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Abstract 
 

Introduction 

Most new HIV-1 infections world-wide are caused by subtype C viruses. The C3V4 region, including 

the alpha2-helix and V4 loop, has been identified as a major target for autologous neutralising 

antibodies in subtype C infections. Factors associated with the immunogenicity of this region, and 

the mechanisms of escape from anti-C3V4 responses have not been described, although charge 

changes in the alpha2-helix have been proposed to mediate neutralisation escape. 

Methods 

Seventeen HIV-1 subtype C infected individuals were classified as C3V4 responders or non-

responders using chimeric viruses in env-pseudotyped neutralisation assays. Longitudinal sequences 

obtained from C3V4 responders were used to identify putative neutralisation escape mutations. The 

role of these mutations in mediating escape was investigated using site-directed mutagenesis. 

Results 

The C3V4 region was confirmed as a major target in HIV-1 subtype C infections. The development of 

an anti-C3V4 response was associated with shorter V4 loops and fewer potential N-linked glycans 

(PNGs) in the C3V4 region.  Anti-C3V4 responses were associated with higher autologous 

neutralising titres. Neutralisation escape from an anti-C3V4 response was rarely mediated by charge 

changes in the alpha2-helix and generally occurred through mutations in other structurally proximal 

regions of the envelope. This study confirmed the use of glycan shuffling as a predominant escape 

pathway. In three individuals multiple mechanisms of escape were identified and in two other cases 

escape mutations within the C3V4 and structurally proximal regions clustered at opposite termini of 

the alpha2-helix, inconsistent with the surface area of a single epitope. 

Conclusion 

A more exposed and accessible C3V4 region was more likely to elicit an anti-C3V4 response. The 

highly immunogenic nature of this region may contribute to the higher overall neutralisation titres in 

subtype C infections. Distinct clusters of mutations may suggest the existence of two “sub-epitopes” 

within the C3V4 domain that warrant further investigation. These findings emphasise the 

adaptability and plasticity of the C3V4 region in the context of viral evasion of host defences. 
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1.1 Background 

The global Human Immunodeficiency Virus Type 1 (HIV-1) pandemic is one of the biggest public 

health issues facing the world today. Of the 33.3 million HIV-infected individuals world-wide, 22.5 

million reside in sub-Saharan Africa (UNAIDS 2010, www.unaids.org). A quarter of the 22.5 million 

Africans infected with HIV-1 are South Africans. Therefore, although this epidemic is of huge global 

concern, it is most especially a South African burden. HIV-1 subtype C infections dominate in South 

Africa, and therefore also account for the majority of infections worldwide.  

 

Major advancements have been made in the treatment of HIV-1 and antiretroviral therapy (ART) can 

successfully suppress viral replication. However the early establishment of a latent viral reservoir 

suggests that a cure in this manner may not be possible (2008; Cooper et al., 2002; Matthews et al., 

2004; May et al., 2006). Currently only a single individual has been cured of HIV-1 infection through 

a transplant of bone marrow stem cells from a donor with the CCR5Δ32 mutation (Allers et al., 2011; 

Hutter et al., 2009).  However this method is not viable on a large scale and instead a functional cure 

is the aim for most clinicians. A functional cure results when ART is initiated early enough in infection 

to allow an individual to remain aviremic when ART is subsequently stopped, however particularly in 

a South African setting, this is not a feasible public health option for dealing with the epidemic 

(Hocqueloux et al., 2010; Trono et al., 2010). 

 

Numerous other strategies for coping with the HIV-1 epidemic are being actively pursued. Although 

male circumcision shows the highest level of protection from HIV-1 infection (Auvert et al., 2005; 

Gray et al., 2000; Lavreys et al., 1999; Reynolds et al., 2004), other preventative strategies have had 

successes in recent years. In 2010 a microbicide gel containing 1 % tenofovir (an antiretroviral drug) 

was shown to be 39 % effective in preventing HIV-1 infection. In women who used the gel with more 

than 80 % adherence, HIV-1 incidence was 54 % lower (Abdool Karim et al., 2010).  

 

Most recently, the RV144 vaccine trial, which made use of a canarypox prime followed by two HIV-1 

protein boosts, was the first vaccine regimen to show efficacy, at 31 %, in low risk Thai men and 

women between the ages of 18 and 30 years (Rerks-Ngarm et al., 2009). Because this initial trial was 

carried out in low risk Thai participants, the positive effect of this regimen will be confirmed (in 

2014) in two separate trials involving high risk participants from Thailand and South Africa 

http://www.unaids.org/
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(Gurunathan, 2011). This study highlights the importance of pursuing vaccine design for the 

prevention of HIV-1 infection. 

 

1.2 HIV-1 

HIV-1 is a lentivirus of the Retroviridae family that is closely related to the less pathogenic HIV-2 

(Levy, 1993). HIV-1 evolved from the Simian Immunodeficiency Virus (SIV) that infects chimpanzees 

and gorillas whereas HIV-2 evolved from SIV that infects the sooty mangabey (Lemey et al., 2003; 

Plantier et al., 2009). HIV-1 is divided into four main phylogenetic groups: M, N, O and P (Plantier et 

al., 2009; Robertson et al., 2000; Simon et al., 1998). Group M is further categorised into 9 subtypes 

(A-D, F-H, J and K), 5 sub-subtypes (A1-3 and F1-2) and over 40 circulating recombinant forms 

(http://www.hiv.lanl.gov), which emphasises the extent of diversity found within this virus.  

 

The HIV-1 virion is icosahedral in shape with a diameter of approximately 120 nm (Gentile et al., 

1994; Nermut et al., 1993) (Figure 1).  

 

Figure 1. Schematic representation of the HIV-1 virion.  Embedded in the lipid membrane that surrounds the 
HIV-1 virion are the envelope spikes. Each spike is composed of three gp120 and three gp41 proteins, however 
non-functional versions of the envelope are also found on the viral surface. Within the membrane is a capsid 
core that encloses two single RNA strands and three enzymes (protease, integrase and reverse transcriptase). 
Figure adapted from Levy, 1993. 

gp120

gp41

Membrane

RNA

Protease

Capsid

Matrix

Reverse 
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Envelope Trimer
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Envelope

http://www.hiv.lanl.gov/
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The viral envelope, embedded in the lipid membrane that surrounds the virus, contains functional 

trimeric spikes composed of three gp120 proteins non-covalently attached to three gp41 proteins 

(Figure 1) (Lu et al., 1995). In addition to the trimeric form of the envelope, various forms of non-

functional envelope proteins exist, including membrane-bound monomeric gp120/gp41 and gp41 

stumps as well as freely dissociated gp120 (Burrer et al., 2005; Moore et al., 2006; Parren et al., 

1997). The membrane encloses an elongated, conical protein core made of the capsid protein, which 

surrounds two positive-sense single RNA strands. Closely associated with the RNA strands are the 

nucleocapsid proteins as well as the reverse transcriptase, protease and integrase enzymes (Levy, 

1993). 

 

The HIV-1 genome consists of approximately 9700 nucleotides encoding 9 genes which are 

translated into 15 proteins (Levy, 1993). Three (gag, pol, and env) are large genes, while six (vif, vpr, 

tat, rev, vpu and nef)  are smaller accessory genes (Levy, 1993). 

 

1.3 The HIV-1 envelope 

The life cycle of HIV-1 begins with attachment of the virus to host cells, followed by fusion of the 

viral and host membranes. These two processes are mediated by the envelope glycoproteins, gp120 

(a cell surface attachment protein) and gp41 (a transmembrane protein) (Wyatt and Sodroski, 1998). 

The trimeric structure of each functional spike is maintained through interactions between the three 

gp41 proteins (Helseth et al., 1991; Moore et al., 1994). These envelope spikes are the sole targets of 

neutralising antibodies (nAbs), which inhibit viral infection by blocking attachment or by preventing 

conformational changes in the envelope that are required for fusion (Wyatt et al., 1998). 

 

The entry process occurs through conformational changes in the viral spike that harness stored 

potential energy to overcome fusion barriers (Wyatt and Sodroski, 1998). Conformational changes in 

gp120, caused by initial binding of the host cell receptor, CD4 (cluster of differentiation 4), trigger a 

series of subsequent conformational changes within gp41. The conformational changes in gp120 

allow for a high affinity interaction with the coreceptor which is usually the β-chemokine receptor 

CCR5 (C-C chemokine receptor type 5), although a switch to CXCR4 (C-X-C chemokine receptor type 

4) usage is often observed in chronic HIV-1 infections (Feng et al., 1996; Sattentau and Moore, 

1991). The presentation of the coreceptor binding site and formation of a gp41 prehairpin 

intermediate occurs simultaneously. These processes in turn promote additional structural 
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alterations in gp41 that result in the formation of an energetically stable six helix bundle that 

coincides with fusion of the host and viral membranes (Melikyan et al., 2000; Tan et al., 1997). 

 

Both gp120 and gp41 are encoded by the viral env gene and following viral genomic DNA 

integration, are translated in the rough endoplasmic reticulum as a single polypeptide precursor that 

varies between 845 and 870 amino acids in size (Allan et al., 1985). Both gp120 and gp41 are heavily 

glycosylated, although gp120 is more so with half of its mass attributed to glycans (Lasky et al., 

1986). Extensive glycosylation begins with the addition of Glc3Man9GlcNAc2 moieties (Glc is glucose, 

Man is mannose and GlcNAc is N-acetyl glucosamine) to the free amide of an asparagine in the 

sequon NXT/S (where X is any amino acid except proline) (Gagneux and Varki, 1999; Kornfeld and 

Kornfeld, 1985). In the Golgi apparatus the terminal glucose and mannose moieties are trimmed via 

mannosidase I trimming (Figure 2) to oligomannose glycans (Man5GlcNAc2).  

Figure 2. N-linked glycan processing. Five essential steps of glycan processing show the transformation of 
oligomannose glycans to hybrid and then complex glycans. After initial trimming of terminal mannose 
residues, conversion from oligomannose to hybrid glycans occurs via addition of N-acetyl glucosamine 
(GlcNAc) resides to the D1 arm. At this stage fucosylation of the oligomannose stems may occur. Finally 
complex glycans are created through replacement of the D2 and D3 arm mannose moieties by complex 
antennae which may contain galactose and sialic acid residues. Adapted from Binley et al 2010. 

 

Accessible glycans are then converted to hybrid glycans through the addition of an GlcNAc residue to 

the D1 arm via N-acetylglucosamine transferase I (GnTI) (Choi et al., 2003). Further processing 

results in accessible glycans being transformed into complex glycans. The mannose moieties on the 

D2 and D3 arms of the glycan are replaced by complex antennae (such as sialic acid) via 

mannosidase II trimming and N-acetylglucosamine transferase II (GnTII) action (Choi et al., 2003; Earl 
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et al., 1990; Gagneux and Varki, 1999). Finally fucosyl transferase adds an α-1-6-linked fucose moiety 

to the lower GlcNAc of accessible complex glycan stems (Crispin et al., 2004; Voynow et al., 1991). 

The mass of an N-linked glycan is approximately 20 times that of the average amino acid side chain 

(Zhang et al., 2004). Structural modelling of gp120 suggests that mannose-rich and complex glycans 

occupy distinct regions of the protein (Zhou et al, 2002).  

 

Following glycosylation, immature gp160 trimers are formed (Earl et al., 1990). Within the trans-

Golgi each gp160 polypeptide is cleaved by furin into functional gp120 and gp41 proteins (Decroly et 

al., 1997; Hallenberger et al., 1997). The mature spikes are transported to the cell membrane, 

specifically the lipid rafts, where they are incorporated into the budding virions (Rousso et al., 2000).  

 

1.3.1 Glycoprotein41 (gp41) 

The transmembrane protein of the envelope, gp41, is a class I fusion protein (Dimitrov, 2004). It 

maintains the trimeric structure of the functional envelope oligomer and can be divided into the 

ectodomain, a highly conserved membrane-spanning domain and a long cytoplasmic tail (Figure 3) 

(Helseth et al., 1991; Moore et al., 1994).  

 

Figure 3. Schematic showing the regions of gp41. Gp41 can be divided into an ectodomain, membrane-
spanning domain and cytoplasmic tail. The ectodomain contains the fusion peptide (which inserts into the host 
cell membrane), heptad repeat 1 (HR 1) and heptad repeat 2 (HR 2) (which are involved in the fusion process) 
and the membrane proximal external region.  

 

The ectodomain is involved in the fusion process and contains the functionally important heptad 

repeat 1 (HR 1) or N-helix, heptad repeat 2 (HR 2) or C-helix, the fusion peptide and the membrane 

proximal external region (MPER). The MPER is a 34 amino acid segment that is highly conserved and 

forms an important neutralisation epitope (Dimitrov et al., 2003; Munoz-Barroso et al., 1999; 
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domain

gp41

HR 1 HR 2

Cytoplasmic Tail
MPER

Ectodomain



 
 

 

C
h

ap
te

r 
1

: I
n

tr
o

d
u

ct
io

n
 

 7
 

Salzwedel et al., 1999; Zwick et al., 2005). The cytoplasmic tail, which is approximately 150 amino 

acids in length, has numerous conserved motifs that have been implicated in processes such as 

envelope incorporation and Gag processing (Freed and Martin, 1996; Piller et al., 2000). 

 

Although the native conformation of gp41 is unknown, the prefusogenic state is believed to be 

stabilised by a β-sandwich in gp120 (Pancera et al., 2010; Yang et al., 2003). Upon CD4 and CCR5 

binding the rearrangement of gp120 induces formation or exposure of three antiparallel coiled coils 

and destabilises gp41, concomitantly releasing the fusion peptide which inserts into the target 

membrane (Furuta et al., 1998; LaBranche et al., 2001; Tan et al., 1997).  The prehairpin 

intermediate prior to fusion is short-lived and highly energetically unstable. Collapse of this 

intermediate is used to bring the viral and cellular membranes together (Melikyan et al., 2000). The 

free energy released during the subsequent formation of a stable 6-helix bundle allows for the 

energy barrier that prevents membrane fusion to be overcome (Chan and Kim, 1998; Wyatt and 

Sodroski, 1998). 

 

1.3.2 Glycoprotein120 (gp120) 

HIV-1 binds to the cell via interactions between the cell surface attachment protein, gp120 and 

cellular receptors, namely the CD4 receptor and the chemokine coreceptors (Klatzmann and 

Montagnier, 1986). The gp120 is more heavily glycosylated and more variable than gp41, and is 

divided into five constant regions (C1-C5) interjected with five variable regions (V1-V5) (Figure 4) 

(Lasky et al., 1986; Leonard et al., 1990).  

 

Figure 4. Schematic showing the regions of gp120. The gp120 amino acid sequence is divided into 5 constant 
(C1 to C5) and 5 variable (V1 to V5) regions.  

 

Each variable region, with the exception of the relatively short V5 loop, is bracketed by cysteines 

which form disulphide bonds. The C1 and C5 regions form the main contact areas with gp41 (Moore 

et al., 1994).  

C1                V1      V2 C2               V3        C3       V4 C4 V5 C5

gp120

C1                  V1V2 C2              V3        C3        V4    C4 V5  C5
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The gp120 protein is described as having a neutralising, a non-neutralising and a silent face (Kwong 

et al., 1998; Wyatt et al., 1998). The silent face is heavily glycosylated with carbohydrate molecules. 

Although these were originally thought to be recognised as “self” and elicit no immune response, 

increasing evidence suggests that the evolving glycan shield can also be a target for neutralising 

antibodies. Recent studies using polyclonal serum samples have implicated glycosylation sites as 

targets for neutralising antibodies (Gray et al., 2011; Tang et al., 2011; Walker et al., 2010). In 

addition, these findings have been confirmed through the identification of the epitopes of recently 

isolated monoclonal antibodies which bind glycans (McLellan et al., 2011; Pejchal et al., 2011; 

Sanders et al., 2002; Scanlan et al., 2002; Walker et al., 2011).  

 

The non-neutralising face, which is highly conserved, is exposed only on non-functional forms of the 

envelope (Kwong et al., 1998; Wyatt et al., 1998). The gp160 precursor and freely dissociated 

monomeric gp120 both have an exposed non-neutralising face and induce a strong immune 

response (Bachmann and Zinkernagel, 1997; Parren et al., 1997; Poignard et al., 2001).  However the 

non-neutralising face is buried in the context of the functional trimer, and therefore antibodies to 

this face are binding only and cannot prevent viral entry (Pancera et al., 2010; Sattentau and Moore, 

1995; Wyatt et al., 1998).  

 

The focus of this dissertation is the neutralising face, found on the solvent-exposed surface of gp120, 

which can elicit neutralising antibodies. Many portions of the C2, C3 and C4 regions are themselves 

targets for neutralising antibodies, but also form several discontinuous neutralising epitopes 

(Pantophlet and Burton, 2006). The V1V2 loops are highly exposed and are thought to shield 

neutralisation epitopes such as the highly conserved receptor binding sites (Moore et al., 2007; Rong 

et al., 2007a). Deletion of the V1V2 loop results in a high level of neutralisation sensitivity supporting 

this hypothesis (Cao et al., 1997; Pinter et al., 2004; Rusert et al., 2011; Stamatatos and Cheng-

Mayer, 1998).  
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1.3.3 Crystallographic studies of gp120 

There has been considerable effort in obtaining the gp120 three-dimensional structure to facilitate 

immunogen design. Numerous variable loops and glycans make gp120 highly plastic and difficult to 

crystallise, therefore initial gp120 structures of both HIV-1 (Kwong et al., 1998) and SIV (Chen et al., 

2005) were deglycosylated and had truncated N- and C-termini and deleted V1V2 and V3 loops in an 

attempt to stabilise these proteins. These modified gp120s are referred to as the gp120 core (Kwong 

et al., 1998).  

 

The original HXBc2 gp120 core structure (Kwong et al., 1998); PDB ID: 1GC1) was further stabilised 

with a two domain CD4 and the fragment antigen binding (Fab) region of a coreceptor binding 

monoclonal antibody (17b). According to this and subsequent core structures gp120 can be divided 

into an inner domain and an outer domain linked by a four-stranded bridging sheet (Figure 5).  

 

Figure 5. Ribbon diagram of the liganded HIV-1 and unliganded SIV gp120 crystal structures. In both the HIV-
1 and SIV gp120 core structures the inner domain (grey), bridging sheet (purple) and outer domain (cyan) are 
highlighted. The stems of the V1V2, V3 and V4 loops are indicated. In the liganded (1GC1) gp120 the β-strands 
making up the bridging sheet are proximal to each other, however the unliganded SIV gp120 (2BF1) shows a 
rearranged bridging sheet with the β2 and β3 sheets displaced 20-25Å from the β20 and β21 sheets. Protein 
structure images for this and all subsequent protein structure figures (unless otherwise stated) were created 
using PyMOL (DeLano, W.L. The PyMOL Molecular Graphics System (2002) DeLano Scientific, San Carlos, CA, 
USA (http://www.pymol.org). 
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The sparsely glycosylated inner domains of the three gp120 monomers interact with each other and 

with the three gp41 monomers in the context of the functional trimeric spike. The inner domain 

consists mainly of the C1 and C5 regions.  In contrast, the outer domain is heavily glycosylated so as 

to cover and thereby protect solvent exposed regions. The bridging sheet is located between the 

inner and outer domains and is composed of four anti-parallel β-sheets, two of which (β2 and β3) 

emanate from the V1V2 loop stem and two (β20 and β21) from the C4 region.  

 

Due to the highly dynamic nature of HIV-1 gp120, it has never been crystallised in the absence of 

ligands bound to its receptor and coreceptor binding sites. However, the SIV and HIV-1 gp120 

proteins share sequence similarity, common receptors and coreceptors and perform the same 

function of viral attachment. The closely related SIV gp120 core protein was crystallised in the 

unliganded form (Chen et al., 2005; Chen et al., 2009) and provides a useful comparison with the 

liganded structure. In the unliganded SIV gp120 structure (PDB ID: 2BF1) the outer domain appears 

to be highly similar to the liganded HIV-1 gp120 in terms of the arrangement of secondary 

structures, however the inner domain and bridging sheet are greatly altered (Figure 5). Although this 

unliganded conformation may be a product of the plasticity of gp120 (and thus multiple unliganded 

forms may exist), the liganded and unliganded structures together with isothermal titration 

calorimetry (ITC) data (Kwong et al., 2002), suggests that binding of CD4 induces drastic 

conformational changes in gp120. 

 

Although the complete crystal structure for gp120 has not been solved, numerous additions, such as 

the V3 loop (Huang et al., 2005) and the N- and C-termini (Pancera et al., 2010), have been made to 

the core gp120 structure. Most recently the structure of the V1V2 region scaffolded to a bacterial 

protein has been solved (McLellan et al., 2011). Figure 6 shows a homology model that combines all 

these features and was generated using the Swiss-PDB Viewer and SWISS-MODEL Server (as were all 

subsequent homology models) (Arnold et al., 2006; Guex and Peitsch, 1997; Schwede et al., 2003).  
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 Figure 6. A ribbon representation of a subtype C homology model combining all known structural elements 
of gp120. Two views with a 90 ° rotation are shown. (A) Highlighted in this view of gp120 are the C2 (yellow), 
C4 (orange) and C5 (red) regions. (B) This view of gp120 shows the C1 (green) and V1V2 (cyan) regions as well 
as the V3 (purple) and V5 (blue) loops. This model was generated by threading a subtype C gp120 sequence 
into a structural alignment of the JR-FL, HXBc2, CAP210 gp120 and CAP45 V1V2 region crystal structures (PDB 
ID: 2B4C, 3JWD, 3QAD and 3U4E respectively). This and all subsequent homology models were generated 
using the SWISS-MODEL Server (Arnold et al, 2006; Schwede et al, 2003; Guex and Peitsch, 1997; Peitsch, 
1995). 

