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Abstract 

Developing a safe and effective prophylactic vaccine against HIV-1 still remains the most effective 

strategy for controlling and eliminating the worldwide health burden of HIV infection. In order for 

an HIV-1 vaccine to be effective, it would need to elicit “long-lasting” broadly neutralizing 

antibody (bNAb) responses capable of providing protection against a large number of globally 

circulating HIV-1 subtypes. The development of effective vaccines by previous human clinical 

trials have failed to elicit protective immunity, and this may be due to the many challenges of HIV-

1 vaccine design including the conformation-dependent exposure of critical epitopes in an 

immunogen. The viral envelope glycoprotein (Env; the target of bNAbs) binding to CD4 exposes 

epitopes which are masked in the unbound Env conformation, such as CD4 induced epitopes that 

are subsequently exposed during the open Env conformation. A preliminary study performed by 

our laboratory testing various HIV-1 Env/2dCD4S60C immune complexes in rabbit immunisations 

have demonstrated that it is possible to generate antibodies capable of neutralising tier-2 (harder 

to neutralise) HIV-1 pseudoviruses in vitro. The aim of this study was to delineate the neutralising 

responses observed in these Env/2dCD4S60C immunised rabbits by isolating and characterising the 

monoclonal antibodies from these sera. The first objective was to confirm the presence of 

neutralising antibody responses elicited by the immunized New Zealand white rabbits in response 

to a booster with the immunogen complex using the TZM-bl based neutralising assays. The 

trimeric gp140GCN4 and 2dCD4S60C were expressed, purified, and complexed for use in the rabbit 

booster immunizations. Next, we sought to sort for single antigen-specific memory B cells using 

a multi-parameter Flow Cytometry and Fluorescence Activated Cell Sorting (FACS) technique. 

Following single cell sorting, transcriptionally active linear expression cassettes (TAPs) were 

assembled by PCR. The linear cassettes containing a promoter, the antibodies variable and constant 

regions and a terminator sequence were assembled in a mammalian expression vector system as 

TAPs. Matched linear cassettes pairs (heavy- and light-chains) were co-transfected in HEK 293T 

mammalian cells and tissue culture supernatants were collected, concentrated and evaluated for 

monoclonal antibody expression. Concentrated culture supernatants were tested to determine the 

binding activity of the expressed antibodies, and confirm size and identity using ELISAs and SDS-

PAGE/western blot analyses, respectively. Using the TZM-bl neutralization assay, our results 

confirmed the persistence of circulating neutralizing antibody responses two years after the last 
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immunization (new baseline) against a heterologous, tier-2 clinically relevant pseudovirus, 

ZM53M.PB12. In addition, we demonstrated that these specific neutralization titres (ID50) could 

once again be elevated in three rabbits following a single boosting immunization with the 

Env/2dCD4S60C complex. Anti-HIV-1 specific B cells from rabbit PMBCs post booster were 

successfully isolated and sorted as single cells using multi-parameter Flow Cytometry and FACS 

techniques. All elements of the TAP cassette were successfully PCR amplified from the sorted B 

cells, however, subsequent analysis showed that the antibody variable fragments were missing 

from the assembled TAP cassettes. As such, the expressed proteins failed to bind the Env, 

2dCD4S60C and Env/2dCD4S60C antigens in an ELISA, and the presence of truncated antibody 

fragments was confirmed in the immunoblot assays. Overall, the durability of the bNAb response 

elicited by immunization with the Env-2dCD4S60C complex were confirmed, highlighting the 

importance of isolating and characterizing the monoclonal antibodies responsible for 

neutralization, and future strategies can optimize the protocols described here. 
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1. Introduction 

1.1. The HIV-1 pandemic 

The human immunodeficiency virus type 1 (HIV-1), a lentivirus of the retrovirus family, is 

responsible for the global acquired immunodeficiency syndrome (AIDS) pandemic [1]. Since HIV 

and AIDS was first discovered in the 1980s, an estimated 74.9 million individuals have been 

infected with HIV-1, which has resulted in approximately 32 million AIDS-related deaths by the 

end of 2018 [2]. Research into combating the virus and the development of antiretroviral therapy 

has significantly led to the decrease in AIDS related deaths and the number of new infections [3]. 

The UNAIDS reported that an estimated 37.9 million people worldwide were living with HIV-1 

at the end of 2018. In the year 2018, an estimated 1.7 million people became newly infected with 

HIV-1, and approximately 770 000 people died due to AIDS-related illnesses [2]. East and 

Southern Africa remain the most severely affected, accounting for approximately 54% of all 

infections (Figure 1.1) [2]. East and Southern Africa accounted for an estimated 800 000 

individuals newly infected with HIV-1, just less than half the estimated number of newly infected 

individuals worldwide of 1.7 million people as reported for the end of 2018 (Figure. 1.1) [2]. 

Despite the high numbers of infections, the overall number of new infections in the East and 

Southern African regions has decreased by approximately 28% since 2010 [2]. The number of 

deaths in these regions, has also decreased by 44%, which is widely attributed to an increase in 

individuals knowing their status to an estimated 85% of infected individuals, and an estimated 

67% of people knowing their status being on treatment, and 58% of the people on treatment being 

virally suppressed at the end of 2018 [2]. 
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Figure 1.1: HIV-1 statistics for East and Southern Africa at the end of 2018. Image obtained from [2]. 

In June 2019, the UNAIDS reported an estimated 24.5 million people living with HIV/AIDS had 

access to antiretroviral therapy (ART) worldwide [2]. The increase in ART administration to 

individuals living with HIV-1 from 7.7 million people in 2010 to 24.5 million people in 2019 has 

been a contributing factor to the decrease in the amount of new infections as well as recorded 

deaths observed worldwide [2], [4]. Despite decreased infection rates, HIV-1 infections remain a 

health burden globally, particularly in the East and Southern African region, therefore novel and 

effective prevention strategies need to be implemented.  

Prevention and treatment strategies are currently a combination of social and biomedical 

interventions. The social strategies aim to reduce the transmission of HIV-1 by targeting risky 

behaviours [5]. These social strategies include educating the public on practicing safe sexual 

behaviour, the importance of proper condom usage, the rapid treatment of sexually transmitted 

infections, counselling and psychological support, safe infant feeding, the reduction of stigma and 

discrimination as well as safe needle usage [6]–[8]. Social interventions also aim to improve 

adherence to ART for individuals living with HIV-1.  

The biomedical strategies make use of both clinical and medical methods in the hope of reducing 

the transmission of HIV-1. The biomedical interventions include voluntary medical male 

circumcision, where research has shown a reduction in the risk of HIV-1 transmission in 

circumcised heterosexual males by approximately 60% [9], [10]. Other biomedical interventions 

include HIV-1 testing and counselling, needle and syringe programmes providing education on 
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safe needle usage, blood screening, increased access to sexual and reproductive health services, 

preventing mother-to-child transmission (PMTCT), and the administration and usage of ART-

based treatments including pre-exposure prophylaxis (PrEP), and post-exposure prophylaxis (PEP) 

[6], [7]. ART is currently the most effective treatment method for individuals infected with HIV-

1, however, there are many limitations to ART [11], [12]. Some of the limitations include the 

development of resistance mutations that occur leading to virological failure of treatment regimens 

due to sub-optimal drug levels or prolonged usage; individuals having restricted access to ART in 

certain areas; and the inability of currently available antiretroviral drugs to target and eliminate 

latent viral reservoirs which ultimately leads to failure to fully restore the immune system of the 

infected individual, and the absence of an HIV cure [12].  

Studies focused on prevention strategies such as the development and administration of pre-

exposure prophylaxis (PrEP) [13], the development of ART as treatment to prevent HIV-1 

infection [14], and the development of preventative HIV-1 vaccines are crucial for the eradication 

of HIV-1 and require significant investment in research [15]. Mathematic modelling has shown 

that combined preventative strategies such as the increase in medical male circumcision and the 

early administration of ART and PrEP has contributed significantly to the reduced incidence of 

HIV-1 infections [16]. The development of a safe and effective prophylactic vaccine against HIV-

1 still remains the most effective goal for controlling and eliminating the worldwide health burden 

of HIV infection [17]. In order for an HIV-1 vaccine to be effective, it would need to elicit long-

lasting broadly neutralizing antibody (bNAb) responses capable of providing protection against a 

large number of globally circulating HIV-1 subtypes.  

1.2. HIV-1 life cycle 

For a better understanding of HIV prevention and treatment strategies, the life cycle of HIV needs 

to be explained since many effective treatment regimens and vaccine strategies target different 

stages of the HIV life cycle. In the first stage, during viral infection of a host CD4 cell, virus to 

host cell adhesion takes place when the gp120 component of the virus envelope glycoprotein (Env) 

resulting in conformational changes which allows for coreceptor binding. Env is a glycosylated 

trimeric conformation made up of two heterodimeric subunits, gp120 and gp41 [18] (Figure 1.2) 

(the structure of Env will be explained in more detail in section 1.8). The gp120 subunit attaches 
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sequentially to the CD4 receptors and to either of the CCR5 or CXCR4 host cell co-receptors 

(Figure. 1.3) [19]–[21].  

 

Figure 1.2: Schematic representation of the HIV-1 trimeric envelope glycoprotein made up of the non-

covalently bound gp120 and gp41 subunits. Image obtained from [22]. 

The gp120 subunit of Env attaches first to the host receptor CD4 which allows for conformational 

rearrangements that facilitate gp120 binding to a coreceptor (either CCR5 or CXCR4) that has a 

higher binding affinity for gp120 (Figure. 1.3) [21]. Once gp120 has bound to the 

receptors/coreceptors, Env undergoes conformational changes inducing the exposure of the gp41 

subunit, formation of the six helix bundle in gp41, and insertion of the fusion peptide into the 

membrane of the host cell leading to viral-host membrane fusion (stage 2) [20], [23]. During 

membrane fusion, the viral capsid is released into the cytoplasm of the host cell and uncoats, 

releasing two viral single positive strands of RNA (ssRNA) and the essential enzymes needed for 

replication, namely; reverse transcriptase, integrase, and protease (Figure. 1.3) [24], [25].  During 

the third stage, the viral ssRNA is reverse transcribed into linear double-stranded DNA (dsDNA) 

by the reverse transcriptase (RT), which is also responsible for initiating and catalysing the reaction 

(Figure. 1.3) [23], [25]. During the fourth stage, integrase cleaves the ends of the dsDNA creating 

two sticky ends, allowing the viral DNA to aggregate with other viral and host proteins into a pre-

integration complex, to be trafficked to the nucleus of the host cell and integrated into the host cell 

genome (Figure. 1.3) [23], [26]. Once the viral DNA is integrated into the host genome, 

transcription of the viral DNA into messenger RNA (mRNA) takes place (Figure. 1.3). 

During stages five to seven, the transcribed mRNA migrates to the cytoplasm of the cell where 

structural proteins are generated for the synthesis of a new viral particle (Figure. 1.3) [23], [27]. 

The newly generated viral RNA and proteins migrate towards the host cell surface forming an 

immature HIV-1 (non-infectious) virion (Figure. 1.3) [28].  In the cytoplasm, large proteins are 
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cleaved by viral and host proteases into smaller core proteins [24]. In order for a virus to be 

infectious, partial maturation takes place in the cytoplasm, which involves the cleavage of the Gag-

Pol polyprotein precursors by HIV-1 proteases (Figure. 1.3) [21]. The Gag polyprotein is not 

completely cleaved in the cytoplasm. The core proteins then assemble around two new RNA 

strands and enzymes responsible for replication, forming a capsid for the generation of a new HIV-

1 molecule (Figure. 1.3) [24].  During Env synthesis, gp160 precursors are transported to the golgi 

apparatus where they undergo oligomerisation into trimers and are cleaved into gp120 and gp41 

subunits by the host protease furin, forming functional Env [29]. Trimers of Env make up 

approximately 72 knobs [30] anchored on the outer lipid membrane making up the envelope 

surface. Neutralising epitopes that are conformation-dependent, are located on the trimeric Env. 

These conformation-dependent neutralising epitopes are found on native protein, or are created 

following conformational changes during viral entry, however, on the unfolded denatured proteins, 

they are only partially expressed. Once Env has been synthesised and the Gag and Pol proteins are 

cleaved or partially cleaved, an immature virion is released by budding from the cell surface, taking 

components of the cell membrane with it. Complete cleavage of the Gag proteins into their subunits 

by the viral protease then results in a fully infectious virion, capable of a new cycle of infection of 

CD4+ T cells (Figure. 1.3) [21]. This replication process occurs every two to three days, destroying 

infected CD4+ T cells, and ultimately leading to the destruction of the hosts’ immune system. 

Trimeric Env has been the sole target for vaccine-strategies aimed towards the generation of 

bNAbs to target and prevent HIV-1 infection. 
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Figure 1.3: The HIV-1 viral life cycle, showing the seven stages of infection of a CD4 positive T cell. The targets 

of FDA approved antiretroviral drugs are also highlighted. Image obtained from [24]. 



7 
 

1.3. HIV-1 life cycle inhibitors 

Different classes of drugs used for ART are used to target and inhibit various stages in the viral 

replication cycle. Entry and fusion inhibitors- such as Maraviroc which is a coreceptor antagonist- 

selectively bind to the CCR5 coreceptor, preventing the attachment of the viral gp120 to the CD4+ 

T cell thus preventing fusion and viral entry [31]. Nucleoside/tide Reverse Transcriptase Inhibitors 

(NRTIs) and Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) target the second stage 

of the replication cycle through distinct mechanisms. The NRTIs such as Tenofovir Disoproxil 

Fumarate, act as analogs of the DNA nucleotides, therefore, when the analogs are incorporated by 

the viral reverse transcriptase enzyme during reverse transcription, DNA chain elongation is 

terminated [32]. NNRTIs such as Efavirenz, bind directly to the reverse transcriptase resulting in 

conformational changes leading to the inability of the enzyme to perform its function of 

transcribing the viral RNA strands into double-stranded DNA [33], [34]. Integrase Strand Transfer 

Inhibitors (INSTIs) such as Raltegravir, block the integration of the viral cDNA into the host cell 

genome [35], and Protease inhibitors (PIs) such as Ritonavir, inhibit viral maturation by preventing 

cleavage of the viral proteins into smaller core proteins for viral assembly [36]. 

1.4. Immune responses to HIV-1 infection 

The majority of early transmission and acute HIV-1 studies in humans have shown that productive 

infection arises from a single viral variant, known as the founder virus (FV), despite the 

transmission of a diverse viral quasispecies [37]. Transmission studies reveal that the FV 

phenotype may be moulded by the transmission bottlenecks and the selective pressure placed on 

the virus [37].  HIV-1 is primarily transmitted by sexual activity occurring through mucosal 

surfaces. HIV-1 can be transmitted vertically by mother-to-child exposure and directly through 

intravenous means. HIV-1 targets CD4+ T cells, ultimately leading to the depletion of these cells, 

which are required for protective adaptive immune responses to pathogenic infections. The 

depleting effect of HIV-1 on CD4+ T cells lead to immunodeficiency which results in AIDS-

related opportunistic infections, and ultimately death if left untreated.  

1.4.1. Acute infection 

Acute HIV-1 infection is the time of transmission, and covers the period of infection from HIV-1 

RNA detection until the generation of antibodies against HIV-1 (seroconversion) which occurs 3 
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to 4 weeks post infection [38]. Studies have shown that acute HIV-1 infection results in depletion 

of CD4+ memory T cells, mostly in the mucosal tissues, which is due to the high expression of 

CCR5, and the activated state of mucosal CD4+ T cells [39]–[41]. During the early period of 

infection, the innate immune system is activated which recruits granulocytes, macrophages, and 

lymphocytes. The macrophages and lymphocytes, specifically T-cells, are also cellular targets of 

the virus. The activated CD4+ CCR5+ T cells are presented as targets cells for additional infection 

once the virus and infected cells move to the draining lymph nodes [42], [43]. Viral replication 

and dissemination to the secondary lymphoid tissue then occurs, particularly in the gut-associated 

lymphoid tissue (GALT), where there is an increased number of activated CD4+ CCR5+ T cells 

present [39]. During the acute stage of infection, naïve and resting central memory T cells which 

do not express CCR5 are not targeted, therefore, providing the potential for regeneration of the T 

cell populations during this period [44]. 

Peak plasma viraemia (measured as viral load; RNA copies/ml) is reached after 21-28 days of 

infection, along with a decreased number of peripheral CD4+ T cells. At this point, the emergence 

of anti-HIV-1 CD8+ Cytotoxic T lymphocytes (CTL) brings viral replication under control, 

however, the number of CD4+ T cells in the GALT remain severely reduced, and the peripheral 

CD4+ T cells slowly increase, but never reach pre-infection levels [40], [45]. The early loss of 

CD4+ CCR5+ memory T cells has great immunological consequences, eventually leading to a 

failing host immune defence system, and the progression to AIDS at a later stage of infection [46]. 

At the time of peak viremia, viral reservoirs are already established in resting memory CD4+ T 

cells with a lower decay rate, which suggests that highly active antiretroviral treatment (HAART) 

cannot fully neutralise the virus  for the duration of the patient’s lifespan [47].  

1.4.2. Chronic infection 

Post-infection, after 12-20 weeks the viral load decreases to a stable viral set point [48], initiating 

the chronic stage of infection. Studies have demonstrated that in the absence of HIV specific CD8+ 

CTL responses, there is no decline in virus levels from peak viremia for a prolonged period which 

indicates that CD8+ CTL activity is significant to the control in viremia [49], [50].  Regardless of 

the presence of circulating CD4+ T cells, and the majority of infected individuals being 

asymptomatic for long periods of time following peak viremia, an immune activation and an 

accelerated cell turnover occurs during chronic infection [51], [52]. In the gut, increased numbers 
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of naïve and central memory T cells are present, and although these cells have a short half-life, 

they play a role in partially substituting for the depleted CD4+ effector memory T cells during 

acute infection [44], [53]. In contrast, stimulating the naïve and central memory CD4+ T cell 

repertoire generates more cell targets expressing CCR5, which provides additional viral targets for 

infection [46]. 

Immunological damage to the gastrointestinal tract results in mucosal barrier breakage which leads 

to translocation of microbial products, which includes bacterial lipopolysaccharide (LPS), into the 

peripheral circulation. Studies have demonstrated that  HIV infection, bacterial translocation and 

elevated plasma LPS levels correlate with the high levels of immune system activation seen during 

HIV infection [54]. Bacterial translocation plays a critical role in chronic immune activation, 

however, it is not responsible as the sole microbial burden.  HIV-1 also plays a crucial role in 

chronic immune activation since during viral replication the production of gp120 and Nef, or viral 

nucleic acids results in the activation of  proinflammatory cytokines and type I interferon (IFN), 

including IFN-α and IFN-β [38], [44], [55]. Immune activation ultimately results in the depletion 

of CD4+ T cells through multiple mechanisms, a decrease in the half-life of CD4+ and CD8+ T 

cells, abnormal T cell trafficking, clonal exhaustion of T cells, and drainage of memory T cell 

pools [56]–[58]. During chronic infection, a minority of activated CD4+ T cells are infected with 

HIV-1  [46], [58]. Viral evolution at this stage of infection is accelerated by the high viral mutation 

rate and alteration in cellular tropism, which leads to the emergence of dual tropic or predominantly 

CXCR4 tropic strains from a pool of CCR5-tropic strains, with increased virulence and improved 

breadth of target cell tropism [44]. Additionally, lymphoid tissue damage leads to thymic 

dysfunction, the transformation of growth factor-β-dependent fibrosis and alterations in lymphoid 

follicle architecture [57], [59]. HIV-1 infection has a significant impact on blood and tissue B cells 

resulting in induced early class switching in polyclonal B cells, B cell apoptosis, and loss of 

germinal centers (GC) in lymphoid tissue [60], [61]. Along with adaptive immune system damage, 

there is a significant dysregulation of the innate immune system [38]. 

1.4.3. Innate Immune system 

The innate immune system is responsible for the initial responses to HIV-1 infection. The innate 

immune system functions by either directly inactivating the invading pathogen, or primes the 

adaptive immune system for the generation of the necessary effector responses. Innate immune 
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cells, such as macrophages, monocytes, and dendritic cells interact with pathogen-associated 

molecular patterns (PAMPs) through pattern recognition receptors (PRRs) (reviewed in [62]). 

