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Abstract
The aim of this thesis is to present original research concerning co-infection between human
immunodeficiency virus type 1 (HIV-1) and hepatitis C virus (HCV) as well as HIV-1 and Ebola
virus (EBOV). This will specifically include studies with regards to understand how the
envelope (Env) glycoproteins of HCV (E1E2 and E2 alone) can modulate the activity of the
HIV-1 long terminal repeat (LTR) leading to a down-modulation in HIV-1 viral production and
infectivity. In addition, the novel theory of viral Env trans-complementation (wherein a single
viral particle can carry more than one Env) and the subsequent modulation of viral
phenotypes will be explored.
An estimated 2.3 million individuals world-wide are co-infected with both HIV-1 and HCV,
therefore the concept of LTR modulation via the HCV Env protein is both new and of great
relevance. Understanding HCV E1E2 or E2 dependent modulation of intracellular signalling
will also have implications in better elucidating the molecular processes influencing HIV1/HCV disease progression as well as other clinical implications associated with HCV
infection. These include the modulation of immune responses or cancer development.
Similarly, Env trans-complementation has only previously been studied with regards to
observing the shuttling of Env proteins and not regarding the formation of dual Env
expressing virions or the significance of this on modulating viral phenotypes. This is
investigated with reference to the recent Ebola outbreaks as well as HIV-1/HCV co-infection.
To assess the novel capabilities for E1E2/E2 related signalling modulation, the pseudo-typed
virus system was employed. Populations of single or dual Env expressing viral particles with
the HIV-1 backbone were created carrying HIV-1 gp120/gp41 Env (CCR5 or CXCR4 tropic)
glycoproteins as well as the HCV E1E2 Env protein. It was observed that increasing
concentrations of E1E2 led to a down-modulation of viral infectivity on the TZM-bl HIV-1
susceptible cell line. Trans-infection via DC-SIGN was not altered via co-expression of the HCV
E1E2 protein and antibody neutralisation (by either anti-HIV-1 or anti-HCV) was only
marginally affected.
Significantly, it was observed that an increase in HCV E1E2 lead to a decrease in HIV-1 viral
production when utilising the dual Env model. To further explore the role of HCV E1E2 on
HIV-1/HCV co-infection, E1E2 and soluble E2 (sE2) alone were transfected along with a
Luciferase expression plasmid under control of the HIV-1 LTR. A dose-dependent decrease in
LTR promoter activity was observed and where the effect was correlated to NF-ĸB signalling
but not activation. This was tested in a cross-HCV genotypic and HIV-1 subtype specific
manner with some differences identified.
Env trans-complementation was also investigated in relation to HIV-1/EBOV co-infection. A
substantial increase in CCR5 HIV-1 infectivity was observed when complemented with an
EBOV GP Env protein and modulation of both trans-infection via DC-SIGN and antibody
neutralisation was documented. This included a reduction in the neutralisation potential of
dual enveloped virus and an increase in viral infectivity in the presence of antibody. This
study is considered in the context of EBOV recurrence as documented in recent outbreaks.
The research presented here regarding the modulation of the HIV-1 LTR via HCV E1E2 or E2
and Env trans-complementation presents novel pathways by which viral phenotypes can be
affected. Importantly, this indicates new avenues of research regarding viral co-infection and
discusses the implications for affecting disease progression and treatment in co-infected
individuals.
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Introduction
4.1

Human Immunodeficiency Virus 1 Type (HIV-1)

It is estimated that globally (as of 2017) 36.9 million people are living with Human
Immunodeficiency Virus (HIV), the causative agent of acquired immunodeficiency syndrome
(AIDS)1. Since its discovery and isolation in the early 1980s, HIV has moved from being a
terminal disease to a lifelong chronic infection due to the advent of Highly Active
Antiretroviral Therapy (HAART). Typically, HIV is transmitted by sexual contact, through
injecting drug use or contaminated blood products and targets the cells of the immune
system expressing the CD4+ receptor as well as either co-receptors CCR5 or CXCR4. Two main
types of HIV exist, HIV type 1 (HIV-1) and type 2 (HIV-2), with HIV-1 being by far the most
prevalent world-wide. HIV-1 itself is a lentivirus, a complex retrovirus, comprising of two
single stranded RNA molecules surrounded by a protein capsid in turn encapsulated by
matrix protein and a lipid bilayer in which the viral envelope (Env) glycoproteins are
embedded (Figure 4.1.1).

Figure 4.1.1: Schematic of the HIV-1 virion. Taken from Hedestam, G. B. K., et al (2008)2.
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Currently, the World Health Organization (WHO) estimates that there were 1.8 million new
infections in 2017 with 940,000 HIV related deaths3. The specific epidemiology of individual
HIV-1 subtypes is discussed further in this thesis. In summary however, the epidemic
continues to be a global threat (Figure 4.1.2) with the highest prevalence of HIV in Eastern
and Southern Africa, documented to be home to over 50% of the current HIV+ global
population (an estimated 19 million individuals)4. This is followed by West and Central Africa
(an estimated 6.7 million)5. Strikingly, the rate of new HIV infections continues to rapidly rise
within Eastern Europe and Central Asia (namely the Russian Federation and the Ukraine) with
an estimated 30% increase in new infections since 20106. Of note, the African HIV epidemic
is typically driven via sexual transmission whilst the increase in new infections in Eastern
Europe and Central Asia has been attributed to injecting drug use7.

Figure 4.1.2: The estimated number of people living with HIV (2016) globally, per WHO region. Taken
from WHO8.

There are on-going challenges associated with HIV persistence and the development of a
preventative vaccine and the HIV epidemic continues to be a public health threat despite the
significant progress being made towards the UNAIDS 90-90-90 target deadline in 2020: 90%
of HIV+ individuals will know their HIV status, 90% of HIV+ individuals will be receiving longterm anti-retroviral treatment (ART) and 90% of those on ART will have achieve viral
suppression9. Of note, HIV-2 is mainly restricted to West Africa with an estimated prevalence
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of 1-2 million individuals and is characterised by significantly lower viremia and transmission
rates than HIV-110, hence HIV-1 is the focus of the research presented here.

4.2

HIV-1 Envelope: Structure and Function

HIV-1 Env is a glycosylated trimer comprised of gp120 and gp41 non-covalently linked
heterodimers, which are produced from a single env gene encoding the gp160 polyprotein
which is subsequently cleaved to produce the individual glycoproteins. The 5 variable loops
of gp120 (V1-V5) play a significant role in binding to CD4+ T-cells, an event which causes
conformational changes in these variable regions leading to disassociation of gp120 from
gp41 and membrane fusion11. The binding of gp120 to the co-receptors (either CCR5 or
CXCR4) leads to the exposure and insertion of the gp41 fusion peptide into the plasma
membrane of the target cell. This creates a fusion pore which allows access of the viral core
to the cell’s cytoplasm leading to reverse transcription, integration of viral DNA and
production of provirus12 (Figure 4.2.1).

Figure 4.2.1: Schematic of the stages involved in HIV-1 CD4 and coreceptor binding and entry. Taken
from Wilen, C. B., et al (2012)13.

The chemokine receptors CCR5 and CXCR4 act as viral co-receptors for entry, an event
significantly influenced by the V1V2 and V3 regions of the gp120 molecule. It is
predominantly a series of charged amino acid residues within the V3 loop that can influence
co-receptor usage patterns and which is an important determinant of viral transmission14.
The amino acid charges of the V3 region of X4 variants are generally positive whilst for R5
variants are negative or neutral15. Whilst there is significant variation in the V3 sequence
there are conserved residues16 which play a role in co-receptor usage17. Through sequence
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analysis and amino acid substitutions a number of residues have been identified as being
required for binding18

19 20

. Interestingly, multiple charged residues within the Ebola virus

(EBOV) Env glycoprotein are also required for viral infection21.

4.3

HIV-1: Immunology and Antibody Binding

4.3.1

The Innate Immune Response

A typical HIV-1 infection is characterised by a short period of acute infection, often just a few
weeks to months, wherein the virus is transmitted to an individual and takes hold and which
is characterised by extremely high viral loads and the induction of immune responses22. Cell
signalling events, caused by activation via recognition of viral pathogen associated molecular
patterns (PAMPs) by pattern recognition receptors (PRRs) such as toll-like receptors (TLRs)
during the initial stages of infection, are a vital part of the innate immunity, which often
determines the severity and extent of the induced immune response23. Whilst HIV-1 is a viral
infection and upregulation of TLRs (e.g., 3, 7 and 8) associated with the presence of viral
products (such as dsRNA and ssRNA) is expected, it is dependent on the stage of infection24.
The observed increase in patients with advanced disease in expression of TLRs 2, 4 and 6 may
be attributed to the presence of bacterial co-pathogens and increased microbial
translocation observed in HIV-1 infection and the progressive decline of the immune
system14. However, there may also be a different profile of TLR activation between
populations of individuals. In studies involving frequently exposed but seronegative (ESN)
individuals compared to healthy controls the activation pattern was biased towards
activation of signalling pathways that induced a greater pro-inflammatory response
(specifically TLR 7/8 induction of TNFα and TLR7 induction of IL-1β)25. Typically, in infected
individuals, once immune induction occurs viral replication continues and the resting CD4+
T-cells of the GI tract are among the first immune cell subsets to be infected and depleted,
along with helper T cells either via infection or apoptosis. The depletion of gut associated
lymphoid tissue (GALT) also leads to altered microbial translocation, often hallmarked by the
presence of lipopolysaccharide (LPS), thus creating a state of persistent immune activation
also leading to immune depletion15. It is also postulated that virus is transported via dendritic
cells (DCs) to different CD4+ populations within the lymph nodes26.
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DCs and Langerhans cells (LCs) are among the first cells to interact with virus and which
typically reside in either the skin or the genital mucosa27. In either case a pro-inflammatory
response is induced and immune cells, including additional DCs, natural killer (NK) cells and
CD4+ T-cells are recruited to the site of infection28. Interestingly, the vast majority of
transmitter/founder HIV-1 virions are CCR5 topic, with the CXCR4 variant developing later in
disease29. DCs act to bind HIV-1 gp120 via the Dendritic Cell specific ICAM grabbing nonintegrin (DC-SIGN) receptor, found expressed at the cell surface of most subsets of DCs.

DC-SIGN has been frequently described as an important cellular factor acting to enhance
infection through capture of HIV-1 and delivery of virus to CD4+ lymphocytes30. For example,
DC-SIGN may bind and capture HIV-1 virions within the genital mucosa, internalize them
thereby inducing maturation after which it migrates to localised lymph nodes and presents
virus to CD4+ T-cells31. There are two methods of viral transmission which involve DCs – the
infection of target cells involving the replication and release of new viral particles (cisinfection) and secondly the maintenance of the virus at the surface of a target cell (such as a
DCs) before being transmitted, via virological synapses, to other cells in close proximity
(trans-infection)32. For example, in the case of a CD4+ T-cell LFA-1 binds ICAM-1 present on
the surface of the DC whilst the CD4, CCR5and CXCR4 receptors bind the viral particle being
held on the surface of the DC by a receptor such as DC-SIGN33 which acts as an adhesion
molecule binding gp12034.

4.3.2

The Adaptive Immune Response

It is well known that the main cellular targets of HIV are CD4+ T-cells which can express the
co-receptors CCR5 and/or CXCR435. The combination of both the CD4 and the co-receptor
molecules allows for viral entry allowing for active infection as well as the creation of viral
reservoirs which generates a susceptible environment in which chronic infection can be
established36. This effect is further exacerbated by CD4+ anergy during later stages of
infection where there are fewer CD4+ T-cells available to prime37.

HIV-1 establishes latent reservoirs in which the viral genome becomes integrated into the
host cell, but where little to no replication takes place38. During this time, cytotoxic CD8+ Tlymphocytes (CTL) are induced which typically target epitopes relating to viral proteins nef
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and gag and kill infected cells39. The pressure from CTL can also contribute to the generation
of viral escape mutants40. The strong induction of CTL responses correlates with a stabilised
viral load, termed the viral set point, which has been correlated with progression to AIDS
with a higher set point relating to faster progression41. However, the on-going viral
replication can be lowered using HAART in order to control the viral load42.

B-cells can be infected with HIV-1 by binding of complement-HIV complexes to CD21 on the
B-cell surface43. Neutralizing antibodies (NAbs) induced against HIV: The lack of effectiveness
of NAbs found in HIV+ individuals is mainly due to the selection of escape variants from the
immunological pressure imposed on the virus as well as the impairment of the humoral
immune response as infection progresses. However, elite neutralizers (~1% of infected
individuals) do produce a potent and wide-range of NAbs44. Conserved epitopes of the HIV1 Env are shielded by a high number of glycosylation events and obstructed co-receptor
binding sites which prevents NAbs from binding. Therefore, neutralizing activity is typically
focused against the V1V2 loop of gp120 where antibodies can breach the ‘glycan shield’45.
The use of protein subunit vaccines to induce T-cell help to assist in developing and
maintaining a humoral response has so far been unsuccessful46.

Once the viral set point has been established the clinically latent or asymptomatic phase
begins. This follows on from a strong immune response controlling viral replication, however,
it is important to note that HIV-1 remains active particularly within the lymph tissue47. This
latency can last for upwards of 20 years, before progressing to AIDS in which opportunistic
infections emerge due to a depleted immune response.

4.4

HIV-1: Viral Lifecycle and Other Viral Proteins

The lifecycle of HIV-1 has been well characterised, and follows the following main steps:
Fusion, reverse transcription, integration, transcription, translation, assembly and budding48.
Interestingly, HIV-1 lacks a proper proof-reading mechanism during transcription which acts
to generate the many subtypes and quasi-species associated with HIV-1 infection49. In brief,
the lifecycle is as follows (Figure 4.4.1):
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Figure 4.4.1: Diagram of the stages of the HIV-1 lifecycle (including HIV-1 drug targets), illustrating
HIV-1 viral attachment to its primary target – the CD4 receptor, followed by coreceptor attachment,
fusion, reverse transcription in the cytoplasm, nuclear integration, transcription, translation and viral
release/maturation. Taken from Maartens, G., et al 201450.
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4.4.1

Fusion and Uncoating

Following HIV-1 gp120 Env trimer binding CD4 a conformational change in the V1/V2 and
V351 regions of gp120 occurs exposing the co-receptor binding sites to which either the CCR5
or CXCR4 receptors can bind. Next, gp41 undergoes a conformational change creating a prehairpin structure52 within the ectodomain which allows the two helical regions of gp41 to
form a stable six-helix bundle which effectively ratchets the linear structure of gp41 into a
hairpin formation which brings the viral and cellular membranes together in a fusion pore 53
thus creating a means for the viral core to inject into the target cell establishing infection.
Once this occurs, the viral capsid is uncoated and replication of the viral genome takes
place54.

4.4.2

Reverse Transcription (and Proofreading)

Virus encoded reverse transcriptase (RT) has two catalytic sites: a ribonuclease-H (RNase H)
site and a polymerase site. At the RNase site single stranded viral RNA is degraded after
transcription takes place at the polymerase site55. Structurally, the coding region of the viral
single stranded RNA is flanked by regulatory ends which control DNA synthesis. Briefly, the
RT enzyme is bound to a host transfer RNA (tRNA), which acts as a primer to bind the
regulatory primer binding site near the 5’ RNA end56. The RT then uses host nucleotides and
copies the 5’ RNA end forming a short minus sense single stranded DNA (ssDNA) strand57.
The RT/tRNA/minus ssDNA complex then binds the 3’ RNA end and completes the minus
ssDNA strand creating a complementary DNA (cDNA) strand to the original viral RNA strand.
The positive ssDNA strand can then by synthesised from the 3’ end of the viral RNA before
the tRNA primer is removed and hybridisation of the positive and minus ssDNA at the 5’end
can occur creating dsDNA58. Both strands are then elongated by RT. The coding region of the
viral DNA is now flanked by long terminal repeats (LTRs) at each end of the DNA59.

The process of converting viral RNA to DNA has little proofreading activity and therefore
contributes to the large degree of genetic diversity which characterises HIV-1 transcription.
This genetic diversity becomes advantageous to the virus when challenged with anti-viral
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therapy or other selection pressures such as CTL recognition and antibody responses of the
immune system.

4.4.3

Integration

Viral dsDNA is imported into the nucleus where it becomes integrated into the host cellular
genome. Integration itself is controlled by the viral integrase enzyme, a product of the pol
gene60. In short, integrase binds HIV-1 dsDNA at each end of the viral cDNA at the LTR and
cleaves a series of nucleotides at the 3’ ends of the HIV dsDNA leaving a 5’ overhang and a
3’hydroxyl group61 62. The integrase/viral DNA pre-integration complex is translocated to the
host cell nucleus via a nuclear pore where the host protein LEDGF/p75 binds the preintegration complex to host DNA63. The viral 3’hydroxyl group then separates and binds to
host 5’phosphate DNA ends in a reaction catalysed by the integrase enzyme. A host response
repairs the remaining DNA gaps using host polymerase, nuclease and ligase enzymes64.A
small amount of viral DNA does not undergo integration (ending as an abortive transcript)
which is then converted into circular DNA containing two copies of the long terminal repeat
(2-LTR) of HIV-1. These abortive viral DNA transcripts accumulate in the cytosol due to the
error prone reverse transcriptase process and can be used as a measure of on-going viral
replication (i.e., on-going replication leads to an on-going production of abortive
transcripts)65.

4.4.4

Transcription

The newly integrated proviral DNA acts as a template for transcription of mRNA by the host
encoded RNA polymerase II (Pol II) enzyme66. Transcription of HIV-1 is controlled by the LTR,
which acts as a viral promoter whereby a multitude of transcription factors can bind and
influence transcriptional output67. The initial stages of transcription lead to the production
of short transcripts of the viral proteins Transactivating factor (Tat) and Rev. These serve to
initiate and control transcription of the full length longer viral transcripts. The short
transcripts are as a result of transcriptional stalling due to cellular factors (such as DRB
sensitivity inducing factor, DSIF and negative elongation factor, NELF) binding Pol II
preventing transcript elongation68. To work around this and allow for transcriptional
elongation, Tat recruited to the LTR 5’ stem loop transactivation response (TAR) element of
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the early transcript69. Subsequently, Tat complexes with the human positive elongation
factor (P-TEFb) which phosphorylates the c-terminal domain of Pol II leading to the
dissociation of inhibitory cellular factors and transcription can thereby occur70.
Transcriptional feedback regulates Tat binding, thus providing a mechanism to reduce HIV-1
transcription when advantageous.

Since the primary HIV-1 transcript is 9kb in length alternative splicing is required, wherein
introns are removed from the pre-mRNA and exons are ligated, to ensure that all necessary
viral proteins are produced. This process occurs whilst the mRNA is associated with the
spliceosome71, a complex system comprised of numerous cellular factors. From the single
primary HIV-1 transcript, three types of polycistronic mRNA can be produced72: Un-spliced
mRNA which produces precursor Gag and Gag-Pol proteins (genomic mRNA, gRNA).
Additionally, incompletely spliced mRNA which contains open reading frames (ORFs) for Vpr,
Vpu, Vif and Env proteins are formed. Lastly, completely spliced mRNAs which contain the
ORFs for Nef and Rev and Tat are transcribed. Un-spliced mRNA is exported from the nucleus
and transported into the cytoplasm via association with Rev, which binds to the remaining
un-spliced introns at the Rev-responsive element (RRE)73.

4.4.5

Translation

Translation can occur via a 5’cap dependent mechanism or by the internal ribosome entry
site (IRES) dependent pathway. The mRNA 5’UTR is capped with a 7-methylguanosine
sequence and contains both the TAR and poly-A tail hairpin structures. In brief, the
translation initiation complex (eukaryotic initiation factor 4F complex, eIF4, a multi-subunit
structure which binds the 5’ cap structure) binds the 40S ribosomal subunit and travels along
the 5’UTR in a 5’-3’ direction until reaching an AUG start codon (located at the start of the
gag sequence) before the 60S subunit binds the complex, the 80S complex forms and
translation of the open reading frame can occur74. The 80S ribosome supports the formation
of the amino acid chain which creates the required polypeptide. Once a stop codon is
reached the polypeptide is released75. It is suggested that the hairpin structures in the 5’UTR
may prevent the initiation complex binding the 5’cap, thus it is likely that HIV-1 also contains
IRES element(s) downstream of these structures76. In an IRES dependent mechanism, the
IRES site is bound rather than the 5’cap77.
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Translation of the gag-pol mRNA requires a -1-frameshift located within the gag open reading
frame which causes the ribosome to skip over the stop codon found at the end of the gag
sequence and allows for translation of the gag-pol precursor protein. Similarly, the Vpu ORF
start codon is termed “leaky” in that the translation initiation complex can move through it
to access the Env sequence which follows it. A similar system is used in the translation of the
other bicistronic mRNA HIV-1 sequences78 79.

4.4.6

Polyprotein Cleavage, Assembly and Budding

Assembly of the polyprotein occurs at the cell’s plasma membrane wherein the Gag protein
mediates the sequence of events. Initially, the protease (an HIV-1 aspartyl protease) cleaves
the gag and gag-pol polyproteins produced after translation into mature viral proteins thus
allowing the formation of an infectious viral particle80. Env however undergoes glycosylation
and assembly into heterotrimers within the ER before being shuttled through the cellular
secretory pathway to the plasma membrane.

Gag and Gag-Pol are trafficked to lipid rafts at the plasma membrane wherein Gag is
anchored to the cytoplasmic side of the plasma membrane. Env is then incorporated at a
rate of approximately 7-14 trimers per virion81. In a similar fashion, HIV-1 accessory proteins
are incorporated to the Gag/Env arrangement at the plasma membrane. Lastly, two copies
of the RNA genome undergo dimerization before trafficking and incorporation to the virion.
Within the virion, viral proteases cleave the Gag and Gag-Pol polyproteins to form the
required viral enzymes (such as reverse transcriptase, integrase and protease) thus maturing
the viral particle82. The viral lipid Env is taken from the plasma membrane as the virion buds.
As such the virus takes part of the lipid bilayer with it and as such any proteins which may be
expressed on the exterior of the cell. Most of these will be adhesion factors however other
classes of protein will be included as well as other non-host proteins.
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4.5

HIV-1 Long Terminal Repeat and Transcription Factor
Signalling

The HIV-1 long terminal repeat (LTR) is found at either end of the proviral double stranded
DNA created after reverse transcription and is comprised of 3 regions: U3 (also divided into
the modulatory, enhancer and core promoter sections), R and U583 and regulates HIV gene
expression (Figure 4.5.1). The LTR contains binding sites for viral encoded proteins such as
Vpr and Tat. In this role, the transactivation response element (TAR) of LTR can bind Tat
inducing LTR activation84. The LTR also contains binding sites for host encoded transcription
factors such as nuclear factor of activated T-cells (NFAT), activator protein 1 (AP-1) and NFĸB.

Figure 4.5.1: Schematic of the HIV-1 LTR promoter showing the individual subsections of the overall
structure and individual factors which may bind, including the estimated binding sites. Taken from
Churchill, M. J., et al (2016)59.

NF-ĸB is a prominent pro-inflammatory transcription factor involved in several signalling
pathways initiated by the receptor classes such as the toll like receptors (TLRs) and the
tumour necrosis factor (TNF) superfamily85. When inactive, NF-ĸB is located in the cytoplasm
bound by its inhibitor IKB and there is evidence to suggest that under these conditions within
T-cells the resulting reduced LTR activation contributes to viral latency86. The activation of
NF-ĸB occurs when a series of phosphorylation events leads to the degradation of IKB. NF-ĸB
is released and subsequently translocates to the nucleus where it is able to regulate the
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transcription of relevant genes87, in the case of HIV-1 by binding to the NF-ĸB binding sites
found within the LTR.

In a similar fashion to NF-ĸB, NFAT is also held in the cytoplasm in an inactivated form before
phosphorylation events lead to its activation and translocation. However, in contrast to NFĸB, NFAT binding to the LTR of HIV-1 has been identified to be dependent on a number of
additional factors. For example, gp120 has the ability to activate NFAT and promote its
binding to the LTR in PBMC samples as well as purified resting CD4+ T-cells88. NFAT can also
bind AP-1 and when this occurs in the context of Tat the up-regulation of the LTR is increased
leading to greater transcription of viral genes89. Sp-1, an additional transcription factor, may
interact with Tat though a series of other proteins acting as co-activators leading to the transactivation of LTR90.

AP-1 has been identified to mediate the regulation of genes of a host cell involved in
processes such as proliferation and apoptosis in response to stimuli from the cytokine profile,
stress signals and pathogen present91. During HIV-1 infection, Vpr has been observed to
associate with TAK1, an upstream signalling protein, inducing TAK1 phosphorylation. This in
turn increases the ability of Vpr to activate both NF-ĸB and AP-1 leading to an increase in
LTR-dependent signalling which results in the up-regulation of the expression of cytokines
such as CCL5/RANTES and IL-892. RANTES expression in astrocytes has also been observed to
be dependent on NF-ĸB signalling as well as AP-193.

The composition of the LTR can differ between HIV-1 subtypes, depending on how many and
which type of transcription factor binding sites there are, however, at least one NF-ĸB
binding site is present in all subtypes.

4.6

HIV-1 Viral Reservoirs

Reservoirs are defined by the preservation of viable replicating virus and the stability in
which virus can maintain itself allowing for infection to persist. Latent reservoirs are no
longer actively producing virus but retain the ability to do so. Reservoirs include: the thymus,
bone narrow, lymphoid tissue, the central nervous system (CNS) as well as the genital and
gastrointestinal (GI) tract.
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A significant reservoir has been identified in TCM (T central memory) cells in individuals who
respond to HAART and is maintained via low levels of antigen driven proliferation meaning
that they are slow to be depleted. In individuals who don’t respond to HAART and harbour
low CD4+ T-cell counts the identifiable reservoir becomes TEM (T effector memory) and TTM
(T transitional memory) cells94. Each of these T cell subsets have individual surface receptor
profiles, with all expressing CD45RO (indicative of memory T cells95) but only TCM expressing
CCR7 – required for both lymph and gut homing in addition to CD27 (indicating a less
differentiated population more prone to proliferation in response to antigen96). TTM cells
display a more differentiated profile expressing CD45RO and C27 and lastly TEM only express
CD45RO97. In total this suggests a diverse reservoir of T-cells within the lymphoid tissue that
can be differentially infected with HIV-1. In addition to the circulating CD4+ T-cells are stem
cell memory T lymphocytes (TSCM) which represent an early developmental T-cell and if
infected with HIV-1, are a source of long-lasting viral replication98. It has also been suggested
that latent infection can be established in macrophages (one of the first cell sets to be
infected) within virus containing compartments (VCC) separate from the endocytic pathway,
inaccessible to antibodies and with a neutral pH99. Further experiments which used GFPtagged HIV-1 in primary macrophages to allow live-cell analyses support the hypothesis that
these macrophages subsequently infect T-cells via transient viral synapses wherein VCCs
migrate and release the viral particles into the synapse100.

As previously described, the GI tract supports a consortium of immune cells including a large
number of CXCR4+CCR5+ T cells. In addition, the GI macrophage population also represents a
potential HIV-1 reservoir, however there is debate as to whether these cells are capable of
supporting replication101. Other cells identified to be affected by HIV-1 infection include
those of the CNS. There are two barriers protecting the CNS, the blood-brain barrier and the
blood-cerebrospinal fluid barrier. Gene microarray analysis has demonstrated how HIV-1 can
alter the expression of genes in astrocytes, such as in reducing the ability to transport Lglutamate and dysregulation of cytokine expression leading to neuropathogenesis102. There
are continuous challenges to effectively treating HIV-1 within the CNS.

Both the male and female reproductive tracts are known to support viral reservoir formation
with HIV-1 detected in genital secretions and seminal plasma in untreated individuals103 104.
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Of note, viral persistence has been suggested to result from poor drug penetration
throughout the individual tissue compartments. However, the main focus of HIV-1 infection
within the reproductive tract is the early relationship between the DCs resident in the genital
mucosa and transmission to CD4+ T-cells, as described above105.

