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Abstract 
 

Southern Africa is currently the most affected region of the world in terms of the 

HIV/AIDS pandemic and despite decades of research into this virus, a vaccine that is 

adequately effective is yet to be developed. However, it is widely believed that broadly 

neutralizing antibodies (bNAbs) are likely to be required for protection. Eliciting bNAbs 

by vaccination has been challenging for several reasons, one of which is the failure of 

most viral proteins to bind the germline versions of bNAbs (bNAb precursors). For 

vaccine design, it will be necessary to either select or engineer suitable immunogens 

that bind the inferred bNAb precursors in vitro, which is the first step in driving such 

responses towards breadth. This study focused on an unusual set of six previously 

identified viral escape mutations (collectively referred to as CS-Mut) that enhance 

neutralization by bNAbs to the membrane proximal external region (MPER). These 

mutations were used to engineer and test a variety of viral constructs for their potential 

as vaccine candidates.   

We first tested the effect of each individual cleavage site mutation on viral entry and 

MPER exposure. We showed that individual mutations resulted in reduced viral entry 

potential, but not to the same extent as all six mutations combined in the CS-Mut. We 

next tested the effect of the individual mutations on neutralization by MPER bNAbs. 

We showed that most of the single mutations enhanced viral sensitivity to MPER 

bNAbs, with three of the six mutations most promising in terms of MPER exposure. 

However, the MPER enhancement was less marked than the combined set of six 

mutations, suggesting further improvement was needed.   

We therefore next combined the three most promising mutations into a single construct 

and showed that enhancement of MPER sensitivity was improved for this triple mutant 

compared to the individual mutants. Indeed, for some MPER bNAbs, the triple mutant 

was more sensitive to MPER bNAbs than the matched virus containing all six 

mutations. Moreover, the entry capacity of the triple mutant was significantly improved 

over the six mutant construct, making it more amenable to incorporation into virus-like 

particles for vaccine design.  

Lastly, we engineered dual germline targeting immunogens by simultaneously adding 

the MPER enhancing mutations to five viruses that were previously shown to have a 
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high probability of binding V2 bNAb precursors (V2 “special strains”). The “special 

strain” CS-Mut viruses exhibited varying degrees of reduction in viral entry potential, 

with infectivity abrogated for two. For the remaining three “special strain” CS-Mut 

viruses, enhancement in MPER sensitivity was observed. Increased sensitivity was 

largely specific for bNAbs targeting the MPER epitope or interface, as bNAbs and 

plasma to other viral epitopes showed no enhanced neutralization. However, despite 

enhanced sensitivity to mature MPER bNAbs, no neutralization was observed using 

germline reverted MPER bNAbs, the best available approximate of MPER precursors.  

In conclusion, the cleavage site mutations resulted in favorable exposure of the MPER 

epitope, a trait that is promising for immunogen design. However, the fitness cost that 

results from the addition of the cleavage site mutations is problematic for use of these 

constructs in vaccines using virus-like particles. In future studies, a balance between 

viral entry potential and enhancement of MPER neutralization needs to be determined 

to optimize immunogen candidates. The CAP256 SU CS-Mut construct showed 

promise as a dual germline targeting immunogen, exhibiting limited reduction in entry 

potential while favorably exposing the MPER epitope, with minimal disruption to the 

native envelope trimer structure.  
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CHAPTER 1: INTRODUCTION 
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1.1 The HIV/AIDS Pandemic and the need for a vaccine 
 

The HIV/AIDS pandemic is of great concern globally, and is a major focus of vaccine 

research. In 2015, global estimates showed that about 36.9 million people were living 

with HIV (1). Since the initial identification of the disease, about 78 million people have 

become infected, and 39 million people have died from AIDS related conditions (1). A 

vaccine is therefore a top priority, particularly in southern Africa where millions are 

affected directly or indirectly by the disease, and thousands more are infected every 

day. In South Africa alone, an estimated 6.8 million people are currently living with HIV 

(1). 

HIV vaccine researchers worldwide have tested many different approaches but a 

vaccine that offers significant protection is yet to become a reality (2-5). To date, five 

phase 3 HIV-1 vaccine trials have been conducted, of which four showed no evidence 

of protection (2). In 2009, the RV144 trial conducted in Thailand was the first to show 

some level of efficacy (preventing 31.2% of infections) (6). Although the moderate level 

of efficacy was not enough for the deployment of the vaccine, the success of the 

RV144 trial suggested that a preventative vaccine could be made. The mechanism of 

protection in this trial, however, is unclear. Although antibodies targeting the V1V2 

region of the HIV-1 envelope glycoprotein have been shown to be a correlate of 

protection, there was no evidence of neutralizing antibodies, which block viral infection 

and are the basis of many other successful vaccines (7, 8).  

A trial similar to the RV144 trial is currently being repeated in South Africa, mainly to 

determine if differences in geographical location, prevalence and viral subtype may 

lead to a difference in efficacy compared to the Thailand trial. In addition, the P5 

partnership is conducting a wide range of small-scale research trials based on the 

findings of RV144, to attempt to improve the potency and durability of responses, 

especially as protection was highest early after vaccination (6).  However, it is widely 

believed that a more efficacious vaccine may require broadly neutralizing antibodies 

(bNAbs), described below, which were not elicited by this regimen. 

Different subtypes of the virus are predominant in different geographical areas. 

Subtype B viruses for example are is the predominant subtype in the United States of 

America and Europe (9). Subtype C is prevalent in India and Southern Africa, and new 
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infections in this region are highly likely to be of that subtype. In order to better design 

a vaccine that is specifically aimed at subtype C infections, studies have to be focused 

on viruses of this subtype along with studies of bNAbs that show broader and more 

potent neutralization of subtype C viruses (10-12). 

 

1.2 Transmission of the virus  
 

HIV is primarily transmitted through exposure at mucosal surfaces as well as through 

percutaneous inoculation (10). In order to assess the transmission of HIV, factors 

including viral and host genetics, epidemiology, animal studies and risk factors are 

well studied, and have contributed to much of the current knowledge on the subject 

(13).  

Several risk factors determine if HIV is transmitted, for example, high viral loads in the 

infecting partner are associated with increased risk of transmission (10). Sexual 

partners that are on Anti-Retroviral Therapy (ART) generally have a suppressed viral 

load and thus have a lower chance of transmitting the virus compared to those who 

are not (10, 14-16). Genital inflammation has also recently been shown to increase 

the risk of infection in women (17). 

Initially following transmission, the virus is not detectable in the plasma. This is called 

the eclipse phase of infection (10, 13). During this phase, the virus is replicating in the 

CD4+ T-cells of the mucosa, submucosa and draining lymphatic system (18, 19). After 

approximately 7-21 days, the virus becomes detectable in the plasma, and thereafter 

replication is exponential (10, 20). Detecting the virus as soon as possible after 

infection is of the utmost importance for several reasons, which include blood 

transfusions, early treatment for the infected person and organ donations. Nucleic acid 

methods are available for this as they detect viral sequences in concentrations as low 

as 1-5 RNA copies per milliliter (10, 21). 

Several studies have been conducted into the nature of the actual transmission event 

as well as that of the infecting viral variant(s). A viral variant “bottleneck” model was 

confirmed in most of the studies conducted (10, 22). This model suggests that 

although the infected partner is exposed to diverse circulating viral quasi-species, only 
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a single or very few viruses establish infection in the exposed partner (22). In 80% of 

heterosexual transmissions, only one viral variant initiates a productive infection, and 

the newly infected individual has limited viral diversity at this initial stage of infection 

(Figure 1.1) (10, 23, 24). This raised the question of whether the transmitted/founder 

(T/F) virus exhibits enhanced viral fitness or other features that accounts for its 

preferential transmission, or whether this is simply a stochastic event that is the result 

of stringent mucosal defenses (25).   

 

 

Figure 1.1: A flow chart showing the process by which a viral variant is selected to propagate in a newly 
infected individual. Blue circle with colored rectangular blocks indicate the initial inoculum from the 
infecting partner. Once these viruses cross the mucosa, defective and fit viruses are shown with colored 
circles. R0 is the reproductive ratio. R0 >1 leads to productive clinical infection, whereas R0 <1 results in 
an extinguished infection. The red circle represents the fittest virus, which then becomes the T/F and 
propagates (9).  

 

In most cases that have been studied, the T/F virus exhibited a tier 2 or tier 3 

phenotype, meaning these viruses are not easily neutralized by host antibodies (10, 

25, 26). Of the two cellular receptors that HIV uses to enter the host cells, (C-C 
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chemokine receptor type 5 (CCR5) and C-X-C chemokine receptor type 4 (CXCR4)), 

the T/F virus usually has CCR5 tropism (10, 27).  

Several genotypic studies have assessed differences between the T/F viruses in a 

number of individuals and other (non-transmitted) variants from the infecting individual 

(23, 28). These studies have shown that T/F viruses show increased resistance to 

interferon mediated antiviral activity within the mucosal surface, potentially providing 

a transmission advantage (23). Apart from these findings, there have been no obvious 

traits that clearly differentiate T/F viruses from others, and there is thus no obvious 

viral “signal” that can be used to prevent infection (23, 29). 

 

1.3 The structure and replication of the virus 
 

HIV belongs to the family Retroviridae, and the Lentivirus genus. Viruses belonging to 

this family share the same replication process, described below, and the fact that 

disease progression is slow once a patient is infected (30, 31). The virion is spherical 

in shape (approximately 100-130 nm in diameter) and is surrounded by an outer 

envelope, which is made up of phospholipids and is derived from the host’s cell 

membrane (32-34) (Figure 1.2).  

 

Figure 1.2: The structure of the Human Immunodeficiency Virus (HIV). Vif, Vpr, Nef and p7 are 
accessory proteins that are coded for by the viral RNA (35). 
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Embedded in the viral envelope are a number of envelope (Env) glycoproteins, 

composed of gp120 and gp41 (35, 36). Inside the virus envelope is the capsid, which 

encloses the viral RNA as well as proteins that are crucial for the replication and 

survival of the virus in the host (32). Each viral particle has two strands of RNA, and 

possesses three important enzymes; reverse transcriptase, protease and integrase 

(30, 35). Various accessory proteins, namely Vif (viral infectivity factor), Vpr (viral 

protein r) and Nef (negative regulatory factor), are key components of the 

nucleocapsid. 

In order to replicate, the gp120 component of the envelope binds to the primary viral 

receptor, CD4. This alters the conformation of the envelope trimer to allow subsequent 

binding to a co-receptor (either CCR5 or CXCR4) (35, 36). Co-receptor binding 

induces additional conformational changes to the envelope trimer that exposes the 

trans-membrane  protein of gp41 which was originally hidden by gp120 (30, 35). The 

hydrophobic fusion protein on the trans-membrane domain of gp41 makes first contact 

with the host cell membrane when it is inserted into the cell (35). A helical structure 

formed by rearrangement of the gp41 trimeric protein merges the cellular and viral 

membranes, resulting in the emptying of the viral contents into the cell (34, 37) (Figure 

1.3).  
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Figure 1.3: The replication cycle of HIV-1. Numbers indicate each stage of the life cycle as follows: 1) 
Binding of gp120 to the receptor and co-receptor, 2) Entry of viral contents into host cell, 3) Reverse 
transcription of viral RNA into dsDNA, 4) Importation of viral DNA into host nucleus, 5) Integration of 
viral dsDNA into the host genome 6) Transcription of proviral DNA into RNA 7) Translation of viral RNA 
into necessary viral proteins 8) Assembly and budding of the new, immature virion 9) Maturation into 
an infectious virion (38). 

 

Following its entry into the host cell, the viral capsid dissociates and the single 

stranded viral RNA is firstly reverse transcribed into ssDNA, then transcribed into 

dsDNA. Integrase subsequently merges the viral genome with the host DNA (30, 39). 

This process of integration is how the virus forms what is referred to as the “reservoir” 

(latent phase), which is not detectable in the blood. The presence of this reservoir 

explains why it is so difficult to eliminate HIV from infected individuals, and is the basis 

of ongoing research aimed at curing HIV infected people (30, 40, 41). For the purpose 

of continued viral replication, proviral DNA (viral DNA that has been integrated into the 

host genome) is transcribed into the HIV ssRNA genome by the host DNA polymerase 

II. The transcribed RNA is subsequently translated into viral proteins that include Tat 

(trans-activator of transmission), Rev and Nef, which, together with the viral RNA are 

assembled at the cell membrane and bud off as a non-infectious, immature form of 
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new virions (30, 35). Immediately following budding, the protease is activated to cleave 

gag (group specific antigen) and gag-pol precursors into mature components. Protein 

configuration is reorganized and a mature, infectious virion results (35, 41). 

 

1.3.1 The structure of the envelope glycoprotein (Env) 
 

On the surface of the viral envelope are several Env glycoprotein spikes (30) (Figure 

1.4). These are responsible for the entry of the virus into cells and are the sole target 

of the host antibodies that are the subject of this thesis (36, 42). Env is a hetero-trimer 

composed of three gp120 molecules that are non-covalently bound to three gp41 

molecules (43, 44). These gp120 and gp41 proteins are cleaved by the proteolytic host 

enzyme furin from a precursor gp160 molecule (43, 44). Cysteine residues along both 

gp41 and gp120 form disulphide bridges that are necessary for the formation and 

stability of the trimer structure (42, 45, 46).  

 

 

Figure 1.4: This structure portrays the arrangement of the Env glycoprotein in a closed pre-fusion state. 
Red shows the three gp120 molecules and blue shows the three gp41 molecules (47).   
 

The Env glycoproteins mediate viral entry in two stages. The initial virus-cell 

engagement occurs by binding of gp120 to CD4 (the major viral receptor), and a co-

receptor that is usually CCR5 (Figure 1.3). In some cases, alternate co-receptors can 

be used, and viruses able to use different co-receptors (such as CXCR4) often emerge 
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late in infection (37). After viral binding to receptors and several conformational 

changes, the gp41 enables fusion of the host and viral membranes.   

The structure of Env has been a challenge to study in its native form due to the fact 

that the gp120 and gp41 components readily dissociate into their monomeric forms 

(42, 43). This area of research has been enormously active in recent years, and has 

resulted in the generation of engineered soluble trimers that are often derived from 

unusually stable viral isolates, and further engineered to be stable through the 

introduction of several cysteine residues (at positions  501C-605C, referred to as SOS)  

along with a mutation in the first heptad repeat of gp41 (I559P) (36, 48, 49).  These 

next generation “SOSIP” trimers have reignited the HIV vaccine field, providing the 

basis of immunogen design.  

 

1.3.2 Gp120 structure and function 
 

Gp120, sometimes referred to as the docking protein, is responsible for the receptor 

binding that “docks” the virus onto the host cell in preparation for fusion (50, 51). 

Gp120 binds to CD4, which leads to a conformational change that triggers binding to 

a co-receptor (either CCR5 or CXCR4) (42, 43). Co-receptor binding further triggers 

another conformational change which facilitates membrane fusion (42). Gp120 

consists of an “inner domain” and an “outer domain” joined by a bridging sheet (43). 

Gp120 is a highly variable protein in terms of amino acid sequence, varying by as 

much as 30% between individuals. This variation in sequence is due to the error prone 

nature of the reverse transcriptase. Gp120 consists of hyper-variable loops, termed 

V1 to V5, each of which is bracketed by cysteine residues that form stabilizing 

disulphide bridges (50, 52) (Figure 1.5) Variable regions are interspersed by a number 

of relatively conserved regions termed C1 to C5 (43, 50).  
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Figure 1.5: Conformation of the five gp120 hypervariable loops: A) Within the trimer structure and B) 
In a linear schematic showing the order of the variable and constant regions of gp120 (Adapted from 
Wibmer, 2011 and Ward et al, 2015). 

 

In the trimeric conformation, the hyper-variable loops are easily accessible to 

neutralizing antibodies (described below) and they shield the less accessible 

conserved regions (43). The V1 to V3 variable loops are positioned on the trimer apex 

in the trimer’s pre-fusion state (43). The V1 and V2 domains tolerate variation in both 

sequence and length (including deletions and insertions), without compromising the 

structure of the trimer as a whole (43). This is due to the fact that each of these variable 

regions extends out of the envelope spike at the apex (43). The three variable loops 

interact with each other to stabilize each protomer, while V4 and V5 protrude out of 

the structure and do not make contact with the rest of the variable loops (43).  

The outer domain of gp120 is heavily glycosylated, such that half of the mass of the 

protein in fact comes from glycan residues (53). This dense glycan shield (a median 

of 93 N-linked glycans on the trimer spike) was once thought to protect it from the host 

immune response, and indeed the high levels of glycans do limit antigenicity (43, 54). 

However, subsequent work has showed that many human bNAbs (described below) 

utilize these glycans in their neutralization of the virus (43, 55). The glycans in this 

region are made up of both high mannose glycans as well as other complex glycans, 
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and there is substantial heterogeneity in glycan processing between and within viral 

envelopes that add to the complexity of this protein (56). The virus escapes the 

humoral immune system by deleting, adding or moving glycans from antibody 

epitopes, especially in regions with high variability where the glycans are relatively 

less conserved. Several glycosylated sites that are highly conserved have been shown 

to be associated with bNAb epitopes (56, 57). Examples of these are the highly 

conserved glycans at N611 and N637 that are key elements of the PGT151 antibody 

epitope along with the glycan at position N88, that forms part of the 35O22 antibody 

epitope (58, 59). 

 

1.3.3 Gp41 structure and function 
 

The gp41 protein anchors the Env trimer onto the viral envelope and plays a crucial 

role in fusion of the virus and the host cell (46, 60). It can be divided into three distinct 

regions, that is, the ectodomain, the transmembrane domain and the cytoplasmic tail 

(Figure 1.6) (61-63). It is relatively conserved and less glycosylated compared to 

gp120, due to its greater functional constraints (61, 64).  

 

 

Figure 1.6: Schematic showing the different regions of gp41. Amino acid numbering is based on the 
HIV-1 strain HXB2. The different regions are depicted as follows: FP: Fusion protein; PR: Polar region; 
NHR: N-terminal heptad repeat; CHR: C-terminal heptad repeat; MPER: Membrane proximal external 
region; TM: Trans-membrane domain; CT: Cytoplasmic tail (61).  

 

The ectodomain of gp41 can be divided into further distinct regions that are specialized 

for different functions during infection. These include the hydrophobic N-terminus 

fusion peptide (FP), the polar region (PR), the two alpha helix sheets termed the N 



 

12 | P a g e  
 

and C terminus heptad repeats (NHR and CHR respectively), and the tryptophan rich 

membrane proximal external region (MPER) (Figure 1.6) (46, 61).   

In the pre-fusion state of the Env trimer, the fusion peptide, recently found to be a 

target of the bNAb VRC34.01, is well hidden within the gp120/gp41 quaternary 

structure, and is only exposed after CD4 binding by gp120 (42, 61, 65). The MPER is 

made up of the last 24 amino acids of gp41’s ectodomain, and is a well conserved 

epitope of some well-known neutralizing antibodies such as 2F5 and 4E10 (Figure 

1.6) (42). Studies have shown that both the fusion peptide and the MPER are 

necessary for membrane fusion, and that the MPER is necessary for viral entry. It is, 

however, currently unclear how the MPER is involved in the process of fusion (42, 61, 

63). The transmembrane region of gp41 spans the viral envelope and is necessary for 

the fusion process, and the cytoplasmic tail is found inside the viral particle (42). 

