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Abstract  

Only 1-10% of HIV-1 infected individuals produce antibodies with broad 

neutralisation against heterologous viruses. These broadly neutralising 

antibodies (bnAbs) and their development are of interest due to in vivo studies 

showing that bnAbs can provide passive protection in animal models and delay 

viral rebound in humans. However, attempts to elicit bnAb responses during 

immunisation studies and vaccine trials have been largely unsuccessful. 

Therefore, there is a need to investigate host immune responses associated 

with HIV bnAb development. To address this, a cohort of treatment naïve HIV-

infected individuals were assessed for neutralisation breadth and identified the 

top neutraliser, T125. Fluorescence-activated cell sorting (FACS) using HIV 

envelope probes was performed to clone single B cells and isolate antibodies 

from T125. This produced monoclonal antibodies with different HIV 

neutralisation profiles, including a bnAb. The phenotype of B cells from two 

timepoints of this viraemic bnAb donor was also assessed during FACS and 

revealed that the tissue-like CD21-/CD27- B cell population was not enlarged, 

as canonically seen in HIV viraemia. A Smart-Seq2 single-cell RNA-

sequencing pipeline was also established to investigate rare antigen-specific 

cell phenotypes. This yielded single-cell transcriptomes for HIV-specific IgG+ 

B cells from the bnAb donor which were compared to larger scRNA-seq 

datasets from HIV-infected donors and uninfected controls. This validated flow 

cytometry observations that the viraemic bnAb donor had a normalised B cell 

population, similar to uninfected controls. In addition, limited inflammatory 

stimulation was found in the memory B cells of uninfected controls, unlike 

viraemic donors. It was therefore proposed that preservation of memory B cell 

homeostasis and bnAb development, in the face of viraemia, was linked to IFN 

suppression. In support of this, plasma from top neutralisers in the cohort were 

capable of blocking type II IFN, which has previously been associated with the 

disruption of memory B cell subsets. 
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Impact statement  

HIV broadly neutralising antibodies (bnAbs) have been studied extensively, 

however, the B cells that produce them have not. Although HIV does not infect 

B cells, the indirect effects of ongoing immune activation and inflammation 

leads to the disruption of B cell subsets in chronic HIV infection. This thesis 

revealed that despite having uncontrolled viraemia, the memory B cell 

population of a bnAb donor was not perturbed. Specifically, a predominantly 

resting phenotype was observed at the cell surface and transcriptomic level 

that was similar to uninfected controls, regardless of the antibody functionality. 

This novel finding suggests that there is not a difference between bnAb and 

non-bnAb B cells as originally hypothesised, instead, maintenance of B cell 

homeostasis during HIV infection may be required to enable ongoing 

maturation to antigenic stimulation for the development of bnAbs. 

Furthermore, preliminary data indicates that this phenotype may be achieved 

by suppressing the type II IFN-γ response. While these findings stem from the 

investigation of only one bnAb donor, this offers promise that an HIV vaccine 

to elicit bnAbs could be achieved in uninfected individuals who have a non-

perturbed B cell population, if sufficient antigenic stimulation can be provided. 

Additionally, this provides insight into how alterations of the memory subsets 

could be avoided or potentially reversed by limiting the level of inflammation, 

for example as part of a therapeutic vaccine in people living with HIV, although 

this remains to be explored. 
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Chapter 1: Introduction 

  

1.1 HIV pathogenesis 

1.1.1 The HIV pandemic 

The first documented cases of acquired immune deficiency syndrome (AIDS) 

arose in 1981 after otherwise healthy individuals contracted Pneumocystis 

pneumonia which typically arises as an opportunistic infection during immune 

suppression (CDC 1981). However, it wasn’t until 1983 that the human 

immunodeficiency virus (HIV) was isolated and discovered as the causative 

agent of AIDS (Barré-Sinoussi et al. 1983; Gallo et al. 1984; Popovic et al. 

1984).  

Since the start of the HIV/AIDS epidemic, it has been estimated that 84.2 

million people have been infected with HIV and 40.1 million have succumbed 

to an AIDS-related illness (UNAIDS 2022). In 2021, the World Health 

Organisation (WHO) reported that there were approximately 38.4 million 

people living with HIV (PLWH) around the world and that 75% received life-

saving antiretroviral therapy (ART). Africa continues to be the most affected 

region in the world and accounted for 60% of the 1.5 million new HIV infections 

documented in 2021. Despite this, there has been a substantial decline in the 

number of HIV-related deaths in Africa, of almost 55% from 2010, suggested 

to be a result of increased awareness, expanded access to antiviral drugs and 

fewer incidences of infection.  

1.1.2 HIV classification and viral clades 

HIV is a lentivirus that belongs to the retrovirus family (Retroviridae) which has 

a positive-sense single-stranded RNA genome that can be reverse transcribed 

for integration into the host genome (Weinberg et al. 1991). Lentiviruses, such 

as HIV, are complex retroviruses that contain additional genes that encode 

regulatory and accessory proteins for efficient viral replication and are also 

able to infect and integrate into the genome of both dividing and non-dividing 

cells. Although there are two types of HIV, type-1 (HIV-1) is more transmissible 



26 
 
 

and has higher infectivity compared to type-2 (HIV-2) (Nyamweya et al. 2013). 

This difference accounts for the worldwide spread of HIV-1 compared to HIV-

2 with the latter predominantly limited to West Africa and has a slower 

progression to AIDS (Nyamweya et al. 2013). Both types of HIV are the result 

of interspecies transmission of simian immunodeficiency virus (SIV), from 

either infected chimpanzees or western gorillas which gave rise to HIV-1 or 

sooty mangabeys which gave rise to HIV-2 (Sharp and Hahn 2011). 

For HIV-1 there are four distinct lineages, group M and N that originated from 

chimpanzees as well as group O and P that originated from western gorillas, 

with group M (the “major” group) being responsible for greater than 98% of 

global HIV-1 infections (Sharp and Hahn 2011; D'arc et al. 2015). Within group 

M, viruses can be classified into a further nine subtypes/clades: A, B, C, D, F, 

G, H, J and K based on differences in the genome (Geretti 2006). In particular, 

clade C is the most prevalent, representing almost half of the circulating 

viruses, while clades F, H, J and K make up less than 1% of the global HIV-1 

infections (Figure 1.1). Phylogenetic analysis has also exposed recombination 

events of genetically distinct strains (Robertson, Hahn, and Sharp 1995), 

resulting in circulating recombinant forms (CRFs) that add to the diversity of 

HIV-1, as well as unique recombinant forms (URFs) that appear to have no 

onward transmission (Robertson et al. 2000; Tongo, Dorfman, and Martin 

2015). Virus clades and CRFs are typically found in specific geographical 

locations (Buonaguro, Tornesello, and Buonaguro 2007), with clade B 

predominantly found in the Americas and Europe, clade C in India and 

CRF01_AE in Southeast Asia (Hemelaar et al. 2019). However, there are often 

multiple HIV-1 clades and CRFs found within each region and the distribution 

can be dynamic (Bbosa, Kaleebu, and Ssemwanga 2019). A key example is 

the distribution across Africa, which is primarily clade C in the south, a mix of 

clade A, B, C or D in the east but in the west and central Africa all clades and 

many CRFs are present (Hemelaar et al. 2011; Hemelaar et al. 2019). 
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Proportion of different clades, circulating recombinant forms (CRF) or unique 

recombinant forms (URF) from individuals infected around the world with HIV-1 

between 2010 and 2015. Adapted from (Hemelaar et al. 2019). 

1.1.3 HIV-1 genome and structure 

The HIV-1 RNA genome is ~9.2kb and consists of nine viral genes that are 

flanked by long terminal repeats (LTRs) required for recognising integration 

sites in the host genome as well as initiating and regulating transcription 

(Burnett et al. 2009). As shown in Figure 1.2, the genes encoding for structural 

and enzymatic proteins are gag, pol and env. The gag gene encodes a 55 kDa 

polyprotein (p55) that is processed by the protease enzyme into proteins 

including the matrix (p17), capsid (p24), nucleocapsid and p6 which are 

essential for the internal structure of the virion (Freed 2015). The pol gene 

encodes the enzymatic proteins: protease, reverse transcriptase and 

integrase which are vital for HIV replication. The env gene encodes the gp160 

envelope glycoprotein (Env), required for entry into host cells, that is cleaved 

into a gp120 subunit, exposed on the surface, and a transmembrane subunit, 

gp41 (Merk and Subramaniam 2013). Additional genes in the viral genome 

include vif, vpr, vpu and nef which encode accessory proteins for efficient 

replication. The final two genes are tat and rev which encode regulatory 

proteins for transcription and translation of the viral genome. The overall 

structure of the HIV-1 virion is also depicted in Figure 1.2, which is spherical 

in shape and approximately 120nm (Gentile et al. 1994), encapsulating all of 

HIV-1 global diversity

A (10.3%)
B (12.1%)
C (46.6%)
D (2.7%)
G (4.6%)
F/H/J/K (0.9%)
CRF_AE (5.3%)
CRF_AG (7.7%)
Other CRFs (3.7%)
URFs (6.1%)

Figure 1.1 Global diversity of HIV-1 clades and recombinant forms.  
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the viral proteins within a host-derived membrane, including the capsid core 

which contains the ssRNA genome.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two identical single-stranded (ss), positive-sense, RNA molecules form the HIV-1 

genome which consists of nine genes: gag, pol, vif, vpr, vpu, tat, rev, env and nef 

flanked by long terminal repeats (LTRs). This genome is packaged with nucleocapsid 

inside the capsid core of the HIV-1 virion, along with reverse transcriptase, integrase 

and accessory proteins (vif, vpr, vpu and nef). The capsid core is enclosed within a 

lipid biolayer derived from the host cell membrane containing Env proteins, with matrix 

proteins forming an inner membrane layer. Diagram created using Biorender. 

 

  

Figure.1.2 HIV-1 genome and virion structure.  
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1.1.4 HIV clinical course 

Transmission of HIV occurs upon breaching physical barriers, predominantly 

through sexual contact but also by needle sharing and from mother to child 

during pregnancy, childbirth or breastfeeding (Shaw and Hunter 2012). In the 

absence of treatment, HIV infection can progress at different rates (Rutherford 

et al. 1990) but in adults has been predicted to occur over an average of 9.5 

years before resulting in AIDS (Ross et al. 2018), which is defined by the 

development of a serious, life-threatening disease or by a CD4+ T cell count 

that persists below 200 cells/µL (Gazzard 2008). The course of acute and 

chronic HIV infection prior to AIDS can be determined by measuring a variety 

of viral markers (Fiebig et al. 2003).  

After transmission, HIV initially becomes established in host cells at the point 

of entry before entering the systemic system and spreading to lymphoid 

organs, with HIV RNA detectable in the blood on average 5 days post-infection 

(Fiebig et al. 2003). The extent of viraemia is indicated by the level of HIV RNA 

(Mellors et al. 1996), often referred to as the viral load (VL), which peaks during 

acute infection due to the rapid dissemination of HIV. At this stage, other viral 

markers become detectable, beginning with the HIV p24 (capsid) antigen 

(Fiebig et al. 2003). In addition, the early innate immune response to HIV 

results in a cascade of cytokines that can also be detected in plasma (Stacey 

et al. 2009). Then, after a few weeks of infection, the onset of the humoral 

response and thus seroconversion can be identified, which in some individuals 

coincide with flu-like symptoms (Schacker et al. 1996). Another immunological 

marker of the acute phase of infection is the reduction in CD4+ T cells, with 

considerable depletion of cells in the gastrointestinal tract that are targeted for 

infection and result in cell death (Brenchley et al. 2004; Guadalupe et al. 2003). 

Additionally, it has been suggested that this cell depletion leads to disruption 

of the intestinal wall and consequently increased permeability (Kapembwa et 

al. 1991), allowing microbial translocation and release of LPS that contributes 

to immune activation during HIV infection (reviewed by (Sandler and Douek 

2012)). Finally, detection of HIV envelope (gp120, gp41 or gp160) and p31 

(polymerase) antigens occurs as the viral load declines to a steady state, 
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known as the viral set point, marking the end of the acute phase of infection 

(Fiebig et al. 2003). This reduction in viraemia is largely due to the depletion 

of CD4+ T cells but can also be mediated by the CD8+ T cell response 

(Ndhlovu et al. 2015; Goonetilleke et al. 2009). It has also been found that the 

viral set point can be an indicator of the length of the latency phase on 

infection, with a lower set point leading to prolonged latency (Lyles et al. 2000).  

The initial immune response to HIV is mediated by innate cells in an attempt 

to restrict infection through cytotoxic activity and antigen presentation as well 

as the secretion of cytokines to orchestrate cellular responses, such as the 

activation and recruitment of additional immune cells (Carrington and Alter 

2012). Notably, plasmacytoid dendritic cells are essential to this response, 

secreting more type I interferon (IFN)-α than any other immune cell to induce 

IFN-stimulated genes (ISGs) for antiviral activity, as well as presenting antigen 

to stimulate the adaptive immune response (Beignon et al. 2005). In contrast, 

natural killer (NK) cells mediate the direct killing of infected cells and secrete 

IFN-γ for proinflammatory responses (Roff, Noon-Song, and Yamamoto 

2014). A limited level of control to maintain the viral set point is also achieved 

by cytotoxic T lymphocytes (CTLs) along with the humoral response produced 

by B cells during the chronic yet asymptomatic stage of infection, although 

ultimately HIV can escape recognition by introducing mutations into the 

epitopes targeted (Wei et al. 2003; Barton et al. 2016). Even the extremely 

small population of HIV-infected individuals (<1%) who can spontaneously 

suppress the viral load to undetectable levels (<50 c/mL), known as elite 

controllers, eventually lose control over time and progress to disease (Borrell 

et al. 2021). 

The development of ART to suppress viral replication and thus achieve 

sustained control of HIV below the level of detection was vital for PLWH and 

was first introduced in 1986 as a monotherapy (Furman et al. 1986). However, 

with the emergence of drug resistance, this approach was changed to 

combination ART (cART) which is more effective due to the administration of 

multiple drugs with different inhibitory mechanisms (Arts and Hazuda 2012). 

While ART enables PLWH to live a near-normal lifespan, this treatment needs 

to be taken daily to be effective and is not capable of eliminating the latent 
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reservoir of HIV, thus interruption of ART leads to viral rebound (Chun et al. 

1999; Zhang et al. 1999). 

1.1.5 Target cells of HIV and dissemination 

While CD4+ T cells are the main target of HIV infection, dendritic cells, 

macrophages and monocytes that also express CD4 can be infected by HIV, 

which is mediated by the Env glycoprotein located on the surface of the virion 

(Dalgleish et al. 1984; McDougal et al. 1986). HIV Env initially engages with 

host cells via the CD4 receptor, causing the Env to undergo a conformational 

change required for binding to the co-receptor CCR5 or CXCR4 (Sattentau 

and Moore 1991; Trkola et al. 1996; Feng et al. 1996). Following co-receptor 

binding, the HIV Env undergoes another conformational change to initiate 

membrane fusion with the host cell (Jones, Korte, and Blumenthal 1998). 

Typically HIV-1 uses only one type of co-receptor and thus determines the 

viral tropism. HIV that enters cells via the CCR5 co-receptor is described as 

R5-tropic, while HIV that enters cells via the CXCR4 co-receptor is described 

as X4-tropic and those that are capable of using either co-receptor are R5X4 

dual tropic (Berger et al. 1998). Transmitter founder (T/F) viruses are 

predominantly R5 tropic, with resistance to HIV infection observed in 

individuals with cells lacking CCR5 expression (CCR5-∆32 mutation) (Samson 

et al. 1996) and more recently have been successfully used in haemopoietic 

stem-cell transplantation for long-term remission of HIV-1 (Gupta et al. 2020; 

Allers et al. 2011). The emergence of X4-tropic viruses, known as co-receptor 

or tropism switching, instead appears to arise more frequently in the later 

stages of infection (Huang et al. 2007; Esbjörnsson et al. 2010). 

Most new HIV infections in adults occur from mucosal transmission following 

sexual contact. Mounting evidence suggests that CD4+ T cells with high CCR5 

expression, in particular T helper 17 (Th17) cells, are critical to the 

establishment of infection in the mucosa and thus are likely to be the first cell 

type infected, leading to their rapid depletion (as reviewed by (Xu, Wang, and 

Veazey 2013)). In addition, a subset of monocyte-derived macrophages in the 

vaginal mucosa are CCR5+ and thus susceptible to HIV infection and support 
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replication (Shen et al. 2009). Circulating monocytes are also targets of HIV 

infection, yet replication is limited by restricted factors and thus enables these 

cells to have a longer lifespan than infected CD4+ T cells (Nicholson et al. 

1986). Although HIV virions can bud from an infected cell and disseminate 

until coming into contact with another target cell, HIV can also be transmitted 

directly from an infected cell to a target cell, with viral transfer occurring by 

cell-to-cell spread (Jolly and Sattentau 2004). For instance, a virological 

synapse between cells can be formed following the interaction between CD4 

on the uninfected target cell and Env presented on the infected cell, leading to 

the polarisation of proteins for efficient viral assembly and budding (Jolly et al. 

2004). The spread of HIV from cell to cell has also been found to be more 

efficient than cell-free infection and is thought to be the main mode of viral 

dissemination (Chen et al. 2007). 

1.1.6 HIV replication  

The replication lifecycle of HIV is represented in Figure 1.3 and indicates the 

stages that can be inhibited by ART. HIV replication begins with attachment 

and entry into the target cell by fusion with the plasma membrane. First, the 

trimeric form of the Env glycoprotein binds to CD4 on the surface of the cell 

via the gp120 subunit, which results in conformational rearrangement of the 

gp120 variable loops to expose the co-receptor binding site (discussed further 

in section 1.2.1). As mentioned earlier, CCR5 or CXCR4 can act as the co-

receptor depending on the HIV tropism. Although binding to the co-receptor 

does not appear to induce additional conformational changes (Shaik et al. 

2019), this interaction is thought to stabilise the open (CD4-bound) 

conformation of Env and anchor the virion near the target cell membrane to 

enable fusion. Structural analysis has indicated that the initial CD4 binding 

induces refolding of the gp41 subunit for insertion of the fusion peptide into the 

cell membrane and formation of a pore to allow the viral capsid to enter the 

cell (Melikyan et al. 2000; Ozorowski et al. 2017). Once the capsid core 

containing the viral RNA enters the cell it is converted into viral DNA by the 

viral reverse transcriptase. While it has previously been proposed that 

disassembly of the capsid core occurs directly after entering the cytoplasm for 



33 
 
 

the release of the viral RNA prior to reverse transcription (Mamede et al. 2017) 

(as shown in Figure 1.3), more recent evidence has challenged this dogma. 

Studies now suggest that reverse transcription occurs within the capsid core, 

but the timing of capsid disassembly is still under debate as to whether this is 

triggered once viral DNA has been synthesised in the cytoplasm (Rankovic et 

al. 2017), upon docking at the nuclear pore (Francis and Melikyan 2018) or 

once imported into the nucleus (Dharan et al. 2020).  

Integration of newly synthesised viral DNA into the genome of the target cell 

is then mediated by the viral integrase enzyme and transcription is initiated 

from the 5’ LTR after the viral protein tat (trans-activator of transcription) 

recruits CDK9, cyclin and other host factors to the transactivation response 

(TAR) element (Ne, Palstra and Mahmoudi 2018). The viral protein encoded 

by the rev gene then provides stabilisation to the transcribed, singly spliced or 

unspliced viral mRNA by binding to the Rev response element for export from 

the nucleus (Blissenbach et al. 2010). Once in the cytoplasm, viral mRNA is 

translated by cellular (ribosomal) machinery to produce each of the viral 

proteins (described in section 1.1.3) that are assembled at the plasma 

membrane. The newly formed virions then bud from the plasma membrane 

and are released from the cell. Finally, maturation of the HIV-1 virion is 

mediated by the viral protease enzyme that cleaves the Gag polyprotein into 

the structural proteins required to produce infectious virus. 
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Entry of HIV-1 into the host cell begins with (1) binding of the Env glycoprotein to 

receptors (CD4 and CCR5/CXCR4) on the cell surface, followed by (2) fusion of HIV-

1 with the cell membrane for release of the capsid core into the cytoplasm. The viral 

single-stranded RNA undergoes (3) reverse transcription into viral double-stranded 

DNA that is imported into the nucleus and is (4) integrated into the host genome for 

(5) transcription and (6) translation of viral proteins that are (7) assembled at the cell 

membrane. The immature virus is encapsulated in the cell membrane, incorporating 

Env on the surface, in a process called (8) budding. Finally, the (9) release and 

maturation of the virion occurs as the viral protease cleaves Gag for the formation of 

infectious HIV-1. Stages during the replication cycle of HIV-1 that are inhibited by 

antiretroviral drugs are highlighted in blue boxes, such as reverse transcriptase 

inhibitors (NNRTIs and NRTIs) and integrase inhibitors (INSTIs). Diagram created 

using Biorender. 

 

  

Figure 1.3 HIV-1 replication cycle.  
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1.1.7 The latent HIV reservoir  

During HIV replication, viral DNA is predominantly integrated into chromatin 

with high gene density and transcriptional activity (Schröder et al. 2002), yet 

can also integrate into transcriptionally silent areas in more quiescent cells 

such as resting CD4+ T cells forming a latent reservoir (Siliciano et al. 2003). 

In addition, it has been shown that the human silencing hub (HUSH) complex 

can remodel chromatin to silence gene expression, not only of cellular genes 

but also of HIV proviral genes (Tchasovnikarova et al. 2015). The involvement 

of the HUSH complex in establishing HIV latency has also been supported by 

the finding that antagonism of this complex by the HIV-2 accessory protein vpx 

resulted in reactivation (Yurkovetskiy et al. 2018). 

Although effective ART is now initiated as soon as HIV infection is clinically 

evident, this is too late to prevent the establishment of latently infected cells 

which arise during acute infection (Henrich et al. 2017) and persist as long-

lived memory cells that continue to proliferate (Reeves et al. 2018). In 

agreement with this, monkeys infected with SIV that had ART initiated by day 

3 showed that this was not early enough to prevent the seeding of a viral 

reservoir, which was reactivated upon interruption of ART (Whitney et al. 

2014). The capacity of HIV to form a latent reservoir also poses a problem for 

the development of an antibody HIV vaccine, which would need to induce 

sterilising immunity to prevent integration events.  

 

1.2  HIV Env  

 

1.2.1 Structure and function 

The env gene that encodes the gp160 polyprotein is integrated into the host 

genome and thus is transcribed and translated by host cell machinery. 

Specifically, translation of gp160 occurs in the rough endoplasmic reticulum 

(ER), yet remains attached to the membrane with the cytoplasmic tail facing 

out into the cytoplasm (Haffar, Dowbenko, and Berman 1988). This results in 

an orientation where the cytoplasmic tail remains inside the virion during Env 
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incorporation at the plasma membrane. In addition, during processing, N-

linked glycans are added by the host according to glycosylation sites (N-X-

S/T, where X can be any amino acid except proline) encoded in the viral 

sequence and monomeric gp160 oligomerises into trimers, although can also 

lead to the assembly of dimers (Earl, Doms, and Moss 1990). Finally, the 

glycosylated Env is trafficked to the Golgi network for further processing as 

well as cleavage by the host protease furin into gp120 and gp41, which remain 

non-covalently associated (Dubay et al. 1995). In particular, the formation of 

trimers and the cleavage step are crucial to producing functional, fusion 

competent Env required for entry into host cells (Checkley, Luttge, and Freed 

2011).  

On the surface of HIV virions, the functional Env glycoprotein is formed of a 

trimer of gp120-gp41 heterodimers (Zhu et al. 2003). Each heterodimer 

consists of the gp120 subunit presented on the surface of the virion which is 

anchored into the membrane by the gp41 subunit and thus only partially 

protrudes from the surface. Within the gp120 subunit there are five relatively 

conserved regions (C1-C5) that form the core inner and outer domains as well 

as five variable loops that stem from the core (V1-V5) (Kwong et al. 1998; 

Huang et al. 2005). As mentioned earlier, the initial attachment to target cells 

is mediated via Env binding of CD4 and CCR5/CXCR4. The CD4 binding site 

on gp120 is located within a recessed hydrophobic pocket at the inner and 

outer domain interface (Kwong et al. 1998). Upon binding, this induces 

outward rotation of gp120 and rearrangement of the V1 and V2 loops from 

their apical position to expose the V3 loop concealed beneath, resulting in a 

more open conformation of the trimeric Env (Mbah et al. 2001; Julien et al. 

2013). The relevance of the V3 loop is due to its involvement in co-receptor 

binding, specifically the base and the tip (also known as the crown) which are 

more conserved than the variable stem (Huang et al. 2005). In comparison to 

the gp120 subunit, the gp41 subunit is more conserved and is likely due to its 

role in mediating the fusion of the virion with the cell membrane. The gp41 

subunit consists of a fusion peptide and two heptad repeats that facilitate 

fusion, as well as a transmembrane domain and a cytoplasmic tail for 

anchoring into the virion membrane. While the fusion peptide initially breaches 
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the cell membrane, the heptad-repeat domains in each gp41 fold together to 

form a six-helix bundle that acts as a pore for the transfer of the viral capsid 

across the cell membrane (Melikyan et al. 2000). 

Interestingly, even in the absence of a ligand, it has been observed that gp120 

in the trimeric Env is capable of fluctuating between different conformations 

reversibly, with changes in the positioning of the V1/2 loops (Munro et al. 

2014). The spontaneous repositioning of variable loops, consistent with a shift 

from the closed, pre-fusion conformation to a CD4-bound state, suggests a 

dynamic nature of the Env glycoprotein. Furthermore, while the presence of 

ligand was shown to stabilise the trimeric Env in a single conformation that 

was more open, this was not true for Env from HIV isolates less susceptible to 

antibody neutralisation (Munro et al. 2014). The link between Env 

conformation and neutralisation can be classified by a tiering system that will 

be discussed further in section 1.4.1. 

1.2.2 Env evasion of neutralising antibodies 

During the humoral immune response neutralising antibodies (nAbs) directed 

towards the Env trimer can block viral entry and prevent infection by interfering 

with the engagement of host cell receptors (CD4) or co-receptors (CCR5 or 

CXCR4), by stabilising pre-fusion Env to prevent membrane fusion or by 

inducing Env decay (Ugolini et al. 1997; Julien et al. 2013; Platt, Gomes, and 

Kabat 2012; Ruprecht et al. 2011; Kim, Leaman, and Zwick 2014; Blattner et 

al. 2014; Wang et al. 2017). However, the number of properly folded, functional 

Env trimers on the surface of each virion is estimated to be as few as 7-10 per 

virion (Zhu et al. 2003). The instability of the Env trimer likely contributes to the 

limited number of functional Env that can be targeted by nAbs. For instance, 

non-functional Env in the form of uncleaved trimers, non-oligomerised gp120-

gp41 monomers and gp41 stumps (after the shedding of gp120 from trimers) 

are also present on the surface of the virion, which expose non-neutralising 

epitopes that are usually occluded in the functional trimer (Haim, Salas, and 

Sodroski 2013; Moore et al. 2006). Furthermore, the dissociation of gp120 

from gp41 during the fusion of HIV virions with target cells contributes to the 
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presence of circulating gp120 monomers that expose immunodominant 

epitopes. These aberrant versions of Env are thought to assist HIV in evading 

nAbs by acting as decoys. Consequently, many antibodies are elicited by the 

humoral response that can bind Env but not neutralise HIV. 

The HIV-1 Env is also a glycoprotein and as such is covered by a high density 

of N-linked glycans that consist of ~50% of the gp120 mass (Doores et al. 