4.7

Hepatitis C Virus (HCV)

Hepatitis C Virus (HCV) is a positive-sense single-stranded RNA hepatotropic member of the
Flaviviridae family, which currently infects approximately 130-170 million people
worldwide106. The global prevalence is shown below in Figure 4.7.1:
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Figure 4.7.1: Relative Prevalence of HCV Genotypes Worldwide. Figure taken from: Messina, P., et al
(2015)107. Prevalence was estimated via combination of Global Burden of Disease data and in-depth
data review from published studies. Genotype 7 was not included due to limited reporting (at the
time, a single case in Canada108).
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Viral entry to susceptible cells is mediated via the two HCV Env glycoproteins expressed on
the surface of the virus – E1 and E2. E1 and E2 are both highly glycosylated type 1
transmembrane glycoproteins which use membrane anchored C-terminal tails to remain
tethered in the endoplasmic reticulum (ER) prior to a series of protein maturation events109.
E1 and E2 ultimately form non-covalent heterodimers with their role in serving as possible
fusion peptides having been widely debated. Recent advances via computational modelling
and the generation of crystal structures for both E1 and E2 have led to several hypotheses
regarding the structural role of E1 and E2 during fusion. The current understanding of HCV
cell entry includes the use of well-known receptors such as CD81 and the low density
lipoprotein receptor (LDL-R), however the specific series of events leading to fusion and entry
remain unidentified.

4.8

Envelope Structure and Function

The HCV E1E2 Env complex mediates viral entry by binding cell receptors such as CD81,
scavenger receptor class B type 1 (SR-B1) and Claudin-1 leading to tethering of the viral
particle onto the cell surface and internalisation via receptor mediated endocytosis.
Specifically, it has been found that binding with CD81 leads to clustering with claudin-1110. It
has been suggested that during endocytosis the corresponding pH change induces a
conformation change in the structures of E1 and/or E2. Once the viral particle has been
endocytosed it is released into the cytosol of the cell. Interestingly it has also been identified
that HCV particles have the capacity to bind lipoproteins and thus are able to bind cell surface
lipoprotein receptors such as LDL-R111. However, the precise series of events involving the
binding of E1E2 to cell surface receptors and the conformational changes that lead to
internalization remain unclear as well as the specific fusion motifs and peptides required for
this action to be undertaken.

As HCV is classified as a member of the Flaviviridae family it has been strongly suggested that
it uses the same class II fusion protein process for cell entry as other members of the viral
family. There are similarities to support this such as the predominant β-sheet structure of E1
and E2112 and a pH difference inducing a conformation change in the Env complex leading to
fusion and viral uptake by receptor mediated endocytosis113. Internally E1 and E2 are
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produced as a complex, indicative of class II fusion peptides being produced with a second
membrane glycoprotein114

115

. There are some differences, both E1 and E2 are highly

glycosylated in comparison to other class II fusion peptides and no specific internal fusion
peptide has been located with a loop conformation, as seen in many other class II fusion
peptides116. Class II fusion peptides also tend to have the same generic three domain
structure – DI is found at the N-terminus and is followed by DII which is comprised of an
internal fusion loop. DIII is located at the C-terminus. This structure has been hypothesised
for HCV but remains inconclusive117. Previous research has used surrogate models for HCV
such as the similarly structurally organised bovine viral diarrhoea virus (BVDV) or
comparisons with the Env glycoproteins of alphaviruses (E2 companion protein) and other
flaviviruses (E protein) known to hold the class II fusion peptide.

Each hydrophobic C-terminal transmembrane domain of E1 and E2 are approximately 30
amino acid residues in length and contain two hydrophobic regions, the second of which has
been specifically identified as acting as a signal sequence essential for anchoring the
glycoproteins to the ER membrane118 119. Between these two regions there are a series of
highly conserved charged residues which are required in retaining the Env glycoproteins in
the ER and where mutation of these charged residues leads to abrogation of retention. The
residues Lys370 (E1) and Asp728/Arg730 (E2) found within these stretches and are fully
conserved amongst a large number of natural variants with other residues being conserved
between the majority of variants120 121 122, indicating the importance of these sequences. It
has also been demonstrated that these charged residues act as part of the signal sequence
of the polyprotein because when these charged residues were mutated in the E2 domain the
signal sequence function found at the E2 C-terminus was abrogated123.

The hydrophobic C-terminal domains act to anchor the glycoproteins within the ER lumen
thus retaining each Env glycoprotein for further modification and heterodimer folding, aided
by the ER chaperone protein Calnexin. Calnexin specifically associates with E1124, incorrect
folding of which abrogates the formation of the heterodimer complex and thus prevents viral
entry. Notably, misfolding of E2 also leads to a dysfunctional heterodimer, however, a
possible role for chaperone proteins remains debatable125. Interestingly, E1 itself appears to
act in a chaperone capacity for E2 ensuring the glycoprotein undergoes the correct oxidation
pathway leading to the required folding126.
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4.9

HCV Viral Lifecycle

As with HIV-1, HCV is predominately transmitted person-to-person through contaminated
blood for example via tainted blood transfusions or by sharing contaminated needles (most
often occurring with injecting drug users, IDUs). This can likely explain for the large
proportion of people co-infected with both HIV-1 and HCV. Additionally, there is evidence
that HCV can be transmitted vertically from mother to child, most likely during chronic
infection of the mother. This risk of transmission can also be increased when the mother is
coinfected with HIV-1, possibly due to a diminished immune response against HCV. However,
factors such as HCV genotype and breastfeeding do not appear to correlate with increased
risk of vertical transmission127. Strikingly, in a study focussing on coinfected mothers who had
received ART no vertical HCV transmission was observed128. The course of HCV infection can
result in the spontaneous clearance of virus which occurs in approximately 15% of
individuals129, temporary clearance followed by the return of viral RNA levels, or no clearance
and the maintenance of viral RNA levels. The latter two outcomes ultimately lead to chronic
infection and liver damage which can result in cirrhosis or hepatocellular carcinoma (HCC)
and ultimately death130.

4.9.1

HCV Transmission and Viral Entry

There are two separate pathways which have been identified through which HCV can spread
to naïve cells – cell free entry and cell-to-cell transmission. Cell free entry involves the
infection of naïve target cells through the presence of extracellular viral particles whilst cellto-cell transmission entails the direct transmission of viral particles from an infected cell to
a neighbouring naïve cell131. Cell free entry requires the host very low-density lipoprotein
(VLDL) pathway to ensure release of the viral particle via attachment to host apolipoproteins,
subsequently leading to HCV freely circulating as a lipoviral particle132. HCV then interacts
with receptors such as SR-B1, CD81, Claudin-1 (CLDN-1) and EGFR (epidermal growth factor
receptor) leading to clathrin-mediated endocytosis133.
Cell-to-cell transmission of HCV particles involves the binding of HCV to the receptor cell
(e.g., hepatocytes) through the Env glycoproteins E1 and E2. This interaction subsequently
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allows a concentration of virus to build before interactions with other host factors such as
CD-81, SR-B1 (scavenger receptor class B member 1), CLDN-1 and OCLN occurs and the virus
is internalized via clathrin-mediated endocytosis as with cell free entry. SR-B1, CLDN-1 and
Occludin are located in the intracellular tight junctions of hepatocytes with NPC1L1 located
in proximity and it is therefore possible that these receptors interact with each other to
enable cell-cell transmission. Since NPC1L1 usually acts to mediate the absorption of
cholesterol it was speculated that NPC1L1 may additionally play a role in cell-free
transmission. Using ezetimibe (a chemical which blocks NPC1L1 internalization) and blocking
antibodies against NPC1L1 both cell-cell and cell-free transmission of HCV were prevented
indicating a novel role for NCP1L1 in cell-free transmission; however, its method of action
remains to be determined134. A significant strength of cell-to-cell transmission is its
resistance to neutralizing antibodies.

There has been much debate over the role for CD81 in the transmission of HCV between
cells. Previous research has identified that mutating residues within the E2 protein of the
HCV Env, which is normally required for CD81 binding to facilitate viral entry, demonstrated
the expendable nature of CD81 in the spread of HCV135. However, inhibiting the expression
of CD81 in HCV hepatoma cells inhibited HCV entry, whilst the expression of CD81 in HCVresistant cell lines136 causes the cells to become susceptible to HCV infection. CD81 has also
been shown to act as a co-receptor for CLDN1 and this complex then aides in HCV
internalization and antibodies against CD81 inhibited cell-free HCV infection137. More
recently a general consensus has been reached that CD81 is necessary for HCV infection138.

4.9.2

Transcription and Translation

Once HCV particles enter the cell, they undergo capsid removal in the cytoplasm and
translation of the positive sense viral RNA takes place at the rough endoplasmic reticulum
(ER) leading to the assembly of the HCV polyprotein which can be subsequently cleaved by
the host ER signal peptidases or by viral proteases to produce the individual viral structural
and non-structural proteins. The new negative strand RNA acts as a template for the
synthesis of new positive strand RNA which is matured and enveloped in the Golgi apparatus
and is then released through the secretory pathway139 140 141. The HCV precursor polyprotein
is encoded in a single open reading frame (ORF) of approximately 3000 amino acid residues:
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Figure 4.9.1: The HCV genome, depicting the organisation of the structural and non-structural proteins.
Taken from Moriishi, et al142.

The polyprotein contains the structural and non-structural proteins required for virion
formation (Table 4.9.1, below)143 144. These proteins are subsequently cleaved by either host
cellular or viral proteases.

Protein

Structural

Function

or NonStructural
Core

Structural

Formation of HCV nucleocapsid

E1

Structural

An Env glycoprotein which forms a heterodimer with E2

E2

Structural

An Env glycoprotein which forms a heterodimer with E1

p7

Non-

Viroporin which acts as an ion channel

structural
NS2

NS3

Non-

Dimeric cysteine protease145 also involved in organizing viral

structural

assembly

Non-

Serine protease and cofactor for NS4A and is involved in NS3-

structural

4A complex formation. Has also be known to cleave innate
immunity adaptor proteins TRIF and MAVS146

NS4A

Non-

Cofactor for NS3

structural
NS3/4A

Non-

Located on ER membrane and mitochondrial associated

complex

structural

membranes and acts as a protease cofactor
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NS4B

Non-

Acts to rearrange the internal ER membranes to create the

structural

membranous web147, which may act to increase efficiency
viral replication148

NS5A

Non-

Serine phosphoprotein149 which acts to modulate HCV RNA

structural

replication and possible involved in modulating the host
response to IFN-α therapy

NS5B

Non-

RNA dependent RNA polymerase used during production of

structural

negative strand RNA and genomic positive strand RNA. The
negative stand RNA acts as the template for the genomic RNA

Table 4.9.1: The structural and non-structural proteins of HCV.

The 5’ non-coding region of the HCV genome is highly conserved and contains the internal
ribosome entry site (IRES) which has the capacity to bind the 40S ribosomal subunit. This is
followed by the formation of the 48S subunit complex which recognises the AUG initiation
codon. Initiation of translation occurs when translation factors such as eIF2, eIF3, GTP and
Met-tRNAi act to position the 40S subunit at the site of translation initiation and promote
the assembly of the initiation complex150 151 152. Once translation has been complete a signal
sequence located in the C-terminus of the core protein near to the N-terminus of E1 is
recognised by a signal recognition peptide (SRP). This in turn directs the
ribosome/polyprotein/SRP complex to the ER where the ribosome binds the Sec61p complex
and the signal peptide is inserted into the lumen of the ER153 154 155.

Following Core protein cleavage by signal peptide peptidases (SPP) the C-terminal domains
of each glycoprotein become anchored into the ER membrane forming a hairpin structure.
Following cleavage at the signal peptides located in the C-terminus of each glycoprotein the
hydrophobic C-terminal domains re-orientate towards the cytosol forming a signal
transmembrane passage for each glycoprotein156 157 158. This event leaves E1 and E2 anchored
to the membrane of the ER ready for folding and protein maturation events. Charged
residues within the transmembrane domains (TMDs) of each glycoprotein are essential for
the correct topological orientation. The full HCV lifecycle is surmised in Figure 4.9.2 (below):
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Figure 4.9.2: A schematic of the lifecycle of HCV. A) HCV enters the target cell via receptor mediated
endocytosis. B) The virus undergoes capsid removal wherein the viral RNA in released into the cytosol.
C) Viral RNA undergoes translation into the polyprotein before translocation to the ER membrane. D)
Viral replication takes place within the ER. E) The newly formed viral particle buds into the ER lumen.
F) The viral particle is released from the infected cell. Figure taken from Pezacki, J. P., et al (2010)159.
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Notably, saturation of the ER retention system leads to an escape of glycoproteins via the
secretory pathway leading to the expression of a small percentage at the cell surface
membrane. This occurrence is particularly observed in the production of HCV pseudo-typed
virus particles160 161.

4.10

Immunology

4.10.1

The Innate Immune Response

After HCV enters the cell, the PRRs such as TLR3 and RIG-1 are bound by HCV associated
PAMPs such as dsRNA and the HCV internal ribosomal entry site (IRES) leading to a series of
signalling events mediated by the mitochondrial antiviral signalling protein (MAVS) leading
to phosphorylation of IFN regulatory factor 3 (IRF3) by IKKε and TRAF. TLR3 can also be
activated by HCV leading to TRIF signalling, and both the MAVS and TRIF pathways lead to
induction of genes involved in the production of antiviral cytokines such as IFN-β as well as
proinflammatory cytokines such as TNF-α162.

The activation of IFN-β induces an antiviral state within the cell as well as leading to the
activation of the Jak/Stat pathway which induces interferon stimulated genes (ISGs) such as
ISG IRF7 to produce IFNα163. IFNα in turn reduces the infectivity of HCV virus particles by
inhibiting its genome translation and replication, with this effect also helping to protect
neighbouring naïve cells from infection164. Therefore type 1 IFNs have been identified as
potent host restriction factors. Similarly, type 3 IFNs consisting of 3 types of IFNλ can also
induce ISG activation and can be produced by sinusoidal cells165 within the liver and therefore
the signalling cascade leading to ISG induction is protected from the evasion tactics of HCV.
However, recently it has been identified that in patients with chronic infection the presence
of higher levels of IFNλR1 correlated with a lower response to treatment with peg-IFNα
indicating that the presence of IFNλ may be a double-edged sword166. Nevertheless, a single
nucleotide polymorphism (SNP) in the promoter region of the IL-28 gene (which encodes
IFNλ3) has been identified as being highly correlated with viral clearance and successful
treatment167.
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HCV can bind MyD88, an adaptor protein involved in TLR signalling, causing a downregulation via TLRs 2, 4, 7 and 9. This effect has been observed in hepatocytes (the primary
locale of HCV) and macrophages as well as plasmacytoid DCs (pDCs)168. By inhibiting the
activity of the adaptor protein, HCV mediates the immune response ultimately inducing a
limited innate immune response. This in turn acts to inhibit activation of the adaptive
immune response.

NK cells have often been described as the bridge between the innate and adaptive immune
responses169 due to their relatively early appearance during immune induction after myeloid
lineage cells (e.g., macrophages and DCs) but before the majority of the lymphoid cell
responses (e.g., B and T-cells). However, their ability to produce IFN-γ, which subsequently
induces the adaptive immune response to a TH1 subset, and “naturally kill” tumour and
pathogen infected cells is similar to CD8+ cytotoxic lymphocytes (CTL) and there is some
evidence that NK cells possess at least a vague memory-like capability170. In relation to HCV
infection NK cells have been suggested to play a positive role in protection against the
development of excessive fibrosis by killing hepatic stellate cells (HSCs), which whilst having
been determined to be resistant to HCV infection, can produce collagen as a result of chronic
injury to the liver171 and are known to be involved in the production of pro-inflammatory
cytokines during infection172. This disproportionate HSC related pro-inflammation induction
ultimately results in damage to the liver and thus contributes to fibrosis during chronic
infection.

4.10.2

The Cellular Adaptive Immune Response

The main adaptive contributor to either viral clearance or suppression is virus specific CD8+
T-cells, especially those with specific HLA class 1 alleles such as A3 and B27173. The antiviral
effects exerted by CD8+ T-cells are mediated through 2 different pathways. The first involves
cell lysis following direct cell-to-cell contact between the infected cell and the CD8+ T-cell.
The second requires IFN-γ and inhibits HCV replication, although the precise mechanism
behind this still needs to be elucidated174. It has been observed that an accumulation of virus
specific IFN-γ producing CD8+ T-cells within the liver correlated with viral clearance and that
separately, antibody depletion of these cells correlated with viral persistence175. Sustaining
this response also seems to be dependent on other adaptive immune responses, as when
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TH17 cells secreting IL-21 were lost as were CD8+ T-cells. This is supported by how IL-21
induces CD8+ T-cell differentiation into CTL capable of killing infected cells176

177

. The

increased expression of cell surface proteins such as programmed cell death 1 (PD-1) by CD8+
T-cells also leads to a signalling cascade that induces the inhibition of cytokine production
and proliferation of T-cells upon ligand binding178.

A role for CD4+ T-cells has been elucidated in T-cell depletion studies in the in vivo
chimpanzee model. When both CD4+ and CD8+ T cells underwent antibody depletion this
prevented the clearance of HCV179. Similarly, CD4+ T-cells were noted to play a necessary role
in the maintenance of CD8+ memory cells with failure corresponding to an increase in the
emergence of viral escape mutants180.

In contrast to other viral infection the adaptive immune response to HCV is not detectable
(within the liver) until at least 8 weeks after the initial infection and this delay is present in
individuals with both acute/self-limiting and chronic infections181. Clearance of HCV during
the acute phase is believed to be due to HCV-specific CD8+ T-cells, and prior experiments
show mRNA expression of IFN-γ and the CD8β chain is associated with the decrease in the
viral titre182.

A minority of patients infected with HCV develop acute infection leading to spontaneous
clearance, associated with a robust CD4+ and CD8+ T-cell response. The majority of
individuals who develop chronic infection have been shown to develop a reduced number
and functional response of HCV-specific CD8+ T-cells183. Unsurprisingly, this response is
further reduced when coupled with HIV-1 infection due to the associated loss of CD4+ T-cells
and their ability to maintain CTL responses via cytokine secretion and their role in the
development of a specific memory response184.

There is evidence to suggest that whilst coinfection with HIV-1 contributes to the loss of CD8+
T-cell responses against HCV, those remaining responses become stronger than those found
in mono-infected individuals185. This involved using ELISPOT analysis to identify the IFN-γ
response by HCV specific cells and found that the cumulative response was greater in the coinfected than in the mono-infected cohort. Drawing on this data, it was hypothesised that
the greater CD8+ T-cell response could be responsible for the acceleration towards liver
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pathology during coinfection due to CD8+ T-cell mediated HCV infected hepatocyte
destruction186.

4.10.3

The Humoral Adaptive Immune Response

Neutralising antibodies (Nabs) have been identified in both primate models infected with
HCV187 as well as patients and are believed to play a role in controlling viremia during acute
infection. The antibodies produced during infection vary in efficacy and mode of function
with the most efficient being identified as containing binding epitopes for hypervariable
region 1 of E2. Neutralising activity is thought to be via several pathways including antibody
dependent cellular cytotoxicity (ADCC)188 and direct viral neutralisation.

However, an interesting paradigm regarding the role of NAbs in HCV infection can be
observed in individuals with hypogammaglobulinemia, a primary immune deficiency which
presents with variable or low levels of immunoglobulins leading to an impaired antibody
response. There have been contradicting reports over the course of disease progression with
some able to clear an acute infection and others who progress to chronic infection more
rapidly189. This suggests that either a low level but highly efficient repertoire of NAb are
capable of clearing infection, or that the cellular response is the primary means of clearance.

4.11

Ebola Virus

Ebola virus (EBOV) is a member of the Filoviridae family and causative agent of haemorrhagic
fever. Within the EBOV family, there are five viral species of which four can cause disease in
humans. These species are: Zaire ebolavirus (ZEBOV, highest mortality rate), Sudan
ebolavirus (SUDV), Tai Forest ebolavirus (TAFV), Bundibugyo ebolavirus (BDBV) and Reston
ebolavirus (RESTV, causes disease in pigs and non-human primates). Each species is typically
named for the location in which it was discovered. Of note, the EBOV Env glycoprotein (GP)
“Gebov” or “Guinea Ebola Virus”, is derived from the strain of Zaire EBOV identified to have
caused the 2014-2016 outbreak in West Africa.
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4.11.1

Outbreaks and Therapies

The largest outbreak of Ebola was centred in West Africa particularly in Liberia, Guinea and
Sierra Leonne where (as of March 27th 2016) a recorded total of 28,610 cases (suspected,
probable and confirmed) were identified with 11,308 deaths190. Of interest, all 3 counties
also have an HIV+ population:

Country

Population Estimate (Million)191

HIV+ Population Estimate
(Thousand)192

Sierra Leonne

6.3

54

Guinea

12.7

120

Liberia

4.3

33

Table 4.11.1: An overview of HIV-1+ populations in each of the three main counties affected by the
2014 West African outbreak

Marburg virus falls under the same family as EBOV and causes haemorrhagic fever much in
the same fashion. During an outbreak of Marburg in Europe in 1967 it was documented that
a patient transmitted EBOV virus 120 days after disease onset to his partner. Interestingly,
the virus was found at detectable levels in seminal fluid and after excluding all other
possibilities it was concluded that the virus had been passed via sexual transmission193.
Previous similar instances include an outbreak of Marburg in Kenya in 1980 where virus was
found in the seminal fluid of a patient collected 2 months post recovery194 and isolation of
Marburg virus from the anterior chamber of a patient’s eye several months after recovery195.
A follow up study of an EBOV outbreak in Kikwit, Democratic Republic of the Congo (DRC) in
1995, reported several complications that didn’t present until recovery and which included
arthralgia (joint pain) as well as ocular disease which were both suspected to have been
caused by persistent viral replication196. Accordingly, there is a history of corroborating
evidence for EBOV recurrence and sexual transmission including studies based on the most
recent EBOV outbreak which have detected EBOV by RT-PCR in seminal and vaginal fluid197
as well as immunologically privileged sites such as the eye198 199.

The 2014-2016 EBOV epidemic provided an opportunity to develop and test new therapies
and treatment options, including ZMapp: a combination of three monoclonal antibodies with
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epitopes against the EBOV Env glycoprotein. ZMapp was used as part of a trial during the
West African outbreak with an aim to produce neutralising antibody effect200. In addition,
convalescent plasma (CP) taken from EBOV survivors was tested as a means to treat those
exposed to virus and providing passive immunity. CP is defined as plasma taken from
individuals who have recovered from infection, in this case people who were infected with
EBOV during the outbreak and who survived. Historically, CP has been investigated as a
potential therapy for other viruses such as SARS and Influenza A virus with relative successes
observed201. In the context of the EBOV outbreak, trials were established to determine if CP
could act as viable therapy, with use of EBOV derived CP determined to be safe202 however
a later study found that a fixed volume (500ml, unknown neutralising antibody titres) of CP
contributed little to no improvement on survival rates203. It is worth noting that whilst
survival was not affected this does not exclude the possibility of CP affecting viral infection,
particularly in the context of co-infection. Of note, the DRC very recently experienced an
outbreak of EBOV which was treated with the ring vaccination protocol (wherein all contacts
and contacts of contacts of an infected individual are vaccinated) with the experimental
rVSV-EBOV Ebola vaccine. This vaccine was also used as part of a trial in Guinea in 2015204.

4.11.2

EBOV Viral Lifecycle

Viral attachment and internalisation by endocytosis (GTPase dependent macropinocytosis)
is followed by transportation through endocytic pathways until a low pH and the presence
of cathepsin proteases205 allow for the GP to undergo the required conformational changes
to reveal the Nieman-Pick (NPC-1) receptor binding domain. NPC-1 is then used for fusion
between the virus and endocytic compartment at which point the replication can begin
within the cytoplasm206. The single-stranded negative-sense 19kb RNA Ebola genome
encodes eight structural proteins: Nucleoprotein, virion proteins (VP24, VP30, VP35 and
VP40), polymerase, GP and the soluble form of GP (sGP)207. Replication takes place using the
virally encoded polymerase which produces a positive-sense template RNA after
nucleocapsid formation which acts as scaffold for the polymerase, RNA and
ribonucleoprotein complex. Once the template RNA has been produced the EBOV genome
undergoes transcription 3’-5’ to produce monocistronic mRNA which is then capped and
polyadenylated208. GP is synthesised in the ER where it undergoes posttranslational
modification (e.g., acylation and glycosylation) and is then transported to the plasma
membrane via the Golgi apparatus. GP then associates with VP40 for viral assembly. VP40,
Page | 44

Lindsay McKay

nucleoprotein, VP35 and VP24 also associate into structures together which travel to the cell
surface where they interact with lipid rafts before being incorporated into the virion209. The
full viral lifecycle can be found illustrated in Figure 4.11.1 (below):
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Figure 4.11.1: Schematic of the EBOV 3’-5’ genome showing the individual proteins encoded:
Nucleoprotein – NP, Viral Protein – VP, Glycoprotein/soluble glycoprotein – GP/sGP, Large protein aka
the viral polymerase – L (A) and general viral life cycle (B). Taken from Messaoudi, I., et al (2015)210.
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The required entry receptor for EBOV has been hypothesised, with likely candidates including
mannose-binding lectin, cholesterol and Ad3, all of which are required for the
macropinocytosis211, however the full mechanism required still remains to be elucidated.
Additionally, C-type lectins such as DC-SIGN and LSECtin (lymph node sinusoidal endothelial
cell C-type lectin) have been noted to possess the ability to bind to GP212 213 thus enhancing
infection of macrophages and endothelial cells214. Known sites of EBOV replication include
macrophages215 and immature DCs (iDCs)216, similarly to HIV-1217.

4.11.3

EBOV Envelope: Structure and Function

The Env of EBOV is comprised of two type 1 transmembrane glycoproteins, GP1 and GP2,
which form trimers in spike like structures and both of which are produced from a single ORF
which encodes for a 364-residue protein. Post-translational cleavage by furin produces a
glycosylated soluble glycoprotein with an unknown purpose218. Unusually, a polymerase
stutter during transcription causes the insertion of an additional adenosine in a minority of
transcripts which results in a frameshift and production of a glycoprotein known as pre-GP219.
The EBOV virion structure and GP processing are illustrated below in Figure 4.11.2:
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Figure 4.11.2: Schematic of EBOV virion (top) showing the genome processing leading to variant
glycoprotein production (bottom). Taken from Majid, M. U., et al (2016)220.

The end result is a C-termini possessing variant disulphide bonds and overall structure.
However, the most produced EBOV Env glycoprotein is a heterodimer consisting of two
subunits (GP1 and GP2)221. The role of GP1 is cellular attachment, with its N-terminal region
responsible for receptor binding, whilst GP2 is required for membrane fusion and contains
the hydrophobic fusion peptide.

4.11.4

EBOV Immunology

EBOV utilises a number of different mechanisms to evade and disrupt the immune response.
For example, VP35 blocks type 1 IFN production leading to a dysregulated anti-viral response
by disrupting the RIG-1 pathway preventing interferon-stimulated gene transcription222. In a
similar fashion, VP24 also blocks the STAT1 TF thereby preventing transcription of various
immune genes, including those involved in type 1 and 2 IFN production223. Another
component of the innate immune response, C1q of the classical complement system, binds
to Ab-GP complexes leading to an increase in the association between the virus and target
cells in a similar fashion to Ab dependent enhancement wherein Abs bound to GP also bind
to the Fc receptor of target cells224. EBOV shedding of GP acts as an immune decoy and
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contributes to the induction of a pro-inflammatory cytokine storm by triggering immune
activation. Infected macrophages and DCs also produce pro-inflammatory cytokines which
act to recruit additional cells thus intensifying the immune response225. In relation to the
adaptive immune response, dysregulation of DCs has been observed due to impaired DC
maturation as a result of VP35 and VP24 although the exact mechanism remains unknown226
227

. This in turn leads to T-cell apoptosis and a lack of a TH response which subsequently leads

to reduced B cell immunity.

4.12

Viral Co-Infection

Due to shared routes of transmission and common tropisms, viral co-infection is relatively
common. However, co-infection often leads to a change in pathology as a result of immune
dysregulation or viral-viral interactions. As such, understanding the consequences of coinfection is necessary for the application of therapies and treatments as well determining
the method by which each virus affects disease progression.

4.12.1

HIV-1/HCV

There are an estimated 2.3 million individuals (as of 2016) co-infected with both HIV-1 and
HCV. Shared routes of transmission leading to co-infection include contaminated blood
products such as blood transfusions or the sharing of needles (particularly for those who are
injecting drug users), which account for the majority of co-infections228

229

. Other routes

include sexual and vertical transmission230.

