging System.

Nuclear:cytoplasmic ratios of immunostaining were measured at a single cell level by
quantitation of IRF3 or CPSF6 signal intensities inside and outside the nucleus and
represented as a translocation coefficient. (Fig. 4.12B) shows representative images of
CPSF6 staining. CPSF6 was found almost exclusively in the nucleus and this was not
altered by Vpr, with or without cGAMP stimulation (Fig. 4.12C, D). However, Vpr was able
to inhibit IRF3 nuclear translocation downstream of cGAMP stimulation (Fig. 4.12E, F).
These results suggest that although TNPO3 has a role in nuclear import of IRF3 and NF-
KB (p65) downstream of different innate immune stimuli, Vpr may not target TNPO3 to

block IRF3 and NF-kB (p65) nuclear translocation.

4.7 Summary

This section summarises the data presented in this chapter. Figure 4.13 illustrates the data
in a schematic diagram. A genetics approach was taken to further characterise Vpr-
mediated suppression of innate immune activation. Mutations were introduced in WT Vpr
to prevent its interactions with known cellular proteins. Vpr has been well characterised for
its cell cycle arrest function. To determine whether Vpr suppressed innate immune
activation and arrested cell cycle by the same mechanism, activity of the cell cycle arrest
mutant VprR80A was tested against innate immune activation. VprR80A was found to be
able to inhibit ISG expression (Fig 4.2 A) and block IRF3 nuclear translocation downstream
of different innate immune stimuli just like the WT Vpr (Fig. 4.3). This demonstrated that
the cell cycle arrest and suppression of innate immunity are two independent functions of
Vpr. Vpr interacts with DCAF1 and hijacks the Cul4 E3 ligase complex to target cellular
proteins for proteasomal degradation. The VprQ65R mutant was used to abrogate Vpr
interaction with DCAF1. In contrast to VprR80A, VprQ65R was unable to inhibit ISG
induction (Fig 4.2 A) or IRF3 nuclear translocation (Fig 4.3). Furthermore, DCAF1
depletion prevented Vpr inhibition of ISGs (Fig. 4.4). A double mutation was introduced at
residues F34 and P35 to abrogate interaction with importin-o. or cyclophilin A. Like
VprQ65R, Vpr F341+P35N was also defective for suppressing innate immune activation
(Fig 4.2 A). Altogether, this suggests that Vpr targets a cellular protein, possibly cyclophilin
A or importin-a, for proteasomal degradation by recruitment of the Cul4 E3 ubiquitin ligase

complex via DCAF1 interaction.

Vpr is present in viral particles and mutations in Vpr can reduce its packaging.

Immunoblotting of viral particles showed similar levels of incorporation by Vpr mutants
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Figure 4.11 TNPO3 depletion prevents nuclear translocation of p65

Single cell measurement of NF-kB (p65) nuclear translocation in PMA differentiated THP-1
cells expressing a control or TNPO3 targeting shRNA and transfected with three doses of
(A) HT-DNA, (C) poly I:C or left untransfected. (B), (D) Number of cells from (A) and (C) with
NF-kB (p65) translocation coefficient of greater than 0.5 were plotted as a percentage. Red
line shows the translocation coefficient threshold. Blue lines represent mean translocation
coefficient. Data were analysed using Unpaired Student's T tests. Stars (*) represent
statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001).
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Figure 4.12 Vpr does not degrade or alter TNPO3 function

(A) Immunoblot detecting TNPOS3 and actin as a loading control from extracted HEK293T
cells transfected with empty vector or Vpr expressing pcDNA3.1 plasmid. Size markers are
shown (kDa). (B) Immunofluorescence images showing CPSF6 localisation in PMA
differentiated THP-1 cells infected with empty VLP, Vpr VLP or left uninfected. (C) Single
cell measurement of CPSF6 nuclear translocation from cells in (B). (D) Number of cells in
(B) with CPSF6 translocation coefficient of greater than 0.5 plotted as a percentage. (E)
Single cell measurement of IRF3 nuclear translocation in PMA differentiated THP-1 cells
stimulated with cGAMP (5 pg/ml) and infected with empty VLP or Vpr bearing VLP. (F)
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Number of cells in (E) with IRF3 translocation coefficient of greater than 0.5 (red line) plotted
as a percentage. Red line shows the translocation coefficient threshold. Blue lines represent
mean translocation coefficient. Data were analysed using Unpaired Student's T tests. Stars
(*) represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001).

(Fig. 4.5C). Consistent with Vpr expression data, virion delivered WT Vpr or VprR80A
inhibited IFIT1 reporter activation whereas VprF341+P35N or VprQ65R were unable to do
so (Fig. 4.5B). Visualisation of Vpr by immunofluorescence microscopy revealed that Vpr
proteins active against innate immune activation, WT and VprR80A, localised to the
nucleus and showed significant nuclear rim accumulation (Fig. 4.6). On the other hand,
VprF341+P35N and VprQ65R which were defective for innate immune suppression lost
nuclear rim accumulation and showed diffuse cytoplasmic and nuclear staining (Fig. 4.6).
These results showed a correlation between nuclear rim accumulation of Vpr and inhibition

of innate immune activation.

Given that localisation of Vpr to the nuclear rim correlates with its ability to inhibit innate
immune activation and a Vpr-mediated block to nuclear translocation of transcription
factors such as IRF3, the role of proteins involved in nuclear transport was investigated.
Vpr has been shown to bind cyclophilin A and the cyclophilin A binding mutant Vpr was
unable to localise to the nuclear rim or inhibit innate immune activation. Unpublished data
from the lab showed that cyclophilin A was not involved in innate immune signalling
pathways and did not interact with Vpr. A nuclear pore protein, Nup358, contains a
cyclophilin-like domain. Nup358 is implicated in HIV-1 infection and present at the nuclear
envelope like Vpr. Therefore, role of Nup358 in Vpr-mediated innate immune suppression
was probed. Firstly, localisation of Vpr was investigated in Nup358-depleted cells by
immunofluorescence microscopy which showed no impact on Vpr nuclear rim localisation
(Fig. 4.7). Secondly, cells in which the Nup358 cyclophilin domain was deleted by
CRISPR/Cas9 were tested for innate immune activation with various stimuli. Nup358ACyp
cells were found to be competent for innate immune signalling (Fig. 4.8), suggesting that

Vpr may not target Nup358 to suppress innate immune activation.

TNPO3 belongs to the B-karyopherin family of proteins and transport proteins that contain
SR-domains such as CPSF6 (90). Depletion of TNPO3 inhibited activation of innate
immunity downstream of various stimuli (Fig. 4.9A). Interestingly, TNPO3 depletion
inhibited translocation of transcription factors such as IRF3 or NF-kB (p65) (Fig. 4.10,4.11)
without inhibiting IRF3 phosphorylation at S386 (Fig. 4.9C) suggesting that TNPO3 may
play a role in nuclear import of IRF3 and NF-kB (p65). However, Vpr expression did not
result in TNPO3 degradation (Fig. 4.12A) or a block to CPSF6 nuclear translocation (Fig.
4.12C, D) suggesting that although TNPO3 plays a role in IRF3 and NF-kB (p65) nuclear

import, Vpr may not target TNPO3 to inhibit innate immune activation.
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Figure 4.13 A model for HIV 1 Vpr antagonlsm of mnate |mmun|ty

Activation of various pattern recognition receptors result in a signalling cascade that
culminates in phosphorylation and activation of transcription factors such as IRF3 and NF-
kB. Activated IRF3 and NF-kB translocate to the nucleus through the nuclear pore complex
to activate ISGs and proinflammatory genes expression, respectively. HIV-1 Vpr localise to
the nuclear pore complex and may recruit the DCAF1 E3 ubiquitin ligase to importin-a and
target it for proteasomal degradation. This inhibits nuclear translocation of activated IRF3
and NF-kB and prevent activation of innate immune responses downstream of diverse
pattern recognition receptors.
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5 Chapter 5: HIV-1 Vpr suppresses

expression from transfected plasmid DNA

by blocking nuclear import of the plasmid

5.1 Vpr expression in 293T cells inhibits RNA expression from
co-transfected cGAS and STING plasmids and subsequent

suppression of the downstream signalling pathway

To further characterise the mechanism by which Vpr antagonises innate immune
activation in a highly tractable and manipulatable system, dual luciferase assays were
performed in HEK293T cells. (Fig. 5.1A). HEK293T cells do not express detectable levels
of cGAS or STING proteins (Fig. 5.1B), therefore the cGAS and STING signalling pathway
was reconstituted by exogenous transient expression of flag-cGAS and STING. To
measure the activation of the pathway flag-cGAS alone or flag-cGAS with STING were co-
transfected with IFNB promoter driven firefly luciferase and constitutively expressed
thymidine kinase (TK) renilla luciferase reporters. Cells were lysed in passive lysis buffer
and the luminescence of each sample was measured after 48 hours. Expression of cGAS
alone did not activate the IFNB promoter driven firefly luciferase reporter, however, co-
transfection of cGAS and STING activated the reporter by almost 100-fold (Fig. 5.1B).
Antagonism of the cGAS and STING signalling pathway by Vpr was then determined by
transfecting a codon optimised Vpr from an HIV-1 founder clone SUMA or empty vector
with an NF-kB-sensitive immunoglobulin light chain kappa (Igk) promoter firefly luciferase
reporter and TK renilla luciferase reporter. At the same time cells were stimulated with
empty vector or flag-cGAS and STING- transfection for 12, 24 or 48 hours. cGAS and
STING expression activated the NF-kB-sensitive Igk reporter and co-transfection of Vpr
suppressed this activation. This was accompanied by the loss of co-transfected STING at
12, 24 and 48 hours (Fig. 5.1C). Testing Vpr proteins from other HIV-1 molecular clones,
Yu2 and NL4-3, in this assay revealed that this was not a strain specific effect of Vpr as
the Igk luciferase reporter activation was also inhibited by Yu2 and NL4-3 Vpr expression
(Fig. 5.1D). These data suggested that Vpr suppressed NF-kB activation downstream of
cGAS and STING, potentially by inducing the loss of these signalling proteins.