 

The V3 loop of the JR-FL isolate was co-crystallised with two domain CD4 and a monoclonal antibody 

(X5) targeting the CD4-induced epitope (Huang et al., 2005). The V3 region protrudes as an 

elongated loop structure from two anti-parallel β-sheets in the outer domain (Figure 6). The base of 

this structure is stabilised by a disulphide bond located between β12 and β13. The dynamic stem 

extends away from the gp120 core to form a β-turn at the furthermost tip. When this structure was 

modelled into that of the trimer, as determined by cryoelectron tomography (Bennett et al., 2007; 

Briggs et al., 2006; Sougrat et al., 2007; Subramaniam, 2006; Zanetti et al., 2006), the V3 loop tip 

faced the cell membrane, which is consistent with coreceptor binding. However, an extended V3 

loop may only be relevant in the context of a CD4-bound gp120 and it has been proposed that this 

region may be partially occluded by the V1V2 region in the context of the unliganded trimer (Gram 

et al., 1994; Krachmarov et al., 2005; Krachmarov et al., 2006; McLellan et al., 2011; Pinter et al., 

2004; Schonning et al., 1996). 

 

The unliganded envelope spike possesses a high amount of potential energy that upon receptor 

binding is harnessed to facilitate the fusion process (Wyatt and Sodroski, 1998). Conformational 
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changes in gp120, subsequent to CD4 and coreceptor binding results in conformational changes in 

gp41. The N- and C-termini of g120 were crystallised in the HXBc2 core (stabilised with two domain 

CD4 and the monoclonal antibody 48d, which targets the CD4-induced epitope) in 2010 by Pancera 

et al. Fifty one and eighteen residues were added to the N- and C-termini of gp120 respectively. 

These additional residues included the gp41 interactive residues, which were determined via 

mutagenesis (Finzi et al., 2010). This structure revealed a mechanism whereby gp120 holds gp41 in 

the stable prefusion state, despite the seemingly weak interaction between the two. The inner 

domain was therefore further divided into the structurally invariant termini and 7-stranded β-

sandwich together with three distinct, flexible and refoldable layers. The invariant structures act as a 

clamp on gp41 to prevent early transition of the molecule to prefusion intermediates. The three 

dynamic layers allow gp120 to possess the large conformational diversity it requires for both 

biological function (receptor binding) and immune evasion (Pancera et al., 2010).   

 

In each of the previous gp120 core structures the truncated V1V2 stem protruded from a similar β-

hairpin. In a very recent study, the V1V2 regions of 2 subtype C viruses, CAP45 and Zm109 were 

incorporated into separate protein scaffolds (derived from streptococcal protein G) with a known β-

hairpin structure (McLellan et al., 2011). These scaffolded proteins were complexed with the PG9 

monoclonal antibody, which targets a quaternary epitope that is only wholly apparent in the context 

of the trimeric envelope and is dependent on residues in the V2 region (Walker et al., 2009). The 

structure revealed a V1V2 region folded into four anti-parallel β-strands with connecting loops 

(Figure 6 B) and a hydrophobic core. The conserved residues located in four clusters (HXB2 positions 

126 to 130, 152 to 164, 166 to 178 and 191 to 196) form the four strands. The intervening variable 

and highly glycosylated regions make up the two loops that connect the four strands.  

 

A large degree of diversity exists between subtype B and C viruses in various regions of the 

envelope. Until 2009 only subtype B gp120 crystal structures had been resolved and given that 

subtype C is the predominant subtype worldwide, there has been a major drive recently to 

determine the structure of subtype C gp120 proteins.  In 2010, Diskin and colleagues solved the 

gp120 core crystal structure for CAP210, a subtype C virus, stabilised with soluble CD4 (sCD4) and 

the CD4-induced 21c Fab. The subtype C gp120 core structure was highly similar to those obtained 

for subtype B viruses, apart from a few differences in the CD4 binding site and the V5 loop (Diskin et 

al., 2010). 
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1.3.4 The C3V4 region 

Differences in the envelopes of subtype B and C viruses have been observed in numerous regions 

(Choisy et al., 2004; Gaschen et al., 2002; Gnanakaran et al., 2007; Korber et al., 1994). The C3 region 

and especially the alpha2-helix have been shown to be particularly variable in subtype C, in 

comparison to subtype B viruses where the V3 loop is instead very variable (Choisy et al., 2004; 

Gaschen et al., 2002).  

 

As illustrated in Figure 7, the C3 region, situated slightly upstream of the V3 loop, includes the 

alpha2-helix and CD4 binding loop (Kwong et al., 1998). The C3 region extends from position 332 to 

384 (HXB2 numbering) and contains between three and four potential N-linked glycans (PNGs), 

including the 332 glycan that has been described as a major neutralisation target (Gray et al., 2011; 

Kwong et al., 1998; Walker et al., 2011). The alpha2-helix is 18 amino acids in length and is located 

between positions 335 to 352 according to HXB2 numbering (Kwong et al., 1998). 

  

Figure 7. Ribbon representation illustrating the location of the C3V4 region within the monomeric gp120 
core structure. Two views of a gp120 homology model, rotated about a 90 ° axis, highlight the position of the 
C3V4 region. The C3 region (cyan and rainbow colours) is situated in the outer domain of gp120 slightly 
upstream of the V3 loop. Within the C3 region is the alpha2-helix (rainbow colours) that is found in close 
proximity to the V4 loop (purple). Residue 332 is shown as red spheres and the CD4 binding loop is indicated. 
This model was created by threading a subtype C gp120 sequence into the structural alignment of the JR-FL, 
HXBc2 and CAP210 gp120 structures (PDB ID: 2B4C, 3JWD and 3LQA respectively). 
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A comparison of subtypes B and C, shows a consistently stronger charge anti-correlation between 

the alpha2-helix and V4 loop of subtype C, but not subtype B viruses  (Gnanakaran et al., 2007). The 

C-terminus of the V4 loop may therefore interact with the N-terminus of the alpha2-helix. The highly 

dynamic and variable V4 loop is located between positions 385 and 418 (HXB2 numbering) (Figure 7) 

and has an average of four PNGs.  In addition to sequence differences, the C3V4 region also differs 

between subtype B and C viruses in terms of electrostatic properties and length (Choisy et al., 2004; 

Gaschen et al., 1999; Gaschen et al., 2002; Gnanakaran et al., 2007). The C3V4 region has been 

shown to be a major target for nAbs in subtype C infection (Moore et al., 2008) and this region was 

therefore the focus of this study. 

 

A comparison of the crystal structures of a subtype C (CAP210) and three subtype B (HXBc2, JR-FL 

and YU-2) gp120s (Diskin et al., 2010; Huang et al., 2007; Huang et al., 2005; Pancera et al., 2010) 

provides evidence that the position of the alpha2-helix within gp120 differs between the subtype B 

and C viruses. In Table 1, the root mean square distance (rmsd), measured in angstroms (Å), gives an 

indication of the structural similarity or difference between equivalent atoms in each of the gp120 

structures being compared, with larger distances indicating a higher degree of variation (Carugo and 

Pongor, 2001). Comparisons between three different subtype B structures were made separately 

and then each subtype B structure was compared to the sole subtype C structure. These 

comparisons were made using all the residues forming the alpha1-helix and the alpha2-helix. The 

alpha1-helix, an example of a secondary structure that has a conserved position within gp120 

irrespective of subtype, has an average rmsd value of 0.465 Å for subtype B to subtype B 

comparisons and 0.440 Å for subtype B to subtype C comparisons (Table 1). The similarity of the 

rmsd values for these two groups indicates that their position within gp120 is indeed similar across 

both clades. In contrast, larger average rmsd values were observed in the comparisons of the 

alpha2-helix of subtype B and C structures (1.320 Å) than those between different subtype B 

structures (0.608 Å) (Table 1). As shown in Table 1, the alpha2-helix of subtype C viruses appears to 

be more solvent-exposed when compared to the alpha2-helix of subtype B viruses. These 

observations indicate that the alpha2-helix differs in terms of its position in gp120 between the two 

clades.  
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Table 1. Comparison of the structural similarity of the alpha1-helix and the alpha2-helix of subtype 

B and C viruses.  

 

rmsd = root mean square distance 

 

All-atom molecular dynamics simulations have shown that the alpha2-helix of subtype C viruses is 

more amphipathic than subtype B viruses, with distinct polar and non-polar faces that are indicative 

of a surface helix (Gnanakaran et al., 2007). This observation together with our aforementioned 

calculations supports the suggestion that the alpha2-helix is more exposed and more immunogenic 

in subtype C viruses than in subtype B viruses. 

 

Within the alpha2-helix of subtype C viruses, residues were observed to switch charges over time 

(Gnanakaran et al., 2007). This was in contrast to subtype B viruses where the residues of the 

alpha2-helix maintained their charges through the course of infection. In addition, unique mutations 

in the alpha2-helix of subtype C viruses have been associated with resistance to neutralisation (Rong 

 

Structures 
Compared 

rmsd 
(Å) 

alpha1-helix 

rmsd  
(Å)   

alpha2-helix 
Alpha2-helix superimpositions 

Hxbc2 (1GC1)  
JR-FL (2B4C) 

0.497 0.722 

 

Hxbc2 (1GC1) 
YU-2 (2QAD) 

0.487 0.459 

 

JR-FL (2B4C) 
 YU-2 (2QAD) 

0.411 0.644 

 

Hxbc2 (1GC1) 
CAP210 (3LQA) 

0.450 1.305 

 

JR-FL (2B4C)  
CAP210 (3LQA) 

0.444 1.376 

 

YU-2 (2QAD) 
CAP210 (3LQA) 

0.427 1.278 
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et al., 2007b). The alpha2-helix may therefore contribute to neutralisation epitopes in subtype C 

viruses, but may also affect neutralisation epitopes through known interactions with the V4 loop or 

β-10, β-11, β-14 and β-24 strands (Gnanakaran et al., 2007). The V4 loop, as with the V1V2 and V3 

loops, is generally shorter in subtype C viruses than subtype B viruses, which may enhance infectivity 

at the cost of exposure of neutralisation epitopes (Chohan et al., 2005; Derdeyn et al., 2004; Frost et 

al., 2005; Gnanakaran et al., 2007; Gray et al., 2007) 

 

These observations are further supported by modelling of N-linked glycans onto the subtype C gp120 

homology model described in Section 2.2, where three “unshielded” areas are apparent: the inner 

domain (Figure 8 A); the alpha2-helix (Figure 8 B) and the CD4, coreceptor and α4β7 binding sites 

(Arthos et al., 2008; Moebius et al., 1992; Rizzuto et al., 1998) (Figure 8 C).   

 

Figure 8. Surface view of a gp120 homology model showing areas that are unshielded by glycans. Three 90° 
rotations of a subtype C homology model described previously show areas on the gp120 monomer that are 
less densely glycosylated and thus “unshielded.” (A) The inner domain (grey) of gp120 is sparsely glycosylated 
to facilitate ease of trimer association. (B) The alpha2-helix found within the C3V4 region (cyan) is clearly 
visible through the dense mass of N-linked glycans that cloak the outer domain. (C) The CD4 (green), 
coreceptor (yellow) and α4β7 (orange) binding sites are unshielded to facilitate receptor binding. Glycans are 
depicted as purple spheres.  N-linked glycans were modelled using 
 http://www.glycosciences.de/modeling/glyprot/php/main.php 

 

The C3V4 region, specifically the alpha2-helix, is clearly visible through the dense glycan shield that 

surrounds the outer domain. Whilst the other two “unshielded” regions likely contain fewer glycans 

to facilitate specific functions of gp120, the C3 region may be a weak spot on gp120 that is specific to 

subtype C viruses. This supports the theory that the alpha2-helix is more exposed in subtype C 

viruses and suggests a reason for the highly immunogenic nature of the C3V4 region. 

 

90° 90°

A B C

Inner domain C3V4 region CD4, coreceptor and α4β7
binding sites

http://www.glycosciences.de/modeling/glyprot/php/main.php
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1.4 Neutralising antibodies 

Neutralising antibodies (nAbs) recognise epitopes that are present on functional envelope spikes. 

This is in contrast to non-neutralising antibodies that bind to the highly immunogenic non-functional 

forms of the envelope, which have been proposed to serve as immunological decoys (Moore et al., 

2006). The binding of nAbs to the envelope either blocks attachment or prevents conformational 

changes needed by both gp120 and gp41 for fusion to occur, thereby preventing HIV-1 infection 

(Wyatt and Sodroski, 1998). There are between 8 and 14 functional envelope spikes on each HIV-1 

virion, all of which must be occupied by at least one nAb for complete neutralisation of the virus 

(Zhu et al., 2006).  

 

The first detectable B cell responses to HIV-1 are antibody-virion complexes that arise 8 days after 

transmission (Tomaras et al., 2008). At 13 days post-infection (p.i.) the first free antibody response 

to HIV-1 develops with the production of binding, non-neutralising anti-gp41 antibodies (Tomaras et 

al., 2008). These initial anti-gp41 antibodies are polyreactive and highly somatically mutated (Liao et 

al., 2011). Therefore stimulation of memory B cells that were previously activated by non-HIV 

antigens occurs during acute HIV-1 infection (Liao et al., 2011). The first gp120-specific antibodies 

develop at least 27 days after transmission (Tomaras et al., 2008). These initial anti-gp41 and anti-

gp120 binding antibodies have no effect on viremia and exert no pressure on the early viruses as 

determined by sequence analysis (Keele et al., 2008; Tomaras et al., 2008).  

 

However, the autologous neutralising antibody (AnAb) response, which is directed to a person’s own 

virus, is thought to develop much later at 12-20 weeks p.i. giving the virus ample time to establish 

infection (Delwart et al., 1997; Gray et al., 2007; Li et al., 2006a). The possibility of low levels of 

neutralising antibodies, undetectable with current assays, but nevertheless able to shape the viral 

population at early time points, has not yet been excluded (Bar et al., 2012). Despite the delay 

between transmission and the onset of the AnAb response, the pressure these antibodies exert on 

the viral population is substantial and therefore the virus continually evolves to escape their effects 

(Delwart et al., 1997; Frost et al., 2005; Moore et al., 2009; Richman et al., 2003; Rong et al., 2009; 

Wei et al., 2003). Together, in a continual evolutionary “arms race”, both virus and antibody adapt in 

response to each other (Figure 9). This rapid viral escape, a direct consequence of the error-prone 

viral reverse transcriptase, occurs in the form of shifts in the glycan shield, single amino acid 

substitutions as well as insertions and deletions (indels) especially in the variable regions (Moore et 
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al., 2009; Nakowitsch et al., 2005; Rong et al., 2009; Sagar et al., 2006; Tang et al., 2007; Wei et al., 

2003). 

                                    

Figure 9. Schematic depicting the “evolutionary arms race” between HIV-1 and the host immune response 
over time.  The 1 month p.i. serum sample from an infected individual is unable to neutralise viruses isolated 
from any time point as the antibody response only develops between 12 and 20 weeks p.i. After the 
development of the initial AnAb response, continual viral escape is followed by antibody evolution. Therefore 
a given serum sample cannot neutralise the virus present at the same time point. Red squares indicate 
sensitivity and blue squares indicate resistance of the virus to that serum sample. 

 

Individuals infected with subtype C viruses tend to develop a highly type-specific, yet more potent 

AnAb response than those infected with subtype B viruses (Li et al., 2006a; Li et al., 2006b). These 

early responses have a limited number of specificities (Lynch et al., 2011; Moore et al., 2009; Rong et 

al., 2009) and although the V4 and V5 loops do play a minor role as neutralisation epitopes for 

AnAbs, the larger majority of the response appears to be directed to the V1V2 loop or the C3V4 

region of gp120 in subtype C infections (Moore et al., 2008; Moore et al., 2009). Although the early 

AnAb response in subtype C infections has been shown to differ somewhat within the first year of 

infection compared to subtype B infections (Gray et al., 2007; Li et al., 2006a; Moore et al., 2008; 

Moore et al., 2009), a recent study has shown that early AnAbs in subtype B infections target an 

epitope at the base of the V3 loop that involves PNGs in both the C3 and V4 regions (Tang et al., 

2011), suggesting the presence of a common epitope in both subtype types. 

 

Unlike AnAbs which develop in all HIV-1 infected individuals, only approximately 10 to 20% of HIV-1 

infected individuals develop antibodies that are capable of neutralising heterologous viruses, 

including viruses from different subtypes (Euler et al., 2010; Gray et al., 2011; Piantadosi et al., 2009; 

Sather et al., 2009; Walker et al., 2009; Walker et al., 2010). These broadly neutralising antibodies 

(bnAbs) often only develop after at least 2 years of infection (Gray et al., 2011) and target three 

broad categories of epitopes on the envelope: the CD4 binding site (such as b12 and VRC01) (Burton 
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et al., 1994; Wu et al., 2010), the MPER (such as 2F5 and 4E10) (Burton et al., 1994; Muster et al., 

1993; Stiegler et al., 2001; Zwick et al., 2001) and the glycan shield (such as 2G12, PGT128 and PG9) 

(Trkola et al., 1996; Walker et al., 2011; Walker et al., 2009). The relationship between early AnAbs 

and later bnAbs is not known and current research aims to determine the ontogeny of bnAbs 

through the isolation of AnAbs over the course of HIV-1 infection. 

 

1.5 Prevention of HIV-1 through vaccine-induced immunity 

Passive or active antibody-based immunity is important for protection against numerous human 

pathogens, such as rabies virus, hepatitis B virus, mumps virus, respiratory syncytial virus, measles 

virus, rubella virus, human herpesvirus 3, human enterovirus C and cytomegalovirus (Bahmanyar et 

al., 1976; Beasley et al., 1983; Gellis et al., 1945; Groothuis et al., 1993; Hammon et al., 1953; 

Janeway, 1945; Korns, 1952; Ross, 1962; Snydman et al., 1987). Therefore the role of antibodies in 

protection from HIV-1 infection has been a focus of many studies.  

 

Following the development of a simian-human immunodeficiency chimeric virus (SHIV), which 

expresses an HIV-1 envelope in a SIV backbone, the potential role of anti-HIV-1 nAbs in mediating 

protection from SHIV infection in non-human primate (NHP) models was investigated (Li et al., 1992; 

Luciw et al., 1995; Sakuragi et al., 1992; Shibata et al., 1991). A cocktail of two or more anti-HIV-1 

nAbs, administered intravenously, was shown to offer sterilising protection after both intravenous 

and mucosal SHIV challenge (Mascola et al., 1999; Mascola et al., 2000) and topically administered 

nAbs could protect against vaginal SHIV challenge (Veazey et al., 2003). In addition protection from 

oral SHIV challenge in neonatal rhesus macaques after prenatal nAb administration, and prior to 

postnatal nAb administration, has been observed (Baba et al., 2000; Hofmann-Lehmann et al., 2001). 

These studies showed that high concentrations of nAbs were required to prevent SHIV infection in 

both the adult and neonatal rhesus macaques. However two subsequent studies showed that 

intravenous administration of low concentrations of the anti-HIV-1 monoclonal antibody 2G12 in 

NHPs could confer protection, although the underlying mechanisms were not determined (Hessell et 

al., 2009; Parren et al., 2001).  

 

Both nAbs and binding antibodies can also exert anti-viral effects in vivo by other mechanisms 

(Parren and Burton, 2001). Proteins of the complement system as well as the crystallisable fragment 
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(Fc) receptors can bind to the Fc part of an antibody to cause activation of the complement system 

or antibody-dependent cellular cytotoxicity (ADCC) respectively (Burton, 2002). A study in 2007 

showed that binding of the Fc receptor, but not complement, enhanced antibody-mediated 

protection from SHIV infection, although this was not an absolute requirement (Hessell et al., 2007). 

 

In 2005 Trkola and colleagues showed a delay in viral rebound upon ART cessation when nAbs were 

administered to HIV-1 infected individuals (Trkola et al., 2005). The effect of these nAbs was more 

pronounced in acutely, rather than chronically HIV-1 infected individuals, but nonetheless 

highlighted the fact that nAb responses have the capacity to supress HIV-1 replication in vivo.  

 

Despite the fact that these studies support a role for nAbs in HIV-1 control, eliciting bnAbs has 

proven difficult. Although more than 30 candidate HIV-1 vaccines, such as viral vectors with HIV-1 

gene inserts, HIV-1 virus-like particles, soluble HIV-1 DNA plasmids or HIV-1 proteins, have been 

used to immunise NHPs, only 4 have progressed to Phase IIb and Phase III human clinical trials 

(D'Argenio and Wilson, 2010; Mascola and Montefiori, 2010; McElrath and Haynes, 2010; Plotkin 

and Plotkin, 2011; Ross et al., 2010). The RV144 trial, which made use of a recombinant canarypox 

vector with a gp120 protein boost regimen, was the only one of these four trials that showed 

efficacy, albeit modest at 31% (Gilbert et al., 2011; Rerks-Ngarm et al., 2009). A case control analysis 

compared the immune response in uninfected vaccinees, infected vaccinees and infected individuals 

who received the placebo (Haynes, 2011). This analysis showed that development of an anti-V2 

response was inversely proportional to infection, suggesting an important role for antibodies in the 

prevention of HIV-1 infection.  