These PRRs evolve  as substrate-specific receptors that are able to identify self- and non-self and 

persistently monitor the intra- and extracellular environment (reviewed in [62]). The innate 

immune system detects HIV-1 by recognizing the viral nucleic acids present in the cytosol of 

infected cells during replication and in the endosomes of phagocytosing cells. The majority of the 

PAMP/PRR interactions result in the activation of signaling pathways that lead to pro-

inflammatory cytokines and type-1 interferons (IFNs) transcriptional activation. Type 1 IFNs 

induce the expression of IFN-stimulated genes by binding to receptors of infected and 

neighbouring cells, that results in the inhibition of viral replication and spread [63].  

The innate-like lymphocytes, natural killer cells, are crucial to the control of viral infections 

through interactions with other host immune cells, through secreting chemokines and cytokines or 

through direct cellular cytotoxicity against infected target cells  (reviewed in [64]). Natural killer 

cells identify infected cells through interactions with antibodies that are bound to the target cell 

surface through antibody-dependent cellular cytotoxicity (ADCC) or through interactions as a 

result of inhibition and activation of surface cell receptors with the ligands on infected cell. Natural 

killer cells are often activated by the decreased levels of expression of the MHC-class-1 molecules 

on the surface of HIV-1 infected cells by signaling inhibitory killer cell Ig-like receptors (KIRs), 

which is a crucial complementary mechanism to MHC-class-1 recognition dependent CD8 T-cell 

responses (reviewed in [65]). 

1.4.4. Adaptive immune system 

Research studies have shown that HIV-1 specific CD8+ CTLs are crucial to the control of viral 

replication [50], [66]. Towards the end of the acute stage of infection, the rapid decrease in the 

viral load is correlated with the emergence of HIV-1 specific CD8+ CTLs [50], [66], [67]. 

Cytotoxic CD8+ T cells bind to infected cells through their T-cell receptors when they recognise 

viral proteins on the surface of the cell using MHC-class1 molecules. The HLA-class-I type has 

an effect on the disease progression rate, where certain HLA alleles such as HLA-B35 correlate 

with faster disease progression to AIDS, however, certain HLA molecules such as HLA-B57 and 

HLA-B27 can assist with viral control and delay progression to AIDS [68]. The peptide binding 

specificity is critical for the protectiveness provided by the alleles, which allows CD8+ T cells to 
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target epitopes that are located within the Gag region, where immune response is evaded by escape 

mutations resulting in a high cost of viral fitness [69], [70]. The transmission of viral variants with 

disadvantageous escape mutations that lead to reduced viral replication assists with the control of 

HIV-1 in the new host and plays a role in reducing the viral load and the depletion of CD4+ T cells 

[71], [72]. 

1.4.4.1. CD4+ T cells 

CD4+ T cells facilitate the maintenance of functional CD8+ T cell responses with the same 

antigen-specificity [73], [74]. The major target for HIV-1 is CD4+ T cells leading to depletion of 

these cells throughout the infection period [45], [75] while persistent infection of activated and 

HIV-1 specific CD4+ T cells occurs during the chronic infection stage [76]. The depletion of HIV-

1 specific CD4+ T helper cells is suggested to be the main attribute to the failure of successful 

viraemic control, because of the role these cells have in directing various cellular and humoral 

immune functions [77]. 

HIV-1 specific CD4+ T cells have intrinsic direct cytotoxic activity against infected cells [78].  A 

study using a large cohort of ART-naïve HIV-1-clade-C infected adults demonstrated that the 

increased amounts of Gag-specific CD4+ T cell responses correlates with increased CD4 numbers 

and a decreased viral load [79]. IL-2 has a key immunoregulatory role in CD4+ T cells during 

immune response as it plays a significant role in differentiation, activation, and proliferation of 

NK cells, Th1 and Th2 CD4+ T cells, B cells, regulatory T cells, and memory CD8+ T cells [80]. 

1.4.4.2. B cells 

The focus on the elicitation of bNAbs, which are potent antibodies that are able to neutralise a 

wide range of HIV-1 strains from various HIV-1 subtypes in vaccine research is of extreme 

significance, as these antibodies could prevent infection and ideally provide sterilising immunity 

[81]. These bNAbs only occur naturally in approximately 10-30% of HIV-1 infected individuals 

over several years [82]–[86] through a process of extensive somatic hypermutation (SHM) [87]. 

Although circulating bNAbs are generated in infected individuals, the presence of these bNAbs is 

not directly associated with viremia control in vivo, however, passive infusion studies in NHPs 

have revealed that bNAbs possess a protective role against challenge infections. CD4+ T follicular 

helper (Tfh) cells are a special subset of cells that help B cells in the GCs to assist in antibody 
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maturation [88]. Tfh cells are important as they provide the needed cognate interactions (CD40-

CD40L, MHCII-peptide-TCR) and secrete soluble mediators at the interface of zone borders of 

the T and B cells, which results in B cell GC formation, immunoglobulin (Ig) class-switch 

recombination (CSR), SHM and differentiation of B cells into long-lived memory B cells and 

plasma cells [89]–[93]. The GCs are structures within the follicles of B cells where SHM of the 

immunoglobulin (Ig) variable region occurs to improve the affinity for antigen binding leading to 

an improved protective efficacy [94]–[99]. The role Tfh cells play is significant to the generation 

of high affinity antibodies. 

Due to the critical responsibilities of Tfh in the GC B cell responses, several research groups have 

studied the impact of HIV-1 infection on Tfh cell frequency and function [100], [101]. The 

frequency of Tfh cells is associated with plasma viremia, which suggests that Tfh cells may be a 

target for HIV-1 infection [100]. Tfh cells in infected lymph nodes have an increased concentration 

of HIV-1 DNA in comparison to non-Tfh cells [101] and are a reservoir of latent virus in infected 

individuals receiving ART [102], [103]. Studies have shown an expansion of Tfh in HIV-1 infected 

individuals which is associated with an increased frequency of GC B cells and antibody production 

[100], [101]. However, regardless of the increased frequency of the Tfh cells, studies have shown 

that Tfh cells from HIV-1 infected individuals are functionally impaired and do not provide the 

required help to B cells [104]. This is suggested to be partially due to increased expression of PD-

L1 by B cells resulting in PD-1 ligation which inhibits proliferation of Tfh cells, reduces induced 

T cell co-stimulator ICOS expression and IL-21 cytokine secretion [104]. Exogenous 

administration of IL-21 is shown to improve the frequency of B cells which indicates that a reduced 

secretion of IL-21, may in part, impair memory B cell response formation [105], [106]. It therefore 

seems that the function of Tfh cells is affected by the lymph nodes of HIV-1 infected individuals, 

and Tfh cells may arise based on microenvironmental signals which result in abnormal inhibitory 

molecule expression. 

1.5. HIV-1 Phase IIb/III vaccine trials 

Through early research into vaccine design using non-human primate (NHP) models that made 

use of various nef or multiple gene deleted viral strains, it became obvious that using live-

attenuated vaccine would not generate an effective, safe vaccine, since the virus showcased 

deletion repair and enhanced viral fitness resulting in antibody escape and increased viral infection 
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[107]–[109]. The area of interest in vaccine development strategies turned next to the development 

of Env subunit vaccines, which was considered safer than the traditional live-attenuated and heat-

killed whole virus vaccines. The focus was mainly on the generations of various Env gp160 or 

gp120 recombinant proteins from a variety of viral strains and subtypes, and assessing the 

immunogenicity of the recombinant proteins produced from various viral gene expression systems 

(reviewed in [110]). Pre-clinical studies have investigated a number of potential combinations for 

vaccine regimens, including prime-boost strategies, consisting of combinations of expression 

vectors, recombinant proteins, various delivery schedules and methods and routes of 

administration (reviewed in [110]). The findings of subsequent clinical trials confirmed the 

elicitation of an antibody mediated immune response in humans is possible by Env vaccination, 

however, the immune responses by the first or second generation Env immunogens lack potency 

and neutralisation breadth.  

Researchers face many challenges with vaccine development, such as the high variability rate of 

the virus. Between the two HIV types (HIV-1 and HIV-2) and the various groups and subtypes of 

HIV-1, the Env amino acid sequences differ significantly, and HIV-1 continues to evolve within 

an infected individual. The high genetic diversity is as a result of the high error rate of reverse 

transcriptase and the high replication rate of HIV-1 [111], [112], and leads to the generation of 

multiple quasi-species of related genomes with 5-10% divergence in a single infected individual. 

The variability of the virus allows quasispecies and/or mutated viruses to escape selective pressure 

generated by the immune system and antiviral drugs. HIV-1 also evades the immune system is 

through the structural modifications of the native Env spikes on the viral envelope. As mentioned, 

Env mediates infection through receptor binding and fusion, and as the only virally-encoded 

protein on the viral surface, it is the major target for neutralising antibodies [20], [113]. The gp120 

and gp41 components of the trimeric glycoprotein spikes are non-covalently linked and unstable. 

Post binding, the gp120 monomeric components are shed into the peripheral blood, and act as 

immune decoy, so that the non-native monomeric gp120 “deceives” the host immune system 

which results in the generation of antibodies targeting non-functional forms of Env. Initial vaccine 

trials were based on soluble monomeric gp120, which due to its non-native conformation proved 

unsuitable for the elicitation of bNAbs in humans. These previously used vaccines were able to, at 

best elicit neutralising antibodies against autologous HIV-1 strains. Great strides were made in 

vaccine research after the rational vaccine design of recombinant, soluble native-like Env proteins 
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based on the comprehensive analysis of the native Env structure (tertiary and quaternary) and 

function with the most well characterized native-like trimeric Env spike to date being the gp140 

SOSIP.664 trimer [114]–[117]. 

During recent years, the immunogens have been optimised, however, despite the multitude of 

vaccine candidates being pre-clinically tested as HIV-1 vaccines, including the gp140 SOSIP.664 

trimer, bNAbs targeting various heterologous strains have not been induced. The two first Phase 

III clinical trials testing the efficacy of HIV vaccines were based on recombinant Env. The 

VAX004 trial started in 1998 was a randomised, double-blind, placebo controlled study of 

AIDSVAX B/B using subtype B recombinant gp120 in alum [118]. The VAX004 trial took place 

in North America and the Netherlands and enrolled 5403 men who have sex with men (MSM) and 

women at high risk of infection [118]. The VAX004 immunogen generated some neutralising and 

CD4-blocking antibodies in all vaccinees, however, the estimated vaccine efficacy was only 6% 

[118]. A randomised, double blind, placebo-controlled efficacy trial of AIDSVAX B/E (VAX003) 

began in 1999 in Thailand and a 2546 injection drug user (IDU) cohort was enrolled [119]. Two 

recombinant gp120 HIV-1 Env antigens from a CXCR4 lab-adapted clade B strain and a CCR5 

primary subtype CRF01_AE isolate adjuvanted in alum were used for the AIDSVAX B/E vaccine 

[119]. The VAX003 study failed to produce protection against infection, with an estimated efficacy 

at 0.1% [119]. Overall, the VAX003 and VAX004 recombinant Env-based vaccines were 

immunogenic however, both failed to generate protective immune responses against infection. 

A randomized, placebo-controlled efficacy trial consisting of priming with a recombinant 

canarypox vector expressing Env, Gag and Pol (ALVAC), followed by two recombinant gp120 

boosts (AIDSVAX B/E) was evaluated in 2003 [120]. The trial enrolled 16402 healthy 

heterosexual individuals at risk of acquiring HIV-1 in Thailand [120]. This RV144 trial had an 

overall estimated efficacy of 31.2% [120]. Unexpectedly, the observed protection was attributed 

to the generation of non-neutralising IgG against the V1/V2 region of HIV-1 Env and not due to 

low-level neutralising antibodies arising [120]. A sieve analysis performed for a comparison of the 

breakthrough viruses in the vaccine recipients showed that HIV-1 from the infected individuals 

had genetic signatures of vaccine-induced immune pressure within the V1/V2 region [121]. Env-

specific plasma IgA antibodies were observed to be directly correlated to protection [122]. Since 

other clinical trials aimed at generating protective cellular immune responses were also 
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unsuccessful (reviewed in [123]–[125]),  the data obtained from RV144, which combined vaccine 

immunogens aimed at eliciting cellular and humoral immune responses suggests that Env played 

a crucial role towards generating protective antibody responses against mucosal acquisition of 

HIV-1.   

Looking at Phase IIb safety and efficacy trials, the STEP (HIV Vaccine Trials Network 502, 

HVTN502, started in 2004) and Phambili (HVTN503, started in 2007) trials were devised to elicit 

protective cellular immune responses against HIV-1. These vaccines were designed based on 

research suggesting cell mediated immunity was crucial towards controlling both the replication 

of HIV-1 and the progression of disease in long term non-progressors [126]–[128]. STEP was a 

phase II, double-blind, randomized, and placebo-controlled study using the MRKAd5 HIV-1 

Gag/Pol/Nef vaccine in HIV-1 seronegative women and MSM at high-risk of infection [129]. The 

trial enrolled 3000 participants with study sites in South America, North America, Australia, and 

the Caribbean. The phase II Phambili trial included the same MRKAd5 clade B Gag/Pol/Nef 

vaccine in a cohort of 801 heterosexual men and women from South Africa [130]. Both vaccines 

were demonstrated to be immunogenic and well-tolerated, however, an exploratory multivariate 

interim analysis from the STEP trial showed an increase in the incidence of HIV-1 acquisition in 

vaccinated males versus placebo recipients and because of these findings, both trials were 

terminated early [131]. A sieve analysis was performed on HIV-1 genome sequences from 68 of 

the newly infected individuals as a follow up to assess whether selective pressure was applied on 

virus by the vaccine [132]. As expected, a genetic imprint was observed on the founder viral 

strains. The sieve effect was only observed in the proteins components that made up the vaccine 

and epitopes predicted to be affected, indicating possible T cell pressure post-infection [132]. The 

vaccine induced HIV-1 specific CD8+ T cell responses were weak and a limited number of T cell 

epitopes were targeted.  

The HVTN505 Phase IIb trial began in 2009, using a DNA/Ad5 prime boost regimen, and was 

designed to evaluate whether the vaccine could prevent HIV infection and/or reduce the amount 

of HIV-1 in the blood of vaccine recipients who became infected with HIV [133]. The trial enrolled 

2504 MSM and transgender people who have sex with men in the USA [133]. In this study, the 

men were required to be circumcised and the baseline Ad5 serum neutralizing antibody titre had 

to be less than 1:18 [133]. The DNA vaccine was formulated to express the clade B gag/pol/nef 
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and the clade A, B, and C Env while the recombinant Ad5 expressed clade B gag-pol and clade A, 

B, and C Env [133]. The HVTN505 trial was stopped early due to a lack of efficacy. Moreover, 

by the end of the trial, 41 participants in the vaccine arm had become infected with HIV-1, while 

31 participants in the placebo arm acquired HIV-1, although there was a non-statistically 

significant increase in HIV acquisition in the vaccine group versus the placebo group  [133]. Sieve 

analysis of breakthrough viral genomes revealed a significantly lower HIV-1 diversity in the gag, 

pol, vif, and env genes, and the env sequences were considerably more distant from the subtype B 

vaccine insert in vaccinees [134]. Due to the sieve analysis primarily being identified in Env, with 

regards to vaccinees, it is suggested that the selective pressure exerted on the breakthrough virus 

was in the Env regions correlated to infectivity, indicating that antibodies may have played a partial 

role [134].  Although the vaccine did not provide protection against HIV-1 infection, it is suggested 

that rapid Env diversification after the acquisition of HIV-1 was induced by the elicited immune 

pressure, or protection was provided against HIV-1 infection by the vaccine against viral strains 

more closely related to the vaccine strains [134].  

The HVTN702 trial launched in 2016 was a Phase IIb/III placebo-controlled, randomized clinical 

trial based on the RV144 clinical trial [135]. The vaccine regimen consisted of two experimental 

vaccines; ALVAC-HIV, a canarypox-vector based vaccine, and a two-component gp120 protein 

subunit. The ALVAC-HIV and the protein subunit were both modified to be specific against HIV-

1 subtype C, and the MF59 adjuvant was combined with the protein subunit to hopefully elicit a 

more robust immune response. At the one-year mark of the study the participants received booster 

shots to prolong the early protective effect that was observed in the RV144 trial. The HVTN702 

was the largest and most advanced HIV-1 vaccine clinical trial initiated thus far and took place in 

South Africa. The study enrolled 5400 healthy, sexually active men and women from ages 18 to 

35 years old [136]. The participants received five injections over a period of one year and thereafter 

were monitored for two years. The study was stopped in February 2020 as the vaccine was not 

shown to provide protection against HIV-1 transmission. Upon analysis of the individuals taking 

part in the study, 129 of those receiving the vaccine, and 123 of the individuals receiving the 

placebo became infected with HIV-1 [136].  

Imbokodo/HVTN705 is a Phase IIb placebo controlled, randomized, double blind study started in 

2017, using mosaic vaccine immunogens engineered using bioinformatic tools to elicit subtype-
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independent immune responses against global circulating HIV-1 strains. The study involves a 

combination of two vaccine candidates, Ad26.Mos4.HIV which will be administered four times 

over 12 months, and HIV-1 Clade C gp140 protein and adjuvant which will be administered twice, 

in combination with Ad26.Mos4.HIV. The study has enrolled 2600 HIV-1 negative women from 

five sub-Saharan African countries. The participants will be followed over two years, and the 

results from the study are expected to be released in February 2022.   

1.6. HIV-1 specific broadly neutralising antibodies 

Numerous vaccine candidates have been developed and tested in small animal models, non-human 

primates and even human clinical trials [110], [120], [129], [131], [133], [136]–[140], however, 

these studies have shown less than ideal outcomes. Thus, the major challenge in HIV-1 vaccine 

development is identifying the correct antigen, which when presented to the host immune system 

will generate protective immunity, including bNAbs able to neutralise a broad diversity of 

circulating HIV-1 subtypes.  

During natural disease progression, binding, non-neutralising antibodies are detected within eight 

days of infection. Initially antibody responses are only detectable as immune complexes and after 

approximately 2 to 4 weeks post infection, free antibodies to gp41 and gp120 develop. It usually 

takes 3 to 12 months for neutralising antibodies (antibodies that directly eliminate the virus) to 

develop. These antibodies are usually targeted against the Env variable regions such as the variable 

V1/V2 or V3 loops, however, they possess limited breadth. The slow generation of neutralising 

antibodies allows the virus to escape the selective pressure applied by these strain-specific 

antibody responses, which results in the development of circulating virus resistant to the present 

neutralising antibodies. Only approximately 10% to 25% of infected individuals generate bNAb 

responses with potency and breadth. The reason that this low number of individuals are able to 

develop a more neutralising response than other individuals is complex and involves a number of 

features including the infecting and evolving virus, viral load, and the quality and efficiency of 

both the CD4+ and CD8+ T cell responses. 

HIV-1 bNAbs have been shown to have an unusually high degree of somatic hypermutations 

which suggests that in order to acquire breadth the antibodies undergo multiple rounds of affinity 

maturation [141]. Affinity maturation is a process whereby antigen specific antibodies undergo 
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iterative selection in the germinal centre, resulting in increased affinity of the antibodies for the 

antigen. Studies have demonstrated that individuals with higher viral loads have an improved 

breadth of neutralising antibody responses, suggesting that greater amounts of viral antigenic 

stimulation may possibly improve the antibody breadth [142]. It is well known that bNAbs consist 

of a great deal of mutations. SHM and B cell selection enable fast and high affinity antibody 

production within a few weeks of infection under normal circumstances. As the antibody response 

develops, a small number of variable region mutations occur, which may result in an up to 5% 

change from the germline sequences. The development of mutations observed in certain bNAbs 

has amounted to over 30% nucleotides divergence of the variable region from the germline 

sequences, in addition to nucleotide insertions and deletions. This partly explains the rarity of these 

bNAbs in HIV-1 infected individuals. Genetic and structural characterisations of bNAbs have 

shown that the HIV-1 bNAbs possess high levels of somatic hypermutations within the CDR3 

domain [141]. The CDR3 loops of antibodies play a role in the diversity of antibody structures 

which is critical to antigen binding [143]. The results of long-lived antigen persistence and B cell 

evolution and how this can be obtained by the administration of a prophylactic HIV-1 vaccine is 

still to be determined.  Numerous pre-clinical studies looking at various sequential immunisation 

strategies using multiple Env immunogens that mimic the genetic variability seen in natural 

infection over time are ongoing [144]–[146].  