125



Experimental reporter plasmid Control reporter plasmid B

MO O

Luciferase expression Constitutive expression of luciferase = 100
driven by a stimulus provides baseline response %;
Exp Firefly Control Renilla % c
promoter luciferase | promoter luciferase 6 % 10:
|FN'b/ \LTransfect 8 =
NfkB L
IRF3 53 1
Q.
z
Vpr s
0.1
USRS IS
Stimuli: N |fag-cGas+
CGAS/STING 1ng STING
TNF-a vep |
IL-1b
Sendai virus Flag (cGAS) |
Luciferase substrates ——> STING | e |_40
Luminescent signal is quantified
by Luminometer
1000
- E [J Empty vector
£ Bl Flag-cGAS+STING
8 s 100
22 1003 = 3 Empty vector
8z £ Bl CGAS+STING
o0 S c
52 107 o S 10 r—
S8 58 -
% @ 3
o L] Hdkk
I ©
s o
: | ﬂ i H i
; H
ke
0.1 T T T
Empty SUMA Yu2 NL43
VCP vector
Vpr

STING

Vpr

Figure 5.1 NF-kB-sensitive luciferase reporter activation with co-transfected
cGAS and STING is suppressed by Vpr in HEK293T cells

(A) Schematic of HEK293T cell line based dual luciferase reporter gene assay. (B) Induction
of IFNB-Luc in HEK293T cells when Flag-cGAS alone or flag-cGAS and STING were co-
transfected with IFNB firefly luciferase and thymidine kinase luciferase reporters.
Immunoblot detecting the flag-tag, STING and VCP as a loading control. Size markers are
shown (kDa). (C) Induction of NF-kB sensitive Igk-Luc in HEK293T cells expressing Vpr or
empty vector after transfection of NF-kB sensitive Igk firefly luciferase reporter and thymidine
kinase luciferase reporter with empty vector or flag-cGAS and STING. Immunoblot detecting
Vpr, STING and VCP as a loading control. Size markers are shown (kDa). (D) Induction of
NF-kB sensitive Igk-Luc in HEK293T cells expressing Vpr from different HIV-1 strains or
empty vector after transfection of NF-kB sensitive Igk firefly luciferase reporter and thymidine
kinase luciferase reporter with empty vector or flag-cGAS and STING. Error bars represent
standard deviation of biological repeats (n=3). Each experiment is representative of three
independent experiments. Data were analysed using two-way ANOVA test. Stars (*)
represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001)
compared to empty vector.
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Figure 5.2 Vpr blocks RNA expression from co-transfected cGAS and STING plasmids

(A) Fold induction of CXCL10 in HEK293T cells transfected with 50, 12 or 3ng of Vpr
expressing plasmid or empty vector and CMV promoter driven flag-cGAS and STING
plasmids or empty vector. (B) Induction of cGAS from the transfected flag-tagged cGAS
expressing plasmid in (A). (C) Induction of STING from the transfected STING expressing
plasmid in (A). (D) Ct values of GAPDH, cGAS and STING transcripts from HEK293T cells
co-transfected with a dose range of empty vector or Vpr vector and CMV promoter driven
flag-cGAS and STING plasmids or empty vector. Error bars represent standard deviation of
biological repeats (n=3). Each experiment is representative of two independent experiments.
Data were analysed using two-way ANOVA test. Stars (*) represent statistical significance:
*(p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty vector.
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To determine whether Vpr was having an effect on protein levels or expression of cGAS
and STING mRNA from the co-transfected plasmids, cGAS and STING mRNA was
measured by gRT-PCR. Viral CMV immediate early (CMVie) promoter-driven flag-cGAS
and STING plasmids were co-transfected with a dose range of Vpr into HEK293T cells.
Forty eight hours later cells were lysed for RNA extraction. cDNA was synthesised after
DNase treatment of the RNA and used for quantitative PCR analysis using primers specific
for the ¢cGAS and STING gene. CMVie promoter-driven cGAS and STING expression
resulted in the induction of the ISG CXCL170, which was inhibited by Vpr in a dose-
dependent manner (Fig. 5.2A). Critically, Vpr also inhibited cGAS and STING RNA
expression from the co-transfected CMVie promoter driven plasmid, with the apparent
reduction in RNA expression correlating with the inhibition of CXCL 10 gene induction (Fig.
5.2B, C). Furthermore, Vpr did not inhibit RNA expression of the endogenous GAPDH
gene (Fig. 5.2D). This indicated that the inhibition of cGAS/STING signalling by Vpr may
be due to reduced levels of ¢cGAS and STING mRNA transcripts and not due to
degradation of cGAS and STING proteins.

To further investigate the possibility of Vpr-mediated degradation of cGAS and STING
proteins the proteasomal and autophagosomal degradation pathways were inhibited by
chemical inhibition with MG132 or bafilomycin respectively. HEK293T cells were
transfected with an empty- or a Vpr-expressing plasmid and stimulated with flag-cGAS
and STING transfection. Cells were then treated with 20 yM MG132 or 400 nM bafilomycin
for 2, 4, 8 or 10 hours. Cells were lysed in cell lysis buffer, proteins were separated by
SDS-PAGE and immunoblotted with antibodies for VCP, flag-tag, STING and Vpr. MG132
or bafilomycin treatment of the cells did not rescue cGAS or STING protein expression
(Fig. 5.3A, C). Quantification of luciferase activity by luminometry showed that MG132
treatment inhibited activation of the NF-kB luciferase reporter. This suggested effective
inhibition of the proteasome by MG132 because NF-kB activation depends on
ubiquitination of various signalling molecules and MG132 inhibits the proteasome which
prevents ubiquitin recycling and NF-kB activation (Fig. 5.3B). Taken together, these results
demonstrated that in transfection-based reporter gene assays Vpr inhibited the
cGAS/STING-signalling pathway and this was accompanied by reduced transcript levels

for these proteins.
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Figure 5.3 Vpr mediated block to expression from co-transfected plasmids is not
rescued by proteasome or autophagosome inhibition

(A) Immunoblot detecting Vpr, STING, Flag-cGAS and VCP as a loading control from
extracted HEK293T cells after STING and flag-cGAS co-transfection with Vpr or empty
vector and MG132 treatment for 2, 4, 8 or 10 hours. (B) Induction of NF-kB-Luc in HEK293T
cells from (A) after STING and flag-cGAS co-transfection with Vpr or empty vector and
MG132 treatment for 2, 4, 8 or 10 hours. (C) Immunoblot detecting Vpr, STING, Flag-cGAS
and VCP as a loading control from extracted HEK293T cells after STING and flag-cGAS co-
transfection with Vpr or empty vector and Bafilomycin treatment for 2, 4, 8 or 10 hours.
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Figure 5.4 Mutational analysis of Vpr

(A) Schematic showing position of Vpr mutants on a linear amino acid sequence of Vpr. (B)
Induction of NF-kB sensitive Igk-Luc in HEK293T cells expressing Vpr or empty vector after
transfection of NF-kB sensitive Igk firefly luciferase reporter and thymidine kinase luciferase
reporter with empty vector or flag-cGAS and STING. (C) Immunoblot detecting Vpr, STING
flag-cGAS and VCP as a loading control from HEK293T cells in (A). Size markers are shown
(kDa). Error bars represent standard deviation of biological repeats (n=3). Each experiment
is representative of three independent experiments.
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5.2 Mutational analysis of Vpr revealed a correlation between
Vpr nuclear envelope accumulation and suppression of

expression from co-transfected plasmids

For further characterisation of Vpr-mediated suppression of transcript levels from plasmid
DNA, various mutants of Vpr that have previously been described in the literature were
generated by site-directed mutagenesis (Fig. 5.4A) (Table 5.1). HIV-1 wild type or mutant
Vpr were co-transfected with the IgK firefly luciferase reporter and TK renilla luciferase
reporter. At the same time cells were stimulated by co-transfection with empty vector or
flag-cGAS and STING. Forty eight hours later the cells were lysed in passive lysis buffer
and luminescence of each sample was measured by luminometry. Expression of proteins
expressed from transfected plasmids was probed by SDS-PAGE and immunoblotting with
antibodies detecting the flag-tag, STING, Vpr and VCP as a loading control. Vpr mutants
F34l, P35N, Q65R, H71R and F34I+P35N had reduced ability to suppress the NF-kB-
sensitive Igk firefly luciferase reporter activation (Fig. 5.4B) and this correlated with
reduced inhibition of cGAS and STING expression from co-transfected plasmids
compared to WT Vpr (Fig. 5.4C). In contrast to this, Vpr mutants R73S, S79A, R80A, R90A
inhibited NF-kB-sensitive IgK firefly luciferase reporter activation (Fig. 5.4B) and cGAS
and STING expression from the co-transfected plasmids (Fig. 5.4C).