2010). These large heterogeneous glycans are generally less immunogenic 

than the protein itself due to being host-derived and shield sites on Env from 

nAb access (Berndsen et al. 2020). In fact, the structure of gp120 has revealed 

that the majority of the Env surface is concealed by N-linked glycans and the 

more conserved regions, such as those involved in receptor binding, are 

recessed or obscured by the surrounding highly variable loops (Wyatt et al. 

1998). The length of gp120 variable loops such as V1/2 can additionally impact 

the ability of nAbs to reach Env epitopes, and the observation of longer 

variable loops arising over the course of infection is another mechanism that 

aids evasion of the humoral response (Sagar et al. 2006). As such, these 

factors contribute to the elicitation of nAbs that are often only strain-specific. 

Finally, as mentioned earlier, HIV is capable not only of cell-free dissemination 

but also of cell-to-cell spread which is more efficient and reduces the length of 

time and opportunity for nAbs to target functional Env on the virion surface 

before infecting another cell (Chen et al. 2007; McCoy et al. 2014). 

1.2.3 Env diversity and the antibody arms race 

HIV virions that avoid the immune response enter target cells and integrate 

their genome into the host genome using the viral reverse transcriptase that is 

highly error-prone, with a mutation rate of 3.4 x 10-5 per base during a single 

round of replication due to a lack of proofreading (Mansky and Temin 1995). 

Consequently, this introduces random mutations into the genome that 

contribute to the diversity of HIV-1. In particular, mutations introduced into the 

env gene can result in the removal of residues in nAb epitopes, or introduce 

new potential N-linked glycosylation sites (PNGS) that if glycosylated hinder 

access to epitopes, leading to Env variants that are neutralisation resistant  
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(Bar et al. 2012). These variants of HIV are therefore able to persist and 

continue to infect new cells. Over time this selects affinity-matured nAbs that 

can target the new variants and thus exert selection pressure on the virus, 

resulting in an ongoing cycle regarded as an evolutionary, immunological arms 

race (Bonsignori, Liao, et al. 2017). The high mutational rate of HIV-1 in 

addition to a short replication cycle and the capacity to recombine results in an 

increasing quasi-species within an individual, and thus viral diversity, over the 

course of infection (Hemelaar 2012).  

For context, the extent of HIV-1 variation that can occur within a single 

individual after six years of infection has been found comparable to that of 

global influenza A in a single year (Weiss 2003). This highlights the extreme 

antigenic diversity that the humoral response has to contend with. Although 

most individuals can produce effective nAbs against the infecting (autologous) 

virus, demonstrated by the selection pressure applied on HIV-1 (Wei et al. 

2003; Richman et al. 2003), ultimately the humoral response is always one 

step behind due to the requirement for additional antibody maturation to 

respond to the resulting viral variant. Therefore, this dynamic between the 

maturation of the humoral response and the evolving HIV Env leads to 

reoccurring viral escape, with antibodies failing to effectively control HIV-1 

infection. 

 

1.3  Antibodies 

 

B cells each produce a unique immunoglobulin (Ig) that is initially displayed as 

a surface-bound B cell receptor (BCR) and, after terminal differentiation into a 

plasma blast or plasma cell can be secreted as an antibody. The vital role of 

antibodies is to mediate the humoral response in the defence against 

pathogens, by recognising and binding to diverse antigens.  

Structurally, antibodies are Y-shaped glycoproteins comprised of two identical 

heavy chains (HCs) and two identical light chains (LCs) with a molecular 

weight of approximately 150 kDa. The two arms of an antibody are held 

together by disulphide bonds between the two HCs, and each arm is formed 

of one HC paired with one LC which are also linked by disulphide bonds 
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(Figure 1.4). Within each HC and LC there is a variable region and a constant 

region. While the variable regions determine the antigen specificity, the 

constant region is primarily responsible for the effector function and 

determines the isotype of the antibody. These functions are attributable to the 

fragment antigen binding (Fab) domain and the fragment crystallisable (Fc) 

region respectively, which are held together by a hinge region (Schroeder and 

Cavacini 2010). This hinge provides a degree of flexibility in the movement of 

the two Fab domains which each have an antigen binding site formed of three 

complementary determining regions (CDRs) from each chain, as depicted in 

Figure 1.4, that consist of highly variable loops connected by framework 

regions (FWRs). Given that an antigen often has many epitopes, different 

antibodies can bind to the same antigen in distinct ways. In addition, similarity 

in epitopes on different antigens can enable antibodies to have cross-

reactivity. 

 

Figure 1.4 The antibody structure of IgG. 

Two heavy chains and two light chains form the antibody structure which is held 

together by disulphide bonds. The Fab domain required for antigen binding consists 

of variable (V) regions from both the heavy and light chain, as well as constant (C) 

regions from the heavy and light chain. The antigen binding site is formed of three 

complementary determining regions (CDRs) from the variable regions of both the 

heavy and light chain. The hinge region links the Fab domains to the Fc region, which 

is comprised of constant regions from only the heavy chain. Diagram created using 

Biorender. 
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1.3.1 Role of different isotypes  

The specific isotype of an antibody is defined by the heavy chain Fc and is 

determined based on the chain used for the constant region: IgM (μ chain), 

IgD (δ chain), IgG (γ chain), IgA (α chain) and IgE (ε chain). In addition, the 

IgG isotype can be further divided into four subclasses: IgG1, IgG2, IgG3 and 

IgG4 and the IgA isotype can be divided into two subclasses: IgA1 and IgA2 

(Schroeder and Cavacini 2010). These different isotypes each have a distinct 

protein structure, glycosylation, effector function and tissue distribution.  

For instance, the size of antibodies based on their isotype differs, with IgM and 

IgE having an additional constant region domain that extends the Fc region 

and overall makes these molecules larger than IgD, IgG or IgA. Moreover, 

while IgG and IgE are monomeric, IgA has the potential to form dimers and 

IgM forms pentamers. As IgM antibodies are the first to be secreted in the 

primary response to pathogen exposure these tend to be low-affinity, however, 

the formation of a pentametric structure gives rise to 10 antigen binding sites 

which can provide high avidity and are effective at activating the complement 

system (Czajkowsky and Shao 2009). Conversely, IgG and IgA antibodies that 

arise following maturation to a specific antigen are higher-affinity and 

predominantly function by blocking toxins or preventing viruses from entering 

cells, known as neutralisation. The dimeric form of IgA enables transport 

across epithelial barriers to protect mucosal surfaces (Fagarasan and Honjo 

2003), yet monomeric IgG typically remains in circulation within the blood and 

extrafollicular fluid which constitutes almost 75% of the total antibodies in 

plasma (Dietzen 2018). As well as differences in isotype tissue distribution, the 

high proportion of IgG in plasma is also likely to be a result of the longer half-

life of IgG compared to other isotypes (Schroeder and Cavacini 2010). 

In addition to neutralisation, IgG can mediate effector functions indirectly via 

the Fc, such as activating the complement system. Binding antigen by IgG can 

also result in the formation of immune complexes which cross-link Fc receptors 

expressed by innate immune cells for activation, to induce phagocytosis or 

cytotoxic effects (Hogarth 2015; Bournazos and Ravetch 2017). The multiple 
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different effector functions mediated by IgG, therefore, make these antibodies 

crucial to the humoral response. 

1.3.2 B cell development 

In the bone marrow, hematopoietic stem cells (HSC) undergo differentiation 

via several stages to form immature B cells in an antigen-independent manner. 

The initial stage of B cell development begins with the differentiation of HSCs 

into common lymphoid progenitor (CLP) cells that are the precursor for both B 

and T cells, yet are fated to become B cells upon interaction with IL-7 (Kikuchi 

et al. 2005). Formation of the pro-B cell occurs following rearrangement and 

recombination of the Ig heavy chain gene until an intact heavy chain is 

produced (Melchers 2015). The heavy chain, in conjunction with a surrogate 

light chain, is then presented on the surface of pre-B cells that upon productive 

signalling halts further recombination events and initiates proliferation to 

generate multiple clones with the same heavy chain (Hess et al. 2001). 

Termination of this proliferation stage enables VJ recombination of light chain 

genes which begins at the kappa (κ) locus but if unsuccessful switches to the 

lambda (λ) locus (Collins and Watson 2018). Expression of the complete IgM 

BCR on the cell surface marks the transition into an immature B cell (Figure 

1.5), which is screened for autoreactivity based on the BCR binding of self-

antigen before exiting the bone marrow. This central tolerance checkpoint of 

B cells is necessary due to the finding that as high as 75% of immature B cells 

have autoreactive BCRs (Wardemann et al. 2003), although only strong 

autoreactivity is selected for clonal deletion. Immature B cells with BCRs that 

exhibit weak autoreactivity instead undergo receptor editing that can rescue 

many cells (Halverson, Torres, and Pelanda 2004) or are silenced by anergy 

and so can persist but are unresponsive to self-antigen (Goodnow et al. 1988). 

Once B cells enter the periphery they are deemed as transitional B cells which 

co-express IgM and IgD (Figure 1.5). These transitional B cells are subjected 

to a second checkpoint, known as peripheral tolerance, which is poorly defined 

but thought to ensure the deletion of autoreactive B cells that may have 

bypassed the first, central tolerance, checkpoint (Carsetti, Köhler, and Lamers 
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1995; Wardemann et al. 2003). However, this can lead to the removal of B 

cells that also recognise foreign antigens, which often have overlapping 

epitopes with self-antigens (Watanabe et al. 2019). B cells that pass this 

second checkpoint mature into naïve B cells (Figure 1.5), which also co-

express IgM and IgD but are characterised by the downregulation of cell 

surface markers such as CD38, CD24 and CD10 (Sims et al. 2005). Mature B 

cells in the periphery can then enter the final stage of development which leads 

to the activation and differentiation of B cells into memory or antibody-

secreting cells, discussed in more detail in section 1.3.6.   

 

 

The early stages of human B cell development occur within the bone marrow, 

differentiating from common lymphoid progenitor cells into immature B cells, with the 

assembly of a mature BCR. Entry of immature B cells into the periphery as transitional 

B cells is permitted after passing central tolerance checks and following peripheral 

tolerance checks can mature into naïve B cells that can respond to antigen. Diagram 

created using Biorender. 

 

  

Figure 1.5 B cell development.  
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1.3.3 VDJ recombination  

The diversity of the antibody repertoire is essential to be able to respond to a 

vast array of different antigens. Rearrangement of Ig germline sequences in 

the heavy chain locus and kappa (κ) or lambda (λ) light chain locus during the 

early stages of B cell development generates each a unique BCR. As 

mentioned earlier, the variable regions of Ig heavy and light chains contain 

antigen binding sites, comprised of the three hypervariable CDRs on each 

chain, and therefore it is the combination of both the heavy and light chains 

that determine the specificity. The heavy chain variable region is encoded by 

a variable (V), diversity (D) and joining (J) gene segment, yet the light chain 

variable region is encoded by only a V and J gene segment. In the heavy chain 

locus, there are 39 functional V gene segments (categorised into seven 

different families), 25 functional D gene segments (also categorised into seven 

different families) and six J gene segments (Matsuda et al. 1998). In the kappa 

chain locus, there are 40 V gene segments (categorised into seven different 

families) and five J gene segments (Zachau 2000; Hieter, Maizel, and Leder 

1982). Finally, in the lambda chain locus, there are 30 functional V gene 

segments (categorised into 11 different families) and seven J gene segments 

(Pallarès et al. 1998). Assembly of individual gene segments into variable 

regions is known as V(D)J recombination, which is directed by recombination 

signal sequences and mediated by recombination activating gene 1 (RAG1) 

and 2 (RAG2) to create combinatorial diversity (Oettinger et al. 1990; 

Tonegawa 1983).  

Specifically, double-stranded DNA breaks are introduced by RAG1/2 to 

rearrange the gene segments and bring them into close proximity for 

recombination by non-homologous end joining. For the heavy chain, a single 

D and J gene segment are first brought together, before being joined with a V 

gene segment to form the complete VDJ sequence. For the (kappa or lambda) 

light chain, only one recombination event occurs to assemble a single V and J 

gene segment into the complete VJ sequence. Imprecise joining of Ig gene 

segments following recombination further contributes to the diversity, known 

as junctional diversity, especially within the CDR3 which is the product of gene 
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recombination in each chain. However imprecise joining can also lead to 

frameshifts that result in non-productive sequences (Tonegawa 1983). 

Nevertheless, this process is capable of generating a large repertoire from a 

limited number of Ig gene segments and, when also taking into consideration 

the diversity introduced upon pairing of the heavy and light chain, it was 

estimated that at least 1012 different antibodies can be produced (Alberts B 

2002). Investigation of the actual antibody sequences in circulation instead 

proposed that within a single individual, there was an upper limit of around 3 

million to 9 million different antibodies, based on the number of unique heavy 

chain CDR3 (CDRH3) sequences (Arnaout et al. 2011). 

1.3.4 Importance of the CDRH3 in antibodies 

The antigen binding site is predominantly comprised of the CDR1, CDR2 and 

CDR3 loops from both the Ig heavy and light variable chains, although the 

FWRs that link the CDRs can also influence antigen binding (Sela-Culang, 

Kunik, and Ofran 2013). In particular, the CDR3 is the most diverse due to 

being encoded by the junction of V, D and J genes in the heavy chain and the 

junction of the V and J gene in the light chain, whereas the CDR1 and CDR2 

are encoded solely by germline V genes. As the CDRH3 has the greatest 

variation (from combinatorial and junctional diversity) this region is a key 

determinant of the antigen specificity and affinity of an antibody and is also 

used to identify clonal relationships between antibodies (Xu and Davis 2000).  

The length of the CDRH3 is also known to play a significant role in antigen 

binding, with long CDRH3 loops (>20 AAs) being a unique feature of many 

HIV-1 broadly neutralising antibodies (bnAbs) (Yu and Guan 2014). For 

instance, a long CDRH3 alters the structure of the antigen binding site and can 

provide antibodies with the ability to access recessed epitopes, such as the 

HIV Env protein surface beneath the glycan shield (Yu and Guan 2014). In 

agreement with this, it has been observed that the length of the CDRH3 can 

relate to the nature of the antigen targeted, with antibodies specific for large 

antigens such as viruses and proteins possessing longer CDRH3 loops than 

antibodies against smaller antigens such as peptides (Johnson and Wu 1998; 
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Collis, Brouwer, and Martin 2003). However, long CDRH3s are often 

associated with autoreactivity and thus are infrequent features in the antibody 

repertoire, due to negative selection during B cell development (Wardemann 

et al. 2003).  

1.3.5 Class switch recombination 

Rearrangement of the constant genes within the Ig heavy chain locus enables 

mature B cells to alter the isotype of their BCR for different effector functions, 

without affecting the antigen specificity. This process is known as class switch 

recombination (CSR) and is achieved by intrachromosomal deletion and 

recombination between switch regions located upstream of each constant 

region gene (except Cδ) (Stavnezer, Guikema, and Schrader 2008). Class-

switching is initiated by activation-induced deaminase (AID) and other 

enzymes to introduce double-stranded DNA breaks to allow for recombination 

of the VDJ with a different constant chain gene (Xu et al. 2012). In the heavy 

chain locus, the constant region genes are organised in the following order: 

Cμ, Cδ, Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cɛ, Cα2. Mature, naïve B cells already 

express both IgM (μ) and IgD (δ), therefore activation upon pathogen exposure 

induces CSR to downstream isotypes IgG (γ), IgA (α) or IgE (ɛ). As class-

switching follows the order of the locus, genes between switch regions are 

deleted and thus prevent subsequent switching back to isotypes upstream.  

The induction of CSR in B cells following antigen stimulation can be T cell 

dependent, activated by the engagement of CD40 on B cells, or T cell 

independent, activated by dual engagement of receptors including the Toll-like 

receptor (TLR) and the BCR (Park et al. 2009; Pone et al. 2010). A recent in 

vivo study has shown that, even in response to T-cell dependant antigens, 

CSR can occur within the first few days of primary infection (Roco et al. 2019). 

And although T-cell dependant CSR was originally thought to occur within the 

germinal centre (GC), there is now mounting evidence to suggest that this 

occurs predominantly in B cells before entering the GC (Roco et al. 2019; King 

et al. 2021).  
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The specific isotype induced has also been associated with the type of antigen 

that the B cell is exposed to, with T-cell dependent antigens such as protein 

antigens resulting in IgG1 and IgG3, while stimulation in a T-cell independent 

manner such as by polysaccharide antigens may instead induce IgG2 

(Vidarsson, Dekkers, and Rispens 2014). Furthermore, the isotype selected 

can also be influenced by cytokine stimuli that activate transcription factors to 

direct class-switching to specific switch regions for recombination (Chen and 

Wang 2019). B cells can also undergo subsequent CSR such as during a 

secondary immune response but are limited by the constant genes remaining 

and thus the terminal position of IgG4 may explain why this is associated with 

repeated antigen exposure (Aalberse et al. 2009). 

1.3.6 The germinal centre response and affinity maturation 

Following antigenic stimulation, B cells can further diversify their BCR and 

undergo somatic hypermutation (SHM) and affinity maturation in the GC, 

which is a specialised microenvironment (depicted in Figure 1.6). The 

establishment of a GC occurs upon the entry of antigen into secondary or 

tertiary lymphoid organs, via draining lymph nodes. Antigen that is displayed 

on the surface of dendritic cells can migrate to a site concentrated with T cells 

(T cell zone) where the antigen is presented in major histocompatibility (MHC) 

class II complexes (Randolph 2001). Naïve, cognate CD4+ T cells capable of 

binding to the peptide MHC-II complex are activated and differentiate into T 

follicular helper (Tfh) cells, which upregulate the chemokine receptor CXCR5 

(Ansel et al. 1999). This enables Tfh cells to migrate along a chemokine 

gradient towards B cell follicles that express the CXCR5 ligand (CXCL13). 

Concurrently, binding of the cognate antigen by B cells via their BCR results 

in activation that leads to the upregulation of CCR7, as well as antigen 

internalisation and processing (Reif et al. 2002). The former enables 

stimulated B cells to migrate along a chemokine gradient towards the T cell 

zone in lymphoid tissue, which express CCR7 ligands (CCL19 and CCL21). 

Once at the border of the B cell follicle and T cell zone, B cells present antigen 

peptides in MHC-II complexes to Tfh cells and receive help in the form of 

stimulatory signals by cytokines and through the CD40L engagement of CD40 
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on the B cell for survival and proliferation to initiate the GC (Schwickert et al. 

2011; Yang Shih et al. 2002). Conversely, these B cells may instead 

differentiate into early, extrafollicular memory B cells (Taylor, Pape, and 

Jenkins 2012) or short-lived plasma cells that provide an early antibody 

response to infection and this fate is thought to be driven by high affinity for 

the antigen (Chan et al. 2009).  

About a week after the initial antigen encounter, the rapid clonal expansion of 

GC precursor B cells forms two distinct compartments, the light zone (LZ) and 

the dark zone (DZ) (Allen, Okada, and Cyster 2007). B cells within the DZ 

continue to proliferate and express the chemokine receptor CXCR4 which 

maintains their localisation in the DZ (Allen et al. 2004). During this time, SHM 

is introduced into Ig V(D)J genes by AID at specific sequence motifs, known 

as hotspots, that are more frequent within the CDRs required for antigen 

binding than the FWRs required for structural integrity (Rogozin and Diaz 

2004; Tang et al. 2020). Migration of B cells into the LZ occurs as B cells 

downregulate CXCR4 and upregulate CXCR5 (Allen et al. 2004). In the LZ, B 

cells express their newly mutated BCR to acquire antigen presented on 

follicular DCs. BCRs with the highest affinity for the antigen can obtain more 

antigen and thus can present more peptide MHC-II complexes to Tfh cells 

which provide signalling for positive selection (Victora et al. 2010). This results 

in the selected cells returning to the DZ for additional rounds of division and 

selection in the GC, cycling between the DZ and LZ for further SHM and affinity 

maturation. Alternatively, at this stage B cells can differentiate and exit the GC 

as a long-lived plasma cell that migrates to the bone marrow for antibody 

secretion or exit as a memory B cell (MBC) that persists in circulation to 

provide a more rapid secondary response (Kräutler et al. 2017; Laidlaw et al. 

2017). In addition, B cells in the LZ that do not receive Tfh help are subjected 

to the default fate of apoptosis and those with deleterious mutations introduced 

into the Ig V(D)J also undergo apoptosis (Mayer et al. 2017). Finally, while 

terminally differentiated cells, such as plasma cells, cannot re-enter the GC, it 

is possible for unswitched and switched activated MBCs to re-enter the GC for 

increased maturation (King et al. 2021). Evidence also suggests that class-
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switched B cells, such as IgG B cells which have longer cytoplasmic tails and 

thus stronger BCR signalling than IgM B cells, are retained in the GC for longer  

(King et al. 2021).  

The formation of a germinal centre (GC) is initiated within secondary lymphoid organs 

in an antigen-dependent manner. Specifically, dendritic cells (DC) display antigen that 

activates cognate CD4+ T cells to differentiate into T follicular helper (Tfh) cells which 

migrate towards B cell follicles. Presentation of antigen by B cells to Tfh cells provides 

stimulatory signals that result in the clonal expansion of B cells and the formation of 

two distinct compartments, the dark zone (DZ) and the light zone (LZ), that form a GC 

reaction. Rapidly dividing B cells, referred to as centroblasts, undergo somatic 

hypermutation (SHM) within the DZ. Downregulation of CXCR4 and upregulation of 

CXCR5 enables these cells to migrate into the LZ as cells referred to as centrocytes. 

Within the LZ, centrocytes that acquire antigen from follicular DCs can display this to 

Tfh cells to receive survival signals. Interference of Tfh and B cell interactions by T 

follicular regulatory (Tfr) cells that have a suppressive function also play a role in 

regulating the GC reaction. Positively selected centrocytes then downregulate 

CXCR5 to re-enter the DZ for additional rounds of clonal expansion and SHM or can 

differentiate into effector cells that exit the GC as an affinity-matured memory B cell 

or plasma cell. Image from (Stebegg et al. 2018). 

Figure 1.6 The germinal centre reaction.  
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1.4 HIV bnAbs 

 

Most HIV-infected individuals can produce initial strain-specific nAbs that 

apply selection pressure on the virus and constrict HIV-1 infection (Wei et al. 

2003; Richman et al. 2003). However, as mentioned earlier in section 1.2.3, 

this leads to viral escape and thus an immunological arms race as the humoral 

response adapts to respond to viral variants. Remarkably, after a few years of 

infection, a small subset of individuals (10-30%) can develop nAbs that exhibit 

cross-neutralisation of different HIV strains, and an even smaller proportion (1-

10%) produce bnAbs that can neutralise numerous HIV-1 strains from different 

clades and thus are referred to as elite neutralisers (McCoy and McKnight 

2017).  

The first generation of antibodies classed as bnAbs against HIV-1 were 

discovered in the early 1990s and isolated using phage display (Burton et al. 

1991) and hybridoma technology (Buchacher et al. 1994). Since then 

advances in methods to generate and assess monoclonal antibodies (mAbs) 

led to a second generation of more potent bnAbs being isolated via single B 

cell cloning, following either single B cell culture or antigen-specific sorting 

(McCoy and Burton 2017). More recently, a novel technique utilising a 

matched genomic and proteomic approach has also been used to deconvolute 

polyclonal plasma and successfully isolate bnAb lineages (Sajadi et al. 2018). 

In total, over 300 antibodies consisting of bnAbs and their lineage members 

have been isolated from HIV-infected individuals (Yoon et al. 2015) and have 

been studied to investigate their development, structural and genetic features, 

as well as the epitopes that they target. 

1.4.1 The pseudo-typed virus system and tiering for determining 
neutralisation capacity 

A fundamental step in the isolation of bnAbs against HIV-1 was to first identify 

individuals with broad and potent plasma/serum neutralisation. An efficient in 

vitro system to measure the neutralisation activity of plasma against HIV Env 

pseudo-typed virus (PV) was first described in 2003 using TZM-bl luciferase 

reporter cells to quantify the level of infection (Wei et al. 2003). This TZM-bl 
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assay was later optimised and validated to enable a standardised assessment 

of antibody-mediated neutralisation (Sarzotti-Kelsoe et al. 2014). However, the 

high diversity of HIV-1 (described earlier in sections 1.1.2 and 1.2.3) meant 

that a vast array of Env variants have been pseudo-typed for use in these 

assays, making comparisons between neutralisation capacities difficult. The 

screening of a diverse virus panel from all major circulating clades and 

different stages of infection using a plasma pool enabled viruses to be ranked 

based on their sensitivity to antibody neutralisation, leading to the 

development of a tiering system to facilitate systematic characterisation of 

neutralising responses (Seaman et al. 2010). The tier of the virus has also 

been found to relate to the Env conformation, with circulating, harder-to-

neutralise strains typically classed as tier 2/3 viruses having a predominantly 

closed trimeric conformation, unlike tier 1A/B viruses that have more of an 

open/intermediate Env conformation that is easier to neutralise (Montefiori et 

al. 2018; Munro et al. 2014). 

The establishment of reference viruses and standard panels of Env PVs such 

as the 6 PV panel, 12 PV global panel and 118 multi-clade PV panel has also 

been essential for the assessment of the neutralisation breadth by mAbs and 

polyclonal plasma (Griffith and McCoy 2021). In particular, the standard 6 PV 

panel was identified following the evaluation of neutralisation exhibited by 

large numbers of plasma samples from epidemiologically diverse HIV-infected 

individuals against multiple panels of PVs from globally circulating strains 

(Simek et al. 2009). This minimal set of six (tier 2) PVs from four different 

clades was capable of reflecting the neutralisation breadth of plasma against 

the larger panels of viruses and thus provides a rapid screening tool for 

neutralisation capacity. In addition, this analysis revealed individuals with elite 

activity against HIV-1, which was defined as the ability to neutralise a minimum 

of one PV with an ID50 titre of 300 or more, across four different clades (Simek 

et al. 2009). A neutralisation scoring system was later devised, based on the 

average log-transformed titres achieved against PVs, to rank and characterise 

the neutralisation capacity of plasma (Landais et al. 2016). Furthermore, the 

identification of individuals with elite neutralisation (score >2) has proven 
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valuable, with follow-up studies confirming that bnAbs can be isolated from the 

B cells of these donors (Walker et al. 2009; Walker et al. 2011). 

1.4.1.1 Elite neutralisers vs elite controllers 

Elite neutralisers are HIV-infected individuals that have extremely broad 

plasma neutralisation and thus have the capacity to produce bnAbs (Walker 

et al. 2009; Walker et al. 2011). However, only 1-10% of individuals exhibit 

elite neutralisation (McCoy and McKnight 2017), and despite demonstrating 

plasma breadth against heterologous viruses are unable to control their 

autologous virus. The factors associated with the development of a broadly 

neutralising response are still in contention and will be addressed in detail in 

section 1.5. 

In contrast, elite controllers (who in some contexts have also been referred to 

as long-term non-progressors depending on the level of control) are an even 

rarer subset of individuals that are infected with replication-competent HIV-1, 

yet are capable of maintaining the viral load below the level of detection (< 50 

c/mL) in the absence of ART (Woldemeskel, Kwaa, and Blankson 2020; 

Okulicz and Lambotte 2011). The spontaneous suppression of viraemia by 

elite controllers results in stabilised CD4+ T cell counts, limits the development 

of disease and reduces the chance of HIV transmission, although transient 

blips in viraemia and gradual loss of control occur over time (Borrell et al. 

2021). The mechanism of viral control in these individuals is heterogenous but 

is not thought to be mediated by antibodies (Pereyra et al. 2008; Deeks and 

Walker 2007). Instead, control has been largely associated with the expression 

of specific human leucocyte antigen (HLA) alleles, that encode MHC proteins 

for antigen presentation, and the prevalence of strong Gag-specific cytolytic 

CD8+ T cell responses (Migueles et al. 2000; Bailey et al. 2006; Kiepiela et al. 