1.6.1. Antibody structure 

Antibodies have an approximate molecular weight of 150 kDa. Antibodies are made up of a 

duplicate of two subunits, a heavy chain (50 kDa) and a light chain (23 kDa), linked together by 

disulphide bonds and non-covalent interactions (Figure. 1.4). Antibodies are Y-shaped molecules, 

with the two branched fragments making up the Fab (fragments of antigen binding) regions which 

have the ability to recognise and bind to an antigen. The third fragment is called the Fc (fragment 

crystallisable) portion which mediates interactions with effector functions of the immune system 

after antigen binding. The light chain contains a large region known as the constant region since 

the sequence is similar in different types of antibodies. The light chain is made up of either a kappa 

or lambda chain. The constant region has amino acid sequences in the carboxyl terminal end 

(residues 109 to 214) of the kappa or lambda chains that are conserved. The amino acid residues 

1 to 108 (amino-terminal) show a high level of variability between the different antibodies and this 
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region is known as the variable region. The heavy chain also consists of constant and variable 

regions, with the first 113 amino acids being the variable region and the remaining amino acids 

making up the constant region.  

 

Figure 1.4: Schematic representation of the structure of an antibody. Image obtained from [147]. 

The variability of the amino acid sequences in the variable region is perfectly positioned and does 

not arise randomly. Most of the variability is located around residues 30, 55 and 95 in the light 

chain [148]. These areas are known as the complementarity-determining regions (CDRs). In the 

direction moving from the amino-terminal end of an antibody heavy- and light-chains, the three 

regions are called CDR1, CDR2, and CDR3 [149]. The CDRs are each approximately 10 amino 

acids long [149]. Invariant segments known as framework residues [150] make up approximately 

85% of the variable region [149]. Framework residues are intervening sequences found between 

the CDRs which have limited variability between chains. The framework residues are responsible 

for the placement of the CDRs. The variable region folds in a manner that exposes the CDRs on 

the surface of the chain. The CDRs form a cleft when the light and heavy chains are connected 
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which acts as the antigen-binding site of an antibody [150]. Since the amino acid sequences of the 

CDRs are responsible for determining the shape and ionic properties of the antigen-binding site, 

the CDRs are therefore responsible for the specificity of the antibody [149]. These features are 

significant for the elicitation of antibodies by immunisation because longer and charged IgG CDR3 

regions are needed for the production of antibodies that are able to penetrate the HIV-1 envelope 

glycan shield [151] which, to date, has not been possible in the context of vaccination. Studies of 

the emergence of the VRC01 bNAb lineage, HIV-specific antibodies which target the CD4 binding 

site, together with the evolution of the viral Env sequences, revealed that bNAb evolution occurred 

quickly to an autologous gp120 molecule, then the rate of evolution slowed down after 11 years 

as the evolution of the VRC01 bNAb was monitored for a period of 15 years [152]. Despite this 

deceleration of the mutation rate, the antibody continued to evolve as a result of the persisting 

antigen which enabled the continuation of SHM.  

1.6.2. Broadly neutralising antibody epitopes 

The progression of isolating, characterising and understanding broadly neutralising antibodies 

from HIV-1 infected patients has been important in identifying vulnerable epitopes on the Env 

trimer, and improving immunogen development. The vulnerable epitopes currently identified by 

broadly neutralising antibodies include the gp41 membrane proximal external region (MPER), the 

gp120-gp41 cleavage interface, the CD4-binding site on gp120, the N332 glycan on gp120 V3 and 

the N160 glycan on gp120 V1/V2 (Figure. 1.5). The discovery of these epitopes has also provided 

valuable insight into the underlying mechanisms of antibody development, thereby identifying the 

course of antibody-virus coevolution (which is the the reciprocal interaction and maturation 

between antibodies and viruses) required for their maturation. In addition, several unique 

characteristics of bNAbs make them particularly attractive in therapeutic and preventative 

strategies over existing ART and bNAbs are currently being explored in human clinical trials 

[153]. 
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Figure 1.5: Sites of broadly neutralising antibody epitopes on the HIV-1 envelope glycoprotein. Image obtained 

from [154]. 

1.6.2.1. The MPER bNAbs 

Key characteristics of MPER bNAbs are the highly conserved sequences of these antibodies and  

that these antibodies contain long HCDR3 loops with hydrophobic residues at the tips, which 

neutralise the virus when bound to the membrane [155]–[158]. These MPER bNAbs insert the 

long HCDR3 into the viral membrane and simultaneously interact with the first turn of the gp41 

α-helical transmembrane and lipids using at least two lipid-binding pockets. The membrane 

therefore makes up a two-part epitope which improves the binding affinity [159] and some variants 

of the MPER bNAbs bind better following conformational changes induced after HIV-1 binding 

to co-receptors of the host cell [160]. One of the main targets for MPER bNAbs is the gp41 fusion 

intermediate [161], [162], where some of these antibodies prevent refolding into the fusion-active 

conformation [163]. MPER bNAbs such as 10e8 and ln01 [164], [165] show various levels of 

autoreactivity such as lipid binding which plays a role in the maturation of MPER bNAbs, further 

providing evidence that the generation of these antibodies is linked to the succession of immune 

tolerance mechanisms through the engagement of antibody lineages induced by host proteins and 

microbiota [166], [167]. The MPER bNAbs, 10e8 and 4e10, have shown the broadest neutralisation 

breadth with 98% neutralisation of different viral strains during infectivity testing [164], [168].   
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1.6.2.2. The gp120-gp41 interface bNAbs 

The gp160 Env is highly glycosylated and trimerized in the endoplasmic reticulum, where furin is 

responsible for its cleavage into the gp120 and gp41 subunits [169]. Gp120-gp41 interface bNAbs 

such as PGT151 and 35022, usually target specific glycan epitopes that overlap with gp41and are 

highly quaternary conformation-dependent. The neutralisation ability of the antibody 35022 

requires binding to the N88, N230, and N241 glycans on gp120, and the neutralisation potential 

of PGT151 requires binding to the N611 and N637 gp41 glycans [164], [170]. By proximity, 

PGT151 is suggested to also bind to some gp120 glycans, however, these interactions are not 

crucial for neutralisation by the antibody [171].The heterogeneity of glycans results in various 

levels of neutralisation plateaus (maximum inhibition) of the gp120-gp41 interface bNAbs. 

1.6.2.3. The CD4 binding site bNAbs 

CD4 is required for functional infectivity of HIV-1 and therefore the CD4 binding site has a highly 

conserved structure. The isolation of CD4 binding site (CD4bs) bNAbs has occurred from multiple 

HIV-1 infected individuals, which suggests that these antibodies are commonly induced and are 

an achievable goal during the development of a vaccine. Two classes of bNAbs recognise the CD4 

binding site (CD4bs), namely; CD4 mimicking CD4bs bNAbs, which mimic CD4 in its approach 

to gp120 and are predicted to neutralise the virus through steric hindrance. An example of CD4 

mimicking CD4bs bNAbs are CH235, VRC01, and the class of bNAbs known as VRC01-like 

antibodies [172]. The CD4 mimicking CD4bs class is the most potent of the CD4bs bNAbs, and 

they possess a number of common properties that enable them to bind with high affinity to the 

CD4bs. One of the common features of this class of antibodies is that they have a variable region 

heavy chain from the VH1-2 family, that with the necessary mutations, enables the antibodies to 

bind to the CD4bs in a similar way that the conserved CD4 receptor binds gp120. The second 

common feature is a very short LCDR3 consisting of five amino acids and several mutations 

including a few in the framework region, that accommodate a glycan at N276 that is in close 

proximity to the CD4bs.   

Loop binders are another class of CD4bs bNAbs, where the binding of these antibodies is largely 

due to the long HCDR3 loop, and these antibodies interfere with the binding of gp120 to CD4. 

Examples of loop binders include CH103 and IgG1b12 [173], [174]. These antibodies have high 
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levels of SHM and a relatively long HCDR3, required for the penetration of the Env glycan shield. 

Loop binders’ features are less restricted than VRC01-like antibodies and they are not as potent. 

1.6.2.4. The high-mannose patch (V3-glycan) bNAbs 

The high-mannose patch is located on the side of the outer domain of Env trimer in monomeric 

gp120 and contains a great deal of Man8/Man9 glycans in a dense region of the glycan shield 

[175]. This region was first identified with the 2G12 bNAb, which has a unique domain exchanged 

structure that is used to recognise a cluster of mannose glycans on N332 [176]–[178] (Figure. 1.6). 

This region has been described as a “supersite of vulnerability”. A number of bNAbs were 

identified that bind to overlapping sites on the region around and including N332, however, they 

make use of long HCDR3s to penetrate through the glycan shield thus accessing the protein surface 

around the base of the V3 loop. BNAbs that target the glycan supersites on the V3 region of Env 

are PGT121 and PGT128 [175]. The breadth of these bNAbs is most likely as a result of their 

tolerance for glycan heterogeneity and the phenomenon known as glycan promiscuity, that can be 

described as the ability of the bNAbs to bind alternate glycans in certain circumstances. As a result 

of glycan promiscuity, these antibodies are able to recognise virus isolates that lack the N332 

glycan. 
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Figure 1.6: The high mannose patch broadly neutralizing antibody binding site on the HIV-1 envelope 

glycoprotein. The image shows the positions of the targeted glycans and the variable regions on which they are 

positioned. The red represents the V2 site, the orange represents the V3 epitopes, and the yellow represents the 

V4 epitopes.  The N332 supersite is found on the V3 and V4 epitopes. Image obtained from [179]. 

1.6.2.5. The Apex (V1/V2-glycan) bNAbs 

The trimeric apex is formed from the converging, sequence conserved regions of the V1/V2 

domain and the V3 loop [18], [180], [181]. The densely packed glycan at positions N160, and 

N156, as well as the hypervariable loops V1 and V2 provide protection to the virus against 

neutralisation [182]. For antibodies to access these apex epitopes, antibodies require unusually 

long anionic HCDR3 regions [183], [184]. The apex bNAbs are quaternary conformation 

dependent [183], [184], such as PG9 which bind to N160 glycans from two separate protomers 

[185], [186].  Some antibodies, such as CAP256-VRC26 which target a similar epitope to PG9 are 

not dependent on the N160 glycan for neutralisation [183]. The actual peptide epitope determined 

by mutagenesis is minimal for both of the above-mentioned antibodies and is made up mostly of 

a short stretch of cationic amino acids. For PG9, the peptide makes up less than 25% of the epitope 

while the rest of the epitope is made up of glycans [182]–[184], [187]. The conserved glycans form 

an essential component of these bNAbs-targeted epitopes and are required for the neutralising 

activity. 
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1.6.2.6. The Fusion peptide bNAbs 

The fusion peptide is located at the N terminus of the gp41 subunit of Env, and is composed of 15 

to 20 hydrophobic amino acids that are vital for the entry of virus into the host cell [188]–[190]. 

The N123-VRC34.01 antibody is directed against the fusion peptide and inhibits the 

conformational changes of Env required for virus-cell entry [190]. The glycans in the N-terminal 

region of the fusion peptide have been shown to be solvent exposed and are therefore a target for 

neutralising antibodies [191], [192]. 

1.7. Broadly neutralising antibodies and their role in HIV-1 vaccine 

development 

The design of an immunogen able to elicit bNAbs remains the primary goal of HIV-1 vaccine 

development strategies. Numerous challenges need to be overcome, including the extensive viral 

diversity as a result of the HIV-1 error-prone DNA-dependent RNA polymerase and 

recombination resulting in unique recombinants and circulating recombinant forms [193], the low 

spike density of Env displayed on the surface of the virus which reduces the efficiency of cross-

linking and antibody avidity and masking of critical epitopes that are crucial for neutralisation but 

are often protected by the high carbohydrate content of the virus [194]. Moreover, non-neutralising 

antibody responses are induced by the conformational flexibility of the virus, the strain-specific 

amino acid variability, and decoy forms of the HIV-1 Env, such as floating monomers [195]. As 

mentioned previously, several approaches to vaccine immunogen design have proven unsuccessful 

in generating bNAbs.  

Strategies using Env-based vaccines have focused on developing antigenically correct 

immunogens, and have included gp120 monomers, resurfaced stabilised gp120 cores, gp120 outer 

domain, gp140 trimers, and various scaffolds that display specific epitopes (reviewed in [196]). 

These strategies were tested in small animal models and NHP and although these immunogens 

were all able to elicit antibodies with autologous Nab activity, none of them induced bNAb 

production. These challenges led researchers to focus more on understanding the immunobiology 

of HIV-1 Env, with a particular interest on the structural and functional basis for the neutralisation 

of HIV-1 Env. 
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The native HIV-1 Env spike is comprised of three gp120 and gp41 heterodimers that assemble via 

non-covalent interactions into a trimeric structure on the surface of the virus, and are the only 

virally-encoded exposed targets for antibodies. Consequently, a trimer-based immunogen design 

seems the most natural, native-like immunisation strategy. Of the most successfully strategies, was 

the introduction of SOSIP mutations that allow expression of soluble, cleaved forms of trimeric 

gp140 (gp160 with the transmembrane and cytoplasmic domain of gp41 deleted) which improves 

their stability and homogeneity [18]. For this purpose, a disulphide bond was introduced between 

gp120 and gp41, termed SOS, which links the subunits covalently therefore strengthening their 

interaction [114], [117], [197], [198]. The disulphide bond was formed specifically through a 

mutation on gp120, where there is Ala-to-Cys change at residue 501, and a mutation on gp41, 

where there is a Thr-to-Cys change at residue 605 [18] (Figure. 1.7). At position 559 of gp41 there 

was an Ile-to-Pro change, termed IP, which strengthens  the gp41-gp41 associations and results in 

an improvement in trimer formation [114], [115] (Figure. 1.7). A type of SOSIP gp140 trimer was 

generated, based on the HIV-1 subtype A virus BG505 to remove all except five of the residues of 

the membrane proximal external region (MPER) until residue 664 of gp41 [199]. Due to the above-

mentioned modifications, the expression of a thermostable, non-aggregating and homogenous 

soluble Env trimer, BG505 SOSIP.664 gp140 was successful. These trimers are compact, properly 

folded and mimic the native trimers on the surface of the HIV-1 virus [18]. The trimers are reactive 

with a wide variety of diverse bNAbs except MPER antibodies because the full MPER is not 

present in the construct [200]. The modifications made to develop SOSIP.664 gp140 trimeric 

immunogens in order to replicate the native Env have induced autologous NAb responses in small 

animals and NHP models, however, have failed to elicit strong bNAb responses [201]–[203]. The 

weak NAb responses observed are because the present and exposed conserved NAb epitopes on 

these native-like immunogens are not able to elicit a broad and potent immune response in the 

context of  vaccination. Evidence of this is partly attributed to the fact that current Env-based 

immunogens and/or immunisation regimens are not able to direct the evolution of antibody affinity 

maturation required for the elicitation of effective NAb responses  [173].  
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Figure 1.7: The native-like, soluble, trimeric conformation of SOSIP.664 gp140. The gp140 glycoprotein is 

cleaved into the gp120 and truncated gp41 subunits which are linked together through disuphide bonding. At 

residue 559 of gp41 there is a Ile-to-Pro change which improves trimerisation of Env. The MPER was cleaved 

until residue 664 increasing the solubility of Env. Image obtained from [200]. 
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In pre-clinical studies, it has proven possible to elicit cross-reactive bNAbs using alternative Env-

based subunit immunogens. One of these Env-based immunogen ideas shown to elicit bNAbs 

makes use of the concept of driving the closed Env trimeric conformation to the more open 

conformation by complexing Env to the CD4 host receptor which results in conformational 

changes exposing otherwise hidden, CD4-induced (CD4i) epitopes [204]–[210]. In the closed 

quaternary Env structure the CD4i epitopes are poorly accessible due to the weakly immunogenic 

glycosylated Env surface [168], [211], [212]. Since the CD4i epitopes are composed of highly 

conserved sequences of Env [172], [213], this suggests that the associated target antibodies are 

highly cross-reactive across viral strains. These antibodies bind epitopes that include or are 

proximal to the bridging sheet where they compete with coreceptor binding and broadly although 

not potently are able to neutralise various HIV-1 strains [214]–[216]. The coreceptor binding 

epitopes are suggested to be immunogenic in humans based on the antibodies directed against 

CD4i epitopes isolated from HIV-1 infected individuals [213]. Several research groups are 

exploring the use of Env complexed to CD4 in the context of a vaccine to elicit bNAbs. 

1.8. Rationale for study 

A preliminary study performed by our laboratory testing various HIV-1 Env-2dCD4S60C vaccine 

immunogens in New Zealand white rabbits demonstrated that it is possible to generate potent 

antibodies that are capable of neutralising a broad range of tier-2 (harder to neutralise) HIV-1 

pseudoviruses in vitro [217]. The immunogen rationale was based on a previous study done by our 

laboratory, where recombinant 2-domain CD4 with a Ser/Cys mutation (2dCD4S60C) was produced 

which bound gp120 with higher affinity through the formation of a targeted intermolecular 

disulphide bond [218]. On the CD4 domain 1 α-helix a substitution of Ser60 with Cys positions a 

thiol in proximity of the gp120 V1/V2 loop disulphide (Cys126-Cys196) resulting in the required 

sterochemical and geometric conditions for redox exhange between CD4 Cys60 and gp120126, 

which subsequently leads to the interchain disulphide bond formation [218]. The study 

demonstrated that the functional mutated recombinant 2dCD4S60C protein has a higher binding 

affinity to gp120 than wild-type 2dCD4 (2dCD4WT) and the enhanced affinity is attributed to the 

disulphide exchange [218]. It was also demonstrated that between 2dCD4S60C, 2dCD4WT and 

soluble CD4 for binding to recombinant gp120 in vitro, 2dCD4S60C bound better as the interaction 

was the most stable which potentially produces a more potent antiviral in cell culture [218]. 
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Additionally, we described the generation and characterisation of an inferred HIV-1 subtype C 

Env sequence (EnvFVC) based on transmitted founder virus sequences from South Africa, Malawi, 

and Zambia [219]. Proteolytically cleaved gp140GCN4(+) trimers based on the EnvFVC sequences 

were stabilised through 2dCD4S60C complexing to stimulate an immune reponse directed towards 

novel CD4i exposed epitopes [217]. The introduction of the GCN4-trimerisation motif coding 

sequence in gp140 sufficiently generated stable trimeric Env. GCN4 encodes a conserved zipper 

protein that functions as a transcription factor.  

Findings from the preclinical study showed that the gp140GCN4(+) EnvFVC complexed to 2dCD4S60C 

induced potent bNAbs, the extent of which has not been reported previously. The bNAbs likely 

target novel CD4i epitopes on the EnvFVC, novel 2dCD4S60C  epitopes, or a combination of both. 

Thus, this study aimed to isolate monoclonal antibodies from the immunised rabbits in an attempt 

to characterise the immune responses to the Env-2dCD4S60C and delineate the bNAb epitopes. 

The objectives of the study are: 

 To confirm the presence of bNAb responses in rabbits boosted with the Env-2dCD4S60C 

complex two years post the initial immunisations. 

 To sort and isolate anti-HIV-1 specific B cells from rabbit peripheral blood mononuclear 

cells (PBMCs) using Flow Cytometry and FACS (Fluorescent Activated Cell Sorting) 

techniques, and PCR amplify the relevant antibodies’ heavy- and light- chain variable 

(Fab) regions to create transcriptionally active linear cassettes. 

 To express rabbit monoclonal antibodies using the heavy- and light- chain linear cassettes 

in HEK293T mammalian cells, and characterise their binding activity using ELISA, SDS-

PAGE and Western blot analysis. 
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2. Materials and Methods 

2.1. Reagents used in this study 

The following recombinant plasmids, proteins and cell lines were available in our laboratory for 

the purposes of this study: expressed and purified 2dCD4S60C recombinant protein used for the 

immunogen and the 2dCD4WT recombinant protein used for the memory B cell isolation and the 

characterisation studies, expressed using the recombinant pET15-2dCD4(S60C/WT) vectors [218];  

the CAP45 GCN4(+) stable expressing Freestyle human embryonic kidney (HEK) derived 293F 

cell line (Thermo Fisher Scientific, Waltham, MA, USA) used for the expression of recombinant 

CAP45 GCN4(+) (gp140GCN4 Env) [217]; HIV-1 antibody expression vectors (heavy and light 

chain) for the 2G12 (VRC_4196 and the VRC_4197 plasmid vectors, Appendix A, Supplementary 

Figure. 1A, and 1B, gifted by Dr Peter Kwong of the NIH National Institute of Allergy and 

Infectious Disease); the 10e8 antibody expression vectors (contributed by Dr Mark Connors; 

obtained through the NIH AIDS Research and Reagent Program, Division of AIDS, NIAID) and 

the purified 10e8 antibody for use as a positive control for the SDS-PAGE and western blot 

analyses [220]; protein-A, affinity chromatography purified total rabbit IgG antibodies from sera 

(rabbit 63 – immunized with Env/2dCD4S60C complex) as a suitable positive control for the SDS-

PAGE and western blot analyses; HEK 293T mammalian cells used for recombinant protein and 

antibody expression; stored serum samples obtained from three rabbits (rabbit ID 24, 31 and 83) 

two-weeks after their last boosting immunisation with Env/2dCD4S60C complex (16th December 

2016), and served as Baseline 0 (B0) samples for the neutralization assays.  