To gain further insight into Vpr function, localisation of functional and non-functional Vpr
mutants was compared. HelLa cells were transfected with flag-tagged wild type or mutant
Vprs. Twenty four hours later cells were fixed and stained for immunofluorescence
microscopy using antibodies against the flag-tag (green) and nuclear pore complex
proteins (red). Nuclei were visualised by DAPI staining (blue). Wild type Vpr localised
exclusively to the nucleus and showed significant nuclear rim staining, however Vpr
mutants that lacked the ability to block expression from transfected plasmids (F34I, P35N,
F341+P35N, Q65R and H71R) lost nuclear rim localisation and showed diffuse cytoplasmic
staining (Fig. 5.5A, B). On the other hand, Vpr mutants, R73S, S79A, R80A, and R90A
which behaved like WT Vpr in the reporter gene assay showed localisation similar to the
WT Vpr (Fig 5.5A, B).
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Vpr residue Reported function
A30 -
V31 -

A30+V31 Inhibition of CMV promoter activity (528)
F34 Importin-a interaction (495)
P35 Cyclophilin A interaction (476)

F34+P35 -

W54 UNG?2 interaction (469)
Q65 DCAF1 interaction (468)
H71 Vpr dimer formation (529)
R73 LTR transcription activation (530)
S79 TAK1 interaction (513)

R80 cell cycle arrest (468)

R90 IL-12 suppression in DC (531)

Table 5.1 Reported function of Vpr residues.
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Figure 5.5 Localisation of Vpr to the nuclear rim correlates with suppression of
expression from co-transfected plasmids

(A) Immunofluorescence images of Hela cells transfected with 50ng of flag-tagged WT or
a mutant Vpr expressing pcDNA3.1 plasmid using antibodies against the flag-tag (green)
and nuclear pore complex (mab414) (red). (B) z-section of cells in (A) showing nuclear rim
accumulation of Vpr.
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Figure 5.5 continued: Localisation of Vpr to the nuclear rim correlates with
suppression of expression from co-transfected plasmids

(A) Immunofluorescence images of Hela cells transfected with 50ng of flag-tagged WT or
a mutant Vpr expressing pcDNA3.1 plasmid using antibodies against the flag-tag (green)
and nuclear pore complex (mab414) (red). (B) z-section of cells in (A) showing nuclear rim
accumulation of Vpr.
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The mutational analysis of Vpr showed a correlation between Vpr localisation to the
nuclear rim and suppression of expression from the co-transfected plasmids (Table 5.2).
In addition, it revealed that this function of Vpr is genetically separable from the cell cycle
arrest function of Vpr. Vpr mutants R73S, S79A, R80A, and R90A which are defective for
the cell cycle arrest function were active for suppression of expression from the co-
transfected plasmids. Conversely, Vpr mutants F34I, P35N and F341+P35N which are able

to arrest cell cycle did not suppress expression from the co-transfected plasmids.

5.3 Vpr mediated block to expression from co-transfected
plasmids is not specific to cGAS or STING expressing

plasmids

To investigate whether suppression of expression from co-transfected plasmids was
specific for the cGAS or STING gene, activity of Vpr was tested against luciferase and
GFP expression. To test the activity of Vpr against luciferase expression, a luciferase
reporter gene assay was carried out. Luciferase reporters driven by different promoters
were co-transfected with an increasing amount of Vprinto HEK293T cells. Cells were lysed
with passive lysis buffer and luminescence was measured by luminometry after 24 hours.
Vpr inhibited luciferase expression from all the plasmids tested in a dose-dependent
manner (Fig. 5.6A, B). Next, the activity of Vpr was tested against an M5P promoter driven
GFP expression. Empty vector, WT Vpr, VprF341+P35N, VprQ65R, or VprR80A
expressing plasmids were co-transfected with a GFP expressing plasmid into HEK293T
cells. The cells were harvested 24 hours later in cell lysis buffer, proteins were separated
by SDS-PAGE and immunoblotted for the flag-tag, Vpr and actin. WT Vpr or VprR80A
inhibited GFP expression whereas VprF341+P35N or VprQ65R were unable to inhibit GFP
expression (Fig. 5.6C). These data suggested that Vpr suppression of expression from co-

transfected plasmids is not specific to the cGAS or STING expressing plasmids.

5.4 Vpr expression does not inhibit HIV-1 gene expression or

infectivity

Given that Vpr inhibited expression from co-transfected plasmids, the effect of Vpr on HIV-
1 infection and gene expression was tested. HEK293T cells were transfected with an
empty or a Vpr expressing plasmid. 24 hours later cells were infected with a VSV-g
pseudotyped HIV-1 vector expressing GFP. After 48 hours cells were fixed with PFA and

GFP expression was analysed by flow cytometry. In parallel, Vpr was co-transfected with
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Block

Vpr INucIc_aar ['im plasmid Cell cycle
ocalisation expression arrest

WT Yes Yes Yes
A30S Yes Yes ND
V31S Yes Yes ND
A30S+V31S Yes Yes ND
F34l No No Yes
P35N No No Yes
F341+P35N No No Yes
W54R Yes Yes Yes
Q65R No No No
H71R No No No
R73S Yes Yes No
S79A Yes Yes No
R80A Yes Yes No
R90K Yes Yes No
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Table 5.2 Summary of Vpr mutant localisation and function. ND (not determined)
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Figure 5.6 Vpr block to expression from co-transfected plasmids is not specific to
the cGAS or STING expressing plasmids

(A) Induction of luciferase reporter in HEK293T cells transfected with CSLW, CMV-Luc, TK-
Luc or M5P-Luc and empty vector or three doses of Vpr expressing plasmid. (B) Table
showing the promoters driving the luciferase reporter plasmids used in (A). (C) Immunoblot
detecting Vpr, STING, flag-GFP and actin as a loading control from HEK293T cells
transfected with empty vector, WT Vpr or mutant Vpr and flag-GFP, or left untransfected.
Size markers are shown (kDa).
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a TK-renilla luciferase plasmid. After 72 hours cells were lysed in passive lysis buffer and
luciferase activity was quantified by luminometry. Flow cytometry data showed that Vpr
expression did not inhibit the number of cells expressing GFP when compared to the
empty vector transfected cells (Fig. 5.7A). Similarly, there was no effect of Vpr on mean
fluorescence intensity of GFP suggesting that Vpr did not inhibit GFP expression when the
GFP is encoded by an HIV vector (Fig. 5.7B). On the other hand, luminometry data showed

that Vpr was able to inhibit luciferase expression from the transfected plasmid (Fig. 5.7C).

Vpr is packaged into viral particles therefore the effect of packaged Vpr on HIV-1 infectivity
was investigated. HIV-1 vectors were produced by transfecting HEK293T cells with the
packaging plasmid (p8.91), VSV-g envelope plasmid and a Vpr expressing HIV-1 genome
encoding plasmid that also expressed GFP from the same promoter via an IRES. Vectors
were purified by ultracentrifugation through a sucrose cushion (20% in PBS). To quantify
vector production RT activity of vector supernatants was measured by qPCR based RT
assay (SG-PERT). Empty vector and vectors carrying VprF341+P35N or VprQ65R gave
an RT activity of about 2x10'° pURT/ul whereas vectors carrying WT Vpr or VprR80A gave
10-fold less RT activity (Fig. 5.8A). This reduction in RT activity was accompanied by an
equal reduction in titres of WT or VprR80A carrying vectors in HelLa cells (Fig. 5.8B). To
examine the infectivity of the vectors, infectious units per unit of RT (IU/URT) was
calculated. All the vectors showed 1x10” IU/URT which suggested that all the vectors were
equally infectious (Fig. 5.8C). Cell lysates and normalised dose of purified vector
(1x10""pURT) were subjected to SDS-PAGE and immunoblotted for the capsid (p24) and
Vpr proteins. WT Vpr or VprR80A expression led to a decrease in capsid (p24) expression
in the producer HEK293T cells however by normalising the vector dose similar levels of

the capsid (p24) could be detected in the vector supernatants (Fig. 5.8D).

These results demonstrated that Vpr expression or packaging into viral particles does not
reduce HIV-1 infectivity. The low titre observed for the WT Vpr or VprR80A vectors was
likely due to Vpr-mediated suppression of expression from the co-transfected packaging

plasmid (p8.91), resulting in lower vector production.

5.5 Vpr does not block expression from integrated or
nucleofected DNA

In addition to transfection, which delivers plasmid DNA into the cellular cytoplasm, plasmid
DNA can be introduced directly into the nucleus by applying specific voltage and reagents

in a process called nucleofection. To test the activity of Vpr against expression from
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Figure 5.7 Vpr does not inhibit HIV-1 gene expression

(A) Percentage of HEK293T cells expressing Vpr or empty vector transduced by GFP
encoding HIV-1 vector or left untransduced. (B) Mean fluorescence intensity of GFP
expressed by HIV-1 vector in HEK293T cells from (A). (C) Induction of TK renilla luciferase
reporter in HEK293T cells transfected with empty vector or Vpr expressing plasmid and TK
renilla luciferase reporter, or left untransfected. Error bars represent standard deviation of
biological repeats (n=3). Each experiment is representative of three independent
experiments. Data were analysed using two-way ANOVA test. Stars (*) represent statistical
significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty
vector.
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nucleofected plasmid HEK293T cells were nucleofected with a GFP expressing plasmid
with or without the Vpr expressing plasmid. The cells were lysed in cell lysis buffer 24
hours later and the lysates were subjected to SDS-PAGE and immunoblotting using
antibodies against the flag-tag or tubulin. Surprisingly, Vpr did not inhibit expression from
the nucleofected GFP expressing plasmid (Fig. 5.9A). As nucleofection bypasses nuclear
import of the plasmid DNA and delivers it directly into the nucleus, this result indicated that
Vpr might be inhibiting the specific pathway which imports plasmids into the nucleus of

transfected cells.

To further investigate this finding, HEK293T cells were transduced with a lentiviral vector
containing the luciferase gene under the control of a synthetic NF-kB-sensitive-promoter.
Cells were selected with 2 ug/ml puromycin and a stable cell line was generated. Cells
were then transfected with an empty vector or a Vpr expressing plasmid. In parallel, WT
HEK293T cells were transfected with the synthetic NF-kB luciferase reporter and an empty
vector or a Vpr expressing plasmid. After 24 hours cells were lysed in passive lysis buffer
and luciferase activity was quantified by luminometry. Vpr inhibited basal luciferase activity
when the NF-kB reporter was transfected, however Vpr was unable to inhibit luciferase
activity from the integrated NF-kB reporter (Fig. 5.9B). Overall, these results are consistent
with a model in which Vpr does not inhibit transcription directly, but instead may inhibit

nuclear import of the co-transfected plasmids.