 

The aforementioned facts illustrate the potential of antibody-mediated immune responses in HIV-1 

disease prevention. However due to the limited successes of past HIV-1 vaccine development 

strategies, further investigation into the interaction between the host immune responses and the 

pathogenesis of the virus is needed. This study therefore investigated the interplay between 

antibody-mediated immune responses and HIV-1 with specific reference to the C3V4 region of 

gp120 of the viral envelope. 
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1.6 Study objectives 

The C3V4 region is strongly immunogenic and is a major target for early AnAbs in HIV-1 subtype C 

infections (Moore et al., 2008). The alpha2-helix, found within the C3 region, has been implicated in 

contributing to the immunogenicity of the region in subtype C viruses (Gnanakaran et al., 2007). The 

study of autologous responses may inform HIV-1 vaccine design. This study therefore proposed to 

characterise the early AnAb response directed to the C3V4 region in subtype C infected individuals. 

Firstly, understanding the development and specificities of early AnAb responses may inform the 

ontogeny of epitopes that elicit bnAbs. Second, an understanding of neutralisation escape pathways 

from early, easily-escaped, type-specific responses may inform the design of immunogens that have 

a reduced potential for escape. We hypothesised that a more exposed C3V4 region may lead to an 

early autologous anti-C3V4 response and that mutations in the alpha2-helix mediate neutralisation 

escape from these anti-C3V4 responses. 

 

1.6.1 Main objectives 

The main objectives of this study were to characterise anti-C3V4 neutralising responses in 17 

subtype C infected individuals and to investigate mechanisms of escape employed by the virus.  

 

1.6.2 Specific objectives 

 To determine the frequency of anti-C3V4 responses in 17 subtype C infected individuals. 

 To determine virological factors that contribute to the elicitation of anti-C3V4 responses. 

 To characterise the effect of anti-C3V4 responses on overall neutralisation titres. 

 To investigate the role of the alpha2-helix in mediating neutralisation escape. 

 To determine whether neutralisation escape can occur through regions that are structurally 

proximal to the alpha2-helix. 
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Chapter 2: Materials and Methods 
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2.1 The CAPRISA 002 Acute Infection cohort 

The CAPRISA 002 Acute Infection cohort was established in Durban, South Africa in 2004 by enlisting 

a group of 245 high risk HIV negative women. Sixty participants subsequently became infected and 

have volunteered blood samples consistently at various times points before and after 

seroconversion (Gray et al., 2007; van Loggerenberg et al., 2008). Enrolment samples for this project 

were obtained at the earliest available time point following HIV-1 infection. Individuals from the 

CAPRISA 002 cohort were selected for this study based on the availability of a cloned pre-

seroconversion or enrolment (acute) envelope, previous and on-going characterisation of 

neutralisation breadth and longitudinal follow-up exceeding 2 years p.i. 

 

Five individuals (CAP45, CAP63, CAP84, CAP88 and CAP239) were previously assessed for a 

neutralising antibody response targeting the C3V4 region of the envelope (Moore et al., 2008). In 

this project a further seventeen individuals were classified as either C3V4 responders or non-

responders. Five individuals (CAP136, CAP206, CAP228, CAP244 and CAP255) who developed a C3V4 

response were characterised in greater depth. 

 

2.2 Cell lines 

The JC53BL-13 (TZM-bl) cell line, engineered by J. Kappes and X. Wu, was obtained from the NIH 

AIDS Reagent and Reference Program. The human epithelial kidney (HEK) derived 293T/17 cell line 

was obtained from Dr George Shaw (University of Alabama, Birmingham, AL). Both cell lines were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco BRL Life technologies) containing 10 

% heat-inactivated foetal bovine serum (FBS) (Gibco BRL Life technologies) and 50 µg/ml gentamicin 

(Sigma-Aldrich). Cell monolayers were disrupted at confluency by treatment with 0.25 % trypsin in 1 

mM ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich). 

 

2.3 Production of env-pseudotyped viruses (pseudoviruses) 

Envelope-containing plasmids were co-transfected into 293T/17 cells with the pSG3ΔEnv plasmid 

(which encodes the entire HIV-1 genome but contains stop codons in the env gene). The pSG3ΔEnv 

plasmid, engineered by J. Kappes and X. Wu, was obtained from the NIH AIDS Reagent and 

Reference Program. Pseudoviruses (PSVs) generated by this method have functional envelopes from 

the env-expressing plasmid and therefore can infect susceptible reporter cells, however they are 
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unable to produce infectious progeny virions thereafter due to the incorporation of an incomplete 

HIV-1 genome. 

 

293T/17 cells (2 x 106 cells) were seeded into 10 cm2 sterile cell culture dishes in DMEM containing 

10 % heat-inactivated FBS, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

(Gibco BRL Life technologies) and 50 µg/ml gentamicin  (complete DMEM).  Dishes were incubated 

at 37°C, 5% CO2 for 24 hours.  

 

Transfection reactions were prepared by incubating 500 μl of serum free DMEM with 24 μl of 

FuGENE®6 Transfection Reagent (Roche) before adding 4 μg each of the pSG3ΔEnv plasmid and an 

envelope-containing plasmid. This transfection mixture was mixed gently and incubated for 45 

minutes before being added drop by drop to the 293T/17 cells. The transfected cells were incubated 

at 37 °C, 5 % CO2 for 48 hours, after which supernatants containing the PSVs were harvested. The 

supernatants were filtered through a 0.45 μm filter (Satorius) and additional FBS was added to bring 

the final percentage of FBS to 20 % (as a cryopreservant). These stocks were divided into 1 ml 

aliquots and frozen at -70 °C until use. 

 

2.4 Neutralisation assay  

The neutralisation assay used in this study measures the ability of antibodies to prevent HIV 

infection in JC53BL-13 (TZM-bl) cells. These are HeLa cells engineered to constitutively express the 

CD4, CCR5 and CXCR4 receptors (Platt et al., 1998). The JC53BL-13 cells also contain the firefly 

luciferase gene, under the control of the HIV-1 long-terminal repeat (LTR) (Montefiori, 2004; Wei et 

al., 2002; Wei et al., 2003). Infection of these cells with PSVs results in induction of the reporter 

luciferase gene in trans by the viral tat protein. This luminescence is directly proportional to the 

number of infectious viral particles or PSVs infecting the cells and inversely proportional to the 

ability of nAbs to block infection (Montefiori, 2009; Wei et al., 2002).  

 

Plasma samples were heat-inactivated at 56 °C for 45 minutes to inactivate complement (Montefiori 

et al., 1994). The first two columns of a sterile, low evaporation 96-well plate (Corning) were used as 

a cell control and virus control respectively (Figure 10). Five plasma samples were serially diluted 
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(from a starting dilution of 1:40) in duplicate in the remaining ten columns. The serially diluted 

plasma was incubated with a dilution of PSV that yielded relative light units (RLU) of 40 000 in a total 

volume of 50 μl complete DMEM for 1 hour at 37 °C, 5 % CO2. Twenty microlitres JC53BL-13 cells at a 

concentration of 5 x 105 cells/ml containing 70 µg/μl diethlyaminoethyl (DEAE)-dextran (Sigma-

Aldrich) was added per well. DEAE-dextran is polycationic and is known to enhance viral infectivity 

(Kaplan, et al 1967; Fiala, et al 1969; Park et al 1998). Twenty-four hours later 130 μl of complete 

DMEM was added per well.  

   

Figure 10. Schematic layout of a typical neutralisation assay. Column 1 represents the cell control, containing 
only complete DMEM and cells. Column 2 represents the virus control containing complete DMEM, virus and 
cells. Columns 3 to 12 represent wells containing serial plasma dilutions incubated with PSV and cells. 

 

Twenty-four hours thereafter, luminescence was measured using the Bright-GloTM Luciferase Assay 

System (Promega). These reagents include a detergent for lysing the cells and luciferin (the substrate 

upon which luciferase acts). In infected cells translation of the gene encoding firefly luciferase results 

in oxidation of luciferin in a light-producing reaction. A hundred microlitres of the supernatant was 

removed from each well before addition of 100 μl Bright-GloTM Luciferase Assay reagent. The 

reagent was incubated for 2 minutes at room temperature to allow for cell lysis. The supernatant 

and cell layer were mixed by pipette action and 150 μl was transferred to a LumiNuncTM 96 

MicrowellTM black plate. Luminescence was measured in RLUs using the Victor3 1420 Multilabel 

Counter (Perkin-Elmer). The antibody titre was reported as the dilution of plasma needed to inhibit 

half the viruses from infecting the reporter cell (ID50). Neutralisation assays were repeated a 

minimum of three times. 
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2.5 Generation of C3V4 chimeras by overlapping polymerase chain reaction 

An overlapping polymerase chain reaction (PCR) strategy was used to generate C3V4 envelope 

chimeras (Figure 11). The C3V4 region from a previously cloned envelope of interest, and flanking 

regions from a resistant envelope backbone were amplified in separate reactions. Thereafter the 

fragments were linked using overlapping PCR. Primers were designed using the OligoCalc website to 

calculate the melting temperatures and prevent potential internal secondary structures (Kibbe, 

2007).  

 

The high fidelity PfuUltraTM II enzyme and 10X PfuUltraTM II reaction buffer (Stratagene) were used as 

per the manufacturer’s recommendations with 0.4 ρmol/μl primers (see Appendix 1), 0.2 mM 

deoxynucleoside triphosphates (dNTPs) (Roche), and between 5 ng and 50 ng of plasmid DNA. Each 

reaction was made up to 50 µl with sterile water (Sigma). The thermocycling conditions were as 

follows: initial denaturation at 98 °C for 3 minutes; 35 cycles of 98 °C for 30 seconds, 55 °C for 30 

seconds, 72 °C for 30 seconds per 750 bp depending on the length; and a final extension of 72 °C for 

7 minutes. PCR products were screened on 1 % molecular grade agarose (Bioline) gels.  

Figure 11. C3V4 chimera generation.  (A) Amplification of the two regions flanking the C3V4 region from a 
neutralisation resistant envelope backbone. (B) Amplification of the C3V4 region from the participant of 
interest. (C and D) Overlapping PCR reactions that produce the C3V4 envelope chimera. Primers are 
represented by small labelled arrows. Sequences of primers are shown in Appendix 1. 
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2.6 Gel extraction of DNA 

PCR amplified DNA fragments of the desired size were gel purified using the QIAquick Gel Extraction 

Kit (QIAGEN) which utilises a specialised silica membrane to adsorb DNA in the presence of high salt 

concentrations. Excised agarose gel slices containing the desired bands were weighed, and three 

volumes of buffer QG were added to 1 volume of gel to solubilise the agarose and optimise the pH 

and salt concentration. This was incubated at 50 °C for 10 minutes (to melt the gel) and mixed 

thoroughly. This mixture was transferred to a QIAquick spin column and centrifuged at 14 000 rpm 

for 1 minute on a table-top microcentrifuge. All subsequent centrifugation steps were carried out 

using a table-top microcentrifuge, unless units are given in G. Five hundred microlitres of QG buffer 

followed by 750 μl PE buffer were run through the column at 14 000 rpm for 1 minute each. The 

column was dried by centrifugation at 14 000 rpm for 1 minute before eluting the DNA in 30 μl of 

the low salt containing EB buffer (centrifuged at 14 000 rpm for 1 minute). DNA was quantified using 

the NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific). 

 

2.7 Ligation into expression vector 

Gel extracted 3 kb full length chimeric envelopes were ligated into the pcDNATM 3.1D/V5-His-TOPO® 

vector using the pcDNATM 3.1 Directional TOPO® Expression Kit (Invitrogen). This vector makes use of 

oligonucleotides charged with topoisomerase I enzyme from the Vaccinia virus to directionally clone 

blunt-ended PCR products. A 5’ GTGG TOPO®-charged overhang in the vector attacks the CACC four-

base sequence in the PCR product, anneals to it and stabilises it in the appropriate direction. The 

CACC sequence and a Kozak translation initiation site were included at the 5’ end of the EnvAStop 

primer. The vector encodes the β-lactamase gene which inactivates the antimicrobial activity of 

ampicillin. Briefly, 1 μl of salt solution (1.2 M NaCl, 0.06 M MgCl2) was added to 10 ng insert followed 

by 1 μl of pcDNATM 3.1D/V5-His-TOPO® and reactions were made up to 6 μl with sterile water 

supplied in the ligation kit.  This ligation mixture was then incubated at room temperature for 10 

minutes before being transformed into bacterial cells (as described in Section 2.8). 

 

2.8 Transformation of XL-10 Gold cells 

XL-10 Gold Ultracompetent cells (Stratagene) were thawed on ice. For every 150 μl of thawed cells, 4 

μl of β-mercaptoethanol (Stratagene) was added to increase transformation efficiency. Each 6 μl 

ligation reaction was added to 50 μl cells. The transformation reaction was incubated on ice for 30 

minutes, followed by a heat shock for 35 seconds at 42 °C. The heat shock method facilitates cellular 
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uptake of DNA by creating pores in the cell membranes. Super optimal broth with catabolite 

repression (SOC) media (Invitrogen), which enhances transformation efficiency and recovery of cells 

(Hanahan, 1983), was added to the transformation reaction and incubated, while shaking at 225 rpm 

at 37 °C, for 1 hour. The transformed cells (100 μl) were plated on LB (Luria-Bertani) Agar with 100 

µg/ml ampicillin (Sigma-Aldrich) and incubated overnight at 37 °C.  

 

2.9 Colony polymerase chain reaction 

Colony PCR was used to screen for bacterial clones containing plasmids with inserts of the correct 

size and orientation using the T7 primer (which binds the vector at the 5’ end of the insert) and the 

EnvM primer (which binds the 3’ end of the envelope insert). Individual colonies were inoculated 

into a single well of a 96-well plate containing 100 μl of LB broth (Invitrogen) containing 100 ng/ml 

ampicillin. The 96-well plate was incubated at 225 rpm at 37 °C for 90 minutes. During this 

incubation, the colony PCR mixture was prepared. 

 

The PCR master mix contained SuperTherm Taq polymerase and  SuperTherm Taq polymerase buffer 

(Hoffman-La-Roche) as per the manufacturer’s instructions, 0.5 mM MgCl2 (Hoffman-La-Roche), 0.2 

mM dNTPs (Roche),  0.4 pmol/μl primer T7 and 0.4 pmol/μl primer EnvM. Each reaction was made 

up to 10 μl with sterile water (Sigma). The master mix was dispensed into a 96-well PCR plate. One 

microlitre of bacterial culture broth from each colony was added to the colony PCR plate as the 

template. The PCR cycling conditions were as follows: 94 °C for 5 minutes, 35 cycles of 94 °C for 30 

seconds, 55 °C for 30 seconds, 68 °C for 4 minutes and a final extension time of 68 °C for 10 minutes. 

The products of the colony PCR were screened for 3 kb inserts on a 1 % molecular grade agarose gel.  

 

2.10 Plasmid extraction 

Colonies containing plasmids with an insert of the correct size and in the correct orientation were 

cultured in 5 ml LB broth containing 100 µg/ml ampicillin overnight at 37 °C while shaking at 225 

rpm. Plasmids were extracted using the QIAprep Spin Miniprep kit (QIAGEN) which utilises a silica 

membrane spin column to adsorb and elute DNA at high and low salt concentrations respectively. 

Cultures were centrifuged at 5 000 rpm for 10 minutes at 4 °C and pellets were resuspended in 250 

μl Buffer P1 (containing RNase A). Cells were lysed with concurrent denaturation of chromosomal 

and plasmid DNA by addition of 250 μl Buffer P2 (containing sodium dodecyl sulphate (SDS) and 
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sodium hydroxide). Addition of 350 μl Buffer N3 caused precipitation of proteins, chromosomal DNA, 

cellular debris and SDS. The reactions were centrifuged at 13 000 rpm for 10 minutes at room 

temperature. Supernatants were transferred to a QIAprep spin column and centrifuged at 13 000 

rpm for 1 minute. To remove endonucleases, 500 μl Buffer PB was passed through the column at 

13 000 rpm for 1 minute. Salts were removed by addition of 750 μl Buffer PE, passed through the 

column at 13 000 rpm for a further 1 minute. Excess Buffer PE was removed by a 1 minute 

centrifugation at 13 000 rpm. Fifty microlitres Buffer EB was passed through the column at 13 000 

rpm for 1 minute to elute the plasmid DNA, which was quantified using the NanoDrop® ND-1000 

Spectrophotometer (Thermo Scientific). 

 

2.11 Sequence validation of chimeras 

Cloned chimeric envelopes were sequenced to confirm chimerism. The Sanger chain termination 

method was used, with each sequencing reaction containing 300 ng of plasmid DNA, 0.2 pmol/μl  

sequencing primer, 5.4 μl half dye buffer (Bioline), 2.6 μl ABI Prism BigDye® Terminator V3.1 Cycle 

Sequencing Ready Reaction reagent (Applied Biosystems), made up to 20 μl with sterile distilled 

water (Sigma-Aldrich). The BigDye® Terminator V3.1 Cycle Sequencing Ready Reaction reagent 

includes the four dideoxynucleoside triphosphates (ddNTPs) each labelled with a different 

fluorescent dye. This reaction was thermocycled as follows: 25 cycles of 96 °C for 10 seconds, 50 °C 

for 5 seconds and 60 °C for 4 minutes. The primer sequences are shown in Appendix 1. 

 

The products were purified by alcohol precipitation. For a full 96-well plate of sequencing reactions, 

a mixture containing 8 ml absolute ethanol (Platinum Line from Associated Chemical Enterprises) 

and 320 μl 3 M sodium acetate (Invitrogen) pH 5.2 was made. Fifty microlitres of this mixture were 

added to each well and plates were centrifuged at 2 000 x g for 30 minutes. Plates were inverted and 

supernatants were removed by centrifuging at 150 x g for 1 minute. After addition of 100 μl ice-cold 

70% ethanol the plates were centrifuged for a further 5 minutes at 2000 x g followed by removal of 

the ethanol as described previously. The products were dried for 5 minutes at 60 °C before being 

resuspended in 10 μl of Hi-DiTM Formamide (Applied Biosystems). Capillary electrophoresis was used 

to separate the extension products on the ABI Prism® 3100 Genetic Analyzer. Chromatograms were 

edited and assembled into complete gp160 sequences using Sequencher 4.5 (Gene Codes 

Corporation) and alignments were created using BioEdit 7.0.9 (Ibis Biosciences). Chimera sequences 

were compared with existing sequences of both parental envelopes. 
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2.12 Single genome amplification 

A pivotal pre-requisite for the success of this project was the amplification of envelopes from 

individual HIV genomes as opposed to quasispecies (a group of closely related, but non-identical 

viruses). This allows for phenotypic characteristics to be attributed to exact genotypes. Previous 

methods of deriving viral sequences from HIV-infected samples, such as bulk and near-endpoint 

limiting dilution of samples, were limited in that they caused the generation of PCR recombinants in 

vitro that did not exist in vivo, introduction of Taq polymerase-mediated errors as well as a non-

proportional representation of sequences due to template resampling  (Salazar-Gonzalez et al., 

2008). The use of single genome amplification (SGA) prevents intragenic recombination and reduces 

in vitro artefacts, with PCR errors introduced at a rate of less than 8 x 10-5 nucleotides per 3 kb 

envelope for the entire procedure due to the use of high fidelity enzymes  (Salazar-Gonzalez et al., 

2008).  HIV-1 envelope genes were amplified from cDNA that was diluted based on the viral load of 

the original plasma sample. If less than 30% of reactions contained a first round PCR product, then 

according to Poisson distribution each PCR product would have been generated from a single 

template in 80 % of cases (Salazar-Gonzalez et al., 2008). 

 

2.12.1 Viral RNA extraction 

HIV-1 RNA was extracted from plasma samples at 6 or 12 months p.i. using the QIAmp Viral RNA 

Mini Kit (QIAGEN). This kit utilises silica gel-based columns that selectively bind nucleic acids. The 

plasma sample was thawed on ice. In the interim 560 μl of Buffer AVL was added to 5.6 μl of carrier 

RNA and vortexed briefly, before addition of 140 μl of the plasma sample. This mixture was 

incubated at room temperature for 10 minutes to allow the chaotropic elements in Buffer AVL to 

inactivate any RNases as well as to lyse the viral particles. The carrier RNA enhances RNA binding to 

the column and reduces RNase activity. After addition of 560 μl absolute ethanol the sample was 

briefly centrifuged at 8 000 rpm. The sample-Buffer AVL-ethanol mixture was added to a spin 

column provided in the kit and centrifuged at 8 000 rpm for 1 minute. Contaminants were washed 

away through the addition of 500 μl Buffer AW1 followed by centrifugation at 8 000 rpm for 1 

minute. An additional step to eliminate contaminants was performed through the addition of 500 μl 

Buffer AW2 followed by centrifugation at 13 200 rpm for 3 minutes. The flow through was discarded 

and the column centrifuged at 13 200 rpm for 1 minute to remove residual buffer. The column was 

incubated for 1 minute with 50 μl Buffer AVE (RNase free water with 0.04 % sodium azide) before 

being centrifuged at 8 000 rpm for 1 minute to elute the RNA, which was used immediately for cDNA 

synthesis.  
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2.12.2 cDNA synthesis 

The Invitrogen SuperScript® III Reverse Transcriptase, genetically modified to reduce RNase H 

activity and maintain cDNA synthesis at the high temperatures required to melt secondary structure, 

was used to synthesise viral complementary DNA (cDNA) from extracted RNA as follow: an initial 

mixture of 8.5 μl sterile water (Sigma-Aldrich), 0.4 pmol/μl OFM19 primer, 0.8 nmol/µl dNTPs 

(Roche) and 50 μl RNA was incubated in a thermocycler for 5 minutes at 65 °C. A second mixture 

consisting of 20 μl 5X First Strand Buffer (Invitrogen), 5 nmol/µl DTT (Invitrogen), 200 U Protector 

RNase Inhibitor (Roche) and 1 000 U SuperScript® III Reverse Transcriptase was added to the first 

mixture. The resulting 100 μl reaction was incubated as follows: 50 °C for 1 hour, 55 °C for 1 hour (to 

melt secondary structure and allow cDNA synthesis) and 70 °C for 15 minutes (to heat inactivate the 

SuperScript® III Reverse Transcriptase). Once cDNA synthesis was complete, 2 U RNase H (Invitrogen) 

was added to the reaction and incubated at 32 °C for 20 minutes to digest the DNA/RNA hybrid. 