A human ethics waiver was obtained from the University of the Witwatersrand Committee for 

Research on Human Subjects (Appendix B).  

2.1.1. Reagents used for TZM-bl-based neutralisation assays 

The following reagents were obtained through the NIH AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID: the TZM-bl (JC53-bl) reporter cell line (Drs John C. Kappes, 

Xiayun Wu and Transzyme Inc.); ZM53M.PB12 envelope expression plasmid (Drs E. Hunter and 

C. Derdeyn) and the pSG3ΔEnv plasmid (Drs. John C. Kappes and Xiaoyun Wu).  
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2.2. General mammalian cell culture 

2.2.1. Reviving frozen rabbit Peripheral Blood Mononuclear Cells (PBMCs) 

For the fluorescence activated cell sorting (FACS), frozen PBMCs were thawed on ice and revived 

in pre-warmed complete RPMI media ((10% Foetal Calf Serum (FCS) (Gibco, Life Technologies, 

Carlsbad, CA, USA),  2 mM L-glutamine (GlutaMax, Gibco, Life Technologies, Carlsbad, CA, 

USA), and penicillin (100 µg/ ml) and streptomycin (100 µg/ ml) (Sigma-Aldrich, St. Louis, MO, 

USA), 2mM sodium pyruvate (Gibco, Life Technologies, Carlsbad, CA, USA), 10mM HEPES 

(Thermo Fisher Scientific, Waltham, MA, USA), 0.05mM 2-mercaptoethanol (Thermo Fisher 

Scientific, Waltham, MA, USA)) for 24 hours at 37℃, in T75 tissue culture flasks (Nunc, 

Roskilde, Denmark). 

2.2.2. Maintenance of TZM-bl cells, HEK 293T cells, and 293F cells 

TZM-bl (JC53-bl) cells and HEK 293T cells were maintained in 15 ml Dulbecco’s Modified Eagle 

Medium  (DMEM) supplemented with 10% FCS (Gibco, Life Technologies, Carlsbad, CA, USA), 

2 mM L-glutamine (GlutaMax, Gibco, Life Technologies, Carlsbad, CA, USA), and penicillin 

(100 µg/ ml) and streptomycin (100 µg/ ml) (Sigma-Aldrich, St. Louis, MO, USA) in a 75 cm2 

Corning Cell Culture Flask (Sigma-Aldrich, St Louis, MO, USA). Once the cells reached 70% to 

80% confluency, the cells were washed with 5 ml of 1× Dulbecco’s Phosphate Buffered Saline 

(PBS), and 2 ml of Tryple (Thermo Fisher Scientific, Waltham, MA, USA) was added to the cells 

for 45 seconds at room temperature. The Tryple was aspirated and the cells were incubated for 5 

min at 37℃ with 5% CO2 to allow the adherent monolayer of cells to detach from the culture cell 

flask. The cells were stained using 0.4% trypan blue solution (Sigma-Aldrich, St. Louis, MO, 

USA) at a ratio of 1:1 to the cell suspension. Thereafter, viable cells were counted microscopically 

from the stained cell suspension using the Countess II FL cell counter (Life Technologies, 

Carlsbad, CA, USA). The cells were re-seeded in 15 ml of complete DMEM at a concentration of 

3×105 cells/ml. The cells were passaged every 48 hours or at optimal confluency. 

Stable FreeStyle (293F) cells expressing gp140GCN4 Env were subcultured every 48 hours in 

serum-free Freestyle Expression Media (Thermo Fisher Scientific, Waltham, MA, USA) 

supplemented with a final concentration of 250 µg/ml Geneticin (G418, Gibco, Thermo Fisher, 
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Waltham, MA, USA) in one fifth of the total volume of an Erlenmeyer flask (Sigma-Aldrich, St 

Louis, MO, USA).  The cells were stained using 0.4% trypan blue solution at a ratio of 1:1 to the 

cell suspension. Thereafter, viable cells were counted and the viability was established 

microscopically from the stained cell suspension using the Countess II FL cell counter and seeded 

at a cell number of between 0.2-0.5×106 cells/ml.  The cells were incubated at 37℃ with 5% CO2 

on a shaker flask system at a rotational speed of 130 rpm. 

2.3. Recombinant protein expression 

For immunization studies, subsequent B cell isolation and characterization, adequate amounts of 

the gp140GCN4, 2dCD4S60C, and 2dCD4WT proteins were expressed and purified using the protocols 

described below.  

2.3.1. 2dCD4 expression and purification 

The 2dCD4S60C protein, one of the components of the immunogen used for this study, and 

2dCD4WT protein were expressed and purified as described previously [218]. Briefly, the 

recombinant pET15-2dCD4(S60C, WT) vector was used to transform BL21 (DE3) E. coli. For protein 

expression freshly transformed BL21 (DE3) colonies were expanded in standard LB media at 37˚C 

on high rotation until optical density ~ 0.6 at 600nm was achieved. Protein expression was carried 

out in the absence of the IPTG-induction by transferring the culture to 20˚C shaking incubator 

culturing for a further 20 hours. The recombinant 2dCD4S60C/WT was purified from insoluble 

inclusion bodies using a denaturing purification protocol and refolded in glutathione-containing 

refolding buffers, and analysed by SDS-PAGE and western blot analyses (see section 2.7.3). Using 

this method, between 0.5 and 1.0 mg of functional recombinant 2dCD4S60C/WT (per litre of bacterial 

cell culture) were routinely purified. 

2.3.2. CAP45 GCN4(+) gp140 expression 

Gp140GCN4 Env, one of two protein components for immunisations and B cell isolation, was 

expressed as follows: The supernatant containing the expressed gp140GCN4 Env was harvested 

every 48 hours simultaneously as the 293F cells were passaged. The supernatant was harvested by 

centrifugation, using the Eppendorf centrifuge 5804R (Thermo Fisher Scientific, Waltham, MA, 

USA) at 1000 ×g for 10 minutes and thereafter stored at -20℃ until purification. 
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2.3.3. CAP45 GCN4 (+) gp140 purification 

2.3.3.1. Lectin affinity chromatography for the purification of CAP45 GCN4 (+) gp140 

The supernatant from the stably transfected cells was filtered through an Acrodisc syringe filter 

with a 0.45 μm Supor® membrane (PALL Life Sciences, Port Washington, NY, USA). The 

equivalent of 1 ml packed agarose-conjugated Galanthus nivalis (snowdrop) lectin resin (Sigma, 

St Louis, MO, USA) was added to the supernatant and incubated overnight at 4℃ while stirring. 

The suspended resin was harvested from the culture supernatant by passing it through a Luer-lock, 

non-jacketed liquid chromatography column (Dimensions: internal diameter (i.d.) 2.5 × 10 cm) 

(Sigma-Aldrich, St. Louis, MO, USA). The collected flow-through was reserved in order to 

perform an additional round of lectin purification to maximize protein yields. The harvested resin 

was washed with 100 ml of 1 M NaCl2 solution prepared in 1×PBS (Thermo Fisher Scientific, 

Waltham, MA, USA), followed by 100 ml of 0.5 M NaCl2, 1×PBS solution and finally re-

equilibrated with 100 ml of 1×PBS. Twenty millilitres of 1 M methyl α-D-manno-pyranoside 

(MMP) (Sigma-Aldrich, St. Louis, MO, USA) prepared in 1×PBS was added to the resin and 

incubated for 30 min to elute the recombinant CAP45 GCN4(+) gp140 Env protein, this step was 

repeated. The lectin resin was reconstituted by passing through 100 ml of 1M NaCl2 prepared in 

1×PBS, and then 100 ml of 1×PBS through the column. After the second round of lectin 

purification, the eluted protein fractions were combined and filtered through an Acrodisc syringe 

filter with a 0.45 μm Supor® membrane. An Amicon Ultra-50kDa (MilliporeSigma, Burlington, 

MA, USA) centrifugation filter unit was used to concentrated the protein to an approximate final 

volume of 1 ml. The concentrated protein was washed with 1×PBS to remove the residual MMP. 

Aliquots of the filtered supernatant, the flow-through, and the wash steps were collected to run on 

an 10% SDS-PAGE gel, and analysed by western blot for visualisation of the protein.   

2.3.3.2. Determination of protein concentration 

The concentrated gp140GCN4 Env was quantified using a BCA™ Protein Determination Kit 

(Pierce, Thermo Fisher Scientific, Waltham, MA, USA) and the protocol was followed as per the 

manufacturer’s instructions. Bovine serum albumin (BSA) standards ranging from 25 – 2500 

µg/ml were prepared in 1×PBS and used to determine the standard curve from which the 

concentration of the expressed and purified proteins was calculated. Ten microliters of the BSA 
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standards and unknown samples were each added to a flat-bottomed, 96-well, polysorp Immuno 

plate (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) in duplicate. Thereafter, 200 µl of 

the BCA working reagent was added to each sample and incubated at 37°C on an orbital shaker 

(THERMOstar Microplate incubator, BMG Labtech, Ortenberg, Germany) at 1500 rpm for 30 

minutes. Following incubation and allowing the plate to cool to room temperature the absorbance 

at 570 nm was determined using the BioRad iMark™ microplate reader (BioRad, Hercules, CA, 

USA). The unknown sample protein concentrations were determined from a standard curve plotted 

from absorbance values of blank corrected protein standards.   

2.3.3.3. Size exclusion chromatography of gp140GCN4 Env for the isolation of the trimeric 

conformation 

Size exclusion chromatography (SEC) was performed to separate proteins based on size and isolate 

the trimeric gp140GCN4 conformation. The trimer conformation is representative of the native 

envelope spike on the surface of HIV-1 and is used to recapitulate the native 

antigenicity/immunogenicity of the native Env spike in soluble trimer conformation. SEC was 

performed using the HiLoad 16/600 Superdex 200 PG column (GE Healthcare, Chicago, IL, USA) 

which separates proteins of approximately 10 to 600 kDa in size. Separations were performed on 

the AKTA FPLC (fast protein liquid chromatography platform) (GE Healthcare, Chicago, IL, 

USA). Prior to protein conformation separation, the column was washed by passing 50 ml of 0.5 

M NaOH, followed by 50 ml of 70% ethanol, and then 120 ml of 20% ethanol through the AKTA 

purification system. All of the solutions used to wash the column was passed through the AKTA 

purification system at a flow rate of 1 ml/min. The column was then equilibrated with filtered and 

sterile 1×PBS for 120 min at a flow rate of 1 ml/min. The gp140GCN4 protein sample was prepared 

by centrifuging the sample at 16 000 ×g for 5 minutes to remove aggregated proteins from the 

sample. One millilitre of the lectin-purified and concentrated recombinant gp140GCN4 Env protein 

was loaded on to the column resolved at 1 ml/min flow rate. Eluted protein was fractionated into 

2 ml volumes and the corresponding trimeric conformation peaks and the presence of recombinant 

gp140GCN4 Env protein was confirmed by SDS-PAGE and western blot analysis. The fractions that 

confirmed for the presence of recombinant proteins were combined and concentrated using an 

Amicon Ultra-50kDa centrifugation unit. The concentration of the gp140GCN4 Env was then 

determined using the BCA kit as described in section 2.3.3.2. 
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2.4. Confirmation and boosting of anti- HIV-1 neutralising antibodies in 

rabbit sera 

The three New Zealand White (NZW) (Oryctolagus cuniculus) rabbits (Rabbit ID 24, 31 and 83) 

used in this study were last immunised two years prior to the initiation of the current study, on 16th 

December 2016, and were observed to elicit a broadly neutralising response against clinically 

relevant HIV-1 strains [217]. For this study, the three rabbits were boosted with the same 

gp140GCN4 Env/2dCD4S60C immunogen complex, and the blood was used to isolate antigen-

specific memory B cells. Animal immunisations were performed following University of the 

Witwatersrand Animal Ethics Screening Committee approval (AESC clearance no: 2014 51 B; 

Appendix C).  

The gp140GCN4 Env/2dCD4S60C immunogen complex was generated by incubating equimolar 

amounts of gp140GCN4 Env with 2dCD4S60C in the presence of 1 mM β-mercaptoethanol for 1 h, 

and further purified by SEC [217].  For the immunisations, the gp140GCN4 Env/2dCD4S60C 

immunogen complex was formulated in Adjuplex™ (Advanced BioAdjuvants Omaha, Nebraska, 

USA) according to manufacturer’s instructions. Adjuplex™ adjuvant is a nanoliposomal mixture 

of carbomer homopolymer and highly purified natural phospholipids and is used to boost the 

immune response generated by the antigens [221]. Each animal received 20 µg of total gp140GCN4 

Env/2dCD4S60C protein-immunogen in a final volume of 500 µl. Immunisations were administered 

intramuscularly, alternating right and left hind legs [217].  

At the start of this study (11 April 2018) a baseline bleed was performed (Baseline 1; B1), where 

10 ml of blood in total was collected from each rabbit, 5 ml of blood was collected into clot 

activator serum Vacutainer Blood collection tubes (BD Biosciences, Franklin Lakes, N.J., USA) 

for serum isolation, and the other 5 ml of blood into ethylenediaminetetraacetic acid (EDTA) 

Vacutainer Blood collection tubes (BD Biosciences, Franklin Lakes, N.J., USA) for the isolation 

of PBMCs. Two weeks later, rabbits received boosting immunisations according to the procedure 

described above [217], and two weeks post boost, (10 May 2018),  the rabbits were bled where 5 

ml of blood from each rabbit was collected into clot activator serum tubes and 5 ml of blood was 

collected into EDTA tubes (Vaccine Boost 1; VB1). The sera from each blood sample collected in 
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the clot activator serum tubes was isolated by centrifugation at 1000 ×g for 10 minutes. The sera 

were aspirated and stored at -80 ℃ until use. 

2.4.1. Neutralising antibody assay  

Prior to evaluating the baseline and boosted neutralizing sera titres, frozen rabbit sera samples 

were thawed to room temperature and then heat inactivated to remove complement proteins, by 

heating each sample at 56 ℃ for one hour. Neutralizing antibody responses were assessed against 

a tier-2 clinically-relevant pseudovirus, ZM53M.PB12, using an HIV-1 pseudovirus 

infectivity assay in the TZM-bl reporter cell line. The neutralization assay was performed using 

Nunc™ Edge 2.0 96-Well Plates (Thermo Fisher Scientific, Waltham, MA, USA) as follows, 150 

µl of complete DMEM (DMEM (Thermo Fisher Scientific, Waltham, MA, USA), 10% FCS, 1% 

penicillin/streptomycin, 0.05% glutamine (Thermo Fisher Scientific, Waltham, MA, USA)) was 

added to the cell control wells, and 100 µl of complete DMEM was added to the virus control 

wells. For the sera samples, 100 µl of complete DMEM was added to each well, thereafter 

undiluted sera were added to the first row and 3-fold serial dilution performed in order to produce 

a dilution range from 1:20 to 43,740. Fifty microlitres of 4,000 TCID50 (50 % Tissue Culture 

Infectious Dose) pseudovirus, ZM53M.PB12, was added to the sample wells and the virus control 

wells. The TCID50 was calculated using the standardized calculation published by the Los Alamos 

HIV Database [222] which determines the pseudovirus concentration based on positive infection. 

The plate was incubated at 37℃ in 5% CO2 for 1 hour. Following incubation, 100 µl of TZM-bl 

cells (1 × 105 cells/ml in complete DMEM supplemented with DEAE Dextran (Sigma-Aldrich, St 

Louis, MO, USA)) was added to each sample well, the virus control wells, and the cell control 

wells. The plates were incubated at 37℃ in 5% CO2 for 48 hours. The DEAE Dextran was added 

at a final concentration of 20 µg/ml. 

 Following the 48-hour incubation, luciferase expression was determined as follows: The media 

was aspirated from the wells, and 80 μl of Glo lysis buffer (Promega, Madison, WI, USA) was 

added to each well and incubated at room temperature for 5 minutes, 50 μl of the cell lysate was 

aspirated and transferred to a Corning™ 96-Well Solid White Polystyrene Microplate (Thermo 

Fisher Scientific, Waltham, MA, USA), and 50 μl of BrightGlo luciferase (Promega, Madison, 

WI, USA) was added to each well. Luminescence was quantified within 15 minutes using the 

Promega Glomax Explorer luminometer (Promega, Madison, WI, USA). Using the luminescence 
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readings generated by the Promega Glomax Explorer lumimometer, the percentage of pseudovirus 

inhibited from infecting the TZM-bl cells was calculated. GraphPad Prism 8 v. 8.0.2. (GraphPad 

Software, La Jolla, CA, USA) was used to generate a graph showing the percentage inhibition 

against the sera dilution, and from the graph, the ID50 values were calculated using the non-linear 

regression function. The ID50 values represent the sera dilution required to inhibit 50% of virus 

infection. The data was normalized to the cell control and virus control. 

2.5. Rabbit antigen specific B memory cell isolation 

2.5.1.  Peripheral Blood Mononuclear Cells (PBMCs) Isolation  

To further characterize the rabbit neutralising antibody response elicited as a result of the 

gp140GCN4 Env/2dCD4S60C immunogen complex, antigen-specific memory B cells were required 

to be isolated from the rabbit PBMCs using FACS sorting. Ficoll-Paque density gradient 

centrifugation was used to purify PBMCs from the peripheral blood of the three immunised rabbits, 

according to the manufacturer's instructions (GE Healthcare, Chicago, IL, USA). Briefly, the 

rabbit blood collected in the EDTA-tubes were diluted with an equal volume of with 1×PBS. 

Fifteen millilitres of Ficoll-Paque (GE Healthcare, Chicago, IL, USA) was added to the bottom of 

a 50 ml tube, and the diluted rabbit blood was layered on top of the 15 ml of Ficoll-Paque. The 

tubes were centrifuged at 350 ×g for 30 min (with no brake). The PBMCs layer was carefully 

collected and transferred into a new tube to which 15ml of 1×PBS was added to wash the PBMCs. 

Washing was done by gently pipetting up and down the PBS followed by centrifugation at 210 ×g 

for 10 minutes. This wash step was repeated a total of three times. After the third wash the PBMCs 

were resuspended in 10 ml of 1×PBS and cell viability was determined and the cells were 

enumerated using the ReadyProbes™ Cell Viability Imaging Kit (Blue/Green) (Invitrogen, 

Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions using 

the Countess II FL cell counter (Life Technologies, Carlsbad, CA, USA). Briefly, the 

ReadyProbes® Cell Viability Imaging Kit (Blue/Green) makes use of fluorescence to determine 

cell viability and contains a NucBlue® Live reagent which binds the nuclei of live cells and can 

be detected using a DAPI filter, and a NucGreen® Dead reagent which binds to the nuclei of dead 

cells and can be detected using a FITC/GFP filter. Following enumeration, PBMCs were harvested 

by centrifugation and diluted to 1 × 106 cells/ml in freezing mix (10% Dimethyl Sulfoxide 

(DMSO) (Sigma-Aldrich, St Louis, MO, USA), 90% Fetal Calf Serum (FCS)). Five hundred 
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microliter aliquots were prepared and frozen using the Mr. Frosty™ Freezing Container (Thermo 

Fisher Scientific, Waltham, MA, USA) and stored at -80℃ until usage.  

2.5.2.  Antigen-specific memory B-cell isolation by Fluorescence activated cell sorting 

(FACS) 

FACS is a specialized form of flow cytometry. The method sorts a heterogenous mixture of 

biological cells into desired containers, one cell at a time, based on light scattering and their 

fluorescent characteristics. The light scatter determines the size of the cells (forward scatter), and 

the granularity and complexity of the cells (side scatter). To sort for the antigen-specific memory 

B cells from the PBMCs, antibodies conjugated to fluorochromes (Table 2.1) were used to detect 

the appropriate surface cellular markers. When the conjugated antibodies find antigens on cell 

surface markers, the fluorescence of the fluorochromes can be monitored as these cells pass 

through a laser beam. The fluorochrome panel was based on the panel used in a previous study by 

Starkie, et al [223], however, the panel was optimised for this study as follows: the spectral overlap 

of the emission spectrum of each fluorochrome, and the lasers included in the FACS Aria I 

available to the laboratory were considered. The entire panel of fluorochromes were analysed, 

ensuring that the spectral overlap was minimal. Any residual fluorescence spillover was corrected 

for using the compensation controls.  
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Table 2.1: Summary of the antibodies and fluorophore conjugates required for rabbit antigen-

specific memory B cell isolation. 