A hallmark of HIV-1 and HCV coinfection is the faster progression of liver-related pathology
leading to progressive fibrosis and a greater likelihood of developing hepatocellular
carcinoma. This outcome has been related to a number of events which occur during
coinfection with HIV-1 such as the depletion of immune cells leading to the loss of an
effective T-cell response against HCV, microbial translocation from the GI tract leading to
chronic immune activation resulting in immunopathology associated damage within the
liver231 and lastly the interaction of HIV-1 proteins such as gp120 interacting with Hepatic
stellate cells (HSCs)232.
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This protein-cell interaction has been shown to induce activation of NF-ĸB and p38 MAPK
pathways leading to an increase in the expression of MCP-1 and IL-6. These HSCs act to
mediate the production of fibrogen and the subsequent interaction with HIV-1 induces a
fibrogenic and proinflammatory response in the liver233. This antagonistic role of HIV-1 on
HCV infection is further supported by evidence that unlike HCV RNA levels, HIV-1 RNA levels
are indicative of the progression of liver disease in a dose dependent manner234. However,
the presence of HIV-1 Vpr protein has been shown to induce an increase in the level of HCV
RNA235. Recombinant gp120 has also been shown to alter the phenotype of HSCs towards a
profibrogenic response, inducing an increase in the migration of HSCs as identified using
primary cells which were incubated with recombinant gp120. An increase in the secretion of
the pro-inflammatory cytokines MCP-1 and IL-6 were also found to be induced. It has also
been demonstrated that this effect is modulated by CCR5 and CXCR4 (both present on the
surface of active HSCs), which act to transduce signalling236.

In relation to the T-cell response, several studies have investigated the effect of HIV-1/HCV
co-infection in comparison to single infection. It was identified that during co-infection
regulatory T-cells had an increased expression of exhaustion markers such as PD-1237. T-cell
exhaustion has also been correlated with faster progression to HCV viremia238. HAART was
also correlated with a reduction in liver associated pathology and fibrosis with co-infection,
including a drop in the number of infiltrating CD8+ T-cells in the liver239. Interestingly, a
previous study using PBMCs isolated from individuals infected with either HIV-1 or
coinfected with HIV-1 and HCV identified that CD14++ and CD16++ macrophages were targets
for both viruses. This also correlated with the observation that these macrophages expressed
CD81 on their surface240. These results are supported by a study which identified that
macrophages infected with HCV increase their expression of TNF-α and IL-8241, both
cytokines which can increase HIV replication.

4.12.2

HIV-1 in the liver

Whilst HCV has been identified as a primarily hepatotropic virus, HIV-1 has also been
identified to infect liver cells. In experiments using R5 and X4 tropic HIV-1 pseudo-typed virus
particles it was observed that integrated HIV-1 DNA could be detected in primary
hepatocytes and that the integrated DNA levels dropped in a dose dependent manner when
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the integrase inhibitor raltegravir was added. Culture supernatants from infected
hepatocytes were able to provide infectious viral particles that could infect a non-hepatic
HIV-1 indicator cell line242. It has also been demonstrated that HSCs can be infected by HIV1243. However, it has been suggested that the rate of infection of HSCs may be restricted due
to the low levels of HIV-1 receptors on HSCs in comparison to more susceptible cell lines244.
HIV-1 is also capable of infecting macrophages present within the liver (Kupffer cells) as well
as hepatic T-cells245 246.

4.12.3

HIV/Ebola Virus

Studies into viral coinfections with EBOV have been restricted by the practicality of handling
replicative competent EBOV. Additionally, previous outbreaks have been limited to a few
hundred recorded individuals and follow up regarding survivors had not been as vigorous as
the most recent outbreak in West Africa. To this end the effect of EBOV infection on other
viral infections such as HIV-1 has not been well studied. However, since the West African
outbreak (2014-2016) there continue to be sporadic EBOV outbreaks in the Democratic
Republic of the Congo. Prior to 2014, there have been outbreaks since the first recognised
cases in 1976. These outbreaks have mainly been constrained to Africa, with a few registered
incidences resulting from laboratory contamination.

The capacity of EBOV to remain in an individual causing re-infection in later months as well
as shared sites of replication between both viruses (macrophages and iDCs) increases the
probability for virus-virus interactions, including the potential for trans-complementation of
viral Env’s.

4.13

Viral Envelope Trans-Complementation

Here, it is hypothesised that a virus can incorporate a mix of viral Env glycoprotein into a
single viral particle leading to an increase in the repertoire of susceptible cell lines and the
potential for novel reservoir formation. Whilst the notion of a virus having more than one
Env protein is relatively unexplored there is the basis for investigation, particularly in the
context of shared sites of replication, protein incorporation and virus-virus interactions. It
could be hypothesised that dual Env expression on a single virus particle can alter phenotype
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in a way that can affect cell type of infection, receptor interactions as well as neutralisation
potential with a number of inhibitory agents targeting the Env proteins.
It is known that HIV-1 has the capacity to acquire host-derived proteins during viral assembly
which can influence the subsequent budding processes247 and which have been attributed to
virus Env formation. The process of HIV-1 budding from cells leads to the accumulation of
host proteins within its lipid bilayer, the majority of which are adhesion molecules248.
Interestingly, some of these proteins are known to pose an effect on HIV-1 infectivity249. For
example, the incorporation of HLA-DR (a molecule which naturally associates with T-cells and
CD4) within the virus envelope increases the binding of HIV-1 gp120 to CD4, in vitro250 251.
HLA-DR has also been identified on HIV-1 viral samples taken from infected individuals, via
antibody capture252. Similarly, ICAM-1 incorporation can increase HIV-1 infection of T cells 510-fold253. Incorporation of an additional charged Env glycoprotein into a viral Env may alter
the overall tertiary structure leading to a change in the infectivity of a viral particle.
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4.14

Aims

The aim of this thesis is to explore viral co-infection between HIV-1/HCV and HIV-1/EBOV,
specifically in relation to the novel hypotheses regarding two subjects:
•

HCV E1E2 or E2 Env mediated modulation of HIV-1 LTR signalling
o

Can HCV Env modulate HIV-1 LTR signalling

o

Determine the phenotypic effect of HCV Env modulated LTR signalling on
HIV-1, specifically in relation to viral infection, replication, DC-SIGN transinfection and antibody neutralisation

o

Determine if this affect is similar across LTR subtypes and HCV Env genotypes

Understanding how HCV Env is capable of modulating HIV-1 LTR (and therefore intracellular)
signalling pathways is relevant in regards both to the 2.3 million individuals co-infected with
both viruses254 but also to other clinical aspects such as oncogenesis and immune signalling.
•

The theory of Env trans-complementation wherein a single viral particle can carry
more than one Env leading to modulation of the viral phenotype
o

Can a single viral particle carry two distinct Env and can this be confirmed

o

How does Env trans-complementation affect viral phenotype, including:
Infectivity, DC-SIGN trans-infection and antibody neutralisation

o

Determine if the same effect on viral phenotype is achieved between both
HIV-1/HCV and HIV-1/EBOV Env dual expression

Env trans-complementation has not previously been suggested or studied as a means by
which viral phenotype may be modulated. As previously discussed, HIV-1 can accumulate
host-derived proteins within its envelope leading to a modulation of infectivity. Here it is
sought to determine how the presence of additional viral-derived Env can modulate the viral
phenotype as this is of relevance to any viral co-infection (particularly involving HIV-1).
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Materials and Methods
5.1.1

Cell Culture:

Cell lines 293T, Huh7 and TZM-bl were cultured in DMEM whilst Raji DC-SIGN cells were
cultured in RPMI. All media was supplemented with 10% heat inactivated FBS and 1% Lglutamine and cells grown at 5% CO2/37oC.

5.1.2

Plasmid Preparation:

Plasmids were prepared using Heat Shock transformation followed by purification using the
Qiagen miniprep or maxiprep kits. In short, 2µl plasmid stock was added to One Shot TOP10
bacteria, mixed and incubated on ice for 30 minutes. The mixture was then incubated at
42oC for 30 seconds followed by 30 seconds on ice. 0.5ml SOC media was then added and
the mixture was incubated at 180rpm for 1 hour at 37oC before being plated on antibiotic
selective agar plates overnight. Colonies were then picked and grown in 5ml BHI/ampicillin
culture (6 hours, 180 rpm at 37oC). Positive cultures were then spun down at 6000g for 15
minutes at 4oC. The Qiagen miniprep protocol was then followed. For maxiprep’s, 250ml
BHI/ampicillin cultures were used. All plasmids used in this research utilised a pcDNA3
vector. The p8.91 and pCSFLW backbone plasmids have previously been described and
characterised by Grehan, K., 2015255. The pNL4-3-luc backbone plasmid has been previously
been described and characterised by the NIH AIDS Reagents Program (catalogue #3418). The
HIV-1 fusogenic envelope plasmids have previously been described and characterised by
Trkola, A., 2017256; Trkola, A., 2015257 and Seaman, M. S258. The E1E2 and sE2 HCV envelope
plasmids have previously been described and characterised by Tarr, A., 2011259. HIV-1 LTR
plasmids have previously been described and characterised by Van Opijnen, T., 2004260.

5.1.3

Pseudo-typed virus Production:

HIV-1 JRFL (R5), HIV-1 LAI (X4), EBOV GP (Ebola) and HCV E1E2 envelopes were transfected
into 293T cells in 10cm dishes using PEI. 900ng of each envelope was used except where
described below. The envelope deficient lentiviral backbones p8.91 (construct containing
gag-pol) and pCSFLW (construct with firefly luc under control of the CMV promoter) were
used at 1000ng and 1500ng, respectively. For virus co-transfected with dual envelopes, E1E2
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or EBOV plasmid was used in limiting dilution along with standard HIV-1 Env input and
backbone. Media was changed 12-16 hours post transfection and stocks harvested 48 hours
later. All cells are incubated in 5% CO2/37oC. For virus created using the retroviral system
using envelope deficient backbone pNL4-3-luc, the backbone was used at 2000ng and the
HIV-1 or HCV envelopes used in a 1:1 or 10:1 ratio, respectively. The same protocol for
lentiviral pseudo-typed virus production was then followed. Virus denoted by “Delta Env”
acts as a negative control as the envelope deficient backbone is transfected alone.

5.1.4

Pseudo-typed virus Infection:

Infection was carried out on TZM-bl, Huh7 and 293T cell lines (cultured in DMEM
complemented media). Viral stocks were first quantified via capsid-p24 input and infection
was standardised on p24 value. Target cells were first seeded at a density of 15,000 cells per
well (96 well plate) 24 hours prior to infection. Media was then removed from the plate
before 50µl required media was added, followed by 100µl of p24 standardised virus stock.
After 6 hours of incubation an additional 100µl of target cell media was added to each well.
After an additional 48 hours of incubation the cells were washed with PBS, lysed and read
for luminescence.

5.1.5

Viral Quantification (p24 Capsid Assay):

All p24 assays were performed using Aalto Bio Reagents Ltd protocol and recombinant p24
standard, p24 coating antibody (polyclonal sheep anti-HIV-1-p24 gag), secondary conjugate
(alkaline phosphatase conjugate of mouse monoclonal anti-HIV-1-p24) and ELISA Light
Immunoassay System. All samples were diluted using 0.1% Empigen/TBS. Plates were read
using a luminometer with an emission filter of 460, gain at 3600, an interval time of 1.0 and
positioning delay of 0.1.

5.1.6

LTR, SE2 and E1E2 Transfection:

293T cells were seeded at 15,000 per well in a 96-well plate 24-hours prior to transfection.
On the day of transfection, media was removed and 50µl of Opti-MEM was added to each
well. Per well, 2µl Opti-MEM was added with the following plasmid quantities used: 12, 6 or
1ng E1E2 or sE2 plasmid (nanogram quantity equalised with pcDNA3 between conditions),
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6ng LTR and 1ng Tat. 35µl PEI was diluted in 200µl Opti-MEM and 2µl diluted PEI was then
added. The plasmid/PEI mix was then incubated at room temperature for 30 minutes before
being added to the plate, which was then incubated for 6 hours at 5% CO2/37oC after which
the Opti-MEM/plasmid mix was removed from the wells and 250µl DMEM complete medium
was added. Plates were read for luciferase 48 hours after transfection.

5.1.7

Stable Cell Line Production:

TZM-bl cells were seeded into a 12-well plate at 75,000/ml. At 24-hours post seeding the
cells were transfected with either an E1E2 or sE2 plasmid (containing a neomycin resistance
gene) using the PEI protocol described above. Reagents and plasmid concentration were
scaled down accordingly. At 48-hours post transfection, the media was refreshed using
antibiotic selection DMEM (previously optimised as 400ug/ml G418) to replenish the cells.
The cells were split and replenished with selection media until control cells (non-transfected)
died and in the transfected cultures antibiotic resistant foci began to appear. These were
expanded before being tested for plasmid expression via FACS.

5.1.8

FACS Staining for V5 Tag Expression:

V5 tag expression was confirmed via FACS staining of cells infected with pseudovirus
transfected using the V5 expressing plasmids. In short, 250,000 infected cells were harvested
48 hours post infection and were resuspended in 100ul 4% paraformaldehyde solution for
20 minutes at 4oC. Cells were then washed twice in staining buffer (0.2µm pore filtered
PBS/1% heat inactivated FBS) and resuspended in fixation buffer (PBS/1% heat inactivated
FBS/0.5% saponin) for 15 minutes at room temperature. Cells were then resuspended in 50µl
fixation buffer containing the primary antibody (1:100 dilution of V5 antibody) for 30 minutes
at 4oC in the dark. Cells were washed with fixation buffer twice before being resuspended in
20µl fixation buffer containing the secondary antibody (1:5 dilution of anti-mouse goat PE
conjugate), for 30 minutes at 4oC in the dark. Cells were then washed and resuspended in
200µl staining buffer at 4oC in the dark until FACS analysis.
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5.1.9

FACS Staining for Stable Cell Line Expression:

FACS was carried out as described above, however the stable cell lines were tested using the
AP33 primary antibody at a 1:10 dilution and a secondary anti-mouse goat PE conjugate (1:5
dilution). The AP33 antibody recognises E2 epitopes between aa412-423.

5.1.10

TCID50 Assay:

7,000 cells/well were seeded in a 96 well plate. The cell lines used were TZM-bl, TZM-bl-E1E2
and TZM-bl-sE2. 24hrs post seeding, 100µl of replication competent LAI-YFP virus was used
to infect the cells in a limiting dilution from 10ng – 0.078ng. At day 4, 7, 10 and 14 100µl was
harvested from each well before being stored at -80oC. The media was then refreshed in the
plate and left to incubate until the next time point. When all samples had been collected and
thawed, 10µl 2% empigen was added to each well and left to inactivate the virus for 30
minutes at 56oC. Viral replication was quantified by p24 ELISA, as described above.

5.1.11

Raji DC-SIGN Capture-Transfer:

1x106 Raji DC-SIGN or Raji cells were re-suspended in 100µl of virus, standardised at
50ng/ml. These cells were then incubated for 2 hours at 4oC in 5% CO2. Subsequently, these
cells were then centrifuged at 7000rpm for 1 minute before the supernatant was removed
and used to infect TZM-bl cells (15µl x6 wells of a 96 well plate). The Raji cell pellet was then
washed 4 times with 200µl warm PBS and centrifuged each time at 7000rpm for 1 minute.
Cells were re-suspended in 90µl DMEM complete and 15µl of the cell/virus suspension was
used to infect (x6) TZM-bl cell wells and 200µl DMEM complete was added to each well. The
TZM-bl cells were then incubated for 48 hours at 37oC in 5% CO2 before being read for
luciferase output.

5.1.12

Antibody Neutralisation:

All incubation steps took place at 37oC/5% CO2. Virus was first standardised on 10ng/ml
before 30µl of 2F5/2G12/B12 antibody was added in the following 4-fold dilutions: 10µg/ml,
2.5µg/ml, 0.625µg/ml, 0.15µg/ml and 0.0375µg/ml. The virus/antibody mixture was then
added to TZM-bl or Huh7 cells and incubated for 6 hours before media was replenished with
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100µl, followed by a final 48-hour incubation. The TZM-bl or Huh7 cells were then read for
infection via luciferase output. For samples neutralised with Ebola survivor serum
convalescent plasma, 2-fold plasma dilutions were used ranging from 1/16 – 1/1024.
Samples diluted with anti-HCV AP33 antibody, the following dilutions were used: 5µg/ml,
1µg/ml, 0.5µg/ml, 0.1µg/ml and 0.01µg/ml.

5.1.13

Nuclear Extraction:

All samples for TransAM NF-kB ELISA and mass spectrometry were prepared using the
following protocol. 293T, TZM-bl, TZM-bl-sE2 and TZM-bl-E1E2 cells were grown to required
confluency prior to extraction. Cells were washed with 10ml cold PBS, followed by 10ml cold
PBS supplemented with 5mM NaF and 1mM Na2MoO4. 10ml HB 1X (2X: PBS supplemented
with 40mM HEPES, 10mM NaF, 2mM Na2MoO4 and 0.2mM EDTA) was then added for 5
minutes before being removed and 0.6ml lysis buffer (10ml HB 2X supplemented with 400µl
10% NP-40 and 9.6ml H20) added for a further 5-minute incubation. The cells were then
transferred to an Eppendorf before being spun at 13,000rpm for 60 seconds. The
supernatant was removed and the pellet resuspended in 50µl resuspension buffer (10ml HB
2X, 4ml 97% glycerol and 6ml H2O). 60µl salt buffer (10ml HB 2X, 4ml 87% glycerol, 4ml 4M
NaCl and 2ml H20) was then added before the samples were incubated for 1 hour on a
rotating wheel. 1ml each resuspension buffer and salt buffer, supplemented with 40µl PIC
25X (protease inhibitor cocktail, Sigma) and 100µl Phospho Stop 10X (phosphatase inhibitor
cocktail, Sigma) were added prior to use. The samples were then spun at 13,000rpm for 10
minutes before the protein concentration was quantified via Bradford assay. Once
quantified, the samples were aliquoted and stored at -80oC. All steps of this protocol were
undertaken either on ice or at 4oC.

5.1.14

Bradford Assay:

Bradford quantification was performed using the Quick Start Bradford Reagent (1X, Bio-Rad).
Bovine serum albumin was used as a standard. Samples were diluted in PBS before 150µl
was pipetted into a 96-well plate. 150µl of Bradford dye reagent (used at ambient
temperature) was then added and left to incubate at room temperature for 5 minutes. The
plate was then read using a spectrophotometer at 595nm.
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5.1.15

TransAM p65 Activation Assay

The TransAM p65 activation assay was performed by our collaborators in Renard Lab from
the University of Namur (Belgium). My contribution to this was the preparation of required
cell lines and transfection conditions, nuclear extraction, quantification of protein via
Bradford assay and data analysis. In brief the TransAM methodology261 is as follows: The
extracted nuclear extract was incubated in a 96-well plate coated with a double-stranded
oligonucleotide containing the consensus sequence recognised by NF-ĸB. The assay was then
performed according to the supplier’s recommendations (Active Motif).

5.1.16

Liquid Chromatography/Tandem Mass Spectrometry

The Liquid Chromatography/Tandem Mass Spectrometry assay was performed by our
collaborators in Renard Lab from the University of Namur (Belgium). My contribution to this
was the preparation of required cell lines and transfection conditions, nuclear extraction and
quantification of protein via Bradford assay. The initial data analysis was conducted by
Renard Lab, with analysis on-going by both Renard Lab and Paxton Lab. The full procedure
can be found in Tachney, A., et al (2012)262. In brief the protocol is as follows: 20 picomoles
of the 226-bp HIV-1 5’LTR probe was incubated with 1mg streptavidin-coupled beads
(Dynabeads M-280 Streptavidin) before washing with PBS to remove unbound biotinylated
oligonucleotides prior to protein binding. 1mg of nuclear extract was pre-incubated on ice
for 15 mins with binding buffer, and then incubated with beads for 1 hour at 21oC on rotary
wheel. Beads where then washed sequentially with binding buffer, PBS and 50mM NH4HCO3.
Beads were then re-suspended in a biotin-containing solution for2 hours at 21oC on a rotary
wheel to remove bound DNA/protein complexes. Supernatant was then collected and
washed with 10µl biotin.

Proteins bound to capture probe were the prepared for tryptic digestion by boiling for 5 mins
in boiling solution. Samples were then reduced for 30 mins at 50oC with 5mM DDT before
being alkylated for 30 mins in the dark and digested overnight with 1 µg/µl in 50 mM
NH4HCO3, 1 mM CaCl2 (Trypsin Gold, Mass Spectrometry Grade - Promega). After digestion
proteins were incubated for 30 mins at 21oC on a rotary wheel with fresh streptavidincoupled magnetic beads before washing with PBS and 50mM NH4HCO3. After capture of
excess free biotin, samples were acidified and hydrolysed.
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Peptides were analysed by using nano-LC-ESI-MS/MS maXis Impact UHR-TOF (Bruker,
Bremen, Germany) coupled with a UPLC Dionex UltiMate 3000 (ThermoFisher). The digests
were separated by reverse-phase liquid chromatography using a 75 µm X 250 mm reverse
phase column (Acclaim PepMap 100 C18, ThermoFisher) in an Ultimate 3000 liquid
chromatography system. Mobile phase A was 95 % of 0.1 % formic acid in water and 5 %
acetonitrile and mobile phase B was 0.1 % formic acid in acetonitrile with a runtime of 120
mins. 15µl digest was used and MS spectra were acquired for 0.5 s in the m/z range between
50 and 2200. The 10 most intense peptides ions 2+ or 3+ were sequenced. The collisioninduced dissociation (CID) energy was automatically set according to mass to charge (m/z)
ratio and charge state of the precursor ion. The MaXis and the Ultimate systems were piloted
by Compass HyStar 3.2 (Bruker). The peak lists were searched against a subset from the
taxonomy homo sapiens of the UNIPROT database (162267 entries).

Scaffold software (Scaffold 4.8.4, Proteome Software) was used to validate MS/MS based
peptide and protein identification. Peptide identifications were accepted if they could be
established at greater than 35% probability to achieve an FDR less than 2% by the Scaffold
local FDR algorithm. Protein identification were accepted if they could be established at
greater than 8% probability to achieve an FDR less than 5% and contained at least 2 identified
peptides. Analysis of variance (ANOVA) with a significance level of p<0.05 and a
normalization based on total spectra was applied to the results.
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HCV Envelope Trans-complementation Modulates HIV-1
Phenotype
6.1

Introduction

6.1.1

Determinants of HIV-1 Entry Receptor Usage

Co-receptor usage of HIV-1 is thought to be determined by a complex of interactions
between the variable regions of the gp120 envelope (Env) protein and an array of
electrostatic charges resulting from individual amino acid residues in the Env protein263.
Changes in key residues, particularly in the gp120 V3 loop have been observed to cause
modulation in the binding of Env to either CCR5 (R5 tropic) or CXCR4 (X4 tropic), the two
main co-receptors for HIV-1. These positions include the V3 residue 322, which when
switched from a negative to a positively charged amino acid was sufficient to alter the
receptor tropism from R5 to X4264. This was found to result from the electrostatic repulsion
between residues 322 (typically negatively charged) and 304 (typically positively charged)
which maintained the tertiary structure of the B-hairpin in a confirmation suitable for CCR5
binding. Mutating residue 322 abrogated this electrostatic arrangement thus eliciting a
change in coreceptor usage. This suggests that the electrostatic charges within the Env
glycoprotein and receptor tropism are sensitive to such alterations and that these changes
can significantly affect virus infectivity of target cells265. The same study also found three
additional pairs of charged residues which elicited the same response indicating that
modulation of the gp120 env structure via electrostatic charge can occur at multiple
locations. Interestingly, the majority of transmitted HIV-1 viral particles are R5 tropic, with
the switch to X4 resulting from mutations selected later in infection266. The use of CXCR4
correlates to a faster decline in CD4+ T-cells numbers and advancement to AIDs267. This
indicates that a change in coreceptor tropism can be linked to a modulation of viral infectivity
efficiency. It should be noted, that in addition to R5 and X4 tropism HIV-1 can also be dual
tropic for both coreceptors (R5/X4)268.

A number of HIV-1 gp41 residues have also been identified to correlate with coreceptor
usage phenotype. These were found in the extracellular domain of gp41 indicating that the
interaction between gp41 and gp120, particularly gp41 stabilising the binding between
gp120 and CD4, can also influence infectivity269.
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In addition, a role for N-linked glycosylation sites have been shown to influence HIV-1
infectivity, notable since both gp120 and E1 and E2 of HCV are highly glycosylated270. This
study found that the location of N-glycans near disulphide bridges as well as the number of
N-glycan sites was a determinant of viral infectivity, including in the context of capture-andtransfer of virus by DC-SIGN. A similar effect was generated with the N-glycosylation sites of
HCV E1, but not E2 (or that of the control glycoprotein, EBOV). This effect was also
determined to be strain specific, with a lack of conservation of N-glycosylation sites between
those tested. It was noted however, that often when there was a loss of a conserved glycan
between strains this was associated with a non-conserved N-glycan site present nearby,
suggesting a level of redundancy between N-glycans.

As the V3 loop is required for coreceptor binding, having been exposed via conformational
change following gp120 binding CD4271, it is interesting that other regions of the Env protein
are also likely to be involved in coreceptor tropism. A prior study has shown that the V1V2
region of gp120 and its level of N-linked glycosylation play’s a significant role in determining
the use of CXCR4 and dual coreceptor tropism272. It was shown that when the V1V2 region
of early HIV-1 isolates was replaced with that of a late isolate and an array of charged V3
residues it was the modulation of the V1V2 region which impacted upon receptor usage with
dual tropism observed and no significant reduction in the use of CCR5. The late isolate also
contained an additional N-linked glycosylation site in the V1 region and the early isolate
showed a residue mutation in the V3 region which lead to a loss of an N-glycosylation site.
When the V3 residue was more positively charged this correlated with an increase in CXCR4
usage when the V1 N-linked glycosylation site was missing. Interestingly, when the V3
residue was more positive, the effect was abrogated. As a whole, these results demonstrate
that the N-linked glycosylation profile within the V1V2 region of gp120 can modulate
receptor usage, but that this is restricted in the context of the V3 region charge. The pattern
of glycosylation of the V3 region was also observed to impact viral infectivity, with a high V3
charge and low glycosylation correlating to enhanced CD4+ lymphocyte infection, most likely
via the CXCR4 coreceptor. Charged residues at the C-terminal of V2 have also been
connected to coreceptor tropism with CXCR4 usage and basic residue accumulation linked273.
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It is clear that a complex network of electrostatic charges and N-linked glycosylation events
determine the usage of HIV-1 entry coreceptors and that individual changes to either of
these can result in modulation of viral infectivity.

6.1.2

Viral Env Trans-Complementation Hypothesis

It is hypothesised here that a viral particle can incorporate separate viral Env glycoproteins
into its own envelope leading to a modulation of viral phenotype. The notion of a virus having
more than one Env protein expressed is currently relatively unexplored, however there is
relevancy for investigation particularly in the context of shared sites of protein incorporation
and virus-virus interactions. It has previously been described that HIV-1 incorporates host
derived proteins274 into its lipid bilayer as a result of budding from an infected cell. Here we
suggest that in addition to host proteins, viral proteins (including the E1E2 or E2 HCV Env
glycoproteins) can also be incorporated during co-infection. With regards to the electrostatic
charges which regulate receptor tropism, it is proposed here that the addition of another
viral Env can modulate infection phenotype. This may occur via changes in the overall surface
electrostatic charge, or additionally via steric hindrance between closely associated Env
molecules.

There are several Env viruses which bud from either the plasma membrane or the membrane
of the cell organelle275. These include retroviruses such as HIV-1 in addition to others (Table
6.1.1):

Viral Family
Paramyxoviruses

Virus Examples

Known Examples of Budding

•

Measles

The lipid envelope of the virus is gained (post

•

Respiratory

assembly) via viral budding from the host

Syncytial Virus

cell’s plasma membrane.
Lipid rafts are used in the localisation of viral
structure proteins thus allowing for assembly
at the plasma membrane.
Measles is hypothesised to associate with
lipid rafts during Golgi maturation – similarly
to influenza276.
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Orthomyxoviruses

•

Lipid rafts are utilised for the association of

Influenza

hemagglutinin

and

neuraminidase

proteins277.
The Env protein of Influenza is known to
originate from lipid rafts within the host cell
membrane and that disruption of these
cholesterol and sphingolipid rich rafts results
in an antiviral effect278.
Filoviruses

•

virus Budding occurs at the cell surface after

Ebola

nucleocapsid complexes containing the

(EBOV)

necessary viral proteins and RNA are formed
in the cytoplasm and transported to the cell
membrane.
The

viral nucleocapsid complexes are

transported from the cytoplasm via a
microtubule dependent pathway279.
Coronaviruses

•

Severe

acute Virus utilises the ER membranes as sites of

respiratory

viral replication and buds from the ER-Golgi

syndrome

intermediate compartment and the Golgi

coronavirus

region280 281.

(SARS-CoV)
Arenaviruses

•

Lassa virus

Env glycoprotein is cleaved at either the ER or
Golgi to produce timers before being
transported to the cell membrane pre-viral
assembly and budding282.