Since Vpr was unable to suppress expression from the integrated NF-kB reporter in
HEK293T cells, these cells were used to test the activity of Vpr against NF-kB activation.
Cells were transfected with an empty or a Vpr expressing plasmid. After 24 hours cells
were stimulated with a dose range of TNF-a for 8 hours. Cells were lysed in passive lysis
buffer and luciferase activity was quantified by luminometry. Vpr expression inhibited TNF-
a activation of the NF-kB luciferase reporter (Fig. 5.10A). The experiment was repeated
as above with a fixed concentration of TNF-a (10ng/ml) and a dose range of Vpr
expressing plasmid, which showed a dose-dependent decrease in TNF-a activation of NF-

kB luciferase reporter activation by Vpr (Fig. 5.10B).

Next, Vpr mutants were tested in this assay. 300ng of empty, WT Vpr, VprF341+P35N,
VprQ65R, VprR80A or GFP expressing plasmids were transfected into HEK293T cells
containing an integrated luciferase gene under the control of the synthetic NF-kB promoter.
After 24 hours the cells were stimulated with 40ng/ml TNF-a for 8 hours. WT Vpr or
VprR80A inhibited TNF-a activation of the NF-kB luciferase reporter compared to the
empty vector control (Fig. 5.10C). In contrast, VprF34I+P35N and Vpr Q65R were unable
to significantly inhibit TNF-a activation of the NF-kB luciferase reporter (Fig. 5.10C).

Similarly, GFP expression did not have any impact on TNF-a activation of the NF-kB
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Figure 5.8 Vpr expression in trans does not reduce infectivity of HIV-1 virions

(A) Vector production determined by quantification of RT activity in the vector supernatants.
(B) Vector titre determined by infecting HeLa cells with a titration of vector supernatants. (C)
Infectivity of vectors calculated by dividing vector titres in (B) with RT activity in (A). (D)
Immunoblot detecting Vpr and p24 (capsid) from extracted vector producer HEK293T cells
or purified vector supernatants. Size markers are shown (kDa). Error bars represent
standard deviation of biological repeats (n=3). Each experiment is representative of three
independent experiments. Data were analysed using two-way ANOVA test. Stars (*)
represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001)
compared to empty vector.
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luciferase reporter activation (Fig. 5.10C). These results demonstrated that in a reporter
assay where no reporters or signalling proteins are transfected and the signalling is
activated with soluble factors such as TNF-a, which activates the NF-kB pathway through
binding and activation of the TNF-a receptor at the cell surface, Vpr is able to inhibit NF-

KB reporter activation.

5.6 Vpr does not block expression from the EF1-a or ubiquitin

promoter

Transfection typically relies on cytoplasmic delivered DNA to be transported to the nuclear
envelope and then imported into the nucleus for successful transcription (532-534).
Nuclear import is thought to occur through the nuclear pore complex. Transport is carried
out by proteins known as importins karyopherins (535). Importins recognise nuclear
localisation signals in cargos and transport the cargoes across the nuclear pore in an
energy dependent process (535). Nucleic acids are not thought to contain any nuclear
localisation signals so their nuclear import likely relies on proteins that contain nuclear
localisation signals and binds nucleic acids (536). Previous results in the THP-1 cells
based model showed that Vpr blocked nuclear import of transcription factors such as NF-
kB and IRF3 (Fig. 3.7, 3.8). Transcription factors contain nuclear localisation signals and
are capable of binding specific sequences known as response elements in promoters of
responsive genes. Expression plasmids are designed to contain promoters that have
response elements for various transcription factors to give transcription factor dependent
gene expression. With this in mind, it was hypothesised that the block to expression from
transfected plasmids by Vpr might be a consequence of a Vpr-mediated block to NF-kB or

IRF3 nuclear translocation.

To test this hypothesis, activity of Vpr was tested against expression from plasmids
containing the CMV, EF1-a or ubiquitin (Ub) promoter. The CMV promoter contains the
NF-kB response element (GGGACTTTCC) which was not found in the EF1-a or Ub
promoters (Fig. 5.11A). HEK293T cells were transfected with 50ng of CMV-GFP, EF1-a-
GFP or Ub-GFP plasmids. Cells were co-transfected with 0, 50, 100 or 200ng of Vpr
expressing plasmid. After 24 hours the cells were lysed in cell lysis buffer. Proteins were
separated by SDS-PAGE and detected by immunoblot using antibodies specific for the
flag-tag, GFP or actin as a loading control. Vpr expression resulted in a dose-dependent
decrease in GFP expression from the co-transfected CMV-GFP plasmid (Fig. 5.11B). In

contrast, expression from the EF 1-a and particularly the Ub promoter was significantly less
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Figure 5.9 Vpr does not inhibit expression from integrated or nucleofected
plasmid DNA

(A) Immunoblot detecting flag-GFP and tubulin as a loading control in extracted HEK293T
cells nucleofected with empty vector or Vpr expressing plasmid and flag-GFP plasmid. (B)
Induction of NF-kB-Luc in HEK293T cells containing an integrated NF-kB luciferase reporter
or HEK293T cells transfected with NF-kB luciferase reporter. Both cell types were
transfected with an empty vector or Vpr expressing plasmid. Error bars represent standard
deviation of biological repeats (n=3). Data were analysed using two-way ANOVA test. Stars
(*) represent statistical significance: * (p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001)

compared to empty vector.
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sensitive to Vpr mediated inhibition (Fig. 5.11B). To confirm this finding, another plasmid
containing the ubiquitin promoter driving expression of the cherry gene (SFxUC) was
tested. HEK293T cells were transfected with a dose range of SFxUC plasmid and co-
transfected with 50ng of Vpr expressing plasmid. 24 hours later cells were lysed in cell
lysis buffer. Proteins were separated by SDS-PAGE and immunoblotted with antibodies
against Vpr, cherry and VCP. Consistent with the previous result, ubiquitin promoter-driven
cherry expression from the co-transfected SFxUC plasmid was generally insensitive to Vpr

expression (Fig. 5.11C).

These results link Vpr-mediated suppression of expression from co-transfected plasmids
and the presence of the NF-kB response element in the promoter of the plasmids. This
suggests that the block to expression from transfected plasmids by Vpr may be a
consequence of Vpr inhibiting nuclear translocation of NF-kB, which not only inhibits NF-

KB signalling, but also prevents nuclear import of the co-transfected plasmids.

5.7 Summary

To test the activity of Vpr against innate immune activation, plasmid transfection based
reporter gene assays using HEK293T cells were set up. Since HEK293T do not have a
functional DNA sensing pathway (537), cGAS and STING expressing plasmids were
transfected to activate the DNA sensing signalling cascade. Co-transfection of Vpr
resulted in the loss of cGAS and STING protein expression with the subsequent inhibition
of the signalling pathway (Fig 5.1). Vpr is known to target proteins for degradation via the
proteasome, however, inhibiting the proteasomal or the autophagosomal degradation
pathway with chemical inhibitors did not rescue cGAS or STING protein expression in the
presence of Vpr (Fig. 5.3). Quantification of cGAS and STING RNA expression by RT-
gPCR revealed that Vpr reduced transcript levels of cGAS and STING from the co-
transfected plasmids (Fig. 5.2). This effect of Vpr was not specific to the cGAS or STING
plasmids because plasmids expressing luciferase or GFP from various viral promoters

were also affected by Vpr (Fig. 5.6).

Mutational analysis of Vpr showed that residues at position F34, P35, Q65, or H71 were
important for the Vpr-mediated block to expression from the co-transfected plasmids (Fig.
5.4). In addition, it demonstrated that this function is independent of the cell cycle arrest
function of Vpr, as the Vpr mutants, which were defective for the cell cycle arrest, were
able to block expression from the co-transfected plasmids. Further characterisation of
mutant Vpr proteins by immunofluorescence staining correlated this function of Vpr to its

nuclear rim accumulation (Fig. 5.5).
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Figure 5.10 Vpr inhibits TNF-a activation of the integrated NF-kB luciferase
reporter

(A) Induction of NF-kB-Luc in HEK293T cells containing an integrated NF-kB luciferase
reporter stimulated with a dose range of TNF-a (0-40 ng/ml) and transfected with an empty
vector or a Vpr expressing plasmid (300ng). (B) Induction of NF-kB-Luc in HEK293T cells
containing an integrated NF-kB luciferase reporter stimulated with TNF-a (10 ng/ml) and
transfected with 100, 300 or 500 ng of empty vector or Vpr expressing plasmid. (C) Induction
of NF-kB-Luc in HEK293T cells containing an integrated NF-kB luciferase reporter
stimulated with TNF-a (10 ng/ml) and transfected with 300ng of empty vector, WT Vpr or
mutant Vpr expressing plasmid. Error bars represent standard deviation of biological repeats
(n=3). Each experiment is representative of two independent experiments. Data were
analysed using two-way ANOVA test. Stars (*) represent statistical significance: * (p<0.05),
** (p<0.01), *** (p<0.001), **** (p<0.0001) compared to empty vector.
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To gain further insight into this function of Vpr, activity of Vpr was tested against other
methods of gene delivery. Transfection with Fugene6 is a liposome based method that
delivers DNA into the target cell cytoplasm. In contrast, nucleofection and lentiviral gene
transduction deliver DNA directly into the nucleus. Surprisingly, Vpr was unable to inhibit
expression from nucleofected plasmid DNA (Fig. 5.9A). Challenging control or Vpr
expressing HEK293T cells with HIV-1 vector gave equivalent levels of infection and gene
expression (Fig. 5.7A, B). Furthermore, Vpr packaging into an HIV-1 vector did not reduce
infectivity of the viral particles as measured by vector-encoded GFP expression in infected
cells (Fig. 5.8). Given that Vpr did not inhibit lentiviral gene transduction, an NF-kB
luciferase reporter was stably integrated into HEK293T cells by lentiviral transduction.
Activity of Vpr was tested against TNF-a activation of this reporter. Consistent with Vpr
inhibition of NF-kB nuclear translocation (Fig. 3.8), Vpr inhibited TNF-a activation of NF-
kB signalling (Fig. 5.10).