 

1.4 The human humoral immune response and HIV 
 

Within a few months of infection, all infected individuals develop autologous 

neutralizing antibodies (AnAbs) that generally target the sequence variable loops of 

gp120 and for this reason are largely strain-specific. Mapping studies have shown 

these antibodies largely target the V1V2 and (in subtype C viruses) the C3V4 regions 

of the viral envelope (66-68). Subtype C envelopes are different from their 

counterparts in that the V3 region is more conserved than most other subtypes, while 

the C3 region is highly variable (69, 70).  

The virus, however, rapidly  escapes the immune response, by acquiring mutations, 

insertions and deletions within the antibody epitopes  (71). This high level of mutation 

is achieved through an error prone reverse transcriptase which is responsible for the 

highly variable nature of the envelope glycoprotein Env (72). For this reason, despite 

potent autologous neutralizing responses, at any given time point, the circulating virus 

will be resistant to the contemporaneous neutralizing antibodies (69). These strain-

specific antibodies are limited interest for vaccine design.  
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1.4.1 Broadly neutralizing antibodies 
 

Although most people develop only strain-specific neutralizing antibodies (AnAbs), 

approximately 5-20% of infected people have been shown to develop bNAbs (3, 71, 

73, 74). BNAbs are able to neutralize a wide range of globally circulating viral strains, 

and as such these antibodies are a major focus for HIV vaccine design (75).  

BNAbs that have been isolated to date exhibit a wide range of breadth and potency 

when tested against global viral isolates. Some of the broadest and most potent bNAbs 

to date include 10E8, which targets the MPER epitope and neutralizes over 90% of 

global viral isolates, VRC01, which targets the CD4bs and neutralizes over 70% of 

global viruses and CAP256-VRC26.25 which neutralizes over 70% of global viruses 

and is extremely potent  (76, 77). These and other bNAbs have, over the years, shaped 

much of the knowledge we have on HIV-1 neutralization breadth. 

It is not entirely clear how the individuals who develop breath do so, but several factors 

that are associated with development of breadth have been identified. One such factor 

is high viral load, which likely presents high antigenic stimulation, leading to the 

development of breadth (73, 78). Viral load in early infection (up to six months post 

infection) seems to influence the development of breadth along with a low count of 

CD4+ T-cells (73, 79). It can therefore be said that early infection events determine 

the ability to develop breadth in chronic infection (80). Factors like antigen load, the 

duration of exposure to the virus as well as viral diversity link the development of 

breadth to the antigen (76, 81-83).  Moreover, subtype specific envelope features have 

been shown to influence the nature of bNAbs. Specifically CD4 binding site directed 

bNAbs were associated with subtype B infection, whereas V2 glycan specific bNAbs 

developed in individuals with non-subtype B infection (83). In addition to subtype, a 

specific HLA type was associated with development of breadth (83, 84). 

In recent years, technological advancement has allowed for isolation and 

characterization of a wide range of bNAbs which has improved our understanding of 

their development, epitopes and neutralization profiles (85, 86). Techniques such as 

identification and culturing of specific memory B cells have opened up new avenues 

for the isolation of bNAbs from infected donors (86). A combination of binding and 

neutralization assays was used in studies by Walker and colleagues to assess the 
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properties of memory B cell clones and subsequently isolate a number of bNAbs (82, 

87). Moreover, an artificial antigen that mimics the CD4bs (termed the resurfaced 

stabilized core 3) was designed and used to isolate B cells from donors that exhibited 

CD4bs-directed bNAbs (88). Methods of isolating and characterizing bNAbs are still a 

subject of intense research and improvements are constantly being made (85). Since 

the gp120 and gp41 protomers have been known to dissociate in solution, the 

engineering of stable forms of soluble envelope trimer represents one of the biggest 

leaps that vaccine research has taken forward in recent years (89). The BG505 

SOSIP664 was engineered specifically to mimic the pre-fusion  HIV-1 native trimer in 

solution  (36). The native-like nature of the trimer enabled the binding of neutralizing 

antibodies well, while generally excluding the non-neutralizing antibodies that target 

the immunodominant, V3 region of the envelope (89-91). Further engineering of this 

and other such trimers is being looked into for the isolation of bNAbs (89, 92) as well 

as for the design of immunogens to use in the quest for an HIV-1 vaccine (89). 

The development of breadth, however, does not prevent disease progression as the 

virus is able to escape the broadest of responses over time (80, 81, 93). This has been 

documented in many cohorts including the Centre for the Program for AIDS research 

in South Africa (CAPRISA) where escape from several bNAbs have been defined. For 

example,  the study of donor CAP248 from CAPRISA that was previously conducted 

in our lab is one example that looked at the nature of viral escape from bNAbs that 

mapped to an epitope at the cleavage site of the viral envelope (94).  

 

1.4.2 Targets of broadly neutralizing antibodies 
 

Understanding the epitopes of bNAbs defines viral vulnerabilities that may be useful 

for vaccine design. To date, five bNAb epitopes have been identified: the CD4 binding 

site (CD4bs), the membrane proximal external region (MPER), the V2 site, the V3-

glycan supersite and the gp120-gp41 interface (Figure 1.7) (85, 95, 96). This study 

has focused on the MPER and gp120-gp41 interface, which are described in more 

detail below. 
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Figure 1.7: Envelope trimer structure portraying the five known epitopes of HIV-1 bNAbs. Epitopes are 
color coded as follows: Red for CD4binding site, blue for V1V2, green for V3, brown for gp120/gp41 
interface and the grey box for MPER (85) 

 

1.4.3 The Membrane Proximal External Region (MPER) bNAb epitope 

 
The MPER is the most conserved of the known HIV-1 bNAb epitopes (97, 98). It is a 

linear, alpha helical epitope composed of the last twenty-four amino acids of the C-

terminal region of the gp41 ectodomain. The hydrophobicity of the MPER is owed to 

its high aromatic tryptophan content (99), an attribute that is necessary given that the 

MPER is associated with fusion of the virus with the host membrane (61). Substitution 

of the tryptophan residues has been associated with poor incorporation of gp41 into 

virions (61). It is believed that this hydrophobicity is part of the reason why most of the 

known MPER bNAbs have shown considerable levels of auto-reactivity (100). 

Monoclonal antibody 10E8 is the only MPER bNAb that does not exhibit any 

autoreactivity (101). The MPER was initially considered not strongly immunogenic, but 

several studies have shown that it is immunogenic in infection, and a number of 

infected people show some MPER specificity (84, 102, 103). It is believed that due to 

its conserved nature, it is an ideal target for an HIV vaccine (101, 104).  

A number of MPER targeting bNAbs, including 10E8, 4E10, M66.6, 2F5, Z13e1 and 

DH511 have been isolated and studied in recent years. 10E8 and 4E10 target an 
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overlapping epitope on gp41, with dependence on different residues (both include 

N671 and T676) along their epitopes (105). M66.6 and 2F5 have a similar epitope, 

with dependence on the D664, K665 and W666 residues along gp41 (101, 105). The 

more recently isolated antibody, DH511 has been termed “10E8-like” in its 

neutralization profile and in the fact that it targets the same epitope as 10E8. Z13e1 

requires residues N671 and D674 for binding. The six bNAbs target subtly different 

specific epitopes within the MPER.  

The neutralization breadth and potency of the MPER bNAbs is highly varied as shown 

in several studies that were conducted against globally circulating virus strains (106). 

Most of the MPER bNAbs showed breadth of over 90%, with the exception of M66.6, 

which was only 57% broad. The two most potent MPER antibodies are 10E8 and 

DH511, with geometric mean IC50 values below 0.5 µg/ml (101, 107). Although  4E10 

has a breadth of over 90%, it is the least potent of all the MPER bNAbs, with a 

geometric mean IC50 of 8.46 µg/ml. Neutralization data is limited for Z13e1 and thus 

no significant panel has described in detail how broad or potent it is (101, 107). 

Despite its appeal as a target, no vaccine has been able to elicit MPER directed 

responses, and research into this epitope is necessary from many angles. This is the 

basis of the research conducted in this dissertation. 

 

1.4.4 The gp120-gp41 Interface bNAb epitope 
 

The gp120-gp41 interface has only recently been shown to be an epitope for bNAbs.  

Several bNAbs that were recently isolated were found to bind residues on both gp120 

and gp41 of the HIV-1 envelope trimer spike in their neutralization of the HIV-1 virus 

(59, 65, 94, 108). Different bNAbs target different residues within this region, and bind 

varying numbers of protomers on the envelope trimer. The PGT151 family of bNAbs, 

for example, binds residues from both inter-protomer and intra-protomer gp120 and 

gp41 subunits on the native, cleaved, trimer structure. The epitope of the bNAbs 

belonging to this family is thus neither present on isolated gp120 and gp41 subunits 

or on uncleaved gp160 proteins (59, 108).  

One of the most recently identified gp120-gp41 interface targeting bNAbs is 

VRC34.01, which binds residues 512 through to 519 on the fusion peptide of gp41 
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along with the glycan linked residue N88 on gp120 (65). The mode of neutralization 

employed by VRC34.01 is targeted at the pre-fusion trimer, and this monoclonal 

antibody (mAb) was shown to stabilize the trimer in an intermediate conformation that 

impedes CD4 binding (65). The gp120-gp41 interface is a subject of intense research 

currently as a site of key vulnerability in the virus, and especially the fairly new fusion 

peptide epitope holds a high level of potential for vaccine design (65). 

A recent study in our lab described the isolation of a broad gp120-gp41 interface bNAb 

that targets a novel epitope within this region (94). As is characteristic of bNAbs 

targeting the interface, the epitope of this bNAb is only present on the native trimer, 

and not on monomeric gp120 (94). The antibody, termed CAP248-2B, was isolated 

from CAPRISA donor CAP248 and targets an epitope within the furin cleavage site 

between gp120 and gp41, a highly conserved region of the envelope (94). To escape 

this response, the autologous CAP248 viruses inserted a series of six mutations in the 

furin cleavage site that are rarely seen in globally circulating viruses (94). The unique 

mutations form an integral part of this study due to their enhancement of viral MPER 

sensitivity (94).  

 

1.5 The passive use of bNAbs for therapy and vaccination 
 

Several animal studies along with clinical trials have shown that bNAbs are effective 

when used in therapy,  although this protection is short lived (109-111). One study that 

used the CD4bs bNAb 3BNC117 showed that not only did the antibody reduce viremia 

when administered to infected people, it also improved the antibody response in some 

of its recipients (109). Moreover, animal and in vitro studies have shown that the use 

of bNAbs that target different epitopes in combination results in improved reduction of 

viremia compared to just one (112). Mathematical modelling has further shown that 

combinations of three or four bNAbs are better in therapy compared to just a double 

approach, an option that is most likely to be better for vaccination as well (113). 

Several bNAbs are being looked into for use in passive immunization, although short 

half-lives are a major roadblock in this regard. The CD4bs bNAb VRC01, for example, 

is currently being used in a phase two trial in Southern Africa in order to assess the 

extent of protection in passive immunization (114). Alternative approaches include 

engineering bNAbs to be more stable and to offer more protection in vivo for therapy 
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and potentially passive vaccination (115). An example of such engineering is the 

mutation of the CD4bs bNAb VRC01 to improve its half-life in vivo (116). The mutant 

version of VRC01, termed VRC01-LS, exhibited higher affinity for FcRn and a half-life 

that was threefold that of VRC01 (85, 117). This mutation is being incorporated into 

many other bNAbs for potential use in passive immunization.  

 

1.6 The developmental pathway for bNAbs: Implications for vaccine design  

 
Although bNAbs have yet to be elicited by vaccination, studies of their development in 

infected donors have provided clues for vaccination (2, 3, 81). A challenge in eliciting 

bNAbs is that they tend to have unique properties that other neutralizing antibodies do 

not generally have. These include insertions or deletions (indels) and a high level of 

somatic hypermutation (SHM) (118). Inducing these crucial properties by vaccination 

would provide a necessary leap forward in vaccine design. Unfortunately, this is a 

puzzle that is yet to be solved.  

As bNAbs arise through a complex and prolonged co-evolution with emerging viral 

variants (76, 81) it has been suggested that perhaps immunogens designed to mimic 

these viral evolutionary processes may favor the formation of bNAbs (119). The race 

between virus and antigen begins in the germinal center where the process known as 

affinity maturation starts (89). During affinity maturation, the earliest, immature forms 

of antibodies (termed germline or unmutated common ancestors (UCAs)) undergo 

SHM that culminates in improved antigen binding and anti-pathogen properties (120). 

The process continues for several cycles in chronic infection, leading to mature 

antibodies that are highly mutated compared to their earliest precursors (120, 121). It 

has been argued that perhaps affinity maturation can be guided towards breadth by a 

suitable vaccine immunogen. In various clinical trials, several different immunogens 

are given over time in an attempt to stimulate a broad response in a process termed 

sequential immunization. However, evidence suggests that high SHM does not 

necessarily mean an antibody will develop breadth (81, 89). 

Although sequential immunization approaches show promise in animal studies (122), 

these studies are highly artificial in that these experiments are generally performed in 

mice engineered to express high levels of bNAb precursors. In humans, in contrast, a 
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major roadblock to the elicitation of bNAbs is that their germline precursors are rare, 

and sometimes have unusual properties. These include relatively long third 

complementarity determining regions in their heavy chains (CDRH3s) for V2-directed 

antibodies and relatively short third complementarity determining regions in the light 

chains (CDRL3s) of VRC01 class CD4bs antibodies (76, 88).  In order to carry out 

experiments with precursors of bNAbs in vitro, it is necessary to have an idea of what 

the germline precursors or UCAs of the bNAbs are. Few studies know the true UCA 

of any antibody as it is not possible to pinpoint an exact UCA in a patient, or backtrack 

every characteristic of a bNAb to the starting point. In an attempt to fill this gap, 

researchers infer germline gene sequences, although the inferred germline revertant 

antibodies have mature features, such as the CDRH3 which cannot be inferred using 

bioinformatics (123). Unfortunately, several studies have shown that most HIV-1 

isolates are unable to bind to inferred germline forms of bNAbs (124, 125). This 

indicates that the virus strains that elicited bNAb precursors (which we have termed 

bNAb-initiating Envs) may have unusual properties (81). Thus bNAb-eliciting 

immunogens would have to be identified or designed to specifically engage germline 

forms of the antibodies, which was the overall aim of this project.  

One approach to identify such Envs is to study patients who have developed a bNAb 

response over time so as to identify natural bNAb-initiating envelopes (81). An 

example is the study from our laboratory of CAPRISA donor CAP256 (81). 

Longitudinal plasma samples were available from acute infection into chronic infection, 

and therefore the development of breadth in this patient could be closely followed (81). 

This allowed the precise identification of the envelope that mostly likely initiated the 

bNAb antibody lineage in this patient (81). This approach is challenging, requiring 

detailed sampling and deep sequencing of antibody and virus from acute into chronic 

infection. 

An alternative approach is to identify viruses that are naturally more reactive with bNAb 

precursors. This entails screening large virus panels, and identifying strains that bind 

to germline antibodies. This approach was informative in two studies of bNAbs that 

target the V2 apex region of the Env trimer (126, 127). In a study by Gorman et al, a 

panel of 200 globally circulating virus strains were tested for binding to inferred and 

actual bNAb precursors (UCAs), as compared to binding to the mature antibodies 

(126). Of these 200 viruses, ten were shown to bind to the germline precursors of V2-



 

20 | P a g e  
 

directed bNAbs, with some of the same strains also identified in a similar parallel study 

(127). 

A third approach is to identify viruses which have unusual exposure of bNAb epitopes, 

which might be harnessed for HIV vaccine design. This dissertation made use of one 

such study, based on six viral mutations identified in CAPRISA donor CAP248 at three 

years post infection (94). The viral escape mutations at the furin cleavage site of the 

envelope resulted in escape from the CAP248 bNAbs, but also resulted in increased 

viral sensitivity to bNAbs targeting the MPER epitope (94). Here, we have investigated 

the possibility of using these naturally identified mutations that result in enhancement 

of neutralization by MPER targeting bNAbs, to further define the minimal requirements 

for MPER exposure. We also aimed to harness these mutations, in the context of 

viruses previously shown to recognize V2 bNAb precursors, to develop immunogens 

able to trigger two distinct bNAb epitopes.  

 

1.7 Aims and objectives 
 

This study aims to engineer natural HIV viral variants as candidate immunogens to 

stimulate two classes of bNAbs, through the following specific aims: 

 

1.7.1 Assessing the effect of cleavage site mutations on neutralization by 
MPER and interface-directed bNAbs 
 

A combination of six simultaneous cleavage site mutations has been shown in our 

laboratory to enhance neutralization by MPER bNAbs. These mutations are E500K, 

R502Q, V505M, E507G, R508K and E509G. However, their individual contribution to 

MPER exposure is not known. We first aimed to assess the effect of these mutations 

on viral infectivity since they appear at a highly conserved area of the envelope. 

Secondly, we aimed to test whether all mutations were required simultaneously for 

MPER exposure. We extended this analysis to additional MPER and gp120-gp41 

interface targeting bNAbs to assess the extent of exposure of the MPER and further 

verify that exposure was epitope-specific by assaying Env mutants against bNAbs to 
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other epitopes. Moreover, we aimed to look for gross conformational changes using 

non-neutralizing antibodies.  

 

1.7.2 To design dual germline targeting envelopes for MPER and V2 bNAbs 
 

Using a subset of the envelopes that have previously been shown able to bind V2-

directed germline bNAbs, namely ZM233.6, WITO.33, T250-4, A244 and CAP256 SU 

(126), we aimed to engineer dual germline targeting immunogens to elicit both V2 and 

MPER antibodies. This was achieved by adding MPER enhancing cleavage site 

mutations, described above, to V2-reactive envelopes through site-directed 

mutagenesis. The effect of the mutations on epitope exposure was assessed for both 

mature and germline reverted MPER antibodies. We also tested the gp120-gp41 

interface bNAbs to assess the effects of these mutations at this site, along with the 

V2, V3 and CD4bs epitopes. 
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CHAPTER 2: MATERIALS AND METHODS 
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2.1 Participants  

The CAPRISA 002 cohort was established in Durban in 2004 and was recruited from 

245 HIV negative women that were considered at high risk of infection (128). The 

women were followed up regularly, and detection of HIV infection lead to enrollment 

into the study (128). The study entailed regular clinical follow ups and sample 

collection from enrolment until the donors commenced antiretroviral therapy. Viral load 

and CD4 T cell count data were collected at each visit, along with plasma and serum 

samples. The samples were stored at -80°C. Plasma samples from a total of forty 

participants were previously tested against a panel of globally circulating HIV-1 strains 

(73). A donor was defined as having bNAbs when her serum was able to neutralize 

more than 40% of the viruses in the panel at three years post-infection. Donor CAP248 

exhibited 59% breadth when tested at three years, and was therefore defined as a 

broad neutralizer (129). Subsequent studies of the specificities of her bNAbs and of 

viral escape pathways were described in a previous study (Wibmer et al, 2017). 

 

2.2 HIV Envelope plasmids 
 

Cloned envelope plasmids used in these studies were available in the laboratory. The 

CAP45.G3 plasmid contains the transmitted envelope from CAPRISA donor CAP45, 

cloned into the vector pcDNA 3.1 (Gray et al, 2007). The CAP45.G3 CS-Mut envelope 

was described in a previous study by Wibmer et al (2017). The CAP256 SU strain was 

also derived in a previous study from our laboratory, and represents the transmitted 

superinfecting strain from CAPRISA donor CAP256 (Moore et al, 2013). Strains 

WITO.33, T250-4, ZM233 and CM244 were kindly provided by the NIH AIDS reagent 

program (Accession numbers shown in Appendix A). 