Rhabdoviruses

•

Rabies virus

Budding occurs when ribonucleoproteins
(formed of viral RNA and several viral
proteins) are recruited to the cell membrane
before interacting with the glycoprotein prior
to release283.

Table 6.1.1: A summary of viruses which are known to utilise budding from cellular membranes as part
of their lifecycle.
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The nature of these viruses budding, and the potential to take other proteins as part of the
process, highlights that there is a wider implication and relevance for transcomplementation.

6.2

Results

In order to assess the impact of viral Env expression on viral phenotype we utilised the
pseudo-typed virus system. The pseudo-typed virus particle system (also known as the
lentiviral expression system) is a versatile tool which allows the study of potentially
dangerous viruses safely under BSL2 laboratory conditions. A lentiviral vector acts as a
backbone and contains the necessary genetic components for packaging of viral particles and
integration284 into the host cell genome, depending on which components are present. Since
the virus does not contain an Env gene the resultant infection is blunted and does not allow
for the subsequent generation of infectious virus particles.

A number of other viral proteins can be modified and reporter proteins can be additionally
incorporated into viral genomes enabling for restricting or monitoring infection. For
example, the pNL4-3.luc.R-E- backbone also contains a defective Vpr sequence preventing
viral integration. The lack of Env allows other viral Env proteins to be incorporated via cotransfection of plasmids expressing the viral backbone and the viral Env of Choice. If the
backbone lacks the capacity to integrate and replicate, the addition of an Env allows for the
study of viral entry as a measure of infectivity rather than the full viral lifecycle.

There are two main pseudo-typed virus particle systems available, based on retroviral or
lentiviral genomes. Both utilise the HIV-1 genome to act as a backbone, however, the
retroviral system uses the HIV-1 promoter whilst the lentiviral incorporates chimeric LTR
using sequences from HIV-1 and another virus (e.g., CMV or RSV).

6.2.1

Dual Env Virus Production

The theory of trans-complementation suggests it is possible to alter the infectivity of a viral
particle through the addition of a different viral Env protein. For example, an HIV-1 viral
particle will express gp120, but the addition of a secondary Env may affect the normal viral
phenotype. To investigate this, we chose to co-transfect two Env plasmids together to form
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dual Env virus particles. In order to confirm that virus was being produced which contains
both the HCV E1E2 and HIV-1 envelope, a V5 tag was ligated into the E1E2 construct. The
virus was then co-transfected together and used to infect both TZM-bl – a HeLa derived cell
line expressing CD4 susceptible to HIV-1, and Huh7 – a human hepatoma cell line susceptible
to HCV infection.
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Figure 6.2.1: Infection of either TZM-bl (A) or Huh7 (B) cells with single or dual Env JRFL + E1E2-V5
virus. E1E2 used was ligated with a V5 tag used for FACS analysis (red or green dots). Luciferase
readout also quantified using the luciferase backbone (red or green bars, RLUs).

As can be seen, the virus maintains infection onto TZM-bl indicating that the overall
infectivity of the virus has not be altered by the addition of the V5 tag. Most interestingly,
the FACS analysis on TZM-bl when JRFL/E1E2-V5 co-transfected virus was used indicates that
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infection is supported by the HIV-1 JRFL envelope (as TZM-bl do not support infection via the
HCV E1E2 Env protein) but that the E1E2 Env is also present (Figure 6.2.1A). When the same
virus is used to infect Huh7 cells (Figure 6.2.1B), infectivity of the HCV E1E2 envelope is
maintained.

6.2.2

Trans-complementation of HCV E1E2 Env Modulates HIV-1 Infectivity

Having determined that a single viral particle can carry more than one viral Env type, we
sought to determine how co-viral interactions during co-infection may affect viral infectivity.
To this end we co-transfected plasmids expressing two different viral Env proteins together
– HCV E1E2 and either HIV-1 R5 (JRFL) or HIV-1 X4 (LAI). The resulting virus was then used to
infect two cell lines: TZM-bl and Huh7. The HCV E1E2 Env was transfected at different
concentrations in order to better determine the effect of HCV E1E2 Env expression on
influencing HIV-1 infectivity. Figure 6.2.2 shows the effect of E1E2 on JRFL infectivity on TZMbl (A) and Huh7 (B):
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Figure 6.2.2: Infection of TZM-bl (A) or Huh7 (B) cells with single or dual enveloped E1E2/JRFL
pseudovirus. Triangles indicate an increase in E1E2 plasmid being co-transfected (9, 90 and 900ng).
10ng of virus was used for each infection. Kruskal-Wallis followed by Dunn’s test was used to analyse
significance. Statistical comparison was drawn between the control JRFL alone against E1E2 or dual
enveloped virus onto TZM-bl (** P<0.01). Onto Huh7 statistical comparison was drawn between the
three individual E1E2 Env viruses and the corresponding dual Env virus. Onto Huh7 no significant
difference was observed.
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An increase in HCV E1E2 Env significantly decreases the infectivity of the HIV-1 R5 virus
(P<0.01) onto a cell line normally susceptible to HIV-1 (Figure 6.2.2A). Conversely, when the
same virus is used to infect the Huh7 cell line an increase in infectivity was observed with
increasing concentrations of HCV E1E2 Env co-transfection indicating that dual Env virus is
produced and that the incorporation of an HIV-1 Env does not inhibit HCV driven infection
(Figure 6.2.2B). This was repeated using LAI virus, Figure 6.2.3:
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Figure 6.2.3: Infection of TZM-bl (A) or Huh7 (B) cells with single or dual enveloped E1E2/LAI
pseudovirus. Triangles indicate an increase in E1E2 plasmid being co-transfected (9, 90 and 900ng).
10ng of virus was used for each infection. Kruskal-Wallis followed by Dunn’s test was used to analyse
significance. Statistical comparison was drawn between the control LAI alone against E1E2 or dual
enveloped virus onto TZM-bl (** P<0.01). Onto Huh7 statistical comparison was drawn between the
three individual E1E2 Env viruses and the corresponding dual Env virus. Onto Huh7 no significant
difference was observed.
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As observed, there was a significant decrease of the infectivity of the X4 virus (P<0.01) onto
TZM-bl (Figure 6.2.3A), with infection onto Huh7 maintained with the presence of E1E2
(Figure 6.2.3B). Interestingly, when comparing typical E1E2 driven infectivity with HCV E1E2
co-transfected with HIV-1 LAI, there are approximate 5-fold to 2-fold decreases in infection
between single enveloped E1E2 virus and LAI/EBOV virus, however this was not statistically
significant. This may indicate a trend that the presence of LAI hinders HCV E1E2 infection
onto Huh7 cells (Figure 6.2.3B).

6.2.3

Trans-Complementation of HCV E1E2 Env onto HIV-1 Modulates the
Trans-infection Phenotype

Binding to DC-SIGN or L SIGN is thought to be mediated by E2285 286 however binding to E1
has also been observed287. Trans-infection of HCV via capture-transfer has been observed in
the context of hepatocytes, B and T-lymphocytes288 and we sought to determine how dual
Env expression may affect this process.

As observed above, the trans-complementation of HCV E1E2 Env onto an HIV-1 viral particle
reduces the infectivity of the virus onto normally susceptible cell lines. We sought to further
clarify the role this may play in other aspects of viral infection, including the capture-transfer
of virus by DC-SIGN and antibody neutralisation. The idea being that the HCV E1E2 Env
protein being incorporated onto the same viral particle as the HIV-1 gp120/41 trimer may
modulate either mechanism.

To determine the effect of Env trans-complementation on DC-SIGN mediated capturetransfer, Raji-DC-SIGN cells (a B-cell derived cell line expressing DC-SIGN) were incubated
with virus before being used to infect either TZM-bl or Huh7 cell lines. The effect of E1E2 on
JRFL capture-transfer is shown in Figure 6.2.4:
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Figure 6.2.4: Capture and transfer of HIV-1/HCV co-transfected virus: Trans-infection onto TZM-bl (A)
or Huh7 (B) cells with co-transfected E1E2/JRFL virus. Triangles indicate an increase in E1E2 plasmid
(9, 90 and 900ng). 10ng of virus was used for each infection. Statistical comparison was drawn
between the control JRFL alone against E1E2 or dual enveloped virus onto TZM-bl. Onto Huh7
statistical comparison was drawn between the three individual E1E2 enveloped viruses and the
corresponding dual envelope virus. No statistical significance was observed.
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As can be seen in Figure 6.2.4A, HIV-1 JRFL and the dual enveloped JRFL/E1E2 virus display
similar trans-infection profiles indicating that there is no modulation of infection onto TZMbl cells when E1E2 is present. As expected, E1E2 single enveloped virus does not trans-infect
TZM-bl cells. Onto Huh7 cells (Figure 6.2.4B), HCV E1E2 Env virus successfully captures and
transfers and a similar pattern is observed with HIV-1 JRFL albeit at a lower efficiency
particularly at the lower concentrations of HCV E1E2, however this is not statistically
significant. This may indicate that the HIV-1 JRFL envelope hinders the capture-transfer via
E1E2 onto a HIV-1 non-susceptible cell line, possible as a result of more HIV-1 JRFL being
present on the viral particle. The experiment was then repeated with E1E2/LAI virus:
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Figure 6.2.5: Capture and transfer of HIV-1/HCV co-transfected virus: Trans-infection onto TZM-bl (A)
or Huh7 (B) cells with co-transfected E1E2/LAI virus. Triangles indicate an increase in E1E2 plasmid (9,
90 and 900ng). 10ng of virus was used for each infection. Statistical comparison was drawn between
the control LAI alone against E1E2 or dual enveloped virus onto TZM-bl. Onto Huh7 statistical
comparison was drawn between the three individual E1E2 enveloped viruses and the corresponding
dual envelope virus. *P 0.05, **P 0.01.
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As observed in Figure 6.2.5A, the capture-transfer of HIV-1 LAI virus onto TZM-bl cells was
significantly decreased, displaying a similar profile to that of infection of the dual enveloped
virus (P<0.01) between LAI alone and dual enveloped LAI/E1E2 virus when the greater
concentration of E1E2 is used (Figure 6.2.3). Unlike to co-transfected JRFL/E1E2 virus,
capture and transfer of LAI/E1E2 virus onto Huh7 cells was almost completely abrogated in
comparison to the individual Env proteins alone indicating that the presence of both Env
molecules is inhibitory, either by a stoichiometric inhibition or a lack of binding to either DCSIGN or the Huh7 entry receptors (Figure 6.2.5B). Future work should aim to clarify if a similar
effect is observed when L-SIGN is used.

6.2.4

Trans-Complementation of HCV E1E2 Env Modulates the HIV-1 Antibody
Neutralisation Phenotype

Since both viral infectivity and trans-infection via DC-SIGN can be modulated by the presence
of dual Env’s, we sought to determine if antibody neutralisation was similarly affected. To
this end, virus was neutralised with either AP33 (a monoclonal antibody specific to a highly
conserved region – residues 412-423 – of the HCV E1E2 Env, providing cross-genotypic
neutralisation289) or a tri-epitope anti-HIV-1 antibody mix (2G12, b12 and 2F5) before
infecting TZM-bl or Huh7 cells.
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Figure 6.2.6: Neutralisation of either single enveloped LAI or dual enveloped LAI/E1E2 virus with antiE1E2 antibody AP33 where HCV E1E2 Env is used in 3 concentrations (9, 90 and 900ng). A, C and E:
Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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Of note, in both Figure 6.2.6 and Figure 6.2.7, on TZM-bl cells HCV E1E2 neutralisation is not
shown as HCV cannot infect the TZM-bl cell line. Likewise, on Huh7 cells the neutralisation
of either HIV-1 LAI or JRFL alone is not shown. Interestingly, on TZM-bl cells, there is no
difference in the neutralisation potential of LAI/E1E2 virus when compared to LAI virus alone.
This suggests that whilst the presence of HCV E1E2 Env can inhibit infectivity, it does not alter
infectivity when an anti-E1E2 antibody is used. Therefore, it can be hypothesised that either
antibody binding to E1E2 does not affect HIV-1 LAI infectivity, or that the presence of LAI Env
occludes AP33 binding. When comparing this data to that of the neutralised infectivity onto
Huh7 cells, a similar profile of neutralisation is observed where 90ng (the medium
concentration) of E1E2 is used (Figure 6.2.6D). In contrast, the presence of LAI at 900ng
serves to increase the neutralisation of HCV E1E2 Env driven infection when compared to
HCV E1E2 alone (Figure 6.2.6B). Conversely, at 9ng there is a moderate decrease in
neutralisation when compared to E1E2 alone (Figure 6.2.6F).
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Figure 6.2.7: Neutralisation of either single enveloped JRFL or dual enveloped JRFL/E1E2 virus with
anti-E1E2 antibody AP33 where HCV E1E2 Env is used in 3 concentrations (9, 90 and 900ng). A, C and
E: Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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As with LAI, the presence of E1E2 neutralised by AP33 does not inhibit HIV-1 JRFL driven
infectivity onto TZM-bl cells. The neutralisation profiles are also similar when comparing 9ng
and 90ng E1E2/JRFL suggesting that under these conditions, JRFL does not inhibit the binding
of AP33 to HCV E1E2 Env. Interestingly, when 900ng E1E2 is used (Figure 6.2.7B), less
infectivity is observed when HIV-1 JRFL is included than HCV E1E2 alone at the same antibody
concentration (0.5 – 5µg/ml). This indicates that JRFL may modulate the E1E2 envelope
binding to AP33 in a manner which increases neutralisation. This is similar to that of HIV-1
LAI (Figure 6.2.6B) suggesting that there may be a cross-subtype effect.
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Figure 6.2.8: Neutralisation of either single enveloped LAI or dual enveloped LAI/E1E2 virus with a triepitope anti-HIV-1 antibody where HCV E1E2 Env is used in 3 concentrations (9, 90 and 900ng). A, C
and E: Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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Similarly to Figure 6.2.6, Figure 6.2.8 demonstrates the neutralisation profile of LAI and
LAI/E1E2 virus onto TZM-bl or Huh7 cells. In place of AP33, the anti-HIV-1 triple combination
antibody was used (2G12, B12 and 2F5). On both cell lines, the profile is the same between
the control virus (LAI or E1E2 alone) and the dual enveloped virus.
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Figure 6.2.9: Neutralisation of either single enveloped JRFL or dual enveloped JRFL/E1E2 virus with a
tri-epitope anti-HIV-1 antibody (2G12, b12 and 2F5) where HCV E1E2 Env is used at 3 concentrations
(9, 90 and 900ng). A, C and E: Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto
Huh7 cells.
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Figure 6.2.9 shows the neutralisation profile of JRFL or JRFL/E1E2 virus with an anti-HIV-1
antibody. Similar to Figure 6.2.8, there is no difference onto Huh7 cells, however, there are
slight modulations in the neutralisation at the highest antibody concentration (10µg/ml) with
900ng E1E2/LAI (Figure 6.2.9A).

When taken together, the data presented above suggests that Env trans-complementation
can occur and that this process can lead to a modulation of viral infectivity and other viral
phenotypes.

6.3

Discussion

The results above demonstrate the capacity for a single viral particle to carry more than one
Env protein, and for this trans-complementation to lead to a modulation of viral phenotype.
Whilst minimal change in the capture-transfer and antibody neutralisation of dual Env virus
was observed, this does not preclude the effects on infectivity observed (Figure 6.2.2), which
demonstrate a previously undocumented role for the HCV Env glycoprotein in co-infection.

6.3.1

Potential Roles for Intracellular Trafficking and Lipid Rafts

The ESCRT system utilises five complexes to allow for the budding of multivesicular bodies
(MVB) from a cell: ESCRT-0 (recruits the target proteins), I, II (acts with ESCRT I to remodel
the membrane of the MVB), III (constricts around the neck of the MVB to allow for release
of the MVB) and VPS/VTA1 (disassembles the ESCRT III complex)290 291. Multiple viruses are
known to usurp the ESCRT system to bud from infected cells, these include HIV-1, HCV, Ebola,
Rous Sarcoma, Yellow Fever and Rabies292

293

. ESCRT related HIV-1 budding is a gag

dependent reaction where gag interacts with ESCRT I to recruit ESCRT III294. HCV has been
identified to interact with the ESCRT system295 via an interaction between NS2 and an ESCRT
component, hepatocyte growth factor-regulated tyrosine kinase substrate (HRS)296. Whilst
both viral envelopes may not be present within the same MVB vesicle, this pathway does
present an opportunity for both viruses to ultimately converge with each other during
coinfection of a single cell – at the host cell membrane.
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Once viral proteins have been trafficked to the cell membrane via mechanisms such as the
ESCRT pathway, an additional mechanism through which two envelope glycoproteins may
colocalise is via the use of lipid rafts.

Lipid rafts are comprised of high levels of cholesterol, sphingolipid and occasionally caveolin.
Since the side chains of these lipids are more saturated than those typically found in the
surrounding membrane, these lipids congregate together in closely packed microdomains297.
Lipid rafts have been found to be involved with immune signalling, signal transduction, cell
migration, transport for membrane bound proteins and pathogen entry298

299 300

. Prior

research has established that HIV-1 viral proteins Gag and Env localise with lipid rafts prior
to HIV-1 budding from these microdomains and is required for the formation of an infectious
viral particle. HIV-1 Env must undergo palmitoylation within the Golgi, whilst Gag undergoes
myristylation in order to be targeted to lipid rafts301

302

. Interestingly, after viral assembly

within the ER, HCV associates with Apolipoprotein E (ApoE) and uses the very low-density
lipoprotein (VLDL) secretion pathway to traffic the virion to the cell membrane303. With
regards to E1E2 specifically, the envelope glycoprotein has been found to directly interact
with ApoE and ApoB within the ER before being trafficked from the ER to the Golgi via the
VLDL pathway304. It may be possible that the envelopes localise within the Golgi before
appropriated into the HIV-1 viral particle.

However, the exact mechanisms by which HIV-1 gp120 and HCV E1E2 may colocalise
together into a single viral particle remain to be elucidated.

6.3.2

Suggested Mechanisms of Phenotype Modulation

In regards to how expression of dual envelopes may lead to a modulation of viral phenotype,
as described above there are a number of charged residues as well as N-linked glycosylation
sites within the envelope that influence entry receptor binding. One example of this is the
V3 loop of gp120, a 35-residue sequence of particular importance to HIV-1 viral entry305 and
the net charge of V3 is hypothesised to play a role in the overall structure of gp120. This
includes the structure of the outer loops which are involved in CD4 binding306, a process
which is driven by the electrostatic properties of the positively charged CD4 receptor and the
negatively charged binding cavities of gp120307 308. The 11/24/25 rule of the V3 loop argues
that if these residues are positively charged the virus will preferentially select CXCR4 as the
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co-receptor, and if negatively or neutrally charged then CCR5. The significance of this is that
it demonstrates the charge of the V3 loop can have an effect on the infectivity of the HIV
virus, in this case leading to a switch in tropism309. The presence of an additional envelope
may lead to a change in the electrostatic charge leading to a change in envelope structure
that prevents effective receptor binding.

One example of this is if the secondary envelope (e.g., E1E2) changes the charge of the V3
loop from positive to negative (CXCR4 to CCR5 binding) this may result in a different pattern
of infectivity depending on receptor expression. This may be particularly relevant in relation
to Macrophage tropic (M-tropic, typically CCR5 using) or T-cell tropic (T-tropic, typically
CXCR4 using) strains of HIV-1310. Since the infectivity of both the JRFL (CCR5) and LAI (CXCR4)
enveloped virus was reduced this may be an unlikely answer.

Since the JRFL capture-transfer phenotype was unaltered, and there were only minor
changes to the neutralisation phenotypes (Figure 6.2.4 – Figure 6.2.9) it can be suggested
that the epitopes relating to these mechanisms are not affected. Regarding DC-SIGN capture
of gp120, this typically involves a number if N-linked glycans with no single moiety critical
but rather a combination311. This suggests that since DC-SIGN binding requires a diverse
interaction between receptor and epitope that any differences in structure resulting in a
modulation of infectivity, but not capture-transfer, are specific to regions required for entry
(such as CD4 or coreceptor binding). Altogether, this suggests that if there are electrostatic
differences in the presence of a secondary envelope these changes are not sufficient to
modify the overall structure enough to preclude these actions.

The AP33 binding site is a highly conserved sequence in the E2 region of the E1E2 envelope
corresponding to residues 412-423, downstream of HVR1312, a β-hairpin structure with
hydrophobic and hydrophilic opposing faces313. The tri-epitope HIV-1 antibody binds at
residues 662-667 of the membrane-proximal external region of gp41 (2F5)314, partially
overlapping the CD4 binding site of the gp120 (B12)315 and various N-linked glycans of gp120
(2G12)316. It may be useful in the future to use single epitope antibodies to determine exactly
which of these epitopes is or is not affected.

Page | 86

Lindsay McKay

Another possibility is that the overall electrostatic property of the envelope may not be
affected, and that a reduction is viral infectivity is as a result of a structural inhibition. For
example, if the presence of an additional envelope (E1E2) blocks the primary envelope
(gp120) from binding to the normal entry receptor by shielding the binding epitope.

Conversely, it may be possible that viral entry is not inhibited but enhanced either by dual
envelope expression leading to a greater electrostatic attraction between envelope and
receptor, or by the secondary envelope structurally supporting receptor binding. The
resulting modulation may be dependent on the individual viral envelopes, and thus between
co-viral interactions during co-infection there may be significant differences in the resulting
phenotype.

6.3.3

Biological Context

Whilst it is debated as to whether HIV-1 and HCV can occupy the same cell at the same time,
they do share sites of infection. Within the liver these include HSCs317 and there is limited
but compelling data which shows HIV-1 infection of both hepatocyte cell lines318 and primary
hepatocytes319. HCV can also infect T-lymphocytes in a CD5 dependent manner320 (and Bcells321). Nonetheless, if the rate of same-cell coinfection is significantly low, the results
presented here introduce a proof of concept in regards to a previously unreported viral-viral
interaction which may be relevant to other coinfections which are documented to infect the
same biological compartments.

The flaviviruses dengue (tropic for Langerhans DCs, B and T cells322) and Zika (tropism
including neuronal, placental and reproductive cells323 324) both infect and replicate within
macrophages and undergo protein budding during their respective replication cycles from
the endoplasmic reticulum suggesting an intracellular compartment where both viruses may
interact325 326. Additionally, respiratory syncytial virus and Influenza A virus (two significant
contributors to respiratory illness and often found in coinfection) were documented to both
infect the same epithelial cell line327 328. Coinfection between measles and HIV-1 often results
in a reduction in HIV-1 replication most likely through a measles-dependent inhibition of
lymphoproliferation329. However, since measles also infects monocytes and lymphocytes
there are shared biological compartments that may result in HIV-1-measles interactions. This
is particularly relevant since both HIV-1 and measles use lipid rafts to shuttle viral proteins
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to the host cell membrane before budding (as described above). Other less documented
potential co-infections such as Ebola and HIV-1, which both infect and replicate within
immature dendritic cells and macrophages330

331 332

may also be relevant for future

consideration in light of continued viral detection within Ebola survivors333 suggesting the
potential for on-going outbreaks.

Page | 88

Lindsay McKay

The Down-Modulation of the HIV-1 LTR by HCV Env
Glycoproteins
7.1

Introduction

7.1.1

The HIV-1 Long Terminal Repeat (LTR)

The HIV-1 LTR acts as the viral promoter controlling transcription and thereby facilitating
viral replication. It functions via the numerous transcription factor binding sites incorporated
within its structure. Typically, the LTR is comprised of the U5, R and U3 regions. The U3 region
also contains the modulatory, enhancer (E) and promoter regions (as described previously)

The modulatory region of the LTR contains binding sites for transcription factors such as AP3, lymphocyte enhancer factor (LEF-1), CCAAT enhancer binding protein (CCAAT) and nuclear
factor of activated T-cells (NF-AT)334. This region also contains the negative response
element. The E region typically contains two conserved NF-ĸB binding sites and the promoter
contains the TATAA box as well as three tandem binding sites for specificity protein (SP1)
which are typically GC-rich areas335. A possible role for SP and NF-ĸB binding in synergist
activation has been suggested with the presence of SP1 increasing the binding of NF-ĸB to
the LTR336. Interestingly the U3 region is overlapped by the nef gene. Upstream of the U3
region is the R region which contains TAR and lastly, U5 which contains the binding sites for
AP-1.

The Rel/NF-ĸB family of transcription factors contains five distinct members which often
form dimers and which can be organised into two distinct groups depending on the presence
of an activation domain. Both (class I) p50 and p52 lack an activation domain and so are
typically found as part of a heterodimer with (class II) p65/RelA. C-Rel and RelB are also class
II members and are typically found within lymphoid tissues. Of the NF-ĸB family, p65 acts as
the major activating component337 338 339.

7.1.2

The E1E2 Envelope – Structure, Domains and Functions

As with the HIV-1 gp120 envelope (Env), the HCV E1E2 Env protein is required for binding to
the entry receptors and enabling infection of target cells. There is on-going debate as to
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whether E1, E2 or the E1E2 heterodimer acts as the putative fusion protein however, it has
been described that E2 possesses the capacity to modulate intracellular binding pathways
once infection has occurred340.

The HCV envelope (E1, aa192-383, E2, aa384-746 of the polyprotein) has been observed by
X-ray crystallography, with E1 described as a disulphide linked homodimer341 with a tertiary
structure containing a α-helix linked to a series of β-strands, the first two of which are
involved in E1 homodimer formation342. In contrast, E2 is a monomer with a more complex
tertiary structure containing an IgG-like fold with a separate novel domain containing
multiple β-sheets343. Within this complex structure are several conserved sequences involved
in receptor binding (such as CD81), neutralising antibody (NAb) binding epitopes and viral
entry344. Because E2 is somewhat structurally similar to class II fusion proteins it has been
suggested as being the putative class II fusion peptide.

The exact structure of the HCV E1E2 Env is still debated, however studies using X-ray
crystallography, electron microscopy and site directed mutagenesis have suggested the
following arrangement of E2345: there are three hypervariable regions, all of which are
located within E2 (HVR1, HVR2 and HVR3. HVR3 is also referred to as the intergenotypic
variable region, IgVR). E2 also contains a receptor binding domain (containing three
subdomains – DI, DII, DIII)346. DI is thought to contain the majority of the CD81 binding
epitopes. DIII is predicted to also contain regions required for CD81 binding but also serves
to separate DI from the stem region, which in turn connects the receptor binding domain of
E2 to the C-terminal transmembrane domain. In terms of HVR locations, HVR1 is located at
the N-terminus of E2 before DI, HVR2 is located within DII and is predicted to form a looplike structure and IgVR links DI and DIII347.

When comparing mutations arising during chronic infection it was observed that HVR2 is
relatively conserved compared to HVR1 with fewer mutations generated348 349. In addition,
when deleted it was observed that HVR1 is not required for viral survival, but deletion of
HVR2 or IgVR prove lethal. The same study also showed that HVR1 deletion mutants are also
more readily neutralised by E2 specific antibodies350 thus supporting its immunodominant
role. The locations of each HVR segment are illustrated in Figure 7.1.1, below:
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Figure 7.1.1: (A) The HCV genome and polypeptide organisation, including functions of each viral
protein. (B) A schematic representation of the HCV E1E2 Env including the positions of the
transmembrane domains, hypervariable regions 1 and 2 and the intergenotypic variable
region/hypervariable region 3. The reference HCV strain H, genotype 1a was used to indicate the Nlinked glycans (indicated in green) and amino acid positions. Taken from Patel, A., et al (2015)351.

HVR region lengths can very between genotypes, however a general guide to region
placement has HVR1 including residues 384-411, HVR2 between 460-480 and IgVR 570580352. Other than as binding determinants, the HVR regions also serve other roles. HVR1 is
immunodominant, thus NAbs are frequently generated against this region. In contrast both
HVR2 and IgVR are not. However, HVR2 and IgVR are required for E1E2 heterodimerization
and previous studies have shown that deletion of these regions limits the ability of HCV E2
pseudo-typed viral particles to bind CD81 when deleted353.