Correlation of Vpr localisation to the nuclear rim with suppression of expression from co-
transfected plasmids, and insensitivity of nucleofected or lentiviral vector delivered DNA
to Vpr suppression suggested that Vpr might be affecting DNA nuclear import rather than
gene expression. Gene expression from transfected plasmid DNA requires trafficking of
the plasmid to the nucleus and nuclear import. Nuclear import of the plasmid DNA is
thought to be carried out by DNA binding proteins that contain nuclear localisation signals
(532). Given that Vpr blocked nuclear import of transcription factors such as NF-kB (Fig.
3.8), it was hypothesised that Vpr blocked NF-kB assisted nuclear import of plasmid DNA
that resulted in reduced expression from the co-transfected plasmids. Indeed, Vpr was
found to inhibit expression from the CMV promoter that contains NF-kB response element
(Fig. 5.11A) whereas expression from the EF1-a or ubiquitin promoters that do not contain
the NF-kB response element was unaffected (fig. 5.11A, B, C). Overall, the results
suggested that Vpr inhibited nuclear import of co-transfected plasmids containing NF-kB

response element which resulted in reduced expression.
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NF-kB response element = gggactttcc

A.
Promoter Sequence
CMV atgaccttatgggactttcctacttggcagtac
EF1-a aaaggaaaagggcctttccgtcctcagecgtc
Ubiquitin cacccgaataagagctttcccgcattagcga
B. CMV-GFP EFla-GFP Ub-GFP
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Figure 5.11 Vpr does not block expression from elongation factor 1 alpha or
ubiquitin promoter

(A) Alignment of NF-kB response element with CMV, EF1a and ubiquitin promoters. (B)
Immunoblot detecting flag-Vpr, GFP and actin as a loading control from HEK293T cells
transfected with empty vector or Vpr expressing plasmid (50ng, 100ng, 200ng) and CMV-
GFP, EF1a-GFP or Ub-GFP plasmids (50ng). Size markers are shown (kDa). (C)
Immunoblot detecting Vpr, cherry and VCP as a loading control from HEK293T cells
transfected with empty vector or Vpr expressing plasmid and a dose range of SFXUC
plasmid. Size markers are shown (kDa). Each experiment is representative of two
independent experiments. Immunoblot in (C) was kindly provided by Dr Rebecca Sumner.
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6 Chapter 6: Discussion

6.1 Vpr promotes HIV-1 replication in cGAMP stimulated MDMs

All viruses must overcome intracellular innate immunity to replicate successfully. The
ability to antagonise or evade this response is one of the most important determinants of
viral replication in a host. Three out of four accessory proteins encoded by HIV-1
antagonise innate restriction factors to enhance viral replication. Vpu antagonises tetherin,
Vif antagonises APOBEC3s and Nef antagonises SERINCs. Despite numerous reported
functions of the accessory protein Vpr, its role in HIV-1 infection has remained poorly
defined and its function has been somewhat enigmatic. This is partly because in vitro Vpr
is dispensable for replication in CD4+ T-cells and there are conflicting reports of Vpr-
dependent HIV-1 replication in MDMs, suggesting that its function might only be apparent
under certain conditions (464,474,496). To address this hypothesis, previous work in the
lab demonstrated that when the DNA sensing pathway was activated in MDMs by
treatment of cells with cGAMP, Vpr is essential for viral replication. The Vpr-deleted virus
replicated less well compared to wild type HIV-1 in cGAMP stimulated MDMs (Fig. 3.1).
Since these experiments utilised sucrose purified HIV-1, previous inconsistent
observations of inefficient replication of HIV-1AVpr, under unstimulated conditions, might
be the result of inadvertent stimulation of MDMs with plasmid DNA, cytokines or cell debris
present in the unpurified viral supernatants collected from the 293T virus producer cells
(538). Furthermore, the immunological status of the MDM donor, as well as the activation
level of the cultured MDMs at the time of infection, may impact the outcome of HIV-1
replication. For example, Vpr may provide a replication advantage in MDMs with activated
innate immune responses. In vivo, early stages of HIV-1 infection have been associated
with the activation of a dramatic cytokine cascade likely initiated by dendritic cells (539).
Analysis of cytokine and chemokine profiles of plasma samples obtained from HIV-1
infected individuals revealed that during acute-phase of HIV-1 replication, chemokines and
cytokines such as IFN-a, CXCL10 and IL-8 are upregulated as the viral titres increase
(539). Given the ability of Vpr to suppress inflammatory signalling (Fig. 3.3, 5.10), it is
possible that Vpr provides an advantage to HIV-1 replication by dampening some of these
immune responses during the acute-phase of HIV-1 replication in vivo. Furthermore, in
humans, infection with a Vpr-defective HIV-1 has been reported to result in markedly
delayed seroconversion, suppressed viremia and normal T-cell levels without treatment
(466).
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6.2 Vpr suppresses ISG expression by inhibiting IRF3 nuclear

translocation

To characterise the function of Vpr, a tractable THP-1 cell line based model was
established. Unlike many other cancer cell lines THP-1 cells express endogenous cGAS
and STING and have a functional DNA sensing pathway. Consistent with previous reports
of HIV-1 detection of reverse transcribed DNA by cGAS (268), infection of THP-1 cells with
VSV-g pseudotyped HIV-1 GFP lacking packaged Vpr activated a cGAS dependent ISG
response whereas the HIV-1 GFP bearing Vpr activated significantly less ISG expression
(Fig. 3.9, 3.10). Exogenous expression of Vpr by lentiviral transduction inhibited 1ISG
mRNA (Fig. 3.3A) and protein expression (Fig. 3.3C) downstream of various innate
immune stimuli suggesting that Vpr targeted a step in innate immune activation that is
conserved between different signalling pathways (Fig. 3.4). Inmunofluorescence analysis
of IRF3 and NF-kB nuclear translocation at a single cell level showed decreased IRF3 and
NF-kB nuclear translocation downstream of various innate immune stimuli in the presence
of Vpr (Fig. 3.7, 3.8). However, Vpr inhibition of STING or TBK1 phosphorylation
downstream of HT-DNA stimulation could not be detected (Fig. 3.5A).

C-terminal IRF3 contains a cluster of serine/threonine residues
(*®¥SSLENTVDLHISNSHPLSLTS*®) that can be phosphorylated (540). Phosphorylated
IRF3 dimerises and translocates to the nucleus. In the nucleus, dimeric IRF3 interacts with
the coactivator cAMP-response element-binding protein-binding protein (CBP/p300)
which facilitates IRF3 binding to distinct positive regulatory domains (PRD) in the type |
IFN promoters and ISRE sites found in various other genes that encode chemokines,
cytokines and ISGs (193,194). It was surprising that Vpr affected IRF3 phosphorylation at
S396 (Fig. 3.6) but not at S386 (Fig. 3.5A) and this prevented IRF3 nuclear translocation
(Fig. 3.7) Previous studies have assessed the role of specific IRF3 phosphorylation at
S386 and S396 as follows.

Phosphorylation of S386 and S396 has been observed during viral infection and TBK1 has
been shown to be the kinase responsible for this phosphorylation and induced gene
expression (194,521,540). Lin et al. (1998) carried out immunoblot of Sendai virus infected
HEK293T cells detecting IRF3 and detected a slow migrating band which disappeared
following phosphatase treatment, but was maintained when the phosphatase and its
inhibitor were added to the reaction (194). Immunoblot of HEK293 cells after transfection
of WT or mutant IRF3 in which serine residues in the C-terminus were mutated to alanine
showed that Sendai virus infection was unable to induce IRF3 phosphorylation when S386

or S396 was mutated to alanine. Furthermore, immunofluorescence microscopy showed
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that GFP-tagged IRF3 in which five C-terminal serine residues were mutated to alanine
did not translocate to the nucleus after Sendai virus infection of COS-7 cells. Finally, the
authors showed that over-expression of WT IRF3 activated an IFN- reporter in HEK293
cells. However, mutation of various serine residues in the C-terminus of IRF3 to alanine
inhibited activation of IFN-f reporter activation. In this assay activity of IRF3 mutants after
Sendai virus infection was not determined. The role of IRF3-S386A or IRF3-S396A was
also not determined in the IFN-B reporter gene assay. Fitzgerald et al. (2003) used a
reporter gene assay involving the luciferase reporter gene containing the Gal4 upstream
activation sequence and IRF3 lacking its own DNA-binding domain fused with Gal4 DNA-
binding domain (540). Luciferase reporter gene expression from the Gal4 upstream
activation sequence in this assay requires activation of IRF3. The authors showed that the
Gal4 reporter gene was activated by viral infection or TBK1 expression in the presence of
a Gal4 fusion protein of wild-type IRF3, but not in the presence of a fusion protein in which
the serine or threonine residues 385, 386, 396, 398, 402, 404 and 405 had been replaced

by alanine.

Phosphorylation at S386 seems to be necessary and sufficient for IRF3 activation.
Yoneyama et al. (1998) used Newcastle Disease Virus (NDV), an RNA virus known to
trigger RIG-I activation, to interrogate IRF3 activation (541). Immunoblot showed that a
single point mutation at S386 to alanine in IRF3 inhibits NDV stimulated IRF3
phosphorylation (521). Consistently, immunofluorescence microscopy revealed that IRF3
S386A does not translocate to the nucleus after NDV infection. In contrast, IRF3-5A
mutant in which residues at position 396, 398, 402, 404, and 405 were replaced with
alanine did not abrogate IRF3 activity in a reporter gene assay (522). This suggests that
in the absence of S396 phosphorylation, S386 phosphorylation may be sufficient for IRF3
activation. IRF3-5D mutant in which residues at position 396, 398, 402, 404, and 405 are
replaced with phosphomimetic aspartic acid residue has been shown to be constitutively
active (523). However, immunoblot of HEK293T cells overexpressing IRF3-5D with
antibody specific for IRF3 phosphorylation at S386 revealed that this phosphomimetic
IRF3 mutant is postranslationally phosphorylated at S386 in the absence of any stimulation
(524).