 

2.3 Overlapping PCR for the simultaneous introduction of multiple mutations 

 
In instances where the simultaneous introduction of multiple mutations was desired, 

we used overlapping PCR. The Phusion® polymerase enzyme (Thermo-Scientific, 

Wilmington, USA) was used with specified PCR protocols from the manufacturer 

(Table 2.1).  
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Table 2.1: The Phusion® kit thermal cycling conditions used for the overlapping PCR used to mutate 
HIV-1 envelope plasmids 

SEGMENT CYCLES TEMPERATURE TIME 

    

Initial denaturation 1 98°C 30 seconds 

Denaturation 

Annealing 

Extension 

25-35 98°C 

68°C 

72°C 

5-10 seconds 

10-30 seconds 

15-30 seconds/kb 

Final extension 1 72°C 5-10 minutes 

 

The Phusion® buffer used in this PCR contains excess magnesium for stabilization of 

DNA double strands and prevention of random annealing of primers at incorrect 

template sites. Site-specific synthetic primers were designed to introduce the 

mutations in two steps. Firstly, the newly designed primers that contained the 

mutations (forward and reverse primers) were used to generate two different 

amplicons of Env, namely the front portion before the cleavage site and the end portion 

after the cleavage site (Figure 2.1). These two PCR products were joined in second 

PCR using specific synthetic primers that amplify the entire Env gene, namely Env M 

and Env A stop (Table 2.4). 

 

Figure 2.1: Overlapping PCR outline. A) Fragment one is the front portion of the envelope gene. This 
is amplified with the primer (CS-Mut.F1.rev) that contains half of the CS-Mut mutations (in brown) and 
Env A, the envelope specific primer. B) Fragment 2 is the gp41 end of the envelope gene and this is 
amplified using the primer (CS-Mut.F2.for) that contains the second half of the cleavage site mutations 
(In brown) and the envelope specific primer Env M. C) The products of PCR A and B are joined using 
primers Env A and Env M to form the full, mutated, envelope gene. 
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2.4 Gel electrophoresis and purification of DNA from gel 
 

The correct DNA band sizes were determined by using gel electrophoresis to separate 

PCR products according to their size. The correct bands (1496 base pairs and 1096 

base pairs) were identified using a suitable DNA molecular weight marker (Molecular 

weight marker IV from Roche Applied Sciences, Mannheim, Germany)).  Each correct 

band was extracted from the agarose gel using the Qiagen gel extraction kit (Qiagen, 

Hilden, Germany). Each PCR reaction was run on a gel and each correct size band 

was sliced out of the gel. The gel slices were weighed and placed in clean 1.5 ml 

tubes. They were subsequently dissolved in buffer QG (supplied with the kit). Three 

volumes of buffer QG were used for one volume of gel. The tubes were incubated at 

50°C for ten minutes to completely dissolve the gel. The kit uses a silica membrane to 

selectively bind DNA as described in section 2.8. Each dissolved gel was added to a 

spin column with the membrane at the base and spun down at full speed to bind the 

DNA. Contaminants were removed using 750 µL of wash buffer PE. DNA was eluted 

from the membrane using 50 µl of buffer EB, also provided with the kit.  

Products of the first PCR reactions were quantified using a spectrophotometer and 

then used as templates for the second, joining PCR. The products of the joining PCR 

were sized (2,600 base pairs) and gel extracted the same way as those if the first 

round of PCR. The complete, mutated product for each virus was cloned as described 

below.  

 

2.5 Cloning of Env genes into mammalian expression vector 
 

Full length envelope genes derived from the overlapping PCR were cloned into a 

commercial vector, pcDNA3.1/V5-His-TOPO (Invitrogen/Thermo Scientific)) (Figure 

2.2). The kit allows for quick cloning of Taq polymerase PCR products as it is supplied 

linearized with 3’ deoxythymidine (T) overhangs. This enables easy TA cloning of the 

Taq polymerase PCR products, which have a deoxyadenosine (A) overhang. The 

vector comes bound to topoisomerase I that is obtained from Vaccinia. This 

topoisomerase binds to duplex DNA after the sequence CCCTT and cleaves the 

phosphodiester bond on one strand. The energy of the bond is used to covalently bind 

the topoisomerase 1 to the 3’ end of the cleaved backbone. The reaction that binds 
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the PCR product uses the energy released from the covalent bond between the vector 

and the topoisomerase. This can be easily done as the covalent bond between the 

topoisomerase and vector DNA can be subsequently reversed by the 5’ end of DNA 

backbone and the topoisomerase released as a result. 

 

 

Figure 2.2: Properties of the pcDNA3.1/V5-His-TOPO vector into which HIV envelope genes had 
previously been cloned (Adapted from Invitrogen). 

 

To clone our PCR product, we combined 2 µl of water, salt solution and 50 ng of the 

PCR product with the vector and incubated for five minutes at room temperature. The 

mixture was transformed into ultra-competent E. coli as described in section 2.6. 

 

2.6 Transformation 

 
For the purposes of DNA production, each sample was transformed into XL10 Gold 

Ultra-Competent E. coli cells (Agilent technologies, San Francisco, USA). The cells 

were thawed on ice and exposed to β-mercaptoethanol in order to destroy nucleases 

that may have reduced transformation efficiency. Pre-chilled tubes were aliquoted with 

50 µl of the cells, and 50 ng of the cloned viral DNA was added to each aliquot. 
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Tubes were heat shocked at 42°C for 30 seconds to increase the fluidity of bacterial 

membranes and thus allow DNA into the cells, and incubated on ice for 2 minutes. 

Two hundred and fifty microliters of super optimization broth with catabolite repression 

(SOC) media was added to each isolate and they were incubated in a shaking 

incubator at 37° for an hour. For each envelope plasmid, 50 µl of transformed cells 

was plated on LB (Lysogeny Broth) agar containing ampicillin (100 µg/ml) for selection 

of transformed cells. These were incubated overnight at 37°C. 

 

2.7 Colony Polymerase Chain Reaction 

 
Colonies were screened for the insert using colony PCR and gel electrophoresis. This 

method makes use of the DNA inside the bacteria as a template with specific primers 

that amplify the correct insert.  

We ensured that only the inserts that were cloned in the correct orientation were 

amplified by using the vector specific primer T7 (Table 2.4) as a forward primer. The 

insert specific primer EnvM was used as a reverse primer (Table 2.4). Each reaction 

was a total of 10 µl, containing 1 µl of 10× reaction buffer (supplied with the kit), 1 µl 

of Magnesium chloride, 0.5 µl 10 mM dNTP, 0.5 µl of each 20 mM primer, 0.2 µl of the 

Supertherm Taq polymerase (JMR Holdings, Commerce Township, USA) and PCR 

grade distilled water to bring the total volume of each reaction to 10 µl. A 96 well culture 

plate into which we added 200 µl LB growth media was also prepared so as to keep a 

stock of viable bacteria from each colony to grow up after screening. 

Each colony was picked from the agar plate and dipped first into a PCR well, and 

then into a corresponding well on the culture plate. The thermal cycling conditions 

are shown in Table 2.2. The product of each colony PCR reaction was screened 

using gel electrophoresis as described in section 2.4.  
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Table 2.2: The colony PCR thermal cycling conditions used for screening cloned inserts 

SEGMENT CYCLES TEMPERATURE TIME 

    

Initial denaturation 1 94°C 5 minutes 

Denaturation 

Annealing 

Extension 

35 94°C 

55°C 

68°C 

30 seconds 

30 seconds 

1 min/kb (4 minutes) 

Final extension 1 68°C 5-10 minutes 

 

 
For large scale DNA preparations, 200 ml of LB Broth was inoculated using one colony 

of transformed cells and incubated overnight at 37ºC in a shaking incubator (150 rpm). 

Small scale preparations were used after mutagenesis and cloning in order to screen 

a number of colonies for the necessary mutations before large scale preparations of 

the mutated DNA were made. These were done using the Qiagen QIAprep® spin mini 

prep kit, and the bacterial colonies were grown in 15 ml of LB broth each. 

 

2.8 Small-scale production of plasmids from cloned envelope DNA 

 
Small-scale preparations of each of the cloned envelopes were produced using the 

Qiagen plasmid mini prep kit. Each positive colony PCR product was seeded into 15 

ml of LB media and incubated in a shaking incubator overnight at 37°C. The bacterial 

culture was pelleted at 5000 rpm for fifteen minutes and the LB supernatant discarded. 

The bacterial pellet was re-suspended in 250 µl of re-suspension buffer P1 (provided 

with the kit). The kit uses a three-step method to purify plasmid DNA from bacterial 

culture: 

Bacteria are lysed under alkaline conditions. A volume of 250 µl of lysis buffer P2 

was added to the pelleted cells, and mixed well in order to lyse the cells. 

The lysate is neutralized and adjusted to high salt binding conditions. High salt 

conditions are optimal for selective binding of DNA onto the silica gel membrane used 

by this kit. A volume of 350 µl neutralization buffer N3 was added, which neutralized 

the lysate as well as optimized conditions for DNA binding onto the silica membrane. 
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Upon addition of the neutralization buffer to the lysate, a precipitate (containing 

proteins and genomic DNA) forms. Plasmid DNA remains in the supernatant. The mix 

of the protein and genomic DNA precipitate and dissolved plasmid DNA was 

centrifuged at 13 000 rpm for ten minutes to pellet the precipitate, and the supernatant 

containing the dissolved plasmid DNA was added to a spin column, which was spun 

down at high speed to bind the DNA onto the membrane.  

Bound DNA is washed and subsequently eluted from the silica membrane. Since 

the DNA was for subsequent use in mammalian cells, each bound isolate was washed 

with 700 µl of endotoxin removing buffer. The buffer removes any of the natural 

bacterial toxins that render the DNA less optimal for use in mammalian cells. The 

membrane bound DNA was then washed with 700 µl of buffer PE (10 ml provided with 

the kit and then combined with 40 ml of 99% ethanol) to remove any salts that may 

have been bound to the membrane. The DNA was eluted in 50 µl buffer EB and 

quantified on a NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific). For 

quantification, the spectrophotometer was blanked using 2 µl of the elution buffer that 

was used to elute DNA from the column membrane. In order to measure DNA 

concentration, 2 µl of the DNA solution was mounted onto the spectrophotometer and 

measured. 

Each DNA preparation was screened for the correct sequence using Sanger 

sequencing as described in section 2.9.  

 

2.9 Sanger Sequencing 

  
Mutations were verified using Sanger sequencing with the Applied Biosystems Big 

Dye sequencing kit (supplied by Bioline, London UK). Sequencing was performed 

using site specific primers along the envelope glycoprotein gene. For cleavage site 

specific sequencing, the primer E55 was used. For sequencing of the full envelope 

gene, a set of eight primers were used (Table 2.4). The eight primers spanned the full 

gene and generated overlapping sequence reads, generating a full-length envelope 

sequence. The reactions were set up as recommended by manufacturer (Figure 2.3). 

The BigDye® Terminator V3.1 Cycle Sequencing Ready Reaction reagent includes 



 

30 | P a g e  
 

four ddNTPs, each labeled with a different fluorescent dye, which enables their 

separation on a Genetic Analyser.   

 

 

Figure 2.3 Sanger sequencing: The sequencing reaction set up was done according to the 
manufacturer’s specifications (Adapted from Applied Biosystems).  

 

The sequencing thermal cycling conditions were set up as specified by the 

manufacturer (Table 2.3). After thermal cycling, the sequencing reactions were 

purified to remove any salts and other impurities prior to being read on the genetic 

analyser. For a 96 well plate, sequencing reaction clean-up was performed by mixing 

300 µl of sodium acetate (3 molar) with 8 ml of 99% ethanol. Each well received 50 µl 

of the mixture, and the plate was centrifuged for 30 minutes at a speed of 2000 rpm. 

To remove residual supernatant, the plates were inverted and spun at 150 rpm for one 

minute. To each well, 100 µl of cold 70% ethanol was added and the plate spun at 

2000 rpm for five minutes. The residual supernatant was removed as described and 

the reactions were dried at 65°C for three minutes. The cleaned pellets were each re-

suspended in 10 µl HiDi formamide (Applied Biosystems, Foster City, USA) and 

analyzed on the ABI Prism® 3500xl Genetic Analyzer. 
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Table 2.3: Cycling conditions for sanger sequencing using the Big dye terminator kit 

 

SEGMENT CYCLES TEMPERATURE TIME 

    

Initial denaturation 1 96°C 1 minutes 

Denaturation 

Annealing 

Extension 

25 96°C 

50°C 

60°C 

10 seconds 

5 seconds 

4 minutes 

Hold 1 4°C Until use 

 

2.10 Sequence analysis 

After sequencing reactions were run on the Genetic Analyser, the resulting sequences 

were analyzed using Sequencher 5.4 software (Gene Codes Corporation, Ann Abor, 

USA). Sequences that showed double peaks on the software chromatograms were 

discarded, as this was an indication that more than colony had been picked. 

Sequences were compiled and aligned to the parental (wild type plasmid) using 

Sequencher 5.4 and Bioedit 7.0.9 (Ibis Biosciences, Carlsbad, USA). 

 

 

2.11 Large-scale production of plasmids from cloned envelope DNA 
 

Large-scale preparations of each of the cloned envelopes were produced using the 

Qiagen plasmid plus maxi prep kit. Each colony of transformed bacterial cells was 

seeded into 200 ml LB media and incubated overnight at 37°C in a shaking incubator. 

The bacterial culture was pelleted at 5000 rpm for fifteen minutes and the LB 

supernatant discarded. Each bacterial pellet was re-suspended in 8 ml of re-

suspension buffer P1 (provided with the kit). The kit uses the same three-step method 

outlined in section to purify plasmid DNA from bacterial culture: 

The bacterial pellet was re-suspended in 8 ml of re-suspension buffer P1 (provided 

with the kit). A volume of 8 ml of lysis buffer P2 was added to the pelleted cells, and 

mixed well in order to lyse the cells. A volume of 8 ml neutralization buffer S3 was 

added, which neutralized the lysate as well as optimized conditions for DNA binding 

onto the silica gel membrane. The DNA was eluted in 400 µl buffer EB and quantified 
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on a NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific). For quantification, 

the spectrophotometer was blanked using 2 µl of the elution buffer that was used to 

elute DNA from the column membrane. In order to measure DNA concentration, 2 µl 

of the DNA solution was mounted onto the spectrophotometer and measured. 

 

2.12 Site Directed Mutagenesis 

  
In order to introduce individual cleavage site mutations into the viral envelope DNA, 

site directed mutagenesis was performed using the Quickchange Lightning site 

directed mutagenesis kit (Agilent technologies). The kit works by using a double 

stranded DNA vector with the insert of interest. In this case the vector used was pcDNA 

3.1 (Invitrogen) (Figure 2.2), and the insert was an HIV-1 envelope glycoprotein gene. 

Two synthetic oligonucleotide primers were used, each complementary to one strand 

of the insert DNA, both containing the desired mutation(s) (Table 2.4).  

Table 2.4: Sequences of primers used in the study  

Table 2.4a: Sequences of Primers used for sequencing.  

PRIMER NAME SEQUENCE (5’ – 3’) 

Sanger Sequencing Primers 

EnvB AGAAAGAGCAGAAGACAGTGGCAATGA 
A589  GTGTAAAGTTAACCCCACTCTG 
E85 GTCCCTCATATCTCCTCCTCCAGGTCT 

E55 GCCCCAGACTGTGAGTTGCAACAGATG 

Mf GGAGGAGATATGAGGGACAATTGG 

CT1Re GACTTCCCAGATACTTAAGAGCTTCCCACC 

E210 TAACAAATTGGCTGTGGTATATAA 

A589Re CAGAGTGGGGTTAACTTTACAC 

FCMVR CTAGTTAACGGTGGAGGGCAGTGT 

 

Table 2.4b: Sequences of Primers used for overlapping CS-Mut PCR. F (forward) indicates the 3’-5’ 
primer, and R (reverse) indicates the reverse complement. 

Overlapping CS-Mut PCR Primers 

Env A Stop CACCGGCTTAGGCATCTCCTATAGCAGGAAGAA 

Env M TAGCCCTTCCAGTCCCCCCTTTTCTTTTA 

ZM233 F CCTACTAAGGCACAAAGGAGAATGGTGGGAAAAAAGAAAAGAGCAGTAGGA
ATAGGAGCTGTGTTCCTTG 

ZM233 R CCTACTAAGGCACAAAGGAGAATGGTGGGAAAAAAGAAAAGAGCAGTAGGA
ATAGGAGCTGTGTTCCTTG 
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CM244 F CCACCAAAGCACAGAGAAGAATGGTGGGGAGAGAAAAAAGA 
GCAGTGGGAATAGGAGCTATGAT 

CM244 R ATCATAGCTCCTATTCCCACTGCTCTTTTTTCTCTCCCCACCATTCTTCTC 
TGTGCTTTGGTGG 

CAP256 SU F GAAGTTAAGCCATTAGGAATAGCACCCACTAAAGCACAAAGGAGAATGG 
TGGGGAAAGGGAAAAG 

CAP256 SU R TAAAGCACAAAGGAGAATGGTGGGGAAAGGGAAAAGAGCAGTAGTGGG 
ATTAGGAGCTGTGTTC 

T250-4 F GTACAAATTGAACCACTAGGTGTGGCACCCACCAAAGCACAAAGAAGAA 
TGGTGGGGAAAGGAAAA 

T250-4 R CCACCAAAGCACAAAGAAGAATGGTGGGGAAAGGAAAAAGAGCAGTTG 
GACTGGGAGCTGTC 

WITO.33 F GTAGTAAAAATTGAACCATTAGGAATAGCACCCACCAAGGCACAGAGAAG 
AATGGTGGGGAAAAAAAAAAGAG 

WITO.33 R CCAAGGCACAGAGAAGAATGGTGGGGAAAAAAAAAAGAGCAGTGACGC 
TGGGAGCTGTGTTC 

 

Table 2.4c: Sequences of Primers used for site directed mutagenesis. F (forward) indicates the 3’-5’ 
primer, and R (reverse) indicates the reverse complement. 