The aim of this research was to determine if the HCV E1E2 Env protein could modulate LTR
activity in the context of co-infection with reference to the impact this may have on HIV-1
latency. The role of latency in HIV-1 infection has previously been described and it is during
this period that the virus can lay dormant within the host genome preventing immune
recognition and contributing to the chronic, life-long nature of infection. It is suggested that
co-infection with HCV may lead to an induction into latency by HIV-1 via modulation of the
LTR.
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7.2

Results

7.2.1

HCV E1E2 Env Expression Attenuates HIV-1 Pseudo-typed Virus
Production

As previously demonstrated, dual Env generated pseudo-typed virus can be produced which
carries both the HIV-1 and HCV Env proteins (Gp120/41 and E1E2, respectively). This in turn
can modulate viral infectivity. However, when generating dual Env pseudo-typed virus
particles it was noted that viral production was significantly lower when co-transfecting the
higher concentrations of plasmid expressing E1E2 protein with both JRFL and LAI (Figure
7.2.1 and B). The HIV-1 plasmids were maintained at a constant concentration to examine
how the HCV E1E2 Env affected HIV-1 viral production. The viral production was quantified
via p24 capsid ELISA. The results indicated that the E1E2 Env expression has the capacity to
down-modulate viral production in the producer cell. The aim here was to identify whether
this indeed was the case and identify the mechanism promoting the down-modulation.
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Figure 7.2.1: The p24 quantification of dual enveloped virus. A: E1E2 co-transfected with HIV-1 R5 JRFL.
B: E1E2 co-transfected with HIV-1 X4 LAI. Black triangles indicate increasing concentrations of E1E2
envelope (9, 90 and 900ng). JRFL and LAI plasmids were both used at 900ng each. Kruskal-Wallis
followed by Dunn’s test was used to analyse significance. Statistical comparison was drawn between
the control JRFL or LAI alone against E1E2 or dual enveloped virus. * P<0.05, ** P<0.01 and ***
P<0.001.
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As can be seen from Figure 7.2.1, increasing concentrations of E1E2 significantly downmodulates viral production. The E1E2 dose dependent inhibition of viral production could be
measured with both a CCR5 HIV-1 Env (Figure 7.2.1A) and CXCR4 HIV-1 Env protein (Figure
7.2.1B) indicating that this was a generalised effect on production and not influenced by viral
gp120. As the same effect was observed with E1E2 alone (Figure 7.2.1A and B), it can be
concluded that the effect is being regulated by the HIV-1 promoter as contained within the
viral backbone and where luciferase activity is under control of the integrated LTR.

7.2.2

HCV E1E2 Env Modulates HIV-1 LTR activation

As demonstrated above, E1E2 can modulate viral production. As such, in order to determine
the mechanism responsible, it was chosen to focus on the HIV-1 LTR as a potential site of
modulation. To reflect a state in which a cell became co-infected with HIV-1 and HCV, the
effect of E1E2 or soluble E2 (sE2) on the HIV-1 LTR was analysed. To this end variant
concentrations of E1E2 were co-transfected along with a luciferase expressing WT LTR
construct containing plasmid (HIV-1 subtype B) into 293T cells. In addition, to induce LTR
activity, a plasmid expressing the HIV-1 Tat protein was co-transfected with the LTR plasmids
to allow for LTR activation, which was quantified by measuring luciferase activity (RLUs).
Total plasmid concentrations were equalised using pcDNA3 in all experiments shown to
exclude non-specific plasmid effects. Statistically significant inhibition was observed with
both increasing concentrations of E1E2 (Figure 7.2.2A) and sE2 (Figure 7.2.2B), with sE2
showing a stronger effect at the higher concentration (2 fold compared to 4-fold,
respectively).
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Figure 7.2.2: LTR activation as quantified by luciferase. Plasmids were co-transfected into 293T cells.
A: LTR activation when co-transfected with E1E2. B: LTR activation when co-transfected with sE2. Black
triangles denote E1E2 or sE2 plasmid increase. Kruskal-Wallis followed by Dunn’s test was used to
analyse significance. Statistical comparison was drawn between WT LTR + Tat and E1E2 inclusive
conditions. * P<0.05
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In order to confirm that the effect on LTR activation is a result of E1E2 or sE2 protein and not
an mRNA mediated effect, an HCV E1E2 genotype 6 knock-out (KO) mutant was generated
and used to transfect 293T cells.

*
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Figure 7.2.3: The total activation of HIV-1 LTRs A when co-transfected with varied amounts of nonprimate hepacivirus (NPHV) E1E2 envelope and an E1E2 KO mutant +/- on 293T cells. Black triangles
indicate an increase in plasmid concentration. The LTR was also transfected alone as a control for
overall LTR activation. Kruskal-Wallis followed by Dunn’s test was used to analyse significance. *
P<0.05

The down-modulation of LTR A is observed in the presence NPHV E1E2 and human genotype
6 E1E2 (Figure 7.2.3). It is seen that LTR activity is significantly down-modulated in a dose
dependant manner when in the presence of increasing concentrations of E1E2 protein
(ATG+) but not when E1E2 protein expression is knocked-out (ATG – KO Mut). In addition, a
non-primate hepacivirus (NPHV) Env expressing plasmid was also co-transfected along with
each LTR. NPHV demonstrates a similar dose dependent decrease in LTR A activation. This
may suggest that other viral Env proteins can play a role in modulating LTR activity.

7.2.3

HCV E1E2 Env Modulates NF-ĸB signalling

Since the NF-ĸB pathway accounts for a significant proportion of LTR signalling, this was
chosen as a target for further investigation. To determine if the effect of E1E2 on the LTR was
most likely a result of affecting the NF-ĸB signalling pathway a series of plasmids expressing
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luciferase activity as a measure of NF-ĸB activation were transfected into Huh7 cell lines
stably expressing E1E2.
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Figure 7.2.4: A, transfection of NF-ĸB and non-NF-ĸB dependent plasmids into Huh7 cells expressing or
not stably expressing E1E2. Plasmid activation measured via luciferase (RLUs). B, a schematic of the
canonical and C, non-canonical NF-ĸB activation pathways (taken from Jost, P. J., et al 2007 354). **
P<0.01
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Both NIFTY and ConA are NF-ĸB dependent promoters and show a significant decrease in
activation in the presence of E1E2, by 28-fold (P<0.01) and 19-fold (P<0.01), respectively
(Figure 7.2.4A). Conversely, ATX and 90K are general cellular promoters not reliant on NF-ĸB
and show no significant decrease in the presence of E1E2 (Figure 7.2.4A) indicating that an
E1E2 dependent reduction in LTR activity is as a result of modulation of the NF-ĸB signalling
pathway. A schematic depicts the possible locations within the canonical NF-ĸB pathway
where E1E2 or E2 may affect signalling (Figure 7.2.4B).

7.2.4

Which Components of the NF-ĸB Signalling Pathway are Affected by
HCV E1E2 Env Glycoproteins?

The NF-ĸB signalling network is a diverse and complex series of pathways. As NF-ĸB
dependent promoter activity was down-modulated by the presence of E1E2, it was sought
to determine the specific mechanism by which this occurs. Initially, nuclear extract was taken
from four sets of cell lines: TZM-bl, TZM-bl-E1E2 and TZM-bl-sE2 (stably transfected cell lines)
and TZM-bl transiently transfected with E1E2 (TZM-bl + E1E2) which were used alone or preactivated with TNFα. TNFα was used to activate the NF-ĸB signalling pathway355 in order to
observe any differences in the presence of HCV Env glycoproteins. The readout of this
experiment was via optical density (450nm) which measured the activation of p65 (also
known as RelA), a member of the NF-ĸB transcription factor family. Of the five members
(p50, p52, p65, RelB and c-Rel) the most commonly found in mammalian cells356 is the
p50/p65 heterodimer and so p65 was chosen as representative of NF-ĸB activation.
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Figure 7.2.5: TransAM measurement of NF-ĸB activation as measured via p65. Nuclear extract was
added to p65-specific oligonucleotide coated plate. Oligonucleotide contains the NF-ĸB consensus site
5’ -GGGACTTTCC- 3’357.

TZM-bl cells were used as a control and showed a marked increase in NF-ĸB (p65) activation
under TNFα stimulation. When comparing this to the E1E2 and sE2 expressing stable cell lines
and the transiently transfected TZM-bl (TZM-bl + E1E2) cell a similar effect was observed
indicating that the presence of HCV Env glycoproteins does not affect p65 activation.
However, it is worth noting that this does not indicate if there is an effect on NF-ĸB binding
to the LTR, an effect on other NF-ĸB subunits or other transcription factors.

In order to determine the effect of E1E2 or E2 nuclear extract from three cell lines was
prepared: TZM-bl, TZM-bl-E1E2 and TZM-bl-sE2 (in light of the greater effect of sE2 on WT
LTR – Figure 2) and analysed for binding of transcription factors. The nuclear extract was
analysed via mass spectrometry with an LTR capture probe. The LTR probe was generated as
a PCR template of WT HIV-1 5’LTR (subtype B, nucleotides 229 – 455) before being incubated
with the nuclear extract of the three target cell lines. The probe, bound by nuclear associated
proteins, underwent trypsin digestion before being analysed by reverse phase liquid
chromatography and mass spectrometry. The proteins bound by the probe could then be
identified with an aim to determine if there were differences in the presence of E1E2 or
sE2358.
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The preliminary results presented below are a summary to-date of the data generated.
Figure 6 depicts the number of proteins (199) that were detected bound to the LTR probe
during the mass spectrometry process. In total each sample (cell line nuclear extract) was
run twice through the mass spectrometer and this was performed in triplicate:

Figure 7.2.6: A Venn diagram of the number of proteins detected to be bound to the LTR probe in all
three samples, including those which are shared between conditions.

Of the proteins shared between all three conditions (97), the majority of these were general
cellular factors relating to normal cellular function, however, of note this also included
transcription factor Sp1 (which can bind to the LTR) indicating that the presence of HCV Env
glycoproteins do not affect Sp1 function. With regards to other transcription factors, NF-AT,
p100 and p105 are all decreased in the presence of E1E2. Interestingly both p100 and p105
peptides were determined to be the N-terminal segments of the protein (data not shown).
Since both p100 and p105 are the precursor proteins to p50 and p52359, this indicates that
the proteins identified in the TZM-bl sample (and not TZM-bl-E1E2) are most likely to be p50
and p52. Therefore, an HCV mediated effect on p50/52 may modulate NF-ĸB activity and
binding via interaction with the precursors or the regulatory inhibitor IKK or IĸB complexes
(illustrated in Figure 7.2.4B and C). Much like the NF-kB signalling pathway, NFAT signalling
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also utilises (de)phosphorylation as a means to control its activation360 thus indicating a
potential means by which E1E2 modulates this signalling pathway.

Interestingly, the proteins NonO, Matrin-3 and DNA methylase were upregulated in the
presence of E1E2. All three are associated with transcription regulation361, mRNA stability362
and transcription factor activity modulation363 indicating that HCV may use these to enable
its own replication. Further analysis will be conducted to explore the full scope of the
proteomic dysregulation generated via E1E2 or sE2.

7.2.5

HCV E1E2 or sE2 Down-modulates HIV-1 Infectivity

It has been demonstrated above that HCV E1E2 Env has the capacity to down-modulate viral
production, and sE2 alone can substantially decrease HIV-1 LTR activity. Therefore, a number
of viral infectivity and replication assays were used to determine whether E1E2 or sE2
expression can inhibit HIV-1 infectivity and latency.
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Figure 7.2.7: TCID50 of LAI-YFP virus on three cell lines: TZM-bl (red), TZM-bl-E1E2 (green) and TZMbl-sE2 (blue), across ten days post initial infection. A: The TCID50 values of LAI-YFP on each cell line. B:
TCID log values of LAI-YFP on each cell line.
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The TCID50 assay is a standard protocol for determining the infectious titre of virus, in this
case LAI X4 HIV-1. With a single infectious virus stock of LAI-YFP, TCID50 values were
established on three separate cell types – TZM-bl (control), TZM-bl-E1E2 and TZM-bl-sE2
(two stable cell lines stably expressing either E1E2 or sE2). Lower TCID 50 values were
determined at day 4 and day 7 for the cell lines expressing E1E2 or sE2 compared to the
control cell line (Figure 7.2.7), with sE2 showing a greater inhibitory effect.

To determine if the HCV E1E2 Env effect on HIV-1 infectivity translates to an effect on viral
replication, infection of TZM-bl, TZM-bl-E1E2 and TZM-bl-sE2 cell lines was carried out using
replication competent LAI-YFP virus at 5 TCID50/ml values: 20,000, 10,000, 5,000, 1,000 and
200. Supernatant was harvest at days 4, 7, 10 and 14 post infection and viral replication was
quantified by standard p24 ELISA.
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Figure 7.2.8: The replication of LAI-YFP on three cell lines: TZM-bl, TZM-bl-E1E2 and TZM-bl-sE2. Five
TCID values were used to infect the cell lines and p24 quantification was performed at four timepoints:
Day 4, 7, 10 and 14 post infection.
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Differences can be observed in viral replication at day 7 between the cell lines with no
substantial replication taking place on the E1E2 expressing TZM-bl cell line (green, Figure
7.2.8). This may be due to E1E2 out-competing HIV-1 gp120 Env leading to a decrease in viral
infectivity. Interestingly, viral replication between the TZM-bl and TZM-bl-sE2 cells lines
remains similar between TCID 10,000 in contrast to TCID 5,000 at day 7. At days 10 and 14
TCID 5,000 rebounds indicating that any effect of sE2 on viral replication can be overcome as
HIV-1 disease progresses. This result may appear to contradict the previous data as less
replication takes place on the E1E2 expressing cell line as compared to the production of less
infectious virus on the sE2 cell line (as demonstrated by TCID50, Figure 7.2.7). However, it is
important to note that overall viral replication and replication of infectious virus may be
influenced by distinct pathways.
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Figure 7.2.9: The replication curves of LAI-YFP at TCIDs 10,000 and 5,000 on three cell lines: TZM-bl
(red), TZM-bl-E1E2 (green) and TZM-bl-sE2 (blue). Replication was quantified via p24 capsid ELISA at
four timepoints: Day 4, 7, 10 and 14 post infection.
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The replication curves of LAI-YFP at TCID 10,000 and 5,000 on the three different cell lines as
described is shown (Figure 7.2.9). At 10,000 the replication between TZM-bl and TZM-bl-sE2
is extremely similar in comparison to TCID 5,000. This may be due to a higher initial viral load
overcoming the effect of sE2 on viral replication.

7.2.6

HCV E1E2 or sE2 Down-modulates HIV-1 Production

To further investigate the effect of HCV on HIV-1 viral production induced from latency a
panel of plasmids (genotype 6 E1E2 and sE2 plasmids, pcDNA3 and NPHV) were transfected
into J-Lat 10.6 cells, 48 hours prior to activation of cells with 0.2ng/ml TNFα. Supernatant
was taken at days 4, 7 and 10 post activation before viral production was quantified by p24
ELISA.
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Figure 7.2.10: J-Lat 10.6 viral production after transfection with viral envelopes and activation with
0.2ug/ml TNFα. Supernatant was taken at three timepoints (day 4, 7 and 10). Viral production was
then quantified by p24 capsid ELISA.

A substantial decrease in p24 production was observed between the control cells (red) alone
and the cells transfected with sE2 (pink) or E1E2 (orange) (Figure 7.2.10). Interestingly, E1E2
showed a greater decrease at day 4 than sE2. J-Lat cells transfected with NPHV (blue, nonprimate hepacivirus) envelope also produced less virus, however, this was not as evident as
for E1E2. Control cells transfected with the empty vector pcDNA3 (purple) did not show a
decrease in viral production indicating that the effect observed is HCV Env specific rather
than due to the transfection protocol itself.
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7.2.7

Bystander Down-modulation of HIV-1 Infection by HCV E1E2 or sE2

It was sought to characterise if the effects driven by E1E2 or sE2 on viral production could
translate to a bystander effect, such as can the presence of E1E2 or sE2 effect subsequent
infection of cells where Env is not expressed. To this end, Huh7 and TZM-bl cells were
transfected with either E1E2 or sE2 in two concentrations (1 and 12ng, genotypes 1 and 6)
before being challenged with a 10ng infection by either HIV-1 (JRFL-R5 or LAI-X4) or HCV
(E1E2).
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Figure 7.2.11: The bystander effects of E1E2 Env on subsequent infection. Red: The infection of TZM-bl
cells. Green: The infection of Huh7 cells. Control infection denotes infection onto TZM-bl or Huh7 cells
which have not been transfected by E1E2 Env (E1E2 Env genotype 1 or 6 was used). 12ng and 1ng
indicates the E1E2 plasmid amount transfected into either the TZM-bl or Huh7 before subsequent JRFL,
LAI or E1E2 enveloped pseudovirus infection.
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When examining the effect of E1E2 on infection, it can be observed that on both TZM-bl and
Huh7 cells there is no difference in the subsequent infectivity of a cell line post transfection
with E1E2 glycoprotein (Figure 7.2.11). This would indicate that whilst E1E2 can affect the
production of HIV-1 virus, it does not play a role in subsequent infection of cells not
expressing the E1E2 protein. No statistical difference was observed between groups.
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Figure 7.2.12: The bystander effects of sE2 Env on subsequent infection. Red: The infection of TZM-bl
cells. Green: The infection of Huh7 cells. Control infection denotes infection onto TZM-bl or Huh7 cells
which have not been transfected by sE2 Env (sE2 Env genotype 1 or 6 was used). 12ng and 1ng indicates
the sE2 plasmid amount transfected into either the TZM-bl or Huh7 before subsequent JRFL, LAI or
E1E2 enveloped pseudovirus infection.

The sE2 protein has been shown to possess a greater role in effecting the production of
infectious virus (Figure 7.2.7), however as with E1E2 (Figure 7.2.11), no significant difference
in the subsequent infection of a cell after transfection with sE2 was observed (Figure 7.2.12).
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7.3

Discussion

Prior research has sought to characterise the effects of co-infection between HIV-1 and HCV
in relation to HIV-1 associated immune dysregulation and the effect this has on HCV
infection. There is conversely a deficit in knowledge relating to how HCV may influence HIV1 disease progression. To this end the aim here was to characterise viral-viral interactions,
particularly in reference to each viral Env glycoprotein. The results presented in this chapter
reveal that HCV Env expression can specifically inhibit HIV-1 production, most likely mediated
through two separate pathways. In one mechanism the E1E2 heterodimer glycoprotein outcompetes HIV-1 gp120 being incorporated into the viral envelope when both viral particles
are produced within a single cell leading to a modulation of infection (Chapter 6) and the
other mechanism described in this chapter where the HCV Env protein can interfere with
viral production through down-modulating expression. The results further demonstrate and
that the sE2 HCV Env protein specifically acts on modulating the transcriptional pathways
normally regulating LTR activity leading to a down regulation of viral production.

7.3.1

The LTR and E2

As described the LTR acts as the viral promoter of HIV-1 controlling transcription via the
numerous and varied composition of transcription factor binding sites, including those
bound by NF-ĸB364. When inactive, NF-ĸB is located in the cytoplasm bound by its inhibitor
IKB and there is evidence to suggest that under these conditions within T-cells the resulting
reduced LTR activation contributes to viral latency365. As a transcriptional controller, the NFĸB signalling pathway is a target for many viral infections in addition to HIV-1 or HCV366. In
light of the role of the LTR, the mechanism whereby HCV E1E2 or E2 Env protein may
influence LTR activation and viral production was investigated.

Previous studies have focused on the role other HCV proteins play on NF-ĸB signalling. HCV
core protein has been observed to continue to inhibit NF-ĸB signalling despite the presence
of TNF-α, a potent activator367 indicating that E2 may not be the only protein to affect the
LTR. Only when full length HCV (JRH1) was used to infect cells containing integrated HIV-1
was the core-mediated suppression lifted and transcription found to occur. This suggests
that other HCV proteins may have complex interactions relating to the signalling pathways
within host cells.
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It was identified that when transfected against a WT subtype B LTR, higher concentrations of
E1E2 or E2 caused a reduction in LTR activity (Figure 7.2.2). No effect was observed when
this was repeated with pcDNA3 alone (data not shown), indicating a biological mechanism
mediated via HCV Env expression rather than a non-specific transfection effect. Interestingly,
LTR activity was affected more by E2 than E1E2 suggesting that E2 rather than E1E2 may
directly influence LTR activation. Therefore, it can also be hypothesised that when the full
length E1E2 glycoprotein is expressed within the cell, the E2 may still be able to effect
transcriptional activity, however, this can be tempered by the presence of E1, likely though
differences in protein folding or processing between the two forms. E1E2 also appeared to
have an NF-ĸB specific effect as demonstrated by the down-modulation of other NF-ĸB
dependent plasmid promoters (Figure 7.2.4), whilst promoters independent of this motif
were not affected. However, when examining the activation of p65 (Figure 7.2.5), part of the
p50/p65 heterodimer368, unexpectedly no effect was seen in the presence of E1E2. This does
not preclude an effect on NF-ĸB binding to the LTR or an effect on other transcription factors
but it does suggest that any effect E1E2 or E2 may be further downstream, perhaps
preventing NF-ĸB translocation to the nucleus.

When taking the data of Figure 7.2.5 and Figure 7.2.6 together, this would indicate that whilst
p65 activation is not affected, p50 and p52 are. Since the majority of the p100 and p105
proteins isolated in the control TZM-bl sample were of the N-terminus this would suggest
that NF-ĸB precursor processing is likely a target of HCV modulation. In addition, depending
as to whether there is complete abrogation of precursor processing, the process of
dimerization with p65 or the activation and release of p50 and p52 from the pathway
inhibitors (IKK or IĸB) may also be candidates for further study with regards to determining
the precise mechanism by which HCV modulates LTR activity. Interestingly, no decrease in
transcription factor protein abundance was observed in the E2 condition, which would seem
to contradict the hypothesis that E2 was a more potent inhibitor of LTR activity. It may be
argued that since E2 is a soluble factor (sE2) within these experiments, that it is not retained
sufficiently within the cells to cause an impact on the proteins within the nuclear extract and
that any result observed may be transient. Therefore, in the future it would be prudent to
culture a stable cell line wherein the expression of E2 is significantly higher (the
characteristics of the stable cell lines are documented in the following chapter). It is likely
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that E2 plays a role in this process since prior literature has documented a number of
mechanisms by which E2 modulates intracellular signalling (described below).

To characterise the mechanism of HCV modulation of LTR activity further, a KO mut +/- for
E1E2 protein expression was tested, where E1E2 RNA is expressed but resulting in no protein
expression. It was identified that E1E2 protein expression was required for LTR downmodulation, rather than RNA alone (Figure 7.2.3). This effect was observed for both LTR
subtype A and B. In context with the wider literature, it should be noted that E2 virus derived
RNA has already been described to modulate T-cell receptor signalling and lymphocyte
specific protein tyrosine Src kinase (Lck) activation369 thus suggesting a wider role for E2 in
modulating cellular cytoplasmic pathways. If E2 down-modulates viral transcription, this may
indicate a novel pathway for inducing or maintaining HIV-1 latency during HIV-1/HCV coinfection. With this in mind, since no KO mutant for sE2 was available, this presents an
interesting follow up. It should also be noted that the E1E2 complex of NPHV also downmodulated LTR activity. The sequence similarities between HCV E1E2 and NPHV E1E2 may
provide evidence as to how E1E2 or E2 influences the intracellular signalling pathways
connected to HIV-1 LTR.

In addition to E2 playing a role in modulating Lck activation it has previously been shown that
HCV E2 protein contains a homologous region for dsRNA-activated protein kinase (PKR) and
the α-subunit of its substrate, translation initiation factor eIF2370. This interaction has been
presented as an antiviral mechanism, with E2 acting upon PKR in order to modulate
phosphorylation of eIF2α and any resulting IFN activity. The same paper371 went on to show
that E2 can be retained in both the ER and in an un-glycosylated form in the cytosol allowing
interaction with cytosol-based proteins such as PKR. Notably, PKR can modulate NF-ĸB
activity via its inhibitory subunit IkB and IKK372

373

thus providing a previously described

pathway that may be adapted by E2 during co-infection with HIV-1 leading to LTR downmodulation. Additional research has since characterised the role of HCV on PKR induction of
IFN during infection374 375.
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7.3.2

A Role for HCV E1E2

The data above describes not only a role for E2, but the whole HCV Env glycoprotein in
modulating HIV-1 infectivity. To this end, it is hypothesised here that E1E2 outcompetes
gp120 for incorporation within the viral envelope during viral assembly, thus leading to
reduced HIV-1 infectivity on cell lines such as TZM-bl causing a decrease in infectivity (Figure
7.2.8 and Figure 7.2.9). The presence of E1E2 may also sterically hinder the access of gp120
to relevant cellular entry receptors. However, if E2 alone down modulates the HIV-1 LTR this
can also lead to less viral production from infection as HIV-1 enters a latent phase. If this is
so, the viral progeny produced during this process may be defective and non-infectious, thus
accounting for the low TCID50/ml value (Figure 7.2.7). The delay in supressing viral production
in J-Lat cells may be attributed to requiring an accumulation of E2 before an effect can be
observed (Figure 7.2.10). In order to determine how E1E2 or E2 down-modulates the LTR,
site directed mutagenesis of the Env glycoprotein will allow for mapping of the responsible
epitopes. In addition, the use of binding assays will help determine which specific Env
epitopes can interact with the LTR itself.

In terms of a wider biological effect of LTR down-modulation and reduced viral production
or infectivity, it is important to consider the roles of latency and viral reservoirs in HIV-1
infection. Typically, during HIV-1 infection reservoirs are formed within specific
compartments within cells of the immune system or other specific tissues (for example
within the CNS, bone marrow precursor cells, genital and GI tract, among others). These
reservoirs can be defined by the preservation of viable replicating virus as well as the stability
in which virus can maintain itself allowing for infection to persist. Latent reservoirs no longer
actively produce virus, but they retain the ability to do so. A significant reservoir has been
identified in TCM (T central memory) cells and is maintained via low levels of antigen driving
proliferation meaning that they are slow to be depleted376. It has also been hypothesised
that HIV-1 latent infection can be set up in macrophages away from their intracellular
endocytic pathway377. Macrophages are typically one of the first cell types to be infected
during infection due to their presence near typical transmission sites, such as within the
epithelial cell barrier. It has also been demonstrated that macrophages can subsequently go
onto infect T-cells via transient virological synapses wherein viral particles are released and
can infect cells via receptor and co-receptor engagement and interaction378. Due to the
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integration of HIV-1 into these latent reservoirs, the virus becomes protected against typical
drug intervention preventing eradication of infection and a cure.

In the context of the data presented here, E1E2 or sE2 can lead to reduced LTR activation
and viral production. One conclusion that can be drawn is that HCV Env has the capacity to
induce HIV-1 latency thus presenting a new biologically relevant hurdle to overcome
regarding co-infection and subsequent treatment. A role for the production of dual Env virus
during co-infection should also be further examined as widening the range of susceptible cell
types to HIV-1 infection may lead to the establishment of novel reservoirs and thereby
further complicating the ambitious aim of viral eradication in treated individuals.

7.3.3

Outside the Cell – The Bystander Effects of Co-infection

In addition to identifying the role of E1E2 or sE2 on the HIV-1 viral lifecycle post infection, it
was sought to identify if E1E2 or E2 could modulate the subsequent infection of a target cell.
When either TZM-bl or Huh7 were transfected with genotype 1 or 6 HCV Env and then
challenged with HIV-1 or HCV infection no difference in the infection of that cell line was
seen. This would suggest that E1E2 and sE2 does not play a role in modulating the signalling
pathways associated with, for example, HIV-1 entry receptor signalling.

7.3.4

Future Direction

Future work regarding the role of E1E2 and E2 on HIV-1 latency should look to determine the
exact pathway through which E2 modulates LTR activity. This should include a
characterisation of the effect on individual E1E2 or E2 genotypes on HIV-1 LTR subtypes with
a focus on how LTR composition may mediate modulation. Additionally, a wider look at the
available epidemiological data regarding HIV-1 re-activation or rebound post HCV clearance
may yield further evidence of how HCV co-infection affects HIV-1 infectivity.
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HCV Genotypic and HIV-1 Subtype Differences in Relation
to LTR Down-modulation
8.1

Introduction

8.1.1

The HIV-1 Long Terminal Repeat (LTR) – Subtype Differences

HIV-1 has in total 3 groups (M - main, O - outlier and N – non-M/O). As M strains are
responsible for the majority of HIV-1 infections (approximately 90%) we focused on the
subtypes encompassed within this group. As such there are currently 9 genetically distinct
subtypes: A, B, C, D, F, G, H, J and K379. There are also a number of circulating recombinant
forms (CRFs). CRFs are described as recombinant viral isolates most likely created when an
individual is infected with more than one HIV-1 subtype and have been isolated in three
epidemiologically unlinked individuals380. Frequent CRFs include AE (also known as subtype
E) and AG subtypes381.
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Figure 8.1.1: Schematic of the HIV-1 LTR U3 region depending on subtype. Subtype differences are
highlighted as the varied number and type of transcription factor binding sites, including ETS1, AP1,
NF-KB, GABP and SP1. The asterisk below each transcription factor binding site indicates their predicted
fit and presence as obtained from the MatInspector program (*** = good, ** = average, * = poor, - =
no prediction). Adapted from referenced source382.