2007; Lambotte et al. 2005). However, it is thought that control by cytolytic 

CD8+ T cells is lost due to exhaustion and/or viral escape (Rosás-Umbert et 

al. 2019). 
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1.4.2 Defining bnAbs and their epitopes 

Currently, a specific criterion of what constitutes an HIV bnAb has not yet been 

established (as reviewed by (Griffith and McCoy 2021)). However, evaluation 

of the neutralisation breadth and potency achieved against the standard 118 

multi-clade PV panel revealed that second-generation bnAbs could neutralise 

30-100% of the PVs with a geometric mean of 3.6 µg/mL or less (Griffith and 

McCoy 2021). The capacity of bnAbs to neutralise such a diverse range of 

heterologous strains from multiple clades is ultimately achieved by targeting 

the most conserved regions on the functional, trimeric Env. Characterisation 

of bnAb binding to HIV-Env has revealed five main epitopes: the CD4 binding 

site (CD4bs), trimer apex, high mannose patch (HMP), gp120-gp41 interface 

(including the fusion peptide) and the membrane-proximal region (MPER), 

illustrated in Figure 1.7.  

 

 

 

 

 

 

 

 

 

 

 

The gp120 and gp41 subunits, coloured in light grey and dark grey, that form the 

trimeric Env structure are modelled based on glycosylated BG505 SOSIP.664. 

Epitopes targeted by bnAbs are shown by the coloured regions, with the CD4bs in 

green, the apex in blue, the high mannose patch in pink, the gp120-gp41 interface in 

red and the MPER in yellow. Adapted with permission from (McCoy and Burton 2017). 
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Figure 1.7 HIV-1 Env epitopes targeted by bnAbs.  
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1.4.2.1 CD4bs  

The initial interaction of HIV with CD4 on the host cell is mediated by the 

CD4bs on the HIV Env trimer. This conserved region on Env is therefore a site 

of vulnerability that can be targeted by the humoral response to block HIV 

entry. However, the CD4bs is located in a recessed hydrophobic pocket at the 

interface of the outer and inner domains of the gp120 subunit (Kwong et al. 

1998) and is more accessible on monomeric gp120 than the functional Env 

trimer (Lyumkis et al. 2013). Nevertheless, neutralising antibodies against the 

CD4bs can be elicited, and the ability of bnAbs to access this epitope on 

harder-to-neutralise tier 2/3 viruses is dependent on their angle of approach, 

predominantly using their CDRH2 (for antibodies with VH1-2 or VH1-46 gene 

usage) or their CDRH3 for binding (Zhou et al. 2015). 

Most CD4bs bnAbs, and even nAbs with limited breadth, contact the residue 

D368 on the CD4 binding loop which is highly conserved (Zhou et al. 2015), 

although there are a few exceptions which are glycan dependent instead 

(Wibmer et al. 2016; Balla-Jhagjhoorsingh et al. 2013; Freund et al. 2015). 

While glycans such as N276 and N462 surrounding the CD4bs do not 

substantially mask this epitope they can limit antibody access. Yet these 

glycans can be accommodated or in some cases be bound by bnAbs that 

possess short and compact light chain CDR (CDRL) loops which avoid steric 

clashing (West et al. 2014; Balla-Jhagjhoorsingh et al. 2013; Pancera et al. 

2014). It has additionally been shown through structural analysis that the VH1-

2 gene restricted, VRC01-class of bnAbs require a short 5 AA CDRL3 for 

packing in between the Loop D and V5 loop to allow the CDRH2 to contact the 

CD4 binding loop (Zhou et al. 2013). However, progression towards greater 

neutralisation breadth has ultimately been achieved by bnAbs that acquire 

extensive mutations that enable them to mimic CD4 binding by burying into 

gp120 to engage conserved residues in the CD4 binding loop and have 

reduced contact with more variable regions nearby, such as the V5 loop 

(Bonsignori et al. 2016; Sajadi et al. 2018; Huang et al. 2016; Scheid et al. 

2011).   
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1.4.2.2 Trimer apex  

While the trimer apex is not directly involved in viral entry the V1/V2 loops in 

this region are necessary to shield the V3 loop that is involved in co-receptor 

binding (Wang et al. 2018; Ozorowski et al. 2017). As a consequence, nAbs 

targeting the apex can prevent the opening of the trimer and co-receptor 

binding. In the closed pre-fusion conformation of the Env trimer, the V1/V2 

loops are comprised of a five-stranded β-barrel, with the strands consisting of 

conserved residues while more variable residues are located in the loops 

connecting each strand (Pan et al. 2015). However, analysis of the 

predominantly open Env conformation, found on tier 1A viruses or after CD4-

binding, has revealed that residues in the V2 domain can instead adopt a coil 

or helical conformation that exposes a short linear peptide that can be bound 

by nAbs (Wibmer et al. 2018; Liao, Bonsignori, et al. 2013). Although analysis 

has revealed that the residues in this peptide contacted by nAbs with limited 

breadth are similar to those targeted by bnAbs, for instance residues at 

position 168-171 in the positively-charged V2 site (Andrabi et al. 2015; Liao, 

Bonsignori, et al. 2013; van Eeden et al. 2018; Pinter et al. 2005), the different 

secondary structures that the V2 can adopt results in distinct epitopes. Indeed, 

trimer apex bnAbs have instead been found to have a preference for the 

quaternary Env structure which exhibits a β-conformation of the V2 (McLellan 

et al. 2011), and are therefore capable of targeting tier 1B and tier 2/3 viruses 

that exhibit an intermediate and/or closed conformations of the Env trimer 

(Montefiori et al. 2018; Ivan et al. 2019).  

Although glycans that protrude from the V2 strand B mask the cavity at the 

trimer apex and the positively-charged lysine-rich site on the V2 strand C, this 

region is accessible to bnAbs with a long, negatively charged CDRH3 (Gorman 

et al. 2020). In addition, glycans at the trimer apex have been shown to form 

part of the epitope targeted by bnAbs, with the glycan at position 160, in 

particular, being necessary for binding, demonstrated by the partial or 

complete loss of neutralisation against mutant viruses lacking N160 (Andrabi 

et al. 2015). In contrast to most apex bnAbs, V2-specific nAbs with limited 

neutralisation breadth have shorter CDRH3s and as a result, are unable to 

neutralise viruses with long V2 loops (Gorny et al. 2012). Nevertheless, as 
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demonstrated by the CAP256 antibody lineages, nAbs with a long CDRH3 do 

not always have neutralisation breadth as this must protrude out from the 

antibody with a certain orientation (Doria-Rose et al. 2016). However, another 

binding approach by bnAb BG1 has revealed that a protruding CDRH2 can 

also contact the protein residues in the V2 beneath the glycan shield, yet 

exhibit lower neutralisation breadth than other apex bnAbs (Wang et al. 2017).   

1.4.2.3 High mannose patch  

Another vulnerable region of Env is the V3 loop, which is required for co-

receptor binding and makes contact via the base and the tip (known as a 

crown) but also consists of a variable stem (Huang et al. 2005). Most V3 

targeting antibodies are only capable of neutralising tier 1 viruses with a 

predominantly open conformation that is similar to the CD4-bound state where 

the V3 loop is exposed, and due to the high sequence variability of the V3 

stem often elicits strain-specific antibodies (Moody et al. 2015). However, V3-

specific nAbs capable of binding to the V3 tip/crown, for instance 447-52D, 

have demonstrated the capacity to target tier 2 viruses, although only 

weak/incomplete neutralisation has been observed and thus implies access to 

the epitope is poor or transient (Han et al. 2019; Hioe et al. 2010). Analysis of 

strain-specific neutralisation following the immunisation of rabbits revealed 

that nAbs had an overlapping footprint at the base of the V3 with high mannose 

patch bnAbs, however, the specific epitope targeted and the binding 

mechanism differed by making contact with peptide residues in the V1 loop 

rather than V3 glycans (Nogal et al. 2020).  

The conserved 324GDIR327 linear sequence at the base of the V3 loop is 

masked not only by the V1/V2 domain but also by the N-linked glycan 

supersite (N295, N301, N332, N339, N385 and N392) in the closed Env trimer, 

typical of circulating tier 2 viruses (Krachmarov et al. 2006; Behrens et al. 

2016). BnAbs to this site can incorporate glycans into their epitope and often 

bind to the N332 glycan, however, the use of long CDR loops also enables 

bnAbs to extend beyond this glycan supersite to make contact with the 

conserved peptide residues below (Mouquet et al. 2012; Sok et al. 2016). An 

exception to this is the bnAb 2G12 which binds solely to glycans (Sanders et 

al. 2002). In fact, high mannose patch bnAbs can often bind to multiple V3 
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glycans or glycans in close proximity, which gives a degree of flexibility in their 

epitope (Sok, Doores, et al. 2014; Barnes et al. 2018), and can enable these 

bnAbs to accommodate changes to N-linked glycosylation sites that arise from 

selection pressure. 

1.4.2.4 Gp120-gp41 interface 

The trimeric Env is comprised of three heterodimers of gp120 and gp41 

subunits that require cleavage to be functional and mediate viral fusion. The 

gp120-gp41 interface can therefore be bound by nAbs to inhibit fusion, either 

by stabilising Env to prevent gp41 conformational changes (Blattner et al. 

2014) or by destabilising Env to induce decay (Lee et al. 2015). As the 

interface of each heterodimer is also next to the interface of the other two 

heterodimers, this forms one large contiguous area on the Env trimer. 

Consequently, nAbs that target the gp120-gp41 interface have distinct modes 

of binding, with dependence on different glycans and peptide residues across 

the subunits, as well as different angles of approach (McCoy 2018; Parker 

Miller et al. 2021). Despite this, most gp120-gp41 interface bnAbs target the 

pre-fusion, trimeric conformation of Env, with only 35O22 found to have 

improved binding following CD4 engagement due to greater access to the 

epitope as the Env initiates fusion (Huang et al. 2014).  

In addition, the ability to bind highly conserved glycans at the interface is 

common to bnAbs, except for clonally related bnAbs 3BC176 and 3BC315 

which can accommodate glycans but do not bind them (Lee et al. 2015). In 

particular, the glycan at position 88 in the gp120 subunit is targeted by several 

interface-specific bnAbs, with the removal of this glycan reducing their 

neutralisation capacity (Huang et al. 2014; van Gils et al. 2016; Kong et al. 

2016). Conversely, the epitope of 3BC176 and 3BC315, located at the base 

of the trimer between two gp41 subunits, is partially occluded by the glycan at 

position 88 and upon removal leads to enhanced neutralisation (Lee et al. 

2015). Additional glycans at positions 230, 241, 234 or 276 in the gp120 

subunit are also bound by some interface bnAbs (Huang et al. 2014; Scharf et 

al. 2014), while other bnAbs have a dependency on glycans in the gp41 

subunit, at positions 611, 625 or 637 (Falkowska et al. 2014; Huang et al. 

2014).  



58 
 
 

A subset of interface bnAbs is also capable of binding to the conserved fusion 

peptide in the gp41 subunit, namely ACS202 and VRC34.01 as well as 

PGT151 which can partially bind to this region (van Gils et al. 2016; Kong et 

al. 2016). Although ACS202 and PGT151 both contact the fusion peptide 

predominantly using a long CDRH3 with a hydrophobic YYYY motif, these 

bnAbs have different angles of approach (Yuan et al. 2019). On the other 

hand, VRC34.01 has a much shorter CDRH3 and instead forms a hydrophobic 

groove to bind the exposed N-terminal residues in the fusion peptide using all 

CDRs, except CDRL2 (Kong et al. 2016). Lastly, many of the gp120-gp41 

interface-specific nAbs with limited breadth (elicited in non-human primate 

immunisation studies) appear to have overlapping footprints with bnAbs and 

can even target the fusion peptide, yet differ by contacting more variable 

residues and/or are less accommodating of the glycan at position 611 (Cottrell 

et al. 2020). 

1.4.2.5 MPER 

The MPER of the gp41 subunit consists of two identical, highly conserved α-

helices that are partly embedded in the lipid membrane of the virion (Sun et 

al. 2008). For that reason, nAbs capable of binding to this region on Env have 

the potential for breadth in neutralisation by blocking structural rearrangement 

of the gp41 necessary for fusion, or in the case of the bnAb 10E8 can even 

destabilise the Env trimer before fusion (Kim, Leaman, and Zwick 2014). 

However, the mechanism of binding to the MPER epitope by bnAbs has 

revealed an initial requirement for lipid binding to bring the antibody into close 

proximity to the base of the gp41 (Alam et al. 2007; Alam et al. 2009; Williams 

et al. 2017), and hence have a degree of polyreactivity. In addition, the MPER 

epitope in gp41 is hydrophobic and only accessible in the pre-fusion 

intermediate Env conformation triggered by receptor binding, giving a very 

brief opportunity for nAbs to bind (Frey et al. 2008).  

The majority of bnAbs that are specific for the MPER epitope have a long 

CDRH3 (≥ 20 AAs) with a hydrophobic tip to mediate binding and have been 

found to approach MPER from a similar direction (Williams et al. 2017). 

Another common trait of MPER bnAbs is the usage of an IgG3 isotype, which 

could suggest a requirement for a long, flexible hinge region for binding to this 
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epitope, yet MPER bnAbs with an IgG1 isotype and thus shorter hinge have 

also been identified more recently (Krebs et al. 2019; Zhang et al. 2019). 

These IgG1 MPER bnAbs were found to share the same V-genes as bnAb 

4E10, yet had a shorter CDRH3 of an average length (15 AAs). Nevertheless, 

the IgG1 bnAbs with an average length CDRH3 had reduced neutralisation 

potency compared to 4E10, which is thought to be attributed to fewer 

interactions by the CDRH3 with the MPER epitope (Zhang et al. 2019). Finally, 

analysis of the inferred germline and intermediate antibodies in MPER bnAb 

lineages has revealed that increasing SHM was required for neutralisation 

breadth (Williams et al. 2017; Pinto et al. 2019). 

1.4.3 Unusual features of bnAbs 

In the germinal centre B cells that undergo multiple rounds of maturation result 

in the generation of antibodies with higher affinity for the antigen and 

increasing levels of SHM. Antigen-experienced (IgG) antibodies display an 

average SHM in the variable heavy gene (VH) of between 5.6% and 9.4% 

(IJspeert et al. 2016). However, within HIV-infected individuals, Env-specific 

antibodies (gp140 reactive) were found to have a significantly higher number 

of VH mutations than non-specific antibodies (Scheid et al. 2009). Moreover, 

the level of mutation in HIV bnAbs is higher than in nAbs with limited breadth 

(Scheid et al. 2009; Klein et al. 2013). Longitudinal studies have provided 

evidence that the accumulation of mutations in bnAbs occurs over time, in 

response to emerging variants of HIV, and that increasing SHM can result in 

increasing neutralisation breadth (Liao, Lynch, et al. 2013; MacLeod et al. 

2016; Bonsignori, Kreider, et al. 2017; Bonsignori et al. 2016). This 

demonstrates the role of the evolutionary arms race between the humoral 

response and HIV in the development of bnAbs, which often requires 2-3 years 

and in some cases up to 5 years of ongoing infection (Gray et al. 2011; Liao, 

Lynch, et al. 2013; Sajadi et al. 2018; Doria-Rose et al. 2014; MacLeod et al. 

2016; Bonsignori, Kreider, et al. 2017). While all bnAbs exhibit at least 9% 

SHM in the VH, there are also bnAbs within each epitope specificity that have 

extreme levels of SHM, attaining up to 43% VH mutation (Griffith and McCoy 

2021). This high level of SHM is unusual even in antigen-experienced 
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antibodies and suggests excessive rounds in the GC or the ability to re-enter 

the GC for further rounds of maturation. It has also been found that bnAbs can 

acquire increased insertions and/or deletions, predominantly in their CDRs 

(Kepler et al. 2014), again reflecting a complex affinity maturation pathway. 

Another unusual feature of HIV bnAbs is that many have a CDRH3 length that 

exceeds 20 AAs and can be as long as 37 AAs (Doria-Rose et al. 2014), yet 

the average CDRH3 length of antibodies in the human repertoire is 15-16 AAs 

(Shi et al. 2014; DeKosky et al. 2016). As discussed above in section 1.4.2, 

long CDRH3s appear to be favourable for nAbs targeting conserved regions 

on the HIV Env that are recessed or harder to access, yet are often 

autoreactive and thus removed during B cell development (Wardemann et al. 

2003). Indeed, many bnAbs have been reported to be autoreactive or 

polyreactive (Liu et al. 2015; Prigent et al. 2018), which may imply the 

tolerance for self is altered to enable these B cells to pass checkpoints during 

development (as discussed in section 1.3.2). Antibodies with long CDRH3 

sequences are primarily generated during VDJ recombination and arise from 

the selection of specific D and J gene segments, rather than due to an 

accumulation of insertions in the CDRH3 during SHM (Briney, Willis, and 

Crowe 2012), which was an earlier theory. In particular, the use of the longest 

JH gene (JH6) was more frequently identified in antibodies with a long CDRH3 

and the introduction of nucleotides by N-addition or P-addition during 

recombination also correlated with a longer CDRH3 (Briney, Willis, and Crowe 

2012). In agreement with this, HIV bnAbs with a long CDRH3 have skewed 

use of the JH6 gene (Burton and Hangartner 2016). Furthermore, while mAbs 

with CDRH3s as long as 30 AAs, which is comparable to the CDRH3 length 

of the apex bnAb PG9, have also been found in the B cell repertoire of HIV 

naïve individuals, these were rare due to being predisposed to negative 

selection (Willis et al. 2016). This shows that while long CDRH3s are not 

unique to HIV bnAbs they are also not frequently found in antibody repertoires. 

Therefore the high prevalence of bnAbs with a long CDRH3 is unusual and 

suggests that this feature is selected. Additionally, an unusually short CDRL3 

of 5 AAs has been observed in many bnAbs from different donors that target 

the same epitope, specifically, CD4bs bnAbs with a VH1-2 gene usage, which 
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has structural similarity necessary to avoid steric clashes upon binding (Zhou 

et al. 2013).  

1.4.4 Epitope mapping of broadly neutralising plasma  

BnAbs can be isolated from HIV-infected individuals with elite plasma 

neutralisation, but to do so it is beneficial to first identify the specificity of the 

neutralising response. However, evaluation of antibodies in plasma that 

mediate neutralisation breadth is challenging due to the complex, polyclonal 

nature of the humoral response with diverse antibody lineages that can target 

a variety of epitopes on the HIV Env. The extensive characterisation of 

previously isolated bnAbs has identified the key regions and residues on Env 

that are targeted (as reviewed in section 1.4.2), and this knowledge can be 

employed to epitope map the plasma response. 

The neutralising response of bnAbs is predominantly targeted towards 

epitopes on the gp120 subunit, therefore broad plasma is typically tested first 

for gp120-specific neutralisation using protein absorption assays with 

recombinant monomeric gp120 (Landais et al. 2016; Walker et al. 2010; Doria-

Rose et al. 2017). Epitope mapping studies have also made use of mutant 

PVs with alterations to peptide residues or glycans found in each of the bnAb 

epitopes to map the neutralisation specificity of plasma (Landais et al. 2016; 

Walker et al. 2010; Doria-Rose et al. 2017). In addition, HIV-2 chimeric PVs 

containing the HIV-1 MPER can also be used to identify plasma neutralisation 

directed to the MPER epitope (Gray et al. 2009). Although these studies are 

often capable of mapping broad plasma responses to only one or two bnAb 

epitopes, the presence of multiple epitope specificities in plasma can make 

this difficult to decipher. To try and overcome this problem, computational 

analysis using an algorithm to delineate the antibody specificities of polyclonal 

plasma was developed to predict bnAb specificities based on the 

neutralisation of reference bnAbs against the same, pre-defined PV panel, 

termed neutralisation fingerprinting (Georgiev et al. 2013). This fingerprinting 

algorithm has been used to investigate super-infection and responses 

following immunisation as well as to epitope map individual nAbs and thus has 
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been optimised further to expand its use, such as with large-scale cohorts 

(Doria-Rose et al. 2017).    

The recent advancement of proteomic and genomic approaches has also 

enabled the polyclonal response to be deconvoluted, by purifying out antigen-

specific mAbs from plasma, digesting them for mass spectroscopy analysis 

and comparing resolved sequences to genetic databases (Wine et al. 2015). 

Although this has only been achieved by one research group so far (Sajadi et 

al. 2018), this approach has successfully identified one of the broadest CD4bs-

specific bnAbs, using affinity chromatography to isolate the IgG1, gp120-

specific mAbs from plasma. However, classical techniques such as the use of 

binding ELISAs with mutations in recombinant gp120 protein were still required 

to epitope map nAbs to the CD4bs (Sajadi et al. 2018). Finally, another more 

recent approach has been established to map the epitope clusters of 

polyclonal antibody response using cryo-EM, to generate high-resolution 

imaging of mAb binding (Bianchi et al. 2018; Antanasijevic et al. 2021), yet it 

is not possible to determine which of these mAb specificities are responsible 

for neutralisation breadth. Therefore, the use of mutant PVs continues to be 

the most informative approach to epitope mapping plasma neutralising 

responses. 

1.4.5 HIV vaccine attempts to date  

The induction of a neutralising antibody response upon vaccination provides 

the correlate of protection in most existing vaccines (Plotkin 2010). However, 

attempts so far to elicit protective antibodies against HIV-1 have been 

unsuccessful (Flynn et al. 2005; Pitisuttithum et al. 2006; Rerks-Ngarm et al. 

2009; Hammer et al. 2013; Gray et al. 2021; Barouch et al. 2018). While the 

RV144 vaccine trial with recombinant canarypox vector and gp120 protein is 

the only study reported to have a level of efficacy in preventing HIV infection, 

this was very low (31%) and only just above the significance threshold (Rerks-

Ngarm et al. 2009). Additionally, this elicited a poor neutralising antibody 

response that was unable to target tier 2 viruses typical of those in circulation 

(Rerks-Ngarm et al. 2009; Montefiori et al. 2012) and was not identified as a 

correlate of protection (Haynes et al. 2012). Moreover, follow-up studies 
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designed to improve upon the RV144 trial also failed to induce effective 

neutralising antibodies (Rerks-Ngarm et al. 2017), and the minimal efficacy 

was unable to be replicated (Gray et al. 2021), bringing the reliability and 

reproducibility of the original study results into question. The use of monomeric 

gp120 in these trials likely hinders the induction of nAbs, due to the 

presentation of non-neutralising epitopes that are usually occluded in the 

functional trimeric Env. An effective HIV-1 vaccine instead needs to elicit nAbs 

that can target the functional Env trimer of many different viral variants and 

thus have broad neutralisation before infection to cope with a level of diversity 

and prevent viral escape. It should also be noted that vaccines designed to 

induce protective CD8+ T cell responses have also proved challenging and, 

as a consequence, none have been successful so far in human trials 

(Buchbinder et al. 2008; Hammer et al. 2013), although the use of CMV as a 

vaccine vector offers more promise (Picker et al. 2023).  

1.4.6 Clinical impact of bnAbs  

Even though the ability to produce bnAbs against HIV-1 does not provide 

clinical benefit to the infected individual, these antibodies are still of high 

interest due to their potential to provide protection prior to infection. In 

particular, the passive transfer of bnAbs in non-human primate models has 

demonstrated the ability to provide in vivo protection even after repeated low-

dose mucosal challenge, as an approximation of HIV-1 exposure by sexual 

transmission in humans (Gautam et al. 2016). This study also revealed that 

the level of protection, and thus time to infection, was related to the potency of 

the bnAb, yet could be extended by introducing two mutations into the Fc 

domain (LS mutation) to increase the bnAb half-life (Gautam et al. 2016). 

Although the administration of individual bnAbs was not enough to confer 

protection against challenge with more than one virus, the combination of two 

bnAbs was capable of providing 100% efficacy for the duration of the study 

(120 days) (Julg et al. 2017). Finally, in addition to the intrarectal challenge 

that was used in the above studies, it has also been demonstrated that the 

passive transfer of bnAbs can protect against both penile and vaginal 

infections (Garber et al. 2020). In humans, the use of bnAbs as prophylaxis 
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has only been assessed in a recent Phase 2b trial from the Antibody-Mediated 

Prevention (AMP) studies. While it was reported that the CD4bs bnAb VRC01 

was 75% effective at preventing acquisition of susceptible strains, it was also 

acknowledged that only 30% of the circulating HIV strains where this trial was 

conducted were VRC01-sensitive (NIH News Release, 2021). Taken together, 

this demonstrates the potential that bnAbs have in providing protection against 

HIV-1, but also highlights the prevalence of circulating strains with bnAb 

resistance.   

There is also interest in the clinical use of bnAbs to suppress HIV-1 during the 

interruption of ART. This was initially trialled in humans with the administration 

of individual bnAbs, which found that three doses of VRC01 were capable of 

suppressing viral rebound of HIV-1 for a median of 4 weeks, while two doses 

of 3BNC117 suppressed viral rebound for approximately 6.7 weeks on 

average (Bar et al. 2016; Scheid et al. 2016). Moreover, the administration of 

a single dose of 3BNC117 was found to boost the autologous nAb response 

as well as increase tier 2 heterologous neutralisation (Schoofs et al. 2016). 

However, the most successful human clinical trial reported to date used two 

bnAbs in combination (3BNC117 and 10-1074) to target different regions on 

the HIV-1 Env, which sustained viral suppression for a median of 21 weeks 

(Mendoza et al. 2018). In the context of bnAb therapeutics, this combination 

approach or the use of bi-specific antibodies may therefore be more effective 

in preventing the emergence of HIV-1 variants capable of neutralisation 

escape (Kong et al. 2015; Wagh, Seaman, et al. 2018). Ongoing trials with 

modified bnAbs, bi-specific bnAbs or novel bnAb combinations (reviewed in 

(Caskey, Klein, and Nussenzweig 2019; Liu et al. 2020; Julg and Barouch 

2019)) should provide more clarity on the requirements to achieve durable 

rather than transient HIV-1 suppression. The first results from a triple bnAb 

combination phase 1 clinical trial for the treatment of individuals with viraemia 

showed the ability to suppress the viral load but were unsuccessful in 

maintaining suppression (Julg et al. 2022). Instead, the use of triple bnAbs as 

a treatment during ART interruption, as done with previous bnAbs, may have 

more success and is another ongoing study. However, the frequent 

administration of mAbs owing to their short half-life is expensive and is not a 
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viable solution for low/middle income countries where the majority of HIV 

transmission occurs, thus the development of a vaccine is still required. 

1.4.7 HIV immunisation studies 

The goal of many HIV vaccine candidates is to elicit a bnAb response to confer 

the protection that bnAbs provide when passively transferred in animal 

models, as discussed above in section 1.4.6. However, the development of 

bnAbs in HIV-infected individuals is rare and often requires years of ongoing 

HIV infection which is hard to replicate in a vaccine setting. As a result, most 

attempts to elicit a bnAb response in immunisation studies so far have been 

largely unsuccessful, and often result in the production of autologous nAbs 

(van Schooten and van Gils 2018; Pollara, Easterhoff, and Fouda 2017), 

similar to the limited breadth in neutralisation exhibited by the humoral 

response in the majority of HIV-1 infected individuals. The unusual 

characteristics of bnAbs required for breadth, such as long CDRH3s, short 

CDRL3s and extensive SHM, previously discussed in section 1.4.3, have also 

indicated why it is a challenge to elicit bnAbs through vaccination (Stephenson 

et al. 2020).   