Site Directed Mutagenesis Primers 

CAP45.G3 E500K F GCACCCACTAAGGCAAGAAG 

CAP45.G3 E500K R CTTCTTGCCTTAGTGGGTGC 

CAP45.G3 R502Q F GCACCCACTGAGGCACAAAGG 

CAP45.G3 R502Q R CCTTTGTGCCTCAGTGGGTGC 

CAP45.G3 V505M F CAAGAAGGAGAATGGTGGAGAG 

CAP45.G3 V505M R CTCTCCACCATTCTCCTTCTTG 

CAP45.G3 E507G F GAGTGGTGGGGAGAGAAAAAAGAG 

CAP45.G3 E507G R CTCTTTTTTCTCTCCCCACCACTC 

CAP45.G3  R508K F GTGGTGGAGAAAGAAAAAAGAGC 

CAP45.G3  R508K R GCTCTTTTTTCTTTCTCCACCAC 

CAP45.G3  E509G F GGAGAGAGGAAAAAGAGCAGTG 

CAP45.G3  E509G R CACTGCTCTTTTTCCTCTCTCC 

CAP45.G3 
R502Q/V505M/E507
G F 

GGCACAAAGGAGAATGGTGGGGAGAGAAAAAAG 

CAP45.G3 
R502Q/V505M/E507
G R 

CTTTTTTCTCTCCCCACCATTCTCCTTTGTGCC 

CAP256 SU  
E500K/R502Q F 

CACTAAAGCACAAAGGAGAGTGGTGCAGAAAGAGAAAAG 

CAP256 SU  
E500K/R502Q R 

CTTTTCTCTTTCTGCACCACTCTCCTTTGTGCTTTAGTG 

CAP256 SU  
V505M/E507G F 

CACTAAAGCACAAAGGAGAATGGTGGGGAAAGAGAAAAG 

CAP256 SU  
V505M/E507G R 

CTTTTCTCTTTCCCCACCATTCTCCTTTGTGCTTTAGTG 

CAP256 SU  
R508K/E509G F 

ACTAAAGCACAAAGGAGAATGGTGGGGAAAGAGAAAAG 

CAP256 SU  
R508K/E509G R 

CTTTTCTCTTTCCCCACCATTCTCCTTTGTGCTTTAGT 

T250-4  
E500K/R502Q F 

CCACCAAAGCACAAAGAAGAGTGGTGGAGAGAGAAAAAAG 
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T250-4  
E500K/R502Q R 

CTTTTTTCTCTCTCCACCACTCTTCTTTGTGCTTTGGTGG 

T250-4  
V505M/E507G F 

CCACCAAAGCACAAAGAAGAATGGTGGGGAGAGAAAAAAG 

T250-4  
V505M/E507G R 

CTTTTTTCTCTCCCCACCATTCTTCTTTGTGCTTTGGTGG 

T250-4  
R508K/E509G F 

CCACCAAAGCACAAAGAAGAATGGTGGGGAGAGAAAAAAG 

T250-4  
R508K/E509G R 

CTTTTTTCTCTCCCCACCATTCTTCTTTGTGCTTTGGTGG 

WITO.33  CS-Mut F CACCAAGGCACAGAGAAGAATGGTGGGGAAAGGAAAAAGAG 

WITO.33  CS-Mut R CTCTTTTTCCTTTCCCCACCATTCTTCTCTGTGCCTTGGTG 

CM244  
E500K/R502Q F 

CCACCAAAGCACAGAGAAGAGTGGTGGAGAGAGAAAAAAG 

CM244  
E500K/R502Q R 

CTTTTTTCTCTCTCCACCACTCTTCTCTGTGCTTTGGTGG 

CM244  
V505M/E507G F 

CCACCAAAGCACAGAGAAGAATGGTGGGGAGAGAAAAAAG 

CM244  
V505M/E507G R 

CTTTTTTCTCTCCCCACCATTCTTCTCTGTGCTTTGGTGG 

CM244  
R508K/E509G F 

CCACCAAAGCACAGAGAAGAATGGTGGGGAAAGGAAAAAG 

CM244  
R508K/E509G R 

CTTTTTCCTTTCCCCACCATTCTTCTCTGTGCTTTGGTGG 

ZM233  
E500K/R502Q F 

CCTACTAAGGCACAAAGGAGAGTGGTGGAGAGAGAGAAAAG 

ZM233  
E500K/R502Q R 

CTTTTCTCTCTCTCCACCACTCTCCTTTGTGCCTTAGTAGG 

ZM233  
V505M/E507G F 

CCTACTAAGGCACAAAGGAGAATGGTGGGAAGAGAGAAAAG 

ZM233  
V505M/E507G R 

CTTTTCTCTCTTCCCACCATTCTCCTTTGTGCCTTAGTAGG 

ZM233  508K/E509G 
F 

CCTACTAAGGCACAAAGGAGAATGGTGGGAAGAGAGAAAAG 

ZM233  508K/E509G 
R 

CTTTTCTCTCTTCCCACCATTCTCCTTTGTGCCTTAGTAGG 

 

Table 2.4d: Sequence of the vector specific colony PCR primer.  

Vector Specific colony PCR Primer 

T7 TAATACGACTCACTATAGGG 
 

 

Stages of the thermo-cycler reaction included denaturation of the dsDNA, annealing 

of the synthetic primers and elongation to produce the mutant plasmid in accordance 

to the manufacturer’s instructions (Figure 2.2 and Table 2.2). To ensure that only 

mutated plasmid remained in the mutagenesis reaction prior to its retransformation, 

the wild type plasmid was digested using the DpnI endonuclease enzyme (target 

sequence 5’-Gm6ATC-3’), at 37°C for an hour. 
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Figure 2.4: Overview of the Quickchange Lightning site directed mutagenesis system (Adapted from 
Agilent Technologies). 

The enzyme specifically selects for methylated or hemi-methylated DNA. Most E. coli 

strains from which dsDNA vectors are obtained are dam+, meaning their DNA is 

methylated. The DpnI enzyme in this reaction therefore targeted the wild type DNA 

and did not digest the synthetic, non-methylated mutated DNA.  

 

Table 2.5: The Quickchange Site Directed Mutagenesis thermal cycling conditions used for mutating 
HIV-1 envelope plasmids. 

SEGMENT CYCLES TEMPERATURE TIME 

    

Initial 

denaturation 

1 95°C 2 minutes 

Denaturation 

Annealing 

Extension 

18 95°C 

60°C 

68°C 

20 seconds 

10 seconds 

30 seconds 

Final extension 1 68°C 5 minutes 

 

Each mutagenesis reaction was transformed as described in section 2.3. To screen 

for successful mutations, four bacterial colonies were used to inoculate 15 ml cultures 

of LB broth which were incubated in a shaking incubators (150 rpm) overnight at 37°C. 

Thereafter DNA was extracted from these as described in section 2.5. Each mini-prep 

was screened for the presence of mutations using Sanger sequencing as described in 

section 2.7. The wild type envelope gene sequence was compared to that of the 
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Sanger sequences obtained along with the mutant primer sequences. If the Sanger 

sequences matched the primer sequence rather than that of the wild type gene, then 

mutagenesis was considered a success. Subsequent sequencing of each full mutant 

envelope gene was done to ensure no off-site mutations were inserted. 

2.13 Cell lines 

Three different cell lines were used in this study. Human embryonic kidney cells 

(HEK293T) were obtained from Dr. George Shaw (then at University of Alabama, 

Birmingham, AL) and used for the transfection of pseudoviruses (section 2.17). The 

293 Freestyle cells were used to express antibodies (section 2.14), and were obtained 

from the Vaccine Research Center, USA. TZM-bl cells, also known as JC53BL-13 cells 

were provided by the NIH AIDS Research and Reference Reagent Program 

(Catalogue number 8129) and used for antibody neutralization assays as mentioned 

in section 2.18. 

 

The TZM-bl and HEK293T cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% fetal bovine serum, 2.5% HEPES ((4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer and 50 µg/ml gentamycin. The cells were 

maintained by re-suspension and re-seeding at confluence. To do this, the media was 

carefully removed from the cells, and 6 ml of phosphate buffered saline (PBS) was 

used to wash the cells. In order to detach the cells from the flask, a volume of 2.5 ml 

of 0.25% trypsin in 1 mM ethylenediaminetetraacetic acid was added, and cells 

incubated at 37°C for four minutes. The cells were washed off using 10 ml of complete 

DMEM and transferred to a sterile tube. After each re-suspension, the cells were 

counted and reseeded as needed. The 293Freestyle cells were cultured in 

293Freestyle media and diluted every 72 hours in order to stay below the 

concentration of 5×106 cells per milliliter. 

 

 

2.14 Antibody Expression 
 

Several antibodies used in this study had previously been expressed in the laboratory. 

Antibodies specifically required for this study were cloned and expressed as detailed 

below. Mature and germline reverted antibodies were expressed from plasmids 
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available in the laboratory. The cloned heavy and light chain plasmids for each 

antibody were transformed into JM109 competent cells and grown overnight at 37°C. 

The DNA was extracted from the bacterial cells using the Qiagen maxi-prep kit and 

sequence confirmed as described above (sections 2.4 and 2.7). The vector specific 

primer FCMVR was used to sequence the antibody genes (Table 2.1). A combination 

of 200 µg of heavy chain DNA and 200 µg of light chain DNA was transfected into 

293Freestyle suspension cells using Polyethyleneimine (PEI) Max. Each culture was 

a total volume of 400 ml at a cell count of 2x106 cells/ml.  For each antibody, 1.2 ml of 

PEI (at a concentration of 1 mg/ml) was added to 10 ml of Optimem medium. The 

mixture was mixed gently and incubated at room temperature for five minutes. The 

heavy and light chain plasmids were added to a further 10 ml of Optimem and the 

plasmids were filter sterilized and added to the PEI mixture. The total mixture was 

incubated at room temperature for twenty minutes prior to being added drop-wise to 

293Freestyle cells. The cells were then incubated at 37°C and 10% CO2 for seven 

days. 

 

2.15 Antibody purification 
 

The antibody rich supernatant was collected by spinning down the cells at 4500 rpm 

and then IgG purification was performed using affinity column chromatography on a 

Protein A column. For each 400 ml supernatant, 5 ml of a protein A bead solution was 

added to a plastic column, and liquid was allowed to run through until there was about 

2 ml of beads left in the plastic column. The beads were washed with 1x PBS, and 

then antibody supernatant was slowly passed through the column, which captured the 

IgG. For elution of the bound IgG, the column environment was rendered acidic using 

12.6 ml of a 0.1 molar glycine buffer that was pH adjusted to 2.5 using 1 molar 

hydrochloric acid. The IgG was eluted into an alkaline 1 molar Trizma neutralization 

buffer that was pH adjusted to 8 using 1 molar hydrochloric acid.  

The eluted IgG was concentrated down to about 1 ml in volume by centrifugation in a 

Vivaspin® protein concentrator (Sartorius stedim, France). The concentrators use a 

membrane with a molecular weight cut off (in this case we used the 10 000 MWCO 

PES).  
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Approximately 20 ml of protein eluent was added onto the concentrator tube, and the 

solution passed through the membrane by centrifugation at 4500 rpm for ten minutes. 

The protein was mixed after each spin and the process was repeated until there was 

only 1 ml or less left in the concentrator. The IgG concentrations were measured on a 

Nanodrop® spectrophotometer (Thermo Scientific). 

 

2.16 SDS-Polyacrylamide gel electrophoresis analysis of purified mAbs 
 

In order to ensure that the antibodies expressed as desired and that no unexpected 

impurities or aggregations were present in the antibody preparations, a protein SDS-

PAGE was performed. This method uses sodium dodecyl sulfate (SDS), a negatively 

charged detergent, to denature proteins and give them a uniform charge. SDS breaks 

down the proteins’ secondary, tertiary and quaternary structures by binding to amino 

acids and resulting in uniformly charged molecules. SDS-PAGE separates the 

negatively charged protein molecules according to their molecular weight as they 

migrate through an acrylamide gel towards a positively charged electrode. We 

performed this for the expressed MPER bNAbs in several steps. Firstly, a 12% 

acrylamide resolving gel was prepared by combining the reagents as instructed by the 

manufacturer (Invitrogen NuPAGE® and Sigma Aldrich, St Louis, USA) (Table 2.6). 

 

Table 2.6: Reagents used to prepare a 12% resolving gel. 

Reagent Volume 

H2O 6.5 ml 

40% acrylamide 4.5 ml 

1.5M Tris (pH 8.8) 3.8 ml 

10% SDS 0.15 ml 

10% APS 0.15 ml 

TEMED 0.015 ml 

 

A gel mold was prepared using two glass sheets that were cleaned, dried, and held 

upright together in a gel cast. During preparation of the resolving gel, the TEMED 

(tetramethylethylenediamine), which along with the APS (ammonium persulfate) 
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catalyzes the polymerization of acrylamide gels, was added last when the gel mold 

had been assembled. Approximately 5 ml of the gel solution (or as much as was 

needed to fill the mold and leave approximately 1.5 cm at the top for the stacking gel) 

was carefully poured into the glass mold using a 5 ml serological pipette. The top of 

the gel was covered with absolute isopropanol in order to exclude air (air would prevent 

the setting of the gel) and ensure that the top of the gel was straight. The gel was 

allowed to set for 30 minutes. We next prepared the stacking gel according to the 

manufacturer’s instructions (Table 2.7). The stacking gel typically contains a lower 

concentration of acrylamide and is used to arrange proteins together into one band 

before they enter into the resolving gel for separation.  

Table 2.7: Reagents used to prepare a protein stacking gel. 

Reagent Volume 

H2O 6.2 ml 

40% acrylamide 1.2 ml 

0.5M Tris (pH 6.8) 2.4 ml 

10% SDS 0.1 ml 

10% APS 0.1 ml 

TEMED 0.01 ml 

 

Once the resolving gel had fully set, the isopropanol layer was carefully removed from 

the top as it would interfere with the continuous layer of the two gels if not sufficiently 

evaporated. The stacking gel solution was poured on top of the resolving gel, all the 

way to the very top of the glass mold. A suitable comb was inserted into the stacking 

gel in order to form the necessary wells for loading the protein (twelve 1 mm wells). 

The stacking gel was allowed to set for thirty minutes.  

While the gel was setting, the antibody samples were prepared for running on the gel. 

A reducing agent (Invitrogen 10×) was used to break the disulphide bonds that hold 

the heavy and light chains of each antibody together. This would allow the two to run 

separately on the gel for separate sizing. Approximately 12 mg of each antibody was 

combined with 1 µl of the reducing agent, 1 µl of 1M DTT (to ensure complete 

reduction) and 4 µl of loading dye (NuPAGE® LDS sample buffer) and incubated at 

95ºC for 5 minutes to break the disulphide bonds. The sample tubes were spun down 
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at 1 500 rpm to bring down any evaporated droplets from the tube lids. A 10× running 

buffer was prepared next using manufacturer’s (Sigma Aldrich) instructions (Table 

2.8), and subsequently diluted to a 1× buffer for the running of the gel (100 ml of the 

buffer was combined with 900 ml of distilled water to do this). 

 

Table 2.8: Reagents used to prepare a 10× protein running buffer 

Reagent Mass/Volume 

SDS 10 g 

Tris 30.3 g 

Glycine 144.1 g 

H2O 800 ml 

 

The gel and buffer were loaded onto vertical electrophoresis apparatus (Bio-Rad, 

Hercules, USA), and the proteins were loaded onto the gel and run at a constant 

voltage of 100 for fifteen minutes to allow the proteins to stack before entering the 

resolving gel. Thereafter, the proteins were allowed to run at a constant voltage of 200 

for a further 45 minutes. A Novex® (Invitrogen) molecular weight marker was used to 

size the protein bands, with sizes ranging from 260 kDa 3.5 kDa.   

The gel was washed in distilled water and subsequently stained by incubation with 

coomassie brilliant blue protein safe stain for one hour. The protein was gently shaken 

in the stain during incubation to allow for constant mixing of the stain. Distilled water 

was used to wash off any residual stain that was not bound to protein. The gel was 

incubated in water and gently shaken overnight for effective destaining. The gel was 

photographed and band sizes recorded. 

 

2.17 Production of Env-pseudoviruses  
 

Two million HEK293T cells were seeded in 10 ml of DMEM in a 10 mm culture dish 

and incubated for 24 hours at 37°C and 5% CO2. Cell monolayers were thus 50-80% 

confluent 24 hours later. The cloned virus plasmids (mutants and wild type Envs) were 

transfected into the cells along with pSG3ΔEnv, which encodes the whole HIV genome 
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but contains two stop codons in the env gene. The transfected cells therefore only 

transcribe the envelope deficient genome into viral mRNA, and pseudovirus particles 

are therefore infectious but unable to generate progeny virions. An amount of 4 µg of 

envelope plasmid and 4 µg of the pSG3ΔEnv vector was combined with 500 µl DMEM 

and 25 µl of the transfection reagent PEI max (1 mg/ml). The mixture was incubated 

at room temperature for thirty minutes before being transferred to the cells that were 

seeded 24 hours prior to the transfection and incubated at 37ºC/ 5% CO2. The 

supernatant containing the pseudoviruses was harvested after 48 hours, filter 

sterilized and stored at -80°C. The viruses were used in the TZM-bl neutralization 

assay as described in section 2.18 below. In order to determine entry potential 

differences between mutant and wild type viruses, head to head transfections were 

conducted as described in six well plates. Volumes were adjusted according to 

differences in surface area. 

 

2.18 Titration of Env-pseudoviruses 

The amount of virus in the supernatant was determined by titration of the virus out on 

a 96 well plate using TZM-bl cells (described in section 2.13). This assay measures 

levels of HIV as a function of the expression of the Tat-regulated Luciferase reporter 

gene after one cycle of infection in the TZM-bl cell line (130). The gene encodes firefly 

luciferase, which uses ATP as a cofactor to mono-oxygenate luciferin. The reaction 

results in luminescence, one of the highest quantum yields to result from such a 

reaction.  

The TZM-bl cells were also modified to express high surface levels of the CD4, CCR5 

and CXCR4 receptors which are used by different strains of HIV-1 to infect host cells 

(130, 131). The cells can therefore be infected by viral isolates that exhibit both R5 

and X4 tropism (130-132). An HIV based vector was used to stably introduce firefly 

luciferase and β-galactosidase gene coding sequences into the cell line (131). The 

genes make it possible to accurately quantify the level of HIV infection in the cell line 

by quantifying the reduction in luminescence, or lack thereof (133).  



 

42 | P a g e  
 

A volume of 150 µl of complete DMEM was added to every well of a flat-bottomed 96 

well plate. 50 µl of relevant pseudovirus was added to row A, except for columns 1 

and 2 which served as background controls. 50 µl was transferred down the plate from 

row A to H, therefore diluting the virus. 100 ml of TZM-bl cells and diethylaminoethyl 

(DEAE) dextran were added to each well and the plates incubated at 37°C for 48 

hours. Levels of luminescence were measured on an illuminometer to determine viral 

infection of the cells. 

The luminescence was analyzed using the Bright Glo™ Luciferase assay, which 

contains the luciferase substrate (luciferin) necessary for luminescence. From each 

plate, 150 µl of media was removed from each well and replaced with 100 µl of the 

luciferase Bright Glo reagent (Fitchburg, USA). The plate was incubated for two 

minutes at room temperature to allow for cell lysis and for the reaction between 

enzyme and substrate to take place. The activity of luciferase was quantified as RLUs, 

which are directly proportional to the number of infectious virus particles present in the 

culture (130). Luminescence levels were detected or read on a Perkin Elmer Victor X 

(Perkin Elmer, Watham, USA) illuminometer and saved on a Microsoft Excel 

spreadsheet. The antibody titer was calculated as the dilution of plasma that inhibited 

half the viruses from infecting the reporter cell (IC50). 

 

2.19 The TZM-bl Neutralization assay 
 

To measure the effects of different mutations on virus neutralization by MPER and 

other antibodies, we used the TZM-bl neutralization assay. This assay measures the 

neutralization of HIV as a function of the reduction in expression of the Tat-regulated 

Luciferase reporter gene after one cycle of infection in the TZM-bl cell line (described 

in section 2.18). The assay was carried out in 96-well plates using the TZM-bl cells 

and media described in section 2.13. Each plate tested five samples or antibodies at 

eight dilutions and in duplicate (131). A volume of 100 µl of complete DMEM was 

added into each well on the plates, except for row H (Figure 2.5). 
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Figure 2.5: The layout of a 96 well plate during the TZM-bl neutralization assay: CC is cell 
control and VC is virus control. Dil 1 is the least diluted sample or antibody and Dil 8 is most dilute 
(Adapted from Montefiori et al, 2009). 