As group M subtype B was the first subtype to be isolated and identified it has since become
a model upon which HIV-1 is characterised383. As such unless specified, the strain of HIV-1
Env studied is subtype B. Each subtype has a different compilation of binding sites and
notable differences are described (and pictured above in Figure 8.1.1): The majority of
subtypes (except C and AE) contain two NF-kB binding sites. Subtype C contains three binding
sites and is observed to have increased promoter activity when stimulated with TNFα (known
NF-kB activator)384. In contrast subtype AE has 1 NF-kB binding site. The upstream site is
replaced with a GABP binding site and this change correlates with faster replication when
compared to LTR subtype B385. This suggests that whilst NF-kB binding sites are highly
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conserved, they alone may not be responsible for promoter efficiency, where rather the
whole composition of TF binding sites may regulate activity. This site change also correlates
with reduced latency and greater basal activity and the same study also showed that the AP1 binding site upstream of the NF-kB sites is required to establish latent infection386. AE also
has a different TBP (TATA binding protein) binding site (TAAAA rather than TATAA) which
reduces the recruitment efficiency of the RNA polymerase II387.

8.1.2

HCV Genotypes – Envelope Specific Differences

As previously described, the HIV-1 LTR acts as the promoter and controls viral transcription.
Subtype differences can be observed in the number and type of transcription factor binding
sites present within the LTR. However, differences are also observed within the HCV
population with at least 6 genotypes (and multiple subtypes) currently identified, although a
seventh is strongly suggested388

389

, with varying global prevalence (genotype 1 being the

most prevalent) and the genotype of the virus affects the effectivity of treatment, sensitivity
of detection and disease outcome390 391. Between genotypes, there is up to 35% difference
within the genome, with most variation seen within the NS5B, core and envelope regions392.

The general structure of the E1E2 envelope heterodimer does not change significantly
between genotypes but when E1 and E2 glycoproteins are combined together from different
genotypes infectivity of the resulting chimeric pseudoparticles is reduced393. This may
indicate that whilst the overall structure remains the same, there are complex proteinprotein interactions which govern the role of the envelope. Interestingly, when identifying
the regions responsible for this modulation, several within E2 protein highlighted.

In terms of receptor binding, CD81 is described as the main receptor required for HCV entry
and is thus required by all genotypes for entry. However, studies have shown that additional
receptors such as SR-B1 may not be utilised as efficiently by all. When SR-B1 expression was
down-modulated on Huh7 cells, HCV pseudoparticle infection was decreased across all
genotypes, however this was most significantly seen for genotypes 1a, 1b, 4 and 6. It was
concluded that different HCV genotypes (and subtypes) may have varied envelope
stoichiometry that affects entry receptor binding394.
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There are also specific sequence variations between genotypes. For example, genotype 1a
E2 contains an additional six amino acid residues and one less glycosylation site than 3a.
When comparing viral phenotypes, it was observed that the genotype 3a E2 glycoprotein
failed to bind CD81, and antibody studies showed that fewer monoclonal antibodies against
genotype 1a bound 3a. Interestingly, none of the antibodies directed against genotype 1a E2
recognised 3a395 suggesting that both E1 and E2 play a role in genotypic phenotypes.

Differences in Env N-linked glycosylation patterns across the variant genotypes has been
observed. Within E1 there are additional sites in all isolates of 1b, 2b and 6 genotypes. The
E2 ectodomain however, contains fewer sites in genotypes 1b, 3 and 6 across residues 476478, as well as varied amino acid changes at the cysteine residues of E2 (genotypes 4 and 3).
This study also found that HVR1 was required for E2 binding to SR-B1 and high-density
lipoprotein mediated entry396 suggesting that genotypic changes in this region can modulate
receptor binding and thus infectivity. Since the cysteine residues (and resulting disulphide
bridges) of E1 and E2 have been demonstrated to be required for proper heterodimer folding
and thus cell entry it is surprising that when individual point mutations were introduced into
several cysteine residues of E2 (genotype 1a), CD81 binding was maintained and only three
disulphide bridges were identified to be ultimately required397. This may indicate that a
certain level of sequence variation may be tolerated before envelope function is lost398.

Previous chapters have shown that the HCV envelope can down-modulate LTR activation,
however here we take a closer look at how individual HCV genotypes can affect the activity
of multiple HIV-1 LTR subtypes.

8.2

Results

8.2.1

E1E2 can Modulate HIV-1 LTR Activation

In order to evaluate the effect HCV envelope E1E2 plays on HIV-1 LTR, a panel of LTR subtypes
were transfected (with Tat protein to activate the LTRs) into two cell lines – TZM-bl, a HeLa
derived cell line and TZM-bl-E1E2, TZM-bl cells stably transfected with the E1E2 glycoprotein.
LTR activity was quantified via luciferase readout (relative light units, RLUs). As Figure 8.2.1
shows there is a generalised downregulation of LTR activity across all LTR subtypes, with
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some significant differences across subtypes. We sought to determine the role of individual
HCV genotypes on different LTR subtype activation.
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Figure 8.2.1: Transfection of LTR-luc plasmids into two cell lines: TZM-bl (red) and TZM-bl-E1E2 (black).
LTR plasmids were activated via Tat protein which was also transfected. Statistical comparison via
Kruskal-Wallis followed by Dunn’s test was drawn between each the activity of each subtype on the
two cell lines. *P 0.05, **P 0.01.

In order to confirm the expression of E1E2 (and similarly, sE2) the stable cells lines were
analysed by FACS to determine protein expression (Figure 8.2.2).
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Figure 8.2.2: FACS analysis of (A) TZM-bl cells, (B) TZM-bl cells as isotype control, (C) TZM-bl-E1E2 and
(D) TZM-bl-sE2 stably expressing cells. The primary antibody used was AP33, a mouse monoclonal and
the secondary was an anti-mouse Goat PE conjugate.

As Figure 8.2.2 shows, there is 4.45% and 4.87% positively expressing E1E2 and E2
(respectively) TZM-bl cells.

8.2.2

HCV E1E2 and SE2 Modulates HIV-1 LTR Activation

As demonstrated above, E1E2 can modulate LTR activity. In order to further investigate this,
we sought to analyse the effect of E1E2 or soluble E2 (sE2) on the HIV-1 LTR. LTRs A, B, WT B
and E were chosen as representative, as HIV-1 subtype B has been used as the characteristic
model for HIV-1 infection. LTR A and E represent LTRs with a range of activity (A: high activity,
E: low activity) in order to determine if the basal activity effects the outcome. Future work
should aim to clarify the effect for all major HIV-1 group M subtypes. To this end different
concentrations of E1E2 (12, 6 and 1ng) from varied genotypes were co-transfected against a
range of LTRs of different HIV-1 subtypes into 293T cells. In addition, Tat protein was also
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transfected with the LTRs to allow LTR activation, which was quantified by luciferase (RLUs).
Plasmid amount was equalised using pcDNA3 in all experiments shown. HIV-1 subtype LTRs
A and B were selected on the basis of high activation when co-transfected with Tat protein
(Figure 8.2.3, denoted by the black bars).
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Figure 8.2.3: The total activation of HIV-1 LTR subtype A, when co-transfected with varied amounts of
E1E2 (A) or SE2 (B) on 293T cells. Each LTR was also transfected alone as a control for overall LTR
activation. Statistical comparison via Kruskal-Wallis followed by Dunn’s test was drawn between each
the activity of the control LTR + Tat and the LTR when transfected with the three concentrations of
E1E2 or sE2. *P 0.05, **P 0.01.
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LTR subtype A, when transfected with E1E2 demonstrates the ability to down-modulate LTR
activation (Figure 8.2.3A). A dose-dependent response can be noted between the 3
concentrations of E1E2 used (12, 6 and 1ng). However, when SE2 is compared to E1E2, SE2
is observed to generate a greater effect on LTR activation particularly at 12 and 6ng (Figure
8.2.3B). Whilst statistical significance in relation to down-modulation of LTR activity is not
observed across all conditions, the same trend is seen indicating a generalised effect of E1E2
or sE2 on LTR activity irrespective of HCV genotype. A wider range of statistically significant
down-modulation is also observed with regards to sE2. This experiment was repeated using
LTR B (Figure 8.2.4, below).
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Figure 8.2.4: The total activation of HIV-1 LTR subtype B, when co-transfected with varied amounts of
E1E2 (A) or SE2 (B) on 293T cells. Each LTR was also transfected alone as a control for overall LTR
activation. Statistical comparison via Kruskal-Wallis followed by Dunn’s test was drawn between each
the activity of the control LTR + Tat and the LTR when transfected with the three concentrations of
E1E2 or sE2. *P 0.05, **P 0.01.

As with LTR A, there is again a generalised down-modulation of LTR activity characterised by
a dose-dependent response to increasing concentrations of E1E2 envelope (Figure 8.2.4A).
This effect is enhanced when sE2 alone is used (Figure 8.2.4B). Whilst more statistically
significant differences may be observed with E1E2, the total difference between LTR
activation profiles with sE2 is greater. For example, there is a 6-fold difference in LTR
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activation between the genotype 4 sE2 profile (12ng and 1ng) in comparison to a 3-fold
difference with genotype 4 E1E2. In addition, with genotype 5 sE2 there is a 7-fold difference
between 12 and 1ng in comparison to the smaller and relatively similar decrease with regards
to genotype 5 E1E2.
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Figure 8.2.5: The effect individual E1E2 or SE2 genotypes on LTR A activation on 293T cells. The red
lines indicate LTR activation in the presence of SE2 and the black lines the effect of E1E2. E1E2 genotype
3 is not depicted as no corresponding SE2 was available.
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When the individual effects of either E1E2 or SE2 on LTR A activation (Figure 8.2.5) are
investigated, it can be seen that genotype 6 E1E2 and SE2 have a similar capacity to downmodulate LTR activation when compared against other genotypes, thus indicating that
genotype 6 E1E2 behaves most similarly to SE2 alone.
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Figure 8.2.6: The effect individual E1E2 or SE2 genotypes on LTR B activation on 293T cells. The red
lines indicate LTR activation in the presence of SE2 and the black lines the effect of E1E2. E1E2 genotype
3 is not depicted as no corresponding SE2 was available.
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As with Figure 8.2.5, Figure 8.2.6 demonstrates the similarity between genotype 6 SE2 and
E1E2. However, against LTR B genotype 1b and 2b also indicate a comparable downmodulation. This would suggest that the effect of either E1E2 or SE2 on LTR activity can
depend on the subtype of HIV-1, possibly due to the variances in LTR composition between
subtypes.
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Figure 8.2.7: The total activation of HIV-1 LTR subtype E, when co-transfected with varied amounts of
E1E2 (A) or SE2 (B) on 293T cells. Each LTR was also transfected alone as a control for overall LTR
activation. Statistical comparison via Kruskal-Wallis followed by Dunn’s test was drawn between each
the activity of the control LTR + Tat and the LTR when transfected with the three concentrations of
E1E2 or sE2. *P 0.05, **P 0.01.

To further investigate the effect of E1E2 and SE2 on LTR activation, LTRs E and the LTR of a
wild-type (WT) strain were used (Figure 8.2.7 and Figure 8.2.8). LTR E was selected for having
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a substantially lower activation profile than LTRs A or B and the WT LTR was used as it
represented a clinical isolate (also subtype B). The down-modulation of LTR activity is not
moderated when the activation of the LTR is lower, as with LTR E (Figure 8.2.7) and as
observed with LTRs A and B there is a dose dependent response between LTR activity and
E1E2/sE2. As with LTR B, genotype 5 sE2 has a greater effect than the corresponding E1E2.
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Figure 8.2.8: The total activation of HIV-1 WT LTR subtype B, when co-transfected with varied amounts
of E1E2 (A) or SE2 (B) on 293T cells. Each LTR was also transfected alone as a control for overall LTR
activation. Statistical comparison via Kruskal-Wallis followed by Dunn’s test was drawn between each
the activity of the control LTR + Tat and the LTR when transfected with the three concentrations of
E1E2 or sE2. *P 0.05, **P 0.01.
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There are some differences in profile (though the total trends remain the same) between
LTR B and WT LTR indicating that there may be some strain specific differences, however this
may be due to WT LTR having a slightly greater activation profile in comparison.
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Figure 8.2.9: The effect individual E1E2 or SE2 genotypes on WT LTR activation on 293T cells. The red
lines indicate LTR activation in the presence of SE2 and the black lines the effect of E1E2. E1E2 genotype
3 is not depicted as no corresponding SE2 was available.

As expected, the WT LTR produced a similar response pattern to the LTR B (Figure 8.2.9),
though the LTR itself should be noted to have a higher basal level of activation (Figure 8.2.7).
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Figure 8.2.10: The effect individual E1E2 or SE2 genotypes on LTR E activation on 293T cells. The red
lines indicate LTR activation in the presence of SE2 and the black lines the effect of E1E2. E1E2 genotype
3 is not depicted as no corresponding SE2 was available.

When comparing the effect of E1E2 against SE2 on LTR E (Figure 8.2.10) all but genotype 5
produce a comparable effect on LTR activation. This may indicate that only E1E2 is required
to overcome LTR activation when activation is below a certain threshold. SE2 alone may
generate a more effective response thus produce a larger effect when LTR activation is
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higher. It should be noted that LTR E contains only one NF-kB binding site as opposed to the
two found in subtypes A and B.

8.3

Discussion

8.3.1

The Epidemiology of Co-infection

The prevalence of HCV genotypes and HIV-1 subtypes differs globally, with regional
differences and diversity depending on type. As observed below HCV genotype 1 (Figure
8.3.1) and HIV-1 subtype C (Figure 8.3.2), are typically the most prevalent.

Figure 8.3.1: Relative prevalence of HCV genotype in each region (regions as defined by global burden
of disease project). Map taken from Messina, J. P., et al (2014) 399. Pie charts represent the proportion
of seroprevalent cases, estimated by Hanafish, M. K., et al (2013)400.
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Figure 8.3.2: The global prevalence of HIV-1 subtypes. Pie chart size represents number of HIV+ people
per region. Map taken from Hemelaar, J., et al (2012) 401.

The current understanding of HIV-1/HCV co-infection and how individual genotypes and
subtypes may affect disease progression is limited. Local studies focusing on cohorts of
individual cities or areas of development highlight the fragmented nature of this research. In
the previous chapter it has been described how E1E2 (and specifically E2) can modulate LTR
activity. However, the data presented here suggests that the genotype of HCV infection can
also affect the activation of individual HIV-1 subtype LTRs.

When looking at the data presented here as a whole and counting the down-modulations
when greater than 5-fold when compared to the control LTR activation, there are distinct
patterns. Consistently, E2 alone has a greater effect on LTR down-modulation when
compared to E1E2. As discussed previously, E2 has been noted to be able to modulate the
NF-kB pathway via common intermediary signalling proteins such as eIF2402, therefore a
cross-genotypic response may not be surprising. However, individually, there are distinct
effects depending on genotype and subtype. LTR A and B (Figure 8.2.3 and Figure 8.2.4)
shows that when comparing E1E2 genotypes, genotype 6 has the greatest effect. This was
observed with LTRs WT B and E as well suggesting a specific role. When comparing the effect
of E1E2 to E2 directly, the pattern of down-modulation of genotype 6 is closely mirrored, as
observed in Figure 8.2.5 and Figure 8.2.10. Genotypes 1b, 2b, 4, 5 and 6 are also significant
modulators of LTR A and B activity. When using WT LTR B (Figure 8.2.7), genotype 5 E1E2
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also shows an increased reduction in LTR activity, not present with the first LTR B construct.
This may indicate that in addition to subtype differences, there are strain specific responses
which effect LTR activity during co-infection. This can also be observed in the E2 responses,
where genotype 1a is almost abrogates LTR activity completely at 12ng and genotypes 2b
and 5 are also significant modulators. LTR E (Figure 8.2.7) was also chosen as it represented
a less activated LTR construct, in comparison to LTRs A and B. Similarly, to WT LTR B, E2
genotypes 2b and 5, as well as 1b showed a high capacity to down-modulate LTR activity.
The results described above relate to the down-modulation of LTR activity when 12ng of
E1E2 or E2 is used. This demonstrates a dose-dependent response to HCV envelope
glycoprotein.

With regards to the results presented here and the current epidemiology of both HIV-1 and
HCV, it is relevant to determine how the down-modulation of the HIV-1 LTR via the HCV Env
relates to the current prevalence of co-infection. An E1E2/E2 dependent affect would be of
specific relevance where there are particularly high levels of HCV infection, for example – in
Egypt where approximately 15% of the population is estimated to be infected with HCV
(principally genotype 4 - ~94% of cases)403 and the predominant HIV-1 subtype is B404 405. In
addition, it is important to determine how an increasing HIV-1 prevalence – such as subtype
A in Russia406

407

– is affected by the most common HCV genotypes with regards to co-

infection disease progression (genotype 1b and 3 – 52.8% and 36.3% respectively of the
estimated HCV genotypic prevalence in Russia in 2015408).

The results presented in this chapter show that genotype 4 HCV E1E2 had a moderate downmodulatory effect on both the WT clinical isolate and the lab adapted subtype B LTRs (Figure
8.2.8 and Figure 8.2.4). This was similar to the effect of genotype 1b and 3 on LTR subtype A
(Figure 8.2.3). With both genotypes 1b and 4 the effect was enhanced with E2 alone.
Unfortunately, no E2 genotype 3 was available for comparison at this time. Of note, the
higher concentration of E1E2 genotype 1b (12ng) had a greater affect on LTR A in comparison
to 1a. This may indicate that there are specific intra-genotypic affects depending on the LTR
subtype. Where one or more genotype 1 strain is prevalent in a community it may be
important to further determine the specific modulatory effects of genotype 1a and 1b E1E2
and E2.
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In the wider context of LTR down-modulation and the role HCV E2 plays as a transcriptional
regulator, it can be hypothesised that individual HCV genotypes may act to induce latency of
specific HIV-1 subtypes at unique rates. The effect of this may be that HCV co-infection can
lead to a faster progression to latency or that clearance of HCV may result in a rebound of
HIV-1 infectivity.

Prior research409

410 411

has identified how individual HCV genotypes may affect the

progression of HIV-1 disease. As HCV genotype 1 is most prevalent, much research has gone
into identifying genotype specific effects with an emphasis on immune related discordance.
A prior study involving a cohort of haemophilic individuals showed that infection with
genotype 1 HCV during coinfection with HIV-1 was an indicator for a faster progression to
AIDs and that this effect was independent of other determinants such as CD4+ count changes
over time412. This was further explored by a more recent study in which it was shown that
genotype 1 does contribute to a greater progression towards AIDs related mortality (rather
than clinical AIDs)413. Interestingly, the genotype 1 cohort of this study had significantly lower
CD4+ T-cells than the non-genotype 1 cohort seemingly in contrast to the initial study.
However, when taken together, this may suggest that during co-infection individuals with
genotype 1 HCV have a quicker progression to CD4+ T-cell depletion and that this does not
change significantly over disease progression. This is supported by evidence that individuals
with genotype 1 HCV typically display more pathology414. Increased CD4+ depletion may be
as a result of a greater circulating HIV-1 viral load415, potentially as a result of decreased
latency resulting from a less effective inhibitory E1E2 or E2. However, it should be noted that
studies relating HCV genotype to HIV-1 disease progression are often limited by the number
of participants as well as follow up rigor. Additionally, other studies have shown no effect on
HCV genotype on HIV-1 disease progression416 417. Future work should aim to clarify how HIV1 viral loads are affected by HCV genotype.
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EBOV Envelope Trans-complementation Modulates HIV-1
Phenotype
9.1

Introduction

9.1.1

EBOV and HIV-1

Virus envelope (Env) trans-complementation is a relatively unexplored area of research;
however, the aim in this chapter was to shed further light on how this mechanism could
potentially affect viral phenotypes affecting virus infection and/or replication. It was shown
that complementing the HCV E1E2 Env protein onto HIV-1 virions (via the pseudo-typed virus
system) leads to altered infectivity profiles (Chapter 3). Here the aim was to identify whether
trans-complementation with an Ebola virus (EBOV) Env protein can modulate HIV-1 infection
or virus phenotype.

EBOV and HIV-1 share multiple sites of replication including immature dendritic cells (iDCs)
and macrophages418 419. Importantly these serve as potential sites where both viruses may
interact with each other and with regards to the working hypothesis, the EBOV Env protein
may be trans-complemented onto HIV-1 virions. In addition, this serves to circumvent the
controversy surrounding the issue of whether an HCV and HIV-1 Env trans-complemented
virion could infect the same cell. Here the aim was to build upon the previous results with
HIV-1/HCV Env trans-complementation through studying EBOV which possesses a largely
varied cell tropism and which maintains relevance with regards to the prevalence within HIV1 infected communities.

9.1.2

The Biological Relevance of EBOV Trans-complementation

The 2013 West African EBOV outbreak was focused in three countries: Guinea, Sierra Leone
and Liberia, and led to over 28,000 infections and 11,000 deaths420. Recent reports have
observed that survivors who no longer possessed detectable viral loads (and were thus
deemed negative for infection) suffered viral re-emergence in which viral RNA was detected
in immunologically protected sites such as ocular fluid421, breast milk422 and semen423 and a
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percentage of these survivors went on to re-transmit EBOV. Interestingly, some of these
transmission events were via sexual activity thus also providing an additional route by which
EBOV and HIV-1 may interact.

There are documented Ebola cases every few years, with a current on-going outbreak within
the Democratic Republic of Congo (DRC)424. EBOV infections are typically located across West
and Central Africa, with sporadic cases of laboratory acquired infections reported elsewhere:
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Figure 9.1.1: Documented EBOV Virus Outbreaks in Africa by Species and Size, Since 1976. Taken from
CDC425.

Recent studies have also identified that the EBOV outbreak in these countries contributed to
a decline in the infrastructure and access to healthcare facilities. This effect includes the
deaths of healthcare workers and the closure of clinics leading to an estimated 50%
reduction in available care. Based on CD4 counts and recommended treatment guidelines it
was estimated that across Guinea, Liberia and Sierra Leone approximately an additional
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5,000, 1,100 and 2,600 individuals, respectively died due to a lack of ART access 426. As the
healthcare foundation is still being rebuilt in these regions it should be noted that any
additional effects from EBOV re-emergence or HIV-1/EBOV co-infection may be exacerbated.

As previously shown, Env trans-complementation between HIV-1/HCV can lead to a
modulation of viral phenotypes. Below, the effects of HIV-1 and EBOV GP Env transcomplementation on viral phenotype are described and the consequences for co-infected
individuals with implications on future EBOV outbreaks discussed.

9.2

Results

9.2.1

Dual Env Virus Production

Previously, it has been shown that dual Env virus particles carrying a combination of HCV and
HIV-1 Env glycoproteins can be generated and that this process of trans-complementation
can affect the normal viral infectivity of HIV-1 viral particles. It was sought to further examine
this system using an additional viral Env, namely EBOV GP. As previously performed in order
to determine the production of dual Env virus a V5 tag was ligated onto the HIV-1 Env protein
and co-transfected with the EBOV GP Env expressing plasmid. The EBOV Env utilised was
derived from the 2013 West African outbreak. The resulting co-transfected virus was
subsequently used to infect Huh7 and TZM-bl cell lines.
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Figure 9.2.1: Infection of either TZM-bl (A) or Huh7 (B) cells with single or dual enveloped JRFL-V5 +
EBOV virus. JRFL used was ligated with a V5 tag used for FACS analysis (red or green dots). Luciferase
readout also quantified using the luciferase backbone (red or green bars, RLUs).

Detection of the V5 tag via FACS on TZM-bl cells demonstrates that the HIV-1 JRFL Env
remains infectious (Figure 9.2.1A) and additionally it is observed when the HIV-1 Env is cotransfected in combination with the EBOV Env at an equal ratio. Importantly, the V5 tag can
also be detected when co-transfected virus is used to infect Huh7 cells (Figure 9.2.1B). Since
Huh7 cells are susceptible to EBOV infection and not HIV-1, this demonstrates that dual Env
virus particles are being produced, as the V5 tag is restricted to the HIV-1 Env protein.
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Interestingly, on the TZM-bl cells it was also observed an increase in infectivity of the
resulting co-transfected virus compared to either single Env viruses alone. This effect was
also seen on the Huh7 cells which would suggest that the production of dual Env virus has
widened the potential reservoir for the HIV-1 viral particle onto a normally non-susceptible
cell line whilst also increasing the infectivity of the virus. It was therefore sought to
investigate the role of HIV-1/EBOV Env trans-complementation on viral infectivity in greater
detail.

9.3

The Trans-complementation of EBOV Env Modulates
HIV-1 Infectivity

In order to determine the effect of Env trans-complementation of co-infection between
EBOV and HIV-1, EBOV GP Env was tested in limiting dilution co-transfected with either JRFL
(HIV-1 R5) or LAI (HIV-1 X4) gp140 Env protein and infected TZM-bl and Huh7 cells. The
infection was standardised via p24 quantification, however unlike virus co-transfected with
E1E2 in previous chapters there was no significant modulation of p24 value.
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Figure 9.3.1: Infection of TZM-bl (A) or Huh7 (B) cells with co-transfected EBOV/JRFL virus. Triangles
indicate an increase in EBOV plasmid. 10ng of virus was used for each infection. Kruskal-Wallis
followed by Dunn’s test was used to analyse significance. Statistical comparison was drawn between
the control JRFL alone against EBOV or dual Env virus onto TZM-bl (** P 0.01). Onto Huh7 statistical
comparison was drawn between the three individual EBOV Env viruses and the corresponding dual Env
virus. Onto Huh7 no significant difference was observed.

As seen in Figure 9.3.1A, a substantial increase in the infectivity of the HIV-1 R5 virus was
observed on TZM-bl cells when co-expressed with EBOV GP Env protein in a dose dependent
manner. The generated virus was found to be more infectious than when compared with the
corresponding single Env JRFL and EBOV generated viruses. When comparing to Huh7 cells
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(Figure 9.3.1B), this effect was reduced, however, at the maximum concentrations of EBOV
GP Env expressing plasmid (900ng) there was an approximate 2-fold increase in the
infectivity of the HIV-1 viral particle. Since this is onto an HIV-1 non-susceptible Huh7 cells, it
can be assumed that the infection is driven by the EBOV GP Env protein however it indicates
that trans-complementation can lead to a broadening of the HIV-1 reservoir.
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Figure 9.3.2: Infection of TZM-bl (A) or Huh7 (B) cells with co-transfected EBOV/LAI virus. Triangles
indicate an increase in EBOV plasmid. 10ng of virus was used for each infection. Kruskal-Wallis
followed by Dunn’s test was used to analyse significance. Statistical comparison was drawn between
the control LAI alone against EBOV or dual enveloped virus onto TZM-bl (** P 0.01). Onto Huh7
statistical comparison was drawn between the three individual EBOV Env viruses and the
corresponding dual Env virus. Onto Huh7 no significant difference was observed.
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In contrast to the infection between JRFL/EBOV, the presence of EBOV GP Env along with LAI
(Figure 9.3.2A) demonstrates a dose dependent decrease in infectivity of virus onto the TZMbl cell line. Additionally, there is no increase in infectivity of Huh7 cells (Figure 9.3.2B) as
previously observed (Figure 9.3.1B). This suggests that trans-complementation of virus
particles with EBOV GP Env protein can modulate specific Env dependent interactions to
govern virus infectivity. Of note, unlike co-transfections between HIV-1 and HCV in Chapter
5, there was no reduction in p24 production observed, again highlighting the HCV specificity
to reduced viral production through modulating LTR activity.