Additionally, the phosphomimetic IRF3-5D mutant has been shown to be more active in
human 293T cells than in murine L929 cells (522,542). In 293T cells over-expression of
IRF3-5D resulted in spontaneous expression of the RANTES promoter driven reporter
gene (522). However, over-expression of IRF3-5D mutant did not activate expression of
an IRF3 positive regulatory domains containing reporter gene in L929 cells (542). The
difference between these two studies might be due to the difference between the

promoters used. It is possible that RANTES promoter is more sensitive to phosphorylated
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IRF3 than the promoter containing IRF3 positive regulatory domains. Furthermore, the
difference in transfection efficiency of 293T cells compared to L929 cells may result in
different expression of IRF3-5D mutant i.e. 293T cells which are very transfectable may

express more IRF3-5D than L929 cells.

Unlike S386 phosphorylation, IRF3 phosphorylation at S396 seems to be stimulus and cell
type dependent (523,524). Immunoblot detection of IRF3 phosphorylation at S386 with
S386phosphorylation specific antibody in U373/CD14 astrocytes after NDV infection or
LPS stimulation of TLR4 resulted in S386 phosphorylation (524). In contrast, immunoblot
detection of IRF3 phosphorylation at S396 with S396 phosphorylation specific antibody in
U373/CD14 astrocytes or U937 monocytic cells after RIG-I activation by Sendai virus
infection resulted in IRF3 phosphorylation at S396 but not in response to LPS activation
of TLR4 (523).

Taken together, these observations suggest that phosphorylation of IRF3 at S386 might
be sufficient to activate IRF3. Observation of IRF3 S386 phosphorylation in the presence
of Vpr (Fig. 3.6) suggests that Vpr may act to block nuclear translocation of S386
phosphorylated IRF3 to inhibit ISG expression. It is possible that the lack of IRF3
phosphorylation at S396 observed in the presence of Vpr (Fig. 3.6) is a consequence of
Vpr-mediated block to IRF3 nuclear import and phosphorylation of IRF3 at S396 may have
a shorter half-life than phosphorylation at S386. The consequence of block to nuclear
import of phosphorylated IRF3 on IRF3 phosphorylation at various sites in the C-terminus

requires further investigations.

There are conflicting reports of Vpr modulation of innate immunity. These studies lack
mechanistic insight and fail to show relevance during viral replication. Consistent with the
data presented in this thesis, Vpr was found to inhibit sensing of HIV-1 in Tzmbl cells
reconstituted with STING which correlated with reduced nuclear translocation of IRF3
(543). Infection of TzmbI-STING cells with HIV-1AVpr resulted in 8-fold more ISG56
induction compared to WT HIV-1. Single cell analysis of TzmbI-STING cells for IRF3
nuclear translocation by immunofluorescence showed that HIV-1AVpr infection increased
the number of cells with nuclear IRF3 by 3-fold compared to WT HIV-1 infection.
Phosphorylation of IRF3 was not investigated in this study. On the other hand, in PM1
cells, Vpr was found to degrade IRF3 (512). Immunoblot of HIV-1 infected PM1 cells
showed reduced IRF3 protein detection compared to uninfected cells. Although
immunoblot of HEK293T cells overexpressing Vpr showed reduced IRF3 expression
compared to cells not expressing Vpr, this did not occur during HIV-1 infection of Jurkat

cells. My investigation of IRF3 level by immunoblot, in Vpr expressing monocytic THP-1
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cells, did not show Vpr-mediated reduction in IRF3 levels (Fig. 3.5A). The differences

between different cell types might be a reason for this discrepancy.

In contrast to the effects of Vpr on IRF3, NF-kB has been described to be activated and
inhibited by Vpr in various cell types (513,544). Liu et al. 2014 showed that in HEK293T
cells, Vpr over-expression activated NF-kB sensitive reporter gene expression.
Immunoblot showed that Vpr over-expression resulted in phosphorylation of TAK1, a
kinase involved in NF-kB activation (513). Co-immunoprecipitation suggested that Vpr
interacted with TAK1. Immunoblot of Jurkat, THP-1 and PBMCs showed that infection with
WT HIV-1 induced TAK1 phosphorylation which was not the case when these cells were
infected with HIV-1AVpr. This is in contrast to my data that shows inhibition of NF-kB(p65)
nuclear translocation (Fig. 3.8) and NF-kB reporter gene activation (Fig. 5.10A) by Vpr.
Similarly, Kogan et al. (2013) showed that in primary macrophages, transduction with Vpr
encoding adenovirus, inhibited NF-kB reporter gene activation downstream of LPS and
TNF-a stimulation (544).

6.3 Vpr suppresses expression from co-transfected plasmids by

inhibiting plasmid nuclear import

Vpr has been shown to inhibit expression from co-transfected CMV promoter-driven
plasmids (528). My data confirms this report and extends this effect of Vpr to various other
promoters such as the spleen focus-forming virus promoter and provide mechanistic
insight into this activity. gqPCR analysis showed that Vpr blocked mRNA expression from
the transfected plasmids but did not shut down transcription globally as the expression of
housekeeping gene, GAPDH, was unaffected (Fig. 5.2D) In addition, Vpr did not impact
protein expression of the loading control used for immunoblotting (Fig. 5.4C), suggesting
no global impact on RNA nuclear export or RNA translation. In contrast to transfection,
nucleofection, which delivers plasmid DNA directly into the nucleus, was found to be
insensitive to Vpr. Furthermore, a synthetic NF-kB promoter driven luciferase expression
was inhibited by Vpr, when the plasmid was transfected, and not when it was integrated
into the cellular genome by lentiviral mediated transduction. Assuming that the mechanism
of transcription from a promoter is the same, when present in a plasmid or cellular genome,
this suggests that Vpr may not directly affect transcription from co-transfected plasmids.
Altogether, these data suggest that Vpr may block expression from co-transfected
plasmids by inhibiting their nuclear import which has been shown to be essential for

expression from transfected plasmid DNA (545,546).
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6.4 Vpr antagonism of innate immunity and expression from co-
transfected plasmids is independent of Vpr cell cycle arrest

function

Laguette et al. (2014) showed that HIV-1 Vpr promotes premature activation of the SLX4
endonuclease complex to arrest cells in G2/M phase and inhibit innate immune activation
(468). Taking a biochemical approach, the authors showed that Vpr manipulates an
endonuclease complex to arrest cell cycle (468). They proposed this prevents innate
immune sensing of the viral DNA (11). The data suggested that Vpr interacts directly with
SLX4, which is implicated in DNA damage repair pathways. SLX4 recruits structure-
specific endonucleases (SSE) MUS81-EME1, ERCC1-ERCC4 and SLX1 to form a
complex (SLX4com) that repairs DNA damage. The activity of SSEs is kept under tight
control during cell cycle. They are only activated at the G2/M transition, for example, by
kinases such as polo-like kinase 1 (PLK1) leading to resolution of stalled replication forks
and maintenance of genomic integrity. Vpr recruits PLK1 to the SLX4 complex prior to the
G2/M transition. PLK1 then prematurely activates the SLX4 complex by phosphorylating
EMEA1, resulting in abnormal processing of replication forks that eventually leads to
replication stress and cell cycle arrest at the G2/M transition. This activity of Vpr is
dependent on Cul4-DCAF1 ubiquitin E3 ligase complex as the DCAF1 binding mutant,
VprQ65R, is unable to interact with the Cul4-DCAF1 ubiquitin E3 ligase complex to cause
cell cycle arrest. Furthermore, SLX4 was found to bind HIV-1 reverse transcripts, only in
the presence of Vpr, suggesting that Vpr may recruit SLX4 to process HIV-1 reverse
transcripts and prevent innate sensing. My data shows that Vpr antagonises innate
signalling and expression from co-transfected plasmids independently of the cell cycle
arrest function. VprR80A which is defective for cell cycle arrest function is active for
antagonism of innate signalling (Fig. 4.2A) and inhibition of expression from co-transfected
plasmids containing NF-kB sensitive promoters (Fig. 5.6C). Conversely, Vpr mutant
VprF341+P35N showed activity for cell cycle arrest function (Fig. 4.1D) but did not
antagonise innate signalling (Fig. 4.2A), or inhibit expression from co-transfected plasmids
containing NF-kB sensitive promoters (Fig. 5.6C). Altogether, these data suggest that Vpr
antagonism of innate immune activation and expression from plasmid DNA is independent
of Vpr interaction with the SLX4 complex and suggests another as yet unidentified cellular

target of Vpr.

6.5 Vpr localisation correlates with its function

The two Vpr phenotypes described here correlate with accumulation of Vpr to the nuclear

envelope. Wild type Vpr localises to the nucleus and shows significant nuclear rim
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localisation. Mutational analysis of Vpr shows that the mutants which do not localise to the
nuclear rim are unable to block innate signalling pathways or expression from co-
transfected plasmids containing NF-kB sensitive promoters (Table 6.1). Interestingly,
VprQ65R, which has been shown to be unable to bind DCAF1, did not localise to the
nuclear rim suggesting that perhaps interaction of Vpr with DCAF1 allows nuclear
envelope localisation. However, Vpr has been shown to localise to the nuclear envelope
in DCAF1 depleted cells (486). This suggests that Vpr mutation Q65R may have a dual
affect. It not only prevents DCAF1 interaction with Vpr, but also abrogates Vpr localisation
to the nuclear envelope. Mapping the residues of Vpr that are important for blocking innate
signalling pathways and expression from transfected plasmids containing NF-kB sensitive
promoters onto its structure resolved by NMR or crystallography reveals a potentially novel
interface, distinct from the known interfaces for binding target proteins UNG2 or SLX4.
This points towards a role of Vpr in targeting protein/s at the nuclear envelope to suppress
nuclear import of transcription factors and plasmid DNA. Localisation of Vpr to the nuclear
envelope has been associated with herniations in the nuclear envelope (547). These
herniations were found to be devoid of nuclear pore complexes but coincided with Vpr
induced disruption of the nuclear lamina (547). The nuclear envelope herniations ruptured
intermittently which resulted in mixing of nuclear and cytoplasmic components (547).
Finally, Vpr cell cycle arrest mutants were shown to be defective for induction of nuclear

envelope herniations (547).