 

2.12.3 First and second round of polymerase chain reaction amplification 

 Platinum®Taq DNA Polymerase High Fidelity enzyme (Invitrogen) (a mixture of a high fidelity and a 

3’ to 5’ proofreading polymerase) was used for first and second round SGAs. This enzyme includes a 

Platinum Taq Antibody that forms complexes with, and inhibits the polymerase activity until the 

initial PCR denaturation at 94 °C, which results in increased specificity, sensitivity and yield. 

 

For each first round reaction the following reagents were used:  10X High Fidelity PCR Buffer 

(Invitrogen) as per the manufacturer’s direction, 2 mM MgSO4 (Invitrogen), 0.2 mM dNTPs (Roche), 

0.5 U Platinum®Taq DNA Polymerase High Fidelity enzyme, 0.2 pmol/μl OFM19 and VIF1 with the 

reaction made up to 19 μl with sterile water (Sigma-Aldrich). cDNA was diluted based on the viral 

load of the sample. For example, a viral load of 20 000 copies/ml would yield approximately 2000 

cDNA copies in a 100 µl cDNA reaction, which would then be diluted to result in a 1 copy/µl 

concentration. Diluted cDNA made up 1 μl of the reaction volume. The cycling conditions included 

an initial denaturation at 94 °C for 2 minutes, 35 cycles of 94 °C for 15 seconds, 55 °C for 30 seconds, 

68 °C for 4 minutes, and a final extension of 68 °C for 20 minutes. First round SGA products were 

used as templates for second round reactions before being stored at -70 °C. 
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Second round amplification was performed using the same reagents except the EnvAStop and EnvM 

primers (Appendix 1) were used and the template consisted of 1 μl of the first round reactions. The 

thermocycling conditions were 94 °C for 5 minutes, 45 cycles of 94 °C for 15 seconds, 55 °C for 30 

seconds and 68 °C for 4 minutes, with a final extension of 68 °C for 20 minutes. The products were 

visualised on a 1 % agarose gel. If less than 30 % of the total number of reactions were positive these 

were considered to be derived from single templates and selected for further use. Independent PCRs 

were performed at least twice for each cDNA. 

 

The first and second round SGA reactions were performed using small volumes as most were 

required to be negative. Therefore positive single genome amplicons were re-amplified from their 

first round products in larger reaction volumes (50 μl each) for sequencing and cloning. Reactions 

were performed with Platinum®Taq DNA Polymerase High Fidelity enzyme and products were 

purified with the QIAquick PCR Purification Kit (QIAGEN). Five volumes of Buffer PBI were added to 

the PCR reactions and mixed before being loaded onto a QIAquick column and centrifuged for 1 

minute at 14 000 rpm. Seven hundred and fifty microlitres of Buffer PE was added and centrifuged 

for 1 minute at 14 000 rpm and after removal of the flow-through the column was centrifuged again. 

The DNA was eluted from the column after incubating for 1 minute with 50 µl Buffer EB by 

centrifugation at 14 000 rpm for 1 minute. 

 

Sequencing (as described in section 2.11) initially only of the V1V2 region was performed on purified 

amplicons. The V1V2 region is highly variable and therefore facilitates detection of double peaks, 

indicative of amplicons derived from more than one envelope gene. If double peaks were detected, 

these amplicons were discarded. If no double peaks were detected, the entire gp160 envelope gene 

was sequenced. If double peaks were present in the fully sequenced envelope, these amplicons were 

also discarded. 

 

2.13 Sequence alignments, phylogenies and cloning 

Sequence alignments, which included the acute sequences derived from previous studies (Abrahams 

et al., 2009; Gray et al., 2007)were constructed using BioEdit 7.0.9 (Ibis Biosciences). The neighbour-

joining (distance), maximum likelihood and Bayesian interference (character) methods were used to 

generate phylogenetic trees in Mega5. Multiple methods (minimum evolution, maximum likelihood, 
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maximum parsimony and neighbour-joining) were employed to establish upper and lower limits of 

confidence, compensate for long branch attraction and confirm the reliability of phylogenies.  

Phylogenetic tree reliability was further confirmed using the bootstrapping method.  

 

A subset of amplicons, chosen based on the diversity of the phylogenies, was selected for further 

investigation. These amplicons were re-amplified with the high fidelity PfuUltraTM II enzyme to 

generate a sufficient amount of error-free PCR product in the same reaction described in section 2.5. 

The reaction products were run on a 1 % agarose gel and the 3 kb bands were gel extracted, ligated 

and cloned into pcDNATM 3.1D/V5-His-TOPO® and transformed into XL-10 Gold cells (as described in 

section 2.8). PSVs for these 6 month and 12 month envelope clones were produced (as described in 

section 2.3). 

 

2.14 Site-directed mutagenesis 

The QuikChange® Lightning Site-Directed Mutagenesis Kit (Stratagene) allowed for site-specific 

mutations to be introduced into double-stranded plasmid DNA in a PCR. The plasmid of interest was 

used as the template in the amplification reaction which made use of a derivative of the PfuUltra® 

high-fidelity DNA polymerase. Pfu Ultra extended the forward and reverse primers designed to 

incorporate mutations and generated complementary strands of the vector containing the mutation. 

The amplification product was treated with Dpn I, an endonuclease which acts on methylated and 

hemimethylated DNA only. The digestion with Dpn I ensured that the parental plasmid, which did 

not contain the mutation, was destroyed. Plasmids containing the mutation were transformed and 

grown in E. coli. 

 

The following were included in a 50 μl reaction (made up with sterile water): 5 µl 10X QuikChange® 

Lightning Buffer, 1.5 µl QuikSolutionTM reagent,  1 µl QuikChange® Lightning Enzyme and 1 µl dNTP 

mix as per the manufacturer’s instruction, 100 ng double stranded DNA and  2.5 ng each of the 

specifically designed forward and reverse primers containing the mutation. This reaction was initially 

denatured at 95 °C for 2 minutes, followed by 18 cycles of 95 °C for 20 seconds, 60 °C for 10 seconds 

and 68 °C for 4 minutes, with a final extension of 68 °C for 5 minutes. The reaction was then treated 

with Dpn I restriction enzyme (Stratagene) at 37 °C for 1 hour. XL-10 Gold Ultracompetent cells 

(Stratagene) were transformed (as described in section 2.8) using 3 μl of the Dpn I treated 
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mutagenesis reactions. The introduction of mutations was confirmed by sequence analysis 

(described in Section 2.11), and mutants were used to make PSVs for neutralisation assays described 

in Section 2.2 to 2.4). 

 

When more than 4 mutations were located in close proximity to each other, the design of primers 

for site-directed mutagenesis was difficult, therefore autologous chimeras were used. An autologous 

C3V4 chimera for example would contain the C3V4 region of the acute clone in the backbone of the 

6 month clone. These chimeras were created using overlapping PCR, confirmed by sequence analysis 

and were used to make PSVs for neutralisation assays as previously described in sections 2.2 to 2.11. 

 

2.15 Shannon entropy plot generation 

Entropy plots were generated using the Entropy-One tool from the Los Alamos National Laboratory 

HIV Sequence Database (http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html) 

to determine which regions of gp120 were highly variable among longitudinal clones. Shannon 

entropy is a quantitative measure of uncertainty in a data set. This tool uses a Monte Carol 

randomisation strategy to identify variability between aligned sequences. Each position in the 

sequence alignment undergoes multiple test or comparisons after which a Bonferroni correction is 

applied to set the threshold. 

 

2.16 Homology modelling using the SWISS-MODEL server 

Homology models were created using the SWISS-MODEL server (project mode) (Schwede et al, 

2003; Bordoli et al, 2006) to identify amino acid positions in the context of the three dimensional 

gp120 structure. Target sequences (for which the crystal or nuclear magnetic resonance (NMR) 

structure was unknown) were edited by deleting the signal peptide, V1V2 loops (in the majority of 

cases) and gp41 region in BioEdit 7.0.9 (Ibis Biosciences). The gp120 core crystal structures with PDB 

IDs 2B4C, 3JWD and 3LQA were used as templates. The 2B4C structure possesses a V3 loop and an 

ordered V4 loop. The 3JWD structure contains the gp41 interactive terminal regions. Finally the 

3LQA structure represents a subtype C virus (CAP210.2.00.E8). Each edited target sequence was 

threaded through a structural alignment of the templates using Swiss PDB Viewer (Guex and Peitsch, 

1997). Following manual refinement of the target and template sequence alignment, the model was 

constructed using the SWISS-MODEL server homology modelling pipeline. This pipeline employs 

http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html
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domain assignment (InterPro DomainScan), secondary structure (PSIPRED), disorder (DISOPRED) and 

putative transmembrane domain (MEMSAT) predictions. Estimates of local qualities at the amino 

acid level (ANOLEA and GROMOS), stereochemistry or geometric accuracy of the model (PROCHECK 

and WhatCheck) and global model energies (QMEAN and DFIRE) were used to assess the quality of 

the models. The entire process was repeated several times to ensure efficient model refinement. 

 

2.17 Statistical analysis 

The non-parametric Mann-Whitney Test and the Fischer’s Exact Test were used to compare the 

properties of C3V4-responders and non-responders. 
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Chapter 3: Definition of a C3V4 Responder 
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The initial aim of this project was to determine which factors make the C3V4 region immunogenic in 

many individuals infected with subtype C viruses. This chapter firstly describes the detection of AnAb 

responses targeting the C3V4 region, through the use of C3V4 chimeras. This allowed for the 

distinction between individuals who mounted an anti-C3V4 response and those who did not. 

Secondly the two groups were compared to define features of the envelope that were associated 

with a C3V4 response. Finally this chapter assessed the consequence of having an anti-C3V4 

response on the overall neutralising responses to HIV-1 subtype C. 

 

3.1 Construction of C3V4 chimeras 

The ability to mount an AnAb response to the C3V4 region was assessed in 17 individuals in this 

study (and 5 individuals in a previous study) using chimeric envelopes containing the C3V4 region of 

interest in a neutralisation resistant backbone. To identify a resistant envelope backbone, five 

envelope genes, cloned from acutely infected subjects, were tested for resistance to neutralisation 

by plasmas (from 3 years p.i.) from each of the 22 individuals (Figure 12). The 3 year time point was 

selected to ensure longitudinal assessments of the neutralising response could be performed. 

    

Figure 12. Neutralisation of five heterologous envelope clones by 22 plasma samples from 3 years p.i. 
Autologous titres are shown in green and heterologous titres are in red. Blue represents neutralisation 
resistance, while bold dark blue indicates the resistant backbone that was used in each C3V4 chimera. ND = 
not done.  

CAP88.B5 CAP84.32 CAP63.A9 CAP45.G3

CAP45 45 45 45 6968

CAP63 45 ND 1633 ND

CAP69 ND 45 ND ND

CAP84 45 3622 45 45

CAP88 2640 45 45 45

CAP136 ND 45 ND ND

CAP174 45 ND ND ND

CAP200 45 45 45 45

CAP206 223 45 173 4720

CAP225 45 45 45 45

CAP228 45 45 45 45

CAP244 45 45 45 45

CAP255 45 45 45 45

CAP314 45 45 ND ND

CAP8 45 45 45 45

CAP210 45 45 ND ND

CAP221 45 45 45 45

CAP224 45 ND ND ND

CAP239 45 45 45 45

CAP248 45 229 45 601

CAP256 45 45 1495 10 227

CAP269 45 45 45 45

Participant 

ID

Acute Envelope Clones
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Figure 12 shows the neutralisation checkerboard obtained. Green shading highlights autologous 

neutralisation, which is the ability of a plasma sample to neutralise the virus cloned from that 

individual. For example, the CAP45 plasma neutralised the CAP45.G3 virus. Red shading indicates 

heterologous neutralisation, and was confined to CAP206, CAP248 and CAP256, all of whom have 

been shown to develop broadly cross-neutralising antibodies (Gray et al., 2011). Blue depicts 

neutralisation resistance with bold, dark blue representing the neutralisation resistant backbone 

that was selected for use in making each C3V4 chimera. In this manner, a neutralisation resistant 

backbone was identified for each of the 22 individuals. 

 

Following identification of resistant backbones for each individual, overlapping PCR was employed to 

create C3V4 chimeras. The C3V4 region from each of the 22 acute viruses (parent 1) cloned from 1-2 

months p.i. was amplified (Figure 13 fragment Y). The two regions flanking the C3V4 region (from 

the signal peptide to the beginning of the C3 region and from the end of the V4 loop to the end of 

gp41) of the resistant backbone (parent 2) were amplified in separate reactions (Figure 13 fragments 

W and X).  The C3V4 region of interest was grafted onto the resistant backbone via overlapping PCR 

to create C3V4 chimeras.  

Figure 13. C3V4 chimera PCR products. (A) Diagram showing amplification of fragments W, X, Y and the full 
C3V4 chimera gp160 envelope. (B) DNA electrophoresis gel image. Lanes 1 and 6: Molecular weight marker 
(band sizes on the right of lane 6). Lane 2: Fragment spanning from the signal peptide to the beginning of the 
C3 region of the resistant backbone envelope (labelled W). Lane 3: C3V4 region amplified from the individual 
of interest (labelled Y). Lane 4: Fragment spanning from the end of the V4 loop to the end of gp41 derived 
from the resistant backbone envelope (labelled X). These pieces were then linked in overlapping PCR reactions 
to generate the full length envelope amplicon (labelled gp160).  

A
gp160

YW X

gp160

gp160

B

W

Y

X

gp160
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Chimeras were verified by gp160 sequence analysis using 8 to 10 different sequencing primers 

(shown in Appendix 1), and transfected into 239T/17 cells for the generation of PSVs that were used 

in neutralisation assays. 

 

3.2 Verification of the conformational integrity of C3V4 chimeras 

The C3V4 region is approximately 86 amino acids in length. Therefore during the generation of C3V4 

chimeras, a number of structural constraints and characteristics of the envelope may be perturbed, 

resulting in unusual exposure of neutralisation determinants. Exposure of the normally inaccessible 

V3 loop and CD4 binding site is a measure of these changes in conformation. During chronic 

infection both anti-V3 and anti-CD4 binding site antibodies are produced in almost all subjects 

(Binley et al., 2004; Conley et al., 1994; Corti et al., 2010; Davis et al., 2009; Gorny et al., 2006; Hioe 

et al., 2010). The functional integrity of the C3V4 chimeras was therefore confirmed by testing 

chimeras against heterologous plasma from CAPRISA participants at 1 year p.i. (Figure 14) as in 

similar previous studies (Moore et al., 2008). With the exception of autologous titres against CAP45, 

no other neutralisation was observed. These results indicate that the conformational integrity of all 

22 C3V4 chimeras was maintained, with no evidence of exposure of normally occluded epitopes. 

 

Figure 14. Neutralisation of 22 C3V4 chimeras by heterologous plasma samples from 1 year p.i. Each C3V4 
chimera was tested against at least 5 heterologous plasma samples to confirm conformational integrity. ID50 
titres are coloured with blue for neutralisation resistance and green for autologous neutralisation. ND = not 
done.  

CAP45 CAP221 CAP255 CAP244 CAP228 CAP237 CAP278

CAP45 744 45 45 45 45 45 45

CAP63 45 45 45 45 45 45 45

CAP69 45 45 45 45 45 45 45

CAP84 45 45 45 45 45 45 45

CAP88 45 45 ND 45 45 45 45

CAP136 45 45 45 ND ND 45 45

CAP174 45 45 45 45 45 45 45

CAP200 45 45 ND 45 45 45 45

CAP206 45 45 45 ND ND 45 45

CAP225 45 45 45 45 45 45 45

CAP228 45 45 45 ND ND 45 45

CAP244 45 45 45 ND ND 45 45

CAP255 45 45 ND 45 45 45 45

CAP314 45 45 45 45 45 45 45

CAP8 45 45 ND 45 45 45 45

CAP210 45 45 ND 45 45 45 45

CAP221 45 45 ND 45 45 45 45

CAP224 45 45 45 45 45 45 45

CAP239 45 45 ND 45 45 45 45

CAP248 45 45 ND 45 45 45 45

CAP256 45 45 ND 45 45 45 45

CAP269 45 45 45 45 45 45 45

C3V4 

chimera

Plasma samples
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3.3 Classification of C3V4 responders and non-responders 

To identify individuals who developed an anti-C3V4 response, multiple time points from enrolment 

to 1 year p.i., from all 22 individuals were used to test the neutralisation sensitivity of each 

respective C3V4 chimera. In three individuals (CAP206, CAP244 and CAP314) neutralisation assays 

were performed using plasma from enrolment to 2 years p.i. as the C3V4 chimeras were only 

sensitive to neutralisation after 10 months p.i. Neutralisation profiles of the chimeras were 

compared to those of both parental envelopes. Five individuals (CAP45, CAP63, CAP84, CAP88, and 

CAP239) were classified in a previous study (Moore et al., 2008), whilst the remaining 17 individuals 

were classified here. Figure 15 shows the results of the screening for C3V4 responses. Where the 

chimera was resistant to neutralisation, like that of the resistant parental backbone, it was 

determined that the C3V4 region was not a target of AnAbs during early infection and the individual 

was classified as a C3V4 non-responder. In contrast, if transfer of the C3V4 region into the 

neutralisation resistant backbone resulted in some transfer of neutralisation sensitivity, the 

individual was classified as a C3V4 responder. We used this approach to identify 14 C3V4 responders 

(Figure 15 A) and 8 C3V4 non-responders (Figure 15 B).  

 

The titres and timing of the neutralisation curves suggested that the anti-C3V4 response ranged 

from being the dominant AnAb response to a more minor component of the overall neutralising 

response. For example, in CAP63 and CAP88 the neutralisation sensitivity of the C3V4 chimeras 

(Figure 15 A) matched that of the autologous parent from which the C3V4 region was isolated, 

suggesting that in these two individuals the anti-C3V4 response early in infection was the 

predominant AnAb response. In contrast the majority of C3V4 responder chimeras were less 

sensitive than the autologous parents. In some individuals (such as CAP45, CAP136, CAP200 and 

CAP314) titres for the chimera were substantially lower (up to 30-fold) than the autologous parent 

suggesting that the AnAb response may not only be directed to the C3V4 region. In 9 individuals 

(CAP136, CAP174, CAP200, CAP206, CAP225, CAP228, CAP244, CAP255 and CAP314) the chimera 

only became neutralisation sensitive at a later time point than the autologous parent, in some cases 

as late as 56 weeks p.i., suggesting that the anti-C3V4 response may not be the first specificity to 

develop. In CAP136, CAP228, CAP244 and CAP255, an initial peak, a dip and then a second peak was 

observed in the neutralisation titres of the chimera, suggesting the presence of two anti-C3V4 

responses over time. In all the individuals classified as non-responders, the C3V4 chimera was 

completely neutralisation resistant.  
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3.4 Characteristics of the envelope associated with the development of an anti-

C3V4 response 

Acute envelope sequences were available for all 14 C3V4 responders and 8 non-responders from 

previous studies (Abrahams et al., 2009; Gray et al., 2007). These sequences were analysed to 

identify features of the envelope, specifically in the C3V4 region, that could be correlated with the 

development of an anti-C3V4 response.  

 

The sequences of the C3V4 region for each of the envelopes used in the generation of the chimeras 

are shown in Figure 16 and were aligned to ConC (a sequence generated from the consensus amino 

acid of at each position in of the envelope gene in an alignment of subtype C sequences on the Los 

Alamos HIV Sequence Database in 2001) (Gao et al., 2003). The alignment highlights the highly 

variable nature of both the alpha2-helix and V4 loop within the C3V4 region, which is in line with 

previous bioinformatics studies (Gnanakaran et al., 2007).  

 

Gnanakaran and colleagues (2007) have shown that the alpha2-helix and V4 loop of subtype C 

viruses often exhibit a stronger charge anti-correlation than subtype B viruses. In addition, all-atom 

molecular dynamics simulations have shown that the N-terminus of the alpha2-helix and the C-

terminus of the V4 loop interact (Gnanakaran et al., 2007). These observations suggest that through 

a charge anti-correlation the alpha2-helix and V4 loop may interact more strongly in subtype C 

viruses, potentially making this region less dynamic. A potential increased charge anti-correlation 

between the alpha2-helix and V4 loop in C3V4 responders compared to non-responders was 

considered as a factor contributing to the immunogenicity of the region. We therefore determined 

the charges of the alpha2-helices and V4 loops of the 14 C3V4 responders and 8 non-responders. 
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Figure 16 
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The charges of the alpha2-helix and V4 loop alone were not significantly different between the two 

groups, with p-values of 0.5571 and 0.9723 respectively (Figure 17 A). In addition the number of 

individuals with an oppositely charged alpha2-helix and V4 loop (data not shown) did not 

significantly differ between the groups (p = 0.1932). These results suggest that the overall 

electrostatic properties of the C3V4 regions of C3V4 responders and non-responders are similar, and 

do not influence the elicitation of an anti-C3V4 response.  