9.4

Trans-complementation of EBOV GP Env Modulates
HIV-1 DC-SIGN Mediated Capture and Transfer

As previously described, an important mechanism of HIV-1 disease progression involves the
capture and transfer of the virus by DC-SIGN to lymphocytes. In regards to EBOV infection,
DC-SIGN binding has been implicated in supporting infection to lymphocytes and HeLa
derived cell lines427 428. In order to determine how EBOV GP Env trans-complementation may
affect this, Raji-DC-SIGN cells were used to capture and transfer either single or dual Env
virus to either TZM-bl or Huh7 cells. Since EBOV has an extremely wide cellular tropism and
is potentially capable of infecting Raji-DC-SIGN cells, the experimental stage where the virus
is incubated with Raji-DC-SIGN cells prior to infection of the target cell line was undertaken
at 4oC to prevent infection but not capture. To confirm this prevented Raji-DC-SIGN infection,
Raji-DC-SIGN cells were incubated alone for 48 hours at 37oC/5% CO2 post viral capture at
either 4oC, 25oC or 37oC before being monitored for infection via monitoring luciferase
activity. Viral binding at 4oC inhibited infection of the Raji-DC-SIGN cell line in comparison to
25 or 37oC (data not shown).
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Figure 9.4.1: The capture-transfer via Raji DC-SIGN cells and trans-infection of co-transfected
EBOV/JRFL virus onto TZM-bl (A) or Huh7 (B) cells. Triangles indicate an increase in EBOV plasmid.
10ng of virus was used for each infection. Kruskal-Wallis followed by Dunn’s test was used to analyse
significance. Statistical comparison was drawn between the control JRFL alone against EBOV or dual
enveloped virus onto TZM-bl (** P 0.01). Onto Huh7 statistical comparison was drawn between the
three individual EBOV Env viruses and the corresponding dual Env virus. Onto Huh7 no significant
difference was observed

When comparing the capture-transfer of JRFL (CCR5 HIV-1) Env to dual Env JRFL/EBOV virus,
it can be seen that the presence of the EBOV GP Env abolishes the normal phenotype of the
HIV-1 Env (Figure 9.4.1A). The resulting levels of capture-transfer are negligible and lower
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than that of the EBOV GP Env alone at the two higher concentrations (90 and 900ng). Of
note, the capacity of the EBOV GP Env to undergo capture-transfer is not modulated by the
quantity of EBOV Env present. On Huh7 cells, the capture-transfer of dual Env virus is similar
to that of the single EBOV GP Env virus (Figure 9.4.1B).
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Figure 9.4.2: The capture-transfer via Raji DC-SIGN cells and trans-infection of co-transfected EBOV/LAI
virus onto TZM-bl (A) or Huh7 (B) cells. Triangles indicate an increase in EBOV plasmid. 10ng of virus
was used for each infection. Kruskal-Wallis followed by Dunn’s test was used to analyse significance.
Statistical comparison was drawn between the control LAI alone against EBOV or dual enveloped virus
onto TZM-bl (P<0.05). Onto Huh7 statistical comparison was drawn between the three individual EBOV
Env viruses and the corresponding dual Env virus. Onto Huh7 no significant difference was observed.
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The phenotype of the dual Env LAI/EBOV virus is similar to that of the infectivity alone (Figure
9.3.2), with a significant decrease in capture-transfer correlating to the concentration of
EBOV Env. Onto Huh7 cells there is a similar pattern as with the EBOV alone and JRFL/EBOV
virus.

9.5

Trans-complementation of EBOV Env Modulates the
Viral Neutralisation Phenotype

Since there were varying effects observed on viral infectivity with Env transcomplementation, it was investigated further how this may affect the neutralisation capacity
of a tri-epitope anti-HIV-1 antibody mix or with convalescent plasma from an EBOV survivor
who had previously demonstrated a high level of viral neutralisation (CP, Donor 75).

Virus was neutralised with either the tri HIV-1 antibody or CP. As before, the EBOV GP Env
virus was used in limiting dilution. The virus was then infected onto either TZM-bl or Huh7
cells. HIV-1 virus alone is not shown in Huh7 cells since Huh7 cells are not susceptible to HIV1 infection (data not shown).
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Figure 9.5.1: Neutralisation of either single enveloped LAI or dual enveloped LAI/EBOV virus with EBOV
survivor convalescent plasma (Donor 75) where EBOV GP is used in 3 concentrations (9, 90 and 900ng).
A, C and E: Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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Different neutralisation profiles with regards to EBOV CP between the single LAI or EBOV GP
Env viruses and LAI/EBOV were observed (Figure 9.5.1). As expected, LAI is not neutralised
by the EBOV CP, however, the single EBOV Env virus was neutralised on both tested cell lines.
On TZM-bl cells, the dual Env virus was much less neutralised than the single EBOV GP Env
virus (Figure 9.5.1A, C and E). This may be due to the presence of the LAI Env sterically
inhibiting antibody binding. Of note, on TZM-bl cells the 90ng EBOV/LAI virus became more
infectious in the presence of CP (Figure 9.5.1C).

The EBOV/LAI dual Env virus using EBOV GP Env at 90 and 9ng is more neutralised than the
single EBOV GP virus on Huh7 cells (Figure 9.5.1D and F). When using the higher 900ng
concentrations the phenotype is reversed indicating that the level of EBOV GP Env
incorporated onto the viral particle can affect the outcome and that there could be some
Env configurations which support greater antibody binding (Figure 9.5.1B).

Next, the neutralisation phenotype of JRFL/EBOV virus was monitored with regards to CP. As
expected, the single HIV-1 Env virus (JRFL) was not neutralised by CP (Figure 9.5.2).
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Figure 9.5.2: Neutralisation of either single enveloped JRFL or dual enveloped JRFL/EBOV virus with
EBOV survivor convalescent plasma (Donor 75) where EBOV GP is used in 3 concentrations (9, 90 and
900ng). A, C and E: Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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In comparison to the profile observed with EBOV/LAI there is little difference in
neutralisation between the single EBOV GP Env virus and the dual Env virus, particularly at
90 and 9ng (Figure 9.5.2C and E). At 900ng some differences were observed with the dual
Env virus being less neutralized (Figure 9.5.2A), similar to the profile observed in Figure 9.5.1.
With regards to infection of Huh7 cells the dual Env virus was found to be less neutralised at
900ng (Figure 9.5.2B). At 90ng the virus was shown to be more neutralized and at 9ng (Figure
9.5.2D and F, respectively), the effect is similar until more CP is used and the dual Env virus
is again shown to be neutralized more efficiently.

9.6

The Trans-complementation of EBOV Env Modulates
the Viral Neutralisation Phenotype (Anti-HIV-1
Antibody)

As dual Env virus showed a modulation of neutralisation phenotype against the EBOV
survivor serum (CP), the virus population was neutralised (as described above) with a triepitope anti-HIV-1 antibody.
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Figure 9.6.1: Neutralisation of either single enveloped LAI or dual enveloped LAI/EBOV virus with a triepitope anti-HIV-1 antibody where EBOV GP is used in 3 concentrations (9, 90 and 900ng). A, C and E:
Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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In contrast when testing CP, the anti-HIV-1 mixed antibody efficiently neutralises the single
HIV-1 LAI Env virus. On TZM-bl cells the dual Env LAI/EBOV virus shows a similar profile to
LAI alone at 9 and 900ng (Figure 9.6.1E and A, respectively), suggesting efficient binding of
the anti-HIV-1 antibody. This could be due to the EBOV Env stabilising the binding epitope of
gp120 or another as yet unknown mechanism. 90ng LAI/EBOV virus has a similar profile to
EBOV GP Env alone indicating an inhibition of antibody binding to gp120 (Figure 9.5.2A).
These phenotypes can also be observed with Huh7 cells, with 90ng only becoming
neutralised when saturated with antibody (10µg/ml) (Figure 9.6.1D).
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Figure 9.6.2: Neutralisation of either single enveloped JRFL or dual enveloped JRFL/EBOV virus with a
tri-epitope anti-HIV-1 antibody where EBOV GP is used in 3 concentrations (9, 90 and 900ng). A, C and
E: Virus was infected onto TZM-bl cells. B, D and F: Virus was infected onto Huh7 cells.
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In regards to infection profiles with dual Env JRFL/EBOV virus, there is little difference in the
effect of neutralisation on Huh7 cells indicating that the EBOV GP Env can drive infection
whilst the HIV-1 Env is bound by antibody (Figure 9.6.2B, D and F). The infection of TZM-bl
cells is different, where in contrast to the profile of LAI/EBOV virus at 9 and 900ng (Figure
9.6.1E and A) there is a marked difference in infection between HIV-1 alone (JRFL) and the
dual Env virus. Here it can be observed that at 900ng (Figure 9.6.2A) the profile is similar to
that of the single Env EBOV. At 90 and 9ng (Figure 9.6.2C and E, respectively), there is greater
neutralisation by the anti-HIV-1 antibody however this is less than JRFL alone. In total, this
suggests that the presence of a secondary Env protein on a single viral particle can modulate
the neutralisation phenotype.

9.7

An Examination of How the Fusogenic Nature of the
HIV-1 Env Effects the Viral Phenotype Post Transcomplementation

In order to determine how Env trans-complementation with EBOV can affect the HIV-1
phenotype a panel of CCR5 Env proteins with varying fusogenic properties were used. Since
the modulation of phenotype relates to infectivity, these Env proteins were chosen as the
fusogenic properties may provide evidence as to how EBOV affects receptor binding. The
properties of these Env proteins have been described previously429

430 431

, with a brief

description provided below:

Name

Subtype

Other Notes

NAB 01

B

Derived from patient in chronic infection

NAB 01 PA

B

Described below

CD4 low C21

B

Described below

CD4 low C21 rev

B

Described below

CD4 low C24

B

Described below

CD4 low C24 rev

B

Described below

DH123

B

Chronic isolate with dual co-receptor usage
(CXCR4/CCR5)

BG505

A

Transmitter/founder isolate

PV04

B

Acute isolate, un-sensitive to 2F5 neutralisation
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JR-CSF

B

Patient matched to JRFL

LN8

B

Non-macrophage tropic

B59

Patient

Macrophage tropic

matched
LN40

B

Non-macrophage tropic

B33

Patient

Macrophage tropic

matched
C98-27

B

Non-macrophage tropic

C98-15

Patient

Macrophage tropic

matched
Table 9.7.1: The properties of each fusogenic Env used in the following experiments. Data adapted
from Trkola, A. (2017, 2015) and Mascola, J. R. (2010). Env’s highlighted in red displayed an increase
in infectivity onto TZM-bl when EBOV Env was present. This is described below.

The process by which the NAB 01 series of viruses were produced is briefly described: NAB
01 PA is a PBMC adapted clone of NAB 01, a primary isolate generated from a patient in
chronic disease. NAB 01 PA was further cultured on PBMCs in the presence of limiting
dilutions of the CD4 inhibitor DARPin 57.2 (which inhibits gp120-CD4 binding) to select CD4
low C21, which differs from the CD4 low C24 virus at several positions within the Env. CD4
low C21 rev was derived from culturing CD4 low C21 virus independently of DARPin 57.2 on
PBMCs for 8 weeks (reversion culturing). CD4 low C24 and CD4 low C24 rev were produced
similarly, however, CD4 low C21 represents the variant which dominated in culture432.

The panel of fusogenic HIV-1 R5 Env proteins were co-transfected separately along with the
EBOV GP Env in order to determine effects of Env trans-complementation on virus
phenotypes. As shown in the Appendix, a large number of the Env viruses showed no
enhancement of infection in comparison to JRFL (Figure 9.3.1), however these are included
in the Appendix for reference. It was chosen to focus on those Env proteins that showed
infection enhancement in the presence of EBOV GP Env since these pose the greater risk of
increased viral spread or transmission. These included C98-27, B33, NAB 01 PA and JR-CSF.
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Figure 9.7.1: Fusogenic R5 Env’s co-transfected with EBOV env, infected onto TZM-bl or Huh7 cells.
Black triangles indicate an increase in EBOV Env. JRCSF (A and B), NAB01PA (C and D). Kruskal-Wallis
followed by Dunn’s test was used to analyse significance. Statistical comparison was drawn between
the control JRFL alone against EBOV or dual enveloped virus onto TZM-bl (P<0.05). Onto Huh7
statistical comparison was drawn between the three individual EBOV Env viruses and the
corresponding dual Env virus.

It can be seen in Figure 11 that JRCSF and NAB01PA follow the same trend as JRFL (Figure
9.3.1) onto TZM-bl wherein a greater amount of EBOV Env synergistically increases the
infectivity of the HIV-1 virus (not statistically significant, but an approximate 4-fold
difference). Interestingly, there is a statistically significant decrease of infectivity generated
in Figure 9.7.1A where JRCSF and a low amount of EBOV Env instead reduces the infectivity
below that of the single Env HIV-1 virus. This may indicate that some degree of hinderance
may also be possible, depending on the amount of secondary Env that is incorporated into
the resulting virion. Onto Huh7 cells (Figure 9.7.1B) there is no substantial difference
between the infectivity of dual or single Env EBOV virus. NAB01PA follows a similar trend to
JRCSF, however there is only a 2-fold difference between the single Env HIV-1 virus and the
corresponding dual Env HIV/EBOV virus (Figure 9.7.1C). However, in contrast to JRFL and
JRCSF the presence of EBOV Env abrogates the infectivity of the dual Env virus onto Huh7
cells (Figure 9.7.1D). This indicates that the HIV-1 Env may shield the EBOV glycoprotein from
binding entry receptors present on the Huh7 cell line, and that if this is so it suggests that the
EBOV Env is not responsible for the infection onto TZM-bl cells but in some way may support
HIV-1 gp120 or CCR5 dependent binding to TZM-bl cells.
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Figure 9.7.2: Selection of fusogenic R5 Env’s co-transfected with EBOV env, infected onto TZM-bl or
Huh7 cells. Black triangles indicate an increase in EBOV Env. C98-27 (A and B), B33 (C and D). KruskalWallis followed by Dunn’s test was used to analyse significance. Statistical comparison was drawn
between the control JRFL alone against EBOV or dual enveloped virus onto TZM-bl (P<0.05). Onto Huh7
statistical comparison was drawn between the three individual EBOV Env viruses and the
corresponding dual Env virus.

In contrast to JRFL (Figure 9.3.1), NAB 01 PA and JRCSF (Figure 9.7.1) the Env’s C98-27 and
B33 (Figure 9.7.2) both demonstrated an increase in infectivity on TZM-bl cells when a lower
amount of EBOV Env is used (Figure 9.7.2A and C). This is statistically significant with regards
to C98-27 and B33 demonstrates a 10-fold increase additionally. As with the neutralisation
profiles above, this suggests that a greater amount of EBOV Env does not necessarily
correlate to a modulation of phenotype and that any effect may be dependent on the
individual reactions between Env’s.

With all four Env’s, the infectivity onto TZM-bl is greater than both the single Env viruses
alone. Onto Huh7 cells, EBOV driven infection is maintained in the presence of JRCSF (Figure
9.7.1B), as it is with JRFL (and LAI, Figure 9.3.1B and Figure 9.3.2B), however the remaining
three HIV-1 Env’s appear to inhibit EBOV entry (Figure 9.7.1D and Figure 9.7.2B and D – some
statistical differences can be observed). As described in Table 9.7.1, there are few shared
similarities in the characteristics of these Env’s outside of subtype (B).

In order to determine how viral entry of these viruses may be affected by antibody
neutralisation, C98-27, B33 and NAB 01 PA were selected for further analysis and neutralised
with a combination of three HIV-1 neutralisation antibodies (2G12, b12 and 2F5) before
being infected on TZM-bl cells (10µg/ml total) (Figure 9.7.3).
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Figure 9.7.3: The antibody neutralisation profile of dual enveloped fusogenic HIV-1/EBOV virus as
compared to standard infectivity onto TZM-bl cells. A: C98-27, B: B33, C: NAB 01 PA. A triple epitope
anti-HIV-1 antibody was used at 10µg/ml. Black triangles indicate an increase in EBOV env.

When the combined anti-HIV-1 antibodies are used the synergistic increase in infectivity is
abrogated (Figure 15). This occurs whether the effect is generated with a lower (Figure 9.7.3A
and B: C98-27 and B33) or higher (Figure 9.7.3C: NAB 01 PA) EBOV Env concentration. EBOV
GP Env viral entry is not affected by the presence of antibodies, indicating that the entry into
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TZM-bl cells is driven by the HIV-1 Env whilst the EBOV Env acts to facilitate entry more
efficiently than when a single Env is present, by an as yet unknown mechanism.

9.8

Discussion

In the previous results chapter (Chapter 6) a role for HCV E1E2 in Env trans-complementation
was shown to have an effect on the infectivity of HIV-1. Here, it was investigated further how
this phenomenon may affect other co-infections, highlighting HIV-1 and EBOV co-infection
due to the well documented shared cell types of replication (immature dendritic cells and
macrophages).

9.8.1

Mechanisms for Env Trans-Complementation

Whilst co-infection between HIV-1 and EBOV may be limited due to low numbers of EBOV
virus survivors, the 2013 outbreak has resulted in a survivor population where incidents of
viral recurrence has been documented, even months after infection clearance. With regards
to potential mechanisms of Env trans-complementation it has been observed that in a similar
fashion to HIV-1, the EBOV virus buds from the host cell membrane after the nucleocapsid is
enveloped by a membrane containing the Env glycoprotein and matrix protein VP40433. The
expression of EBOV GP Env glycoprotein and VP40 on the plasma membrane of a host cell434
435

provides an opportunity for incorporation into a HIV-1 virion. Taken together with the

biological compartments where both viruses have been shown to replicate, this presents a
biological opportunity for the two viruses to interact and for Env trans-complementation to
potentially occur.

The hypothesis of Env incorporation is complicated by a previous study that co-transfected
HIV-1 Env and EBOV Env (Zaire) glycoprotein to produce pseudo-typed viral particles436.
Notably, both Env’s could not be identified to have been present on a single viral particle.
This was hypothesised to be due to distinct populations of homogeneous lipid raft-associated
Env spikes being produced on the membrane of the cell, which did not co-localise together
due to the charged residues of each Env. It was suggested that this would have led to the
congregation of a single type of Env distinct from the other and that during the Envelopment
and budding process of viral exit only one type of Env would therefore be present on the
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virus. Nevertheless, the results presented in this thesis support the hypothesis that a viral
particle can be produced on which both Env proteins are present. Differences in
experimental methodology may account for this discrepancy. Importantly, no previous
studies have looked at the potential effect of trans-complementation on modulating viral
infectivity.

The results presented in this chapter have demonstrated that in the context of EBOV/HIV-1
co-infection, infection with CCR5 tropic HIV-1 can lead to a substantial increase in viral
infectivity and a widening of the normal susceptible reservoirs (Figure 9.3.1 and Figure 9.7.2).
This is in contrast to the decrease in infectivity that was observed when EBOV was combined
with CXCR4 (LAI, Figure 9.3.2) and showed a similar profile to that of dual Env HIV-1
CXCR4/HCV E1E2. Whilst only one X4 Env was used, it does suggest that there are differences
between coreceptor tropisms. However, these effects are also shown to be Env and strain
specific as not all R5 Env proteins showed enhancement. In regards to this, it should not be
discounted that other X4 Env’s may show enhancement or reservoir expansion. The
synergistic increase in infection seen between some HIV-1 Env’s and EBOV is a cause for
concern since an increase in infectivity may lead to an increase in viral transmission or an
increased expansion of the viral reservoir. In communities still recovering from the 2013
EBOV outbreak, this may prove particularly problematic. Although the complexity regarding
co-infection with EBOV would undoubtedly outweigh the concerns of an expanded HIV-1
reservoir but may have implications from co-infected and EBOV recovering individuals.

9.8.2

Evidence for Which Env specifically Drives the Resulting Phenotype

One question remaining concerning Env trans-complementation is in understanding which
Env protein drives infection when more than one is present on a single viral particle. From
the data presented there is evidence suggesting that EBOV GP Env dominates, for example,
dual Env viruses demonstrate infectivity of Huh7 cells (Figure 9.3.1, Figure 9.3.2, Figure 9.4.1
and Figure 9.4.2) and infection on Huh7 can only be driven by the EBOV GP Env, rather than
HIV-1 gp120. However, neutralisation of LAI or JRFL dual Env virus using 900ng of EBOV GP
Env plasmid with EBOV survivor CP showing infection was maintained on both Huh7 and
TZM-bl cells (Figure 9.5.1 and Figure 9.5.2). This indicates two possibilities, that infection can
be driven by HIV-1 within TZM-bl, or that HIV-1 sterically hinders the binding of antibodies
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within CP to EBOV Env leading to less neutralisation and thus infection. The latter is
supported by maintenance of infection on Huh7 cells. This also indicates that whilst HIV-1
Env may not be driving infection, it still plays a critical role in determining the resulting viral
phenotype.
It was also observed that infection of LAI/EBOV (using 90ng EBOV plasmid) on TZM-bl cells
post neutralisation with CP demonstrated enhanced infection (Figure 9.5.1 and Figure 9.5.2).
On Huh7 cells the virus was still found to be neutralised, and even more efficiently than single
EBOV GP Env virus. It may therefore be possible that CP is neutralising the EBOV GP, but at
the same time enhancing HIV-1 gp120 entry through receptor binding on TZM-bl cells. This
result should be analysed in the context of how long an antibody response against EBOV is
maintained in survivors (as yet unknown), as this result suggests that survivors who are also
HIV-1 infected may support increased viral replication or potentially transmission even in the
absence of CCR5 tropism.

There is evidence that infection can be driven by the HIV-1 Env. It was shown that largely the
dual Env virus is neutralised in much the same way as the single Env HIV-1 virus stock
suggesting that HIV-1 Env supports infection (in Figure 9.5.1 and Figure 9.5.2). Interestingly,
the dual Env LAI/EBOV virus using 90ng EBOV GP Env and JRFL/EBOV virus using 900ng EBOV
GP Env show that viral infection is more similar to that of the single EBOV GP Env virus,
suggesting either incomplete antibody binding in the presence of the EBOV GP or that the
EBOV GP can maintain infection on TZM-bl cells when HIV-1 gp120 is neutralised. Here,
infection on Huh7 cells is also maintained supporting the hypothesis that HIV-1 neutralisation
does affect EBOV driven infection.

Supporting the role for HIV-1 Env in directing the phenotype of dual Env viruses, it was shown
that neutralisation of three R5 tropic HIV-1 Env on TZM-bl could be modified (Figure 9.7.3).
These Env were neutralised using the combination of three HIV-1 antibodies (2G12, B12 and
2F5), and all three of the dual Env viruses showed a reduction in infection. It should be noted
that this experiment used high concentrations of antibody (10µg/ml), potentially saturating
the system, however, this does support previous data (Figure 9.6.1 and Figure 9.6.2).
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It has been described that the Env plasmid concentration used in experiments can modulate
the resulting phenotype, therefore it is necessary to consider which of these ranges closest
represents a true biological state – i.e., how much Env can one single viral particle carry and
is there preferential complementation with one Env over another? Prior research has
determined that HIV-1 virions carry relatively low numbers of Env trimers on their surface,
although the exact number varies depending on the study (8-10 trimers437, 7-10438 or 7-14439).
It has also been observed that virus entry requires a different number of trimers (1-7) binding
depending on the strain of HIV-1 and that between strains, the loss of glycosylation sites also
effects the binding of HIV-1 Env trimers highlighting how varied viral entry determinants can
be between individual strains440. Since the glycan shield of the HIV-1 Env acts as a barrier to
immune recognition (antibody binding), it is reasonable that individual glycosylation sites
may play a role in entry kinetics and that any disruption to this structure via a secondary Env
protein may result in modulation of virus phenotype.

Since the maximum capacity for a single viral particle to carry Env glycoprotein is typically
quite low, viruses generated with more Env plasmid may represent only a small fraction of
the biological population. It will be important to determine how much of each Env is
incorporated into each population, thus allowing for a more accurate determination of how
our system represents the reality of Env trans-complementation.

9.8.3

Mechanisms of Trans-Complementation to Affect Phenotype

There are a number of options to consider when debating which mechanisms are utilised to
modulate viral phenotype during Env trans-complementation. The data presented here are
ambiguous as to which are used, however Figure 9.8.1 illustrates a selection of possibilities:
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Figure 9.8.1: Suggested mechanisms of HIV-1 infection modulation via trans-complementation. Where
the EBOV Env is shown, other viral Env glycoproteins maybe substituted, for example HCV E1E2.

Modulation of the electrostatic charges relating to individual Env molecules may result in
either an increased affinity to entry receptors, or conversely repulsion. Physically, the
presence of another Env glycoprotein may also lead to steric hindrance in where one
glycoprotein blocks binding to receptors (reducing infection) or antibody (maintaining
infection). Depending on the target cell type, it may also be that dual receptor binding can
lead to enhanced infection.

9.8.4

Future Perspectives

A recent review441

442

puts the average probability of acquiring HIV-1 per sexual act at

approximately 1.3%. Future experiments will seek to characterise the expression of dual Env
viruses as well as identifying the mechanisms through which trans-complementation
modulates infectivity particularly with regards to enhanced infectivity and transmission.

Importantly, the data presented here fills a relevant gap in the current literature by
identifying the effect of trans-complementation on viral infectivity. It may be necessary that
future research takes into account other co-infections and virus-virus interactions when
exploring infectivity, latency and clearance. This is of particular importance in the case of
viruses which bud from infected cells thus incorporating host infected cell membranes and
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potentially other viral proteins or viral Env’s, such as influenza, Chikungunya, RSV and HTLV1.

In summary, the potential of viral Env trans-complementation has been demonstrated and
possible mechanisms behind its action proposed. In relation to the recent EBOV outbreak in
West Africa and the on-going global HIV-1 epidemic, viral Env trans-complementation
represents a poorly understood but important avenue of research.
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Discussion
10.1

Summary of Results

In this thesis it has been determined that a number of viral envelope (Env) proteins can
modulate viral infection phenotypes through trans-complementation and that the HCV E1E2
Env glycoprotein can down-modulate LTR activation, likely through disrupting intracellular
signalling pathways. The following conclusions were drawn from the results presented:

10.1.1

Results Chapter One: “Envelope Trans-Complementation Between HIV-1
gp120 and HCV E1E2”

1. Dual enveloped viruses can be produced which carry two separate Env glycoproteins
on the same viral particle
2. HCV E1E2 Env trans-complementation on HIV-1 particles down-modulates HIV-1
infectivity of TZM-bl and Huh7 cells. This effect was observed for both CCR5 and
CXCR4 HIV-1 Env phenotypes
3. Env trans-complementation can abrogate CXCR4 HIV-1 DC-SIGN driven capture and
transfer of viral particles
4. Env trans-complementation can modulate the neutralisation phenotype of dual
enveloped viruses. This is observed when virus was neutralised with anti-HCV AP33
antibody at higher E1E2 Env concentrations

10.1.2

Results Chapter Two: “HIV-1 LTR Modulation by HCV E1E2 Envelope”

1. HCV E1E2 Env glycoprotein can down-modulate HIV-1 viral production (quantified by
p24) in a dose dependent manner. This was observed for both CCR5 and CXCR4
tropic HIV-1 Env phenotypes
2. Down-modulation was concluded to be mediated via the HIV-1 long terminal repeat
(LTR)
3. HCV soluble E2 (sE2) was shown to have a more potent effect on LTR downmodulation in comparison to E1E2
4. LTR down-modulation via E1E2 was determined to be protein, not mRNA dependent
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5. HCV E1E2 down-modulation of LTR activity was mediated via the NF-ĸB signalling
pathway
6. In addition to down-modulation of viral production, E1E2 also decreased HIV-1 viral
infectivity, replication and induction from latency
7. No bystander effects of E1E2 or sE2 were observed on HIV-1 infectivity

10.1.3

Results Chapter Three: “The Effect of HIV-1 Subtype and HCV E1E2
Genotype on LTR Down-Modulation”

1. HCV sE2 generates a greater LTR down-modulatory effect across multiple HIV-1
subtypes in comparison to E1E2
2. HCV Genotype 6 E1E2 and sE2 have a similar effect on HIV-1 LTR activity
3. The down-modulation of the LTR by E1E2 or sE2 is observed to occur in a dosedependent manner
4. The HIV-1 LTR subtype can vary the degree of down-modulation

10.1.4

Results Chapter Four: “Viral Envelope Trans-Complementation Between
HIV-1 gp120 and Ebola virus (EBOV) GP”

1. EBOV Env trans-complementation of HIV-1 viral particles can modulate infectivity on
TZM-bl and Huh7 cells
2. Viral infectivity modulation was observed for both CCR5 and CXCR4 tropic HIV-1 Env
proteins, however differences in phenotype were observed between strains – CCR5
JRFL virus demonstrated a significant increase in infectivity compared to CXCR4 LAI
virus
3. EBOV Env trans-complementation modulates HIV-1 DC-SIGN capture and transfer of
viral particles, and under some conditions can abolish the phenotype
4. Env trans-complementation can modulate the neutralisation phenotype of dual Env
virus, when neutralised with an anti-HIV-1 antibody or Ebola survivor convalescent
plasma. This can either present as an increased efficiency of neutralisation, or under
some circumstances the presence of antibody can lead to an increase in infectivity
5. Trans-complementation with an array of CCR5 Env (fusogenic panel) demonstrated
diverse virus phenotypes with some reduced or unaffected infectivity, however
others indicated a synergistic increase (as with JRFL) in the presence of EBOV Env
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6. Those Env proteins which showed an increase in infectivity were split with some
increased at a lower concentration of EBOV Env expression, and others higher

10.2

Further Discussion

10.2.1

Biological Relevance in Relation to HIV-1/HCV Co-infection

The work presented demonstrates that the HCV E1E2 Env glycoprotein can modulate HIV-1
LTR activity, regardless of HIV-1 subtype or HCV genotype. There is increasing evidence that
HIV-1 can infect cells of the liver where HCV replication is prevalent, however this remains
controversial within the field. Huh7 cells (a human hepatocarcinoma cell line) has been used
extensively to model HCV infection. Notably, HCV can be lymphotropic in addition to
hepatotropic443 and future research into HIV-1/HCV co-infection with regards to LTR
modulation should aim to examine this effect within these cell subsets further since these
populations would represent an unambiguous compartment in which both viruses may
interact.