Advancements in the production of recombinant Env protein have been 

achieved by the introduction of an artificial disulphide bond (SOS) and 

mutation I559P (IP), known as ‘SOSIP’ modifications to stabilise gp145 trimers 

and mimic the cleaved, pre-fusion native conformation for the display of bnAb 

epitopes (Ringe et al. 2013; Sanders et al. 2013). Consequently, these 

stabilised Env trimers have enhanced the quality of the antibody response in 

eliciting tier 2 autologous neutralisation following immunisation (Sanders et al. 

2015; Havenar-Daughton, Carnathan, et al. 2016; Pauthner et al. 2017). 

However, these strain-specific responses have been shown to target holes in 

the glycan shield that are not found in many HIV isolates, and thus limit their 

breadth (McCoy et al. 2016). Even the masking of non-neutralising antibody 

(non-nAb) epitopes on SOSIP immunogens has failed to induce broadly 

neutralising responses  (Ringe Rajesh et al. 2017).  
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The discovery that inferred germlines of bnAbs with certain specificities were 

not able to bind to the same recombinant Env as mature bnAbs indicated that 

a different approach may be required to elicit neutralisation breadth (Zhou et 

al. 2010; Scheid et al. 2011; Hoot et al. 2013; Mouquet et al. 2012). Efforts to 

design immunogens to target germline sequences have primarily focused on 

CD4bs specific bnAbs (Jardine et al. 2013; Jardine et al. 2016; McGuire et al. 

2013), in particular those with structural similarity and modes of binding 

resulting from specific gene usage of VH1-2 and use of an unusually short 

CDRL3 of 5 AAs, known as VRC01-like bnAbs (Zhou et al. 2015). However, 

animals used in immunisation studies do not express VH1-2 and thus 

transgenic mice have been engineered to express germline heavy chain 

genes, yet, immunogens targeting these had limited success in eliciting B cells 

that also have a short CDRL3 of 5 AAs (Dosenovic et al. 2015; Jardine et al. 

2015). Similarly, naïve human B cells with a VH1-2 can be targeted, yet none 

paired with a light chain that had a 5 AA CDRL3 (Jardine et al. 2016) which 

highlights the rarity of these VRC01-like bnAb precursors. Nevertheless, the 

ability to elicit B cells with the desired gene usage and features using 

transgenic mice with germline genes for both the heavy and light chain has 

been achieved with germline targeting immunogens (Lin et al. 2020), but the 

challenge remains on how to mature these into bnAbs. 

Investigation of the antibody response in transmission pairs also led to the idea 

that only specific Env may be capable of inducing a bnAb response (Kouyos 

et al. 2018). The CH505 Env from a T/F virus that resulted in bnAb production 

in human infection was produced in SOSIP form and used to immunise 

animals. The induction of heterologous tier 2 neutralisation was observed in 

two of eight (25%) rabbits, yet was less potent than autologous neutralisation 

(Saunders et al. 2017). Sequential immunisation with CH505 Env from 

different stages of infection, with the intention of guiding the immune response, 

only led to heterologous tier 2 neutralisation in one of the eight non-human 

primates (Saunders et al. 2017). Therefore, this suggests that other factors 

such as the antibody maturation pathway and cooperating lineages likely 

contribute to the development of breadth. In other studies, epitope-targeted 

immunogens have also been used to try and focus the immune response 
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towards conserved neutralising epitopes, but with varying degrees of success 

(Cai et al. 2017; Escolano et al. 2019; Kong et al. 2016; Xu et al. 2018; Duan 

et al. 2018). The most effective immunisation used trimeric Env for priming the 

immune response, followed by fusion peptide boosts and a final boost with 

trimeric Env, which elicited modest neutralisation in all five mice (Xu et al. 

2018). In particular, one of these mice had breadth that met the criteria of elite 

neutralisation and produced a bnAb capable of 31% neutralisation of a 208 PV 

panel (Xu et al. 2018).   

Finally, a more recent immunisation study that used slow delivery of trimeric 

Env in conjunction with a new particulate vaccine adjuvant (over the course of 

12 days) has shown that GC reactions can persist for at least 6 months for the 

accumulation of SHM (Lee et al. 2022). Encouragingly this also led to the 

generation of broad heterologous tier 2 neutralisation, however, this was not 

induced in all of the animals. Consequently, the robust and reproducible 

elicitation of bnAbs remains to be achieved and therefore indicates a need for 

further investigation of cellular responses associated with their development. 

 

1.5 The development of bnAbs 

 

The shift from strain-specific to broad neutralisation only occurs in a small 

subset of HIV-1 infected individuals, and although certain traits have been 

associated with the gain of neutralisation breadth, none appear to be solely 

responsible or able to predict bnAb development (McCoy and McKnight 2017). 

These factors include; the length of untreated infection, viral load and diversity, 

CD4+ T cell frequency and autoreactivity, which will be discussed in more 

detail below. 

1.5.1 Time since infection 

Multiple serum studies have shown an association between the duration of 

HIV-1 infection and the acquisition of neutralisation breadth (Sather et al. 

2009; Rusert et al. 2016; Landais et al. 2016; Gray et al. 2011). In an acute 

infection cohort, autologous neutralisation developed months (3-12 months) 
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after initial infection, and even after a year only limited heterologous 

neutralisation was detected (Gray et al. 2007). Yet a steady increase in 

neutralisation breadth can occur in some individuals after 2 years of infection 

and peaks at 4 years (Gray et al. 2011). Another longitudinal study of a primary 

infection cohort enabled serum neutralisation to be monitored for over 200 

participants over the course of two years, starting from 24 months after the 

presumed date of infection (Landais et al. 2016). The extent of neutralisation 

breadth was determined using the standard 6 PV panel to calculate a 

neutralisation score and revealed a gradual increase in the breadth over time, 

which peaked at 48 months and then appeared to plateau, with a mean time 

of 3.5 years to achieve broad neutralisation (score ≥1) (Landais et al. 2016). 

In line with these findings, the largest study to date categorised individuals 

based on the length of infection and showed that while there was an 

association with the development of cross, broad and elite neutralisation, this 

was not seen after more than 3-5 years of infection (Rusert et al. 2016). In 

addition, the identification of individual bnAbs and longitudinal analysis has 

shown that the development of lineages with breadth occurs over time, often 

taking up to 2-3 years but in some cases up to 5 years after original HIV-1 

exposure (Liao, Lynch, et al. 2013; Doria-Rose et al. 2014; MacLeod et al. 

2016; Bonsignori, Kreider, et al. 2017). Although plasma breadth has been 

observed as early as one year post-infection (Goo et al. 2014; Makhdoomi et 

al. 2017), and bnAb development as early as 15 months (Simonich et al. 

2016), these cases were in infants which have a distinct immune response. 

1.5.2 Viral load and diversity 

The high mutational rate and short replication cycle of HIV-1 results in the viral 

diversity increasing over the course of infection if left unchecked (Hemelaar 

2012). As there is an association between neutralisation breadth and the 

duration of untreated HIV-1 infection, it is logical that an association with high 

viral load and diversity has also been identified (Doria-Rose et al. 2010; 

Landais et al. 2016; Rusert et al. 2016). In particular, the viral load set-point 

was significantly associated with the neutralisation score achieved by serum 

in a longitudinal study, and although there was also an association with the 
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clade of infection, this was only different between clade C and clade A 

infections (Landais et al. 2016). Similarly, a higher viral load was associated 

with increasing neutralisation breadth in another study using a larger cohort, 

which also revealed an association with viral diversity based on the pol gene, 

showing that this was independent of env diversity which can be driven by 

antibody selection pressures (Rusert et al. 2016). Enhanced viral diversity is 

also observed in cases of superinfection, where individuals already infected 

with HIV-1 become infected with another strain of HIV-1, and was associated 

with significantly broader neutralisation compared to matched controls with 

single HIV infection (Cortez et al. 2015). However, the concept of greater 

antigenic stimulation being necessary for the development of neutralisation 

breadth is contradicted by the finding that some viraemic controllers, with low 

or no viral load, display broad neutralisation and can produce bnAbs (Sajadi 

et al. 2018; Scheid et al. 2011; Freund et al. 2017), including the VRC01 donor 

who was a slow progressor (Wu, Yang, et al. 2010). 

1.5.3 Co-evolution of HIV-Env and antibodies  

The selection pressure exhibited by the humoral response can shape the viral 

variants that arise during escape from neutralisation (Wei et al. 2003), and in 

some instances can influence the epitope specificity for the development of 

breadth against heterologous viruses (Bhiman et al. 2015; Wibmer et al. 2013). 

This co-evolution between the HIV-1 Env and nAbs from acute infection has 

been investigated in a number of individuals to investigate the development of 

bnAbs (Bonsignori, Liao, et al. 2017).  

Pyrosequencing and phylogenetic analysis revealed that the unmutated 

common ancestor of the CH103 CD4bs bnAb lineage branched and matured 

in different ways to the T/F virus, one which led to the development of 

neutralisation breadth and one which neutralised only the autologous virus  

(Liao, Lynch, et al. 2013). Single-genome amplification (SGA) also enabled 

the evolution of the Env to be studied and revealed extensive mutation near 

the CD4bs epitope within 3 months of infection, which was the target of 

neutralisation (Liao, Lynch, et al. 2013). In addition, a second CD4bs bnAb 
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lineage (CH235) that had a different angle of approach was identified in the 

same individual, and early nAbs in this lineage were shown to select Env 

variants that helped to drive the development of the first bnAb lineage (Gao et 

al. 2014; Bonsignori et al. 2016). Similar studies of antibody and Env co-

evolution have also been reported for bnAbs targeting two additional epitopes, 

the V2 apex (Doria-Rose et al. 2014) and high mannose patch (Bonsignori, 

Kreider, et al. 2017; MacLeod et al. 2016), which again showed the acquisition 

of SHM in nAb lineages over the course of infection that contributed to their 

neutralisation breadth. Co-operating lineages that selected the quasispecies 

were also thought to contribute to the development of bnAbs against the high 

mannose patch (Bonsignori, Kreider, et al. 2017; MacLeod et al. 2016). Yet in 

the V2 apex bnAb donor, increasing Env diversity arose from superinfection 

shortly after the primary infection and was compounded by recombination 

events of these viruses (Doria-Rose et al. 2014; Bhiman et al. 2015). 

1.5.4 Autoreactivity  

The HIV Env is shielded by glycans which are added upon translation. Despite 

being host-derived, glycans can still be recognised by B cells without being 

fully autoreactive due to the manner of presentation and proximity to protein, 

which is different from self. Additionally, a low level of autoreactivity is allowed 

to pass tolerance checkpoints during B cell development to enable B cells to 

target foreign antigens that mimic self (Watanabe et al. 2019). Nevertheless, 

a high proportion of self-reactive mAbs have long CDRH3s with frequent use 

of JH6 (Watanabe et al. 2019) and are therefore negatively selected during 

development, yet is a feature often found in HIV bnAbs. In particular, bnAbs 

targeting the MPER epitope have a CDRH3 length of at least 20 AAs and 

demonstrate a degree of autoreactivity and/or polyreactivity (Liu et al. 2015; 

Prigent et al. 2018). One such antigen that MPER bnAbs 2F5 and 4E10 can 

bind is cardiolipin, which is a phospholipid (Haynes et al. 2005), and this 

reactivity is necessary for binding near the viral membrane to access the 

MPER epitope (Alam et al. 2007; Alam et al. 2009). However, knock-in mice 

generated to express the MPER bnAbs 2F5 & 4E10 revealed that these B cells 

were not tolerated by immune checkpoints, and were deleted or had reduced 
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BCR expression and signalling capacity (Verkoczy et al. 2010; Chen et al. 

2013), indicating silencing by anergy. Furthermore, a large-scale protein 

screen has revealed that autoreactivity and polyreactivity were significantly 

more frequent in HIV bnAbs than non-bnAbs and that certain bnAbs were 

capable of being polyreactive regardless of their epitope specificity (Liu et al. 

2015). The development of such bnAbs, therefore, implies a level of B cell 

dysregulation in tolerance checks. In line with this, autoimmune diseases such 

as SLE have impaired tolerance and in a rare case of co-existence with HIV 

led to the development of a CD4bs-specific bnAb (CH98), which was 

polyreactive (Bonsignori et al. 2014). A recent immunisation study has 

additionally shown that administration of an immune checkpoint inhibitor was 

able to improve the nAb response to autologous Env and resulted in alterations 

in the B cell transcriptome for enhanced survival (Bradley et al. 2020). 

1.5.5    Genetic influence 

Another influence on the development of neutralisation breadth that has been 

considered is patient-related parameters, including ethnicity and gender. In the 

large cohort study mentioned above, there was a strong association between 

neutralisation breadth and black ethnicity, but not white ethnicity, even after 

accounting for potential confounding factors (Rusert et al. 2016). Conversely, 

a study focusing on differences between injecting drug users with HIV and 

sexually acquired HIV in men found no significant difference in neutralisation 

breadth based on ethnicity (Euler et al. 2019). Instead, this study observed a 

difference in gender, with a higher percentage of males developing elite 

neutralisation in the injecting drug user cohort, although this difference was 

not found to be significant (Euler et al. 2019). Indeed, a larger study that also 

considered gender did not find any correlation between gender and 

neutralisation breadth (Landais et al. 2016). 

1.5.6 Immunological phenotypes  

CD4+ T cells are the main target of HIV-1 and consequently, these cells are 

progressively depleted over the course of infection. It has been found that the 
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CD4+ T cell count at the viral setpoint in a large cohort of HIV-infected 

individuals was inversely associated with the neutralisation score of the 

plasma response, suggesting that the development of neutralisation breadth 

was linked with a lower CD4+ T cell count (Landais et al. 2016). This has also 

been observed in other studies, where the development of neutralisation 

breadth was associated with a low CD4+ T cell count at setpoint or early on in 

infection (van Gils et al. 2009; Euler et al. 2010; Gray et al. 2011). However, 

CD4+ T cells can either be regulatory cells (Treg) that have an 

immunosuppressive function, or helper cells (Tfh) required for B cell survival, 

affinity maturation and differentiation. In particular, the frequency of a subset 

of Tfh cells circulating in the periphery (characterised by moderate levels of 

PD-1, expression of CXCR5 but not CXCR3) has been found to correlate with 

the development of neutralisation breadth (Locci et al. 2013; Moody et al. 

2016) and was proposed to be a biomarker for the ability to drive high SHM. 

In agreement with this, the proportion of circulating Env-specific Tfh cells in 

infected non-human primates correlated with the acquisition of SHM in HIV 

Env+ IgG+ B cells, and the neutralisation score achieved by plasma 

(Yamamoto et al. 2015). Furthermore, high levels of chemokine CXCL13, the 

ligand for CXCR5, in plasma have also been associated with neutralisation 

breadth and early cross-neutralising responses (Havenar-Daughton, 

Lindqvist, et al. 2016; Mabuka et al. 2017; Cohen et al. 2014). As CXCL13 is 

primarily expressed for the recruitment of CXCR5+ cells to the GC, this 

suggests that the GC reactions are enhanced in HIV-infected individuals that 

develop neutralisation breadth.  

An association with broadly neutralising responses in HIV-infected individuals 

has also been identified using bulk transcriptomic analysis of peripheral blood 

mononuclear cells (PBMCs), with upregulation of RAB11FIP5 that encodes a 

protein associated with endosomal recycling in cells, that was particularly high 

in NK cells (Bradley et al. 2018). These NK cells appeared to have a 

dysfunctional phenotype and impaired effector functions, including reduced 

expression of IFN-γ and TNF-α, which was associated with the overexpression 

of RAB11FIP5. As activated NK cells were capable of reducing the number of 

CD4 Tfh and class-switched MBCs in vitro, it was proposed that impairment of 
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NK cell functionality was beneficial to the development of broad neutralisation 

(Bradley et al. 2018).   

Investigation into the phenotype of B cells associated with neutralisation 

breadth is limited and instead studies have mainly focused on the difference 

in antibody repertoires between HIV-infected individuals based on their 

neutralisation capacity. One such study sequenced antibody heavy chains of 

B cells from HIV-infected individuals with and without broadly neutralising 

plasma, as well as uninfected controls. The most striking finding was that IgG 

antibodies from HIV-infected individuals had on average a lower level of SHM 

than controls, yet those with neutralisation breadth had repertoires that were 

not perturbed and instead capable of exhibiting similar SHM to controls 

(Roskin et al. 2020). In addition, the average CDRH3 length in individuals with 

neutralisation breadth had a significant negative correlation with the frequency 

of CTLA-4 Treg cells (Roskin et al. 2020). More recently, analysis of the HIV 

Env-specific repertoire using paired antibody sequences from HIV controller B 

cells has been conducted. This also revealed that higher SHM correlated with 

cross-reactive serum neutralisation, even in the context of low plasma 

viraemia, however, this neutralisation capacity was determined using a panel 

of only clade B viruses that reflects clade-specific breadth, rather than breadth 

across clades that is typically used to define broad neutralisation (Cizmeci et 

al. 2021). 

 

1.6 HIV and immune dysfunction  

 

Immune dysfunction occurs even during acute HIV infection, as demonstrated 

by the benefit of early initiation of ART which can boost CD4+ T cell counts 

and reduce the amount of serious AIDS-related events (Lundgren J 2015), as 

well as partially restore the B cell population (Moir et al. 2010; Tanko et al. 

2017). Nevertheless, HIV-infected individuals receiving ART show that 

restoration is not complete by exhibiting reduced and shorter-lived 

neutralisation responses compared to uninfected individuals in response to 

vaccination (Rees-Spear and McCoy 2021; Touizer et al. 2022). This is 
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thought to stem from sustained inflammation and immune dysfunction that 

arises due to disruption of the intestinal wall, enabling microbial translocation 

and the presence of circulating microbial products such as LPS, which is 

lowered upon initiating ART but continues to persist (Brenchley et al. 2006). 

1.6.1 T cell responses in HIV infection 

The T cell compartment can be broadly categorised based on CD4 or CD8 

expression and these cells recognise antigens presented in MHC-II and MHC-

I complexes respectively. CD4+ T cells are primarily associated with providing 

help to regulate other immune cells in response to pathogens, including CD8+ 

T cells which mediate cytotoxic functions (Laidlaw, Craft, and Kaech 2016). 

Following T cell receptor (TCR) recognition of antigen presented in MHC 

complexes on antigen-presenting cells a second co-stimulatory signal is 

required to initiate activation, typically induced by the binding of CD28 to CD80 

or CD86 on the antigen-presenting cell (Chen and Flies 2013). Once the 

immune system has cleared the infection, further signalling is necessary for T 

cells to return to a resting state, which is mediated by immune checkpoint 

inhibitors such as PD-1 and CTLA-4 (Chen and Flies 2013). 

In the context of HIV-1, activated CD8+ T cells play a vital role in the initial 

restriction of infection and contribute to establishing the viral setpoint, with a 

strong and rapid response that lowers the viral load (Ndhlovu et al. 2015), and 

those targeting epitopes in the Gag protein have been linked to a sustained 

low viral load (Kiepiela et al. 2007). However, during HIV-1 replication mutation 

of epitopes targeted by the CD8+ T response ultimately leads to escape from 

this level of control (Goonetilleke et al. 2009). Concurrently CD4+ T cells are 

activated to provide help to CD8+ T cells as well as other types of immune 

cells such as B cells. However, CD4+ T cells are targeted for infection by HIV-

1, causing cell death and the decline of this population. Furthermore, the 

inability to resolve HIV infection leads to persisting antigenic stimulation and a 

state of chronic activation and T cell exhaustion. Specifically, the increase in 

PD-1 to reduce activation leads to CD4+ and CD8+ T cell dysfunction, with the 

loss of cytokine production, reduced proliferation and ultimately disease 
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progression (Day et al. 2006; Fuller and Zajac 2003). Additionally, dysfunction 

of the CD4+ T cell population reduces the ability to provide help to immune 

cells and thus impaired or reduced frequencies of Tfh cells can impact the B 

cell response (Yamamoto et al. 2015).  

1.6.2 B cell responses in HIV infection 

Despite not being directly infected, there are profound effects on the B cell 

compartment as a result of HIV-1 infection, with a significantly lower number 

of total CD19+ B cells as well as significant alterations to B cell subsets 

compared to HIV-negative individuals (Moir et al. 2010). Fundamentally this 

stems from the hyperactivation of B cells, resulting in a decreased proportion 

of naïve cells and an increased proportion of both immature/transitional cells 

and plasmablasts in circulation (Moir et al. 2010). HIV-infected individuals also 

have an increased frequency of plasma cells in the bone marrow (Montezuma-

Rusca et al. 2015), but this population is terminally differentiated and therefore 

unable to adapt to antigenic changes required to contend with HIV. 

Additionally, this gives rise to polyclonal hypergammaglobulinemia, which is 

characterised by high levels of spontaneous IgG secretion that are not HIV-

specific (De Milito et al. 2004; Lane et al. 1983).  

Alterations to the distribution of memory subsets in the periphery have also 

been observed following HIV infection, particularly those characterised by the 

differential expression of CD27 and CD21 on the B cell surface (as shown in 

Figure 1.8). Briefly, subsets can be divided into resting memory (RM; CD27+ 

CD21+), activated memory (AM; CD27+ CD21-) and tissue-like memory (TLM; 

CD27- CD21-). In particular, the TLM subset in HIV-infected individuals was 

only identified in 2008, based on similarities to a memory population isolated 

from human tonsils, such as expressing FCRL4, an immunoregulatory 

receptor for IgA (Moir et al. 2008; Ehrhardt et al. 2005). Even during early 

viraemia an increase in AM and TLM B cells and a decrease in RM B cells 

have been found compared to HIV-negative individuals (Moir et al. 2010). It 

has also been demonstrated that a TLM subset is enhanced in other chronic 

infections such as malaria, which identified the immunoregulatory receptor for 
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IgG (FCRL5) as a more accurate marker for this subset in the periphery 

(Portugal et al. 2015). However, TLM B cells have also been characterised by 

their enhanced expression of inhibitory receptors that overlap with those on 

exhausted T cells, as well as homing receptors to inflammatory sites for 

effector functions, rather than the GC for continued maturation (Wherry et al. 

2007). Investigation of HIV Env-specific antibodies from TLM B cells revealed 

a lower level of SHM than antibodies from RM B cells (Meffre et al. 2016), 

suggesting restricted affinity maturation. Moreover, B cells with low CD21 

expression, typical of AM and TLM B cells that are increased in HIV infection, 

exhibited high expression of IFN-induced and/or terminal differentiation genes, 

which predisposed cells to apoptosis (Moir et al. 2004). This suggests that the 

humoral response may be limited in HIV-infected individuals with high 

proportions of TLM B cells. 

Overall, the indirect impact of persistent HIV-1 infection and inflammation 

leads to perturbations of the B cell population, phenotype and functionality that 

impairs the humoral response and restricts the pool of B cells that can respond 

to viral variants that arise during infection. Although ART can improve B cell 

homeostasis, with increased frequencies of HIV Env-specific RM B cells and 

decreased frequencies of HIV Env-specific AM B cells (Kardava et al. 2014), 

the level of B cell activation is only partly normalised (Tanko et al. 2017).  
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After B cell development (a) CD20+ CD19+ CD10++ immature B cells enter the 

periphery from the bone marrow as immature transitional B cells that are CD27- and 

CD21- or CD21+, both of which are increased in HIV infection. The CD21high 

population downregulate CD10 to form naïve mature B cells that are (b) stimulated in 

response to HIV infection, giving rise to an increased population of activated B cells 

that express CD27 but downregulate CD21 and can terminally differentiate into short-

lived plasmablasts that express Ki-67+ and downregulate CD20. HIV infection also 

results in an increased tissue-like memory population which remains CD27- and 

downregulates CD21, but also (c) a loss of CD27+ CD21+ resting memory B cells. 

Image from (Moir and Fauci 2009). 

 

 

 

 

  

Figure 1.8 Perturbation of B cell subsets induced by HIV-1 infection.  
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1.7  Single B cell technologies  
 

1.7.1 mAb generation   

The first mAbs were produced using hybridoma technology in 1975, by fusing 

mouse antibody-secreting B cells with immortal myeloma cells to create hybrid 

cells (hybridomas) capable of sustained proliferation and antibody production 

(KÖhler and Milstein 1975). However, the process of generating hybridomas 

is highly inefficient, with the loss of many B cells that are not immortalised and 

is only viable with mouse B cells. In addition, the process of identifying antigen-

specific B cells is labour-intensive, with the requirement for separating single 

clones by limited dilution and screening individual cultures for antigen binding. 

Nevertheless, three of the first HIV bnAbs were isolated in this manner by 

instead immortalising human B cells from HIV-infected PBMCs using 

electrofusion with a modified version of the myeloma cell line and/or EBV 

transformation (Buchacher et al. 1994).  

The development of combinatorial display technologies, such as phage 

display in 1985, offered an alternative method to generate antigen-specific 

mAbs and can be used to mimic the selection process in vitro (Smith 1985; 

Winter et al. 1994). This approach involves isolating Ig variable (V) regions 

from B cells and assembling these at random for display on the surface of 

bacteriophage, generating recombinant antibody libraries for antigen binding 

and selection. Antigen-specific mAbs on phage can be subjected to affinity 

maturation within bacteria and are screened for improved binding 

(Hoogenboom 2005). While phage display can be used to screen large 

antibody repertoires and generate mAbs with improved affinity, this process is 

time-consuming and the antigen used during selection may introduce bias. 

Moreover, the use of random heavy and light chain combinations results in the 

generation of mAbs that likely have artificial pairings. However, one HIV bnAb 

2G12 has been isolated using this approach (Burton et al. 1991). 

The natural pairing of antibody heavy and light chain variable regions in B cells 

is important due to CDRs from each variable region forming the antigen 
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binding site and having already undergone affinity maturation towards antigen 

in vivo (Tiller 2011). Given this, and the limitations of the immortalisation 

process and phage display stated above, a more favourable technology for 

mAb generation is the direct amplification of Ig variable regions from single B 

cells by PCR, followed by cloning into antibody expression vectors to produce 

BCRs as soluble, recombinant mAbs. This process is referred to as single B 

cell cloning and was first established for use with human B cells in 2008 (Tiller 

et al. 2008) and has subsequently been used to isolate the majority of HIV 

bnAbs to date.  

The isolation of single B cells for antibody cloning has typically been carried 

out using fluorescent-activated cell sorting (FACS), due to the ability to easily 

identify populations of interest based on cell surface markers. While any B cell 

subset with a mature BCR can be sorted into single cell suspensions and 

processed for single B cell cloning, the antigen-experienced subsets such as 

class-switched memory B cells are usually of most interest. Antigen-specific 

single B cells can be identified following B cell culture and screening of 

antibody containing supernatants for antigen binding, or during FACS with the 

inclusion of fluorescently labelled antigen probes (McCoy and Burton 2017). 

However, the antigen-specific population in HIV-infected individuals is rare 

and thus the identification of single HIV-specific B cells before isolation 

eliminates the need to screen hundreds or even thousands of B cell cultures 

for antigen binding prior to single B cell cloning (Walker et al. 2009). On the 

other hand, the use of antigen probes in FACS requires the presence of BCR 

on the surface of the B cell, making this approach incompatible with plasma 

cells. Additionally, prior knowledge of the BCR specificity is necessary to use 

appropriate antigen probes in FACS.  

1.7.2 Single B cell transcriptomics   

Although cell surface proteins are a good indication of the cellular state and 

can be used to identify different immune populations, the complexity of the cell 

phenotype can only be explored fully using more in-depth analyses. Many 

studies have employed bulk transcriptomics to characterise subsets based on 
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their gene expression, however, the heterogeneity of cells within populations 

can only be uncovered using single-cell transcriptomics and is increasingly 

being used in the field of immunology (Jaitin et al. 2015).  