 

Shorter variable loops in subtype C viruses have been correlated with higher autologous neutralising 

titres in comparison to subtype B viruses (Li et al., 2006b). Similarly fewer PNGs in the envelope 

were correlated with higher autologous neutralisation titres in subtype C viruses (Gray et al., 2007). 

N-linked glycans protrude 15 -20 Å from the gp120 surface and then extend to form an “umbrella” 

consisting of at least 4 mannose residues (Wei et al., 2003). These observations suggest that a 

generally more neutralisation-sensitive phenotype may be associated with exposure of epitopes due 

to shorter variable loop lengths and fewer PNGs in the envelope (Gray et al., 2007; Li et al., 2006b; 

Pugach et al., 2004; Saunders et al., 2005; Stamatatos et al., 1998). Variable loop lengths and 

number of PNGs were therefore proposed to contribute the accessibility and exposure of the C3V4 

region.  

 

The V4 loop, as with most HIV-1 variable regions, can contain many indels and is therefore very 

flexible in length. This loop may therefore be an important determinant for the exposure of 

neutralisation epitopes within the C3 region. Sequences were therefore used to compare the length 

of the V4 loop and the number of PNGs in the C3V4 region between responders and non-

responders. The length of the V4 loop was found to be significantly shorter (p = 0.046) in the C3V4 

responders (Figure 17 B), suggesting increased exposure of the C3V4 region in C3V4 responders. 

 

Although the number of PNGs found in the alpha2-helix (p = 0.6608), C3 region (p = 0.0555) and V4 

loop (p = 0.2349) alone was not significantly different between the groups (Figure 17 C) a trend 

toward fewer PNGs in the C3 region of C3V4 responders was observed. The number of PNGs within 

the entire C3V4 region of the C3V4 responders were significantly lower (p = 0.0483) than in the C3V4 

non-responders, which suggests that a less densely glycosylated C3V4 region may be more 

accessible to AnAbs. However when the number of PNGs were calculated as a percentage of the 

total amino acid residues in the C3V4 region, this difference was no longer significant (p = 0.1422). 
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This suggests that the number of PNGs in the C3V4 region of responders is a consequence of the 

shorter V4 loop length. These results indicate that a shorter V4 loop and fewer PNGs in the C3V4 

region are characteristics of a virus able to elicit an AnAb response directed to the C3V4 region.  

 

 

Figure 17. Comparison of envelope characteristics between C3V4 responders and non-responders. 
Comparison of (A) charge in the alpha2-helix and V4 loop, (B) V4 loop length and (C) number of potential N-
linked glycosylation sites (PNGs) between C3V4 responders and non-responders. Plots where differences 
between the C3V4 responders and non-responders were statistically significant are outlined in red.  
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3.5 Impact of an anti-C3V4 response on overall AnAb titres 

This work has confirmed results from a previous study which showed that the C3V4 region is a highly 

immunogenic region in HIV-1 subtype C infections (Moore et al, 2008). To further characterise the 

immunogenicity of the region we tested whether a response to the C3V4 region of the envelope 

affected the overall AnAb titres during early infection.  We therefore compared autologous 

neutralising titres in responders and non-responders. Both the autologous titres at 1 year p.i. (p = 

0.0125) and the peak autologous titres within 2 years p.i. (p = 0.0374) were significantly higher in the 

C3V4 responders compared to the non-responders (Figure 18). The observation that the overall 

AnAb response in C3V4 responders is more potent may be a direct consequence of the strongly 

immunogenic nature of the C3V4 region. 

Figure 18. Comparison of the overall autologous titres of C3V4 responders and non-responders. C3V4 
responders had significantly higher titres at 1 year p.i. and peak autologous titres compared to non-
responders. 

 

 

3.6 Summary  

This chapter described the identification of 14 C3V4 responders and 8 non-responders. A 

comparison of the features of the C3V4 region between the two groups showed that a shorter V4 

loop and fewer PNGs in the C3V4 region were correlated with an anti-C3V4 response. The overall 

AnAb titres in C3V4 responders were shown to be higher than in non-responders, emphasising the 

importance of this region with respect to nAb responses in subtype C infection. 
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Chapter 4: Multiple Mechanisms of Escape from an 

Anti-C3V4 Response 
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The highly amphipathic nature of the alpha2-helix in the C3 region of subtype C viruses as opposed 

to subtype B viruses suggests that this region may be a pivotal part of a subtype C specific 

neutralising epitope (Gnanakaran et al., 2007). Variable amino acids in the alpha2-helix of subtype C 

viruses have been shown to alternate between positively and negatively charged side chains during 

the course of infection (Gnanakaran et al., 2007), a finding that suggested that such charge changes 

may mediate neutralisation escape. In addition, the alpha2-helix may affect neutralisation epitopes 

through interactions with other regions (Gnanakaran et al., 2007). Therefore in order to investigate 

whether changes in the alpha2-helix as well as mutations in regions structurally proximal to the 

alpha2-helix can mediate escape from AnAbs targeting the C3V4 region, we extensively 

characterised the mechanisms of viral escape in 5 C3V4 responders. To characterise neutralisation 

escape, single genome amplification (SGA) and sequence analysis was used to identify potential 

escape mutations. Likely escape mutations were experimentally confirmed using mutagenesis and 

neutralisation assays. 

 

4.1 CAP228: Escape via the C2 region and/or alpha2-helix 

The development of the anti-C3V4 response in CAP228, as indicated by the sensitivity of the C3V4 

chimera to CAP228 plasma, was observed by 5 months p.i. with titres approximately half that of the 

autologous parent. The generation of envelope SGAs (described in section 2.11) was therefore 

performed using CAP228 plasma from 6 months p.i., resulting in 6 envelope amplicons. The full 

length envelope sequences for these amplicons were used to construct phylogenetic trees using 4 

methods. A representative phylogeny, created using the minimum evolution method is shown in 

Figure 19. Three amplicons (CAP228.6mo.1, CAP228.6mo.3 and CAP228.6mo.4) were selected for 

cloning as they encompassed much of the diversity within all phylogenies.  

 CAP228.6mo.3

 CAP228.6mo.6

 CAP228.6mo.1

 CAP228.6mo.4

 CAP228.6mo.5

 CAP228.6mo.2

 ConC

100

99

79

87

0.05  

Figure 19. Minimum evolution phylogenetic tree for the CAP228 6 month SGAs. Amplicons that were 
selected for cloning are indicated by a purple dot. Bootstrap values are shown for each grouping. ConC was 
used as the reference sequence for rooting the phylogeny. The scale represents evolutionary distance 
measured by number of amino acid substitutions per site. 
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Six month clones were tested for neutralisation sensitivity against longitudinal autologous plasma 

and compared to the acute CAP228 clone. The three CAP228 6 month clones all showed 

neutralisation escape when compared to the acute 2 month clone (Figure 20). This was evident from 

the fact that the 2 month clone was neutralised from 7 weeks p.i. but the 6 month clones were 

resistant to all plasma samples prior to 9 months p.i. The sensitivity of the 6 month clones to later 

time points suggested the subsequent development of new AnAb responses. 

0 20 40 60 80

100

1000
CAP228.2mo.18

CAP228.6mo.4

CAP228.6mo.1

CAP228.6mo.3

Weeks p.i.

Ti
tr

e

 

Figure 20. Neutralisation escape of CAP228 6 month clones.  The acute clone (CAP228.2mo.18) and three 6 
month clones (CAP228.6mo.4, CAP228.6mo.1 and CAP228.6mo.3) were tested against longitudinal autologous 
plasma.    axis: ID50 titre.   axis: weeks p.i. 

 

To identify areas likely to contain escape mutations, an entropy plot comparing the acute and 6 

month clones (Figure 21 A) was used to identify highly variable regions in gp120 within the first 6 

months of infection. Regions with the highest entropy were potentially under the most immune 

pressure. Although mutations in the C3V4 region were identified, multiple other regions were also 

highly variable (Figure 21 A). All these potential escape mutations were plotted onto a homology 

model constructed for CAP228.6mo.3 (Figure 21 B). Mutations in the C3 region formed a tight 

cluster at the N-terminus of the alpha2-helix (Figure 21 B). Only one other high entropy cluster, in 

the C2 region, was structurally proximal to the potential escape mutations located in the alpha2-

helix of the C3 region (Figure 21 B) by 6 months p.i. We therefore focussed on investigating the role 

of potential escape mutations in the C2 region and alpha2-helix. 
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Figure 21. Identification of potential escape mutations in CAP228. (A) Entropy plot of gp120 residues from 
acute and 6 month clones.    axis: entropy.   axis: regions in gp120. (B) The C2 region (blue), alpha2-helix 
(cyan), V4 loop (green) and V5 loop (orange) residues with the highest entropy, are shown on the homology 
model of CAP228.6mo.3 gp120. 

 

The potential escape mutations in the alpha2-helix of the 6 month clones were located between 

HXB2 positions 336 and 344 (Figure 22 A), while those located in the C2 region occurred between 

positions 289 and 295 (Figure 22 B). Mutations located between positions 278 and 283 in the C2 

region were not structurally proximal to the alpha-2helix and were therefore not tested.  

Figure 22. CAP228 protein sequence alignment of acute and 6 month SGA sequences. (A) The C3 region. (B) A 
portion of the C2 region. Sequence identity to the acute 2 month clone is depicted as a dot. HXB2 numbering is 
indicated above the alignment. Amino acids are represented by their 1-letter symbols.  Cloned amplicons are 
indicated by purple circles.  

 

In CAP228.6mo.4 two mutations (K340E and G344R) were present in the alpha2-helix, but none had 

arisen in the C2 region. In CAP228.6mo.1 one mutation was found in the alpha2-helix (K336Q) and 

another in the C2 region (E290K). The third clone, CAP228.6mo.3, had a single mutation in the 
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alpha2-helix (T341A) and four mutations (N289K, I292V, E293K and V295E) in the C2 region that 

were structurally proximal to the alpha2-helix.  

 

The role of the mutations described above in mediating escape from AnAbs was examined through 

the generation of back-mutants, where mutations in the 6 month clones were reverted to match the 

sequence of the acute clone (Figure 23). An alpha2-helix back-mutant would therefore contain the 

alpha2-helix of the acute clone in the backbone of the 6 month clone.  The back-mutants were then 

tested for neutralisation sensitivity against longitudinal plasma and compared to the acute and 6 

month clones. 

 

In CAP228.6mo.4 the alpha2-helix was back-mutated to match the sequence of the acute clone 

through the introduction of the E340K and R344G mutations. The neutralisation sensitivity of 

CAP228.6mo.4 E340K R344G was compared to that of the acute and 6 month clones. The 

neutralisation curve of the alpha2-helix back-mutant (CAP228.6mo.4 E340K R344G) shifted to the 

left to match that of the acute clone, indicating that escape in this 6 month clone was mediated by 

two charge changes in the alpha2-helix alone (Figure 23 A). 

 

CAP228.6mo.1 contained a single mutation in the alpha2-helix of the C3 region at position 336. 

However when the Q336K back-mutation was introduced in the alpha2-helix (to create 

CAP228.6mo.1 Q336K), there was no significant increase in neutralisation sensitivity (Figure 23 B). 

This suggested that unlike CAP228.6mo.4, neutralisation escape was not mediated by changes in the 

alpha2-helix alone.  A single mutation, at position 290 in the C2 region was found to be structurally 

proximal to the 336 mutation in the alpha2 helix. Therefore the K290E back-mutation was 

introduced into the 6 month clone either alone (CAP228.6mo.1 K290E) or in conjunction with the 

Q336A mutation in the alpha2-helix (CAP228.6mo.1 K290E Q336K).  The CAP228.6mo.1 K290E back-

mutant only showed partial neutralisation sensitivity, indicating that this mutation alone contributed 

somewhat to the neutralisation escape, but could not mediate complete escape. However 

simultaneous introduction of back-mutations in the alpha2-helix and the C2 region (CAP228.6mo.1 

K290E Q336K) restored complete neutralisation sensitivity (Figure 23 B). This suggested that 

neutralisation escape in CAP228.6mo.1 was mediated by two mutations, one in the C2 region and 

the other in the alpha2-helix. 
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Figure 23. Pathways of neutralisation escape in CAP228. The 2 month (acute) and the respective 6 month 
clones are shown in black and yellow respectively. (A) In CAP228.6mo.4 escape was mediated by the E340K 
and R344G mutations in the alpha2-helix alone (red). (B) In CAP228.6mo.1 the K290E mutation in the C2 
region and the Q336K mutation in the alpha2-helix in conjunction (red) mediated escape. The K290E mutation 
alone (grey circles) had only a partial effect on neutralisation. The Q336K mutation in the alpha2-helix alone 
(grey squares) had no effect on neutralisation sensitivity. (C) In CAP228.6mo.3 although the CAP228.6mo.3 C2 
sensitive A341T construct (grey circles) was as sensitive as the acute clone, escape was mediated entirely 
through mutations found only in the C2 region (K289N, V292I, K293E and E295V) as shown by the red curve. 
The A341T back-mutation in the alpha2-helix (grey squares) alone did not have any effect on neutralisation 
sensitivity.     axis: ID50 titres.   axis: weeks p.i. 
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In CAP228.6mo.3 multiple changes (N289K, I292V, E293K and V295E) in the C2 region (Figure 22 A) 

clustered with a single alpha2-helix mutation (T341A) on the gp120 structure. Reversion of all the 

mutations in the alpha2-helix and C2 region (to create CAP228.6mo.3 C2 sensitive A341T) of this 6 

month clone restored complete neutralisation sensitivity. However in order to dissect the roles of 

the mutations in each region, separate alpha2-helix (CAP228.6mo.3 A341T) and C2 region 

(CAP228.6mo.3 C2 sensitive) back-mutants were made and tested for neutralisation. The alpha2-

helix back-mutant (CAP228.6mo.3 A341T) showed no difference in neutralisation when compared to 

the 6 month clone. In contrast, the C2 region back-mutant (CAP228.6mo.3 C2 sensitive) was as 

sensitive as the 2 month clone (Figure 23 C). Therefore four mutations in the C2 region of 

CAP228.6mo.3 were sufficient to mediate complete escape, and changes in the alpha2-helix of the 

C3 region did not contribute to neutralisation escape in this clone. 

 

In all three 6 month clones of CAP228 a limited number of mutations mediated escape and often 

caused a change or removal of a charged amino acid, however potential N-linked glycosylation 

sequons were affected in one clone. Neutralisation escape in each clone was mediated via a distinct 

pathway. One clone escaped via mutations in the alpha2-helix alone, a second via mutations in both 

the alpha2-helix and the C2 region and the third via mutations in the C2 region alone. 

 

4.2 CAP255: Escape via the V3 loop and C3V4 region 

The development of the anti-C3V4 response in CAP255, indicated by the sensitivity of the C3V4 

chimera to CAP255 plasma, was observed from 4 months p.i. with titres 3-fold lower than those 

observed for the acute clone. Thereafter the SGA of the envelope gene for CAP255 was performed 

using plasma from 6 months p.i. Three amplicons (CAP255.6mo.4, CAP255.6mo.5 and 

CAP255.6mo.10) were selected as representatives of the diversity found within the ten amplicons 

generated at this time point, as shown in the minimum evolution phylogenetic tree (Figure 24). 
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Figure 24. Minimum evolution phylogenetic tree for the CAP255 6 month p.i. SGAs. Amplicons that were 
selected for cloning are indicated by a purple dot. Bootstrap values are shown for each grouping. ConC was 
used as the reference sequence for rooting the phylogeny. The scale represents evolutionary distance 
measured by number of amino acid substitutions per site. 

 

Potential escape mutations in the C3V4 region arose by 6 months p.i. in the CAP255 clones. An 

entropy plot highlighted additional regions within gp120 that were highly variable by 6 months p.i. A 

single mutation located in the V3 loop was structurally proximal to mutations in the C3V4 region 

(Figure 25). Thus the role of potential escape mutations in the C3V4 region and V3 loop were 

determined. 

 

Figure 25. Identification of potential escape mutations in CAP255. (A) Entropy plot of gp120 residues created 
using acute and 6 month clones.   axis: entropy.   axis: regions in gp120. (B) The V3 loop (blue), C3 region 
(cyan) and V4 loop (green) mutations with the highest entropy, are shown on the homology model of 
CAP255.6mo.4 gp120. 
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In all three 6 month clones of CAP255, mutations occurred between positions 335 and 340 of the 

alpha2-helix (Figure 26 A), whilst both insertions and single amino acid mutations were found 

between positions 393 and 412 in the V4 loop (Figure 26 B). 

Figure 26. CAP255 protein sequence alignment of the acute clone and 6 month SGA sequences. (A) A portion 
of the C2 region (that was proximal to the alpha2-helix), V3 loop and the alpha2-helix.  (B) The V4 loop. 
Sequence identity to the 2 month clone is depicted as a dot and gaps appear as tildes. HXB2 numbering is 
shown above the alignment. Amino acids are represented by their 1-letter symbols. Cloned amplicons are 
indicated by purple circles.   

 

CAP255.6mo.10 had three mutations in the alpha2-helix (K335R, D339E and K340E) as well as a 4 

amino acid insertion at position 393 (Thr-Phe-Asn-Thr) and another single amino acid substitution 

(Y401S) in the V4 loop. The same mutations in the alpha2-helix were present in CAP255.6mo.5, but 

in the V4 loop a three amino acid insertion at position 405 (Asn-Leu-Thr) occurred. CAP255.6mo.4 

possessed a single mutation (K335R) in the alpha2-helix. The V4 loop of CAP255.6mo.4 contained 8 

single amino acid substitutions (Glu-Val-Asn-Asn-Asn-Asn-Thr-Gly) between positions 397 and 405, a 

three amino acid insertion (Asn-His-Ser) at position 405 and a L412P mutation. In both 

CAP255.6mo.4 and CAP255.6mo.5, an I297T mutation (Figure 26 A) which added a potential N-linked 

glycosylation sequon at the cusp of the V3 loop, also arose. The mutations and insertions in the V4 

loop in all three clones caused addition and removal, and therefore possible shuffling of at least one 

potential N-linked glycosylation sequon. 
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The effect of the mutations in the C2 and C3V4 regions in mediating neutralisation escape were 

investigated by creating back-mutants for each of the three 6 month clones as shown in Figure 27. In 

CAP255.6mo.10 three back-mutations in the alpha2-helix (R335K, E339D and E340K), a 4 amino acid 

deletion (Thr-Phe-Asn-Thr) and S401Y back-mutation in the V4 loop were introduced into the 6 

month clone to match the sequence of the entire C3V4 region of the acute clone. The deletion at 

position 393 in the V4 loop caused an alteration in a potential N-linked glycosylation sequon. The 

neutralisation of this construct (CAP255.6mo.10 C3V4 sensitive) by autologous CAP255 plasma was 

equal in titre and kinetics to that of the acute clone, indicating that neutralisation escape was 

mediated by the changes in the C3V4 region alone (Figure 27 A). 

 

Because the mutations in the V4 loop of CAP255.6mo.5 altered a potential N-linked glycosylation 

sequon, a V4 loop back-mutant was created (CAP255.6mo.5 V4 sensitive), but this construct was 

only partially sensitive to neutralisation when compared to the acute clone (Figure 27 B). Therefore 

an autologous C3V4 chimera was created  that contained an alpha2-helix with the R335K, E339D and 

E340K back-mutations as well as a V4 loop with an Asn-Leu-Thr deletion at position 405. The 

neutralisation sensitivity of the C3V4 back-mutant (CAP255.6mo.5 C3V4 sensitive) was lower than 

that for the V4 loop back-mutant (CAP255.6mo.5 V4 sensitive). This surprising result may suggest 

that the residues in the C3 region of the acute clone affected binding of the antibody (ies) that the 

V4 loop mutations escaped. The partial neutralisation sensitivity of both the V4 loop and C3V4 

region back-mutants suggested a role for other regions in mediating escape, unlike in 

CAP255.6mo.10. 
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Figure 27. Mechanisms of neutralisation escape in CAP255. The 2 month (acute) and each of the 6 month 
clones are shown in black and yellow respectively. (A) In CAP255.6mo.10 escape was mediated by three 
mutations in the alpha2-helix (K335R D339E and K340E) in conjunction with a four amino acid insertion (Thr-
Phe-Asn-Thr) between at position 393 and a Y410S mutation in the V4 loop (red curve). (B) Escape in 
CAP255.6mo.5 was mediated by the I297T mutation in the V3 loop along with a three amino acid insertion 
(Asn-Leu-Thr) at position 405 in the V4 loop (red curve).  Unexpectedly the V4 loop back-mutant (pink squares) 
was more sensitive than the C3V4 region back-mutant (grey triangles). Reversion of position 297 alone had no 
effect on neutralisation sensitivity. (C) In CAP255.6mo.4 a single mutation (K335R) in the alpha2-helix did not 
alter neutralisation sensitivity (grey).    axis: ID50 titres.   axis: weeks p.i. 
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A mutation at position 297 in the V3 loop showed a high level of entropy and therefore this residue 

in CAP255.6mo.5 was mutated from a Thr to an Iso. Back-mutation of the 297 residue alone (to 

generate the CAP255.6mo.5 T297I construct) did not result in a change in neutralisation sensitivity. 

However when position 297 and the V4 loop were simultaneously back-mutated (creating 

CAP255.6mo.5 T297I V4 loop sensitive), complete neutralisation sensitivity was restored, suggesting 

that mutations in both these regions were required to mediate neutralisation escape.  The mutation 

at position 297 and the Asn-Leu-Thr insertion in the V4 loop both caused alterations in potential N-

linked glycan sequons, which may have contributed to escape. 