Soluble E2 (sE2) has been used previously as a means to map antibody epitopes444, CD81related entry mechanisms445 and DC/L-SIGN-mediated receptor binding446. Whilst it is
unclear whether sE2 is produced as a soluble glycoprotein during infection, E2 can be found
in the cytoplasm of infected cells whereby it can modulate intracellular signalling pathways
(as documented previously in this thesis and expanded upon below), particularly those which
may affect HIV-1 LTR activity. It would be interesting to identify whether a soluble form of
E2 can be produced after infection, since it is available in the cytoplasm without being
degraded.

10.2.2

The role of E1E2 or sE2 as a transcription factor

E2 has previously been documented to be capable of modulating several intracellular
signalling pathways, including the MAPK/ERK, PI3/AKT and PKR/eIF2 pathways. As such it is
suggested here that E2, either alone or as part of the E1E2 heterodimer, can also modulate
the NF-ĸB pathway thus down-regulating activation of HIV-1 LTR.
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E2 can induce the mitogen activated protein kinase/extracellular signal regulated kinase
(MAPK/ERK) signalling pathway447 and it has been speculated that this may be induced by E2
binding to CD81 or low-density lipoprotein receptors (LDLR) on the target cell surface. E2
related phosphorylation or the MAPK/ERK pathway also leads to an increase in cell
proliferation, favouring the survival of HCV infected cells.

Figure 10.2.1: The MAPK signalling pathway and related protein interactions. P38 MAPK activation can
lead to NF-ĸB stimulation. Pathway diagram taken from CST 448.

E2 can also modulate the phosphoinositide 3-kinase-AKT (PI3K-AKT, AKT is also known as
protein kinase B). As observed below, modulation of the PI3-AKT pathway can lead to
numerous effects, ranging from cell proliferation to protein synthesis. E2 has been
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documented to transiently activate the PI3/AKT pathway as a means to enhance viral
infectivity449.

Figure 10.2.2: The PI3/AKT signalling pathway and related protein interactions. PI3/AKT activation can
lead to NF-ĸB stimulation. Pathway diagram taken from CST 450.

As previously described, E2 has also been shown to inhibit other signalling pathways
including T-cell signalling in a cross-genotypic RNA dependent manner (specifically aa 603619) by reducing Lck phosphorylation451. This in turn was shown to prevent downstream TCR
signalling. Interestingly, whilst E2 RNA was required to inhibit proximal TCR signalling, the E2
protein facilitates inhibition of distal TCR signalling. Y613 of E2 has been identified to be a
potential Lck substrate, and as such can be phosphorylated leading to reduced TCR signalling.
Importantly, it was seen that this Lck dependent phosphorylation of E2 also lead to an
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inhibition of NFAT nuclear translocation via this TCR signalling pathway mediation. The
proteomics data presented in this thesis (Chapter 4) demonstrates that in the presence of
E1E2, NFAT protein was less abundant when compared to the control. Typically, NFAT
nuclear translocation is induced via Ca2+ signalling leading to a calcium dependent
phosphatase (calcineurin) dephosphorylating NFAT allowing for activation452. This pathway
in turn relies upon Lck (particularly in regards to T-cell signalling)453

454

thus providing an

avenue by which E2 can affect change. Since NFAT is a transcription factor that also binds
HIV-1 LTR it will be necessary to define how this affects E1E2/sE2 related NF-ĸB downmodulation. In particularly since NFAT can bind NF-ĸB sites within the LTR455 and NFAT is a
more ubiquitous transcription factor within T-cells, which may influence how E2 modulates
LTR activity with regards to lymphotropic HCV456. Overall, it was concluded that E2
modulating TCR signalling likely would lead to greater HCV persistence and an impaired
immune response during infection.

Other HCV proteins have been implicated in modulating cytoplasmic signalling events. Core
protein, a component of the viral nucleocapsid, can bind the cytoplasmic domain of the
lymphotoxin β receptor (a member of the tumour necrosis factor, TNF, family of receptors)
as well as TNF receptor 1 (TNFR1) leading to an inflammatory response and apoptosis457.
Core protein also plays a role with regards to NF-ĸB activation, with conflicting reports as to
whether it acts as an activator458 or an inhibitor459. Additionally, HCV NS5A, core and internal
ribosome entry site (IRES) all contain binding domains for the dsRNA sensor protein kinase R
(PKR), leading to PKR silencing and reduced NF-ĸB signalling preventing an antiviral
response460. Whilst this data relates to non-envelope proteins, it does suggest that HCV
employs diverse and not yet fully understood means to modulate intracellular signalling of
the host cell, whereby multiple viral proteins including E2 may act cooperatively. In the
context of Env trans-complementation, any virus carrying the HCV E1E2 complex will
subsequently be able to avail itself of the intracellular mediatory effect of E2. This is also true
in the context of EBOV GP Env which can also activate, e.g., the PI3K-AKT pathway to increase
entry461.

Previously it has been shown that a secondary form of E2 can be found within the cytosol
prior to virion assembly and has been determined to be un-glycosylated462, most likely as a
result of cytosol retention after translation as it was not found to be localised to any
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intracellular (e.g. ER) membranes. This un-glycosylated E2 protein retains its capacity to
interact with PKR, however, it undergoes ubiquitination and is far more efficiently degraded
in the proteasome pathway than its glycosylated counterpart. The availability of an unglycosylated E2 protein widens the cellular availability of E2 to influence signalling events, by
bringing E2 away from compartmentalisation within the ER this presents an opportunity for
E2 to interact with PKR both directly after infection (when glycosylated) and prior to virion
assembly (when un-glycosylated).

E2 mediated PKR responses/silencing also affects other downstream signalling events (Figure
10.2.3). As previously described, E2 contains a homologous site (PKR-eIF2a phosphorylation
site homolog domain, PePHD) to PKR and eIF2. E2 utilises it PePHD to prevent eukaryotic
initiation factor 2α (eIF2α) phosphorylation and thus its activation. In addition, E2 can also
act as an inhibitory substrate to an additional eIF2α kinase, the PRK-like endoplasmic
reticulum resident kinase (PERK) enabling viral translation during ER stress463. An E2
mediated inhibitory effect on eIF2 in turn prevents the formation of some ribosomal
preinitiation complexes and thus the translation of normal cellular proteins as well as
increasing the translation of viral mRNA464.
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Figure 10.2.3: The relationship of PKR and PERK to eIF2 signalling and related protein interactions.
Pathway diagram taken from CST465.

Since the PKR, Lck and PI3K-AKT pathways can indirectly influence NF-ĸB signalling this
suggests a global means by which E2 can influence transcription factor binding to the LTR, if
not by a more direct means. Additionally, PRK can directly influence NF-ĸB activity via IFN-γ
signalling. IFN-γ activates PKR to degrade the IĸB inhibitor allowing NF-ĸB translocation to
the nucleus466. E2 mediated inhibition of this pathway will therefore lead to reduced NF-ĸB
signalling.
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Since E2 has a greater influence on LTR signalling than E1E2, it would be prudent to
determine if the E2/eIF2 (PePHD) binding site is partially or fully occluded when E2 part of
E1E2 heterodimer and thus the response may only be generated when E2 is dissociated from
E1. A time course experiment utilising fluorescently labelled E1 and E2 may generate answers
by visualising individual glycoprotein interactions. In addition, 3D models of E1E2 and E2
generated from sequencing data may also provide information with regards to this.

10.2.3

A Potential Mechanism for HCV Derived Modulation of LTR Activity

With regards to the mechanism by which E1E2/E2 may modulate NF-ĸB activity, it has been
shown that of the five NF-ĸB family members, two (p50 and p52) are implicated to be targets
of HCV derived regulation. As p65 activation was not observed to be affected by E1E2, this is
unlikely to be the target and C-Rel and RelB were not documented in the proteomics analysis.
The precursors to p50 and p52 are p105 and p100 (respectively)467 and p50/p105 are
considered components of the canonical NF-ĸB pathway whilst p52/p100 the non-canonical
(Figure 10.2.4)468:
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Figure 10.2.4: The canonical and non-canonical NF-ĸB pathway. Taken from Sun, S. C. (2018)469.

In brief, the non-canonical pathway typically uses processing of p100 and involves TNFR
signalling utilising the NF-kB-inducing kinase (NIK) to phosphorylate p100 leading to its
proteasomal degradation of the C-terminal and the creation of p52, which then induces
transcriptional modulation470. NIK dysregulation can also lead to lymphoma formation471.
The canonical pathway activates the IĸB kinase (IKKα/β/γ) and NF-ĸB regulator NEMO leading
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to the phosphorylation of IĸB which then releases p50 and p105 for proteasomal processing.
As the abundance of precursor proteins p100 and p105 were seen to be decreased in the
E1E2 containing sample, it would suggest that E1E2 can modulate the means by which these
are produced. This may include p100 and p105 transcription/translation, or the
phosphorylation process by which each protein is released from its inhibitory state.
Interestingly, p105 is constitutively processed (although a significant amount of p105
remains unprocessed and acts as an IĸB-like inhibitor) whilst the processing of p100 is tightly
regulated472 473. As previously described, there was no modulation of NF-kB components in
the E2 proteomic sample. This could result from too little E2 being expressed in the stable
cell lines that were used for the nuclear extraction. Future work will aim to produce a cell
line wherein E2 is expressed at higher levels. In addition, the soluble nature of the E2 used
may cause it to be more transient than found in vivo. Since E2 is a documented modulator of
intracellular signalling (as described above), it is proposed that E2 may be the means by
which HCV modulates NF-kB signalling (as part of the E1E2 heterodimer complex) and future
in vitro systems must clarify this.

10.2.4

An Impact on Latency and Other Biological Systems

Modulation of NF-ĸB signalling also has implications with regards to HIV-1 latency. The
process of maintaining HIV-1 latency can be described as a balance between enabling
infected cell survival and proliferation but preventing HIV-1 gene re-expression. To this end,
HIV-1 employs multiple methods by which it maintains homeostatic cell proliferation and
basal levels of transcription. With regards to NF-ĸB involvement these include chromatin
accessibility, wherein transcription factors have access to virus to facilitate binding474. It has
been postulated that the level of chromatin accessibility can determine the required level of
NF-ĸB binding for LTR activation475. Pro-inflammatory cytokines (typically activated by NFĸB) also serve to replenish the HIV-1 reservoir by reactivating viral replication, however when
this response is supressed this helps maintain a homeostatic proliferation of the cellular
reservoirs476. Additionally, NF-ĸB (and NFAT) acts to reverse the epigenetic inhibition related
to the LTR leading to proviral transcription via chromatin remodelling thus abolishing the
histone deacetylase and methyltransferase related regulation477.

Due to the potential wide-ranging modulation of various intra-cellular signalling pathways by
E2, it can be suggested that in addition to affecting viral activity this can also influence normal
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host cell phenotypes. This may include such areas as the immune responses or cell
proliferation leading to oncogenesis. The down-regulation of TCR signalling as a response to
E2-mediated Lck modulation has been described above, however both the canonical and
non-canonical NF-ĸB pathways are used in immune signalling. The canonical pathway is
typically activated as a result of PRRs, TCR, B-cell receptor (BCR) and TNF receptor (TNFR)
signalling leading to IĸBα degradation and subsequent NF-ĸB nuclear translocation. E2mediated down-modulation of the NF-ĸB signalling pathway may lead to a suppressed
immune response including both reduced antigen presentation and sustained T-cell
responses. In contrast the non-canonical pathway utilises TNFR family members such as
CD40 and lymphotoxin β receptor478.

NF-ĸB is required as part of a pro-inflammatory response and as such sustained activation of
the NF-ĸB pathway leads to chronic inflammation and in some cases inflammationassociated cancer such as hepatocellular carcinoma (in the case of HCV-related disease)479.
Additionally, NF-ĸB acts to prevent apoptosis and thus prolong cell survival leading to tumour
formation as well as sustaining angiogenic and metastatic factors such as vascularendothelial growth factor and Twist1480. Therefore, the effect E2 has on NF-ĸB or additional
intracellular pathways needs to be carefully elucidated.

It can be summarised that E2 can enhance infection via entry receptor mediated signalling,
and that when a cell becomes infected E2 can inhibit the antiviral response. This may in turn
aide in supporting HIV-1 proviral latency via prevention of TCR signalling impairing the
immune response and reduced NF-ĸB signalling prevents HIV-1 proviral gene expression481.
Overall, it is shown that E2 possess a wide-ranging capability to influence intracellular
signalling events. The research presented here also demonstrates a novel consequence of
HCV/HIV-1 co-infection in which E2 down-modulates LTR activity. In addition, this occurs in
a cross-genotypic fashion and in a dose dependent manner. Whilst E2 has been suggested to
down-modulate NF-ĸB activity, it has been documented to play an activation role in other
pathways.

10.2.5

Viral Env Trans-complementation and Reservoir Formation

It has been shown in this thesis that Env trans-complementation represents a new source of
viral phenotype modulation. This area has been relatively unexplored in the past, however
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protein incorporation into budding viruses has been observed under a multitude of
conditions482. Prior examples of protein incorporation leading to a modulation of viral
phenotype include the Influenza A virus (IAV) uptake of Annexin V leading to an inhibition of
interferon gamma and STAT phosphorylation483. This in turn leads to a decreased antiviral
response and enhanced viral replication. IAV also incorporates ganglioside, indicating that
IAV may take up other proteins if they are present at the cell surface within lipid rafts484.
Vaccinia, HIV-1, human cytomegalovirus and HTLV-1 have all been documented to
incorporated CD55, a complement control protein, thus providing a means to avoid
complement related antiviral response485 486. HIV-1 can also integrate ICAM-1 and HLA-DR
increasing the viral entry receptor binding kinetics487

488

. In addition to modulating viral

infectivity, it can be proposed that trans-complementation may also affect reservoir
formation.

There was an observed increase in HIV-1 CCR5 JRFL infectivity when combined with the EBOV
GP Env protein onto normally non-HIV-1 susceptible cells. Therefore, Env transcomplementation may be an alternative route to viral reservoir formation particularly in
normally non-susceptible cells. The establishment of novel reservoirs would provide another
hurdle to overcome with regards to HIV-1 therapy. In addition, as CCR5 tropic HIV-1 is
preferentially transmitted489 an increase in its infectivity would present a public health risk,
particularly in communities where EBOV infection is prevalent. This potential risk is
heightened in light of recent research documenting the recurrence of EBOV infection in
survivors and the maintenance of EBOV RNA within semen and other reservoirs490. EBOV
presents a unique challenge since it naturally has an extensive repertoire of target cell types.
Any effect on the viral repertoire may also have implications for treatment of other co-viral
infections and as previously seen in this thesis, Env trans-complementation can modulate
the antibody neutralisation phenotype. In regards to this, it would be interesting to examine
the effect of trans-complementation on HAART effectiveness, particularly entry receptors
inhibitors such as Maraviroc (as it targets CCR5 mediated entry).

HIV-1 reservoir formation is a dynamic process involving several cell types. Typically, the
majority of the reservoir is comprised of long-living resting CD4+ T-cells however other cell
types such as macrophages and dendritic cells (DCs) are also early targets of infection 491 492
as they are in EBOV infection. The EBOV GP Env protein may allow for direct infection of
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macrophages rather than a phagocytic uptake of the HIV-1 virion thus contributing to a more
productive infection. Whilst HIV-1 infection of DCs is generally far lower (10-100 fold)493, this
hypothesis can also be applied to the infection of DCs and subsequently CD4+ T-cells via HIV1 directed trans-infection. In addition, infected monocytes which undergo differentiation
into macrophages may also migrate to the central nervous system, disseminating the
infection and contributing to the reservoir494 495 496. Enhanced infection of these immune cells
can be tested in the future using primary cell lines, including individual DC subsets.

Interestingly, it has been reported that follicular DCs (FDCs, of a mesenchymal origin rather
than hematopoietic) which are typically found in the follicular region of the lymph node (in
close proximity to B-cells and the germinal centre)497 can maintain a surface collection of
HIV-1 virions. The main purpose of FDCs is to present antigen to B-cells within the germinal
centre thus allowing for the production of antigen specific antibody. Whilst the topic of FDCs
in relation to the HIV-1 viral reservoir continues to be debated, it can be suggested that FDCs
represent an opportunity for dual enveloped HIV-1/EBOV virus to traverse to the lymph node
to facilitate T-cell dysregulation.

10.2.6

Future Work

The work presented here is in part based on using the pseudo-typed single-round infectious
virus system, which entails using a lentiviral backbone complemented with a plasmid (or
plasmids) expressing a specific viral envelope(s). Whilst it was chosen to focus solely on Envrelated interactions and ensuing modulations of viral phenotype, the system does present
some drawbacks.

As an in vitro system, we have not ascertained if there are wider interactions which may also
play a role in Env trans-complementation such as the primary cellular environment (including
the effects of infection in general) which will affect how viral Envs are processed before
incorporation and budding. Additionally, utilising primary cells such as (immature) DCs and
other immune cells as well as a wider variety of cell lines would be useful to determine the
extent Env trans-complementation plays on infectivity. Since we rely on plasmids expressing
a viral Env protein, in the future we will seek to determine the quantity of each glycoprotein
being incorporated within virus particles, as mixed populations are likely to be produced.
Fluorescently labelled Env, e.g., mCherry, GFP and YFP, may be used in conjunction with
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microscopy to identify virus populations which express both Env proteins. Population
purification may also be achieved via His and c-Myc-tagging of individual Envs followed by
immunoprecipitation.

However, due to the logistical difficulties in working with replicative EBOV the pseudo-typed
virus system has proved to be an invaluable tool. In addition, the focus has been on studying
specific Env interactions with a higher throughput as to which Envs (including subtype,
genotype and other panels) were investigated. It can be recommended that future work
should study replicative HCV and HIV-1 in determining the effect of co-infection on LTR
down-modulation. Co-culture of the viruses together in a suitable cell type and subsequent
transcriptional analysis of the LTR output will seek to prove further the extent of any HCVmediated effects. To relate this to E1E2 or sE2 specifically, HPLC in conjunction with mass
spectrometry can be used where first a cell line has been infected with replicative HIV-1 prior
to infection with HCV. The nuclear and cellular extract can be incubated with an LTR-specific
capture probe prior to trypsin digestion, HPLC and mass spectrometry analysis to identify
E1E2 or sE2 binding.

Epitope mapping via site directed mutagenesis (in which individual residues of the target
protein are mutated) can be used in order to determine which residues within E2 are
required for LTR modulation. However, since E2 is approximately 350 residues long498 this
presents a significant and labour-intensive process. E2 is highly glycosylated, and as such
mutations of individual glycosylation sites would indicate if the post-translational
modifications of E2 play a role in its capacity to modulate intracellular signalling. X-ray
crystallography can also be used, where a 3D structure of the protein(s) of interest (in this
case E2/LTR or E2/PKR, etc binding) is determined via subjecting a crystallised form of the
protein to x-ray. The resulting diffraction patterns can then be analysed to ascertain
information regarding the protein structure via the calculated electron densities and
subsequently can then inform modelling of the protein and its binding sites499. Like site
directed mutagenesis this technique is costly, slow and in addition also requires a large
amount of purified protein of interest. Other options include high throughput methods of
epitope mapping such as phage display in which individual genes are expressed in phage
bacteria which then express the protein on their surface. In combination with site directed
mutagenesis and ELISA this can be used to screen for protein/antigen binding. One
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disadvantage of this technique, however, is that occasionally, phage displays will display
incorrectly folded proteins on their surface preventing an accurate assessment of the
protein500. Limited proteolysis can also be used to determine the structural topology of a
protein501 and in combination with binding assays may narrow down the E2 epitopes which
interact with the LTR or signalling proteins.

Future work should aim to determine how E2 may influence disease progression with regards
to other viral infections. In addition to HIV-1, other retroviruses utilise an LTR as the viral
promoter and these present other opportunities to investigate the role of E2 on intracellular
signalling and viral activity. HTLV-1, or human T-lymphotropic virus, the causative agent of
adult T-cell leukaemia is one example. Studies have shown that whilst the overall structure
of the LTR is the same (comprising of a U3, R and U5 region and located at both the 5’ and 3’
ends of the genome) how the LTR regulates transcription is markedly different to that of HIV1. Tax, an HTLV-1 oncogene derived protein, binds the 5’ LTR and recruits several protein
complexes (e.g., CBP/p300 and SWI/SNF – transcriptional coactivator complexes) which then
mediate transcription via the recruitment of RNA polymerase502. In contrast the HIV-1 LTR
contains binding sites for transcription factors such as NF-ĸB and SP-1. These in turn
modulate transcription of the viral genome. However, whilst NF-ĸB may not directly bind the
HTLV-1 LTR it still plays a relevant role in disease progression with Tax acting to activate NFĸB resulting in increased infected cell survival by inhibiting the expression of apoptotic
markers503. Future work may aim to understand if the introduction of E2 results in a
disruption of this Tax-mediated pathway and modulating HTLV-1 disease progression. In
addition to other viral co-infections (such as hepatitis B), any disruption to intracellular
signalling via E2 may also influence bacterial infection, and this should be considered with
regards to future work.

With regards to the synergistic increase observed between the EBOV Env and some HIV-1
Env’s, it would be prudent to characterise the HIV-1 gp120 V1/V2, V3 and V4/V5 lengths and
electrostatic charges in order to determine if there are predictors of effect. One way in which
this can be achieved is via in silico modelling of the effects of each Env’s electrostatic charges
and structure with regards to dual envelope expression. Other indicators also include the
posttranslational modifications of individual viral Env’s. Additionally, this information may
help indicate the mechanism of action in relation to the modulation of infectivity. As has
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been observed, the trans-complementation of EBOV GP Env onto an R5 virion can lead to a
degree of reservoir expansion. Whilst the likelihood of this occurring in vivo still remains to
be determined, future work should ascertain if this can be detected in patients. This can be
achieved by comparing the integrated HIV-1 proviral copy numbers in different cellular subpopulations between mono-infected and HIV-1+ EBOV survivors with recurrent EBOV
infection. Quantitative viral outgrowth assays (QVOA) should also be applied to understand
the degree of replicative virus supported by novel reservoirs, rather than simply the total
HIV-1 DNA load. A standard QVOA uses CD4+ T-cells stimulated with PHA to induce viral
outgrowth. The end point quantification is via HIV-1 p24 ELISA. Whilst QVOA only detects
replication competent virus, QVOAs are typically time consuming, labour-intensive and
require a large sample volume from donors504. The murine viral outgrowth assay (MOVA),
wherein humanized mice are injected with PBMCs from HIV-1+ individuals, can also be used
to determine reservoir size in other cell subsets such as GALT and lymph nodes. However,
MOVA cannot determine the degree to which a viral reservoir can supply replication
competent virus505. Polymerase chain reactions (PCR) assays can also be used and should be
considered based upon the highly sensitive capabilities of PCR to detect very low numbers
of HIV-1 DNA. Quantitative PCR (qPCR) uses two sets of primers: the first for an endogenous
housekeeping gene and second, for HIV-1 so that the total estimation of integrated HIV-1
can be related to cell number thus providing a quantitative result. When comparing between
QVOA and qPCR, qPCR typically overestimates the reservoir size and relies on a standard
curve for this quantification506. To improve upon this, digital droplet PCR (ddPCR) may be
utilised since it provides absolute quantification of reservoir size via measuring the endpoint
number of DNA molecules, rather than relying on measuring the amplification during
individual samples as with qPCR507.

The documented recurrence of EBOV infection in areas subject to the 2013 outbreak508
presents a new environment in which any pre-existing or newly acquired HIV-1 infection may
be at risk of assimilating the EBOV GP Env protein leading to a modulation of infection thus
creating a public health risk of increased HIV-1 transmission. Increased community
surveillance may be pragmatic, particularly in areas which suffered from a breakdown in local
healthcare infrastructure509.
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Viral Env trans-complementation should also be investigated further for its potential to
modulate viral phenotype. Determining the mechanism by which this occurs can be achieved
via protein crystallization (as described above) in order to determine the effect dual Env
expression plays on protein structure, including the potential for promoting steric hindrance.
In addition, structural modelling of Env-Env interactions can be used to determine the effect
of individual Env charges on the overall structure and surface presentation of each viral Env
protein510.

10.2.7

Concluding Statement

The results presented here demonstrate a novel and potent effect of HCV Env E1E2 and E2
glycoproteins on HIV-1 viral production specifically in relation to the HIV-1 LTR. This is
particularly of relevance in regards to the 2.3 million individuals coinfected with HIV-1 and
HCV, and has wider implications in regards to the modulation of intracellular signalling
pathways.

In addition, it has been shown that a single viral particle can carry more than one type of Env
glycoprotein and that Env trans-complementation modulates viral phenotype under a
number of conditions. It has also been considered how this may subsequently affect the
expansion of viral reservoirs and viral clearance.

Lastly, both novel pathways have implications for long term HIV-1 treatment and the
potential for ultimate viral eradication.
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Appendix
The following figures demonstrate the fusogenic envelopes which did not show a synergistic
increase when in the presence of the EBOV GP Env. These figures demonstrate the
differential effect EBOV GP can induce upon HIV-1 infectivity and highlight the envelope-
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Appendix Figure 1: Selection of fusogenic R5 envelopes co-transfected with EBOV env, infected onto
TZM-bl or Huh7 cells. Black triangles indicate an increase in EBOV envelope. CD4 low C21 (A and B),
CD4 low C21 Rev (C and D), CD4 low C24 (E and F), CD4 low C24 rev (G and H).
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Appendix Figure 2: Selection of fusogenic R5 envelopes co-transfected with EBOV env, infected onto
TZM-bl or Huh7 cells. Black triangles indicate an increase in EBOV envelope. NAB 01 (A and B), DH123
(C and D), BG505 (E and F), PV04 (G and H).

Page | 184

G

E

C

R L U ( R e la t iv e L ig h t U n it s )

R L U ( R e la t iv e L ig h t U n it s )

R L U ( R e la t iv e L ig h t U n it s )
R L U ( R e la t iv e L ig h t U n it s )

0

5 0 ,0 0 0

1 0 0 ,0 0 0

1 5 0 ,0 0 0

0

1 0 ,0 0 0

2 0 ,0 0 0

3 0 ,0 0 0

0

2 0 0 ,0 0 0

4 0 0 ,0 0 0

6 0 0 ,0 0 0

8 0 0 ,0 0 0

0

5 ,0 0 0

1 0 ,0 0 0

1 5 ,0 0 0

-1

2 0 ,0 0 0

9
C

5

0
4

8

L

N

L

8
N
9
5
B

H IV - 1 + E B O V

B 59

LN8

LN 40

C 9 8 -1 5

EBOV

T Z M -b l

T Z M -b l

T Z M -b l

T Z M -b l

H

F

D

B
R L U ( R e la t iv e L ig h t U n it s )
R L U ( R e la t iv e L ig h t U n it s )

R L U ( R e la t iv e L ig h t U n it s )

R L U ( R e la t iv e L ig h t U n it s )

0

5 0 ,0 0 0

1 0 0 ,0 0 0

1 5 0 ,0 0 0

2 0 0 ,0 0 0

0

5 0 ,0 0 0

1 0 0 ,0 0 0

1 5 0 ,0 0 0

2 0 0 ,0 0 0

0

2 0 0 ,0 0 0

4 0 0 ,0 0 0

6 0 0 ,0 0 0

8 0 0 ,0 0 0

0

5 0 ,0 0 0

1 0 0 ,0 0 0

1 5 0 ,0 0 0

2 0 0 ,0 0 0

2 5 0 ,0 0 0

-1
8
9
C

5
0

8

4
N
L

L

N

9
5
B

A

H IV - 1 + E B O V

B 59

LN8

LN 40

C 9 8 -1 5

EBOV

H uh7

H uh7

H uh7

H uh7

Lindsay McKay

Appendix Figure 3: Selection of fusogenic R5 envelopes co-transfected with EBOV env, infected onto
TZM-bl or Huh7 cells. Black triangles indicate an increase in EBOV envelope. C98-15 (A and B), LN40 (C
and D), LN8 (E and F), B59 (G and H).
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