Analysis of the transcriptome initially requires the isolation of RNA from cells, 

followed by reverse transcription to convert messenger RNA (mRNA) into 

complementary DNA (cDNA) before amplification and the generation of 

sequencing libraries to obtain the gene expression profile. A challenge of 

sequencing the transcriptome of single cells is the limited amount of RNA as 

starting material, however, this has been overcome by advances in the 

amplification strategy (Kurimoto et al. 2006). In addition, adaptation of single-

cell microarray techniques for next-generation sequencing led to a more 

sensitive and accurate single-cell RNA-sequencing (scRNA-seq) approach 

(Tang et al. 2009). Since then multiple different methods for conducting 

scRNA-seq have been developed to offer high throughput sequencing. These 

often make use of Illumina (short-read) sequencing, with template DNA primed 

to an adaptor to form dsDNA to initiate sequencing by synthesis, with the 

addition of fluorescently labelled dNTPs that are detected upon incorporation. 

The generation of libraries for next-generation sequencing can be divided into 

methods that provide full-length coverage, such as Smart-Seq2 (Picelli et al. 

2013), or those that can be multiplexed and enable the use of unique 

molecular identifiers (UMI), such as STRT (Islam et al. 2014), MARS-Seq 

(Jaitin et al. 2014), Drop-Seq (Macosko et al. 2015) and 10x Genomics (Zheng 

et al. 2017).   

The Smart-Seq method was established as a plate-based method to process 

single cells in individual wells and was developed to amplify polyadenylated 

(poly-A) RNA and use a template-switching mechanism during reverse 

transcription to generate full-length cDNA (Ramsköld et al. 2012). This method 

was later optimised (Smart-Seq2) to improve the cDNA yield and increase the 

sensitivity for the detection of genes with low expression (Picelli et al. 2014). 

Out of the scRNA-seq methods that can be multiplexed, the 10x Genomics 

Chromium approach is favoured due to the high throughput of cells and it also 

amplifies poly-A RNA in combination with template switching. However, 10x 

differs from Smart-Seq2 in that single cells are captured in droplets containing 
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gel beads in emulsion (GEM) with barcoded oligonucleotides (Zheng et al. 

2017), enabling all cells to be pooled for processing together. A direct 

comparison of these two scRNA-seq methods revealed that Smart-Seq2 was 

capable of detecting more genes than 10x, and thus has a greater sequencing 

read depth (Wang et al. 2021). In particular, these two scRNA-seq methods 

have been used to study B cells and have provided insight into the different 

stages of differentiation and related gene signatures, as well as characterising 

dysregulation such as in disease settings (Morgan and Tergaonkar 2022). Yet 

in the context of HIV infection, the primary focus has been on the T cell 

population and although RNA-seq of total PBMCs has been conducted from 

PLWH (Bradley et al. 2018), scRNA-seq analysis of the B cell population is 

lacking (Pollara et al. 2022). 

 

1.8  Conclusion and Research Question 
 

The development of a broadly neutralising response against HIV-1 occurs in 

only a minority of chronically infected individuals, after an average of 2-3 years 

of untreated viral replication. Moreover, the isolation of bnAbs from these 

individuals has revealed that bnAbs have unusual features that are thought to 

have arisen as a result of ongoing antigenic stimulation. Despite extensive 

characterisation of bnAbs and the epitopes targeted on the HIV-1 Env trimer, 

a broadly neutralising response has yet to be robustly elicited in immunisation 

studies or vaccination trials. In addition, studies that have investigated factors 

associated with the development of neutralisation breadth have been limited 

by making distinctions between bnAb and non-bnAb responses based on 

serum or plasma neutralisation, which is polyclonal. There has also been no 

conclusive cause or combination of factors that are predictive or causative of 

the ability of only certain individuals to acquire breadth. Importantly, there has 

been very limited consideration of the phenotypes of B cells that produce 

bnAbs in response to HIV infection. Considering that bnAbs have high SHM 

and/or long CDRH3s that are infrequent in the antibody repertoire, this may 

indicate a difference in the phenotype of the B cells that produce bnAbs. 
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The aim of the research in this thesis is to investigate the B cell response 

during HIV infection to address whether there are phenotypes associated with 

the development of broadly neutralising antibodies, both at the cell surface 

and transcriptional level. It is hypothesised that there is a difference in the B 

cells capable of producing bnAbs compared to B cells that produce mAbs with 

limited breadth. 
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Chapter 2: Materials and methods 
 

2.1  PBMC isolation 
 

Whole blood was collected in heparin-coated tubes and peripheral blood 

mononuclear cells (PBMCs) were isolated via density-gradient sedimentation. 

Blood was first diluted 1:2 with 1xPBS and layered over Ficoll-Paque Plus 

(Sigma), then spun via centrifugation for 20 mins at 800 RCF without brake. 

Plasma was collected, aliquoted and stored at −80°C. The PBMC layer was 

then collected and washed with 1xPBS before being spun via centrifugation 

for 10 mins at 800 RCF. PBMCs were resuspended in 1xPBS, stained with 

trypan blue and counted using a haemocytometer. PBMCs were then 

cryopreserved at 1x107 cells/mL in a cryovial (Greiner) in cell recovery freezing 

medium containing 10% dimethyl sulfoxide (DMSO) (Sigma) and 90% heat-

inactivated fetal bovine serum (FBS) and stored at −80 °C in a Mr Frosty 

freezing container overnight before being transferred into liquid nitrogen for 

further storage.  

 

2.2  Plasma and PBMC samples 
 

PBMCs from HIV-negative donors were collected from UCL staff with 

participant approval and processed as outlined in section 2.1. Plasma and 

PBMCs from HIV-infected participants in the East London cohort were 

previously collected and cryopreserved with ethical approval (06/Q0603/59) 

(Dreja et al. 2010). Plasma and PBMCs from HIV-infected participants from an 

elite controller cohort were previously collected as approved by the local 

Research Ethics Committee (REC) London – City & East (REC 12/LO/1572) 

and processed as outlined in section 2.1. Plasma samples from HIV-infected 

participants on ART and HIV-negative participants in the VCI cohort were 

previously collected and processed with ethical approval by South Central – 

Hampshire B (REC 19/SC/0423) (Touizer et al. 2022).  
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All plasma samples were heat inactivated at 56°C for 30 mins followed by 10 

mins centrifugation at 10 000 rpm (Fisher Scientific AccuSpin Micro Benchtop 

Centrifuge) before use in cell-based assays. 

 

2.3  Single B cell analysis 

2.3.1 Cell staining and phenotypic analysis 

PBMCs were thawed briefly at 37°C, added to complete DMEM and pelleted 

by centrifugation at 800 RCF for 5 mins. The cell pellet was washed with PBS, 

pelleted again (800 RCF for 5 mins) and then cells were counted under a 

microscope using a haemocytometer. Zombie Aqua dead cell stain (1 µL in 

400 µL PBS) was added per 1x107 cells and left to incubate for 20 mins, 

protected from light. The panel of antibodies for cell staining was then 

prepared, in the dark, according to the table below to identify CD19+ IgG+  B 

cell subsets.  

Panel for staining 5x106 cells   

Antibody / antigen probe Fluorophore 1x 

CD4 BV510 2 µL 

CD19 FITC 1 µL 

CD21 PE-Cy7 1 µL 

CD27 BV421 2 µL 

IgM APC-Cy7 1 µL 

IgG APC 10 µL 

PBS Up to 100 µL 

 

Complete DMEM was added to quench the stain, then cells were pelleted (800 

RCF for 5 mins) and washed with PBS before adding 100 µL of antibody stain 

per 5x106 cells and incubating for 30 mins at room temperature, in the dark. 

Finally, cells were washed with 1x PBS and then resuspended in PBS. 

Unstained PBMCs were kept aside as a control and compensation controls 

were prepared for individual antibodies by adding the same volume as in the 

panel to BD anti-Ig compensation beads (one antibody per FACS tube 

containing one drop of beads) and incubating for 30 mins in the dark. Stained 
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PBMCs were analysed by flow cytometry using a BD FACS-Aria and data were 

visualised and gated using FlowJo v10.7.1. 

Complete DMEM 

Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) supplemented with 10% 

heat-inactivated foetal bovine serum (FBS; Gibco) and 100 U/mL penicillin 

plus 100 µg/mL streptomycin (Pen/Strep; Gibco). 

2.3.2 Isolation of single memory B cells   

Single IgG+ CD19+ memory B cells identified after being stained in section 

2.3.1 were isolated from HIV-negative donor PBMCs using the BD FACS-Aria, 

sorting one cell per well into a 96-well plate containing lysis buffer (0.2% Triton 

X-100 and RNase inhibitor), oligo-DT primers and dNTPs as outlined in the 

Smart-Seq2 protocol (Picelli et al. 2014). Column 12 of the plate was left blank 

for negative controls and a positive control of high quality RNA (20 pg).  

2.3.3 Library generation for scRNA-seq 

The Smart-Seq2 protocol (Picelli et al. 2014) was followed to carry out full-

length scRNA-seq on single memory B cells, with modification of the pre-

amplification step that was optimised to reduce primer-dimer by excluding the 

IS PCR primers from the PCR mix. Briefly, the total mRNA in each well was 

reverse transcribed and then pre-amplified using 18 PCR cycles to generate 

cDNA that was purified using Ampure XP beads. The purified cDNA was 

assessed by Agilent Tapestation to confirm a peak at 1-2 kb and was 

quantified by Qubit for normalisation to 1.5 ng for optimal tagmentation 

(adjusted from 1 ng to account for the presence of primer-dimer). Libraries for 

sequencing were then generated by performing an enrichment PCR of 12 

cycles using an Illumina Nextera XT DNA Library Preparation kit with 96 

indices, then assessed by Agilent Tapestation to confirm a peak at 300-800 

bp and quantified by Qubit for normalisation to 5 nM. The pooled libraries were 

submitted to the UCL Pathogen Genomics Unit for sequencing on Illumina 

NextSeq 500 with 75 bp paired-end reads. 
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2.3.4 scRNA-seq data processing and quality control 

The Smart-Seq2 sequencing data were mapped to the GRCh38 reference 

human genome in Ensembl version 84, using the STAR algorithm. The 

transcript and gene abundance were estimated using RSEM (Li and Dewey 

2011) to generate a count matrix. Data were then analysed by isOutlier to 

assess the quality of libraries based on the count depth, the number of genes 

detected and the percentage of mitochondrial genes. BCR sequences were 

assembled from V(D)J transcripts using BraCeR (Lindeman et al. 2018).  

The dataset of 87 single B cells from the HIV-negative donor that passed 

quality control (QC) measures was normalised and highly variable ribosomal 

and VDJ genes were removed prior to conducting principal component 

analysis (PCA). Normalisation scores were assigned to each cell based on 

their similarity in gene expression to the upregulated atypical B cell gene 

signature (Holla et al. 2021). 

2.3.5 Single cell V-gene amplification 

The pre-amplified and purified cDNA generated in section 2.3.3 was also used 

as the starting material for nested PCRs (PCR1 and PCR2) to amplify the 

antibody variable regions from heavy, kappa or lambda sequences from each 

IgG+ B cell, according to the conditions shown below and using primer pools 

based on those from (Tiller et al. 2008).  

PCR1  1x   PCR1 

cycles 

Temp 

(°C) 
Time 

10x Hotstar PCR Buffer 0.86 µL  

10 mM dNTP mix 0.17 µL  x1 95 5 mins 

10 µM Forward PCR1 primers 0.17 µL  

x50 

94 30 secs 

10 µM Reverse PCR1 primers 0.17 µL  50 30 secs 

Hotstar Taq (Qiagen) 0.04 µL  72 1 min 

ddH20 6.45 µL  x1 72 1 min 

cDNA  0.75 µL  x1 4 ∞ 
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PCR2  1x   PCR2 

cycles 

Temp 

(°C) 
Time 

10x Hotstar PCR Buffer 0.86 µL  

10 mM dNTP mix 0.17 µL  x1 95 5 mins 

10 µM Forward PCR2 primers 0.17 µL  

x50 

 

94 30 secs 

10 µM Reverse PCR2 primers 0.17 µL  55 30 secs 

Hotstar Taq (Qiagen) 0.04 µL  72 1 min 

ddH20 6.45 µL  x1 72 1 min 

Diluted (1:2) PCR1 product  1 µL  x1 4 ∞ 

 

The V-regions amplified from HIV-negative donor IgG+ B cells were visualised 

on a 2% agarose E-Gel (Thermo), then purified using a QIAquick PCR 

purification Kit (Qiagen) and sent for Sanger sequencing. The sequencing 

reads obtained were analysed using the IMGT V-Quest tool (Brochet, Lefranc, 

and Giudicelli 2008). 

 

2.4  Cell lines and cell culture 
 

Adherent HEK-293T cells, HEK-293 ISRE reporter cells and HeLa TZM-bl 

cells were cultured in complete DMEM in a humidified incubator at 37°C with 

5% CO2. Once confluent (every 2-3 days), the medium was aspirated off and 

the adherent cell monolayer was gently washed with PBS before being 

disrupted by trypsin/EDTA (Gibco) and diluted with complete DMEM.  

HEK-293F suspension cells were cultured in FreestyleTM 293 Expression 

Medium (Gibco) in a humidified Eppendorf New Brunswick S41i shaking 

incubator at 180 rpm at 37°C with 8% CO2.   

 

2.5  Bacterial culture and plasmid preparation 

2.5.1 Transformation, DNA extraction and glycerol stocks 

Plasmids were transformed into NEB 10-beta (C3019H) competent E. coli cells 

according to the manufacturer’s protocol (with the incubator changed to 30°C 

following transformation of unstable plasmids). Single colonies were picked 
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from LB agar plates with antibiotic selection into 5 mL LB broth containing 100 

µg/mL ampicillin or 50 µg/mL kanamycin (depending on the plasmid’s 

antibiotic resistance) and grown overnight at 37°C (or at 30°C for unstable 

plasmids) in a shaking incubator at 200 rpm (Kuhner ISF-1-W Incubator 

Shaker Pred ISF1-X/Z). DNA was extracted from cultures using a QIAprep 

Spin Miniprep Kit (QIAGEN) and the concentration was measured by 

Nanodrop. Glycerol stocks were made by mixing equal volumes of bacterial 

culture and 80% glycerol for long-term storage at -80°C.  

LB Agar  

20 g of LB Agar granules (Sigma) dissolved in 1 L of dH2O, then sterilised in 

an autoclave for 15 mins at 121°C and allowed to cool before use. 

LB Broth 

20 g of Luria-Bertani (LB) Broth powder (Sigma) dissolved in 1 L of dH2O, then 

sterilised in an autoclave for 15 mins at 121°C and allowed to cool before use. 

2.5.2 Large-scale preparation of DNA plasmids 

Glycerol stocks were used to inoculate 5 mL LB broth containing the 

appropriate antibiotic (100 µg/mL ampicillin or 50 µg/mL kanamycin) and were 

grown at 37°C in a shaking incubator at 200 rpm overnight (Kuhner ISF-1-W 

Incubator Shaker Pred ISF1-X/Z). Starter cultures were scaled up into an 

Erlenmeyer flask containing 200 mL of LB with antibiotics and grown overnight 

at 37°C in a shaking incubator at 200 rpm (Kuhner ISF-1-W Incubator Shaker 

Pred ISF1-X/Z). DNA was extracted from cultures using a Qiagen HiSpeed 

Plasmid Maxi Kit (QIAGEN) and the concentration was measured by 

Nanodrop.   

 

2.6  Virus production and neutralisation assays 

2.6.1 PV production  

Pseudo-typed virus (PV) capable of single-round infection was produced by 

incubating 8 µg HIV-1 backbone plasmid lacking envelope (pSG3ΔEnv), 4 µg 

of envelope plasmid (variable) and 600 µL Opti-MeM (Gibco) with 36 µL PEI-
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MAX for 20-30 mins at room temperature before transfecting into HEK-293T 

cells (seeded at 3x106 cells/T75 flask the day before). Supernatants containing 

PV were collected 48 hrs post-transfection, filtered (0.45 µM) and stored at 

4°C short-term or in liquid nitrogen long-term. 

 

Plasmid constructs for Env pseudo-typed virus 

pSG3delEnv A full-length proviral clone containing a four nucleotide 

insertion mutation (CTAG) in the env sequence and a 

translation stop codon after amino acid residue 142 (NIBSC; 

#2064), for use as the backbone for generating Env pseudo-

typed infectious virions. 

Standard 6 HIV 

PV Panel 

Consists of 6 constructs containing gp160 Env clones 

92TH021, 94UG103 JRCSF, 92BR020, 93IN905 and IAVI C22 

from clade AE, A, B and C (Simek et al. 2009). 

Subtype C HIV-1 

Reference Panel 

Consists of gp160 Env constructs from 12 different acute/early 

clade C infections (NIBSC; ARP2069), for standardised 

assessment of Tier2/3 neutralisation. 

Global HIV-1 

Reference Panel 

Consists of 12 different gp160 Env constructs from clade AC, 

AE, A, B, BC, C and G (NIBSC; 100007), representative of 219 

viruses from all major genetic subtypes and CRFs of HIV-1 

(deCamp et al. 2014) for standardised assessment of Tier2/3 

neutralisation. 

118 Multi-Clade 

Panel 

Consists of 118 constructs each containing a different gp160 

Env Clone, covering all major HIV-1 clades from different 

regions around the world (Seaman et al. 2010). Constructs 

from this panel were obtained from James Voss (Scripps, US). 

CRF250 Env A gp160 Env construct from a clade AG infection. This 

construct was obtained from James Voss (Scripps, US). 

CRF250 N160A 

Env 

A gp160 Env construct from a clade AG infection with mutation 

of the glycan site at position 160. This construct was obtained 

from James Voss (Scripps, US). 

BG505 Env A gp160 Env construct from a clade A infection. This construct 

was obtained from Marit van Gils (Amsterdam UMC). 

BG505 

N276D/N462D 

Env 

A gp160 Env construct from a clade A infection, with mutation 

of the glycan site at position 276 and 462. This construct was 

obtained from Marit van Gils (Amsterdam UMC). 

JRCSF 

N295A/N332A 

Env 

A gp160 Env construct from a clade B infection, with mutation 

of the glycan site at positions 295 and 332. This construct was 

obtained from Elise Landais (IAVI, US). 



90 
 
 

T125_2139_e7 A gp160 Env construct containing the env sequence from the 

clade C T125 isolate 2139_e7 in the psvIII expression vector. 

Produced in section 2.10.4. 

T125_2139_e9 A gp160 Env construct containing the env sequence from the 

clade C T125 isolate 2139_e9 in the psvIII expression vector. 

Produced in section 2.10.4. 

T125_2139_e21 A gp160 Env construct containing the env sequence from the 

clade C T125 isolate 2139_e21 in the psvIII expression vector. 

Produced in section 2.10.4. 

 

2.6.2 TZM-bl assay 

PV infectivity was quantified using the HeLa TZM-bl (tat-regulated luciferase 

reporter) assay (Sarzotti-Kelsoe et al. 2014) by titrating 3-fold across a 96-well 

flat-bottom white plate (Thermo) containing complete DMEM, in duplicate, 

leaving the last column as a cell only control. HeLa TZM-bl cells (1x104 

cells/well) containing 25 µg/mL DEAE dextran were added and incubated in a 

37°C incubator with 5% CO2. After 72 hrs the media was removed from each 

well and 100 µL of Bright-Glo™ luciferase substrate (Promega) diluted 1:20 in 

1x lysis buffer was added. Luciferase activity in relative light units (RLU) was 

measured using a PheraStar Plus microplate reader (BMG Labtech). The 

tissue culture infectious dose for 50% infection (TCID50) of PV stocks was 

determined using a macro based on the equation formulated by (REED and 

MUENCH 1938). The 200 TCID50 dilution was calculated for use in assays by 

dividing the TCID50 value by 4000, to also take into account the dilution factor 

and final volume of 200 µL per well. 

10x Lysis buffer 

33 g of Gly-Gly (Glycylglycine), 18.5 g of MgSO4 7H2O and 18.8 g of EGTA 

tetrasodium were dissolved in 800 mL of dH2O and adjusted to pH 7.8 using 

5M NaOH before adding 100 mL of Triton X-100 and topping up to 1 L with 

dH2O. 
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2.6.3 Neutralisation assays 

Serum and plasma samples or monoclonal antibodies (sterile filtered, 0.22 

µM) were titrated 2-fold or 3-fold down a 96-well flat-bottom white plate 

(Thermo) containing complete DMEM (leaving wells without sample for virus 

and cell only controls) and then incubated with a 200 TCID50 dilution of PV for 

1 hr at 37°C. Serum and plasma samples were diluted prior to titration to have 

a starting dilution of 1:100 (or 1:75 or 1:50) after the addition of PV. Monoclonal 

antibodies were used at different starting concentrations (0.5 µg/mL - 10 

µg/mL) depending on their potency. HeLa TZM-bl reporter cells (1x104 

cells/well) containing 25 µg/mL DEAE dextran were added and incubated for 

48 hrs in a 37°C incubator with 5% CO2. Media was removed from each well 

prior to the addition of 100 µL Bright-Glo™ luciferase substrate (Promega) 

diluted 1:20 in 1x lysis buffer. The luciferase activity in RLU was measured 

using a PheraStar Plus microplate reader (BMG Labtech). Serum and plasma 

50% inhibitory dilution (ID50) values were calculated from sigmoidal dose-

response curves using GraphPad Prism software. Neutralisation scores were 

calculated from log-transformed titres as in (Simek et al. 2009), using the 

equation Y = log3 (dilution/100) + 1. 

2.6.4 Adsorption assays 

Adsorption assays were performed as in section 2.6.3 but included a pre-

incubation step of the serially-diluted serum, plasma or antibody samples in 

the presence or absence of HIV-1 Env protein for 1 hr at 37°C before adding 

PV. HIV-1 BG505 D368R gp120 (made by the McCoy lab) was added at 200 

µg/mL for a final concentration of 50 µg/mL and HIV-1 MPER peptide 

(ELLELDKWASLWNWFGITKWLWYIKIFIM, synthesised by Smart 

BioScience) was added at 50 µg/mL for a final concentration of 12.5 µg/mL.  

2.6.5 SDM to create Env mutants 

Single point mutations were introduced into plasmids encoding env for 

pseudo-type using the QuikChange Lightning Site-Directed Mutagenesis 

(SDM) kit (Agilent) according to the manufacturer’s protocol with the following 
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primers. Plasmids were then transformed and processed as in section 2.5.1. 

Mutations were verified by Sanger sequencing. 

Env 

plasmid  
Mutation SDM Primers 

CRF250 

N160A 

K169T Forward: 

5’ 

gctgtaaccacagaactaagagataagacaaagaaagagtattcatttttttataaa 

3’ 

Reverse: 

5’ tttataaaaaaatgaatactctttctttgtcttatctcttagttctgtggttacagc 3’ 

JRCSF D279A Forward: 

5’ gtaattagatctgacaattttacggccaatgctaaaaccataatagtacag 3’ 

Reverse: 

5’ ctgtactattatggttttagcattggccgtaaaattgtcagatctaattac 3’ 

JRCSF T90A Forward: 

5’ cccacaagaagtagtattggaaaatgtagcagaagattttaacatg 3’ 

Reverse: 

5’ catgttaaaatcttctgctacattttccaatactacttcttgtggg 3’ 

 

 

2.7  Production and validation of Env protein probes 

2.7.1 Env protein production  

HEK-293F cells (1x106 cells/mL in an Erlenmeyer flask) were transfected with 

reagents as shown in the table below. PEI-MAX was added to sterile filtered 

(0.22 µM) plasmids and OptiMeM, then left to incubate for 20 mins at room 

temperature before transfection. For in vivo biotinylation of SOSIP with an avi-

tag, 8 mL of the transfection mix was added to HEK-293F cells (200 mL) along 

with 3 mL of 10 mM biotin. 
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Transfection mix for Env protein 

production  

Amount per 200 mL of  

HEK-293F cells 

Avi-tagged env expression plasmid  50 µg 

Furin expression plasmid  12.5 µg 

BirA expression plasmid  15.6 µg 

PEI-MAX (Polysciences)  2 mL 

Opti-MeM (Gibco) 11 mL 

 

Constructs for expression of soluble, recombinant trimeric Env 

CRF250 SOSIP Expression construct with an avi-tag containing the SOSIP 

gp145 env sequence from clade 02_AG isolate CRF-T250-4. 

Furin  

 

Expression construct for the furin cleaving enzyme. This 

construct was obtained from Marit van Gils (Amsterdam UMC). 

BirA  

 

Expression construct for BirA biotin ligase. This construct was 

obtained from Marit van Gils (Amsterdam UMC). 

 

Supernatants were harvested from HEK-293F cells 5-7 days post-transfection, 

then filtered (0.45 µM) and stored at 4°C.  

2.7.2 Streptavidin capture ELISA 

For streptavidin capture of biotinylated avi-tagged protein, wells were coated 

overnight at 4°C with 50 µL of 2 µg/mL streptavidin in PBS, then removed and 

blocked with 3% Bovine Serum Albumin (Sigma) for 1hr at room temperature. 

Env protein containing supernatants or purified Env protein (2 µg/mL) was 

applied for 2 hr, then removed and monoclonal antibodies titrated 5-fold from 

25 µg/mL were applied for 1 hr. Goat anti-human IgG Fc alkaline phosphatase 

conjugate (Stratech) was then applied for 1 hr. Finally, alkaline phosphatase 

substrate (Sigma) prepared in Alkaline Phosphatase (AP) buffer was added 

and the optical density was measured at 405 nm on a Synergy H1 Multi-Mode 

Plate Reader (BioTek). Wells were washed with PBS-T (0.1% Tween-20) 

between each step.  
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0.05% PBS/Tween (PBS-T) wash buffer 

500 μL Tween-20 added to 1 L of 1x PBS. 

 

3% BSA 

3 g of BSA dissolved in 100 mL of 0.05% PBS-T. 

 

1x Alkaline Phosphatase (AP) stain buffer 

2.03 g of MgCl2 6H2O and 8.4 g of Na2CO3 were dissolved in 900 mL of dH2O 

and adjusted to pH 9.8 before topping up to 1 L with dH2O. Then 1.0 g of NaN3 

(decanted inside a fume hood whilst wearing a face mask) was added and 

filtered (0.22 µM). 

2.7.3 Env protein purification by affinity chromatography 

Working at 4°C, GNL agarose (Vector Laboratories) was added to a 1.5 x 10 

cm chromatography column (Bio-Rad) and washed by letting 1x PBS drip 

through the column. Supernatant harvested from transfected HEK-293F cells 

(described in section 2.7.1) was added to the column using gravity flow and 

allowed to pass over the GNL agarose at a slow flow rate. Lectin-bound Env 

protein in the column was washed with 0.5M NaCl and then with PBS before 

being eluted with 1M mannose. Centrifugal 100 kDa filter units (Merck) were 

used to concentrate the SOSIP protein and buffer exchange into 1x PBS. The 

purified protein concentration was then measured by Nanodrop.  

2.7.4 Size Exclusion Chromatography 

A gel filtration standard (Bio-Rad) with proteins of known size and molecular 

weight was used to calibrate a Superdex 200 Increase 10/300 GL column 

(Sigma). Purified SOSIP proteins were then analysed and purified by size 

exclusion chromatography (SEC) using an AKTA pure with the Superdex 200 

Increase 10/300 GL column (Sigma) to select fractions containing trimeric 

protein.  
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2.7.5 Biotinylation of avi-tagged protein 

Avi-tagged BG505 SOSIP protein had already been produced and purified at 

The Scripps Research Institute using affinity chromatography and SEC. To 

biotinylate the avi-tag, proteins were first exchanged into 10 mM Tris-HCl (pH 

8) buffer and concentrated to 10 mg/mL using a 100 kDa concentrator (Merck) 

to a volume of <100 µL. Biotinylation was conducted according to the Biotin 

Protein Ligase (genecopoeia) instructions, adding 10 µL of BiomixA, 10 µL of 

BiomixB, 10 µL of 10x Biotin and 2 µL BirA enzyme to the avi-tagged protein 

and incubated for 1 hr at 30°C. Centrifugal 100 kDa concentrators were used 

again to re-dialysis the biotinylated avi-tagged protein back into 1x PBS. 