 

In the third clone, CAP255.6mo.4, escape could not be attributed to the single mutation that 

occurred in the alpha2-helix by 6 months p.i., with this back-mutant (CAP255.6mo.4 R335K) 

remaining neutralisation resistant (Figure 27 C). There were 13 differences, including insertions and 

single amino acid substitutions, within the V4 loop of CAP255.6mo.4 when compared to the acute 

clone. However, simultaneous back-mutation of the alpha2-helix and V4 loop in the 6 month clone 

resulted in a construct (CAP255.6mo.4 C3V4 sensitive) that was no longer infectious and could not 

be assessed for neutralisation sensitivity. Deletion of the V4 loop disrupts gp160 folding (Olshevsky 

et al., 1990; Pollard et al., 1992), therefore the large difference in the V4 loop sequence between the 

acute and 6 month clones may have had structural and functional implications for the envelope 

trimer. Therefore the mechanism of escape in CAP255.6mo.4 could not be determined. 

 

Escape mutations in the C3V4 region of two CAP255 6 month clones were numerous and affected 

both charge changes and potential N-linked glycosylation sequons. In addition, in one of these 

clones the insertion of a PNG in the V3 loop was also needed to mediate neutralisation escape. 

Overall, in CAP255 escape was mediated via alterations in the C3V4 region in one 6 month clone, 

while in a second clone alterations in the V3 and V4 loops were required. Escape in a third clone was 

undetermined. 

 

4.3 CAP136: Escape via the C3V4 and/or the C4 regions 

The development of the anti-C3V4 response in CAP136, as indicated by the sensitivity of the C3V4 

chimera to CAP136 plasma, was observed by 4 months p.i. and although the titre at each time point 

was at least 10-fold lower than those of the autologous parent, the biphasic shapes of the two 

curves were similar. SGA of the envelope region was performed using plasma from 6 months p.i. and 
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7 amplicons were generated. A minimum evolution phylogeny indicating the major groupings of the 

amplicons is shown in Figure 28. CAP136.6mo.3, CAP136.6mo.6 and CAP136.6mo.7 were selected 

for cloning and characterisation of neutralisation escape.  

 

Figure 28. Minimum evolution phylogenetic tree for the CAP136 6 month SGAs. Amplicons that were 
selected for cloning are indicated by a purple dot. Bootstrap values are shown for each grouping. ConC was 
used as the reference sequence for rooting the phylogeny. The scale represents evolutionary distance 
measured by number of amino acid substitutions per site. 

 

In all three 6 month clones, mutations in the C3V4 region were present. An entropy plot comparing 

the acute and 6 month clones (Figure 29 A) was used to identify other regions of gp120 with high 

variability. Multiple regions were highly variable, but only one high entropy cluster, in the C4 region 

(blue in Figure 29 B), was structurally proximal to the mutations found in the C3V4 region (cyan and 

green in Figure 29 B) of the 6 month clones. Therefore the role of potential escape mutations in the 

C3V4 and C4 regions was examined. 

Figure 29. Identification of potential escape mutations in CAP136. (A) Entropy plot of gp120 residues created 
using acute and 6 month clones.    axis: entropy.   axis: regions in gp120. (B) The C4  region (blue), C3 region 
(cyan), V4 loop (green) and V5 loop (orange) residues with the highest entropy, are shown on the homology 
model of CAP136.6mo.3 gp120. 
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Although 7 SGAs were amplified from CAP136 at 6 months p.i., one amplicon (CAP136.6mo.8) that 

contained a deleted C3V4 region was predicted to be non-functional and was subsequently excluded 

from the sequence alignment (Figure 30).  

 

Figure 30. CAP136 protein sequence alignment of acute and 6 month sequences. (A) The C3 region.  (B) The 
V4 loop and C4 region. Sequence identity to the 1 month amplicon is depicted as a dot and gaps appear as 
tildes. HXB2 numbering is shown above the alignment. Amino acids are represented by their 1-letter symbols. 
Cloned amplicons are indicated by purple circles.  

 

CAP136.6mo.7 had 4 mutations in the C3 region (D336E, E340K, K344R and E360G) and 2 in the V4 

loop (T412P and N413S) (Figure 30). A second clone, CAP136.6mo.3, had three mutations in the C3 

region (D336K, K344R and E360G) and a T415I change in the V4 loop (Figure 30). Apart from the 

mutations in the C3V4 region, both CAP136.6mo.3 and CAP136.6mo.7 contained an additional 

mutation in the C4 region (N448S) that was in close proximity to the mutations in the C3V4 region 

and also altered a potential N-linked glycosylation sequon. The third clone, CAP136.6mo.6 had 3 

mutations in the alpha2-helix (D336N, E340K and K344R) and three mutations in the V4 loop (E400K, 

T412I and T415I) when compared to the acute clone (Figure 30). While the majority of mutations in 

the C3 region of all three clones were charge changes, mutations in the V4 loop affected potential N-

linked glycosylation sequons. 

 

The role of the potential escape mutations in the C3V4 and C4 regions of the three CAP136 6 month 

clones was therefore investigated using back-mutants (Figure 31). In CAP136.6mo.6 (Figure 31 A) the 

alpha2-helix back-mutant (CAP136.6mo N336D K349E R344K) did not have a significant effect on 

neutralisation titres. However when an additional three mutations in the V4 loop were 

simultaneously introduced (creating the CAP136.6mo.6 C3V4 sensitive construct), the neutralisation 
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sensitivity matched that of the acute clone. Therefore escape in this clone was mediated by changes 

in the C3V4 region. 

 

Figure 31. Pathways of neutralisation escape in CAP136. The 1 and 6 month clones are shown in black and 
yellow curves respectively. (A) In CAP136.6mo.6 escape was mediated by three mutations in the alpha2-helix 
and three in the V4 loop (red). Reversion of mutations in the alpha2-helix alone did not affect sensitivity of this 
6 month clone (grey). (B and C) In CAP136.6mo.3 and CAP136.6mo.7 escape was mediated through mutations 
in the C3V4 and C4 regions (red). The C3V4 region back-mutants were only partially sensitive (pink) and in both 
6 month clones the S448N mutation alone had no effect on neutralisation sensitivity (grey).    axis: ID50 titres. 
  axis: weeks p.i. 
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In contrast, in both CAP136.6mo.3 and CAP136.6mo.7 the C3V4 back-mutants (CAP136.6mo.3 C3V4 

sensitive and CAP136.6mo.7 C3V4 sensitive) showed only partial sensitivity when compared to the 

acute clone (Figure 31 B and C). In both clones a mutation at position 448 in the C4 region was 

structurally proximal to the C3V4 mutations. When position 448 was reverted together with the 

changes in the C3V4 region (to create CAP136.6mo.3 C3V4 sensitive S448N and CAP136.6mo.7 C3V4 

sensitive S448N) the neutralisation sensitivities matched that of the acute clone. The S448N back-

mutation alone (CAP136.6mo.3 S448N and CAP136.6mo.7 S448N) however had no effect on escape 

in either clone. Therefore in CAP136.6mo.3 and CAP136.6mo.7 escape was mediated by changes in 

both the C3V4 and C4 regions. 

 

Although loss of potential N-linked glycosylation sequons were observed in the V4 loop and C4 

region, the majority of escape mutations in the C3 region affected charged residues in the three 6 

month clones isolated from CAP136. These data show that in CAP136 by 6 months p.i. two pathways 

of escape were employed. One clone escaped the AnAb response via the changes in the C3V4 region 

only, while in two other clones escape was mediated by mutations in the C3V4 region together with 

a mutation at position 448 in the C4 region. 

 

4.4 CAP244: Escape via the C3V4 and V5 regions 

The C3V4 chimera for CAP244 showed sensitivity to the autologous plasma from 10 months p.i. 

suggesting that an anti-C3V4 response did not develop before this time. After 10 months p.i., the 

chimera showed less than 2-fold lower titres compared to the acute clone. As the anti-C3V4 

response developed relatively late, SGAs were generated at 12 months p.i. to characterise escape 

from the anti-C3V4 response. A representative phylogenetic tree, created using the minimum 

evolution method, shows the diversity within the 12 month SGAs (Figure 32). CAP244.12mo.3 and 

CAP244.12mo.4 were selected for cloning. 
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Figure 32. Minimum evolution phylogenetic tree for the CAP244 12 month p.i. SGAs. Amplicons that were 
selected for cloning are indicated by a purple dot. Bootstrap values are shown for each grouping. ConC was 
used as the reference sequence for rooting the phylogeny. The scale represents evolutionary distance 
measured by number of amino acid substitutions per site. 

 

Numerous potential escape mutations were present in the C3V4 region of the CAP244 12 month 

amplicons. An entropy plot comparing the 2 month clone to the 12 month clones also highlighted 

many other regions with high entropy, consistent with the longer duration of infection (Figure 33 A). 

However the V5 loop was the only region, other than the C3V4 region, that had residues with 

especially high entropy values. The mutations in the alpha2-helix (cyan in Figure 33) formed two 

distinct clusters, with those at the N-terminus grouping with the mutations in the V4 loop (green 

Figure 33) and those at the C-terminus grouping with the V5 loop (orange in Figure 33).  

Figure 33. Identification of potential escape mutations in CAP244. (A) Entropy plot of gp120 from acute and 
12 month clones.    axis: entropy.   axis: regions in gp120. (B) The residues with the highest entropy in the C3 
region (cyan), V4 loop (green) and V5 loop (orange) are shown on the homology model of CAP244.12mo.4 
gp120. 
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In CAP244.12mo.3 four mutations (D334S, A337D, K347E and E351K) were found in the C3 region 

(Figure 34 A). Two non-contiguous insertions occurred in the V4 loop, at position 400b (Ala-Thr-Gly-

Asn) and at position 411 (Thr-Tyr-Ile) (Figure 34 B). In the C3 region and V4 loop of CAP244.12mo.4, 

a similar set of mutations (D334S, G336R, K347E and E351K) and insertions (at 400b: Gly-Thr-Gly-Asn 

and 411: Thr-His-Ile) were observed (Figure 34 A and B). Additionally in both clones two mutations 

(G462aD and I465T) in the V5 loop (Figure 34 C) were structurally proximal to the N-terminus of the 

alpha2-helix. The majority of the mutations in the C3 region were at positions occupied by charged 

residues. The D334S mutation in the C3 region, insertions in the V4 loop and I465T mutation in the 

V5 loop caused changes in potential N-linked glycosylation sequons (Figure 34). 

Figure 34. CAP244 protein sequence alignment of the acute and 12 month sequences. (A) The C3 region. (B) 
The V4 loop. (C) The V5 loop. Sequence identity to the acute amplicon is depicted as a dot and gaps appear as 
tildes. HXB2 numbering is shown above the alignment. Amino acids are represented by their 1-letter symbols. 
Cloned amplicons are indicated by purple circles.  

 

Back-mutating all 11 changes in the C3V4 region of both 12 month clones, creating CAP244.12mo.3 

C3V4 sensitive and CAP244.12mo.4 C3V4 sensitive, resulted in significantly increased sensitivity to 

autologous neutralisation, but neutralisation profiles did not match the acute clone (Figure 35). 

CAP244.12mo.3 C3V4 sensitive (Figure 35 A) was more sensitive to autologous neutralisation than 
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CAP244.12mo.4 C3V4 sensitive (Figure 35 B), suggesting that the former was more dependent on 

mutations in the C3V4 region for mediating neutralisation escape. 

Figure 35. Mechanisms of neutralisation escape at 12 months p.i. in CAP244. The acute and 12 month clones 
are shown in black and yellow respectively. (A and B) In both CAP244.12mo.3 and CAP244.12mo.4 escape was 
mediated by mutations and insertions in the C3V4 region together with a mutation at position 465 in the V5 
loop (red). The C3V4 back-mutant (grey triangles) had higher titres than the T465I back-mutant (grey circles) in 
CAP244.12mo.3, however both these constructs showed a similar level of sensitivity in CAP244.12mo.4. In 
both clones the C3V4 region back-mutants (grey triangles) were only partially sensitive to autologous plasma. 
Concurrent reversion of the alpha2-helix and position 465 (grey squares), did not alter the neutralisation 
sensitivity when compared to that of the T465I back-mutant (grey circles) in both clones.   axis: ID50 titres.   
axis: weeks p.i. 

 

The I465T mutation, which affected a PNG in the V5 loop, was structurally proximal to mutations at 

the C-terminus of the alpha2-helix and was present in all but one of the 12 month SGAs, therefore 

the role of this mutation was investigated. Position 465 was back-mutated alone and in conjunction 

with those mutations in the C3V4 region. The CAP244.12mo.3 T465I and the CAP244.12mo.4 T465I 

back-mutants showed some increase in sensitivity, but as with changes in the C3V4 region alone, did 
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not confer complete neutralisation sensitivity (Figure 35). Both the CAP244.12mo.3 C3V4 sensitive 

T465I and CAP244.12mo.4 C3V4 sensitive T465I constructs were as sensitive as the acute clone after 

8 months p.i. (Figure 35). Taken together with the fact that the CAP244 C3V4 chimera was not 

sensitive to neutralisation by the autologous plasma until 10 months p.i., these results provide 

evidence to strongly suggest that the first AnAb response in CAP244 did not target the C3V4 region. 

Therefore changes in the C3V4 region and V5 loop mediated escape from the anti-C3V4 response 

which only developed after 8 months p.i. The first specificity, which does not target the C3V4 region, 

has not been investigated here. 

 

In order to dissect the roles of specific mutations, the alpha2-helix (rather than the complete C3V4 

region) was back-mutated simultaneously with position 465. The CAP244.12mo.3 alpha2-helix 

sensitive T465I and CAP244.12mo.4 alpha2-helix sensitive T465I back-mutants showed the same 

level of sensitivity as the T465I mutant alone, suggesting that mutations within the alpha2-helix did 

not contribute significantly to neutralisation escape (Figure 35). 

 

Overall, the neutralisation profile of the C3V4 chimera suggests that the anti-C3V4 response in 

CAP244 did not develop until after 8 months p.i. This was supported by the neutralisation escape 

pathways in two 12 month clones. Although potential N-linked glycan sequons in the C3, V4 and V5 

regions were affected, multiple charge changes in the C3 region were also present by 12 months p.i. 

In both 12 month clones of CAP244, escape was mediated via mutations in the C3V4 region and V5 

loop, despite minor differences in the mutations in both clones.  

 

4.3 CAP206: Escape via the C2 region and alpha2-helix 

The SGAs and cloning for this individual had been completed previously (Gray et al in preparation). 

Similarly to CAP244, the CAP206 anti-C3V4 response only developed after 10 months p.i, as 

indicated by the sensitivity of the C3V4 chimera. Neutralisation titres of the C3V4 chimera were up 

to 6-fold higher than for the acute autologous clone after 10 months p.i., however the shape of the 

neutralisation curve for the chimera was similar to that for the acute clone, therefore neutralisation 

escape was investigated in a 12 month clone (CAP206.12mo.13.).  
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Numerous mutations were located in the C3 region (cyan in Figure 36) of CAP206.12mo.13, however 

positions with high entropy in the V4 loop (green in Figure 36) were not mutated in this clone. At 12 

months p.i many other sites within gp120 had high entropy (Figure 36 A), consistent with to the 

longer period of infection. Regions with high entropy that were structurally proximal to the C3 

region were the C2 region (blue in Figure 36), C4 region (purple in Figure 36) and V5 loop (orange in 

Figure 36). Mutations in the C4 region and V5 loop were located close to those at the C-terminus of 

the alpha2-helix, while mutations in the C2 region clustered with those at the N-terminus of the 

alpha2-helix. The high entropy residues in the C4 region, as with the V4 loop, were not mutated in 

CAP206.12mo.13. The V1V2 region has not been crystallised in the context of the complete gp120, 

therefore the influence of mutations in the V1V2 region in mediating escape from an anti-C3V4 

response may not be apparent from a structural prediction of gp120. However a large degree of 

variability in the V1V2 region was present by 12 months p.i.  Mutations in the V1V2, C2, C3 and V5 

regions were therefore investigated for their role in mediating neutralisation escape. 

 

Figure 36. Regions with high entropy in gp120 of the CAP206 12 month p.i. clones. (A) Entropy plot of gp120 
using acute and 12 month clones.   axis: entropy.   axis: regions in gp120. (B) Residues with the highest 
entropy in the C2 region (blue), C3 region (cyan) and C4 region (green) V5 loop (orange, are shown on the 
homology model of CAP206.12mo.13 gp120. 

 

Within the V1V2 loop four single amino acid mutations were present (S137N, N147Y, Q171H and 

S188Y) as well as an 8 amino acid insertion (Lys-Ala-Asn-Ser-Ser-Glu-His-Ser) at position 186a (Figure 

37). However, only the S188Y and Δ186a to 186h mutations in the V1V2 loop and D336N, S355G and 

Δ461 in the C3V4 region had arisen after to 6 months p.i., suggesting that the earlier mutations, 

which preceded the anti-C3V4 response, probably did not contribute to neutralisation escape. 

Twelve mutations had accumulated in CAP206.12mo.13. These were located in the C2 region 

(A290S), C3 region (D336N, G347R, N350K and S355G) and V5 loop (deletions between 460 to 462, 

S463N and S464N) (Figure 37).  
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 Figure 37. CAP206 protein sequence alignment of clones from 8 weeks to 12 months p.i. (A) The V1V2 
region. (B) A portion of the C2 region.  (C) A portion of the C4 region and the entire V5 loop. (D) The C3 region. 
Sequence identity to the acute clone is depicted as a dot and gaps appear as tildes. HXB2 numbering is shown 
above the alignment. Amino acids are represented by their 1-letter symbols.  

 

The role of the mutations in the V1V2, C2 and C3 regions as well as the V5 loop were investigated in 

CAP206.12mo.13 by comparing the neutralisation profiles of back-mutants to those of the acute and 

12 month clones (Figure 38).  

 

The mutations in the V1V2 loop and C3 region were back-mutated individually (to create 

CAP206.12mo.13 V1V2 sensitive and CAP206.12mo.13 C3 sensitive), however both these constructs 

showed no significant increase in neutralisation sensitivity as shown by Figure 38 A. Similarly, when 

the changes in these two regions were back-mutated in conjunction with each other in the 

CAP206.12mo.13 V1V2 + C3 sensitive construct, neutralisation sensitivity was not altered. This 

suggested the involvement of other regions in mediating escape. 
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Figure 38. Pathways of neutralisation escape in CAP206.12mo.13. The acute and 12 month clones are shown 
in black and yellow curves respectively. (A) Escape in CAP206.12mo.13 was not mediated by mutations in the 
V1V2 (grey circles) and C3 (grey squares) regions alone or in conjunction with each other (grey triangles). (B) 
Back-mutation of three residues in the alpha2-helix (grey circles) did not have an effect on neutralisation 
sensitivity. The S290A mutation in the C2 region (grey) mediated partial escape from an early neutralisation 
response however reversion of position 290 and the alpha2-helix mutations concurrently (red) caused a 
significant shift in the neutralisation sensitivity especially after 33 weeks p.i. (C) The V5 loop back-mutant (red) 
restored significant sensitivity prior to 40 weeks p.i. Back-mutating position 290 (grey circles) or the alpha2-
helix (grey squares) in the presence of the V5 region back-mutations had no further effect on neutralisation.   
axis: ID50 titres.   axis: weeks p.i. 
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 An alpha2-helix back-mutant, which introduced three mutations into the 12 month clone, was 

created, but this construct (CAP206.12mo.13 N336D R347G K350N) did not show increased 

neutralisation sensitivity when compared to the 12 month clone (Figure 38 B). When only position 

290 in the C2 region was back-mutated, a brief spike in neutralisation sensitivity at 33 week p.i., 

which waned after 40 weeks p.i., was observed (Figure 38 B). The mutation at position 290 of the C2 

region was structurally proximal to mutations at the N-terminus of the alpha2-helix, therefore the 

effect of these 4 mutations in concert was investigated. The resulting construct (CAP206.12mo.13 

S290A alpha2-helix sensitive) showed a similar spike in neutralisation sensitivity at 33 weeks p.i., but 

in addition became as sensitive as the acute clone after 40 weeks p.i. (Figure 38 B). Notably, the 

initial spike in neutralisation sensitivity of the C2 region back-mutant (CAP206.12mo.13 S290A) was 

3-fold lower than CAP206.12mo.13 S290A alpha2-helix sensitive. These data suggest that mutations 

in both the C2 region and alpha2-helix resulted in escape from an AnAb response that developed 

after 33 weeks p.i.  

 

Although neutralisation escape from the later AnAb response was accounted for by mutations in the 

C2 region and alpha2-helix, neutralisation escape from AnAbs prior to 33 weeks p.i. had still not 

been defined. Therefore the potential role of mutations in the V5 loop, which was proximal to 

mutations at the C-terminus of the alpha2-helix, was investigated. The V5 loop back-mutant 

(CAP206.12mo.13 V5 sensitive) showed the greatest neutralisation sensitivity prior to 40 weeks p.i. 

(Figure 38 C). However no additional increase in sensitivity was observed when either position S290 

(CAP206.12mo.13 S290A V5 sensitive) or the alpha2-helix (CAP206.12mo.13 alpha2-helix + V5 

sensitive) were back-mutated with those in the V5 loop. A construct that contained the relevant 

back-mutations in the C2 region, alpha2-helix and V5 loop was also created, however it failed to 

produce infectious pseudoviruses and could not be tested for neutralisation sensitivity. These results 

support the hypothesis that an early response, prior to 40 weeks p.i., was escaped via mutations in 

the V5 loop. 