 

Row H is where the antibodies or samples were added at the lowest antibody dilution 

(10 µg/mL or 25 µg/ml represented as Dil 1 on figure 2.5). The total volume therein 

was 150 µl of media and antibodies. Column 1 on each plate was the cell control 

column, that is, cells and media were added to the wells but not virus or antibody. 

Column 2 was the virus control column, that is, it had cells, media and virus and no 

antibody or sample. The two were useful in calculating background and were factored 

in on the final calculation described below (131).  

50 µl of media and antibody was transferred from row H up the plate to row A, therefore 

titrating the antibody up to the most diluted at row A. 50 µl of each relevant virus was 

added to each plate, except for the cell control column. The viruses were each diluted 

to give approximately 40 000 relative light units (RLUs) according to the titration 

described in section 2.17. The plates were then incubated at 37°C for one hour before 

TZM-bl cells were added. Each plate received one million cells at a dilution of 5x105 

and 40 µl of DEAE dextran at 1 mg/ml. The dextran was added to the cell and media 

mixture to enhance infection of the cells, and each well received 100 µl of cells (131). 

The plates were incubated at 37°C for 48 hours to allow for pseudovirus infection. The 

amount of virus neutralized by the antibodies was measured using the Bright Glo™ 

Luciferase assay described above. Neutralization assays were repeated a minimum 

of three times. 

 

1 2 3 4 5 6 7 8 9 10 11 12
A CC VC
B CC VC
C CC VC
D CC VC
E CC VC
F CC VC
G CC VC
H CC VC

Titers 

Dil 2
Dil 1

Dil 8
Dil 7
Dil 6
Dil 5
Dil 4
Dil 3
Dil 2
Dil 1

Dil 8
Dil 7
Dil 6
Dil 5
Dil 4
Dil 3

Dil 2
Dil 1

Dil 8
Dil 7
Dil 6
Dil 5
Dil 4
Dil 3
Dil 2
Dil 1

Dil 4
Dil 3
Dil 2
Dil 1

Dil 8
Dil 7
Dil 6
Dil 5
Dil 4
Dil 3

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Dil 8
Dil 7
Dil 6
Dil 5
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2.20 Statistical analysis 
 

The one sample t-test was used to compare viral fitness among mutants and wild type 

virus. GraphPad® Prism (Graphpad Software, La Jolla, USA) software was used for 

the analysis. 
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CHAPTER 3: RESULTS 
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Everybody infected with HIV mounts a neutralizing response which targets the 

envelope glycoprotein, Env, though only a subset go on to develop breadth (132). 

Regardless of the breadth of their response, HIV-1 viral isolates have been extensively 

shown to escape neutralization by the host immune system (81, 93, 133). Viral escape 

from neutralizing antibodies occurs in the form of mutations, insertions and deletions 

that alter the properties of Env such that the neutralizing antibodies cannot recognize 

and consequently neutralize the virus (93).  

Within the CAPRISA cohort, we have defined escape from both strain-specific 

antibodies and bNAbs in several cases (67, 81). One of these donors was CAPRISA 

donor CAP248 whose autologous virus developed a set of six mutations in the furin 

cleavage site of gp160 (sites 500, 502, 505, 507, 508 and 509), a highly conserved 

region of Env (94). The mutations arose sequentially over time to escape host 

antibodies which targeted the gp120-gp41 interface of Env (94). Mutations were first 

noted at site 500 at one year post infection, and by three and a half years post 

infection, culminated in a set of six mutations (94). These mutations, when introduced 

simultaneously into both autologous and  heterologous viruses neutralized by the 

CAP248 plasma,  mediated complete escape from the autologous antibody, CAP248-

2B (94). 

However, we have also previously shown that in heterologous viruses, these escape 

mutations resulted in exposure of the MPER, which was evident from increased 

neutralization sensitivity to bNAbs targeting that region (94). That study did not, 

however, test whether the enhancement of the MPER was the combined effect of all 

six mutations, or if only one of the mutations was responsible for the MPER exposure.  

Furthermore, the location of these mutations in otherwise conserved sites raised the 

question of whether introduction of these mutations had a fitness cost for the virus. 

Several previous studies of viral escape from bNAbs have shown this is associated 

with viral fitness costs (134-136). The simultaneous presence of multiple mutations 

makes it difficult to assess whether individual mutations are either resistance 

mutations or compensatory mutations required for restored viral fitness, as is 

frequently observed, for example during the evolution of drug resistance (136). 

Although previous studies had confirmed that the introduction of six mutations together 
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did not render viruses non-functional, the role of individual mutations had not been 

assessed (94). 

The first aim of this study therefore sought to assess i) the individual effect of each 

mutation on viral fitness compared to the simultaneous presence of all six mutations, 

and ii) the effect of individual cleavage site mutations on neutralization by MPER 

bNAbs.  

 

3.1 Assessing the effect of individual cleavage site mutations on viral fitness   
 

3.1.1 Generation of single mutations within the gp120-gp41 cleavage site 
 

Site directed mutagenesis was performed using the CAP45.G3 viral strain, which was 

the same strain that was used in the previously published CAP248 study to test the 

effect of the combined mutations simultaneously (94). Primers were designed to add 

each mutation individually into CAP45.G3 as described in section 2.6. DNA extracted 

from transformed E. coli cells was sequenced with primers flanking the cleavage site 

to identify individual mutations (Table 2.1, Figure 3.1). After identification of plasmids 

containing desired mutations the full envelope gene was sequenced using 8 primers 

as described in section 2.7 to ensure that the rest of the envelope was unchanged.  

 

 

Figure 3.1: Sanger sequencing chromatograms for CAP45.G3 single mutants. The mutated residue is 
highlighted in each sequence. The peaks are color coded for each DNA base; red is for thymine (T), 
blue is for cytosine (C), green is for adenine (A) and black is for guanine (G). Amino acid sequences 
are shown below each chromatogram, and each mutated residue is highlighted in a blue box.  
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3.1.2 Confirmation of the functionality of mutant viruses 

 
Env-pseudotyped viruses were produced by co-transfection of the HIV-1 envelope wild 

type and mutant envelope genes with a backbone containing the rest of the viral 

genome (pSG3∆Env). The envelope gene in this plasmid contains two stop codons and 

is therefore not capable of generating replication competent virus. Co-transfection with 

an envelope encoded on a separate plasmid therefore generates pseudoviruses 

capable only of a single entry event, which simplifies measurements of entry fitness 

and future neutralization assays. The Env-pseudotyped viruses were tested for entry 

capacity using TZM-bl cells, which express the luciferase gene under a Tat responsive 

promoter, to confirm the functionality of each of the individually mutated viruses (Table 

3.1). This confirmed that the individual cleavage site mutants were functional and 

capable of mediating viral entry into TZM-bl cells.  

 

Table 3.1: Confirmation of the functional nature of CAP45.G3 viruses with single mutations in the 
gp120-gp41 cleavage site. The relative light values obtained for each mutant is a measure of maximum 
infectivity.   

 

 

 

 

 

 

 

3.1.3 Assessing the effect of individual gp120-gp41 cleavage site mutations on 
viral fitness 
 

In the donor CAP248, depending on what time point was assessed, various 

combinations of mutations emerged in response to the development of bNAbs to the 

gp120-gp41 interface (94). Although individual escape mutations may confer a fitness 

cost, viral isolates in vivo are able to introduce additional mutations at various sites to 

CAP45.G3 Mutation Maximum Infectivity 

(Relative Light Units)  

E500K 588,945 

R502Q 259,909 

V505M 469,387 

E507G 602,193 

R508K 483,122 

E509G 611,618 
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compensate for the loss of infectivity, and therefore they may continue to thrive (136). 

Interestingly, the viral load of donor CAP248 showed a dramatic decline at 958 days 

post infection, from 16,200 copies/ml to 4,260 copies/ml at 867 days post infection. 

This 74% decline in viral load indicates that the cleavage site mutations may have 

impacted viral fitness. The viral load however rebounded to 16,900 by 1,238 days post 

infection, suggesting that in the presence of bNAbs, fitness costs were off-set by 

compensatory mutations. Here, we aimed to assess the viral infectivity of the 

CAP45.G3 wild type envelope, envelopes containing each individual mutant, and the 

previously described CAP45.G3 CS-Mut (containing all six mutations) to establish 

whether the mutations affected viral fitness.  

To test the effect of the cleavage site mutations on viral fitness, “head to head” 

transfections were performed in six well plates so as to eliminate batch to batch 

differences in transfection efficiency and cell viability. Comparison of the wild type and 

CAP45.G3 CS-Mut showed that the introduction of all six mutations simultaneously 

lead to a remarkable ten-fold reduction in viral fitness with a maximum infectivity of 

87,325 RLUs compared to the wild type value of 810,356 RLUs (Figure 3.2).  
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Figure 3.2: Comparison of viral entry efficiency between the CAP45.G3 wild type (shown in blue), the 
CAP45 CS-Mut (in red) and the single cleavage site mutants (each shown in varied green colors) 
Asterisks mark values that are statistically significant from the wild type value. P values are indicated 
for significant values. 
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The six mutations combined therefore lead to a significant 90% reduction in viral 

fitness (p = 0.007). In contrast, all other mutations, when introduced individually 

showed much less reduction in infectivity ranging from 611,618 RLUs for E509G, a 

25% reduction in viral entry efficiency compared to the wild type, to 259,909 RLUs for 

R502Q, a 68% reduction in viral entry efficiency compared to the wild type. A 

statistically significant reduction in viral fitness was observed only for the R502Q and 

V505M mutants (Figure 3.2). Thus it was concluded that although viral fitness was 

reduced for each mutant, the single mutations have less of an effect on entry efficiency 

compared to the complete set of six mutations. 

We next assessed whether the reduction in entry efficiency was directly proportional 

to how conserved the mutated site is, or how rare a residue is at that particular site. 

We had previously assessed the per site variability within this region by compiling 

three sequence logograms of the cleavage site, the first comprising of all known global 

HIV-1 viral sequences, the second comprising of subtype C sequences and the last 

made up of the CAP248 sequences at 3.5 years post infection. Each logogram shows 

which residues are common at each site for the analyzed group (Figure 3.3).  

 

 

Figure 3.3: Logogram showing cleavage site residues in A) All global clades, B) Clade C strains and 
C) CAP248 viral variants at 3.5 years post infection. The residues shown in each logogram are from 
positions 500 to 511 of the HIV-1 envelope gene Env. The height of each bar represents the frequency 
of a residue at the site, with the larger letters indicating higher frequency. Positions showing the CAP248 
mutations are marked with an asterisk.  Numbering is according to the HXB2 strain of HIV-1. Colors of 
residues represent charge and pH (Wibmer et al, 2016). 
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Figure 3.3 shows that the CAP248 viruses accumulated unusual amino acids in 

normally conserved sites, an indication of the considerable immunogenic pressure the 

virus must have experienced at that epitope (94). We compared the entry efficiency 

cost of individual mutations with the level of conservation at each site. 

Position 500 exhibits substantial variability within the globally circulating viruses as 

well as among the subtype C viral isolates. The CAP248 viruses mutated a glutamic 

acid residue at that position (present in 9% of global viruses), to a lysine residue 

(present in 47% of global viruses), both fairly common in globally circulating viral 

strains. Comparison of viral infectivity between the E500K mutant and the CAP45.G3 

wild type showed a 32% reduction in the mutant, suggesting that mutation at this highly 

variable site does not have a major impact on viral fitness, as expected. Similarly, 

position 507 exhibits substantial variation, and the E507G mutation had a minimal 

effect on viral fitness, reducing infectivity by only 26%, despite the fact that a glutamic 

acid residue is relatively rare among circulating viruses. 

In contrast to these more variable sites, residue 502 is highly conserved in global and 

clade C viruses, being occupied by positively charged residues (lysine or arginine) in 

98% of these. In CAP248, this positively charged site is mutated to a distinctly unusual 

glutamine (present only in 1.4% of global viruses). When assessing the viral fitness of 

the CAP45.G3 R502Q mutant (Table 3.1), the reduction in entry efficiency was a 

significant 68% compared to that of the wild type (p=0.026), indicating that the unusual 

R502Q substitution resulted in a significant loss of infectivity for the virus. Similarly, 

when residue 505, also highly conserved as a valine in global viruses, was mutated to 

a methionine residue, only seen at this position in 0.08% of globally circulating virus 

strains, the reduction in entry potential was significant (p=0.044). 

However, this was not true for position 509, also highly conserved. The CAP248 

viruses mutated a negatively charged glutamic acid, which is present in 95% of the 

global viruses, to a glycine, which is only present in 2% of global viruses. However, 

when the viral infectivity of the CAP45 E509G mutant was compared to that of the wild 

type, the reduction was just 25%, only slightly less than that of the change at variable 

position 500.  

Overall, while all individual single cleavage site mutants were viable, R502Q and 

V505M were significantly negatively affected in terms of viral entry potential. However, 
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the reduced fitness of each mutation was distinctly less than that of all the mutations 

combined (as in the CS-Mut). Overall these data suggest the likelihood that the 

CAP248.2B lineage exerted significant immune pressure on CAP248, with fitness 

deficits offset by the need for viral escape from a broadly neutralizing response in the 

donor plasma. However, for vaccine design, the increased entry capacity of each of 

the individual mutants compared to the CS-Mut suggests that these constructs have 

the capacity to be better vaccine candidates when incorporated into virus-like particles, 

if they are also able to mediate MPER exposure. 

 

3.2 Assessing the effect of single cleavage site mutations on MPER exposure 
 

Since the combined cleavage site mutations in CAP248 conferred an increase in 

sensitivity to neutralization by MPER bNAbs, this study sought to assess whether any 

individual mutation within the cleavage site resulted in similar exposure of the MPER. 

BNAbs to the MPER were therefore expressed and tested against the CAP45.G3 

single mutants as well as the wild type and CAP45.G3 CS-Mut. Neutralization curves 

and antibody concentrations necessary to neutralize 50% of each mutant (IC50) were 

compiled and compared to those of the wild type CAP45.G3. A difference of more than 

threefold the IC50 of the wild type was considered to be MPER enhancement, whereas 

anything less than threefold was regarded as being in the same range of neutralization 

as the wild type. This is in line with international norms for the TZM-bl neutralization 

assay, which has an approximately three fold error (131). 

 

3.2.1 Neutralization sensitivity of CAP45.G3 cleavage site mutants to MPER 
antibodies 
 

For this study, we expressed six MPER directed antibodies with varying breadth and 

potency for use in the neutralization assays. The details of the published breadth and 

potency for each are shown below in Table 3.2.   
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Table 3.2: Reported neutralization breadth and potency of the MPER bNAbs used in this study (101, 
106, 137, 138). Percentage breadth is reported for various published viral panels, with the size of the 
panels indicated in parentheses. The final column indicates the yield of purified plasmids (in 400 µl) 
after purification. H (blue) is for heavy chain plasmid and L (red) is for light chain plasmid 

 

bNAb % Breadth Geometric mean 

IC50 (µg/ml) 

Reference Plasmid Total Yield 

(µg) 

DH511 99  (n=208) 0.39 (106) H: 520 
L: 784 

10E8 97  (n=208) 0.22 (101) H: 378 
L: 497 

4E10 98  (n=181) 1.3 (106) H: 594 
L: 800 

M66.6 93  (n=41) 8.46 (139) H: 321 
L: 924 

2F5 57  (n=181) 1.92 (137) H: 350 
L: 923 

Z13e1 Limited neutralization data available (138) H: 285 
L: 658 

 

Antibodies consist of a two heavy and two light chains arranged in a Y structure. 

Antibody expression requires co-transfection of heavy and light chain plasmids to 

generate the full antibody protein. The heavy and light chain DNA for all the bNAbs 

(Table 3.2) had previously been cloned into the CMVR vector, which was resistant to 

the antibiotic kanamycin. The CMVR expression vector that was used encodes a 

signal peptide sequence, variable and constant regions of IgG1 heavy and light chain 

expressed under control of the HCMV (human cytomegalovirus immediate-early) 

promoter. Plasmids were transformed into ultra-competent E. coli cells as described 

in section 3.1.1, and used to prepare maxi preps of plasmid DNA. The yields of each 

plasmid preparation ranged from 285 µg to 924 µg (Table 3.2). Sanger sequencing 

with the vector specific primer FCMVR (Table 2.1) was used to confirm the sequences 

of each heavy and light chain plasmid as described in section 3.1.1.  

The heavy and light chain plasmids for each antibody were transfected into 

293Freestyle cells and expressed antibody was harvested after seven days. Affinity 

column chromatography using a protein A resin was used to purify each antibody as 

described in section 2.15. Spectrophotometry was used to quantify the amount of 

antibody obtained, which ranged from 0,7 to 3.3 mg per 100 ml of starting culture 

(Table 3.3). Each antibody was subsequently concentrated or diluted to 1 mg/ml 
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(depending on initial concentration), aliquoted for use in the neutralization assay and 

stored at -80ºC. 

 

Table 3.3: The yield of each expressed MPER antibody in milligrams per 100 ml of starting culture. 

bNAb Yield (mg/100 ml of starting 

culture) 

DH511 1.6 

10E8 3.3 

4E10 1.9 

M66.6 1.8 

2F5 0.7 

Z13e1 0.9 

 

In order to confirm that the antibodies expressed as expected, a reducing SDS-PAGE 

gel was run to confirm the size of the heavy and light chains of each bNAb. Reducing 

agents enable more accurate estimation of the size of expressed proteins. The 

expected sizes for the heavy and light chains were approximately 50 kDa and 25 kDa 

respectively. The bands on the gel confirmed that the heavy and light chains for each 

antibody were of the expected size, with minimal impurities (Figure 3.4). The light 

chain sizes, although similar in size, showed some variation due to differences in 

glycosylation patterns as well as different properties for lambda and kappa light chains.  

 

Figure 3.4: SDS PAGE gel showing the antibody heavy and light chains of the expressed MPER 
bNAbs. Molecular weight marker sizes are in kDa. MWM refers to the molecular weight marker. 
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Neutralization experiments were performed to confirm that the expressed antibodies 

showed neutralization profiles comparable to previous studies. All expressed bNAbs 

were tested for neutralization using one sensitive virus and one resistant virus for each 

bNAb to confirm epitope specificity. Neutralization titers were compared to those that 

had been obtained previously in the lab (Table 3.4).  

 

Table 3.4: IC50 values obtained during the antibody quality control test. The table shows neutralization 
data for sensitive and resistant viruses tailored to all six antibodies. For the broadest antibodies, 10E8 
and 4E10, resistant viruses contained mutations at bNAb contact sites. The warmer the color of the 
cell, the more potent the neutralization. Red denotes IC50 values between 0.01 µg/ml and 1 µg/ml, 
orange for values between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 µg/ml, and 
blue for 10 µg/ml (which represents neutralization resistance). A tick indicates neutralization data for 
newly expressed antibodies was concordant with historical neutralization data.  

 bNAb Virus 
Historical IC50 

(µg/ml) 
Actual IC50 

(µg/ml)  Result 

          

DH511 DU151 0,34 0,52 √ 
X2088 >10 >10 √ 

10E8 6471 3,02 2,94 √ 
6471 W672L/T673I >10 >10 √ 

4E10 
COT6 0,3 0,32 √ 

COT6 W672A >10 >10 √ 

2F5 C1 3,4 3,81 √ 
C1C >10 >10 √ 

Z13e1 C1 0,1 0,3 √ 
RHPA >10 >10 √ 

M66.6 
MN.3 1,4 0,98 √ 

DU172 >10 >10 √ 
 

All the antibodies neutralized the sensitive viruses as expected, with IC50 values that 

were highly concordant with historic data, and failed to neutralize the viruses that were 

known to be resistant to them. This confirmed the specificity and neutralization 

capacity of the MPER bNAbs that were required for additional studies below. 