10 mM Tris-HCl 

1.2 g of Tris dissolved in 900 mL dH2O, adjusted to pH 8 with HCl, before 

topping up to 1 L with dH2O. 

2.7.6 SDS-PAGE 

Protein samples for SDS-PAGE were prepared according to the table below, 

then heated at 95°C for 6 mins before being run alongside Precision Plus 

protein standards (Bio-Rad) on a Mini-PROTEAN TGX 4-20% pre-cast gel 

(Bio-Rad) at 200 V for 30 mins.  

Protein sample Reduced Non-reduced 

2x Laemmli Sample 7.5 µL 7.5 µL 

1M DTT 1.5 µL - 

Purified Protein  2 µg 2 µg 

Water Up to 15 µL Up to 15 µL 

 

The gel was stained with Coomassie blue for 1 hr, then washed briefly in water 

before adding Coomassie de-stain solution for 1.5 hrs. The gel was rinsed 

again with water and then imaged on a GelDoc imaging system. 
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Coomassie blue stain 

10 mL of Coomassie Brilliant Blue, 500 mL of methanol and 100 mL of acetic 

acid were added in a fume hood to 390 mL dH2O. 

Coomassie de-stain  

500 mL of methanol and 100 mL of acetic acid were added in a fume hood to 

400 mL dH2O. 

2.7.7 Env validation by flow cytometry  

Protein G FITC beads (Spherotech) were incubated with mAbs at 25 µg/mL 

and 2 µg of biotinylated SOSIP proteins were incubated with fluorophores (PE 

or BV786) conjugated to streptavidin for 30 mins at room temperature 

(protected from light) before being combined and incubated for a further 30 

mins at room temperature (protected from light). Unstained Protein G FITC 

beads (Spherotech) were used as a compensation control alongside stained 

beads which were analysed by flow cytometry using a BD LSR-Fortessa. Data 

were visualised using FlowJo v10.7.1. 

2.7.8 Isolation of Env-specific B cells by flow cytometry  

For antigen-specific staining of PBMCs, 3 µg of biotinylated CRF250 SOSIP 

and BG505 SOSIP Env probes were incubated with streptavidin-conjugated 

PE or BV786 fluorophores respectively, at room temperature (protected from 

light) for 30 mins, before adding to the panel of antibodies in section 2.3.1. The 

HIV Env+ IgG+ B cell subset was identified by flow cytometry using a BD 

FACS-Melody and single cells from this population were isolated (with the 

purity threshold set to yield) into individual wells of a 96-well plate containing 

lysis buffer (0.2% Triton X-100 and RNase inhibitor), oligo-DT primers and 

dNTPs as outlined in the Smart-Seq2 protocol (Picelli et al. 2014). Column 12 

of the plate was left blank for negative controls. Data were visualised using 

FlowJo v10.7.1.   
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2.8  Antibody plasmid production 

2.8.1 V-region amplification for antibody cloning 

V-regions from HIV Env+ IgG+ B cells were amplified by nested PCR as in 

section 2.3.5 before conducting a final PCR as outlined below using primers 

with overhangs required for cloning into expression vectors.  

PCR3  1x   PCR3 

cycles 

Temp 

(°C) 
Time 

 

10x High Fidelity PCR Buffer 1.25 µL  

MgSO4 0.5 µL  x1 94 2 mins 

10 mM dNTP mix 0.25 µL  

x30 

94 30 secs 

10 µM Forward PCR3 primer(s)  0.25 µL  55 30 secs 

10 µM Reverse PCR3 primer(s) 0.25 µL  68 1 min 

Platinum Taq (Invitrogen) 0.1 µL  x1 68 1 min 

ddH20 7.9 µL  x1 4 ∞ 

Diluted (1:3) PCR2 product  2 µL     

 

V-regions amplified by PCR3 were visualised on a 2% agarose E-Gel 

(Thermo) before cloning as outlined in 2.8.3.  

2.8.2 Digestion of expression vectors 

Expression vectors containing an antibody variable and constant region were 

double digested to remove the original antibody variable region using 

restriction enzymes according to the manufacturer’s (NEB) protocol.  

Constructs for antibody expression 

IgK An expression vector under the control of a CMV promoter with 

ampicillin resistance, containing Age1 and BsiWI cut sites for insertion 

of the variable region sequence upstream of the human kappa chain 

constant region. 

IgL An expression vector under the control of a CMV promoter with 

ampicillin resistance, containing Age1 and Xho1 cut sites for insertion 

of the variable region sequence upstream of the human lambda chain 

constant region. 
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IgG1 An expression vector with ampicillin resistance, containing Age1 and 

Sal1 cut sites for insertion of the variable region sequence upstream of 

the human heavy chain IgG1 constant region. 

IgG3 An expression vector with ampicillin resistance, containing XBa1 and 

Nhe1 cut sites for insertion of the variable region sequence upstream 

of the human heavy chain IgG3*01 constant region. This construct was 

gifted by Steven Detaeye (Amsterdam UMC). 

 

Digestion products were separated by a 1% agarose gel and the digested 

vector was extracted using a QIAquick Gel Extraction kit (QIAGEN).  

Agarose gel 

1g or 2g of agarose dissolved in 100 mL of dH2O, with the addition of 5 µL 

RedSafe, for 1% or 2% agarose gels respectively. 

2.8.3 Recombinant-based antibody cloning 

Recombinant-based cloning was conducted using NEBuilder HiFi Assembly 

Master mix, according to the manufacturer’s (NEB) protocol to insert an 

unpurified antibody V-region (amplified in section 2.8.1) into an expression 

vector (digested in section 2.8.2). Each amplified heavy chain variable region 

was cloned into a digested IgG1 vector. Each amplified kappa chain variable 

region was cloned into a digested IgK vector. Each amplified lambda variable 

region was cloned into a digested IgL vector. For the T125 bnAb 7E7, the 

overhangs of the heavy chain variable region (originally amplified with primers 

to add overhangs to clone into the IgG1 vector) were adjusted by PCR with 

primers to enable cloning into a digested IgG3 vector. 

Cloned plasmids were transformed into E. coli as in section 2.5.1, although 

plasmids were not extracted until confirmation of successful cloning using a 

screening PCR as in section 2.8.4. 

2.8.4 Screening PCR 

Cloning of a gene(s) into expression vectors was confirmed by PCR using the 

conditions listed below with primers specific for sites within the expression 

vector, either side of the cloning site. Template was produced by adding 2 µL 

of bacterial culture (grown from a single picked colony as in section 2.5.1) to 
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48 µL ddH20 and frozen at -80°C for at least 1hr before denaturing at 95°C for 

15 mins.  

Screening PCR  1x   Cycle 
Temp 

(°C) 
Time 

2x AppTaq RedMix 5 µL  x1 95 2 mins 

10 µM Forward primer  1 µL   

x35 

 

95 15 secs 

10 µM Reverse primer  1 µL  55 15 secs 

App Taq (Appleton Woods) 0.125 µL  72 1 min 

ddH20 14.9 µL  x1 72 1 min 

Template (denatured culture) 3 µL  x1 4 ∞ 

 

The PCR products amplified were separated by a 2% agarose gel (for V-

regions) or a 1% agarose gel (for gp160 sequences) alongside a 1 kb DNA 

ladder, and visualised using a GelDoc Imaging System. 

 

2.9  Production and characterisation of mAbs 

2.9.1 Antibody production  

HEK-293T cells (1x106 cells/well of a 6-well plate) and HEK-293F cells (1x106 

cells/mL in an Erlenmeyer flask) were co-transfected with antibody heavy and 

light chain expression plasmids, Opti-MeM and PEI-MAX as shown in the table 

below.  

Transfection mix for 

antibody production 

Amount per 2.5 mL 

well of HEK-293T 

cells  

Amount per 200 mL 

flask of HEK-293F 

cells 

IgH expression plasmid 2 µg 31.2 µg 

IgK / IgL expression plasmid 2 µg 31.2 µg 

Opti-MeM (Gibco) 100 µL 5 mL 

PEI-MAX (Polysciences) 12 µL 187.5 µL 

 

Antibodies were harvested from supernatants of HEK-293T cells after 72 hrs 

or HEK-293F cells after 5-7 days, filtered (0.45 µM) and stored at 4°C.   
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2.9.2 Fab-capture ELISA 

Wells of a 96-well half-area ELISA microplate (Greiner Bio-One) were coated 

overnight at 4°C with 50 µL of 1:1000 goat anti-Human IgG F(ab')2 (Stratech) 

in PBS. The next day wells were blocked with 5% milk for 1hr at room 

temperature. Antibody supernatants and control monoclonal antibodies 

(starting at 25 µg/mL) titrated 5-fold in 1% milk were then applied for 1hr. 

Finally, 1:1000 Goat anti-human IgG Fc alkaline phosphatase conjugate 

(Stratech) was applied for 1 hr before adding alkaline phosphatase substrate 

(Sigma) prepared in AP buffer and measuring the optical density at 405 nm on 

a Synergy H1 Multi-Mode Plate Reader (BioTek). Wells were washed with 

PBS-T (0.1% Tween-20) between each step. 

5% Milk 

5 g of semi-skimmed milk powder dissolved in 100 mL of dH2O. 

2.9.3 Env binding ELISAs 

Wells of a 96-well half-area ELISA microplate (Greiner Bio-One) were coated 

overnight at 4°C with 50 µL of 20 µg/mL Galanthus nivalis lectin (Vector 

Laboratories) in 0.1M NaHCO3, then blocked with 1% casein hydrolysate 

(Sigma) for 1 hr at room temperature. Trimeric Env SOSIP protein (2 µg/mL) 

was captured via its glycans for 2 hr, then antibody-containing supernatants 

or monoclonal antibodies (starting from 25 µg/mL) were titrated 5-fold and 

applied for 1 hr. Goat anti-human IgG Fc alkaline phosphatase conjugate 

(Stratech) was then applied for 1 hr. Finally, alkaline phosphatase substrate 

(Sigma) prepared in AP buffer was added and the optical density was 

measured at 405 nm on a Synergy H1 Multi-Mode Plate Reader (BioTek). 

Wells were washed with PBS-T (0.1% Tween-20) between each step.  

0.1M NaHCO3   

2.1 g of NaHCO3 dissolved in 200 mL dH2O and adjusted to pH 8 before 

topping up to 250 mL with dH2O, then sterilised in an autoclave for 15 mins at 

121°C. 
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2.9.4 Antibody purification 

Protein G Fastflow beads (GE Healthcare) were added to a 1.5 x 10 cm 

chromatography column (Bio-Rad) and then washed by letting PBS to drip 

through the column. Supernatant harvested from transfected HEK-293F cells 

(produced in section 2.9.1) was added to the column using gravity flow and 

allowed to pass over the Protein G beads at a slow flow rate. Antibody bound 

to the beads in the column was washed with PBS before being eluted with 

0.1M glycine and collected in a 15 mL falcon containing 2M Tris. Centrifugal 

50 kDa filter units (Merck) were used for concentration and buffer exchange 

into PBS. The concentration of the purified antibody was measured by 

Nanodrop. 

2M Tris  

242.2 g of Tris dissolved in 1 L dH2O, adjusted to pH 9 and filtered (0.22 µM). 

0.1M Glycine  

7.5 g of glycine dissolved in 900 mL dH2O and adjusted to pH 2.2 before 

topping up to 1 L with dH2O 

2.9.5 V3 peptide binding ELISA 

Wells of a 96-well half-area ELISA microplate (Greiner Bio-One) were coated 

with 25 µL of mAbs at 25 µg/mL in 1xPBS overnight at 4°C, then blocked with 

3% BSA (Sigma) for 1 hr at room temperature. V3 peptide with a biotinylated 

avi-tag diluted to 1 µg/mL in 1% BSA was then applied for 1 hr.  Finally, 25 µL 

per well of Alkaline Phosphatase-conjugated Streptavidin (Jackson 

ImmunoResearch) diluted 1:1000 in 1% BSA was added and incubated for 1hr 

before adding alkaline phosphatase substrate prepared in AP buffer. The 

optical density was measured at 405 nm on a Synergy H1 Multi-Mode Plate 

Reader (BioTek). Wells were washed with PBS-T (0.1% Tween-20) between 

each step. 
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2.9.6 CD4bs binding ELISA 

Wells of a 96-well half-area ELISA microplate (Greiner Bio-One) were coated 

directly with 25 µL of 2 µg/mL of BG505 gp120 or BG505 gp120 D368R in 

1xPBS overnight at 4C, then blocked with 3% BSA for 1 hr at room 

temperature. Next 25 µL per well of mAbs at 25 µg/mL in 1% BSA were applied 

for 1 hr. Goat anti-human IgG Fc alkaline phosphatase conjugate (Stratech) 

was then added for 1 hr. Finally, alkaline phosphatase substrate (Sigma) 

prepared in AP buffer was added and the optical density was measured at 

405nm on a Synergy H1 Multi-Mode Plate Reader (BioTek). Wells were 

washed with PBS-T (0.1% Tween-20) between each step. 

2.9.7 Competition ELISAs  

Monoclonal antibodies used in competition ELISAs were biotinylated using the 

EZ-Link™ Micro Sulfo-NHS-LC-Biotinylation Kit (Thermo Scientific), according 

to the manufacturer's protocol. 

For BG505 SOSIP binding competition ELISAs, wells of a 96-well half-area 

ELISA microplate (Greiner Bio-One) were coated with 25 µL of 20 µg/mL 

Galanthus nivalis lectin (Vector Laboratories) in 0.1M NaHCO3 overnight at 

4C, then blocked 3% BSA (Sigma-Aldrich) for 1 hr at room temperature. 

BG505 SOSIP was then captured at 2 µg/mL in 1% BSA and incubated for 2 

hrs at room temperature. For BG505 gp120 binding competition ELISAs, wells 

of a 96-well half-area ELISA microplate (Greiner Bio-One) were coated directly 

with 25 µL of 2 µg/mL of BG505 gp120 in 1xPBS overnight at 4°C and then 

blocked with 3% BSA for 1 hr at room temperature.  

At this stage, ELISAs were treated the same, with the addition of 25 µL per 

well of mAbs at 25 µg/mL in 1% BSA for 1 hr, before adding 25 µL per well of 

biotinylated competitor antibody (at 0.1 - 5 µg/mL depending on the mAb) in 

1% BSA for 1 hr. Finally, 25 µL per well of Alkaline Phosphatase-conjugated 

Streptavidin (Jackson ImmunoResearch) diluted 1:1000 in 1% BSA was 

added and incubated for 1hr before adding alkaline phosphatase substrate 

prepared in AP buffer. The optical density was measured at 405 nm on a 
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Synergy H1 Multi-Mode Plate Reader (BioTek). Wells were washed with PBS-

T (0.1% Tween-20) between each step.  

 

2.10 Autologous Env sequence analysis and PV plasmid production 

2.10.1 Phylogenetic tree  

Env sequences from the first timepoint T125 plasma were previously 

recovered from plasma using SGA and accessible on Genbank (accession 

numbers: KC156146-164, KC156166-178). These sequences, along with 

reference env sequences were trimmed to the beginning and end of gp160 by 

alignment to the HXB2 sequence. A maximum likelihood tree was constructed 

in IQ-TREE using the GTR+G model and 1000 non-parametric bootstrapping. 

The tree was rooted according to the reference clade B (BaL and NL43) and 

clade C (93IN905 and Du156_12) env sequences and annotated in FigTree to 

show ≥70% bootstrap significance. 

2.10.2 Glycan hole analysis  

T125 env nucleotide sequences identified in section 2.10.1 were translated 

into amino acid sequences using the Expasy tool and aligned to the HXB2 

sequence using the Clustal Omega tool before entering into the LANL tool for 

glycan shield mapping and identification of conserved glycans that are missing 

(Wagh, Kreider, et al. 2018). 

2.10.3 Generation of env genestrings  

Env sequences from T125 isolates 2139_e7, 2139_e9 and 2139_e21 

identified from different branches of the maximum likelihood tree in section 

2.10.1 were aligned to the HXB2 env sequence to identify the location of the 

KpnI and BamHI cut sites. The sequence upstream of the 5’ KpnI site and 

downstream of the 3’ BamHI site was deleted from the T125 env sequences 

and replaced with a 20 bp homology sequence to the psvIII expression vector, 

to generate sequences compatible with cloning into this vector. These gp160 

env sequences were synthesised as genestrings by Azenta Life Sciences.  
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2.10.4 Recombinant-based Env cloning 

The psvIII expression vector was double digested to remove the original gp160 

env sequence using KpnI and BamHI restriction enzymes according to the 

manufacturer’s (NEB) protocol. Digestion products were separated by a 1% 

agarose gel and the digested vector was extracted using a QIAquick Gel 

Extraction kit (QIAGEN).  

Construct for Env pseudo-typed virus 

psvIII 

expression 

vector 

An expression vector containing Kpn1 and BamHI cut sites for 

insertion of gp160 env sequences, with ampicillin resistance. 

  

Recombinant-based cloning was conducted using NEBuilder HiFi Assembly 

Master mix, according to the manufacturer’s protocol but with assembly 

extended to 2.5 hrs to insert 100 ng of each gp160 env genestring (designed 

in section 2.10.3) into 100 ng of the digested psvIII expression vector. Cloned 

plasmids were transformed into E. coli as in section 2.5.1, using 30°C for 

incubation steps. The success of cloning was initially validated with a 

screening PCR as in section 2.8.4 and then confirmed by Sanger sequencing. 

 

2.11 Transcriptomics analysis  

2.11.1 Smart-Seq2 single-cell data analysis 

The first Smart-Seq2 scRNA-seq dataset was produced according to section 

2.3.3 from single HIV Env+ IgG+ B cells isolated according to section 2.7.8 

from the bnAb donor T125. The second Smart-Seq2 scRNA-seq dataset was 

also produced according to section 2.3.3 contemporaneously by Dr Luke Muir 

from single IgG+ B cells isolated from different MBC subsets of an elite 

controller donor. These data were then processed using scanpy (v.1.9.1) 

workflow with standard quality control steps; cells were filtered if the number 

of genes >6000 or <600. Mitochondrial content was determined using 

scanpy.pp.calculate_qc_metrics function; cells with mitochondrial genes 

percentage <50% were retained for further analyses. Genes were retained if 
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they were expressed by at least 2 cells. Gene counts for each cell were 

normalised to contain a total count equal to 106 counts per cell. This led to a 

working dataset of 98 cells from the bnAb donor and 223 cells from the elite 

controller donor. The top 2000 highly variable genes were selected based on 

Seurat v.3 algorithm (flavor = seurat_v3) with batch key “Sequencing_batch”. 

Highly variable genes were further refined by removing potentially confounding 

genes using the following search formula: '^HLA|^IG[HKL][VDJC]|^MT|^A[A-

Z][0-9]|^B[A-Z][0-0]'. The number of principal components used for 

neighbourhood graph construction and dimensional reduction was set at 20. 

Data integration from both donors was performed using the bbknn algorithm 

(Polański et al. 2020). Uniform Manifold Approximation and Projection (UMAP; 

v3.10.0) (McInnes 2018) was used for dimensional reduction and visualization 

with all parameters as per default settings in scanpy.  

For the assessment of transcriptional similarity between cells from bnAb donor 

and reference cell subsets, Glmnet (Tay, Narasimhan, and Hastie 2023) and 

Celltypist (Domínguez Conde et al. 2022) packages were used. For Glmnet-

based probability scores, trainScSimilarity / predScSimilarity functions from 

kelvinny tools (https://github.com/zktuong/kelvinny) were used with alpha set 

at 0.9 and nfolds 10. Celltypist models and probability scores were generated 

as per default settings. Differentially expressed genes between bnAb donor B 

cells and elite controller B cell subsets were assessed using 

scanpy.tl.rank_genes_groups function based on the Wilcoxon rank sum test.    

2.11.2 Public single-cell datasets processing and analysis 

(Wang et al. 2020): data from donors HD1, PID471, PID529, PID630, PID717 

and PID876 were concatenated using anndata (Virshup et al. 2021) and 

processed with scanpy as described above with the following changes: cells 

were filtered if number of genes >3000 or <200, mitochondrial genes 

percentage >30%. Genes were retained if they are expressed by at least 3 

cells. Gene counts for each cell were normalised to contain a total count equal 

to 104 counts per cell. Celltypist (model: Immune_All_Low.pkl) with majority 

voting was used to identify B cells. Raw B cell data were then exported as a 

separate h5ad object.   
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(Stephenson et al. 2021): all healthy controls data from Cambridge were 

concatenated and processed as described for Wang et al. data above.  

Raw B cell data objects exported from Wang et al. and Stephenson et al. 

datasets were subsequently concatenated and processed by scanpy QC 

workflow leading to a working dataset of 4941 B cells. Top 2000 highly variable 

genes were selected based on Seurat v.3 algorithm (flavor = seurat_v3) with 

batch key “dataset” and refined by removing the following genes 

'^HLA|^IG[HKL][VDJC]|^MT|^A[A-Z][0-9]|^B[A-Z][0-0]'. Bbknn was used for 

datasets integration with batch_key = ‘dataset’. Celltypist (model: 

Immune_All_Low.pkl) with majority voting was used to identify memory B cells. 

These memory B cells data were then used for training a new Celltypist model 

(with feature_selection set as TRUE and check_expression as FALSE) 

allowing label transfer to query B cell data (bnAb HIV donor) as control, 

viraemic or suppressed, respectively.   

The interferon α and γ response score was created by using 

scanpy.tl.score_genes with the reference gene sets being GSEA Hallmark 

‘interferon alpha response’ and ‘interferon gamma response’. Gene set 

enrichment analysis (GSEA) was performed using the fgsea package 

available on Bioconductor and visualized with the GOChord function in the 

GOplot package. Briefly, genes were ranked in the descending order by the 

Wilcoxon statistic value from the pairwise Wilcoxon rank sum tests 

(suppressed vs. resting, viraemic vs. resting). All unique leading-edge genes 

from the ‘interferon alpha response’ and ‘interferon gamma response’ 

pathways were then subject to a heatmap visualisation. 

 

2.12 Cytokine analysis 

2.12.1 LEGEND plex assay 

The concentration of cytokines in plasma samples was assessed using a 

LEGENDplex Human Anti-Virus Response Panel (13-plex) with a V-bottom 

plate (BioLegend), according to the manufacturer’s protocol. Beads were 

analysed using a BD-FACS Aria and 5,000 events per sample were acquired 
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for semi-quantitative analysis using the LEGENDplex Data Analysis Software 

Suite available online. 

2.12.2 IFN titration in HEK293 ISRE cells 

HEK293 ISRE reporter cells were seeded in a 96-well flat-bottom white plate 

at 2x104 cells/well in 100 µL of complete DMEM and incubated in a 37°C 

incubator with 5% CO2.  After 4 hrs, 50 µL of media was removed per well and 

replaced with 50 µL of IFN-α2 (Miltenyi Biotec) starting at 10 ng/mL or IFN-γ 

(Bio-techne) starting at 150 ng/mL,  titrated 3-fold and tested in duplicate. Cell 

only controls were included by replacing 50 µL of the complete DMEM with 

fresh complete DMEM. Cells were then incubated overnight for 16 hrs in a 

37°C incubator with 5% CO2. Media was removed from each well before the 

addition of 100 µL Bright-Glo™ luciferase substrate (Promega) diluted 1:20 in 

1x lysis buffer and the luciferase activity in RLU was measured using a 

Synergy H1 Multi-Mode Plate Reader (BioTek). 

2.12.3 HEK293 ISRE assay 

HEK293 ISRE reporter cells were seeded in a 96-well flat-bottom white plate 

at 2x104 cells/well in 100 µL of complete DMEM and incubated in a 37°C 

incubator with 5% CO2.  After 4 hrs, 50 µL of media was removed per well and 

replaced with 50 µL of IFN-α2 (Miltenyi Biotec) at 0.1 ng/mL or IFN-γ (Bio-

techne) at 5 ng/mL in the presence or absence of sterile filtered (0.22 µM) 

serum/plasma samples with a 1:10 final dilution, tested in duplicate. Cell only 

controls were included by replacing 50 µL of the complete DMEM with fresh 

complete DMEM and mAb controls were included by replacing the 50 µL 

media with mAbs titrated from 0.5 µg/mL or 5 µg/mL (depending on their 

potency) diluted in complete DMEM in the presence of IFN-α2 (Miltenyi Biotec) 

at 0.1 ng/mL or IFN-γ (Bio-techne) at 5 ng/mL. Cells were then incubated 

overnight for 16 hrs in a 37°C incubator with 5% CO2. Media was removed 

from each well before the addition of 100 µL Bright-Glo™ luciferase substrate 

(Promega) diluted 1:20 in 1x lysis buffer. The luciferase activity in RLU was 

measured using a Synergy H1 Multi-Mode Plate Reader (BioTek) and the 

percentage ISRE stimulation was calculated based on the median induction 
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from non-neutralising samples according to (Bastard et al. 2021), following 

background subtraction of the RLU by cell only controls.  

 

2.13 Statistical analyses 

 

All statistical analyses were performed using GraphPad Prism 9.0.1. For non-

parametric data, the Kruskal-Wallis test with Dunn’s multiple comparison post-

test was used. Mann-Whitney U-test (MWU) was used to compare unpaired, 

non-parametric data. A non-parametric Spearman’s test was used for 

correlation analysis between two sets of data. Statistical significance in the 

figures is shown as a p-value (* p ≤ 0.05, ** p ≤ 0.005 and *** p ≤ 0.0005). 
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Chapter 3: Validating an approach to combine 

methods for single B cell cloning and single-cell 

transcriptomics from cryopreserved PBMCs 

 

Background 

Investigating B cells at the transcriptomic level has been achieved by two main 

single-cell RNA sequencing (scRNA-seq) methods (as discussed in section 

1.7.2): 10x Genomics Chromium (10x) and Smart-Seq2. Single-cell libraries 

generated using these methods employ either a droplet-based approach, most 

commonly 10x, or a plate-based approach, for example with Smart-Seq2.  

Although 10x has the advantage of being high throughput with the capacity to 

sequence thousands of cells at a time, this is confounded by the low recovery 

of cells due to a sub-optimal capture of approximately 60% (Yamawaki et al. 

2021). In addition, a separate V(D)J library is required to sequence the BCR, 

and antibody variable regions have to be synthesised based on these 

sequences to test their functionality. Contrary to this, the Smart-Seq2 method 

has been shown to have higher coverage with more genes detected than 10x, 

indicating higher sensitivity (Wang et al. 2021). The plate-based approach of 

the Smart-Seq2 method also provides the ability to integrate single B cell 

cloning methods, as demonstrated by (Croote et al. 2018). This is possible 

due to single cells being processed in individual wells, resulting in each well 

containing the cDNA of a single B cell that can be used to amplify antibody 

genes for cloning. However, this plate-based approach is more labour-

intensive than the droplet-based approach, due to cells being processed 

individually rather than together as a pool, and therefore limits the number of 

cells that can be handled at a time.  

The purpose of this research was to investigate the phenotype of antigen-

specific B cells in HIV-1 infection, which is a very small proportion (<1.5% HIV 

Env+) of IgG+ B cells found in the periphery and amounts to ~50-300 cells per 

10 million PBMCs (van Gils et al. 2016; Freund et al. 2017; Schommers et al. 