 Conjugates (concentration used for conjugation reaction) 

Target cell Cell marker Antibody Fluorophore 

Fluorophore 

maximum 

emission spectrum 

Live/dead cells Genetic material None Hoechst 33342 461 nm 

T cells CD3 
Rat anti-rabbit 

CD3 IgG* 
FITC 525 nm 

Naïve B cells IgM 
Mouse anti-rabbit 

IgM (100 µg) 

APC-Cy7  

(12 µg) 
785 nm 

Memory B cells IgG 
Goat anti-rabbit 

IgG* 
PE 578 nm 

Antigen-specific 

memory B cells 

2dCD4WT-antigen 
2dCD4WT protein 

(100 µg) 

DyLight 680 (12 

µg) 
715 nm 

Env (gp140GCN4) 

-antigen 

Env (gp140GCN4) 

protein (100 µg) 

Alexa Fluor 647 

(40.5 µg) 
668 nm 

* The antibodies were purchased as fluorophore conjugates therefore no conjugation step was required. 

2.5.2.1. Preparation of the antibody and fluorophore conjugates required for FACS 

The following experimental procedures were used to conjugate the necessary antibodies and 

proteins to the fluorophores: The APC/Cy7® Conjugation Kit - Lightning-Link® (Abcam, 

Cambridge, UK) was used to conjugate 100 µg of mouse anti-rabbit IgM (Bio-Rad, Hercules, CA, 

USA) to 12 µg of Allophycocyanin–Cy7 (APC-Cy7), and the Lightning-Link® DyLight® 680 

Conjugation Kit (Fast) - Lightning-Link® (Abcam, Cambridge, UK) was used to conjugate 100 

µg of 2dCD4WT to 12 µg of DyLight 680. The conjugation protocol for the above-mentioned 

conjugates (mouse anti-rabbit IgM-APC-Cy7 and 2dCD4WT-DyLight 680) was performed 

according to the manufacturer’s instructions as follows, 1 µl of modifier reagent was added for 

every 10 µl of antibody/protein and mixed gently. The total volume (11 µl) of sample mix 

(modifier reagent and antibody/protein) was added to the lyophilized dye material and used to 

resuspend the lyophilized fluorescent dye material. The resuspended dye and sample mix were 
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incubated at room temperature in the dark for 15 minutes to allow for chemical conjugation 

reaction to take place. Following incubation of the dye and sample mix, 1 µl of quencher reagent 

was added to this mixture for every 10 µl of antibody/protein used, mixed gently and incubated 

for four minutes. The conjugates were then ready for use.  

The Alexa Fluor™ 647 Microscale Protein Labeling Kit (Thermo Fisher Scientific, Waltham, MA, 

USA) was used to conjugate 100 µg of gp140GCN4 Env and 40.5 µg of Alexa Fluor 647, according 

to the manufacturer’s instructions, as follows: A 1/10 volume of 1 M sodium bicarbonate (pH 

~8.3) was added to the gp140GCN4 Env, and gently mixed. Ten microliters of dH2O was added to 

completely dissolve the Alexa Fluor succinimidyl ester moiety which reacts with the primary 

amines of the protein forming stable protein-dye conjugates. The reactive dye solution was added 

to the protein sample mix, and mixed thoroughly by pipetting up and down several times. The 

reaction mixture was incubated at room temperature in the dark for 15 minutes. Following 

incubation, the conjugate was purified to remove any unreacted dye solution as follows, 800 µl of 

a supplied gel resin was added to a spin column and centrifuged at 16,000 ×g for a total of 15 

seconds. Fifty microliters of the reaction mixture were added to the centre of the surface of the 

resin bed, and centrifuged at 16,000 ×g for 1 minute.  

2.5.2.2. Preparation of the compensation beads for FACS 

To adjust for any fluorescence emission spectral overlap between the selected fluorescent dyes 

used for labelling, a compensation step was prepared before the antigen-specific B cells were 

sorted. The BD™ CompBead Anti-Mouse Ig, κ/Negative Control Compensation Particles Set (BD 

Biosciences, Franklin Lakes, N.J., USA) were prepared by adding one drop of beads in 10 µl of 

1×PBS. The anti-rat antibodies were able to bind to the antibody capture beads because of the high 

homology between the rat and mouse IgG1, IgG2a/b/c constant regions [224], [225]. 

The prepared antibody capture beads were stained independently. A 1 in 10 dilution of the rat anti-

rabbit CD3-Fluoroscein isothiocyanate (FITC) conjugate (GeneTex, Irvine, CA, USA) prepared 

in a final volume of 40 µl, 3µl of the mouse anti-rabbit IgM-APC-Cy7 conjugate, and 50 µl of the 

PE mouse anti-rabbit IgG detector (BD Biosciences, Franklin Lakes, N.J., USA) was prepared as 

recommended by the manufacturer. Instead of using the goat anti-rabbit IgG PE that was used to 

stain the PBMCs, the PE mouse anti-rabbit IgG detector was used for compensation as it is the 

correct species for the beads and the antibody was manufactured specifically for testing on 

https://www.bdbiosciences.com/us/applications/clinical/blood-cell-disorders/other-reagents/set-up-reagents/anti-mouse-ig-negative-control-compensation-particles-set/p/552843
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compensation beads. Compensation was not performed for Alexa Fluor 647 and DyLight 680, as 

these two fluorophores emit light at similar wavelengths (Table: 2.1) with a significant amount of 

spectral overlap which was not an issue in the current study as both of the antigens (gp140GCN4 

and 2dCD4WT) labelled with the respective fluorophores were used to select and sort for the bound 

antigen-specific fluorophores. Once the fluorescent dyes were added to the compensation beads, 

the beads were incubated in the dark at room temperature for 60 minutes. Following incubation, 1 

ml of 1×PBS were added to the beads to remove any unreactive dye conjugates and centrifuged 

for 5 minutes at 200 ×g. The supernatant was discarded and the beads were resuspended into a 

final volume of 500 µl of 1×PBS. 

2.5.2.3. Preparation of the purified rabbit PBMCs for FACS 

Prior to staining, the purified rabbit PBMCs previously enumerated and stored at 1×106 cells/ml, 

were thawed on ice, and centrifuged at 200 ×g for 5 minutes, and the supernatant was discarded. 

The PBMCs were washed once with 500 µl of 1×PBS, centrifuged at 200 ×g for 5 minutes, and 

the supernatant was discarded. The PBMCs were resuspended in final volume of 100 μl in 1×PBS. 

The cells were stained with 10 µl of Hoechst 33342 (BD Biosciences, Franklin lakes, N.J., USA) 

(10 µg/ml) as recommended by the manufacturer, 10µl of rat anti-rabbit CD3 IgG – FITC (25 µg), 

3µl of mouse anti-rabbit IgM – APC-Cy7, 10 µl of goat anti-rabbit IgG – PE (0.1 mg/ml), 20 μl of  

2dCD4WT - DyLight 680, and 20 µl of gp140 GCN4 Env - Alexa Fluor 647. The PBMCs were 

incubated with the conjugates in the dark for 60 minutes on ice. Following incubation, the cells 

were washed once with 500 µl 1×PBS to remove any unbound antibody/fluorophore and 

centrifuged at 200 ×g for 5 minutes. The supernatant was discarded and the cells were resuspended 

to a final volume of 500 µl. Unstained cell controls were prepared as negative controls and to 

appropriately set the photomultiplier tubes (PMT) voltages and account for any background 

autofluorescence.    

FACS analysis was performed using the FACS Aria I flow cytometer (BD Biosciences, Franklin 

Lakes, N.J., USA) and data analyzed using the FACSDiva V6.2 and FlowJo V10.0.1 (TreeStar) 

software programs. To reduce the number of false positives (cells that are not antigen-specific 

memory B cells) from being sorted during the experimental procedure, a series of gating events 

was used to sieve through the pool of PBMCs in order to isolate the antigen-specific memory B 

cells. Briefly, the first population of cells that were selected for were the single cells, using the 
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forward scatter height and forward scatter area parameters. From the single cell population, live 

cells were selected using the forward scatter and negative staining for Hoechst 33342 (a cell 

viability dye that binds to the cell’s double-stranded DNA) parameters. From the live cell 

population, T cells were identified and discarded using a rat anti-rabbit CD3 IgG antibody 

conjugated to FITC. From the CD3 negative population, the naïve B cells were identified and 

discarded as follows: a mouse anti-rabbit IgM antibody conjugated to APC-Cy7 was used to bind 

the IgM marker on naïve B cells.  From the IgM negative population of cells, the memory B cells 

were selected using a goat anti-rabbit IgG antibody conjugated to PE since IgG is a marker for 

memory B cells. Cells that showed positive fluorescence in the PE emission spectrum were 

selected and the antigen-specific memory B cells were identified for sorting based on their binding 

specificity to gp140GCN4 Env trimeric protein conjugated to Alexa Fluor 647 or 2dCD4WT protein 

conjugated to DyLight 680 or memory B cells that demonstrated specificity to both antigens (dual 

specificity). The gating strategy is explained in more detail in section 3.3. The cells were 

individually sorted into flat-bottomed 96-well Nunc Polysorp plates (Nunc, Roskilde, Denmark) 

containing 20 µl of complete reverse transcription buffer (1× RT buffer (Thermo Fisher Scientific, 

Waltham, MA, USA), 2 U/µl RNAse OUT™ (Thermo Fisher Scientific, Waltham, MA, USA), 

1.25 μl of 0.1 M DTT (Thermo Fisher Scientific, Waltham, MA, USA), 0.0625 μl Igepal (Thermo 

Fisher Scientific, Waltham, MA, USA), DEPC-treated dH2O (Ambion, Austin, TX, USA) up to 

final volume of 20 µl).   Plates were stored at -80℃ until use.  

2.6. PCR amplification of the transcriptionally active linear cassette 

Transcriptionally active linear expression cassettes were assembled by PCR for the expression of 

rabbit monoclonal antibodies from isolated antigen specific memory B cells described above. The 

antigen-specific memory B rabbit cells were lysed and RNA reverse-transcribed using the 

SuperScript IV (SSIV) enzyme and oligoDTs according to the manufacturer’s instructions 

(Invitrogen, Carlsbad, CA, USA). This method of RNA reverse transcription by the addition of the 

SSIV enzyme and oligoDTs directly to the cells was preferable to having a separate RNA isolation 

step due to low quantity of RNA starting material as a result of single B cell isolation and lysis.  

All PCRs reactions used the 2× Master Mix Q5 high-fidelity enzyme (New England Biolabs, 

Ipswich, MA, USA) to avoid PCR-induced errors and DEPC-treated water (Ambion, Austin, TX, 

USA), unless otherwise stated. Purification of all PCR amplification products were performed 
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using the GeneJET PCR Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) 

according to the manufacturer’s instructions. 

The primer sequences and corresponding annealing temperatures for each PCR for the heavy- and 

light-chain fragments are shown in Tables 2.2 and 2.3, respectively. Corresponding heavy- and 

light-chain variable antibody regions were amplified from the reverse transcribed cDNA using the 

5′ and 3′ gene specific primers [223] in a primary PCR, with the 5′ oligonucleotide (oligo) binding 

to the rabbit variable region leader sequence and the 3′ oligo annealing to either the CH1 (heavy) 

or Cκ (light) constant regions. A second PCR was performed on all the primary PCR products that 

yielded both a heavy and a light chain product from the same isolated memory B cell cDNA. The 

secondary PCR primers sequences [223] are nested within the primary light- and heavy-chain 

amplicons and contain overlapping nucleotide sequences with HCMV at the 5′ and the heavy- or 

light-chain antibody constant region on the 3′ end, respectively. These overlapping nucleotide 

sequences were engineered to facilitate the correct assembly of the transcriptionally active linear 

cassette following the tertiary PCR (described below). The HCMV promoter was amplified using 

primers as described in Table 2.2 and 2.3, in a separate PCR reaction using the VRC_4196 plasmid 

vector as a template (see Appendix A1). The HCMV promoter was not independently amplified 

to the heavy- or light-chain specifically, and therefore, the same HCMV PCR amplicon was used 

downstream for both the heavy- and light-chain. Rabbit heavy- and light-chain antibody constant 

regions, including a poly-adenylation tail sequence (polyA tail), were amplified using primers 

described in Table 2.2 and 2.3 from constructs generated by GeneArt (Thermo Fisher Scientific, 

Waltham, MA, USA). These constructs comprised the same rabbit heavy- and light- chain constant 

sequences available in the pFUSEss-CHIg-rG and pFUSE2ss-CLIg-rK1 vectors, respectively (see 

Appendix A, supplementary Figure 2 for the heavy- and light-chain constant and polyA fragment 

inserts). A final PCR (referred to as a tertiary PCR) was performed using primers (Table 2.2 and 

2.3) to amplify the final assembled expression cassette comprising (from 5′ to 3′ end) the HCMV 

promoter, the antibody’s variable region and the constant regions containing a polyA sequence at 

the 3′ end (inclusion of the promoter and constant-polyA fragments in this PCR is necessary). The 

assembled expression linear cassette ensures it is transcriptionally active for both the heavy- and 

light-chain genes that can be directly used to co-transfect mammalian cells on a small-scale in 

order to screen and characterize the IgG-containing supernatant.  
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Table 2.2: Primers used for the amplification of the transcriptionally active linear expression 

cassette containing the heavy-chain antibody fragment. The overlapping sequences introduced by 

the secondary PCR primers are underlined. The red underlining denotes the variable region 

overlaps, the blue corresponds to the CMV promoter region overlap, and the green underlining 

corresponds to the constant region overlapping regions. 

Primer name Primer sequence (5′ to 3′ direction) 
Annealing 

temperature 

Primary PCR 

Variable region 

forward primer 

AAGCTTGCCACCATGGAGACTGGGCTGCGCTGGCTTC 

50.5℃ 
Variable region 

reverse primer 

AAGCTTGCCACCATGGACAYGAGGGCCCCACTC 

Secondary PCR 

Overlap region 

forward primer 

ATCGCGGCCGCTCTAGAGCCACCAAGCTTGCCACCATG 

62℃ 
Overlap region 

reverse primer 

GCAGCAGGGGGCCAGTGGGAAGACTGATGGAG 

CMV 

Forward primer CCATTGCATACGTTGTATCC 
50℃ 

Reverse primer GGTGGCTCTAGAGC 

Constant and polyA region 

Forward primer TCGAGTGGGCAACC 
50.5℃ 

Reverse primer GAATTAATTCCATACCACATTTG 

Tertiary PCR 

Forward primer GACATTGATTATTGAC 
50℃ 

Reverse primer AAGACTGATGGAGCCTTAGGTTGCCC 
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Table 2.3: Primers used for the amplification of the transcriptionally active linear expression 

cassette containing the light-chain antibody fragment. The overlapping sequences introduced by 

the secondary PCR primers are underlined. The red underlining denotes the variable region 

overlaps, the blue corresponds to the CMV promoter region overlap, and the green underlining 

corresponds to the constant region overlapping regions. 

Primer name Primer sequence (5′ to 3′ direction) 
Annealing 

temperature 

Primary PCR 

Variable region 

forward primer 

AAGCTTGCCACCATGGACAYGAGGGCCCCCACTC 

50.5℃ 
Variable region 

reverse primer 

CAGAGTRCTGCTGAGGTTGTAGGTAC 

Secondary PCR 

Overlap region 

forward primer 

GGCCGCTCTAGAGCCACCAAGCTTGCCACCATG 

62℃ 
Overlap region 

reverse primer 

GGAGGACAGAAGGCGCAACTGGATCCAGAGTRCTGCTGAG 

CMV 

Forward primer CCATTGCATACGTTGTATCC 
50℃ 

Reverse primer GGTGGCTCTAGAGC 

Constant and polyA region 

Forward primer GATCCAGTTGCGCCTTC 
50.5℃ 

Reverse primer CCATACCACATTTGTAGAGG 

Tertiary PCR 

Forward primer GACATTGATTATTGAC 
48℃ 

Reverse primer CCATACCACATTTGTAGAGG 

 

The PCR reaction mix for the primary, secondary, CMV region, and constant regions (including 

polyA fragments) was composed of 1.25 μl of 10 mM forward primer, 1.25 μl of 10 mM reverse 

primer, 1 μl of template DNA, 12.5 μl of 2×Q5 master mix, and dH2O up to a final volume of 25 

μl. The thermocycling procedure was as follows, initial denaturation at 98℃ for 1 min followed 

by 34 cycles of denaturation at 98℃ for 15 sec, annealing at primer specific temperatures for each 
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PCR amplification described in Tables 2.2 and 2.3 for 30 sec, and extension at 72℃ for 20 sec. A 

final extension was done at 72℃ for 2 min.   

The final tertiary PCR was a 2-step process [226], where in the first step, the three PCR product 

constituents (the secondary PCR product, the CMV product, and the constant region and poly-A 

fragments) at a 1:1:1 molar ratio, respectively, with a total DNA amount of 100 ng was added to a 

reaction mix composed of 2×Q5 hi-fidelity enzyme and dH2O to a final volume of 25 µl. The 

thermocycling process for the first step PCR was implemented under the following conditions; 

denaturation for 2 min at 98℃, 94℃ for 15 sec, 56℃ for 20 sec, 72℃ for 1 min repeated for 10 

cycles, and a final hold at 4℃. The first step denatures and anneals the complimentary overlapping 

sequences, forming the template of the transcriptionally active linear expression cassette. In the 

second step the tertiary primers complementary to the 5′ HCMV promoter region and the 3′ polyA 

signal were used to amplify the assembled transcriptionally active linear cassette (in the first PCR 

step) for expression studies. For the second step of the PCR, 12 μl of the first step PCR product 

was added to the reaction mix made up of 2×Q5 hi-fidelity enzyme, 5 μl of 10mM forward primer, 

5 μl of 10 mM reverse primer and dH2O added to a final volume of 100 μl. The second step PCR 

cycle took place under the following thermocycling conditions; an initial denaturation step at 98℃ 

for 2 min, 94℃ for 20 sec, annealing at 50℃ and 48℃ for the heavy- and light-chains, 

respectively, and 72℃ for 2 min 30 sec for 35 cycles, and a final extension of 3 min at 72℃.  

For each PCR amplification step, the presence of the amplicon was confirmed by agarose gel 

electrophoresis. The amplicons were resolved on 0.8% agarose gels (Appendix D1.1 and 1.2) run 

in a 1× Tris-acetate EDTA (TAE) buffer (Thermo Fisher Scientific, Waltham, MA, USA) and 

stained with 1× ethidium bromide (Promega, Fitchburg, WI, USA). The stained and resolved 

bands were detected using the ChemiDoc™ MP imaging system (Bio-Rad, Hercules, CA, USA) 

and the images were processed using the QuantityOne version 4.6.9 Software Programme (Bio-

Rad, Hercules, CA, USA).  
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2.7. Recombinant protein expression 

2.7.1. Small-scale antibody expression studies from the transcriptionally active linear 

expression cassettes 

Using the assembled transcriptionally active linear expression cassettes antibody expression 

studies were performed on a small scale by transient transfections of HEK 293T cells. The heavy- 

and light-chain antibody transcriptionally active linear cassettes of five isolated B cells (samples 

1, 2, 4, 6, and 7) were used for the transfection studies. The heavy- and light-chain plasmid vectors 

of the human antibody 2G12 were used as a positive control for the transfection protocol. The 

HEK 293T cells were maintained as described in section 2.2.2. For the transient transfections, once 

reaching 70-80% confluency, the cells were re-seeded in 3 ml of complete DMEM at a cell number 

of 3×105 cells/ml in each well of a Nunc™ Nunclon™ Vita 6-Well Multidish (Thermo Fisher 

Scientific, Waltham, MA, USA). The dish was incubated at 37℃ with 5% CO2 until the cells 

reached 80% confluency. Following incubation, the DMEM was discarded and 3 ml of FreeStyle 

serum-free expression media (Thermo Fisher Scientific, Waltham, MA, USA) was added to each 

well. The transfections were performed using a cationic polymer-based methodology. Briefly, the 

Polyethylenimine (PEI) Max transfection reagent (Polysciences Inc, Warrington, PA, USA), is a 

cationic polymer [227] that condenses negatively charged DNA into positively charged particles 

that are able to bind to anionic cell surfaces, which consequently results in the PEI-DNA complex 

being taken up in the cells via endocytosis and the DNA is released in the cytoplasm of the cell 

[228]. Nine micrograms of a 1 mg/ml stock of PEI Max was added to 150 μl of Opti-MEM 

(Thermo Fisher Scientific, Waltham, MA, USA), and 3 μg of total DNA (equimolar amounts of 

the DNA of the heavy- and light-chain) was diluted in 150 μl Opti-MEM. The diluted PEI max 

was added to the diluted DNA and incubated at room temperature for 15 minutes to allow complex 

formation. The diluted PEI max-DNA mixture was added to each well of the dish. The cells were 

returned to the 37℃ incubator for 96 hours, and thereafter the supernatants were harvested and 

clarified of cell debris by centrifugation at 300 ×g for 15 minutes. The supernatants were then 

filtered using an Acrodisc syringe filter with a 0.2 μm Supor® membrane (PALL Life Sciences, 

Port Washington, NY, USA) and stored at -20℃ until screening of the antibody expression was 

performed. An Amicon Ultra-50kDa (MilliporeSigma, Burlington, MA, USA) centrifugation 
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filter unit was used to concentrated the harvested protein supernatant six-fold. The concentrated 

protein was washed with 1×PBS to remove the expression media. 