We next tested the sensitivity of CAP45.G3 viruses with individual mutations within the 

cleavage site to MPER antibodies to assess whether these mutations conferred 

enhanced neutralization, as with the combination of multiple cleavage site mutations.  

All the MPER bNAbs were initially tested against the CAP45.G3 wild type virus and 

the CAP45.G3 CS-Mut virus in order to determine which of the bNAbs would neutralize 

the wild type virus, and confirm previously reported enhancement for CAP45 CS-Mut. 

Starting concentrations were determined by the previously determined potency of 
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each antibody against the CAP45.G3 virus. MAbs DH511, 10E8 and 4E10 neutralized 

the CAP45.G3 CS-Mut virus, though 4E10 failed to neutralize the wild type virus, in 

line with previous data. In contrast, mAbs 2F5, Z13e1 and M66.6, which are known to 

have little breadth (Table 3.2) showed no neutralization of either the CAP45.G3 wild 

type or CAP45.G3 CS-Mut at a maximum concentration of 25 µg/ml (Table 3.5). This 

lack of neutralization was not surprising since they are among the less broad bNAbs 

targeting the MPER region. We therefore proceeded to test DH511, 10E8 and 4E10 

against the single mutants to assess MPER exposure. Antibodies M66.6, 2F5 and 

Z13e1 were not tested further as they did not neutralize the wild type or the CS-Mut.  

 

Table 3.5: Neutralization of CAP45.G3 wild type and CAP45.G3 CS-Mut viruses by six MPER bNAbs. 
The warmer the color, the more potent the neutralization. Maroon denotes IC50 values below 0.01 µg/ml, 
red is for 0.01 µg/ml to 0.1 µg/ml, orange for values between 0.1 µg/ml and 1 µg/ml, yellow for values 
between 5 µg/ml and 10 µg/ml, and blue for more than 25 µg/ml (which represents neutralization 
resistance). Fold differences that exceed three are highlighted in purple. 

 

bNAb CAP45.G3 WT 
(µg/ml) 

CAP45.G3 CS-Mut 
(µg/ml) 

Fold difference 

10E8 0.6 0.008 75 

DH511 0.54 0.01 54 

4E10 >25 0.12 <25 

M66.6 >25 >25 1 

2F5 >25 >25 1 

Z13e1 >25 >25 1 

 

Figure 3.5 shows the comparison of CAP45.G3, CAP45.G3 CS-Mut and each single 

mutant when tested against mAb 4E10.  For CAP45.G3 WT, an IC50 was not obtained 

at the maximum starting concentration, though the curve indicated sub-IC50 

neutralization (Figure 3.5). The CAP45.G3 CS-Mut, however, showed a notable 

increase in sensitivity and was 100% neutralized with an IC50 of 0.12 µg/ml, confirming 

previous data (94). Comparison of the single mutants with CAP45.G3 CS-Mut showed 

that although most of them exhibited an increase in sensitivity to 4E10 (Figure 3.5), 

none of them were as sensitive as the CS-Mut. E500K was similar to the wild type in 

that an IC50 was not reached. CAP45.G3 R502Q, E507G, R508K and E509G all 

showed increased neutralization sensitivity to 4E10 compared to the wild type with 

IC50 values of 0.5 µg/ml, 0.8 µg/ml, 1.3 µg/ml and 1.8 µg/ml respectively (with titers 

shown in Table 3.6). 
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Figure 3.5: Neutralization of CAP45.G3 wild type and mutants by 4E10. Graphs showing the 
neutralization of the CAP45.G3 wild type and mutants by the bNAb 4E10. The wild type is shown in 
blue, the CAP45.G3 CS-Mut in red and the single mutants (in numerical order) in green. Vertical axis 
shows percentage inhibition and horizontal axis shows antibody concentration in µg/ml. Experiments 
were conducted three times. 

 

In contrast to 4E10, where most individual mutants showed enhanced neutralization, 

for 10E8, most mutants that showed similar sensitivity to the bNAb as the wild type 

virus. In this case, the wild type CAP45.G3 was neutralized with an IC50 of 0.6 µg/ml. 

The CAP45.G3 CS-Mut showed the highest increase in neutralization sensitivity to 

10E8, with a steep neutralization curve compared to the gentle sigmoidal curves that 

were obtained for the wild type and single mutants, and an IC50 of 0.008 µg/ml (Figure 

3.5). The fold difference between the CAP45.G3 wild type and CAP45.G3 CS-Mut 

titers was 75, much higher than those of the other mutants (Table 3.6).  
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Figure 3.6: Neutralization of CAP45.G3 mutants and wild type by 10E8: Graphs showing the 
neutralization of the CAP45.G3 wild type and mutants by the MPER bNAb 10E8. The CAP45.G3 wild 
type is shown in blue, the CAP45.G3 CS-Mut in red and the single mutants in green. Vertical axis shows 
percentage inhibition and horizontal axis shows antibody concentration in µg/ml. Experiments were 
conducted three times. 

 

Among the single mutants, only CAP45.G3 R502Q and CAP45.G3 V505M showed 

greater than threefold increased sensitivity compared to the wild type, indicating 

enhanced neutralization sensitivity to 10E8. Since E500K, E507G, R508K and E509G 

all had IC50 values less than threefold that of the wild type, it can be concluded that 

they did not show enhanced neutralization sensitivity to 10E8 (Figure 3.6).  
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Figure 3.7: Graphs showing the neutralization of the CAP45.G3 wild type and mutants by the MPER 
bNAb DH511. The wild type is shown in blue, the complete CS-Mut in red and the single mutants in 
green. Vertical axis shows percentage inhibition and horizontal axis shows antibody concentration in 
µg/ml. Experiments were conducted three times. 
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DH511 is very similar to 10E8 in its neutralization properties, but it has been found to 

be more potent than 10E8 and 4E10 for some viruses (107). In this study DH511 

neutralized the CAP45.G3 wild type with an IC50 of 0.54 µg/ml (Table 3.6). There was 

a fold difference of 54 between the CAP45.G3 wild type and CAP45.G3 CS-Mut IC50, 

showing enhanced sensitivity to DH511 (Figure 3.7). Only CAP45.G3 E500K and 

R508K showed little to no enhancement in sensitivity to DH511. CAP45.G3 E507G 

showed the highest increase in sensitivity among the single mutants, with an IC50 of 

0.02 µg/ml, and R502Q, V505M and R508K showed fold differences of 4, 8 and 4 

respectively compared to that of the wild type.  

 

Table 3.6: Summary of IC50 values showing neutralization of CAP45.G3 single mutants by MPER 
bNAbs. The warmer the color, the more potent the neutralization of the virus by the bNAb. Maroon 
shows IC50 values below 0.1 µg/ml, red denotes values between 0.01 µg/ml and 1 µg/ml, orange for 
values between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 µg/ml, and blue for 
more than 25 µg/ml (which represents neutralization resistance). Fold changes that exceed three are 
in purple. 

 

bNAb Virus 

 WT CS-Mut E500K R502Q V505M E507G R508K E509G 

10E8 0.6 0.008 1.46 0.12 0.08 1.19 0.3 0.2 

Fold diff. - 75 2 5 7.5 2 2 3 

DH511 0.54 0.01 0.42 0.15 0.07 0.02 0.16 0.14 

Fold diff. - 54 1 4 8 27 3 4 

4E10 >25 0.12 >25 0.5 0.2 0.8 1.3 1.1 

Fold diff. - 208 1 55 125 31 20 23 

 

 

Thus, the single CAP45.G3 mutants, while showing varying degrees of enhancement 

compared to the CAP45.G3 wild type, did not expose the MPER epitope as well as 

the complete set of mutations combined. The E500K mutation did not differ from the 

wild type in its exposure of the MPER, while the R502Q, V505M and E507G mutations 

showed the best MPER exposure among the single mutants. 4E10 was the most 

enhanced among the MPER bNAbs. These data suggest that for an MPER-directed 

immunogen, while the full CAP45.G3 CS-Mut has superior MPER enhancement 



 

60 | P a g e  
 

compared to the single CAP45.G3 mutants, a combination of the three single mutants 

that showed the best MPER exposure may result in a better balance between 

neutralization enhancement and fitness. 

 

3.2.2 Neutralization sensitivity of CAP45.G3 cleavage site mutants to gp120-
gp41 Interface antibodies 

 
Wibmer et al (2017) previously showed that the cleavage site mutations enhanced 

neutralization of the CAP45.G3 virus by the gp120-gp41 interface bNAb 35O22 (94).  

In contrast, a bNAb that was isolated from CAP248, termed CAP248-2B, failed to 

neutralize the CAP45.G3 CS-Mut despite potent neutralization of the CAP45.G3 wild 

type as mutations in this region directly affected its epitope (94). It was thus necessary 

to test the neutralization profiles of bNAbs that target the gp120-gp41 interface against 

the single CAP45.G3 cleavage site mutants in order to establish their effect on that 

epitope. When we tested the single mutants against the CAP248-2B antibody, there 

was no change in neutralization sensitivity except for CAP45.G3 V505M, which had 

increased resistance to the antibody. This data supported the findings of the previous 

study conducted in the lab (94). 

 

Table 3.7: Neutralization of CAP45.G3 wild type, CAP45.G3 CS-Mut and single mutants by gp120-
gp41 interface antibody CAP248-2B. *An IC50 was not obtained for this mutant, although the 
neutralization curve shows that the antibody neutralizes 45% of the virus. 

CAP45.G3 mutant CAP248.28 IC50 

(µg/ml) 

Wild Type 0.0255 

CS-Mut >10 

E500K 0.0256 

R502Q 0.0474 

V505M >10* 

E507G 0.0158 

R508K 0.0200 

E509G 0.0154 
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Several interface bNAbs, namely 35O22, 3BC315, VRC34, PGT151 and 8ANC195 

were tested using the neutralization assay against the CAP45.G3 wild type, single 

mutants, and CS-Mut.  IC50 values and fold differences from the wild type values were 

shown for each gp120-gp41 interface directed bNAb (Table 3.8). There was some 

increase in sensitivity of the CS-Mut and E500K mutants to 35O22, which is in line 

with data shown in a previous study where 35O22 neutralization of CAP45.G3 was 

enhanced by the cleavage site mutations (94).  

 

Table 3.8: Neutralization of CAP45.G3 wild type and single mutants by gp120-gp41 interface-directed 
bNAbs. The warmer the color of the cell, the more potent the neutralization of the virus by the bNAb in 
question. Maroon is for values below 0.01 µg/ml, red denotes values between 0.01 µg/ml and 1 µg/ml, 
orange for values between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 µg/ml, and 
blue for more than10 µg/ml (which represents neutralization resistance). 

 

bNAb Virus 

 WT CS-Mut E500K R502Q V505M E507G R508K E509G 

35022 0.02 0.006 0.007 0.01 0.03 0.03 0.03 0.02 

3BC315 >10 >10 >10 7.1 2.4 9.9 >10 >10 

VRC34 0.03 0.08 0.02 0.02 0.04 0.04 0.03 0.04 

PGT151 0.02 0.48 0.01 0.01 0.01 0.02 0.01 0.01 

8ANC195 >10 >10 >10 >10 >10 >10 >10 >10 

 

The R502Q, V505M and E507G mutants were sensitive to neutralization by 3BC315 

and IC50s were obtained in spite of the fact that the wild type was resistant to the 

gp120-gp41 interface bNAb. The mutations at positions 502, 505 and 507 therefore 

exposed the 3BC315 epitope such that neutralization of the virus was enhanced, with 

V505M showing the greatest increase in sensitivity to this bNAb. There was no 

enhancement of neutralization by VRC34 for any of the mutants, indicating that this 

bNAb epitope was not affected by the mutations. CAP45.G3 CS-Mut showed a 

remarkable 24-fold decrease in neutralization sensitivity to PGT151 however the 

single mutants showed no decrease or enhancement in sensitivity to PGT151. 

8ANC195 failed to neutralize the wild type or any of the mutants.  
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In summary, the CAP45.G3 CS-Mut thus shows a range of effects on the bNAbs 

targeting the gp120-gp41 interface, with increased sensitivity to 35O22 and 3BC315 

while showing a decrease in sensitivity to PGT151. However, the single mutants 

showed that little enhancement in neutralization sensitivity to a few of these bNAbs. 

  

3.2.3 Neutralization sensitivity of CAP45.G3 cleavage site mutants to bNAbs 
targeting other epitopes 

 
Conformation of the viral envelope spike may have been altered by the cleavage site 

mutations such that the MPER and interface epitopes were not the only ones that were 

exposed. It was therefore necessary to establish whether any of the mutations 

exposed other bNAb epitopes. We thus assessed sensitivity of individual mutants to 

V2, V3 and CD4bs targeting bNAbs. For the two V2 targeting bNAbs, PG9 and 

PGT145, IC50 values for the CS-Mut and for individual viruses were similar to that of 

the wild type viruses. No differences above threefold that of the wild type IC50 were 

observed, and the mean fold difference from the wild type was one (Table 3.9).  

 

Table 3.9: Neutralization of CAP45.G3 wild type and mutant pseudoviruses by bNAbs targeting the V2, 
CD4bs and V3 epitopes of Env. The warmer the color of the cell, the more potent the neutralization of 
the virus by the bNAb in question. Maroon is for values below 0.01 µg/ml, Red denotes values between 
0.01 µg/ml and 1 µg/ml, orange for values between 1 µg/ml and 5 µg/ml, yellow for values between 5 
µg/ml and 10 µg/ml, and blue for more than10 µg/ml (which represents neutralization resistance) 

bNAb Virus 

 WT CS-MUT E500K R502Q V505M E507G R508K E509G 

PG9 0.01 0.01 0.01 0.01 0.01 0.008 0.01 0.009 

PGT145 0.006 0.006 0.007 0.005 0.006 0.005 0.004 0.005 

VRC01 1.22 2.02 1.19 0.36 1.64 1.22 1.52 1.55 

3BNC117 1.24 1.21 0.55 0.31 1.29 0.42 0.62 0.44 

PGT121 0.79 1.05 0.22 0.28 0.27 0.15 0.21 0.27 

PGT130 >10 >10 >10 >10 >10 >10 >10 >10 

 

For the CD4 binding site bNAbs, VRC01 and 3BNC117, all the mutant IC50s were 

within the wild type value range except for the R502Q mutant, which was four fold 
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more sensitive to both VRC01 and 3BNC117, indicating slightly enhanced sensitivity. 

This mutation therefore exposed the CD4bs epitope and increased sensitivity of the 

virus to the CD4bs bNAbs. The V3 bNAbs PGT121 and PGT130 were not enhanced 

by any of the mutations, and all the CAP45.G3 viruses including the wild type were 

resistant to neutralization by PGT130.  In conclusion, with a few exceptions, the IC50 

values for the mutants did not differ substantially from those of the wild type strain for 

any of the bNAbs targeting epitopes other than the MPER. It can therefore be 

concluded that the increase in sensitivity was largely limited to the MPER region, and 

that these mutations did not result in gross changes in Env conformation. 

 

3.3 Design and testing of a CAP45.G3 triple mutant for viral fitness and MPER 
exposure  
 

As the single mutations did not enhance MPER neutralization to the same extent as 

the CS-Mut, it was clear that a combination of mutations was necessary for optimal 

MPER exposure. We hypothesized that a combination with fewer mutations was more 

likely to have better entry potential compared to the CS-Mut, rendering it more 

favorable for use in future vaccine studies using virus-like particles. In order to 

establish if a smaller subset of the cleavage site mutations could accomplish the same 

MPER exposure as the CS-Mut while exhibiting improved entry potential, the three 

CAP45.G3 single mutants that resulted in the highest increase in sensitivity to MPER 

bNAbs (CAP45.G3 R502Q, V505M, and E507G) were combined into a triple mutant, 

termed CAP45.G3 R502Q/V505M/E507G.  

 

3.3.1 Generation of a CAP45.G3 triple mutant plasmid and pseudovirus 
production 

 
Mutagenesis primers were designed to insert all three mutations into CAP45.G3 at the 

same time using site directed mutagenesis as described in section 2.6. Mutagenesis 

products were transformed into ultra-competent cells as described in section 2.3, and 

DNA was extracted using miniprep kits as described in section 2.5. DNA was screened 

for mutations using Sanger sequencing. The resulting triple mutant plasmid was 

subsequently used to produce pseudovirus as described in section 2.17.  
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As noted in section 3.1, mutating conserved regions of the envelope can have a 

negative effect on viral entry potential. A second “head to head” transfection and 

pseudovirus quantification was performed so as to compare the entry potential of the 

triple mutant and the CAP45.G3 CS-Mut. The triple mutant showed a 23% reduction 

in entry potential (from 810,356 RLUs to 621,873 RLUs) compared to the wild type (p 

= 0.063), less than that of the CS-Mut, which exhibited a significant 90% reduction (p 

= 0.007). The three mutations together thus did not reduce fitness much more than 

the individual mutations, as might have been expected. The triple mutant may 

therefore be favorable for use as an immunogen in that it has improved entry potential 

compared to the CS-Mut. 

 

3.3.2 Neutralization of the CAP45.G3 triple mutant by MPER bNAbs 
 

To determine the level at which the MPER sensitivity increased with the three 

mutations combined, we tested the neutralization sensitivity of the triple mutant to the 

same MPER bNAbs that were tested for the single mutants. A comparison in MPER 

neutralization between the CAP45.G3 CS-Mut and the CAP45.G3 triple mutant was 

made (Figure 3.8 and Table 3.10). 
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Figure 3.8: Neutralization of the CAP45.G3 triple mutant (R502Q/V505M/E507G) by MPER bNAbs 
The x axis represents bNAb concentration in µg/ml, and the y axis represents percentage inhibition. 
Experiments were conducted three times. 
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Similar to the CAP45.G3 wild type and single mutants, the CAP45.G3 triple mutant 

was not sensitive to neutralization by the MPER bNAbs 2F5, Z13e1 and M66.6. 

However, the rest of the MPER bNAbs, 4E10, 10E8 and DH511 showed potent 

neutralization of the triple mutant (Figure 3.8). For 4E10 and 10E8, we observed a 

significant increase in neutralization sensitivity of the triple mutant to these bNAbs 

compared to the wild type CAP45.G3, with fold differences of 33 and 24 respectively. 

These effect was even more pronounced, at 27 fold, for DH511, where the triple 

mutant was more potently neutralized than the CAP45.G3 CS-Mut.  

In conclusion, the three mutations alone were able to significantly increase MPER 

neutralization, though not to the same level as that of the complete CS-Mut for 10E8 

and 4E10. Unlike the other MPER bNAbs, neutralization by DH511 is optimal in the 

presence of the three mutations as opposed to all six. This indicates, the triple mutant 

is sufficient for epitope exposure and enhancement of viral sensitivity to these bNAbs, 

and a viable vaccine candidate for future studies.  

 

3.3.3 Neutralization of the CAP45.G3 triple mutant by gp120-gp41 Interface 
bNAbs 
 

We further tested bNAbs targeting the gp120-gp41 interface, the V2, V3 and CD4bs 

epitopes to establish if the three mutations exposed any other epitopes, thus 

increasing the virus sensitivity to bNAbs targeting those epitopes (Table 3.10).  
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Figure 3.9: Neutralization of the CAP45.G3 wild type, CS-Mut and triple mutant viruses by gp120-gp41 
interface bNAbs. The x axis represents bNAb concentration and the y axis represents percentage 
inhibition. The dotted line indicates the IC50 point. 