2020; Sok, van Gils, et al. 2014). The 10x genomics method was therefore 
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inappropriate for such a rare population due to the minimum requirement of 

500 cells per sample, although this is typically run with 1000-10000 cells, as 

well as the low cell recovery meaning that not all cells would actually be 

sequenced. Conversely, the Smart-Seq2 method has no lower limit for the 

number of cells required and has the advantage of being more efficient with a 

greater read depth per cell (for the detection of more genes). Moreover, the 

main research aim was to compare the phenotype of bnAb B cells to non-bnAb 

B cells. To address this aim it was necessary to evaluate the neutralisation 

capacity of antibodies from B cells, which in turn required the ability to amplify 

and clone antibody variable regions into expression vectors. Considering that 

the Smart-Seq2 process produces cDNA for each cell in an individual well, as 

per standard antibody cloning from single B cells (McCoy and Burton 2017; 

Huang et al. 2013), it was, therefore, more plausible to use this method to link 

antibody functionality to the B cell transcriptome analysis.  

This chapter sought to establish a method to obtain good-quality, single-cell 

transcriptome data from cryopreserved memory B cells isolated by FACS. In 

addition, the feasibility of simultaneous amplification of heavy and light chain 

variable regions from the cDNA generated by Smart-Seq2 was assessed for 

compatibility with subsequent cloning and antibody expression.  
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Results 

3.1  Outline of a scRNA-seq and single B cell cloning pipeline 

 

The Smart-Seq2 method has recently been used to study single memory B 

cells from peripheral blood acquired by FACS (Croote et al. 2018; Andrews et 

al. 2019; Sutton et al. 2021). The use of FACS offers an automated system to 

dispense single cells of interest, into individual wells of a plate, based on 

phenotypic information provided by fluorescence staining of cell surface 

markers. In addition, fluorescently-tagged antigen probes can be included to 

identify antigen-specific populations. The pipeline developed here was 

designed to also use FACS to isolate single memory B cells of interest from 

PBMCs. As illustrated in Figure 3.1a, single B cells are sorted into individual 

wells of a plate containing lysis buffer and processed using the Smart-Seq2 

method to generate cDNA libraries for sequencing (Picelli et al. 2014). This 

involves lysing the cells in the presence of an RNase inhibitor to prevent the 

degradation of polyadenylated RNA (RNA with a poly-A tail). Reverse 

transcription with oligos specific for the poly-A tail is carried out using an 

enzyme that adds untemplated nucleotides to the end of the transcribed 

strand. This addition enables a template-switching oligo (TSO) to anneal for 

the synthesis of complementary DNA (cDNA), known as template switching. 

Finally, the full-length cDNA is amplified further (referred to as pre-

amplification) and purified to remove excess PCR components.  

Libraries for scRNA-seq are generated by subjecting the pre-amplified and 

purified cDNA to tagmentation (Figure 3.1b). In this process, a Tn5 

transposase fragments the DNA into smaller sections (200-600bp) and 

simultaneously adds in an adaptor required for an enrichment PCR. The 

enrichment PCR is necessary to both amplify the DNA and introduce Illumina 

indexes unique to each library. Finally, libraries are quantified, diluted to the 

same molar concentration and pooled together for Illumina sequencing 

(described in section 1.7.2). 

Single B cell cloning of antibodies is a well-established method that also 

requires cDNA as the starting material, to amplify Ig V(D)J genes of antibody 
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variable regions using nested PCR (Tiller et al. 2008). As mentioned earlier, 

this plate-based approach of processing single B cells offers the potential for 

Ig variable regions to be amplified from the cDNA generated by the Smart-

Seq2 method. Immunoglobulin heavy chain (IgH) and immunoglobulin kappa 

light chain (IgK) or immunoglobulin lambda light chain (IgL) variable regions 

from single B cells can then be cloned into vectors containing the 

corresponding constant region and promoter for expression (illustrated in 

Figure 3.1c). By maintaining the same layout in each step the cognate IgH and 

IgK / L pairs from each B cell can then be brought back together for expression 

of the soluble version of the BCR, also referred to as an antibody. Thus, this 

pipeline should enable the antibody functionality to be screened and linked 

back to the B cell transcriptome.  

At the time of setting up this pipeline, (Croote et al. 2018) had already 

demonstrated that it was possible to combine methods for single B cell cloning 

and scRNA-seq using Smart-Seq2 with freshly purified B cells from peripheral 

blood. The Smart-Seq2 method was also used shortly after by another group 

to generate libraries for scRNA-seq from cryopreserved PBMCs, to investigate 

memory B cells in the context of influenza (Andrews et al. 2019), but did not 

make reference to the particular memory subsets of interest in this project. The 

samples available in this project to study the memory B cell response during 

untreated HIV infection are both cryopreserved (for more than 10 years) and 

extremely limited. Therefore, it was important to first validate whether the 

Smart-Seq2 and single B cell cloning methods could be efficiently applied to 

cryopreserved memory B cells before proceeding with the PBMC samples 

from HIV-infected individuals. 
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(A) Single B cells isolated from PBMCs by FACS are sorted into individual wells of a 

96-well plate containing lysis buffer. Reverse transcription is used to synthesise cDNA 

from each B cell and is pre-amplified prior to (B) library generation for single-cell RNA-

sequencing (RNA-seq) according to the Smart-Seq2 protocol (Picelli et al. 2014). (C) 

Antibody V(D)J  genes for the heavy (IgH), kappa (IgK) and lambda (IgL) chains are 

also amplified from the cDNA of each B cell by nested PCR and subsequently cloned 

into expression vectors containing the constant region. The cloned heavy and light 

chain from each B cell is transiently transfected into mammalian cells for antibody 

expression and subsequent characterisation. Image created with BioRender. 

Figure 3.1 An integrated antibody cloning and Smart-Seq2 transcriptomics 

pipeline.  
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3.2  Cryopreserved memory B cells were successfully processed using 

the Smart-Seq2 method to generate cDNA compatible with antibody 

cloning  

 

The compatibility of methods for single B cell cloning and Smart-Seq2 was 

initially validated using PBMCs from an HIV-negative donor that was readily 

available. PBMCs were isolated from peripheral blood using a ficoll gradient 

before cryopreservation (as described in section 2.1), as per the processing of 

HIV cohort PBMCs. However, it should be noted that differences include the 

disease status, the people who processed the samples, the laboratory that the 

samples were processed, as well as the length of storage in cryopreservation. 

For instance, the PBMCs available from untreated HIV infection pre-date 2010 

and therefore have been stored for a minimum of 10 years, yet the HIV-

negative donor PBMCs used to validate the pipeline here had been stored for 

less than 2 years. 

After thawing, the HIV-negative donor PBMCs were stained (as described in 

section 2.3.1) to enable single memory B cells to be sorted into individual wells 

of a plate by FACS. The gating strategy used to identify single memory B cells 

is shown in Figure 3.2a. In the first panel, FSC and SSC were used to identify 

the lymphocyte population, then single cells were further gated based on size 

using FSC-H to remove doublets. A live-dead aqua stain was used in 

combination with a CD4 antibody conjugated to BV510 to use the same laser 

for the exclusion of dead cells and CD4+ T cells. The total B cell population 

was selected based on the expression of CD19 and then gated based on the 

expression of IgG but not IgM to identify a class-switched, antigen-

experienced population. Finally, the canonical cell surface markers CD27 and 

CD21 were used to identify memory B cell subsets, with resting memory (RM) 

defined by CD27+ CD21+, activated memory (AM) defined by CD27+ CD21- 

and tissue-like memory (TLM) defined by CD27- CD21-. 

In HIV-infected individuals, the proportion of memory B cell subsets is altered, 

with an increased frequency of AM and TLM B cells and decreased frequency 

of RM B cells (Moir et al. 2010). TLM B cells have been previously described 

as having an exhausted phenotype (as discussed in section 1.6.2) and it is 
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plausible that this may be reflected in the transcriptome with reduced gene 

expression. In addition, if transcription of the BCR is reduced then this may 

also impact the output of single B cell cloning. It was therefore important to 

ensure the compatibility of the pipeline irrespective of cell phenotype. 

Therefore HIV-negative donor PBMCs from a post-vaccination time point were 

chosen to validate this pipeline, on the basis that vaccination increases the 

frequency of both AM and TLM B cells (Andrews et al. 2019; Sutton et al. 

2021). 

Memory B cells were gated with boxes around each subset to sort cells from 

well-distinguished populations (Figure 3.2a), rather than using a quadrant that 

would have had cells at the intersections that are not so clearly defined. A 96 

well-plate of single B cells was sorted from each memory subset into individual 

wells containing lysis buffer and components for reverse transcription. 

Following cDNA synthesis and pre-amplification using the Smart-Seq2 method 

(Picelli et al. 2014), the Ig V(D)J genes from each B cell were amplified by 

nested PCR (described in section 2.3.5). The BCR of each B cell consists of 

a heavy (IgH) and light chain, of which the latter can be kappa (IgK) or lambda 

(IgL). Three separate PCRs were therefore conducted to amplify IgH, IgK and 

IgL variable regions from the cDNA of single B cells in each memory subset 

(maintaining the same plate layout to trace these back to the original B cell). 

The amplification of variable regions was analysed by gel electrophoresis and 

bands observed at the expected size of 350-500bp indicated the recovery of 

a variable region.  

The percentage of IgH, IgK and IgL variable regions recovered from the single 

B cells in the RM, AM and TLM subsets are shown in Figure 3.2b. Amplification 

of IgH was found to be lower in the activated subset (58%) than in the resting 

or tissue-like subsets (68.2% and 70% respectively). It could be speculated 

that the activated phenotype leads to a signalling cascade that may result in a 

lower abundance of BCR transcripts. However, this difference may instead be 

an artefact of the sample size that would not be seen with the inclusion of more 

cells.  



116 
 
 

Amplification of the light chain variable region from single B cells was more 

efficient, with >95% having an IgK and/or IgL recovered by PCR, regardless 

of the memory subset. This suggests that the primers used in the IgK and IgL 

PCRs were more compatible and capable of annealing to the template cDNA 

than primers used for the IgH amplification. Furthermore, when the percentage 

recovery of IgK and IgL from each memory B cell subset was added together 

this was >100%. This can be explained by the amplification of both IgK and 

IgL from a single B cell, which was observed in a small proportion (2-6%) of 

the memory subsets. The presence of both a kappa and lambda chain has 

also been previously found in ~5% of single B cells after variable region 

amplification (Tiller et al. 2008). During B cell development a process known 

as receptor editing can alter BCRs that exhibit autoreactivity through additional 

antibody gene rearrangements (Halverson, Torres, and Pelanda 2004). A 

possible explanation for the recovery of both IgK and IgL is that transcripts 

from rearranged and pre-existing BCRs exist in these B cells. 

Overall the percentage of B cells with an IgH and IgK or IgL variable region for 

subsequent cloning in each memory subset is reflected by the total pairs and 

ranged from 58-70% (Figure 3.2b). This recovery was limited by the IgH 

amplification but is consistent with previous experience of single B cell cloning 

and was comparable to the PCR amplification described in the original paper, 

which recovered antibody pairs in 30-60% of single B cells from different 

populations (Tiller et al. 2008). The higher percentage of total pairs recovered 

from the HIV-negative donor in this pipeline is likely a result of the higher 

amount of starting material for PCRs due to differences in the cDNA synthesis. 

In this pipeline the cDNA was pre-amplified and purified according to the 

Smart-Seq2 method, however, this is not part of the cDNA generation using 

the original single B cell cloning method. To summarise, single RM, AM and 

TLM B cells sorted by FACS from cryopreserved PBMCs were processed 

using the Smart-Seq2 method to generate cDNA from which antibody variable 

regions were successfully amplified for subsequent cloning. 

  



117 
 
 

 

 

 

 

 

 

 

 

 

(A) Gating strategy for the isolation of single IgG+ B cells from resting memory (RM), 

activated memory (AM) and tissue-like memory (TLM) based on the expression of 

CD21 and CD27. (B) Percentage of B cells with antibody heavy (IgH), kappa (IgK) 

and lambda (IgL) variable regions amplified by PCR (recovered) from cDNA of RM, 

AM and TLM subsets. Total pairs reflect the percentage of B cells with both heavy 

and light chain variable regions recovered. 

  

Figure 3.2 Isolation of single memory B cells from healthy donor PBMCs 

and recovery of antibody variable regions. 
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3.3  Generation of libraries for scRNA-seq from the cDNA of single 

resting,  activated and tissue-like memory B cells   

 

Given that single B cell cloning was found to be compatible with the Smart-

Seq2 method, it was necessary to next assess whether the cDNA was also 

sufficient for the generation of libraries for scRNA-seq. Proceeding with the 

Smart-Seq2 method was important to ensure the techniques, new to our lab, 

could be conducted to produce good-quality libraries. In addition, it was 

necessary to address whether cDNA from memory B cells could be processed 

and sequenced regardless of phenotype. Therefore, 30 single B cells with 

paired heavy (IgH) and light (IgK/L) chains from each memory subset were 

chosen to proceed with, rather than taking forward the cDNA for all cells, for 

this proof of concept.  

The cDNA quality was initially evaluated using an Agilent Tapestation, which 

is an automated electrophoresis system for high-sensitivity analysis of DNA 

fragment size. A representative electropherogram generated by the 

tapestation is shown for single B cells from RM, AM and TLM as well as a 

negative control (Figure 3.3a). The negative control was subjected to the same 

processing for cDNA synthesis but intentionally had no RNA input, with no cell 

sorted into the well, and therefore contained only the lysis and reverse 

transcription reagents. The electropherogram for this no RNA control showed 

a single peak at ~150bp representing primer-dimer and had no cDNA peak, 

indicating that there was no contamination. Electropherograms for the cDNA 

from single RM, AM and TLM B cells all had a peak consistent with the size of 

primer-dimer as well as distinct peaks within the range of 1-2 kb reflecting the 

presence of amplified cDNA (Picelli et al. 2014). The intensity of the cDNA 

peaks was lowest for RM, reflecting a more quiescent state, and highest in 

AM, suggesting that these cells have higher transcriptional activity. Yet, this 

contrasts with the findings in Figure 3.2b which showed that the percentage of 

B cells with antibody variable regions (total pairs) recovered from AM was 

lower than in RM. 
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The cDNA from each B cell was then quantified by Qubit to measure the 

concentration of double-stranded DNA. Qubit measures the fluorescence of a 

target-specific dye that is added to the sample and offers a more accurate and 

sensitive method of quantification than Nanodrop which uses UV absorption. 

Results from Qubit and tapestation were used to calculate the volume for 1 ng 

of cDNA required for tagmentation, to fragment the DNA into shorter sections 

for sequencing. Tagmented DNA was then amplified using an enrichment PCR 

(as described in section 2.3.3) to add indexes and generate libraries for 

sequencing. The amplified libraries were purified to remove excess primer 

before being analysed again by tapestation to check the size of the fragmented 

DNA. Libraries with an average size of <300bp indicate excessive 

tagmentation with fragments smaller than required, which would result in 

inefficient sequencing. However, libraries with an average fragment size 

>800bp indicate inadequate tagmentation, which would result in DNA 

fragments that are too large to sequence completely. Representative 

electropherograms for libraries generated from each memory B cell subset 

(Figure 3.3b) show that the tagmentation and enrichment PCR were 

successful, with a broad peak at the expected size of 300-800bp (Picelli et al. 

2014). Finally, the concentration of libraries from cells was analysed by Qubit 

and used in conjunction with the average size of DNA fragments to calculate 

the molarity of each library. This was essential to allow libraries from each B 

cell to be normalised to the same molarity (5nM) before being pooled together. 

The pooled libraries were sequenced by the pathogen genomics unit at UCL 

using the Illumina NextSeq 500 system with the 2x75 bp Illumina mid-output 

v2.5 kit. As the flow cell in the Illumina sequencing system preferentially binds 

to smaller fragments, pooling libraries based on molarity rather than 

concentration was necessary to achieve the same level of sequencing for each 

library, also referred to as the read depth. The unique set of indices added to 

each library during the enrichment PCR enables genes to be tracked back to 

the original cell after sequencing.  
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Representative bioanalyser electropherograms of the size distribution in base pairs 

(bp) and sample intensity (fluorescent units) of cDNA libraries (A) pre-tagmentation, 

including a negative control (no RNA) and (B) post-tagmentation for resting memory 

(RM), activated memory (AM) and tissue-like memory (TLM) B cells. Lower and upper 

markers are indicated on electropherograms and axes are scaled to each sample. 

Figure 3.3 Library generation from single memory B cells was successful 

using the Smart-Seq2 method.  
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Following Illumina sequencing, the data generated was assessed using three 

main quality control (QC) measures to ensure that the cells sent for 

sequencing were viable and libraries were suitable for downstream analysis. 

First, the library size of B cells was considered and had a median count depth 

(counts per barcode) of 1.85 million, in keeping with previous B cell libraries of 

~1-2 million count depth generated using Smart-Seq2 (Croote et al. 2018). 

Analysis of outliers in the data identified a minimum count depth threshold of 

721,224 (Figure 3.4a) and resulted in three cells (one AM and two TLM) being 

excluded from further analyses. Second, the number of genes detected in 

libraries was assessed and found that cells had a median of 893 unique genes. 

A threshold of 540 genes in a given library was identified by outlier analysis as 

the lower limit for inclusion in further analyses (Figure 3.4b), identifying two 

cells (one AM and one TLM) that didn’t meet this criterion, which had already 

been excluded based on library size. Consideration of the gene count per 

library was necessary to discard outliers with a low number of genes that most 

likely corresponds to dying cells with a loss of cytoplasmic mRNA due to 

broken membranes. Although a higher threshold was used by (Croote et al. 

2018), discarding cells with fewer than 950 genes, the dataset in this study 

consisted of naïve B cells and plasmablasts in addition to memory B cells and 

thus cannot be directly compared as plasmablasts were shown to have a 

higher gene count than naïve/memory B cells.  

Subsequently, the third QC measure used the proportion of mitochondrial 

genes in libraries as another way to identify non-viable cells, which contain a 

higher distribution of mitochondrial mRNA that is conserved compared to 

cytoplasmic mRNA. Outlier analysis of the mitochondrial gene distribution in 

libraries determined an upper limit of 25%. All cells were below this threshold 

(Figure 3.4c), showing good viability with a median of 13.6% mitochondrial 

genes detected. To summarise, libraries from cryopreserved memory B cells 

were of good quality, with only three cells (two TLM and one AM) that did not 

pass QC analyses based on library size, due to a low count depth. This 

indicates that the libraries generated from 97% (87/90) of single memory B 

cells using the Smart-Seq2 pipeline were suitable for downstream analysis, 

regardless of whether these were resting, activated or tissue-like.  
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Outlier analyses were carried out to determine thresholds. (A) Library size based on 

count depth per cell, with a threshold of 721,224 indicated by the plotted line. (B) 

Number of genes detected per cell, with a threshold of 540 indicated by the plotted 

line. (C) Percentage of mitochondrial genes versus count depth, coloured according 

to if cells passed QC checks (blue) or not (orange).   

Figure 3.4 Single cell libraries passed quality control checks for 

downstream analysis.  
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3.4  BCRs recovered from single memory B cells by scRNA-seq and Ig 

PCR were comparable 

 

Full-length, paired BCR sequences can be reconstructed from transcriptomic 

data generated from a plate-based scRNA-seq method by alignment to 

combinatorial recombinomes using the BraCeR tool, as demonstrated with 

scRNA-seq data from plasma cells and plasmablasts (Lindeman et al. 2018). 

The output of BraCeR provides insight into the V(D)J usage, the antibody 

isotype and reveals the presence of multiple BCRs in a single cell, resulting 

from non-productive rearrangements of antibody chains or indicating cell 

multiplets. In addition, clonal relationships between BCRs can be inferred from 

the V(D)J genes and CDR3 sequences to identify B cell lineages.  

The HIV-negative donor scRNA-seq data were subjected to BraCeR analysis 

to determine whether BCRs could be reconstructed from memory B cells, 

which have lower BCR transcripts than plasmablasts (Phad et al. 2022). The 

90 B cells selected for scRNA-seq were originally chosen, based on the 

successful PCR amplification of Ig pairs (Figure 3.2b), with an equal number 

of B cells with an IgH / IgK pairing and an IgH / IgL pairing chosen from each 

memory subset. As the presence of BCR transcript in these cells was already 

confirmed, it was expected that BCR reconstruction should be possible from 

all cells except the two that did not pass scRNA-seq QC analyses based on 

the low number of genes detected (Figure 3.4b). Indeed, results from BraCeR 

revealed that a productive IgK or IgL was reconstructed from all but two 

memory B cells (Figure 3.5a), which were verified as the cells that didn’t pass 

QC. In addition, BraCeR was able to reconstruct IgH from a high proportion of 

the cells, with 75/88 sequences revealed to be productive (Figure 3.5a). The 

ability to reconstruct a light chain, but not a heavy chain in all of the cells was 

also found during the validation of the BraCeR tool (Lindeman et al. 2018). 

This may be explained by the composition of the heavy chain variable region 

which is formed of three gene segments (V, D and J), making reconstruction 

more complex than the light chain which only has two gene segments (V and 

J). Non-productive sequences were also identified in some cells (Figure 3.5a), 

which were predominantly IgK or IgL, and likely reflect the presence of BCR 
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transcripts from previous antibody gene rearrangements. In agreement with 

this, 13/15 of the single cells with an unproductive light chain (Figure 3.5a) 

were also found to have a productive light chain. This finding suggests that the 

ability to produce the mAbs from these B cells may be problematic if the 

unproductive, instead of the productive, light chain is cloned for expression. 

Next, the Ig genes amplified by PCR from these 90 memory B cells were 

purified and sent for Sanger sequencing to enable comparison to the BraCeR 

reconstructed BCR sequences. A productive heavy chain sequence was 

identified in 79 cells, however, nine cells were found to have an unproductive 

heavy chain sequence and two cells (different from the two cells that didn’t 

pass QC after scRNA-seq) had no heavy chain sequence recovered at all 

(Figure 3.5b). As mentioned earlier, for the light chain, half of the B cells were 

IgK and half were IgL. The IgK chain in all 45 B cells was found to be 

productive, in contrast, the IgL chain in four of the cells was unproductive and 

in one cell was unable to be sequenced (Figure 3.5b). Comparison to the 

BraCeR sequences revealed that the cell with no IgL sequence was the same 

cell that an IgL could not be reconstructed from the scRNA-seq data. In 

addition, three of the B cells with an unproductive IgL amplified by PCR also 

had a productive IgL identified by BraCeR, which were not detected upon 

sequencing after PCR amplification. Nevertheless, when analysed together, 

74 of the 90 single B cells had a productive IgH and IgK/L pair amplified by Ig 

PCR and identified by Sanger sequencing, while 75 of the 90 single B cells 

had a productive IgH and IgK/L pair identified from scRNA-seq data by 

BraCeR. Therefore, the number of productive BCR sequences from B cells 

reconstructed by BraCeR was similar to those amplified for single B cell 

cloning by PCR. Moreover, this showed that the level of BCR transcript in 

scRNA-seq libraries of memory B cells is sufficient for reconstruction.   

The variable region of productive BCRs identified from scRNA-seq by BraCeR 

and from Ig PCR by Sanger sequencing of each B cell was then compared. 

This revealed that heavy, kappa and lambda chains had a range of V-gene 

and J-gene usage, indicating diversity in the repertoire sampled, which is to 

be expected even with a limited number of cells. The presence of many similar 

variants would instead suggest contamination during processing and this was 
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not found. Moreover, the sequences from BraCeR and Sanger matched, as 

shown by the same V-gene and J-gene combinations found by both methods 

(Figure 3.5c). The most frequent heavy chain gene combination was VH3 with 

JH4 / JH6, which was not surprising considering that the VH3 family has the 

most alleles and that both VH3 and JH4 genes are the most frequently used 

in the human repertoire (Volpe and Kepler 2008; Lefranc et al. 2015). For the 

light chain, the most frequent kappa chain gene combinations were VK1 with 

JK1/JK2 and VK3 with JK4, while the most frequent lambda chain gene 

combination was VL1 with JL2. The preferred use of VK1 in the kappa chain 

of these B cells may be explained by the finding that the VK1 gene family has 

the highest abundance of alleles (Lefranc et al. 2015). While for the lambda 

chain, out of the 11 different V-genes, only the VL1, VL2 and VL3 gene families 

are predominately used (Ignatovich et al. 1997), consistent with the results in 

Figure 3.5c. It should also be noted that even though not all the possible V-

genes and J-genes in the human antibody repertoire were found in these B 

cells, only a very small proportion of the total B cell population from this HIV-

negative donor was sampled, and thus this was not unexpected.  

Finally, clonal analysis by BraCeR found only three related sequences in the 

HIV-negative donor memory B cells, with the same heavy chain (VH4-59 and 

JH4) and light chain (VL8-61 and JL3) gene usage. The CDR3 sequence of 

these three B cells was compared to determine their relationship. Two B cells 

had the same CDRH3 sequence and the CDRL3 sequence varied by one AA, 

as a consequence, these cells are likely somatic variants. Although only one 

clonal family was identified, this was expected due to the limited number of 

cells analysed from this donor. In addition, memory B cells in this trial run were 

not selected based on antigen specificity during isolation by FACS, and as a 

result, are unlikely to have been generated during the same immune response. 

Overall these results confirm that there was no contamination during the 

processing of single B cells for scRNA-seq or during PCR amplification of Ig, 

which would have been identified by the presence of only one or a few BCR 

sequences dominating the results. Instead, B cells exhibited a range of 

different V-gene and J-gene combinations. 
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(A-B) Frequency of productive and unproductive heavy (IgH), kappa (IgK) and lambda 

(IgL) chains (A) reconstructed by BraCeR from scRNA-seq data and (B) recovered 

by Sanger sequencing of Ig PCR products. (C) V-gene and J-gene usage by 

productive, full-length heavy, kappa and lambda chains identified by BraCeR from 

scRNA-seq and by Sanger sequencing of Ig PCR products. Sanger sequencing was 

analysed using IMGT V-Quest to identify V-gene and J-gene usage. 

Figure 3.5 Variable region recovery and usage identified from scRNA-seq 

and Ig PCR were comparable.  
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3.5  BCRs from single memory B cells of the HIV-negative donor 

displayed features consistent with a typical human antibody 

repertoire  

 

Productive BCR heavy chain sequences identified from the HIV-negative 

donor B cells by BraCeR were investigated further to compare the main 

antibody features across each memory subset, specifically the percentage 

SHM, CDRH3 length and isotype usage. As mentioned in section 1.3.6 B cells 

that undergo affinity maturation in the germinal centre acquire mutations in the 

BCR that result in improved binding to antigen. The level of SHM is therefore 

a reflection of the extent of maturation and can be calculated by comparison 

to germline reference sequences in IMGT. The VH sequences from the BCRs 

in the HIV-negative donor had an average SHM of 6.3%, in keeping with the 

average SHM of 5.6-9.4% previously identified in a healthy donor cohort 

(IJspeert et al. 2016). In addition, the BCRs analysed here had a wide range 

of VH SHM from 1.4 - 18.5%, although only one of the BCRs exhibited 18.5% 

SHM and the rest had <15%. A range of SHM in the VH of BCRs was observed 

regardless of the memory subset, and when the median SHM for RM (6.1%), 

AM (7.2%) and TLM (5.1%) was compared this was not significantly different 

(Figure 3.6a). 