2.7.2. Binding activity of the expressed antibodies to gp140GCN4 Env and 2dCD4WT using 

Enzyme Linked Immunosorbent Assay (ELISA) 

The presence and binding activity of the expressed antibodies were examined against the 

immunogen- complex’s constituent proteins, namely gp140GCN4 Env and 2dCD4, respectively, 

using an ELISA. For the experimental procedure, gp140GCN4 Env or 2dCD4WT at a concentration 

of 2 μg/ml in a total volume of 100 µl in 1×PBS was used to coat each well of the 96-well Nunc 

Maxisorp Immuno microtiter plates (Nunc, Roskilde, Denmark) overnight at 4 ℃. The microplate 

was washed 3 times using 300 µl 1× PBS-T (0.05% Tween (Sigma-Aldrich, St Louis, MO, USA)) 

using the BioTek, ELx 50 automated plate washer (BioTek, Winooski, VT, USA). To eliminate 

non-specific binding of the protein to the microplate, each well was blocked with 100 μl of 1% 

BSA in 1×PBS-T and incubated for 1 hour at room temperature. An Amicon Ultra-50kDa 

(MilliporeSigma, Burlington, MA, USA) centrifugation filter unit was used to concentrate the 

harvested protein supernatants six-fold. The concentrated protein was washed with 1×PBS to 

remove the expression media.  The 200 µl of each concentrated transfected cell supernatants were 

added to the respective wells in duplicate. Two-hundred microliters of the samples or controls 

(rabbit 24 sera, 2G12 transfection supernatant, a transfection media, and a blank) were added to 

the 96-well plate and the plate was incubated at room temperature for 1 hour. Sera obtained from 

rabbit 24 and diluted 1:10,000 in 1×PBS-T was used as a positive control.  Following incubation, 

the plate was washed five times using 1× PBS-T. An HRP-conjugated donkey anti-rabbit IgG (GE 

Healthcare, Chicago, IL, USA) was used as secondary antibody except for the wells containing 

2G12, which received an HRP-conjugated sheep anti-human IgG (GE Healthcare, Chicago, IL, 

USA) secondary antibody. Both secondary antibodies were used at a 1:2000 dilution. One-hundred 

microliters of the secondary antibodies were added to the respective wells and the plate was 

incubated for 1 hour at room temperature. After incubation, the plate was washed five times with 

1×PBS-T, and 100 μl of TMB substrate solution (Life Technologies, Carlsbad, CA, USA) was 

added to each well, thereafter, the plate was incubated in the dark at room temperature for 20 

minutes, to allow for the substrate to react with the peroxidase conjugated to the secondary 

antibodies resulting in a blue colour change. After the 20-minute incubation, 100 μl 2M sulfuric 
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acid was added to each well as the stopping solution. The absorbance of the reactions was 

measured at 450 nm using the iMark™ microplate reader (Bio-Rad, Hercules, CA, USA). 

2.7.3. Determining monoclonal antibody expression using Sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and western blot 

The presence and identity of expressed monoclonal antibodies by transient transfection was 

determined using SDS-PAGE and western blotting. 

2.7.3.1. SDS-PAGE 

Purified and concentrated rabbit antibody (rabbit total antibodies were purified from rabbit sera 

using a standard protein-A chromatography protocol) and the HIV-1 bnAb, human antibody, 10e8, 

were resolved by SDS-PAGE to observe the banding patterns under non reducing and reducing 

conditions. The 2g12 transfection control sample and FreeStyle transfection media only control 

were included in the SDS-PAGE analysis to determine whether non-specific proteins were present 

in the media. The antibody controls, 2G12 supernatant and media only samples were prepared in 

2× Reducing (25% stacking gel buffer (Appendix D2.2), 40%  SDS (Merck, Kenilworth, N.J., 

USA), 20% glycerol, 10% β-mercaptoethanol,  0.02% bromophenol blue, made up to 10 ml with 

dH2O) and 2× Non-reducing buffer (25% stacking gel buffer, 40% SDS, 20% glycerol, 0.02% 

bromophenol blue, made up to 10 ml with dH2O)  and boiled for 5 minutes before being loaded 

into the wells of the SDS-PAGE gels. A 10% SDS-PAGE gel was prepared as follows: 10% 

Separating gel (4 ml monomer solution (Appendix D2.1), 3.75 ml separating gel buffer (Appendix 

B2.2), 150 µl 10% SDS (Merck, Kenilworth, N.J., USA), 7.05 ml dH2O, 75 µl 10% ammonium 

persulphate (APS) (Sigma-Aldrich, St. Louis, MO, USA), 15µl TEMED (Sigma-Aldrich, St Louis, 

MO, USA) and 4% stacking gel, (940 µl monomer solution, 1.75 ml stacking gel buffer (Appendix 

D2.3) (3 g Tris made up to 50 ml of distilled water, pH 6.8), 70 µl 10% SDS, 4.3 ml dH2O , 35 µl 

10% APS, 15µl TEMED)). The antibody controls and 2g12 and media only samples were resolved 

on a 10% SDS-page under non-reducing conditions, to analyse the full intact antibodies, and under 

reducing conditions to observe the separation of the heavy- and light-chain antibody fragments. 

The Colour Protein Standard Broad Range (Thermo Fisher Scientific, Waltham, MA, USA) 

molecular weight marker was used to determine the molecular weights of the resolved proteins. 

The gels were run at a constant voltage of 150V in 1× Tank buffer (10% 10× Tank buffer 
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(Appendix D2.6) diluted in dH2O)) until the dye-front reached the end of the gel. Once the controls 

were resolved on the gels, the gels were stained with 0.025 % Coomassie Blue R250 stain (0.25 g 

Coomassie® Brilliant Blue R250 (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 50% ml 

methanol (Sigma-Aldrich, St. Louis, MO, USA), 10% ml acetic acid and dH2O made up to 1 L) 

overnight with shaking. The gels were then destained using a 5% acetic acid 7% methanol 

destaining solution for a minimum of 6 hours or until the bands on the gel could be seen clearly. 

The SDS-PAGE gels were analysed for the banding pattern of the stained proteins by capturing 

images using the ChemiDoc™ MP imaging system (Bio-Rad, Hercules, CA, USA) and processed 

using the QuantityOne version 4.6.9 Software Programme (Bio-Rad, Hercules, CA, USA). 

2.7.3.2. Western blotting 

Separate western blots were performed for the detection of expressed monoclonal antibodies from 

rabbit derived samples 1, 2, 4, 6, and 7 and for human 2G12 expression. For each western blot, a 

10% SDS-PAGE was run with the samples and controls as described above, and thereafter the 

SDS-PAGE gels were equilibrated in transfer buffer (20% methanol in 1 L of 1× Tank buffer for 

approximately 15 minutes. The resolved proteins on the gels were transferred to the nitrocellulose 

membranes (BioRad, Hercules, CA, USA) at 20V for 30 minutes using the Bio-Rad Trans-Blot® 

Semi-Dry System (BioRad, Hercules, CA, USA). The nitrocellulose membranes were blocked 

overnight at 4℃ using 5% blocking solution (5 g fat-free milk powder in 1× TBS-T (10× TBS 

(10g NaCl, 30 g Tris, 2g KCl, pH 7.4, made up to 1 L in dH2O) diluted in distilled water, with 

0.05% Tween). The blocking solution was discarded and the nitrocellulose membranes were 

washed three times with TBS-T for five minutes each wash. The presence of expressed antibodies 

for the samples were compared to the purified rabbit serum positive control and detected using the 

HRP-conjugated donkey anti-rabbit IgG secondary antibody (GE Healthcare, Chicago, IL, USA). 

The 2G12 expression was analysed against the 10e8 positive control and was detected using the 

HRP-conjugated sheep anti-human IgG secondary antibody (GE Healthcare, Chicago, IL, USA). 

The secondary antibodies were each diluted 1:2000 in TBS-T, and were added to the nitrocellulose 

membranes and incubated for 1 hour at room temperature. Thereafter, the nitrocellulose 

membranes were washed three times with TBS-T for 5-minutes per wash. The bound antibodies 

were detected using the SuperSignal™ West Pico Chemiluminescent Substrate kit (Thermo Fisher 

Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Images of the 

banding patterns on the nitrocellulose membranes were detected using the ChemiDoc™ MP 
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imaging system (Bio-Rad, Hercules, CA, USA) and processed using the QuantityOne version 4.6.9 

Software Programme (Bio-Rad, Hercules, CA, USA). 
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3. Results 

3.1. CAP45GCN4 expression and purification 

3.1.1. Expression of gp140GCN4 Env  

Stably transfected 293F cells were successfully grown to express gp140GCN4 into the cultured 

supernatant, as confirmed by SDS-PAGE and western blot analysis (Figure 3.1). The positive 

control used was a previously expressed and purified sample of gp140GCN4 that was available in 

the laboratory. Resolved and transferred gp140GCN4 protein were detected using rabbit serum as 

the primary antibodies and an HRP-conjugated anti-rabbit secondary antibody and produced a 

band corresponding to approximately 140 kDa (Figure 3.1). 

 

Figure 3.1: Western blot analysis of the expressed HIV-1 gp140GCN4 envelope glycoprotein. gp140GCN4 protein 

expression was confirmed by probing the nitrocellulose membrane with a diluted (1: 1000) anti-gp140 rabbit sera 

primary antibody, and subsequently detecting the primary bound antibody using a diluted (1: 2000) horse radish 

peroxidase (HRP)-conjugated anti-rabbit secondary antibody. The positive (+ve) control was previously expressed 

gp140GCN4. MWM stands for molecular weight marker corresponding to the pre-stained broad range protein marker 

(New England Biolabs, MA, USA), shown in kiloDaltons (kDa) on the right. 
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3.1.2. Purification of trimeric gp140GCN4 

The trimeric gp140GCN4 was separated from the dimeric and monomeric conformations by SEC 

(Figure 3.2A). Fractions seven to twelve were collected and SDS-PAGE and western blot analysis 

confirmed the presence of gp140GCN4 (Figure 3.2B). Fractions eight to twelve that corresponded 

to the trimeric Env conformation were pooled and concentrated 10-fold yielding a final 

concentration of 272.4 µg/ml at a final volume of 1 ml using the BCA assay. 

 

Figure 3.2: The purification of trimeric gp140GCN4 using size exclusion chromatography. Following lectin affinity 

chromatography, the trimeric gp140GCN4 conformation was purified using size exclusion chromatography with the 

HiLoad 16/600 Superdex 200 PG column.  Separation of the gp140GCN4 Env conformations was monitored by 

absorbance at 280nm using the Akta FPLC platform. Fractions eight to twelve (indicated by the orange vertical lines) 

corresponding to the trimeric Env conformation were collected and pooled. (A). Size-exclusion elution fractions seven 

to twelve were resolved on 10% SDS_PAGE followed by on a western blot to confirm the presence of gp140GCN4 

using anti-gp140GNC4 rabbit sera (1:1000) and secondary, anti-rabbit HRP-linked antibody (1:2000) (B). 

3.2. Confirmation of the gp140GCN4 Env/2dCD4S60C neutralising responses 

Serum samples obtained from the three rabbits (rabbit ID 24, 31 and 83) at time points B0, B1 and 

VB1, were each tested for neutralising antibody titres against a heterologous, tier-2 clinically 

relevant pseudovirus, ZM53M.PB12 using the TZM-bl-based neutralisation assay (Figure. 3.3). 

The reciprocal of inhibitory dilution to achieve 50% neutralisation (ID50) for each time point was 

determined.  

The average neutralisation titres for the three rabbits at B0 was 675.4 and ranged between 540.6 

to 909.9, declined on average by 2.6-fold at timepoint B1, and increased on average 2.7-fold in the 

VB1 serum samples as compared to B1 for all three rabbits, as determined by the ID50s (Figure 

3.3D). Most notably the neutralization titres for the rabbit sera 24 and 31 at VB1 were shown to 
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increase by over three-fold compared to B1 and exceeded or restored the neutralization titres 

obtained at B0, respectively (Figure 3.3D). Circulating residual neutralising titres were observed 

two years post the last immunisation, and the neutralising titres improved indicating successful 

immunization and boosting of the relevant neutralising antibody responses. All three rabbits were 

thus considered suitable candidates for further antigenic specific memory B cell isolation and 

characterisation studies. 
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Figure 3.3: Determination of elicited HIV-1 neutralising antibody titres in gp140GCN4 Env/2dCD4S60C 

immunised rabbits. The neutralising antibodies titres were confirmed against the tier-2, ZM53M.PB12 (ZM53) HIV-

1 pseudovirus using the TZMbl-based neutralisation assay. Rabbit sera isolated from three bleed time points, namely; 

the last bleed performed by the previous study (16 December 2016; B0), a baseline bleed prior to the initiation of this 

study (11 April 2018; B1), and a bleed performed post the first boost of this study (10 May 2018; VB1) were evaluated. 

Percentage inhibition curves for B0, B1 and VB1 sera from rabbit 24 (A), rabbit 31 (B), and rabbit 83 (C) at sera 

dilutions from 20 to 43,740, tested against tier-2 clinically relevant pseudovirus, ZM53M.PB12. The % inhibition 

represents the amount of ZM53M.PB12 that is inhibited from infecting cells by the rabbit sera at different dilutions. 

Neutralisation titres are reported as the reciprocal of inhibitory dilution required to achieve 50% viral neutralisation 

(ID50) at each time point for each rabbit serum (D). 
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3.3. Antigen-specific memory B cell isolation 

Following the administration of the boosting immunisation and confirmation of HIV-1 neutralising 

titres in the immunised rabbit sera, the VB1 antigen-specific memory B cells, containing the 

genetic material required for the expression of the rabbit monoclonal antibodies were isolated 

using a multi-parameter FACS based protocol. Rabbit immunisations were performed using the 

HIV-1 gp140GCN4 Env/2dCD4S60C complex, however for delineation of the neutralisation antibody 

responses, selection for either gp140GCN4 Env, 2dCD4WT, or dual-specific (cells demonstrating 

binding activity to both antigens) antigen-specific memory B cells were performed independently. 

Figure 3.4 shows the FACS protocol followed for the isolation and single cell sorting of the 

antigen-specific memory B cells for rabbit 24, and is representative of the protocol followed for 

each rabbit. The isolated PBMC population were initially subjected to forward scatter (FSC) and 

side scatter (SSC) analysis to identify the whole population of PBMCs based on the cell size and 

granularity (Figure. 3.4A). Single cells, which made up 95.1% of the total population of cells, were 

distinguished from doublets (Figure 3.4B) and the viability of the single-cell-gated population was 

evaluated and determined to be 93.3% (Figure 3.4C). The CD3 negative cell populations were 

calculated to comprise 76.4% of the viable cell population (Figure 3.4D). Cells observed to be 

negative for IgM (naïve B cell) were 33.1% of the previously gated CD3 negative cell population 

(Figure 3.4E).  

Following the elimination of naïve B cells from the cell population, the memory B cells were 

selected for using an IgG marker conjugated to PE. The cells found to be positive for IgG (which 

were 28.4% of the remaining gated cell population) were gated and selected for (Figure 3.4F). 

From this population of cells, the antigen-specific memory B cells were identified using each 

component of the immunogen complex; the proteins (gp140GCN4 or 2dCD4WT) were conjugated to 

distinct fluorophores (Alexa Fluor 647, or DyLight 680, respectively) to effectively identify 

antigen-specific memory B cells.  The antigen-specific memory B cells showed distinct 

populations in all quadrants of the gp140GCN4 antigen (representing 34.9% of the gated events), 

2dCD4WT antigen (representing 26.4% of the gated events), or dual specific targeting of both 

components of the immunogen complex (gp140GCN4 and 2dCD4WT) (representing 28.4% of the 

gated events) (Figure 3.4G). From the total population of PBMCs acquired (10,000 events), 2.5% 
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were gp140GCN4 Env antigen-specific, 1.7% were 2dCD4 antigen-specific, and 0.47% were dual 

antigen-specific memory B cells.  

Overall, thirty-two single cells of each gated antigen-specific memory B cell population from each 

rabbit sera were individually sorted into flat-bottomed 96-well Nunc Polysorp plates containing 

complete reverse transcription buffer to generate transcriptionally active linear cassettes for the 

expression of monoclonal antibodies. 

 

 

 

 

 

 

 

 

 



58 
 

 

 

 

Figure 3.4: The gating strategy for identification of rabbit antigen-specific memory B cells from immunised 

rabbits. Isolated rabbit PBMCs were analysed using a BD FACS Aria I. The whole PBMC population of was analysed 

using the FSC and SSC parameters (A). Gates were drawn around single cells (B), live cell-Hoechst 33342 negative 

cells (C), CD3 – (FITC) negative cells (D), IgM – (APC-Cy7) negative cells (E), IgG – (PE) positive cells (memory 

B cells) (F), and the antigen-specific memory B cells (2dCD4, gp140GCN4 Env, and dual-specific cells) (G). The gated 

cells from (G) were sorted as single cells into a 96-well plate for PCR amplification of the antibody specific variable 

regions. 
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3.4. PCR amplification of the transcriptionally active linear cassette (TAP) 

3.4.1. Heavy and light chain antibody variable region amplification  

Once individual antigen-specific memory B cells were isolated, the RNA from each cell was 

reverse transcribed to cDNA. Of the cognate variable regions 18.42% were successfully amplified. 

Due to time constraints, nine cell samples from rabbit 24 were randomly selected to determine the 

success of generating the TAPs expressing rabbit derived monoclonal antibodies. Of these, three 

cells were gp140GCN4 Env specific (S1 to S3), three cells were 2dCD4WT specific (S4 to S6), and 

three cells were dual-specific (S7 to S10). The expected 500 bp heavy-chain amplicons were 

observed for 8 out of 9 isolated antigen specific memory B cells (Figure 3.5A). Similarly, the 

expected 650 bp light-chain amplicon was observed for 4 of the 9 memory B cells (Figure 3.5B).  

 

 

Figure 3.5: PCR amplification of rabbit heavy- and light-chain antibody variable regions.  Reversed transcribed 

cDNA obtained from nine single antigen-specific memory B cells (S1-S9) served as the template for amplification of 

both heavy- and light-chain antibody variable regions. PCR amplification reactions were resolved on a 0.8% agarose 

gel and visualised under UV following ethidium bromide staining. Agarose gels showing DNA amplicons from the 

heavy-chain variable fragment PCR (A) and light-chain PCR (B). The O’Gene Ruler DNA ladder #sm1173 (Thermo 

Fisher Scientific, Waltham, MA, USA) was used as the reference molecular weight marker (MWM), and the base 

pairs (bp) of relevant bands making up the marker are indicated on the left of the agarose gel. 
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Non-specific, lower base pair fragments and smearing were observed for all samples in both the 

heavy- and light-chain amplification reactions, and were mostly likely due to primer dimers, 

incompletely/incorrectly amplified fragments, or nucleic acid contamination during the 

preparation of the reaction. To reduce the non-specific banding patterns, and smearing, the 

annealing temperature and extension times of the PCR reactions were optimised, different primers 

were used (Appendix A, supplementary Figure 3A), and fresh DEPC-treated water was used for 

the reactions. Most of the optimisations did improve the quality of the PCR product, generating 

bright and distinct banding patterns, however, we were not able to completely eliminate smearing 

and non-specific banding. Despite the non-specific bands and smears, the bands representing the 

correct heavy- and light- chain variable regions fragments were prominent enough to indicate 

successful amplification and enabled us to proceed with the secondary PCR. Additionally, 

although the heavy chain of S3, and light chains of S2, S3, S4 and S8 were not visible on the 

agarose gel, the amplification reactions were included in the subsequent analyses.  