 

In CAP206.12mo.13 therefore, the V1V2 and C3 regions alone did not contribute to neutralisation 

escape. As with CAP244, mutations were found at each of the termini of the alpha2-helix, with 

mutations in the V5 loop clustering with the mutations at the C-terminus of the alpha2-helix, while 

mutations in the C2 region clustered with those at the N-terminus of the alpha2-helix. An AnAb 

response that developed prior to 40 weeks p.i. was escaped by mutations in the V5 loop, whilst a 
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later AnAb response, that developed after 40 weeks p.i. and targeted the C3V4 region, was escaped 

by mutations in the C2 region and alpha2-helix. 

 

4.4 Summary 

This chapter investigated the escape pathways employed by 5 individuals who mounted a response 

to the C3V4 region within 2 years of HIV-1 infection. The results indicate that while neutralisation 

escape can be mediated by the C3V4 region alone, escape via other regions in addition to the C3V4 

region occurs in the majority of cases. Regions that were shown to mediate escape from an anti-

C3V4 response were the C2 region, V3 loop, C4 region and V5 loop. The alpha2-helix has previously 

been hypothesised to be an important mediator of neutralisation escape (Gnanakaran et al., 2007; 

Rong et al., 2007b), however in this study escape via mutations in the alpha2-helix alone was 

observed in just a single clone. This suggests that while the alpha2-helix can mediate neutralisation 

escape, this pathway of neutralisation escape does not confer a significant advantage. Furthermore, 

escape via multiple mechanisms among different clones isolated from the same individual was 

observed in 3 C3V4 responders, further illustrating the large array of diverse yet viable escape 

options at the disposal of HIV-1. In two individuals, where escape was investigated at 12 months p.i. 

as opposed to 6 months p.i., two clusters of mutations at opposite ends of the alpha2-helix were 

observed, suggesting the existence of two potential sub-epitopes within the C3V4 region. 
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Chapter 5: Discussion and Conclusions 
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Early AnAbs in subtype C infections have a limited number of specificities (Moore et al., 2009) with 

anti-C3V4 responses being very common (Moore et al., 2008; Moore et al., 2009; Rong et al., 2009). 

This study has confirmed, in an additional 10 subtype C infected individuals, that the C3V4 region is 

indeed a major target of the early AnAb response. In addition, identification of individuals infected 

with subtype C who do not develop an anti-C3V4 response, has enabled us to determine factors 

which contribute to the development of such a response. We have investigated the neutralisation 

escape pathways in 5 C3V4 responders and shown that while mutations in the alpha2-helix can be 

important for mediating neutralisation escape, the alpha2-helix rarely performs this function alone, 

and generally requires interaction with other regions. Lastly we have shown in three cases that 

neutralisation escape can occur by multiple pathways within a single individual. 

 

Here we made use of C3V4 chimeras to detect anti-C3V4 responses. A caveat regarding the use of 

chimeras is the fact that the replacement of a portion of gp120 in one virus with that from another 

may cause conformational disruptions in the envelope due to variations in length, glycosylation and 

amino acid properties (Moore et al., 2008). These conformational disruptions could expose 

neutralising epitopes that are normally occluded in the trimeric structure, which may cause the 

detection of “false positive” anti-C3V4 responses. Most HIV-1 infected individuals develop anti-V3 

and anti-CD4 binding site antibodies, which are normally non-neutralising as their epitopes are 

inaccessible. However, those specificities do have the capacity to neutralise when there is unusual 

exposure of epitopes due to conformational problems or in T cell adapted viruses which have been 

cultured in the absence of antibody pressure (Mascola and McNeil, 1995). Therefore heterologous 

plasmas containing these specificities can be used to test for exposure of these regions, which would 

indicate conformational disruption of the envelope (Binley et al., 2004; Conley et al., 1994; Corti et 

al., 2010; Davis et al., 2009; Gorny et al., 2006; Hioe et al., 2010; Moore et al., 2008). These 

experiments minimise the risk of unusual neutralisation sensitivity, and validate the use of individual 

chimera in detecting anti-C3V4 responses. All chimeras used in this study were resistant to 

neutralisation by several unrelated plasmas, suggesting that they were conformationally intact. 

Moreover, because immune pressure on a region leads to increased variation through the course of 

HIV-1 infection (Choisy et al., 2004; Gaschen et al., 2002; Moore et al., 2009; Tang et al., 2011), the 

use of chimeras to determine C3V4 responses was also validated by the presence of mutations in the 

C3V4 regions of later viruses isolated from 13 responders for whom longitudinal sequences were 

available.  
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Another caveat with the use of chimeras may be reduced sensitivity to C3V4 responses when 

compared with the autologous parental viruses. Indeed twelve of the fourteen C3V4 responder 

chimeras were less sensitive than the autologous parents. In 9 cases, the chimera only became 

sensitive at later time points compared to the autologous parent. There are a number of possible 

reasons for reduced neutralisation sensitivity of chimeras. If the epitope was not fully encompassed 

in the C3V4 region, neutralising antibodies targeting this region may not bind as efficiently to the 

chimera, resulting in a decrease in titres (Li et al., 2011b; Walker et al., 2009; Watkins et al., 1996). In 

addition, lower overall titres, caused by partial epitope recapitulation, could explain why the 

chimeras did not detect earlier (and therefore lower titre) responses.  Alternatively the lack of 

sensitivity of some chimeras to earlier time points may suggest the presence of an initial AnAb 

response targeting a different region of the envelope (Moore et al., 2008; Moore et al., 2009). The 

neutralisation curves for three C3V4 chimeras had a biphasic shape, suggesting the development of 

multiple and possibly subtly different anti-C3V4 responses, similar to a recent paper on anti-V1V2 

antibodies (Lynch et al., 2011). Alternatively the re-emergence of the initial anti-C3V4 response at a 

later time point may occur due to the resurgence of early viruses from viral reservoirs. Linked to this 

is the possibility that an initial anti-C3V4 antibody response has affinity matured with time (Corti et 

al., 2010; Huber et al., 2010; Lynch et al., 2011; Walker et al., 2009; Wrammert et al., 2011; Wu et 

al., 2010; Xiao et al., 2009). 

 

The C3V4 chimeras for all the non-responders were completely resistant to neutralisation by plasma 

from the autologous parent. However, as described above, the potential for incomplete epitope 

recapitulation within chimeric constructs also makes it possible that some anti-C3V4 responses were 

not detected, leading to the classification of “false negatives”. In four non-responders for whom 

longitudinal sequences were available, mutations in the C3V4 region did arise by 6 months p.i., 

which may suggest that the C3V4 region is a target for AnAbs in these individuals. However the V4 

loop is highly variable and mutations in this region may be due to a range of other reasons, such as 

pressure from cytotoxic T cell (CTL) immune responses (Johnson et al., 1993; Li et al., 2011a; Ross 

and Rodrigo, 2002).  

 

Although the use of chimeras is common for these kinds of studies, an improvement to this 

approach, which future studies could utilise, would be to identify a neutralisation resistant backbone 

for each C3V4 chimera that is similar in length and glycosylation pattern to the autologous virus. A 

second modification to limit the number of “false negatives” would be to test all non-responders in 
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more than one backbone to increase the certainty that there is no anti-C3V4 response in those 

individuals. 

 

Through the comparison of C3V4 responders and non-responders we have shown that a shorter V4 

loop and fewer PNGs in the C3V4 region were associated with an anti-C3V4 response. The 

differences in the number of PNGs in the C3V4 region were not significant when normalised for the 

length of the V4 loop, and was therefore a direct consequence of the length of the V4 loop, 

consistent with previous studies (Gnanakaran et al., 2007). Longer variable loop lengths can occlude 

neutralisation epitopes within the envelope, and shorter variable loop lengths have been associated 

with increased neutralisation sensitivity (Gray et al., 2007; Pugach et al., 2004; Rong et al., 2007c; 

Saunders et al., 2005; Stamatatos et al., 1998). Similarly the role of glycans in occluding 

neutralisation epitopes has been previously described (Wei et al., 2003). N-linked glycans protrude 

15 to 20 Å from the surface of gp120 and then branch out to form an “umbrella” of mannose 

moieties, making each at least 20 times the mass of the average amino acid side chain, and 

illustrating the manner in which glycans can shield neutralisation epitopes (Wei et al., 2003; Zhang et 

al., 2004).  Therefore a less densely glycosylated region is more exposed and may offer less steric 

hindrance for antibody binding. A shorter V4 loop and fewer PNGs in the C3V4 region may therefore 

promote an anti-C3V4 response through increased exposure and accessibility of this region.  

 

This study also showed that development of an anti-C3V4 response was associated with higher 

overall neutralisation titres within the first 2 years of infection. In subtype C infected individuals, the 

early AnAb response has been shown to be more potent than in subtype B infections (Li et al., 

2006b). The increased exposure and therefore immunogenic nature of the C3V4 region in subtype C 

viruses may result in the elicitation of a potent anti-C3V4 response, which in turn may contribute to 

higher overall AnAb titres. 

 

The mechanisms of neutralisation escape from early anti-C3V4 responses were investigated in 11 

clones isolated at 6 or 12 months p.i. from 5 C3V4 responders. In 10 of the 11 clones studied here, 

escape mutations affected potential N-linked glycosylation sequons in multiple regions. The role of 

the evolving glycan shield in mediating neutralisation escape had been demonstrated in numerous 

longitudinal studies (Lynch et al., 2011; Mo et al., 1997; Moore et al., 2009; Papandreou et al., 1996; 

Rong et al., 2009; Wei et al., 2003; Wu et al., 1996). Following the addition of sugar moieties to the 



 
 

 

C
h

ap
te

r 
5

: D
is

cu
ss

io
n

 a
n

d
 C

o
n

cl
u

si
o

n
s 

 77
 

free amide of an asparagine residue in the sequon NXT/S (where X is any amino acid except proline), 

oligomannose precursors are converted to oligomannose, hybrid or complex glycans (Gagneux and 

Varki, 1999; Kornfeld and Kornfeld, 1985). Glycans that are less accessible to processing enzymes are 

converted into oligomannose glycans, while the more accessible glycans are converted into larger 

complex glycans that may possess multiple kinds and sizes of antennae (Kornfeld and Kornfeld, 

1985).  

 

This differential processing of glycans may play a role in the various neutralisation escape pathways. 

For example, in two 6 month clones of CAP255, neutralisation escape occurred via the insertion of 

PNGs in either the V4 loop alone, or together in both the V3 and V4 loops. Figure 39 shows the V3 

and V4 loop PNGs modelled onto the predicted gp120 structures for each clone. The difference in 

the number of PNGs required for neutralisation escape in each of these clones may be accounted for 

by the size of the PNGs, which is a direct consequence of their accessibility to processing enzymes. 

As shown in Figure 39, the close proximity of 2 PNGs may limit their access to processing enzymes 

causing CAP255.6mo.5 to possess 2 smaller PNGs, while CAP255.5mo.10 may possess a single, yet 

larger PNG. This larger PNG at the N-terminus of the V4 loop in CAP255.6mo.10 may be sufficient to 

mask the epitope or sterically hinder antibody binding. In contrast a PNG at the C-terminus of the V4 

loop may be smaller due to the presence of a PNG at the base of the V3 loop and would therefore be 

unable to perform this function alone. In 4 other clones isolated from CAP136 and CAP244, similar 

changes that altered potential N-linked glycosylation sequons mediated neutralisation escape. 

Overall the evolving glycan shield had a significant effect on mediating neutralisation escape. 
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Figure 39. Spatial arrangement of potential N-linked glycans implicated in neutralisation escape in CAP255 6 
month clones. Potential glycans involved in mediating escape in (A) CAP255.6mo.10 and (B) CAP255.6mo.5 are 
plotted as spheres on their gp120 homology models. The V3 (green) and V4 (cyan) loops, and the C3 (purple) 
region are highlighted. A purple sphere indicates the PNGs in the V4 loop, while the blue sphere indicates the 
295 glycan at the base of the V3 loop. 

 

Although this study has focussed on escape pathways in subtype C viruses, it is not clear whether 

AnAbs target similar epitopes in both HIV-1 subtype B and subtype C infections. Interestingly, 

potential N-linked glycans at position 295 at the base of the V3 loop and 415 in the V4 loop have 

been implicated in mediating neutralisation escape in two subtype B infected individuals (Tang et al., 

2011). In two clones from CAP136 and in one clone from CAP255 mutations affecting PNGs in the 

same vicinity at the base of the V3 loop also mediated neutralisation escape. This suggests an area 

within the C3V4 region that may be a common neutralisation target in both subtype B and C viruses. 

 

Mutations in the alpha2-helix of subtype C viruses have been associated with neutralisation 

resistance in linked donor-recipient transmission pairs (Rong et al., 2007c). In addition, switching 

between negatively and positively charged residues in the alpha2-helix has been implicated in 

mediating escape from AnAbs in early infection (Gnanakaran et al, 2007). The alpha2-helix was 

therefore proposed to directly mediate neutralisation escape via charge changes. In this study, 

numerous charge changes within the alpha2-helix and entire C3V4 region were involved in 

neutralisation escape in ten of the 11 clones, however these charge changes in the alpha2-helix 

mediated neutralisation escape in only 1 clone. In the remaining 10 clones, mutations that affected 

PNGs in regions proximal to the alpha2-helix were also required. Our results therefore clearly 

indicate that although neutralisation escape can be mediated by mutations solely in the alpha2-

A. CAP255.6mo.10 B. CAP255.6mo.5
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helix, this is not a common pathway and that charge changes play an minor role, likely compensatory 

in nature, in mediating neutralisation escape. 

 

In the majority of clones examined (8 of 11), mutations in regions outside of the C3V4 region (the C2, 

V3, C4 and V5 regions) were required for neutralisation escape. This finding supports previous 

suggestions that interaction of the alpha2-helix with other regions in gp120 may mediate 

neutralisation escape (Rong et al., 2007c). This finding is not surprising given that the C3V4 region is 

an integral part of the outer domain, with the alpha2-helix forming the core of the C3V4 region. The 

alpha2-helix is structurally proximal to the V5 loop at the C-terminus and to the C2, V3 and C4 

regions at the N-terminus. Depending on the length and position of the highly flexible V4 loop, this 

structure may also lie in close proximity to the alpha2-helix and indeed molecular dynamic 

simulations of subtype C viruses have suggested an interaction between the two (Gnanakaran et al., 

2007). These observations support a mechanism whereby mutations in other regions of the 

envelope may mediate neutralisation escape from an anti-C3V4 response. 

 

In 2 individuals, CAP244 and CAP206, escape mutations that arose by 12 months p.i. were localised 

to 2 distinct clusters at opposite termini of the alpha2-helix (Figure 40). Long-range intra-protein 

communication is transmittable via side chain fluctuations (Dubay et al., 2011). It is not uncommon 

therefore for distant protein regions, up to 60 Å away, to affect each other via side chain plasticity. 

The average distance from the N-terminus to the C-terminus of the alpha2-helix is 30 Å. Distances 

between the C3V4 region and other regions that have been shown to mediate neutralisation escape 

(the C2, C4, V3 and V5 regions) fall within this radius. This further suggests the possibility that 

mutations in regions proximal to the C3V4 region may permit escape from an anti-C3V4 response.  

 

Figure 40. Two distinct clusters of escape mutations suggest multiple epitopes within the C3V4 region. Two 
views of gp120 show the location of mutations in both CAP244 and CAP206 12 month clones in the C3 region 
(purple), V4 loop (cyan) and V5 loop (green). Yellow circles indicate the presence of two clusters of mutations. 
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However an alternate explanation may be that the two clusters in CAP244 and CAP206 could suggest 

the presence of two distinct “sub-epitopes” within the C3V4 domain. The surface area of an epitope 

is between 600 Å2 and 1100 Å2
 (Chakrabarti and Janin, 2002; Laver et al., 1990; Lo Conte et al., 

1999; Rubinstein et al., 2008). Indeed the surface area of the VRC01 and PGT128 monoclonal 

antibody epitopes are 1089 Å2 and 1081 Å2 respectively. The surface area encompassing these two 

clusters is closer to 2000 Å2 (excluding the surface area of any PNGs). Therefore it seems unlikely 

that these two clusters would form part of a single epitope. The presence of “sub-epitopes” within 

the C3V4 domain could further explain why this region is so commonly targeted in HIV-1 subtype C 

infections. 

 

Finally, in 3 of the 5 individuals, clones isolated from each individual used different pathways to 

escape the anti-C3V4 response, suggesting multiple mechanisms of escape. Figure 41 shows the 

location of the escape mutations on the respective gp120 homology models for the 6 month clones 

of CAP228 and CAP136. Despite the fact that each clone escaped via a different pathway, the 

clustering of the mutations suggested that the same face of the outer domain and therefore a single 

epitope was targeted in each individual. Therefore the plasticity of the envelope may simply permit 

escape by multiple mechanisms from a single specificity. An alternative explanation stems from a 

recent finding by Lynch and colleagues who isolated 3 mAbs derived from 3 distinct B cells (Lynch et 

al., 2011). Although each mAb targeted and depended on the same residues in the V1 region, each 

of the 3 was unique. Therefore an AnAb response directed to a single region of the envelope may 

consist of multiple, subtly different antibodies. This in turn could suggest a reason that different 

pathways mediating neutralisation escape from a response targeting a single region can develop 

within a single individual. In addition, multiple antibodies targeting the C3V4 region could contribute 

to higher autologous titres in C3V4 responders when compared to non-responders. 
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Figure 41. Neutralisation escape in CAP228 and CAP136. Mutations involved in escape from the early AnAb 
response in clones isolated at 6 months p.i. from CAP228 and CAP136 are shown as spheres on their respective 
gp120 homology models. The V4 loop (cyan), C2 (green in CAP288 clones), C4 (green in CAP136 clones) and C3 
(purple) regions are highlighted. The yellow shading highlights the area where all the mutations in each 
individual are located.  

 

Multiple, concurrent pathways to escape are not unexpected given the high degree of diversity of 

the HIV-1 envelope. However this result emphasises the immense array of options available for viral 

adaptation. The presence of many simultaneously occurring escape variants further suggests that 

these distinct paths to escape incur similar fitness costs.  Multiple mechanisms of escape from anti-

V1V2 responses in chronic subtype C infection have been identified in three individuals (Lynch et al., 

2011; Nonyane et al., 2011; Rong et al., 2009), which suggests that this is a common trend in 

neutralisation escape in HIV-1 infections.  

The development of an early AnAb response targeting the anti-C3V4 response does not necessarily 

predispose an individual to develop bnAbs as the number of individuals who develop bnAbs does not 

significantly differ between the C3V4 responder and non-responder groups ((Gray et al., 2011) and 

data not shown). In addition, the number of pathways that can be employed to escape an anti-C3V4 

response suggests that the extreme diversity of this region in subtype C viruses may continue to 

increase as the pandemic progresses. However numerous bnAbs isolated from HIV-1 infected 

CAP228.6mo.4 CAP228.6mo.1 CAP228.6mo.3

CAP136.6mo.6 CAP136.6mo.3 CAP136.6mo.7
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individuals depend on the 332 glycan within the C3V4 region (Trkola et al., 1996; Walker et al., 

2011), therefore this region may stimulate the development of protective antibodies. Therefore an 

immunogen including the C3V4 region would likely have to be modified, through the inclusion of 

glycans on a long V4 loop, to dampen the immunogenicity of the majority of the C3V4 region and to 

direct the humoral immune system towards the 332 glycan. 

 

5.1 Conclusions 

The C3V4 region has been confirmed as highly immunogenic in HIV-1 subtype C viruses. Within 

subtype C viruses, shorter V4 loops and fewer PNGs in the C3V4 region make this region more 

exposed, more accessible and therefore more likely to elicit an anti-C3V4 response. The 

immunogenicity of the C3V4 region potentially contributes to the high neutralisation titres observed 

in most subtype C infections. Although the alpha2-helix plays a pivotal role in the formation of the 

C3V4 epitope, it seldom mediates escape alone. Viruses that elicit an anti-C3V4 response can easily 

escape neutralisation through mutations in many other regions in the outer domain, due the integral 

nature of the C3V4 region within the outer domain. The size of the C3V4 region together with 

escape mutations found at opposite ends of the region, could suggest the presence of multiple sub-

epitopes within the C3V4 domain; one at the C-terminus of the alpha2-helix, in close proximity the 

V5 loop and the other at the N-terminal end of the alpha2-helix. Even within a single individual, 

multiple mechanisms of escape, some involving regions other than the C3V4 region were observed. 