 

The triple mutant resulted in improved neutralization by 35O22 and 3BC315. For 

35O22, neutralization titers using the triple mutant were comparable with the CS-Mut, 

however for 3BC315 the triple mutant showed higher antibody titers compared to the 

CS-Mut.  (Figure 3.9). This is consistent with our previous data showing that each of 

the single mutations included in the triple mutant, R502Q, V505M and E507G, also 

enhanced neutralization by 3BC315 (Table 3.8). In contrast, for PGT151, the triple 

mutant, like the CS-Mut, exhibited a six-fold decrease in sensitivity to PGT151 

compared to the CAP45.G3 wild type virus (Figure 3.9). No change in sensitivity was 

observed for VRC34.  

 

3.3.4 Neutralization of the CAP45 triple mutant by bNAbs targeting the V2, V3 
and CD4bs epitopes 
 

The CAP45.G3 triple mutant neutralization profile for bNAbs targeting other epitopes 

showed values within range of both the wild type (Table 3.10). This suggests that the 

V2, V3, and CD4bs epitopes were not exposed by the cleavage site mutations, and 
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this effect was limited to the MPER and the gp120-gp41 interface epitopes only. 

Moreover, this is an indication that the envelope trimer structure was still intact despite 

the addition of the three mutations to it.  

 

Table 3.10: Neutralization of the CAP45.G3 triple mutant by bNAbs targeting the MPER, gp120-gp41 
interface, CD4bs, V2 and V3 epitopes. The neutralization profile of the CAP45.G3 wild type and CS-
Mut are also shown. Fold differences between the wild type and triple mutant are recorded in the fifth 
column and values above threefold that of the wild type are highlighted in purple. Values indicating 
decrease in sensitivity are highlighted in green. KO (Knock out) indicates neutralization resistance 
where there was previously sensitivity. The warmer the color of the cell, the more potent the 
neutralization of the virus by the bNAb in question. Maroon is for values below 0.01 µg/ml, Red denotes 
values between 0.01 µg/ml and 1 µg/ml, orange for values between 1 µg/ml and 5 µg/ml, yellow for 
values between 5 µg/ml and 10 µg/ml, and blue for more than 10 µg/ml. 

bNAb 
  

Epitope CAP45 
WT  

  

CAP45 CS 
Mut  

  

fold 
difference 
from WT 

CAP45 
triple 

mutant 

fold 
difference 
from WT 

2F5 

MPER 

>10 >10 1 >10 1 

M66.6 >10 >10 1 >10  1 

Z13e1 >10 >10 1 >10  1 

4E10 >10 0,12 208 0,3 33  

10E8 0,6 0,008 75 0,025 24 

DH511 0,54 0,01 54 0,02 27 

35O22 

Interface 

0,02 0,006 3 0,008 3 

3BC315 >10 >10 1 0,31 32 

CAP248-2B 0,03 >10 KO >10 KO 
PGT151 0,02 0,48 24 0,12 6 

VRC34 0,03 0,08 3 0,05 2 

8ANC195 >10 >10 1 >10 1 

PG9 
V2 

0,01 0,01 1 0,007 1 

PGT145 0,02 0,02 1 0,02 1 

VRC01 
CD4bs 

1,22 2,02 2 3,5 3 

3BNC117 1,24 1,21 1 2,7 2 

PGT121 
V3 

0,79 1,05 1 0,56 1 
PGT130 >10 >10 1 >10 1 

 

 

3.4 Designing dual germline targeting envelopes as HIV-1 vaccine immunogens 
 

Active vaccination is based on using antigens derived or engineered from the infecting 

agent to stimulate the immune system to mount a response to the antigen (140). As 

part of this process, precursor B-cells are activated, mature through successive rounds 

of affinity maturation and give rise to memory B-cells expressing antibodies to 
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neutralize future threats to the host (141). In order to give rise to breadth, the antigen 

used in an HIV vaccine would have to specifically select for B-cells that have the 

capacity to eventually develop into bNAbs.  For HIV vaccine design, this is especially 

challenging as bNAb precursors often possess unique features that differentiate them 

from most antibodies. These features include long CDRH3s, a feature commonly seen 

in MPER bNAbs, or short CDRL3s.  In many cases, it is not clear how the bNAb 

precursors were selected. The fact that only a subset of people make bNAbs may 

suggest the possibility that they were infected with unique viruses that have the 

capacity to stimulate the precursors of bNAbs. This is the basis of several published 

studies that have sought to identify unique subsets of viral isolates that can be used 

as immunogens to stimulate a broadly neutralizing response (81, 126, 127).  One such 

example is the identification of 5 viruses (in two separate studies) that bind to the 

precursors of V2 directed antibodies, and are the basis of this aim. 

A second challenge in the design of germline targeting immunogens is the lack of data 

on precursor B-cells that eventually give rise to bNAbs, or the UCAs of bNAb lineages.  

It is not always possible to identify an actual UCA from an infected person without 

detailed and expensive longitudinal studies of bNAb ontogeny. Importantly, no such 

studies have yet been conducted for MPER-directed antibodies. For this reason, 

germline-like antibodies (or germline reverted antibodies) are inferred from mature 

bNAbs for research purposes. The process of germline reversion involves back 

mutating regions of the antibodies to match their germline genes, however the CDRH3 

which cannot be accurately reverted is left in its mature, mutated form in the germline 

reverted bNAbs. Thus although the inferred germline-reverted bNAbs are not an 

entirely accurate representation of the UCA, they are the best available option for 

testing the potential of immunogens to elicit MPER antibodies.  

The second aim of this study was based on the hypothesis that enhancement of 

neutralization by mature MPER bNAbs would also translate to enhanced neutralization 

by their germline reverted counterparts. The study therefore aimed to design dual 

germline targeting viral envelopes by adding the CAP248 cleavage site mutations into 

several viruses previously shown to have a high probability of binding to germline 

reverted forms of bNAbs that target the V2 epitope of HIV-1  (126, 127). If binding by 

germline MPER antibodies was enhanced, this would result in a dual germline 

targeting group of viruses able to elicit both MPER and V2-directed antibodies.  Such 
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a dual targeting immunogen would be more likely to elicit a broad response compared 

to immunogens with a single target epitope. 

The full set of six cleavage site mutations was therefore added to each of five viruses 

previously shown to be reactive with V2 bNAb precursors using site directed 

mutagenesis. Thereafter env-pseudotyped viruses were grown, and the effect of the 

cleavage site mutations on infectivity of each virus was assessed, given that we have 

previously shown that these mutations reduce viral fitness. Each parental wild type 

virus and its matched CS-Mut virus was tested for neutralization sensitivity to mature 

MPER bNAbs first, to confirm that in this viral context there was increased exposure 

of the MPER. Sensitivity of mutants to bNAbs targeting other epitopes were also tested 

to determine if any other epitope was aberrantly exposed by the cleavage site 

mutations. Finally, germline reverted MPER bNAbs were tested to establish if the 

cleavage site mutations exposed the MPER such that the inferred germline MPER-

directed bNAbs could neutralize the viruses. 

 

3.4.1 Site directed Mutagenesis of viral plasmids 

 
The six MPER enhancing mutations were introduced into five previously described 

viral isolates, namely, ZM233, CAP256 SU, CM244, T250-4 and WITO.33. Each of 

these viruses has enhanced reactivity with V2-directed precursors, and are hereafter 

referred to as the “special strains” (126, 127). An alignment of the viral sequences at 

the region of interest is shown in Figure 3.10.  

 

 

Figure 3.10: Alignment of V2 “special strain” viral envelopes into which CS-Mut was added to engineer 
dual germline targeting strains. The location of the cleavage site to be mutated is highlighted in the blue 
box. 

 

Due to the large number of mutations that needed to be added to the viruses, an effort 

was made to introduce them simultaneously to each envelope by way of overlapping 
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PCR, described in section 2.9. However, the PCR proved challenging and the desired 

product was not obtained this way after several attempts. We therefore opted to add 

the mutations sequentially (two at a time) to each envelope using site directed 

mutagenesis. Site specific primers were designed to introduce the cleavage site 

mutations into each virus two at a time. The first set of primers introduced the 

E500K/R502Q, then to that double mutant, the second pair of primers introduced the 

V505M/E507G pair and to that mutant, the third and last set of primers introduced the 

R508K/E509G pair of mutations.  

The set of sequential mutagenesis reactions resulted in the complete CS-Mut for each 

“special strain” virus. Once each round of mutagenesis was performed, mutants were 

screened using Sanger sequencing as described in section 2.7. When the mutations 

were confirmed for each virus, each full envelope DNA was sequenced using eight 

forward and reverse primers to sequence the full gene (Table 2.1). One correctly 

sequenced clone was selected for each wild type and CS-Mut virus and subsequently 

used to produce pseudotyped viruses. 

 

3.4.2 Production of pseudoviruses and determining the effect of CS-Mut on viral 
fitness 

 
Each special strain wild type and CS-Mut pair was transfected as described in section 

2.17. In addition to the transfection of large viral stocks for future neutralization assays, 

a small-scale “head to head” transfection in a six well plate was performed for all the 

“special strains” and their mutants so as to eliminate batch to batch variation and 

accurately assess the infectivity of each virus. The maximum infectivity for each viral 

strain was quantified using the TZM-bl assay as described in section 2.18. 

The effect on viral fitness was determined by comparing the maximum infectivity 

values of the wild type viruses to those of their CS-Mut counterparts. This comparison 

showed that there was a substantial reduction in viral fitness for all five “special strains” 

(Table 3.11).  
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Table 3.11: Comparison on the infectivity of wild type “special strains” and their CS-Mut counterparts. 
Fold differences show a reduction in viral fitness with each mutant. The red text indicates abrogation of 
infectivity in the CS-Mut virus. 

 

Virus Wild Type Infectivity CS-Mut Infectivity Fold Difference 

CAP256 SU 4,272,521 1,613,920 5 

WITO.33 279,744 47,234 6 

T250-4 164,768 38,922 4 

ZM233 49,320 864 57 

CM244 143,038 1,272 112 

 

In the cases of ZM233 and CM244, no functional pseudoviruses were obtained for the 

CS-Mut, as the mutants exhibited 98% and 99% reduction in viral fitness respectively. 

These two viruses were therefore not included further in the study (Figure 3.11).  
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Figure 3.11: Graphs showing the difference between the infectivity of the wild type V2 “special strains” 
and their cleavage site mutants. The y axis indicates maximum infectivity (measured in relative light 
units). Blue bars represent the wild type virus in each graph and red bars represent the CS-Mut virus in 
each graph. Experiments were conducted three times. 

 

Substantial reductions in viral infectivity were also observed for CAP256 SU CS-Mut, 

WITO.33 CS-Mut and T250-4 CS-Mut, with reduction of 62%, 83% and 76% 
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respectively in comparison to their wild type viruses. Despite this reduction in entry 

capacity, functional viruses were obtained. Interestingly, in the two viruses where the 

mutant viruses failed to produce viable virus, the infectivity for the corresponding wild 

type viruses was lowest.  

The opposite was true for CAP256 SU in that the wild type strain was highly infectious, 

with over four million RLUs, and its CS-Mut also retained high entry efficiency, with 

over a million RLUs when undiluted.  Future selection of strains for immunogen design 

including these cleavage site mutants should therefore focus on viral isolates that are 

highly efficient at mediating cell entry. 

 

3.4.3 Neutralization sensitivity of V2 “special strains” and their CS-Mut 
mutants to mature MPER bNAbs 
 

The next objective was to assess the neutralization profiles of the wild type “special 

strain” viruses and compare those to the matched CS-Mut viruses for different classes 

of bNAbs. The sensitivity of each special strain virus and its mutated equivalent were 

first assessed using mature MPER bNAbs (10E8, 4E10, DH511, 2F5, Z13e1 and 

M66.6). The neutralization curves were plotted and compared, along with the actual 

IC50 values.  

We first assessed T250 and T250-4 CS-Mut, which showed an increase in 

neutralization susceptibility to all the mature MPER bNAbs compared to the wild type 

(Figure 3.12). DH511, 10E8, 4E10 and 2F5 were especially potent in their 

neutralization of the mutant T250-4 virus, with IC50 values below 1 µg/ml.  
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Figure 3.12: Neutralization of T250-4 and T250-4 CS-Mut by mature MPER bNAbs. The x axis shows 
mAb concentration in µg/ml and the y axis shows percentage inhibition. A dotted line marks the IC50 
point on each graph. Experiments were conducted three times. 

 

Strikingly, in the cases of 2F5, 4E10 and M66.6, neutralization of the wild type T250-

4 virus failed to reach IC50 values, with only 12%, 33% and 16% neutralization 

respectively. However, the T250-4 CS-Mut was potently neutralized by these bNAbs 

at 98%, 96% and 76% respectively. Similarly, the wild type was altogether resistant to 

Z13e1, whereas the T250-4 CS-Mut was neutralized by this bNAb at 72%. The 

enhancement was remarkable in the case of 2F5, which had a 121-fold difference 

between mutant and wild type but less striking for Z13e1 with only a 6-fold difference 

compared to the wild type (Table 3.12). It can thus be concluded that in the viral 

context of T250-4, that neutralization of all mature MPER-directed antibodies was 

enhanced by inclusion of the cleavage site mutations.  
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Table 3.12: IC50 values showing the fold difference in neutralization of T250-4 wild type virus and the 
T250-4 CS-Mut by mature MPER bNAbs. Fold differences between the wild type and CS-Mut are 
recorded in the last column and values above threefold that of the wild type are highlighted in purple. 
The warmer the color of the cell, the more potent the neutralization of the virus by the bNAb in question. 
Maroon is for values below 0.01 µg/ml, Red denotes values between 0.01 µg/ml and 1 µg/ml, orange 
for values between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 µg/ml, and blue for 
more than 10 µg/ml (which represents neutralization resistance). 

bNAb IC50 
  

FOLD 
DIFFERENCE 

  T250 T250 CS-Mut   
DH511 0.15 0.02 8 

10E8 0,5 0,02 25 
2F5 >10 0,08 121 

Z13e1 >10 1,72 6 
4E10 >10 0,34 33 

M66.6 >10 6.91 1 
 

Similar observations were made for the CAP256 SU virus strain, with an increase in 

sensitivity to the mature MPER bNAbs observed for DH511, 10E8, 4E10 and Z13e1 

(Figure 3.13).  

 

 

Figure 3.13:  Neutralization of CAP256 SU CS-Mut and wild type by mature MPER bNAbs. The x axis 
shows mAb concentration in µg/ml and the y axis shows percentage inhibition. A dotted line marks the 
IC50 point on each graph. Experiments were conducted three times. 

 

 Z13e1

0.001 0.01 0.1 1 10 100
0

20

40

60

80

100
CAP256 SU WT
CAP256 SU CS MUT

mAb concentration

%
  

In
h

ib
it

io
n

2F5

0.001 0.01 0.1 1 10 100
0

20

40

60

80

100

mAb concentration

%
  

In
h

ib
it

io
n

M66.6

0.001 0.01 0.1 1 10 100
0

20

40

60

80

100

mAb concentration

%
  

In
h

ib
it

io
n

0.001 0.01 0.1 1 10 100
0

20

40

60

80

100

DH511

mAb concentration

%
  

In
h

ib
it

io
n

0.001 0.01 0.1 1 10 100
0

20

40

60

80

100

10E8

mAb concentration

%
  

In
h

ib
it

io
n

0.001 0.01 0.1 1 10 100
0

20

40

60

80

100

4E10

mAb concentration

%
  

In
h

ib
it

io
n



 

75 | P a g e  
 

Neutralization of the wild type by 4E10 peaked at 33% and an IC50 was thus not 

reached. The CS-Mut exhibited increased sensitivity to 4E10 and neutralization 

peaked at 89%, with an IC50 value of 0.6 (Table 3.13). This was indicative of improved 

exposure of the 4E10 epitope on the CS-Mut envelope.  For Z13e1, the cleavage site 

mutations introduced neutralization to an otherwise completely resistant wild type, with 

neutralization peaking at 50% for the CS-Mut compared to less than 10% for the wild 

type.  

 

Table 3.13: IC50 values showing the neutralization profiles of mature MPER bNAbs against the CAP256 
SU wild type and CAP256 SU CS-Mut. Fold differences between the wild type and CS-Mut are recorded 
in the last column and values above threefold that of the wild type are highlighted in purple. The warmer 
the color of the cell, the more potent the neutralization of the virus by the bNAb in question. Maroon is 
for values below 0.01 µg/ml, Red denotes values between 0.01 µg/ml and 1 µg/ml, orange for values 
between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 µg/ml, and blue for more than 
10 µg/ml (which represents neutralization resistance). 

bNAb IC50 
  

FOLD 
DIFFERENCE 

  CAP256 SU CAP256 SU CS-Mut   

10E8 0,7 0.07 10 

2F5 >10 >10 1 

Z13e1 >10 8,9 <10 

4E10 >10 0,6 18 

M66.6 >10 >10 1 

DH511 0,5 0.09 5 

 

 

The neutralization data is suggestive of increased exposure of the MPER region by 

the cleavage site mutations. However, there was little or no neutralization of either the 

wild type or mutant viruses by Z13e1 and M66.6. Failure of 2F5 and M66.6 to 

neutralize both the CAP256 SU wild type and CS-Mut viruses indicates the absence 

of their shared epitope on this envelope.  Similarly, DH511 and 10E8 share an epitope 

and have similar neutralization profiles in terms of CAP256 SU, although the fold 

difference between the mutant and wild type is slightly higher for 10E8. This data 

suggests that although the MPER was exposed by the cleavage site mutations in 

CAP256 SU, the absence of the M66.6 and 2F5 epitope on this virus renders it less 

ideal as an immunogen for the elicitation of several MPER antibodies. 
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Figure 3.14: Neutralization of WITO.33 CS-Mut and wild type by mature MPER bNAbs. The x axis 
shows mAb concentration in µg/ml and the y axis shows percentage inhibition. A dotted line marks the 
IC50 point on each graph. Experiments were conducted three times. 

 

The least enhancement of viral sensitivity to MPER bNAbs was seen with WITO.33 

CS-Mut (Figure 3.14). A comparison of the IC50 values between the WITO.33 wild 

type and CS-Mut showed that only 2F5, 4E10 and DH511 had notable fold differences 

(seven, four and eight respectively) between the wild type and mutant viruses (Table 

3.14). Although some enhancement in the neutralization of the WITO.33 CS-Mut by 

10E8, Z13e1 and M66.6 was observed, it was not as remarkable as that observed for 

CAP256 SU and T250-4. DH511 showed the most enhancement in neutralization 

between wild type and CS-Mut (Table 3.14) with an eight-fold difference.  