6.6 A unifying mechanism for Vpr functions

Correlation of Vpr localisation to the nuclear envelope (Fig. 4.6) with a block to nuclear
import of transcription factors (Fig. 4.3) and plasmid DNA (Fig. 5.9) suggests that Vpr may
orchestrate these functions by a single mechanism. Nuclear import of proteins and nucleic
acids is carried out by proteins known as karyopherins or importins (535). Different groups
of karyopherins recognise different classes of nuclear localisation signals (NLS) in target
proteins. The classical nuclear import pathway is regulated by karyopherin-a (KPNA) and
—B (KPNB). KPNA contains an NLS binding site that recognises a canonical basic NLS in
protein cargoes. Upon binding the NLS, KPNA recruits KPNB which carries the complex
through the nuclear pore via interactions with nucleoporins in a Ran GTPase dependent
manner. KPNA 1-7 have been shown to mediate transport of various NF-kB complexes
(548-550). Immunoblot and immunofluorescence microscopy showed that endogenous
KPNA 1-7 bound endogenous NF-kB complexes when stimulated with TNF-a or Sendai
virus infection (548-550). The specificity of NF-kB complexes for KPNA molecules was
different and changed upon the composition of the imported NF-kB dimer (548-550). IRF3

nuclear import has been shown to be dependent on KPNA3 and 4 (551). In vitro translated
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KPNA3 and 4 immunoprecipitated with GST-tagged IRF3 (551). In contrast to proteins,
nucleic acids do not contain NLSs and therefore rely on nuclear import of NLS containing
proteins, particularly the transcription factors which shuttle continuously between the
cytoplasm and the nucleus (533,536). Labelling of plasmid DNA by site-specific
hybridization to rhodamine-conjugated PNA clamps showed that the presence of NF-kB

binding sites in the plasmid DNA increases its nuclear localisation (533,536).

Transcription factors such as NF-kB, SRF and HIF-1a are thought to bind the promoter of
plasmids containing DNA binding sites of these transcription factors and allow nuclear
import of the plasmid (532,552). For example, Vacik et al. (1999) used the promoter from
the smooth muscle gamma actin (SMGA) gene whose expression is limited to smooth
muscle cells which express the transcription factor SRF, required for SMGA gene
activation (532). Plasmids containing portions of the SMGA promoter were shown to
localise to the nucleus of smooth muscle cells, but remained cytoplasmic in fibroblasts and
CV1 cells which did not express SRF. Nuclear import of the SMGA promoter-containing
plasmid was achieved when the smooth muscle specific transcription factor SRF was
expressed in CV1 cells. Badding et al. (2013) took a proteomics approach to identify the
proteins that are involved in plasmid trafficking to the nucleus and subsequent nuclear
import (534). They developed a live cell DNA-protein pull-down assay to isolate DNA-
protein complexes at certain time points post-transfection for analysis by mass
spectrometry (MS). Plasmids containing promoter sequences bound hundreds of unique
proteins including importin-a and importin-, whereas a plasmid lacking any eukaryotic
sequences failed to bind many of the proteins. siRNA mediated depletion of importin-a and
importin-f inhibited nuclear import of plasmid DNA whereas importin 7 depletion did not

affect plasmid nuclear import (534).

Considering these observations, one possibility is that Vpr localises to the nuclear
envelope and modulates activity of importins to block nuclear import of IRF3 and NF-«kB,
which in the context of plasmid transfection, will also prevent nuclear import of the
transfected plasmid DNA that contains NF-kB or IRF3 binding sites (Fig. 6.1). This
mechanism is supported by several reports of Vpr interaction with KPNA/s (471,506) and
my observation that one of the inactive mutant Vprs has been described as a KPNA
binding mutant (495). Furthermore, lack of inhibition of expression from EF1-a or ubiquitin
promoters, which lack NF-kB binding sites, suggests that Vpr targeting of NF-kB nuclear
import may also prevent nuclear import of plasmids containing NF-kB binding sites
resulting in inhibition of expression from these plasmids. Consistent with this, nuclear
import of HIV-1 vector, which is dependent on nuclear pore proteins such as Nup153 and
Nup358, was unaffected by Vpr (Fig. 5.7) (63,68).
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Based on Vpr localisation to the nuclear envelope and its ability to interact with importins,
the role of Nup358, a nuclear pore protein, and TNPO3, a B-karyopherin, was investigated.
Localisation of Vpr to the nuclear envelope in Nup358 depleted cells suggests that Vpr
may not interact with Nup358 to localise to the nuclear envelope (Fig. 4.7). Although,
TNPO3 was found to be involved in IRF3 and NF-kB nuclear translocation (Fig. 4.10, 4.11),
but not degraded by Vpr (Fig. 4.12A), or modulated by Vpr in such a way which inhibits
CPSF6 nuclear import (Fig. 4.12C, D) suggests that TNPO3 may not be the Vpr target
protein. However, it is possible that TNPO3 mediates nuclear transport of NF-kB and IRF3
independently of CPSF6 nuclear import and Vpr is able to inhibit TNPO3 mediated IRF3
and NF-kB nuclear import without affecting CPSF6 nuclear import function of TNPO3.
Another possibility is that Vpr recruits DCAF1 E3 ubiquitin ligase complex to TNPO3
resulting in TNPO3 ubiquitination which does not lead to proteasomal degradation or affect
CPSF6 nuclear transport but prevents IRF3 and NF-kB nuclear import by TNPO3.

Several viruses have been shown to target importins to dysregulate innate signalling.
Japanese encephalitis virus NS5 targets KPNA2, 3 and 4 to prevent IRF3 and NF-kB
nuclear translocation (553). Co-IP experiments showed that NS5 interaction with KPNA2,
3 and 4 inhibited recruitment of IRF3 and NF-kB (p65) to KPNA2, 3 and 4. A block to IRF3
and NF-kB (p65) nuclear import, in the presence of NS5, was demonstrated by immunoblot
after cell fractionation. IRF3 phosphorylation was not affected by NS5 expression,
however, the IRF3 phosphorylation site detected by the antibody used is not specified in
the published manuscript. Hantaan virus nucleocapsid protein inhibits p65 translocation
by targeting KPNA1, -2, and -4 (554). Immunofluorescence showed that the nucleocapsid
protein over-expression inhibited nuclear translocation of GFP tagged-p65 in HEK293T
cells. Co-IP and immunoblot showed that the nucleocapsid protein interacted with
overexpressed flag tagged KPNA1, 2 and 4 in HEK293T cells. Crystal structure of Ebola
Virus VP24 protein with KPNAS5 revealed that Vp24 targets a unique NLS binding site on
KPNADS to compete with nuclear import of phosphorylated STAT1 (555). Recently, vaccinia
virus A55 protein was shown to interact with KPNAZ2 to disturb the interaction between NF-
kB and KPNA2 in HEK293T cells overexpressing flag tagged KPNAs. Co-IP and
immunoblot showed reduced interaction of HA-p65 with KPNA2 in A55 expressing cells
(556). Similar to the effect of Vpr on IRF3 phosphorylation, A55 expression inhibited NF-
kKB (p65) nuclear translocation and phosphorylation at S276 but did not affect S536
phosphorylation suggesting that blocking nuclear import of NF-kB (p65) may impact
phosphorylation of NF-kB at S276. In contrast to targeting importin-a, Hepatitis C virus
NS3/4A protein restricts IRF3 and NF-kB translocation by cleaving KPNB1 (importin-3)
(557). Immunoblot of HEK293T cells overexpressing NS3/4A protein showed cleavage of
KPNB1 and immunofluorescence microscopy of NS3/4A expressing A549 cells showed

inhibition of IRF3 and NF-kB nuclear translocation. Effect of NS3/4A on upstream
156



activation events such as IRF3 phosphorylation was not determined. Except for Hepatitis
C virus NS3/4A, all other reports show that viral proteins bind importins and prevent
recruitment of NF-kB and IRF3. The C-terminal tail of Vpr has been shown to bind both
the major and minor NLS binding sites in KPNA2 (507). This suggests that similar to other
viral proteins, Vpr might prevent recruitment of cellular NLS containing cargoes such as
NF-kB by KPNA2 which would inhibit innate immune activation and expression from co-
transfected plasmids. Furthermore, my data demonstrate that DCAF1 is essential for the
function of Vpr. Vpr interacts with DCAF1 to hijack the CLR4 E3 ubiquitin ligase complex
to target proteins for proteasomal degradation (469). This suggests that unlike other viral
proteins, Vpr binding to the KPNA/s may lead to their ubiquitination, which may alter their

function or target them to the proteasome.

Based on the data presented herein, the localisation of Vpr to the nuclear envelope seems
to be essential for its function. However, the mechanism of nuclear envelope localisation
is unclear. Vpr has been shown to interact with the nuclear pore proteins Pom121 and
hCG1 (496,498). It is possible that the novel binding interface identified in the mutational
analysis is actually the nuclear pore protein binding interface which allows Vpr localisation
to the nuclear rim and another region of Vpr is involved in binding the cryptic target protein.
The C-terminal tail of Vpr is unresolved in the full length Vpr crystal structure suggesting
that it is flexible and could adopt different conformations (478). Indeed, the C-terminal tail
was shown to adopt different conformations to bind the major and minor NLS binding sites
in KPNAZ2 (507). Taken together, it is possible that the interface identified by the mutational
analysis of Vpr is involved in an interaction with nuclear pore proteins that allow nuclear
envelope localisation whereas the C-terminal tail of Vpr binds KPNA/s to block nuclear
import of NF-kB and IRF3.