3.4.2. Amplification of the individual transcriptionally active linear cassette (TAP) 

constituents  

Following amplification of the heavy- and light-chain variable regions in the primary PCR, a 

secondary PCR was successfully performed to add the complementary CMV promoter region and 

antibody constant region overhangs to the 5′ and 3’ ends, respectively, of the primary PCR product 

(Figure 3.6). Distinct bands were observed at approximately 536 bp for the secondary, heavy-chain 

PCR amplification as expected due to the addition of the complementary overhangs which were 

36 bp long in total, with the exception of S3 and S4 (Figure 3.6A). The lack of bands for S3 was 

expected as no amplification was observed for the primary PCR. Similarly, distinct bands were 

observed for the light-chain antibody variable regions at the expected size of approximately 683 

bp due to the addition of the complimentary overhangs which were 33 bp long in total (Figure 

3.6B). There were no bands observed for S2, S3, S4, and S8, suggesting that the light-chain 

secondary PCR was unsuccessful for these samples which was expected because no amplicons of 

the light-chain variable regions were visible in the primary PCR. 

Non-specific banding of lower base pair fragments and smearing was observed for all samples 

which may be the result of primer dimers as well as incompletely/incorrectly amplified fragments. 
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Despite repeated attempts at optimization (Appendix A, supplementary Figure 3B), smearing and 

non-specific banding were not completely eliminated. 

 

Figure 3.6: PCR amplification of rabbit antibody variable fragments, heavy- and light-chain secondary PCRs. 

Secondary PCR amplification of the antibody variable heavy-chain (A), and light-chain (B) fragments for samples 1-

9 (S1-S9). For the secondary PCR, 1 µl of the primary PCR product was added to the reaction mix. The DNA 

fragments were resolved on 0.8% agarose gels and visualised under UV light following ethidium bromide staining. 

The secondary PCR for the heavy- and light-chain antibody variable fragments adds complimenting overhangs for 

correct genetic assembly of the transcriptionally active linear cassette. The O’Gene Ruler DNA ladder #sm1173 

(Thermo Fisher Scientific, Waltham, MA, USA) was used as the reference molecular weight marker (MWM), and the 

base pairs (bp) are indicated on the left. 

The full coding CMV promoter region was amplified from the VRC_4196 expression vector 

(Appendix A, Supplementary Figure. 1A). The DNA bands for the CMV regions were observed 

at 1138 bp as anticipated, confirming that the CMV region was successfully amplified (Figure 

3.7A). A fainter band of a higher molecular weight was observed following amplification of the 

CMV region (Figure 3.7A), and therefore the bands of the expected sizes were excised from the 

agarose gel and purified for the downstream experiments.   
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The final elements of the transcriptionally active linear cassette, the corresponding heavy- and 

light-chain antibody constant regions including a polyA region, were successfully PCR amplified 

from two plasmids obtained from GeneArt. The heavy-chain constant region with the polyA tail 

(1239 bp) and the light-chain constant including the polyA region (583 bp) are shown in Figure 

3.7B.  

 

Figure 3.7: PCR amplification of the CMV promotor, and the antibody constant regions including the polyA 

tail. The DNA fragments were resolved on 0.8% agarose gels and visualised under UV light following ethidium 

bromide staining. The 1100 bp fragment indicates successful amplification of the CMV promoter region from the 

VRC_4196 plasmid vector (A). The DNA fragment above the 1200 bp MWM, and at the 600 bp MWM showed 

successful amplification of the heavy- and light-chain constant and polyA regions respectively (B). HC: heavy-chain 

constant region fragment containing poly-adenylation sequence, LC: light-chain constant region fragment containing 

poly-adenylation sequence. The constant and polyA regions were amplified from heavy- and light-chain plasmid 

vectors synthesized by GeneArt. The O’Gene Ruler DNA ladder #sm1173 (Thermo Fisher Scientific, Waltham, MA, 

USA) was used as the reference molecular weight marker (MWM), indicated as base pairs (bp) on the left. 

3.4.3. Transcriptionally active linear cassette assembly  

TAPs comprising the amplified CMV promoter regions, the secondary antibody variable regions 

(heavy or light chain) and the appropriate antibody light or heavy chain constant region, including 

the poly A tail were assembled via overlapping complimentary base pairs between individual 

amplicons (Figure 3.8). Amplicons of the expected molecular weight of the complete antibody 

heavy-chain cassette (approximately 2700 bp) were not visible, and the brightest bands observed 

was approximately 2300 bp suggesting that correct assembly of TAP did not occur (Figure 3.8A). 
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Sample 3 was excluded from the tertiary PCR due to unsuccessful amplification of the heavy- and 

light-chain variable regions.  

Similarly, the expected molecular weight of the complete antibody light-chain cassette was 

approximately 2400 bp, and bands observed on the agarose gel were lower than the expected size 

at approximately 1750 bp (Figure 3.8B), which showed that the TAP did not assemble correctly. 

Samples 2, 4 and 8 were included as “negative controls” for the tertiary PCR since the variable 

regions of the secondary PCR did not amplify (Figure 3.6). Since the resulting DNA fragment 

sizes for the “negative controls” were the same as that observed for the test samples, results 

suggested that the heavy- and light-chain variable region TAP constituents were missing from the 

assembled cassette (Figure 3.8B). 

Despite repeated attempts to optimize the PRC reaction, non-specific banding patterns for the 

antibodies heavy- and light-chain cassettes could not be eliminated (Appendix A, supplementary 

Figure 3C). The bands at lower molecular weights than the expected sizes seen in Figure 3.8, may 

represent the DNA amplicons that failed to assemble correctly. For example, the bands observed 

at 1000 bp following the heavy-chain tertiary PCR (Figure 3.8A) may represent the CMV promoter 

that did not assemble, and similarly the bands of DNA at 600 bp for the light-chain tertiary 

amplification (Figure 3.8B) may represent the secondary variable light chain PCR products that 

did not assemble.  

Since a majority of the heavy- and light-chain TAP products showed similarly sized banding 

patterns, we decided to continue to evaluate whether these amplified TAP cassettes would express 

rabbit derived monoclonal antibodies. 



64 
 

 

Figure 3.8: Assembled heavy- and light-chain transcriptionally active linear cassettes. The heavy-chain (A), and 

light-chain (B) transcriptionally active linear cassette amplification for samples 1, 5, 6, 7 and 9 (S1, S5, S6, S7 and 

S9), and the “negative controls” (Sample 2 (S2), sample 3 (S3), sample 4 (S4) and sample 8 (S8)). The DNA fragments 

at approximately 2400 bp for the heavy-chain were also observed for the “negative controls” (A), which suggests that 

the TAP assembly was unsuccessful. The DNA fragments at approximately 1750 bp for the light-chain were also 

observed for the “negative controls” (B), suggesting that the TAP assembly was not successful. The DNA samples 

were resolved on a 0.8% agarose gels and visualised under UV light following ethidium bromide staining. The O’Gene 

Ruler DNA ladder (#sm1173; Thermo Fisher Scientific, Waltham, MA, USA) was used as the reference molecular 

weight marker (MWM), indicated as base pairs (bp) on the left. 
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3.5. Evaluation of rabbit monoclonal antibody expression 

3.5.1. Enzyme-linked immunosorbent assay (ELISA) for the detection of recombinantly 

expressed monoclonal antibodies in culture supernatants 

Matched linear cassettes pairs (heavy- and light-chains) from rabbit antibody TAP cassettes S1, 

S2, S4, S6, S7 were co-transfected with HEK 293T cells and tissue culture supernatants were 

collected, concentrated and evaluated for monoclonal antibody expression. The five concentrated 

supernatant samples (including a no DNA, expression media only, and transfection media only 

control samples) were each assayed in duplicate against the respective antigens (gp140GCN4 and 

2dCD4WT) in an ELISA (Figure 3.9A and B, respectively). Overall, the positive rabbit sera control 

was shown to bind to both antigens albeit at varying absorbance readings, the 2G12 anti-human 

Env antibody which recognises a cluster of high mannose Env residues bound minimally to 

gp140GCN4 and none of the TAP cassettes showed binding activity to either gp140GCN4 or 2dCD4WT 

(Figure 3.9). The absorbance readings of the samples were similar to the negative controls, 

suggesting that either the expressed antibodies did not bind to gp140GCN4 and 2dCD4WT or little to 

no antibodies were expressed during transfection.  
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Figure 3.9: Evaluation of the binding activity of the TAP-expressed rabbit antibodies against gp140GCN4 and 

2dCD4WT using ELISAs. Harvested and concentrated supernatant of each sample was characterised for antibody-

binding activity to immobilised antigens gp140GCN4 (A) or 2dCD4WT (B) using an ELISAs. The absorbance readings 

indicate the amount of binding of the antibodies to the antigens. Rabbit sera was used as the positive control, at a 

1:10,000, 2G12, a human HIV-1 neutralising antibody, was used as a control to confirm that antibody expression by 

transfections worked efficiently, and the untransfected cell control and blank (which is secondary antibody only) 

served as the negative controls. Two replicates of each sample and the respective controls were tested and the average 

of the two were represented on the graph. The error bars were calculated based on the standard deviation of each 

sample. 

3.5.2. Confirmation of antibody expression by SDS-PAGE and western blot analysis 

Concentrated culture samples and 2 µg of purified human bNAb 10e8 were resolved under 

reducing and non-reducing SDS-PAGE conditions and expressed monoclonal antibodies were 

visualised by Coomassie staining (Figure.3.10).  

The banding patterns observed for the controls under non-reducing conditions were as expected 

for the purified rabbit antibody and 10e8 samples, distinctly displaying a band at or slightly higher 

than 150 kDa, indicating the presence of a full antibody conformation (Figure 3.10). In tandem, 

samples resolved under reducing conditions verified the separation of the corresponding antibody 

heavy-chains (±50 kDa) from the light-chains (±25 kDa) due to reduction of the inter-chain 

disulphide linkages. The heavy-chain (±50 kDa) of the purified rabbit and 10e8 antibody controls 
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were observed under reducing conditions, however, the light-chain fragments (±25 kDa) were not 

visible on the SDS-PAGE, likely due to incomplete resolution of the lower molecular weight 

protein bands (Figure 3.10). The high molecular band (±150 kDa) for 2G12 corresponding to the 

full antibody conformation was not visible on the SDS-PAGE under non-reducing conditions 

(Figure 3.10). Taken together with the ELISA data, it is likely that 2G12 was not expressed at 

meaningful concentrations, if at all. As expected, there were no bands observed for the FreeStyle 

transfection media control, indicating that there were no detectable non-specific proteins in the 

transfection media. 

 

Figure 3.10: Evaluation of the antibody controls used to confirm monoclonal antibody expression by SDS-

PAGE. Purified and concentrated samples were resolved on a 10% SDS-PAGE. Protein-A purified rabbit antibodies 

from rabbit sera and the human antibody 10e8 were used as positive controls. The FreeStyle transfection media was 

used to determine the presence/absence of non-specific proteins in the transfection media. The full antibodies for the 

purified rabbit antibodies and 10e8 are observed at or higher than 150 kDa under non-reducing conditions. The heavy-

chain of the rabbit sera and 10e8 are observed under reducing conditions. The molecular weight (MWM) marker 

corresponds to the pre-stained broad range protein marker (New England Biolabs, MA, USA), indicated as kiloDaltons 

(kDa) between the two gels. 

Western blot analysis of samples resolved under reducing and non-reducing conditions and 

detected using the anti-human HRP linked secondary antibodies confirmed expression of the 2G12 

monoclonal antibody in tissue culture supernatant (Figure 3.11). The full antibody conformation 

was observed at ~150 kDa under non-reducing conditions for the 10e8 positive control and 2G12 

culture supernatant (Figure 3.11A and Appendix A, Supplementary Figure 4A). Similarly, under 

reducing conditions, the heavy-chain fragment was visible at 50 kDa for both the 10e8 antibody 
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control and 2G12 tissue culture sample (Figure 3.11B and Appendix A, Supplementary Figure 

4A), consistent with the SDS-PAGE results shown in Figure. 3.10. No distinct bands were 

observed for the purified rabbit antibodies control using the anti-human secondary antibody, 

although some low-level non-specific binding was evident, possibly due to cross reactive residual 

proteins from the mammalian culture supernatant, since these were not evident in the purified 

rabbit sera controls (Figure 3.11B).  

 

 

Figure 3.11: Confirmation of the 2G12 antibody expression by western blot. The antibody, 10e8, was used as a 

positive control to confirm that the western blot detection using the anti-human antibody was successful. The 

transfection media (media control) was used to determine the presence/absence of non-specific proteins in the 

transfection media. The antibody expression by the samples (S1, S5, S6, S7 and S9) and 2G12 was determined under 

non-reducing (A) and reducing (B) conditions. The secondary antibody used to detect the antibody expression was an 

anti-human antibody used at a 1:2000 dilution. The molecular weight marker (MWM) corresponds to the pre-stained 

broad range protein marker (New England Biolabs, MA, USA), and are shown in kiloDaltons (kDa) on the left. 
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Similarly, to confirm expression of the rabbit monoclonal antibodies from the generated TAP 

cassettes following transient transfection of HEK 293T cells, the resolved supernatant samples 

were subjected to Western blot analysis and probed with an anti-rabbit HRP- linked antibody 

(Figure 3.12). As expected, visible bands from protein-A purified rabbit sera (positive control) 

were observed at ±150 kDa under non-reducing conditions (Figure 3.12A and Appendix A, 

Supplementary Figure 4B), and at ±58 kDa under reducing conditions (Figure 3.12B and Appendix 

A, Supplementary Figure 4B), corresponding to the findings in Figure 3.10.  

Probing of the five TAP cassette tissue culture samples resolved under non-reducing conditions 

produced a similar banding pattern to the purified rabbit antibody control samples, however under 

reducing conditions the patterns were different (Figure 3.12A and B respectively). Additionally, 

faint bands were detected under non-reducing and reducing conditions for the human antibodies, 

2G12, and 10e8, suggesting a high background of non-specific binding, or cross reactivity of the 

rabbit and human antibodies. 

Overall, taken together the ELISA, SDS-PAGE and western blot analyses indicate that rabbit 

monoclonal antibody expression in HEK 293T cells did not occur, which is supported by Figure 

3.8, showing that the heavy- and light-chain variable regions did not assemble into the correctly 

sized TAP cassette, which may have resulted in the low level expression of incorrectly sized 

proteins. 
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Figure 3.12: Evaluation of the rabbit monoclonal antibody expression by western blot analysis. Protein A 

purified antibodies from rabbit sera was used as a positive control. The transfection media (media control) was used 

to determine the presence/absence of non-specific proteins in the transfection media. The antibody expression by the 

samples (S1, S5, S6, S7 and S9) and 2G12 was determined by western blot analysis under non-reducing (A) and 

reducing (B) conditions. The secondary antibody used to detect the antibody expression was an anti-rabbit antibody 

used at a 1:2000 dilution. The molecular weight marker (MWM), kiloDaltons (kDa; indicated in the left) corresponds 

to the pre-stained broad range protein marker (New England Biolabs, MA, USA). 
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4. Discussion 

The ultimate goal in the development of an effective prophylactic HIV-1 vaccine is the ability of 

the vaccine to facilitate the elicitation of a bNAb response. Vaccine studies have utilized the HIV-

1 Env as the target, as it is the only virally-encoded protein on the virus surface, responsible for 

viral entry and ultimately infection, and susceptible to neutralization by bNAbs [20], [113]. The 

elicitation of bNAbs in natural human infections have been mapped to epitopes on the HIV-1 Env 

[184], indicating that Env is a target for bNAbs and significant for the generation of the bNAbs. 

Env-based subunit vaccines are non-replicating inactivated vaccines and are therefore safer than 

previous traditional vaccine strategies, as the recombinant proteins used in these vaccine cannot 

replicate in the vaccinated host and pose no risk of causing disease (reviewed in [229]). The testing 

of effective vaccines by previous human clinical trials have been unsuccessful because the 

immunogens have failed to elicit protective immunity, and this may be due to the many challenges 

of HIV-1 vaccine design including the high genetic variability of the virus (reviewed in [230], 

[231]), the high degree of glycan shielding of critical Env epitopes [172], [194], [212] and 

conformation-dependent exposure of critical epitopes such as CD4i epitopes that are exposed 

during the open Env conformation as a result of Env and CD4 binding [232]. Previous studies 

provide evidence that early exposure of critical epitopes is essential for engaging the relevant B 

cell repertoires and driving the somatic evolution required for high affinity maturation of 

antibodies required for the elicitation of bNAb immune responses in humans [173]. HIV-1 Env 

bound to CD4 promotes conformational changes in the Env leading to the exposure of CD4-

induced epitopes which has been shown to provide improved bNAb responses [204], [205], [210]. 

A previous study done by our laboratory showed that the recombinant 2dCD4S60C variant binds to 

gp120 through a intermolecular disulphide exchange and stabilizes the gp120-CD4 interaction 

effectively resulting in a potent antiviral effect in vitro [218]. In addition our group demonstrated 

that the cleaved gp140GCN4  Env complexed to 2dCD4S60C, when used to immunise NZW rabbits, 

elicited broad and potent neutralizing titres against clinically relevant, HIV-1 tier 2 pseudoviruses 

[217]. The current study described here was aimed at delineating the neutralizing antibodies 

generated in response to this gp140GCN4 Env/2dCD4S60C immunogen complex by isolating and 

characterizing the monoclonal antibodies present in the immunized rabbit sera.  
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4.1. Confirmation of the elicitation of broadly neutralizing responses by the 

HIV-1 gp140GCN4 Env/2dCD4S60C immunogen complex 

The first objective of the current study was to confirm the elicitation of neutralizing antibody 

responses generated in rabbits that received the gp140GCN4 Env/2dCD4S60C immunization as 

previously reported in the preliminary study [217]. In addition, we examined the neutralization 

responses following boosting immunizations and compared them to sera samples taken two years 

prior. Two years prior to the initiation of this study, rabbits were immunized four times at four-

week intervals and the isolated sera demonstrated neutralization responses against eight clinically 

relevant, heterologous, tier-2, genetically diverse HIV-1 pseudoviruses [217]. The isolated sera 

used in both the preliminary study and the current study were also capable of neutralising the 

subtype C ZM53M.PB12 pseudovirus which is representative of heterologous tier-2 pseudovirus 

(Figure 3.3). We confirmed the presence of neutralizing antibodies in the rabbit sera two years 

after the last immunization, however at a decreased level. Studies have shown that antibodies 

elicited in response to an immunogen should be long lasting due to the activation of the adaptive 

immune response, but that these antibody responses waned over time due to a low concentration 

of the circulating antigen and self-regulatory systems of the immune system (reviewed in [233], 

[234]). A study that supported these findings explored binding and autologous neutralising 

responses in South African individuals that previously participated in the HVTN 073 [235], HVTN 

086 [236] and HVTN 204 [237] trials, demonstrated immunogenic responses following 

vaccination, however 18 months post vaccination, the antibody responses waned [238]. These 

antibody responses were observed in previous studies and the current study, however, vaccinations 

are known to elicit long-lasting memory B cell responses that are capable of restoring sera antibody 

titres following boosting vaccinations with the same antigens [239]. Following the boosting 

immunisations, the neutralizing responses increased to approximately double the ID50 (ID50 = 

1026) observed for rabbit 24 two years prior to the study (ID50 = 540.6) (Figure 3.3A), and a similar 

ID50 observed two years prior (ID50 = 909.9) was obtained for rabbit 31 after the boosting 

immunization (ID50 = 811.6) (Figure 3.3B). This clearly demonstrates that the boosting 

immunization slightly improved the neutralizing titres against HIV-1. In contrast, the calculated 

ID50 after the boosting immunization (ID50 = 301.1) for rabbit 83 did not return to the value 

observed for the bleed performed two years prior to this study (ID50 = 575.6) (Figure 3.3C), 
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however an increase in the neutralizing titre from the baseline bleed (ID50 = 237.7) was noted. We 

are not sure why, following the boosting immunization, rabbit 83 failed to generate similar 

neutralising titres to the immunisations two years prior to the study, however, a study has shown 

that longer periods between immunisations, where they immunized rabbits eight times over a 

seventy-three week period, may have an effect on the ability of rabbits to generate neutralizing 

antibody responses and the magnitude of the neutralizing responses against HIV-1 Env  may be 

affected [240]. The genetic factors of the rabbit antibody repertoire [241] and factors that influence 

humoral immunity such as age [241], [242], and the appropriate intestinal microflora which affects 

the well-being of the gut-associated lymphoid tissue (GALT) [242], [243], may have all 

contributed to the lower neutralizing antibody titre observed when comparing the boosting 

immunization to the serum sample obtained two years prior to the study. Nonetheless all three 

rabbits were considered for antigen specific memory B cell isolation and characterization 

experiments, as all three rabbits elicited neutralizing titres against a tier 2, clinically relevant, 

heterologous HIV-1 pseudovirus.  