As there are between 5 and 8 potential N-linked glycosylation sequons in the C3V4 region, the 

potential for the evolving glycan shield in mediating escape from this region is significant and this 

has been confirmed experimentally here. Overall these findings have emphasised the adaptability 

and plasticity of this region in the context of viral evasion of host defences. Future studies will focus 

on identifying possible “sub-epitopes” within the C3V4 region, through the isolation of early 

monoclonal antibodies. In addition, the evolution of the glycan shield of transmitted viruses as a 

consequence of escape from the AnAb response has been implicated in the development of bnAb 

epitopes (Moore et al., 2011), therefore the role of glycosylation in mediating escape from anti-C3V4 

responses will be further characterised. 
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Appendix 1: Primer Sequences 
 

Primer Name Primer Sequence 5'-3' 

General PCR Primers  

OFM19 GCACTCAAGGCAAGCTTTATTGAGGCTTA 

VIF1 GGGTTTATTACAGGGACAGCAGAG 

EnvAStop CACCGGCTTAGGCATCTCCTATAGCAGGAAGAA 

EnvM TAGCCCTTCCAGTCCCCCCTTTTCTTTTA 

T7 TAATACGACTCACTATAGGG 

V3 fo ACATAAGACAAGCACATTGTAACATTA 

V3 re TAATGTTACAATGTGCTTGTCTTATGT 

V4 alone fo GGAGAATTTTTCTATTGCAATAC 

V4 alone re GTATTGCAATAGAAAAATTCTCC 

C4 fo CAGAATAAAACAAATTATAAACATGTGGCA 

C4 re TGCCACATGTTTATAATTTGTTTTATTCTG 

V1-fwd GTGTAAAGTTGACCCCACTCTG 

V1-rev CAGAGTGGGGTCAACTTTACAC 

V2-fwd CAGGCCTGTGTTATGGTTGAGG 

V2-rev CCTCAACCATAACACAGGCCTG 

  

Sequencing Primers  
A589re CAGAGTGGGGTTAACTTTACAC 

E175 TTTAGCATGTGATGCACAAAATAG 

EnvB AGAAAGAGCAGAAGACAGTGGCAATGA 

A589 GTGTAAAGTTAACCCCACTCTG 

A590 AATCGCGAAACCAGCCGGCGCACAAT 

Br AATTTCTAGGTCCCCTCCTGA 

E85 GTCCCTCATATCTGCTCCTCCAGGTCTG 

EnvArev TGCTGCTCCCAAGAACCCAA 

Df AGCACATTGTAACATTAGT 

gp41Fo GCCAGTGGTATCAACTCAAC 

Envup TTCAGACCTGGAGGAGGAGATATGAGGG 

Nr GGTGAGTATCCCTGCCTAACTCTA 

E220 TATCAAAATGGCTGTGGTATATAA 

E240 ATAATGATAGTAGGAGGCTTGATAGGC 

MPERseq CACAAGCACAATATACAGGTTACTTGAAGACTCGCAAAACCAGCAGG  

EnvM TAGCCCTTCCAGTCCCCCCTTTTCTTTTA 

CT1Fo GGTGGGAAGCTCTTAAGTATCTGGGAAGTC 

CT1Re GACTTCCCAGATACTTAAGAGCTTCCCACC 
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Heterologous Chimera Primers  
84-69-84 C3 fo ATAAGACAAGCACATTGTAACATTAGCAAACAG 

84-69-84 C3 re CTGTTTGCTAATGTTACAATGTGCTTGTCTTAT 

84-69-84 V4 fo TGCAAAATAAAACAAATTATAAACATGTGGCAG 

84-69-84 V4 re CTGCCACATGTTTATAATTTGTTTTATTTTGCA 

88-200-88.C3 6mo end fo GGAGAATTTTTCTATTGC 

88-200-88.C3 6mo end re GCAATAGAAAAATTCTCC 

88-200-88.alpha2 6mo end fo TTCCCTAATAAAACAAAAATA  

88-200-88.alpha2 6mo end re TATTTTTGTTTTATTAGGGAA 

88-269-88 C3 fo ATAAGACAAGCATATTGTAACATT 

88-269-88 C3 re AATGTTACAATATGCTTGTCTTAT 

88-269-88 V4 fo CCATGCAGAATAAAACAGATTATC 

88-269-88 V4 re GATAATCTGTTTTATTCTGCATGG 

88.69/174-88 C3 fo ATAAGACAAGCACATTGTAACATT 

88-69/174-88 C3 re AATGTTACAATGTGCTTGTCTTAT 

88-69/174-88 V4 fo CCATGCAGAATAAAACAAATTATA 

88-69/174-88 V4 re TATAATTTGTTTTATTCTGCATGG 

88.136V3 fo ATAAGACAAGCACATTGTAACATTAGTAAGGATCTCTGGAATGAAACCTT
A 

88.136V3 re TAAGGTTTCATTCCAGAGATCCTTACTAATGTTACAATGTGCTTGTCTTAT 

136.88C4 fo AATAGCACAAACATCACACTCCCATGCAGAATAAAACAAATTATAAACAT
GTGG 

136.88C4 re CCACATGTTTATAATTTGTTTTATTCTGCATGGGAGTGTGATGTTTGTGCT
ATT 

88.200V3 fo ATAAGACAAGCACATTGTAACATTAGTAAAACGCAATGGGGCGAAATTT
TA 

88.200V3 re TAAAATTTCGCCCCATTGCGTTTTACTAATGTTACAATGTGCTTGTCTTAT 

200.88C4 fo GAAAACGAAACCATCACACTCCCATGCAGAATAAAACAAATTATAAACAT
GTGG 

200.88C4 re CCACATGTTTATAATTTGTTTTATTCTGCATGGGAGTGTGATGGTTTCGTT
TTC 

88.221V3 fo ATAAGACAAGCACATTGTAACATTAATGGAACTAAATGGAATGAAACTTT
A 

88.221V3 re TAAAGTTTCATTCCATTTAGTTCCATTAATGTTACAATGTGCTTGTCTTAT 

221.88C4 fo GCAAACATAACCCTCACACTCCCATGCAGAATAAAACAAATTATAAACAT
GTGG 

221.88C4 re CCACATGTTTATAATTTGTTTTATTCTGCATGGGAGTGTGAGGGTTATGTT
TGC 

  

Virus-specific Chimera Primers  
228 C2 6-2moAC fo GCCAAAACAATAATAGTACACCTTAATGAGTCTATAGAAATTGTGTGTAC

AAGGCCCAAC 
228 C2 6-2moAC re CCTTATACTTTTTCTTGTATTATTGTTGGGCCTTGTACACACAATTTCTATA

GACTCATTAAGG 
CAP206V3-fo   GAAGCCCATTGTAACCTTAGTAAAGATGCA 

CAP206V3-re   TGCATCTTTACTAAGGTTACAATGGGCTTC 
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CAP206V4-fo ACAATCATACTCCCATGTAGAATAAAACAA 

CAP206V4-re TTGTTTTATTCTACATGGGAGTATGATTGT 

206 6/12mo V5s fo CTGTTATTGACGCGTGACAAAGACCCAGGGCAGGAGAACAGCAGCACA
GAGACATTCAGACCT 

206 6/12mo V5s re AGGTCTGAATGTCTCTGTGCTGCTGTTCTCCTGCCCTGGGTCTTTGTCACG
CGTCAATAACAG 

244.3.16.3 V4 fo CAATTTATAAGGATGTGGCAGAAGGTA 

244.3.16.3 V4 re TACCTTCTGCCACATCCTTATAAATTG 

244.3.16 alpha2s back fo GCTTTAATTGTAGAGGAGAATTTTTCTATTGC 

244.3.16.alpha2s back re GCAATAGAAAAATTCTCCTCTACAATTAAAGC 

244.3.16.3 V4 fo CAATTTATAAGGATGTGGCAGAAGGTA 

244.3.16.3 V4 re TACCTTCTGCCACATCCTTATAAATTG 

244.3.16 alpha2s back fo GCTTTAATTGTAGAGGAGAATTTTTCTATTGC 

244.3.16.alpha2s back re GCAATAGAAAAATTCTCCTCTACAATTAAAGC 

255 C2 6mo chim fo CAAAACAATAATAGTACATCTCAATGAATCTGTAGAGATTAATTGTACAA
GACCC 

255 C2 6mo chim re GGGTCTTGTACAATTAATCTC 
ACAGATTCATTGAGATGTACTATTATTGTTTTG 

200 alpha2/C3 6mo fo ATAAGACAAGCACATTGTAAC 

200 alpha2/C3 6mo re GTTACAATGTGCTTGTCTTAT 

200 alpha2 end 6mo fo CACTTCCCTAATAGAACA 

200 alpha2 end 6mo re TGTTCTATTAGGGAAGTG 

200 V4 6mo fo CCATGCAGAATAAAACAAATT 

200 V4 6mo re AATTTGTTTTATTCTGCATGG 

136 C3 6mo fo ATAAGAAAAGCACATTGTAAT 

136 C3 6mo re ATTACAATGTGCTTTTCTTAT 

255 alpha2 6/12mo end fo GAACACTTCCCTAATAAGACA 

255 alpha2 6/12mo end re TGTCTTATTAGGGAAGTGTTC 

255 V4 6/12mo fo TGCAGAATAAAACAAATTATA 

255 V4 6/12mo re TATAATTTGTTTTATTCTGCA 

255 C2 changes 6/12mo fo ATAGTACATCTCAATGAATCTGTAG 

255 C2 changes 6/12mo re CTACAGATTCATTGAGATGTACTAT 

  

Virus-specific Mutagenesis Primers 

206.12mo-2mo alpha2 MUT  fo CCTTAGTAAAGATGCATGGAACACAACTCTAGAACAGATAAAAGG 

206.12mo-2mo alpha2 MUT re CCTTTTATCTGTTCTAGAGTTGTGTTCCATGCATCTTTACTAAGG 

206 6/12moC2 MUT fo CAATAATAGTACACCTTAATAAAGCTATAGAAATTGTGTGTAC 

206 6/12moC2 MUT re GTACACACAATTTCTATAGCTTTATTAAGGTGTACTATTATTG 

206.12mo.C2 MUT fo GTACACCTTAATAAATCTATAGAAATTGTGTGTACAAGACCTGGC 

206.12mo.C2 MUT re GCCAGGTCTTGTACACACAATTTCTATAGATTTATTAAGGTGTAC 

206.12mo.C2 MUT fo GTACACCTTAATAAATCTATAGAAATTGTGTGTACAAGACCTGGC 

206.12mo.C2 MUT re GCCAGGTCTTGTACACACAATTTCTATAGATTTATTAAGGTGTAC 

244 12mo-2mo alpha2 chim fo GGAGATATAAGACAAGCATATTGTAACATTGATAAAGGGGCCTGGAATA
AAACTTTACAACAGG 
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244 12mo-2mo alpha2 chim re CCTGTTGTAAAGTTTTATTCCAGGCCCCTTTATCAATGTTACAATATGCTT
GTCTTATATCTCC 

244 12mo MUT T465I fo GGCAAATGACACAAACAACATAGAGACATTCAGACCTGGAGG 

244 12mo MUT T465I re CCTCCAGGTCTGAATGTCTCTATGTTGTTTGTGTCATTTGCC 

255.3.4/5C3res-sens-fo GCACATTGTAACATTAGCAAAGATAAATGGGACAAAACTTTACACAGGG
TAAGTG 

255.3.4/5C3res-sens-re CACTTACCCTGTGTAAAGTTTTGTCCCATTTATCTTTGCTAATGTTACAATG
TGC 

255.6mo.T297I MUTfo  CATCTCAATAAATCTGTAGAGATTAATTGTATAAGACCCAATAATAATAC
AAGG 

255.6mo.T297I MUTre  CCTTGTATTATTATTGGGTCTTATACAATTAATCTCTACAGATTTATTGAG
ATG 

255.6mo.N448K MUTfo  GCAGGAAACATAACATGTAAATCAAAGATCACAGGGC 

255.6mo.N448K MUTre  GCCCTGTGATCTTTGATTTACATGTTATGTTTCCTGC 

255.6mo.K446E MUTfo  GCAGGAAACATAACATGTGAATCAAATATCACAGGGC 

255.6mo.K446E MUTre  GCCCTGTGATATTTGATTCACATGTTATGTTTCCTGC 

136 6mo MUT S448N fo GGAAACATAACATGTAACTCAAATATCACAGGGCTACTATTAAC 

136 6mo MUT S448N re GTTAATAGTAGCCCTGTGATATTTGAGTTACATGTTATGTTTCC 

136alpha2back mut 6mo fo GTAAGGAGCTCTGGAATGAAACCTTACAAAGGGTAAC 

136alpha2back mut 6mo re GTTACCCTTTGTAAGGTTTCATTCCAGAGCTCCTTAC 

200.12mo.MUT.N339S/T341A fo GTAAAGAGGAATGGAGCAGAGCTTTAGAAAGGGTAAAGG 

200.12mo.MUT.N339S/T341A re CCTTTACCCTTTCTAAAGCTCTGCTCCATTCCTCTTTAC 

228.3.3a/4aC3res-sens-fo AGTAAAAAAGATTGGAACAAAACCTTAGAAGGGGTAAAGAAGAAATTA
GGAGAA 

228.3.3a/4aC3res-sens-re TTCTCCTAATTTCTTCTTTACCCCTTCTAAGGTTTTGTTCCAATCTTTTTTAC
T 

228.3.1C3res-sens-fo CACTGTAACATTAGTAAAAAAGATTGGAACAAAACCTTAGAAGGGG 

228.3.1C3res-sens-re CCCCTTCTAAGGTTTTGTTCCAATCTTTTTTACTAATGTTACAGTG 
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Appendix 3: Plagiarism Declaration 
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Appendix 4: Examiner 1 Comments 
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 Appendix 5: Examiner 2 Comments 
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Appendix 6: List of corrections 
 

Examiner 1 – Style/Grammar/Typographical Errors 

1. Page vi, Results, line 2: sentence was altered as suggested. 

2. Page 3, Figure 1 legend: sentence was altered as suggested. 

3. Page 7, 2nd paragraph, line 6: “brief” has been replaced with “short-lived.” 

4. Page 16, 1st paragraph, line 6: sentence was altered as suggested. 

5. Page 27, section 2.6. line 11: sentence was altered as suggested. 

6. Page 28, 1st paragraph, line 5: both sentences were altered as suggested. 

7. The conventional approach to describing centrifugal force of centrifugation, “x g”, has 

replaced all previously used “G.” 

8. Page 31, section 2.12.3. paragraph 2, line 6, sentence was changed to: “For example, a viral 

load of 20 000 copies/ml would yield approximately 2000 cDNA copies in a 100 µl cDNA 

reaction, which would then be diluted to result in a 1 copy/µl concentration.” 

9. Page 36: A “Results” title page has been included. 

10. Page 39, Figure 13 legend: sentence was altered as suggested. 

11. Page 57, 1st paragraph, line 4: sentence was altered as suggested. 

12. Page 63, 1st paragraph, line 4: sentence was altered as suggested. 

13. Page 75, 1st paragraph, line 9: sentence was altered as suggested. 

14. Page 80, 2nd paragraph, line 8: sentence was altered as suggested. 

 

Examiner 1 – Content/Technical 

1. Page 14, 2nd paragraph, line 17, sentence changed to: “As shown in Table 1, the alpha2-helix 

of subtype C viruses appears to be more solvent-exposed when compared to the alpha2-

helix of subtype B viruses.” 
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2. Page 29, section 2.11, paragraph 2, sentence was changed to: “Fifty microlitres of this 

mixture were added to each well and plates were centrifuged at 2 000 x g for 30 minutes. 

Plates were inverted and supernatants were removed by centrifuging at 150 x g for 1 

minute.” 150 x g is the speed used in this laboratory for sequence clean-ups. 

3. Page 30, section 2.12, line 9, sentence was changed to: “The use of single genome 

amplification (SGA) prevents intragenic recombination and reduces in vitro artefacts, with 

PCR errors introduced at a rate of less than 8 x 10-5 nucleotides per 3 kb envelope for the 

entire procedure due to the use of high fidelity enzymes  (Salazar-Gonzalez et al., 2008).” 

4. Page 32, 1st paragraph, line 5, sentence was changed to: “If less than 30 % of the total 

number of reactions were positive these were considered to be derived from single 

templates and selected for further use. Independent PCRs were performed at least twice for 

each cDNA.” 

5. Page 40, section 3.2, line 10, sentence was changed to: “These results indicate that the 

conformational integrity of all 22 C3V4 chimeras was maintained, with no evidence of 

exposure of normally occluded epitopes.” 

6. The examiner enquired about the biphasic shape of some C3V4 responder chimeras and asks 

what this implies in the context of viral evolution. In response to this a paragraph was 

included on page 75, 1st paragraph, line 11 of the “Discussion” chapter: “The neutralisation 

curves for three C3V4 chimeras had a biphasic shape, suggesting the development of 

multiple and possibly subtly different anti-C3V4 responses, similar to a recent paper on anti-

V1V2 antibodies (Lynch et al., 2011). Alternatively the re-emergence of the initial anti-C3V4 

response at a later time point may occur due to the resurgence of early viruses from viral 

reservoirs. Linked to this is the possibility that an initial anti-C3V4 antibody response has 

affinity matured with time (Corti et al., 2010; Huber et al., 2010; Lynch et al., 2011; Walker 

et al., 2009; Wrammert et al., 2011; Wu et al., 2010; Xiao et al., 2009).” 

7. The examiner makes a good point here. We agree that a larger number of sequences from 

each time point would define whether potential escape mutations were present in the 

majority of the population. However single genome amplification is costly and a maximum of 

10 sequences from 6 months post-infection (p.i.) and 20 sequences from 12 months p.i. was 

feasible for this project. Nevertheless, proof that these predicted escape mutations do 

contribute significantly to escape from autologous neutralising antibodies (AnAbs) is shown 

and discussed for each of the 5 individuals investigated. By back-mutating these residues in 



 
 

 

A
p

p
en

d
ix

 6
: L

is
t 

o
f 

C
o

rr
ec

ti
o

n
s 

 111
 

the context of a neutralisation resistant later clone, neutralisation sensitivity, comparable to 

early clone was achieved. In addition the identification of multiple pathways of 

neutralisation escape suggests that a single given escape mutation might not necessarily be 

highly represented among circulating viruses.  

8. The association of high entropy residues with immune escape in HIV-1 has been well-

described elsewhere (Delwart et al., 1997; Frost et al., 2005; Moore et al., 2009; Richman et 

al., 2003; Rong et al., 2009; Wei et al., 2003). However we agree with the examiner that the 

creation of entropy plots and their subsequent use was not described in enough detail, and 

therefore we have included section 2.15 on page 32 of the “Materials and Methods” chapter 

as follows: 

“Entropy plots were generated using the Entropy-One tool from the Los Alamos National 

Laboratory HIV Sequence Database  

(http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html) to determine 

which regions of gp120 were highly variable among longitudinal clones. Shannon entropy is a 

quantitative measure of uncertainty in a data set. This tool uses a Monte Carol 

randomisation strategy to identify variability between aligned sequences. Each position in 

the sequence alignment undergoes multiple test or comparisons after which a Bonferroni 

correction is applied to set the threshold.” 

 

Examiner 2 – minor points for consideration 

1. Page 17, section 1.4, paragraph 3, line 1, sentence altered as follows: “However, the 

autologous neutralising antibody (AnAb) response, which is directed to a person’s own virus, 

is thought to develop much later at 12-20 weeks p.i. giving the virus ample time to establish 

infection (Delwart et al., 1997; Gray et al., 2007; Li et al., 2006a). The possibility of low levels 

of neutralising antibodies, undetectable with current assays, but nevertheless able to shape 

the viral population at early time points, has not yet been excluded (Bar et al., 2012).” The 

Bar et al journal article was only recently published on the 31st May 2012. 

2. Page 19, section 1.6, line 1: sentence altered as suggested. 

3. The examiner requested that a hypothesis be stated as part of the objectives. We therefore 

included the following statement on page 19, section 1.6, line 9 of the “Introduction” 

chapter: “We hypothesised that a more exposed C3V4 region may lead to an early 
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autologous anti-C3V4 response and that mutations in the alpha2-helix mediate 

neutralisation escape from these anti-C3V4 responses.” 

4. Page 25, 1st paragraph, line 4: sentence altered as suggested. 

5. Page 28, 1st paragraph, line 5: sentence altered as suggested. 

6. The examiner suggested that multiple antibodies targeting the C3V4 region could contribute 

to the higher autologous titres observed in C3V4 responders as opposed to non-responders. 

For this reason the following sentence has been included on page 81, 2nd paragraph, line 2 of 

the Discussion” chapter:  “In addition, multiple antibodies targeting the C3V4 region could 

contribute to higher autologous titres in C3V4 responders when compared to non-

responders.” In addition, see point 8 for a discussion of the relevance of these findings to 

immunogen design. 

7. The examiner enquired about a link between the high sequence variability of the alpha2-

helix and mediation of neutralisation escape by proximal potential N-linked glycans (PNGs). 

In response to this, the following sentence was included on pages 78, 2nd paragraph, line 9 of 

the “Discussion” chapter: “Our results therefore clearly indicate that although neutralisation 

escape can be mediated by mutations solely in the alpha2-helix, this is not a common 

pathway and that charge changes play an minor role, likely compensatory in nature, in 

mediating neutralisation escape.” 

8. The examiner requested a statement relating the implications of this work on vaccine 

immunogen design. We have therefore included the following paragraph on page 81 of the 

“Discussion” chapter: “The development of an early AnAb response targeting the anti-C3V4 

response does not necessarily predispose an individual to develop bnAbs as the number of 

individuals who develop bnAbs does not significantly differ between the C3V4 responder 

and non-responder groups ((Gray et al., 2011) and data not shown). In addition, the number 

of pathways that can be employed to escape an anti-C3V4 response suggests that the 

extreme diversity of this region in subtype C viruses may continue to increase as the 

pandemic progresses. However numerous bnAbs isolated from HIV-1 infected individuals 

depend on the 332 glycan within the C3V4 region (Trkola et al., 1996; Walker et al., 2011), 

therefore this region may stimulate the development of protective antibodies. Therefore an 

immunogen including the C3V4 region would likely have to be modified, through the 

inclusion of glycans on a long V4 loop, to dampen the immunogenicity of the majority of the 

C3V4 region and to direct the humoral immune system towards the 332 glycan.”
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