A recent study by Hotter et al. (2017) analysed 32 Vpr proteins from a large panel of
divergent primate lentiviruses. Consistent with the data presented in this thesis HIV-1 Vprs
were found to inhibit NF-kB (558). SIVcol and SlIVolc infecting Colobinae monkeys were
found to be be most potent at suppressing NF-kB activation. SIVcol and SIVolc differ from
all other primate lentiviruses investigated by the lack of both, a vpu gene and efficient Nef-
mediated downmodulation of CD3. In contrast to my data, analyses of SIVolc and SIVcol
Vprs showed that the inhibitory activity of Vprs is independent of DCAF1 (Fig. 4.4). On
the other hand, independence of the cell cycle arrest function and the inhibition of NF-kB
activation by SIVolc and SlIVcol is consistent with my data (Fig. 4.2). While both Vprs,
SIVcol and SlIVolc, target the IKK complex or a factor further downstream in the NF-kB
signaling cascade, only SlIVolc Vpr stabilised IkBa and inhibited p65 phosphorylation
(558). Furthermore, unlike my data showing NF-kB inhibition by virion associated (Fig. 4.5)
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and de novo synthesised HIV-1 Vpr (Fig. 3.2) this study found that only de-

novo synthesised but not virion-associated Vpr suppressed the activation of NF-kB (558).

6.7 Current model of Vpr action during HIV-1 infection

Current data suggest that Vpr plays a role during very early stages of the viral life cycle in
myeloid cells such as macrophages. After fusion, virion associated Vpr traffics to the
nucleus and may associate with the nuclear envelope (492). The viral capsid stays intact
as it traverses the hostile cytoplasm of the cell (68). The capsid protects the RNA genome
and the reverse transcribed DNA from cytoplasmic nucleases and innate sensors
(78,266). Although in vitro HIV-1 infection of macrophages does not activate innate
immunity, acute-phase replication of HIV-1 in vivo is thought to activate dendritic cells
which produce cytokines and chemokines (559). Under these conditions Vpr may provide
an advantage in viral replication. Vpr present at the nuclear envelope may inhibit nuclear
translocation of activated transcription factors such as IRF3 and NF-kB to suppress ISGs
and proinflammatory genes activation, possibly by targeting KPNAs for proteasomal
degradation via recruitment of CRL4 E3 ubiquitin ligase. NF-kB is one of the transcription
factors which enhance HIV-1 promoter activity (560,561). It is possible that Vpr-mediated
inhibition of NF-kB nuclear translocation may inhibit HIV-1 promoter activity. However, it
is envisaged that this function of Vpr will be transient and active only during very early
stages after viral entry. Once the integrated provirus expresses Gag, Vpr will bind the p6
domain of Gag which will localise it to the plasma membrane for incorporation into budding
virions (25,486).
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Figure 6.1 A unifying model of Vpr function

(1) Stimulation of various innate pattern PRRs result in activation of transcription factors
such as IRF3 and NF-kB. To activate ISGs or proinflammatory genes expression, NF-xB
and IRF3 translocate to the nucleus via the classical Imp-a/B dependent nuclear import
pathway. (2) Nuclear import of a plasmid transfected into cellular cytoplasm is essential for
gene expression. Transcription factors such as IRF3 and NF-xB bind to their cognate
response elements present in the promoter of the plasmid and allow nuclear import via the
classical Imp-a/p dependent pathway. (3) HIV-1 based vectors deliver genes to the nucleus
in an Imp-o/f independent manner. Vpr localises to the nuclear pores and targets Imp-a/
dependent nuclear import. Vpr may recruit DCAF1 E3 ubiquitin ligase to Imp-a and target it
for proteasomal degradation. This inhibits nuclear translocation of transcription factors such
as IRF3 and NF-«B which in turn inhibits IRF3 and NF-kB mediated plasmid nuclear import
but does not impact lentiviral gene delivery.
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7 Future work

Observation that exogenously expressed Vpr inhibits various innate immune pathways
such as the TLR4 or the RNA sensing pathway in THP-1 cells warrants further
investigations in MDMs during HIV-1 infection. Like cGAMP, stimulation of MDMs with the
TLR4 agonist, LPS, or the RNA sensing agonist, poly I:C, may inhibit replication of HIV-
1AVpr but not WT HIV-1. Furthermore, the activity of Vpr mutants such as VprQ65R,
VprP35N+F341 and VprR80A could be verified in MDMs during HIV-1 infection. To further
support the inhibition of NF-kB (p65) nuclear translocation by Vpr, phosphorylation of NF-
KB (p65) at S276 and S536 in the presence of Vpr should be investigated. It is possible
that like vaccinia virus A55 protein, Vpr may inhibit NF-kB phosphorylation at S276 without
inhibiting S536 phosphorylation.

To confirm the Vpr-mediated block to plasmid nuclear import and rule out the possibility of
Vpr affecting plasmid stability, localisation of transfected DNA in the presence or absence
of Vpr could be analysed by staining the plasmid DNA with fluorescent dyes or by
fluorescence in situ hybridisation (FISH). The effect of Vpr on nuclear import of plasmid
DNA could be measured by comparing the localisation of the plasmid stain with the DAPI
or the nuclear envelope stain. The effect of Vpr on plasmid stability can be measured by

comparing the intensity of the plasmid DNA stain in the presence or absence of Vpr.

The role of the C-terminal tail in Vpr should be investigated in the functional assays.
Mutations can be introduced in the C-terminal tail and activity of Vpr can be tested against
innate immune activation and nuclear envelope localisation. Localisation and function of
Vpr should also be tested in Pom121 and hCG1 depleted cells. Super resolution

microscopy can be used to precisely define Vpr interactions at the nuclear envelope.

Given that Vpr blocks nuclear import of transcription factors and plasmid DNA, the role of
karyopherins should be explored. Vpr has been shown to interact with KPNA1, KPNA2
and KPNA4 (471,506). Similarly, NF-kB nuclear translocation has been shown to require
KPNA1-7 (548-550) whereas IRF3 nuclear translocation involves KPNA3 and KPNA4
(551). Depletion of the KPNA/s targeted by Vpr will inhibit innate immune activation
downstream of various stimuli. Furthermore, it should inhibit expression from Vpr sensitive
plasmids such as the CMV promoter-driven plasmid, however, expression from Vpr
insensitive plasmids such as the EF-1a or the ubiquitin promoter-driven plasmids should
be unaffected. Given the redundancy in KPNAs function in nuclear transport and reports
of Vpr interaction with various KPNAs, it is likely that depletion of one KPNA may not be
sufficient to see the effect and depletion of multiple KPNAs in different combinations might
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be required. For further validation of KPNA/s as the Vpr target, an interaction between Vpr
and KPNA/s could be investigated by co-immunoprecipitation (Co-IP). Since Vpr inhibits
expression from co-transfected plasmids, Co-IP with overexpressed proteins might be

problematic and therefore Vpr interaction with endogenous KPNA/s should be pursued.

Recent study by Greenwood et al. (2019) showed Vpr driven global cellular proteome
remodeling. Comparison of total proteomes of uninfected CEM-T4 T-cell line with cells
infected with either WT HIV-1 or an HIV-1 Vpr deletion mutant (HIV-1 AVpr) showed that
1,940 proteins changed significantly in wild-type HIV-1 infected cells whereas only 45
significant changes occurred in cells infected with HIV-1 AVpr (562). Vpr-dependent
proteomic remodeling was found to be dependent on the interaction of Vpr with
DCAF1/DDB/Cul4 ligase complex. Critically, depletion of DCAF1 alone did not phenocopy
Vpr-mediated proteome remodeling, and the widespread effects of Vpr were therefore
unlikely the result of DCAF1 depletion. Comparison of the proteomic profiles showed
depletion of at least 302 proteins and upregulation of 413 proteins by Vpr. By combining
data acquired from cell proteomics, MS co-IP with epitope-tagged Vpr, and pulsed SILAC,
the authors proposed at least 38 direct targets for Vpr-dependent degradation, some of
which were validated by immunoblotting. The role of these 38 Vpr target proteins can be
investigated in various assays described in this thesis. Depletion of the protein responsible
for the function of Vpr described herein would prevent activation of various innate
signalling pathways and expression from a CMV promoter-driven plasmid but not from
EF1a or ubiquitin promoter-driven plasmid. Furthermore, depletion of the Vpr target protein

may prevent localisation of Vpr to the nuclear envelope.

The observations made by Greenwood et al. (2019) are limited to the CEM-T4 T cell line
model. Some functions of Vpr might be exclusive to myeloid cells and may not be
explained by protein targets identified in this study. An unbiased SILAC based approach
could also be utilised for the discovery of novel Vpr binding partners in THP-1 cells and
HEK293T cells used for characterisation of Vpr function described herein. Stable Isotope
Labelling with Amino Acids in Cell Culture (SILAC) is a metabolic labelling technique for
mass spectrometric (MS)-based quantitative proteomics. In a SILAC experiment, three cell
populations are generated in media with light, medium and heavy isotope amino acids
which are combined and analysed together by LC-MS/MS. In the MS spectra, each isotope
labelled peptide appears as a doublet with a distinct difference in mass. The abundance
of proteins between two samples is calculated by comparing the peak intensities (563). To
carry out SILAC for Vpr interactions, THP-1 or 293T cells expressing WT Vpr or mutant
VprF341+P35N can be compared with untreated cells. VprF341+P35N is active for cell
cycle arrest function but defective for antagonism of innate immune signalling or

expression from co-transfected plasmids, allowing differentiation of Vpr interactors that are
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involved in cell cycle arrest from those involved in antagonism of innate immunity or
expression from transfected plasmids by Vpr. The interaction of the top SILAC hits would
then need to be validated by Co-IP and then tested in functional assays. Depletion of these
proteins would be expected to prevent activation of various innate signalling pathways and
expression from a CMV promoter-driven plasmid but not from EF 1a or ubiquitin promoter-
driven plasmid. Furthermore, depletion of the Vpr target protein may prevent localisation
of Vpr to the nuclear envelope. It is possible that Vpr interacts with its target protein only
when the inflammatory signalling pathways are activated. To explore this possibility,

SILAC can be carried out with cGAMP treated or untreated THP-1 cells expressing Vpr.
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