4.2. Antigen-specific rabbit memory B-cell isolation 

Once the neutralizing titres were confirmed, we used a multiparameter flow cytometry method for 

the isolation of antigen-specific memory B cells from isolated PBMCs of immunized rabbits, a 

method described in a study by Starkie, et al [223]. Both B cells and non-B cells present in the 

PBMCs were identified through cell surface marker-targeted antibody staining to ensure that a 

highly purified population of antigen-specific B cells were identified and selected for. The 

sequential approach described in the methods and materials in section 2.5.2. for identifying and 

sorting the antigen-specific memory B cells helps to enrich a pure, positive population of sorted 

cells [223], [244]. The protocol for the sequential approach was adapted from that described by 

Starkie et al [223], however, we optimised the fluorophore panel to account for fluorescent 

spectrum spillover. In the study by Starkie et al, the CD4 marker was used to identify and discard 

T cells [223], however, for this study, CD3 was the cell marker used to identify and discard the T 

cells, in order to avoid the possibility of the anti-CD4 antibody used to bind the T cells from 

inadvertently targeting the surface-bound 2dCD4 antigen on  memory B cells. This may have 

resulted in a decrease in the identification and subsequent isolation of 2dCD4 antigen specific 

memory B cells within the final isolated memory B cells population. Overall, a low number of 
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IgG+ memory B cells was observed at 6.37% of the total events acquired (isolated PBMC fraction). 

This was slightly higher than the IgG+ memory B cell population reported by  Starkie et al., which 

was found to be 2.67% of the total events  [223].  

Following the cell sorting and to determine the success of isolating antigen-specific memory B 

cells, TAPs were engineered for downstream antibody expression. The transcriptionally active 

linear expression cassettes (TAPs) allow for direct mammalian transfections following PCR 

amplification, eliminating the time-consuming traditional cloning and subsequent DNA plasmid 

purification methods and thus are more amenable to high throughput screening methodologies. 

High throughput screening is advantageous for isolating antibodies from a diverse population 

using various antigenic targets, they provide the ability of direct screening for antigen-specific 

antibodies, and efficient determination of both antibody binding and function. These high 

throughout methodologies make it possible to determine the antibodies generated as a result of the 

immune response to the vaccine, and provide more information on possible advances to vaccine 

design. 

We successfully amplified the cognate variable antibody regions using the primary PCR primer 

set, and in this study, we demonstrate nine, randomly selected cell samples from rabbit 24, to 

determine the generation of the TAPs and the downstream expression of the rabbit monoclonal 

antibodies. From the nine selected cell samples we successfully amplified 5/9 cognate heavy- and 

light-chain variable region pairs. The success of the amplification of the heavy- and light-chain 

variable regions in the primary PCR was confirmed to be rabbit antibody variable regions using 

Sanger sequencing and NCBI-Blast (data not shown). On average, from a full 96-well plate of 

sorted cells, 18.42% of the cell samples resulted in successful amplification of variable region 

cognate pairs, which was comparable to the 18% of variable region cognate pairs obtained by the 

study by Starkie et al [225]. For the unsuccessfully amplified variable regions, we hypothesized 

that the lack of bands on the agarose gels for the primary PCR, may have been due to, an 

unsuccessful RT-PCR for the above-mentioned cell samples, or a low quantity of template cDNA 

present following RT-PCR of the single cells. Although only five of the nine cell samples tested 

successfully resulted in the amplification of cognate pairs of variable regions, previous studies 

have also been shown to produce a low efficiency of variable heavy- and light-chain pairs from 

sorting for single cells using flow cytometry [223]. Starkie et al, reported that sorting three antigen-

specific memory B cells per well increased the antibody variable region pairs amplification 
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efficiency [223], however, we opted not to do this as we were concerned of the possibility of 

mixing non-cognate heavy- and light-chain variable pairs that may impact on downstream 

antibody assembly and characterisation studies.  

To complete the generation of the transcriptionally active linear expression cassette, the CMV 

promoter, secondary PCR products and respective heavy- and light-chain constant and polyA 

regions were successfully amplified. The CMV promoter is required to activate and enhance 

transcription of the downstream genes required for antibody expression [245] and the polyA 

fragment at the tail end of the constant region sequence  is responsible for polyadenylation of the 

3′ end of the mRNA which indicates the end of translation for protein production [246]. 

Following successful amplification of the individual TAP constituents (the heavy- and light-chain 

secondary amplicons (Figure 3.6), the CMV promoter (Figure 3.7A), and the constant and polyA 

regions (Figure 3.7B), these were combined into a single reaction and transcriptionally active 

linear cassettes amplified using the tertiary PCR primer set and protocol previously described in 

section 2.6. In our previous optimization attempts at the tertiary PCR, we optimized for the 

annealing temperatures of the second PCR step, the thermal cycling extension times, different 

cycling protocols, different high-fidelity enzymes, and altered the amounts of DNA template used 

in the reactions. Following optimization, we performed the tertiary PCR on eight of the cell 

samples, excluding sample 3, as a negative result was obtained for both the heavy- and light-chain 

secondary PCRs. Despite samples 2, 4, and 8 displaying inconsistent results showing unsuccessful 

light-chain secondary PCR amplification, we used these samples as negative controls because 

these samples did not amplify and continued with the tertiary PCR to observe whether assembly 

of the input DNA fragments (secondary PCR amplicons, CMV promoter, and constant region 

including the polyA tail) would occur. After careful analysis of the resolved tertiary amplicons 

denoting the transcriptionally active linear expression cassettes for both the heavy- and light-

chains, the observed sizes including those obtained for the negative control samples (2, 4 and 8) 

suggests that incorporation of the variable antibody regions in the expression cassette did not 

occur. Thus, the tertiary amplicons most likely comprised exclusively of the CMV promoter and 

the respective constant region and accounts for the approximate ~400/600 bp difference for the 

heavy- and light-chain variable regions, respectively (Figure 3.8). The annealing temperature may 

have favoured the annealing of the CMV promoter to the constant and polyA regions, therefore to 

further optimize the tertiary PCR, the annealing temperature of the first step of the PCR could have 



76 
 

been altered, the number of cycles for the first step of the tertiary PCR could have been increased, 

and a decreased equimolar amount of the DNA fragments could have been used for the first step 

of the tertiary PCR. 

It is unclear as to why this may have occurred, as the CMV promoter and heavy- and light-chain 

constant and polyA regions do not have the necessary complementary, overlapping sequences. 

Amplification using the tertiary primer set should have only occurred if there was complete 

fragment assembly of all three TAPs constituents. The results suggest that assembly of the CMV 

promoter and the constant including the polyA fragment regions occurred, allowing for 

amplification using the tertiary primers set and ultimately excluding the light and heavy chain 

variable regions. To confirm this hypothesis, further characterisation and sequencing of the 

expression cassette would be required. However, following critical analysis of the optimisation 

results, and since we had obtained sufficiently pure PCR products, we decided to proceed with 

TAPs-mediated transfection and expression studies in mammalian cells. 

4.3. Antibody expression of transcriptionally active linear cassettes 

Following the generation of the transcriptionally active linear expression cassettes, heavy- and 

light-chain expression cassettes were used in equimolar amounts to express the rabbit monoclonal 

antibodies using transient co-transfections. To ensure that the transfections were successful, we 

co-transfected mammalian cells with heavy-chain and light-chain plasmid vectors for the 

expression of the human anti-HIV-1 bNAb 2G12, [176]. The 2G12 bNAb recognizes the highly 

conserved cluster of oligomannose residues on the glycan shield of gp120 subunit of Env [178], 

[247]–[249]. Only five of the cell samples were selected for monoclonal antibody expression 

studies, these being samples 1, 5, 6, 7 and 9. Samples 2, 4, and 8 were excluded from the expression 

studies due to unsuccessful secondary PCR amplification (Figure 3.6B).  

Rabbit sera obtained from rabbit 24 following the boosting immunisation used in the study was 

used as a positive control, and showed that the sera had activity against both immunogen 

components (i.e. gp140GCN4 and 2dCD4WT). The 2G12 transfection supernatant control was shown 

not to bind to immobilized gp140GCN4 Env and 2dCD4WT antigens. This was expected since 2G12 

is a subtype B derived anti-HIV-1 antibody [176] that has a low binding affinity for subtype C Env 

[250], [251] as subtype C Env lacks  crucial N-linked glycan at position 295 on Env required for 

the formation of the 2G12 epitope [178]. In addition, no off-target binding of 2G12 to 2dCD4WT 
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was noted consistent with its specificity for HIV-1 Env. Unfortunately, no binding was observed 

for the samples suggesting unsuccessful antibody expression by the TAPs which is most likely due 

to the missing variable regions in TAPs cassette, which are critical for the formation of the 

antibody paratope. Although less likely in this instance, the lack of antibody binding activity in 

the ELISA may also be as a result of the low recovery rate (18%) of the paired variable regions 

obtained following FACS combined with the observation  that, only three quarters of these resulted 

in the expression of antigen-specific antibodies [223]. Therefore, given the low number of cell 

samples used in the current study, considering similar inefficiencies to that of Starkie et al., 

reported above, ultimately more samples are required to be screened.   

To determine whether rabbit monoclonal antibodies were expressed we used SDS-PAGE and 

western blot analysis. SDS-PAGE was performed to analyse the banding patterns produced by the 

positive and negative controls for confirmation of antibody expression (Figure 3.10). Western blots 

(Figure 3.11 & 3.12) were performed to analyse antibody expression in the TAPs expressed 

samples as it was expected that the expression yields would be too low to be visualize exclusively 

by SDS-PAGE and Coomassie blue staining of the resolved protein bands. The banding patterns 

observed for transiently expressed 2G12 sample resolved on the SDS-PAGE gels and visualized 

with Coomassie blue staining, did not correspond to that observed for the 10e8 antibody positive 

control which targets gp41 and the MPER of HIV-1 Env [252], [253]. This may have been due to 

the presence of residual BSA which has a molecular weight of 66.5 kDa from the media used 

during the transfection procedure. Under-reducing conditions, the lack of light-chain fragments 

observed for the 10e8 and purified rabbit antibody controls was as a result of the lower percentage 

gel, which can also be observed for the protein marker, as all of the bands are not resolved with 

the last resolved band of the molecular weight marker at 32 kDa (Figure 3.10). 

To confirm 2G12 expression, an HRP-conjugated anti-human secondary antibody was used for 

detection of the resolved antibody samples on the nitrocellulose membranes (western blot). The 

10e8 antibody served as the positive control for the western blot used to determine 2G12 

expression. Similarly to the 10e8 antibody, the full antibody conformation band was observed for 

the 2G12 transfection sample under non-reducing conditions, and a corresponding heavy-chain 

band under reducing conditions. We concluded that the expressed 2G12 antibody concentration 

was below the detection sensitivity of Coomassie-stained SDS-PAGE analysis, this despite 
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concentrating the 2G12 sample, as the recommended amount of protein required in a sample to be 

visualized by Coomassie staining is ±30 ng. We were able to confirm 2G12 antibody expression, 

albeit at a low level, indicating that the transient co-transfections of the mammalian cells were 

successful, however non-specific banding was observed. No cross reactivity was observed with 

the protein-A purified rabbit antibody control further confirming that the antibody banding patterns 

observed are human antibodies. 

Expression of the rabbit monoclonal antibodies was detected by an HRP-conjugated anti-rabbit 

secondary antibody using western blot analysis (Figure 3.12). Under non-reducing conditions, a 

high molecular weight band at ±150 kDa was observed for the samples corresponding to the full 

antibody fragment for the protein-A purified rabbit antibodies from sera control, providing an 

indication of full antibody expression (Fig. 3.12A). Under reducing conditions, the heavy-chain 

band was observed for the purified rabbit antibody control at the expected size of at ±58 kDa, 

indicating correct resolution of the heavy-chain fragment (Figure 3.12B). However, under 

reducing conditions, a higher molecular weight band to that of the heavy-chain band, was observed 

for the samples, in comparison to the purified rabbit antibody control (Figure 3.12B), and 

corresponds to the similar molecular weight band observed for the 2G12 transfection supernatant 

control, suggesting the presence and detection of non-specific proteins. The lack of light-chain 

fragments observed under reducing conditions is due to the low resolution of the casted gel that 

was unable to resolve the lower molecular weight proteins bands. Cross reactivity of the anti-rabbit 

secondary antibody with the human antibodies (10e8 and 2G12) was observed, with the high 

molecular weight band of ±150 kDa detected under non-reducing conditions, although at a much 

lower intensity than previously observed (Figure 11) and in comparison, to the purified rabbit 

antibody control (Figure 12). This further supports our hypothesis that the banding patterns 

observed for the samples under reducing conditions was indeed the detection of non-specific 

proteins. Combined, these results indicate that antibody expression from the TAPs did not occur 

which was not surprising as we hypothesized that the variable regions may have been missing from 

the assembled transcriptionally active linear cassettes which would result in truncated protein 

expression or no expression at all since the heavy- and light-chain variable regions are required 

for recombinant monoclonal antibody expression.   
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4.4. Conclusion and future work 

The EnvGCN4/2dCD4S60C immunogen complex is a promising immunogen for the elicitation of 

HIV-1 specific bNAbs.  We were able to confirm the persistence of circulating neutralizing 

antibody responses two years after the last immunization. In addition, we demonstrate that these 

specific neutralization titres could once again be elevated following a single booster immunization.  

Using the multi-parameter FACS protocol, rabbit antigen-specific B cells were successfully sorted, 

however, the amplification of the generated transcriptionally active linear expression cassettes was 

unsuccessful and would require further optimisation in order to add the variable regions into the 

TAPs. 

The lack of binding activity observed for the samples against 2dCD4WT and/or gp140GCN4 Env, 

and the expression screening analysis (SDS-PAGE and western blotting) confirms that expression 

of rabbit monoclonal antibodies by the TAPs were unsuccessful. The hypothesized, incomplete 

assembly of the transcriptionally active linear expression cassette may have resulted is the most 

likely explanation for the lack of monoclonal antibody expression.  

To successfully express and characterize the rabbit monoclonal antibodies, in order to delineate 

the neutralizing response elicited by the HIV-1 gp140GCN4 Env/2dCD4S60C immunogen complex, 

future work is required. The future work would include; generating transcriptionally active linear 

expression cassettes for all paired variable regions of the single sorted antigen-specific memory B 

cells for antibody expression as this increases the likelihood of generating a monoclonal antibody 

because not all cognate pairs of expression cassettes have been shown to successfully express 

antigen-specific antibodies. Alternatively, the variable region regions could be cloned into a 

suitable dual plasmid vector system to facilitate expression studies. Sequencing of the Fab regions 

of selected candidates should be done to characterise their genetic make-up and lineage. In 

addition, the evaluation of neutralisation activity of the antibodies against a panel of HIV-1 

pseudovirions in a luciferase reporter gene-based neutralising assays should be performed as this 

will allow us to figure out the individual contribution of each antibody to the serum breadth. 
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Appendix A: Supplementary figures 

 

 

Supplementary Figure 1: The VRC_4196 and VRC_4197 plasmid vector maps. The VRC_4196 plasmid vector 

used for the expression of the 2g12 antibody heavy-chain (A), and VRC_4197 for the expression of 2g12 antibody 

light-chain (B). These plasmid vectors were used for the expression of 2g12 antibodies by mammalian co-

transfections. 
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Supplementary Figure 2: The heavy- and light-chain constant and polyA fragments inserts for the plasmid vectors. The 

rabbit heavy-chain constant and polyA fragments (A), and the rabbit light-chain constant and poly A fragments (B), were 

synthesized into plasmid vectors by GeneArt. 
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Supplementary Figure 3: Optimisation of PCR protocols for the primary PCR reaction. Different primer sets were used to 

determine which would successfully amplify the variable regions in the primary PCR (A). One of the optimizations for the 

secondary PCR was to determine which primer sets would work best (B). A gradient PCR was performed for the tertiary PCR for 

the optimization of the annealing temperature (degrees Celsius ℃) (C).  Multiple optimization steps were followed for each PCR 

step for the generation of the best possible PCR product. 
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Supplementary Figure 4: Western blots used for confirmation of antibody expression. The reducing and non-reducing western 

blots probed with the anti-human secondary antibody for the detection of 2G12 expression and the respective MWM visualized 

under white light (A). The western blots probed with an anti-rabbit secondary antibody under reducing and non-reducing conditions 

for the detection of rabbit monoclonal antibody expression by the TAP cassettes, and the respective MWM visualized under white 

light (B). The molecular weight marker (MWM) corresponds to the pre-stained broad range protein marker (New England Biolabs, 

MA, USA). Sizes are indicated in kiloDaltons (kDa). 
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Appendix D: Recipes 

B1) Agarose gel electrophoresis 

B1.1) Preparation of 0.8% agarose gels  

0.8 % agarose gels were made by adding 0.8 g of agarose powder (Sigma-Aldrich, St. Louis, MO, 

USA) to 100 ml of 1 × TAE buffer (Thermo Fisher Scientific, Waltham, MA, USA). The mixture 

was heated to dissolve the agarose powder, and ethidium bromide (Promega, Fitchburg, WI, USA) 

was added to the mixture at a final concentration of 0.5 µg/ml. The gels were poured into a Bio-

Rad gel Chamber System (Bio-Rad, Hercules, CA, USA) and allowed to set at room temperature. 

B1.2) Agarose gel electrophoresis procedure  

The set agarose gels were placed in the Bio-Rad Gel Tank System (Bio-Rad, Hercules, CA, USA) 

containing 1 × TAE buffer to allow for even current during DNA migration through the gel. The 

DNA samples, and controls were mixed with 6x Orange DNA Loading Dye (Thermo Fisher 

Scientific, Waltham, MA, USA). The mixed samples, controls and the O’Gene Ruler DNA Ladder 

mix, Ready-to-use (Thermo Fisher Scientific, Waltham, MA, USA) were loaded into respective 

wells of the gels. The gels were run at 80 V for 45 to 60 minutes, or until the samples were 

adequately resolved. DNA bands on the gels were visualised and images captured under UV light 

using the ChemiDoc™ MP imaging system from Bio-Rad (Bio-Rad, Hercules, CA, USA) and the 

QuantityOne version 4.6.9 Software Programme (Bio-Rad, Hercules, CA, USA). 

B2) SDS-PAGE  

B2.1) Monomer Solution: 30% Acrylamide/ 0.8% Bisacrylamide  

30 g of acrylamide (Sigma-Aldrich, St. Louis, MO, USA) and 0.8 g of bisacrylamide (N, N’-

methylenebisacrylamide) (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in dH2O to a final 

volume of 100 ml and stored in the dark at 4℃ until needed. 
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B2.2) Stacking Gel Buffer: 4X Tris-HCl, pH 6.8 (0.5 M Tris)  

6.05 g Tris (USB, Cleveland, OH, USA) was dissolved in dH2O to a volume of 40 ml. The pH was 

adjusted to 6.8 and made up to a final volume of 100 ml and was stored in the dark at 4℃ until 

needed. 

B2.3) Separating Gel Buffer: 4X Tris-HCl, pH 8.8 (1.5 M Tris)  

91 g Tris was dissolved in dH2O to a volume of 300 ml. The pH was adjusted to 8.8 and made up 

to a final volume of 500 ml with dH2O and was stored in the dark at 4℃ until needed. 

B2.5) 10% Ammonium Persulphate (APS)  

0.1 g of APS (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dH2O to a final volume of 1 

ml. A fresh solution was made up each time. 

B2.6) 10×Tank Buffer 

30.28 g Tris-HCl, 144.13 g of glycine, 10 g SDS dissolved in dH2O to a final volume of 1 L. 
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Appendix E: Plagiarism form 

 