The fact that for WITO.33, introduction of cleavage site mutations resulted in limited 

enhancement of MPER neutralization may suggest that the MPER region of this virus 

is naturally in an exposed confirmation, such that cleavage site mutations provide no 

additional benefit. It is thus possible that the epitopes were already better exposed in 

the WITO.33 wild type virus compared to the other V2 “special strain” viruses. 
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Table 3.14: IC50 values showing the fold difference in neutralization of WITO.33 wild type and WITO.33 
CS-Mut by mature MPER bNAbs. Fold differences between the wild type and CS-Mut are recorded in 
the third column and values above threefold that of the wild type are highlighted in purple. The warmer 
the color of the cell, the more potent the neutralization of the virus by the bNAb in question. Maroon is 
for values below 0.01 µg/ml, Red denotes values between 0.01 µg/ml and 1 µg/ml, orange for values 
between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 µg/ml, and blue for more than 
10 µg/ml (which represents neutralization resistance) 

bNAb IC50 Fold 
Difference 

  WITO.33 WT WITO.33 CS-Mut   
10E8 0,1 <0,02 3 

2F5 1,2 0,2 7 

Z13e1 >10 >10 1 

4E10 1,8 0,5 4 

M66.6 >10 >10 1 

DH511 0,08 0,01 8 

 

3.4.4 Neutralization of cleavage site mutants by germline reverted MPER bNAbs 
 

Our next aim was to assess whether the cleavage site mutations that enhanced 

exposure of the MPER allowed for the binding of inferred germline bNAbs which are 

known not to engage well with viruses.  To assess this, we used germline reverted 

MPER antibodies to test neutralization of wild type and CS-Mut “special strain” viruses 

(Table 3.15).  

 
 
Table 3.15: Neutralization of V2 “special strain” wild type and CS-Mut viruses by germline reverted 
MPER-directed bNAbs. The warmer the color of the cell, the more potent the neutralization of the virus 
by the bNAb in question. Red denotes values between 0.01 µg/ml and 1 µg/ml, blue for more than 200 
µg/ml (which represents neutralization resistance). 
 

Virus bNAb  

 g10E8 gDH511 g4E10 g2F5 gZ13e1 gM66.6 (Pos. 
control) 

CAP256 SU WT >200 >200 >200 >200 >200 >200 0,7 

CAP256 SU CS-Mut >200 >200 >200 >200 >200 >200 0,07 

T250 WT >200 >200 >200 >200 >200 >200 0,15 

T250 CS-Mut >200 >200 >200 >200 >200 >200 0,02 

WITO WT >200 >200 >200 >200 >200 >200 0,1 

WITO CS-Mut >200 >200 >200 >200 >200 >200 0,02 
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Since the germline reverted antibodies are unmutated and have not matured towards 

breadth, they were very unlikely to neutralize the viruses. We therefore used relatively 

high concentrations of the antibodies, starting at 200 µg/ml. Neutralization assays 

showed that none of the germline reverted MPER bNAbs neutralized the wild type or 

the CS-Mut viruses. We thus concluded that although the cleavage site mutations 

enhanced neutralization by mature MPER bNAbs, this did not confer sensitivity to their 

germline reverted counterparts (142). 

 

3.4.5 Neutralization sensitivity of V2 special strains and their CS-Mut to bNAbs 
targeting other epitopes 
 

In order to assess if the cleavage site mutations enhanced neutralization by bNAbs 

targeting epitopes other than the MPER, we tested neutralization of the wild type and 

CS-Mut “special strains” by bNAbs targeting the gp120-gp41 interface, V2, V3 and 

CD4bs epitopes. An example curve was plotted for the V3 targeting bNAb PGT130 to 

show the neutralization curve of the wild type viruses and the CS-Mut of each special 

strain virus (Figure 3.15). The figure shows that the IC50s for the wild type and CS-

Mut are identical.  

 

 

Figure 3.15: Comparison of neutralization between CS-Mut and WT V2 special strains by PGT130, 
targeting the V3 epitope of the HIV-1 envelope. Vertical axis shows percentage inhibition and horizontal 
axis shows antibody concentration in µg/ml. Experiments were conducted three times. 
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Similar experiments were conducted for eight other bNAbs targeting diverse epitopes. 

None of the bNAbs neutralized the CS-Mut viruses better than the wild type “special 

strains” (Table 3.16), and it can therefore be concluded that these epitopes were not 

further exposed by the cleavage site mutations. 

Table 3.16: Neutralization of wild type and CS-Mut V2 special strains by bNAbs targeting the V2, V3, 
gp120-gp41 interface and CD4bs epitopes of HIV-1. The warmer the color of the cell, the more potent 
the neutralization. Maroon is for values below 0.01 µg/ml, red denotes values between 0.01 µg/ml and 
1 µg/ml, orange for values between 1 µg/ml and 5 µg/ml, yellow for values between 5 µg/ml and 10 
µg/ml, and blue for more than 10 µg/ml (which represents neutralization resistance). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CAP256 SU 
  mAb WT 

(µg/ml) 
CS-Mut 
(µg/ml) 

Fold Difference 

V2 PG9 0,06 0,03 2 
PGT145 1,6 1,2 1 

CD4bs VRC01 1,13 1,14 1 
3BNC117 0,4 0,4 1 

INTERFACE VRC34 <10 <10 1 
35O22 0.03 0.02 1 

8ANC195 <10 <10 1 
V3 PGT121 0,04 0,04 1 

PGT130 0,14 0,18 1 
WITO.33 

  mAb WT CS-Mut Fold Difference 

          

V2 PG9 0,01 0,01 1 

PGT145 0,002 0,002 1 

CD4bs VRC01 0,2 0,2 1 

3BNC117 0,03 0,05 1 

INTERFACE VRC34 0,2 0,14 1 

35O22 >10 >10  

8ANC195 >10 >10 1 

V3 PGT121 1,9 2,9 2 

PGT130 >10 >10 1 

T250-4 

 mAb WT CS-Mut Fold Difference 

V2 PG9 0,002 0,002 1 

PGT145 0,002 0,002 1 

CD4bs VRC01 >10 >10 1 

3BNC117 >10 >10 1 

 VRC34 0,07 0,04 1 

 35O22 >10 >10  

INTERFACE 8ANC195 >10 >10 1 

V3 PGT121 0,002 0,002 1 

PGT130 0,007 0,005 1 
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3.5 Assessing the effects of the cleavage site mutations on Envelope structure 

using polyclonal plasma 

 

Making changes to particular regions of the envelope have previously been shown not 

only to reduce viral infectivity, but to alter the structure of the spike such that epitopes 

that were previously concealed become exposed and the envelope exhibits a highly 

sensitive phenotype (143). Changes in the MPER, for example, have been associated 

with increased resistance to gp120 antibodies while increasing sensitivity to MPER 

antibodies (144-146).  

To check that the cleavage site mutations in the three V2 “special strain” viruses did 

not reduce envelope integrity such that sensitivity was increased to most antibodies, 

we tested the neutralization of the wild type and mutant viruses by plasma that was 

known to have limited breadth. Changes in neutralization patterns between the wild 

type and CS-Mut viruses (Table 3.17) provided an indication of whether or not the 

mutated envelopes were unstable or intact.  

In the case of T250-4, most of the plasma samples failed to neutralize the wild type 

while neutralizing the CS-Mut virus. This indicates that in the case of this virus, the 

envelope integrity may have been compromised by the introduction of the cleavage 

site mutants. In terms of viral immunogens for a vaccine, it would thus not be ideal to 

use T250-4 for this reason. For CAP256 SU CS-Mut, there was introduction of low 

level neutralization for four out of ten samples (Table 3.17) which indicate is indicative 

of some alteration to envelope conformation, although not to the same extent as T250-

4. The third virus, WITO.33 CS-Mut exhibited no notable increases in neutralization 

sensitivity to any of the tested plasma samples compared to the wild type.   
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Table 3.17: Comparison of neutralization ID50 of wild type and CS-Mut special strain viruses by non-
broadly neutralizing plasma. The warmer the color of the cell, the more potent the neutralization. Orange 
is for dilution factor values between 101 and 500, yellow for values between 41and 100, and blue for 
less than 40 (which represents neutralization resistance). 

T250-4 

SAMPLE WT CS-Mut FOLD 
DIFFERENCE 

CAP88 <40 166 4 

CAP188 <40 <40 1 

CAP200 <40 54 1 

CAP225 <40 114 3 

CAP228 <40 80 2 

CAP229 <40 360 9 

CAP237 <40 150 4 

CAP244 <40 120 3 

CAP268 <40 93 2 

CAP281 <40 60 1 

CAP256 SU 

SAMPLE WT CS-Mut FOLD 
DIFFERENCE 

CAP88 <40 <40 1 

CAP188 <40 <40 1 

CAP200 <40 <40 1 

CAP225 <40 <40 1 

CAP228 <40 53 1 

CAP229 <40 52 1 

CAP237 <40 77 1 

CAP244 <40 55 1 

CAP268 <40 <40 1 

CAP292 <40 <40 1 

WITO.33 

SAMPLE WT CS-Mut FOLD 
DIFFERENCE 

CAP88 <40 <40 1 

CAP188 <40 <40 1 

CAP200 <40 <40 1 

CAP225 <40 <40 1 

CAP228 <40 <40 1 

CAP229 <40 <40 1 

CAP237 <40 <40 1 

CAP244 <40 <40 1 

CAP268 <40 <40 1 

CAP281 <40 <40 1 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 
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HIV vaccine development continues to be a major focus of public health research in 

South Africa, which bears the brunt of the epidemic (1). A variety of strategies are 

being pursued to develop this vaccine, one of which is the engineering of immunogens 

that are aimed at eliciting bNAbs, which have widely been shown to be able to prevent 

infection in animal studies (116, 147). Here we utilized previously published data in a 

novel approach to design, engineer and test natural viral variants as immunogens to 

stimulate bNAbs.  

The first of these published studies described six uncommon viral escape mutations 

in the cleavage site of the envelope in CAPRISA donor CAP248 (94). When they were 

simultaneously introduced to various viruses, the mutations, while resulting in escape 

from the autologous response, also resulted in the enhancement of neutralization 

sensitivity to MPER bNAbs 4E10 and 10E8 (94). The second and third studies 

identified a subset of viruses that were shown to have a high probability of engaging 

the inferred germline versions or unmutated common ancestors of bNAbs directed to 

the V2 epitope of the envelope (126, 127). One of the studies used computational 

modelling to determine which viral isolates were most likely to bind bNAb precursors 

targeting the V2 epitope. The second study tested the neutralization profiles of a 

number of V2 germline antibodies against global viral isolates and identified several 

that were neutralized by these inferred germline bNAbs (126, 127). Despite these 

different approaches, three viruses were identified in both of these studies highlighting 

the likelihood that these strains have unique characteristics that are highly amenable 

to HIV vaccine design. Our hypothesis in this study was that these separate studies, 

when combined, had the potential to result in the development of dual bNAb germline 

targeting immunogens 

While the earlier study of cleavage site mutations had assessed a combination of six 

mutations, in this study the effect of the individual CAP248 mutations within the 

cleavage site was assessed both for impact on entry efficiency and on MPER 

exposure.  Introduction of the single mutations was shown to have a reduced fitness 

cost, as measured here by entry efficiency, compared to the combined mutations. 

However, these reduced fitness costs, which would be beneficial in immunogen design 

(see below), were off-set by the fact the no single mutation was individually able to 
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recapitulate the full MPER exposure previously shown for the combined mutations. In 

an attempt to improve the balance between entry efficiency and MPER exposure, we 

next combined three of the mutations that exhibited the best exposure of the MPER 

region into a triple mutant (R502Q/V505M/E507G). This engineered virus exhibited 

improved entry potential compared to the complete set of six mutations, along with 

good MPER exposure suggesting that this may be a better construct for immunogen 

design. Future studies should therefore further assess this construct for dual 

immunogen design by testing the triple mutant in additional viral isolates, including 

those shown to bind germline versions of V2 bNAbs, described above.  

The ability of bNAbs to recognize diverse global viruses is a reflection of the fact that 

they target conserved regions of the viral envelope glycoprotein. This would suggest 

that viral escape from bNAbs should be challenging, though many studies have shown 

that viral escape does indeed occur (81, 93, 148). In donor CAP248,  the negative 

impact of these mutations, individually or combined, on entry efficiency suggests that 

the pressure exerted on the virus by bNAbs dramatically impacted fitness (136). These 

cleavage site mutations arose as a consequence of viral escape from a bNAb targeting 

the gp120-gp41 interface and accumulated gradually over time (94). Viral escape 

within variable regions of the viral envelope has been shown to occur very rapidly, 

compared to the much slower viral escape from bNAbs, even within an individual 

donor (81, 135). This is similar to the slow accumulation of cleavage site mutations in 

CAP248, and has been associated with prolonged exposure of the viral epitopes which 

may contribute to the induction of bNAbs (81, 135). Our data further suggests that this 

prolonged and gradual escape may be associated with deficits in viral entry efficiency. 

It is possible that this is fitness cost specific to CAP248, in that cleavage site mutations 

may impact on the efficiency with which the gp160 envelope is cleaved by the host 

furin into gp120 and gp41. Our future studies will assess the effect of these mutations 

on envelope processing and incorporation into viral particles which may provide a 

mechanism for the reduced entry efficiency.   

In vivo, in CAP248 this fitness cost was imperative for the virus to survive in the 

presence of the bNAbs and similar observations have been made for other bNAbs 

(136). However, if fitness costs prove to be a general feature of escape imposed by 

bNAbs, this is a feature that can potentially be used for HIV prevention and treatment 

strategies. In antibody-mediated prevention strategies, many of which are currently 
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underway in humans, fitness costs may result in the preferential transmission of 

crippled viruses, which contain resistance mutations enabling them to get across the 

stringent mucosal defenses despite the presence of bNAbs. Transmission of 

attenuated viruses might result in lower viral loads, similar to the cytotoxic T-

lymphocyte (CTL) and ART escape mutants which have been associated with lower 

set point viral loads (149-152). In the context of treatment, published studies suggest 

viral escape is inevitable (75, 153-155), but this may drive the weakening of the virus 

while the antibody is present. This also highlights the need to use combinations for 

both prevention and therapy (113), as this is likely to impose even greater fitness costs 

which may be beneficial for patient outcomes.  

Although fitness is multifactorial, we measured only entry efficiency because this 

project is ultimately aimed at vaccine design utilizing virus-like particles (VLPs) 

incorporating expressed mutated envelope. This platform has previously been tested 

and shown to have promise in small animal studies, eliciting robust neutralizing 

responses (156). VLPs are a favorable platform because they present the trimer 

(which is the only target of neutralizing antibodies) in a completely native form (157). 

Specifically, VLPs include the viral membrane which is a crucial part of the epitope of 

MPER antibodies. Also, in VLP models, the base of the trimer is not exposed. This is 

in contrast to the use of soluble SOSIP trimers. Immunogenicity studies with SOSIP 

trimers have shown considerable promise, eliciting robust neutralizing responses in 

rabbits and macaques (36, 48, 90). However, a drawback of SOSIP trimers is the 

absence of the viral membrane, and the fact that the base of the trimer, normally 

occluded within the membrane, is exposed. Recent studies suggest that the trimer 

base is highly immunodominant, eliciting antibodies that recognize a region of 

envelope that is occluded on transmitter/founder viruses and of little value therefore 

for immunogen design (158). The use of a VLP platform may therefore be optimal in 

avoiding such non-neutralizing responses, and is amenable to the inclusion of the 

engineered envelopes described in this study.  

One of the advantages of both the VLP and soluble trimer models is that they aim to 

elicit many different bNAbs that target various epitopes on the viral envelope spike. 

The use of immunogens that target multiple bNAb epitopes is favorable as it increases 

the potential coverage that such a vaccine might have, as has been shown using 

combinations of bNAbs (113). To design an immunogen able to elicit at least two bNAb 
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specificities (MPER and V2), we therefore introduced the cleavage site mutants into 

viral isolates previously shown to engage V2 targeted germline bNAbs. The V2 epitope 

is considered a favorable vaccine target because these specificities are very 

commonly elicited during infection, and have been shown to acquire breadth rapidly 

by relatively little affinity maturation (73, 76, 83, 84). 

Introduction of  cleavage site mutations into these V2 “special strains” showed reduced 

entry efficiency, similar to the effect previously described in a single heterologous 

virus, CAP45.G3 (94). Moreover, the effect of MPER exposure was variable among 

the five viruses suggesting that other features of the viral envelope contribute to this 

enhancement. For example, the WITO.33 CS-Mut did not exhibit much improvement 

in MPER exposure compared to the wild type, whereas the T250-4 and CAP256 SU 

CS-Mut viruses exhibited a remarkable improvement for MPER exposure compared 

to their wild type counterparts. A notable difference between the two was that the 

T250-4 CS-Mut showed increased sensitivity to five out of the six MPER antibodies 

that were tested, suggesting that not only was the MPER exposed by the cleavage 

site mutations, but the sequence of the MPER region was representative of global 

viruses, and therefore the epitopes of all the tested bNAbs were intact. In contrast, 

despite showing MPER exposure, CAP256 SU possessed fewer of the MPER 

epitopes, as indicated by the failure of M66.6 and 2F5 to neutralize either the wild type 

or the CS-Mut viruses. CAP256 SU, however, exhibited better entry efficiency in both 

the wild type and CS-Mut viruses compared to T250-4, which may make this a better 

candidate for VLP vaccines. This once again highlights the trade-off between fitness 

and immunogenicity that is described above. Future studies should therefore perform 

comparisons of entry efficiency and immunogenicity studies in the V2 special strains 

engineered to contain the triple mutant, to assess the likelihood that these may be 

superior vaccine candidates than those described in this study. 

As well as testing the exposure of the MPER using bNAbs, we also assessed the 

ability of these potential dual germline targeting immunogens to react with inferred 

precursors of MPER-directed antibodies, a crucial aspect of immunogen design (159). 

These antibodies are the best available test of whether these engineered dual 

germline targeting immunogens may be useful in activating MPER B cell precursors. 

Unfortunately, the cleavage site mutations did not introduce neutralization to the 

inferred germline MPER antibodies. The failure of the CS-Mut viruses to engage the 
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inferred MPER germline bNAbs does not dismiss these viruses entirely in terms of 

their use as immunogens to elicit MPER precursors in vivo. Neutralization may be too 

high a bar for immunogen evaluations as it is possible that lower level binding to B cell 

precursors will be enough to activate them (160). Future experiments should use cell 

surface binding assays and calcium based B cell activation assays to assess if the 

MPER germline antibodies bind the immunogens, despite the lack of neutralization 

seen here. The use of trimers expressed on the surface of cell membranes will provide 

an accurate indication of what can be expected should these immunogens be 

engineered into VLPs. Another potential caveat in the use of germline reverted 

antibodies is the fact that little is known about true MPER precursors (or unmutated 

common ancestors) that develop in infected individuals, as longitudinal studies of their 

ontogeny have not been conducted to define them. The inferred germline reverted 

antibodies which are generally used for these studies, still contain the CDRH3 of the 

mature antibodies from which they were derived, as this cannot be inferred using 

bioinformatic approaches. Thus, while useful, germline reverted MPER antibodies are 

not an accurate representation of the actual unmutated common ancestors. Future 

studies should aim to identify true MPER unmutated common ancestors which could 

be tested in vitro against the immunogens designed in this study.  

Overall, this study has contributed to our understanding of the consequences of viral 

escape from bNAbs, which will be of value in the era of passive immunization studies. 

Furthermore, this study has enabled the design of a novel set of engineered viruses 

that can be used as a tool in future studies to assess their ability to elicit MPER B cells. 

The triple mutation, with good MPER exposure and entry capacity has potential for 

further studies in vitro and in vivo, using small animal immunizations. Similarly, the 

CAP256 SU which exhibited good MPER exposure and limited “off-target” effects is 

also a promising future immunogen.  
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APPENDIX A: SEQUENCE ACCESSION NUMBERS (GENBANK) 
 

VIRUS ACCESSION NUMBER 

CAP256 SU KF996583 

WITO.33 AY835451 

T250-4 EU513189 

CM244 JQ715397 

ZM233 DQ388517 

CAP45.G3 DQ435682.1 
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