Next, the heavy chain CDR3 length in B cells from the three memory subsets 

was analysed. Although all the CDR loops are important in antigen binding, 

the CDRH3 confers the most diversity and often has the greatest role in 

antigen specificity (Xu and Davis 2000). Furthermore, the CDRH3 length can 

affect the conformation of the antigen-binding site and subsequently, the type 

of antigen that can be targeted (Collis, Brouwer, and Martin 2003). The 

CDRH3 length in the BCRs from this HIV-negative donor ranged from 5-23 

AAs, falling within the range of 4-36 AAs that have been previously identified 

in the human antibody repertoire (Shi et al. 2014). Although long CDRH3 

regions have been identified in mature B cells, these are less frequent in the 

repertoire, likely due to the strong association with specific gene combinations 

(Briney, Willis, and Crowe 2012). The exact definition of a long CDRH3 region 

is subjective but has been characterised as >21 AAs (Larimore et al. 2012) 
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and ≥24 AAs (Briney, Willis, and Crowe 2012). While three BCRs in both AM 

and TLM had a CDRH3 length >21 AAs, none were identified in RM, and none 

reached 24 AAs (Figure 3.6b). To compare differences between the memory 

subsets, the median CDRH3 length of BCRs from RM (15 AAs), AM (15 AAs) 

and TLM (18 AAs) were analysed by Kruskal-Wallis test with Dunn’s multiple 

analysis. Despite TLM BCRs having a higher median CDRH3 length, this 

difference was not found to be significant. Finally, taking all the CDRH3 

sequences together, the average length was 16.1 AAs which is comparable to 

the average human CDRH3 length of 15.5 (± 3.2) AAs found in public datasets 

(Shi et al. 2014).  

The isotype of BCRs, encoded by the heavy chain constant gene, can also be 

identified from sequences reconstructed from scRNA-seq data by BraCeR. On 

the heavy chain locus, the constant region genes IgM and IgD can be 

rearranged during class-switch recombination to isotypes downstream on the 

locus, IgG, IgA or IgE, for a different effector function (reviewed in more detail 

in section 1.3.5). As the single B cells from this donor were isolated by FACS 

based on their expression of IgG, only the IgG isotypes in each memory subset 

were considered here (Figure 3.6c). This revealed that RM was predominantly 

IgG1, followed by IgG2 and rarely IgG3/4. AM was predominantly IgG1 or 

IgG2, followed by IgG3 and rarely IgG4. In contrast, TLM was predominantly 

IgG1 or IgG3 and rarely IgG2, with no IgG4 detected. This distribution of IgG 

isotypes in RM and AM (CD27+) and TLM (CD27-) cells is also consistent with 

findings in the literature, where CD27- B cells had a preferential use of IgG1 

and IgG3 compared to CD27+ B cells that had a dominant IgG1 and IgG2 

usage (Berkowska et al. 2011).  

Despite the conflicting view of whether TLM cells are an exhausted subset or 

on the path towards an effector cell at inflammatory sites (reviewed in section 

1.6.2), preferential use of IgG3 in TLM cells shown in Figure 3.6c seems logical 

due to its location within the Ig locus. Considering only the IgG subtypes in the 

heavy chain constant region locus, these are organised in the following order: 

IgG3, IgG1, IgG2 and then IgG4. Class-switching occurs sequentially in the 

order of the locus and is unable to switch back to isotypes upstream. This 

implies that although IgG3 cells are class-switched these B cells have not been 
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stimulated to class-switch further, which could be explained by an exhausted 

state or a fate towards an effector cell rather than continued maturation. 

Finally, the infrequent use of IgG4 in all memory subsets was expected as 

IgG4 is further downstream of the locus than the other IgG isotypes and has 

the lowest proportion (of the IgG isotypes) in human serum (Schroeder and 

Cavacini 2010). Overall, the features of BCRs from this HIV-negative donor 

were comparable to those in a typical human antibody repertoire, providing 

confidence to proceed with the investigation of rare HIV+ samples. 
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Heavy chains of resting memory (RM), activated memory (AM) and tissue-like 

memory (TLM) B cells were analysed based on sequences identified by BraCeR from 

scRNA-seq data. (A) Percentage somatic hypermutation (SHM) was determined from 

nucleotide sequences for variable heavy (VH) genes in each memory B cell subset, 

with horizontal lines indicating the median. (B) Heavy chain CDR3 length in amino 

acids (AAs) for each memory B cell subset, with horizontal lines indicating the median. 

(C) Frequency of IgG isotypes within each memory B cell subset, with isotypes 

ordered according to the position in the heavy chain locus. Kruskal-Wallis test with 

Dunn’s multiple analysis was conducted in A and B using a p-value <0.5, and non-

significant (ns) differences are indicated. 

 

 

Figure 3.6  Features of antibody heavy chains from memory B cell subsets 

of a healthy donor.  
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3.6  Tissue-like memory B cells were transcriptionally distinct from 

resting and activated memory B cells 

 

Finally, the scRNA-seq data were analysed to determine how well the pipeline 

was able to differentiate memory B cell subsets based on their transcriptome. 

Unsupervised clustering of B cells visualised using principal component 

analysis (PCA) of normalised gene expression revealed that RM and AM cells 

had substantial overlap with each other, suggesting highly similar 

transcriptomes (Figure 3.7a).  However, TLM cells showed separation away 

from the RM and AM cells, indicating that these have a different transcriptional 

phenotype. This is consistent with existing literature on transcriptomic 

differences between memory B cell subsets, although precise subset 

definitions are complicated by non-standard terms across different disease 

states (Portugal et al. 2017). For instance, TLM cells are also referred to as 

atypical B cells in malaria research. Findings from bulk RNA-seq analysis of 

memory B cells from malaria-exposed donors revealed that atypical B cells 

(CD27-CD21-) have a distinct gene signature compared to classical / resting 

(CD27+CD21+) and activated (CD27+CD21-) B cells (Holla et al. 2021).  

To investigate if similar signatures were observed in the analogous B cell 

subsets isolated from the HIV-negative donor, memory B cells were assigned 

gene signature scores based on genes reported to be upregulated in the 

malaria-exposed atypical B cells from Holla et al. The HIV-negative donor TLM 

cells achieved the highest score (Figure 3.7b), confirming that these cells are 

similar to the atypical memory B cell population previously observed in an 

infection setting, as well as being transcriptionally different from RM and AM 

cells. However, it is worth considering that several AM cells also had an 

atypical gene signature score similar to the TLM B cells which ties in with the 

presence of some AM cells clustering with TLM cells in Figure 3.7a. This likely 

stems from the fact this data was generated from single B cells yet atypical 

gene signatures were generated from bulk RNA-seq data (Holla et al. 2021), 

which likely missed subtle differences / masked the heterogeneity of the 

population at a single-cell level. In summary, TLM B cells isolated from the 

HIV-negative donor in this pipeline have a distinct transcriptome that separates 
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them from RM and AM B cell subsets, similar to previously described atypical 

B cells as predicted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) PCA visualisation (after QC) of single-cell transcriptomes of 87 memory B cells 

from an HIV-negative individual. The size of each circle corresponds to the number 

of genes per library and the colour corresponds to the original FACS sorting strategy 

for resting memory (RM, green), activated memory (AM, blue) and tissue-like memory 

(TLM, orange) B cells. (B) Gene signature score assigned to resting memory (RM), 

activated memory (AM) and tissue-like memory (TLM) B cells based on upregulated 

atypical genes identified by (Holla et al. 2021). 

Figure 3.7 Tissue-like memory B cells have a distinct transcriptional 

phenotype compared to resting and activated memory B cells.  
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Summary 

Overall, the ability to combine methods for antibody cloning and Smart-Seq2 

transcriptomics was successful and results have shown proof of principle for 

investigating the phenotype of memory B cell subsets after cryopreservation. 

This pipeline produced scRNA-seq libraries of the expected size and required 

quality (for 97% of the cells) necessary for downstream analysis of the 

transcriptome.  There was also sufficient cDNA to amplify V(D)J genes for 

cloning of antibody heavy and light chain pairs from single B cells. 

Furthermore, all the productive sequences with a complete variable region 

were found to match the variable regions of BCRs from the original B cells, 

which was a requirement to link antibody functionality to the B cell phenotype. 

An additional step, to further validate the pipeline, would have been to clone 

the amplified variable region sequences into full-length IgG vectors, produce 

purified antibodies and screen their functionality. However, antibody cloning 

from PCR-amplified variable regions is routinely performed successfully in the 

lab, and so to validate the pipeline, this step was not deemed necessary. In 

addition, the PBMCs used were from an HIV-negative donor and although the 

B cells isolated were class-switched and deemed antigen-experienced, it 

would not have been feasible or necessary for the overall aims of this research 

to determine which antigen these were raised against to test for binding. 

Moreover, analysis of antibody sequences revealed that the V and J gene 

usage, percentage SHM, CDRH3 length and isotype from the memory B cells 

of this HIV-negative donor were typical of the human IgG repertoire.  

Finally, these results show that this pipeline was suitable for processing 

cryopreserved memory B cells regardless of whether these were resting, 

activated or tissue-like (defined based on their cell surface expression of CD27 

and CD21). This was important to consider, as this pipeline was established 

to investigate the phenotype of memory B cells from HIV-infected individuals 

who have a distorted B cell population, in particular a higher frequency of TLM 

B cells. Transcriptional analysis using clustering via PCA and assignment of 

gene signature scores found that consistent with the literature, TLM B cells 

were distinct from RM and AM B cells. Although the transcriptomic analysis 
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carried out with the HIV-negative donor cells was not extensive and did not 

extend far beyond quality control measures, this was due to the relatively small 

number of cells (30 per memory subset) in the dataset. However, the analysis 

was sufficient to indicate that the scRNA-seq data produced using this pipeline 

is suitable for downstream analyses.  

In summary, this chapter provides support for the choice of method for 

generating scRNA-seq libraries with a high recovery rate (by Smart-Seq2) and 

confirms compatibility with antibody cloning to explore the B cell response in 

HIV infection using rare patient samples. 

  



135 
 
 

Chapter 4: Characterisation of a historic cohort of HIV-

1 infected individuals reveals a small subset of elite 

neutralisers that target a variety of bnAb epitopes  

 

Background 

After a few years of HIV-1 infection, a small proportion of individuals (10-30% 

adults) demonstrate the ability to develop nAbs that exhibit cross-

neutralisation of several HIV strains, and an even smaller subset (1-10%) 

termed elite neutralisers produce broadly neutralising antibodies (bnAbs) 

against many HIV-1 strains from different clades (McCoy and McKnight 2017). 

The establishment of standard panels of Env pseudo-typed virus (PV), such 

as the 6 PV panel and global 12 PV panel (Simek et al. 2009; deCamp et al. 

2014), that take the viral tier and clade into consideration has enabled 

consistent screening for broad antibody neutralisation (as discussed in 1.4.1). 

In particular, evaluating the neutralisation breadth exhibited by patient plasma 

or sera against the standard 6 PV panel has been invaluable in identifying elite 

neutralisers by their ability to neutralise a minimum of one PV across four 

different clades (Simek et al. 2009). A neutralisation score can also be 

calculated from the average of log-transformed titres against the PV panel to 

characterise and compare the breadth of neutralisation, with elite neutralisers 

classified as having a score >2 (Landais et al. 2016).  

Advances in methods have led to many recent HIV bnAbs being isolated from 

elite neutralisers by single B cell cloning after single B cell culture (Walker et 

al. 2009; Walker et al. 2011). The use of antigen-specific cell sorting has also 

been used to identify HIV-reactive B cells based on their BCR specificity, 

without the need for high-throughput screening of secreted antibodies from 

cell culture to determine antigen-specificity (McCoy and Burton 2017). In 

addition, recombinant soluble HIV Env trimers displaying bnAb epitopes have 

been successfully used as antigen probes in FACS with epitope knockout 

counter probes to isolate bnAb B cells from PBMCs (Wu, Yang, et al. 2010; 

Doria-Rose et al. 2016). Therefore, prior knowledge of the epitope(s) on Env 

targeted by plasma for neutralisation of HIV PVs can be useful to design 
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antigen probes for use in FACS to identify bnAb and non-bnAb B cells. 

Previous studies have been able to map broad plasma responses to only one 

or two bnAb epitopes, in many cases, predominantly through the use of mutant 

PVs or protein absorption in neutralisation assays (Landais et al. 2016; Walker 

et al. 2010; Doria-Rose et al. 2017). This method of epitope mapping using 

mutant PVs is only possible due to the thorough characterisation of previously 

isolated bnAbs, giving insight into the exact residues targeted within different 

epitope specificities on HIV Env. In addition, the identification of plasma 

neutralisation breadth against known bnAb epitopes adds further validation 

that elite neutralisers are capable of producing individual bnAbs, rather than 

breadth being attributed to multiple nAbs targeting many different epitopes. 

This chapter aimed to identify elite neutralisers from a historic cohort of HIV-

infected individuals with the potential to produce bnAbs for evaluation using 

the single B cell cloning and transcriptomics pipeline validated in chapter 3. In 

addition, the epitope specificity of neutralising antibodies in the plasma of 

these individuals was investigated to inform the selection of Env probes for 

use in FACS to isolate bnAb and non-bnAb B cells. 

  



137 
 
 

Results 

4.1  Evaluation of neutralisation by the East London cohort identified 

individuals with the ability to neutralise non-autologous viruses  

 

The use of the TZM-bl assay to evaluate antibody neutralisation by mAbs and 

polyclonal antibodies in plasma is well-established and validated (Sarzotti-

Kelsoe et al. 2014). The TZM-bl cells used in this assay are a modified version 

of the HeLa cell line that express CD4, CXCR4 and CCR5 (Platt et al. 1998) 

for HIV-1 entry and contains a firefly luciferase (luc) gene under transcriptional 

control of a tat-regulated promoter (Wei et al. 2002). Expression of the Luc 

reporter gene is detected by a luminometer following cell lysis and the addition 

of a luciferase substrate. This enables quantification of the relative light units 

(RLU) that corresponds to the level of HIV infection (Figure 4.1a). Incubation 

of the virus with antibodies before the addition of TZM-bl cells allows the 

neutralisation capacity of mAbs or polyclonal plasma to be assessed (Figure 

4.1b). The extent of viral inhibition by neutralising antibodies targeting the Env 

and thus blocking HIV entry into TZM-bl cells is identified by the reduction in 

RLU relative to virus-only controls as in Figure 4.1a. In this assay, PVs are 

typically used to achieve single-round infection of TZM-bl cells and also offer 

a standardised way to assess antibody neutralisation of different HIV envelope 

proteins. This is possible because PVs are produced using a two-plasmid 

expression system, with a backbone plasmid that encodes for the HIV genome 

but lacks Env and another plasmid for Env expression. As a consequence, 

different PVs vary only by the Env protein and enable antibody neutralisation 

to be compared.  

To investigate the humoral and B cell response during HIV-1 infection and 

phenotypes associated with a broadly neutralising response, it was necessary 

to first identify PLWH in the absence of ART. The East London cohort was 

originally recruited to study the relationship between viral clade and 

neutralisation specificity and thus consisted of individuals from geographically 

diverse regions infected with different clades of HIV-1, determined from 

sequencing where possible (Dreja et al. 2010). All patients had been infected 

with HIV-1 for a minimum of one year and recruited before 2010, meaning that 
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ART was only initiated for those with an AIDS-defining illness or a persisting 

CD4 cell count <200 cells/µL (Gazzard 2008). Select plasma and PBMC 

samples from patients in this historic cohort were made available for use here. 

In addition, data for patients in the cohort regarding the inhibitory dilution of 

plasma that neutralised 50% of virus input (ID50) of PVs already tested using 

the TZM-bl assay in the previous study (Dreja et al. 2010) was made available 

by our collaborators.  

An overview of how this data was evaluated to select individuals with the 

potential to exhibit broadly neutralising antibody responses is shown in Figure 

4.2. Neutralisation of a negative control (murine leukaemia virus (MLV)) PV 

was first considered on the basis that this is an irrelevant (non-HIV) Env that 

individuals would not have had previous exposure to. Consequently, reactivity 

against the MLV PV is likely due to the presence of ART in patient samples, 

which can interfere with the reverse transcription of viral RNA and thus prevent 

transcription of the tat-regulated luciferase reporter gene (Sarzotti-Kelsoe et 

al. 2014). As ART can mimic the neutralisation of PVs in the TZM-bl assay, it 

was important to address whether patients were on ART at the time of 

sampling to ensure that the neutralisation of HIV PVs was truly a reflection of 

the antibody response in plasma. Patients that appeared to neutralise the MLV 

PV, with an ID50 titre >200, were therefore excluded (n=9). Next, patients 

without substantial plasma reactivity against MLV were stratified based on 

their ability to neutralise HIV PVs that have been previously classified into 

sensitivity tiers 1, 2 and 3 (Seaman et al. 2010). Tier 1 PVs are considered 

more sensitive to neutralisation with a predominantly open Env conformation, 

characteristic of lab-adapted strains. On the other hand, tier 2/3 PVs are more 

typical of circulating strains with a predominantly closed conformation of the 

Env trimer that is more resistant to neutralisation (Montefiori et al. 2018; Munro 

et al. 2014). Plasma samples that were capable of neutralising only tier 1 

viruses (n=9) were excluded from further analysis due to the inability to target 

harder-to-neutralise viruses. A criterion of exhibiting neutralisation against 

more than one tier 2/3 virus with an ID50 titre >100 was then used to select 

plasma samples for additional screening of neutralisation breadth. Finally, for 

the purpose of this research, it was necessary to study individuals with both 
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plasma and PBMC samples available, to investigate the phenotype of B cells 

(isolated from PBMCs) of individuals confirmed as having broadly neutralising 

antibody responses (identified from plasma). A total of 22 individuals met this 

requirement and were chosen to proceed with.  

 

 

HeLa TZM-bl cells express CD4 as well as CXCR4 and CCR5 for entry of HIV 

(regardless of tropism) and contain a tat-regulated firefly luciferase gene under the 

control of an HIV-1 LTR that is transcribed upon HIV infection. (A) Viral infectivity can 

be measured by the luciferase activity in relative light units (RLU) after lysing the cells 

and adding a luciferase substrate. (B) Neutralisation of HIV by plasma or monoclonal 

antibodies can be measured by the reduction in RLU, reflecting the reduction in viral 

infection, relative to (A). Image made with Biorender. 

 

Figure 4.1 TZM-bl cell reporter assay for the detection of HIV infection and 

antibody neutralisation.  
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Pre-existing plasma neutralisation data for (n=52) patients was analysed to identify 

those with the ability to neutralise heterologous viruses, based on neutralising tier 1 

and tier 2/3 viruses but not the negative control murine leukaemia virus (MLV). 

 

Figure 4.2 Selection of patients from the East London Cohort with the 

potential for broad neutralisation.  
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4.2  Screening plasma from patients against a standard PV panel 

revealed a range of neutralisation profiles, including elite 

neutralisation 

 

Standard panels of PVs are frequently used to screen for antibody 

neutralisation breadth, typically making use of harder-to-neutralise tier 2 

viruses from different viral clades. Analysis of large virus panels chosen from 

globally circulating strains (Simek et al. 2009) identified a minimal set of 6 PVs 

that could be used to calculate neutralisation breadth with the same degree of 

confidence as the full panel of viruses. As mentioned earlier, individuals that 

demonstrate very broad neutralising plasma activity against the 6 PV panel 

are termed elite neutralisers and can be identified as having a neutralisation 

score ≥2 (Landais et al. 2016). This scoring system, which takes into 

consideration the number and potency of viruses neutralised, has proven 

effective with follow-up studies confirming that bnAbs can be isolated from the 

PBMCs of donors identified as elite neutralisers (Walker et al. 2009).  

The standard 6 PV panel consists of tier 2 PVs expressing Env from multiple 

clades: 92TH021 (CRF AE), 94UG103 (Clade A), JRCSF (Clade B), 92BR020 

(Clade B), C22 (Clade C) and 93IN905 (Clade C). The minimal number of 

viruses in this panel (compared to the global 12 PV panel) is particularly 

advantageous, not only for rapid screening but also to reduce the amount of 

sample required, which is important for samples with limited availability such 

as those from the East London cohort. The plasma/serum from patients in the 

East London cohort selected in Figure 4.2 (n=22) was screened against this 6 

PV panel to identify those with broad neutralisation. This was achieved by 

titrating samples against PVs in neutralisation assays using TZM-bl reporter 

cells to determine the reduction in infectivity (as shown in Figure 4.1 and 

described in 2.6.3). Plasma/serum that produced a sigmoidal curve with two 

or more dilutions achieving >50% neutralisation and <50% neutralisation had 

an appropriate linear range to calculate an ID50 from. The ID50 titres exhibited 

by patient samples against the standard 6 PV panel are shown in Figure 4.3 

and demonstrate how effective each plasma/serum sample is against each 

PV, with a higher ID50 titre reflecting more potent neutralisation. The starting 
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dilution of plasma/serum used in assays was 1:100 and hence was the limit of 

detection, with ID50 titres <100 deemed as non-neutralising. In some 

instances, (sample permitting) the starting dilution of samples was lowered to 

1:50 in repeat assays to obtain sigmoidal curves to calculate an accurate ID50 

titre. Patients demonstrated varying degrees of potency against PVs in the 

panel (Figure 4.3), ranging from an ID50 titre of 102, which was only just above 

the limit of the detection, to an ID50 titre of 4649, which was highly potent. 

Patients also exhibited a range of neutralisation profiles against the standard 

6 PV panel, with some plasma/serum being incapable of neutralising any of 

the PVs whilst others were able to neutralise all six PVs (Figure 4.3). The most 

susceptible PV in the panel was 93IN905 (clade C), which was able to be 

neutralised by plasma from patients with a clade C infection but also those 

with a non-clade C infection. Conversely, C22, the other clade C PV in the 

panel was the most resistant to plasma neutralisation (Figure 4.3), signifying 

that differences in the Env can affect neutralisation despite being from the 

same clade. 

To assess the extent of neutralisation breadth, the ID50 titres achieved by 

patient plasma against each PV in the standard 6 PV panel were log-

transformed and then averaged to calculate a neutralisation score (as 

explained in section 2.6.3). The patients in Figure 4.3 are listed in order of their 

neutralisation score to rank the neutralisation breadth and identify moderate 

neutralisers (score ≥0.5), broad neutralisers (score ≥1) and elite neutralisers 

(score ≥2) (Landais et al. 2016). Despite being selected based on their 

capacity to neutralise heterologous viruses (Figure 4.2), six patients scored 

<0.5 and displayed little to no neutralisation breadth against the 6 PV panel. 

Five patients achieved a score between 0.5 and 1, reflecting moderate breadth 

of neutralisation and seven displayed broad neutralisation with a score >1. 

However, of most interest were the four patients (T125, R216, K300c and 

A260) demonstrating elite neutralisation (with a score >2), indicating the 

potential to produce bnAbs (Walker et al. 2009; Walker et al. 2011). Indeed, 

the plasma from patients T125, R216 and A260 were able to neutralise all six 

PVs in the panel. In particular, T125 exhibited highly potent neutralisation (ID50 

titre >1000) of four PVs in the panel, from three different clades, and 
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consequently achieved the highest neutralisation score of 3.19. Plasma from 

K300c also exhibited elite neutralisation, with only one PV (92BR020) not 

susceptible. Although plasma/serum from other patients in the cohort also 

demonstrated the ability to neutralise five PVs in the panel, the ID50 titres were 

not as high and therefore not as potent as K300c, resulting in a neutralisation 

score of <2. In addition, samples were re-tested against the negative control 

PV MLV and results confirmed the previous findings that these patients were 

unable to neutralise MLV, with an ID50 titre of <100 (Figure 4.3). This validated 

that none of the patients were on ART at the time of sampling and that the 

neutralisation of HIV PVs was a result of the antibody response. Although 

ideally plasma/serum would have been tested for an n=3 against all PVs, with 

at least one of these repeats testing plasma in duplicate, the limited amount of 

sample available restricted this to an n=2 with most individuals only being 

tested in singlet each time.  

As mentioned earlier, neutralisation scores for patient samples were 

calculated from the ID50 titres achieved against the standard 6 PV panel. A 

representative graph of plasma/serum from each neutralisation score shows 

the neutralisation curves used to identify these ID50 titres (Figure 4.4a). A 

neutralisation score of 0 reflects the inability of plasma/serum to neutralise any 

of the PVs tested and is shown by the titration series for patient S162, with 

only the top dilution close to 50% neutralisation which is insufficient to 

calculate an ID50 titre. Plasma with a neutralisation score <0.5 but >0, e.g. 

patient G400, neutralised a single PV with a sigmoidal curve consisting of at 

least two plasma dilutions achieving >50% neutralisation, as shown in the 

representative graph (Figure 4.4a). In this example, with patient G400 and for 

patient M210c the neutralisation was found to be clade-specific, with the clade 

of infection matching the clade of the PV neutralised, although this was not 

true of the other two patients with a neutralisation score between 0 - 0.5 (Figure 

4.3). To be categorised as a moderate neutraliser with a score >0.5 (but <1), 

plasma either exhibited highly potent neutralisation of a single PV or was 

capable of neutralising two PVs in the standard panel (Figure 4.3). The latter 

is shown for patient J520 in the representative graph for a score >0.5 (Figure 
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4.4a), with two PVs from different clades being neutralised by plasma and 

therefore demonstrates a level of cross-clade neutralisation.  

Broad neutralisation was exhibited by plasma that achieved a score >1, with 

the ability to neutralise three or more PVs in the standard 6 PV panel. The 

graph representing a neutralisation score >1 demonstrates the neutralisation 

of five PVs by patient D650, starting with the plasma dilution of 1:100 dilution 

but also from 1:50 dilution for 92TH021 and 93IN903 PVs. A lower dilution of 

plasma was used in this case to obtain a sigmoidal curve and accurate ID50 

titre for PVs that were susceptible to neutralisation only at 1:100 dilution, which 

was possible for this patient due to a higher volume of plasma available. 

However, the need for a lower plasma dilution is reflected by a lower ID50 titre 

(Figure 4.3) and less potent neutralisation of the PV. Finally, a representative 

graph for a neutralisation score >2 is shown in Figure 4.4a and demonstrates 

plasma with the most breadth and highest potency. In this example, all six of 

the PVs in the standard panel were neutralised by patient T125 and only 

plasma against 94UG103 PV had to be titrated using a lower starting dilution 

(1:50) to obtain an accurate ID50 titre.  

In summary, a range of different neutralisation profiles were obtained from 

plasma tested against the standard 6 PV panel and the proportion of the 

neutralisation scores achieved by the cohort is illustrated in Figure 4.4b. This 

revealed that half of the patients tested had a neutralisation score <1, 

reflecting little to no breadth, and half had a neutralisation score >1, reflecting 

broad and elite plasma neutralisation. In particular, elite neutralisers with a 

score >2 were successfully identified and found to represent 18% of the 

patients. It should be noted that this percentage is higher than the 1-10% of 

patients that have been found with elite neutralisation in other studies 

(reviewed in (McCoy and McKnight 2017)) but is likely due to the pre-selection 

of patients from the East London cohort with neutralisation of heterologous tier 

2 PVs (Figure 4.2).  
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Figure 4.3 Identification of elite neutralisers among HIV-1 infected 

individuals in the East London Cohort using a standard pseudo-typed virus 

(PV) panel.  

Patient plasma/serum neutralisation against the standard 6 PV panel (92TH021, 

94UG103, JRCSF, 92BR020, 93IN905 and C22) and negative control murine 

leukemia virus (MLV) tested in the TZM-bl assay. Plasma/serum neutralisation of PVs 

reflected by ID50 titres are representative of n=2 with a colour gradient from yellow to 

red for lowest to highest respectively. An ID50 titre <100 indicates no neutralisation. 

Plasma/serum were tested in duplicate, or in singlet where sample was limited. 

Individuals are referred to by the patient IDs assigned in the original study for 

anonymity and the clade of viral infection is indicated unless unknown (marked with 

a hyphen). Neutralisation scores (calculated from log-transformed titres) indicate 

moderate neutralisers (score ≥0.5), broad neutralisers (score ≥1) and elite 

neutralisers (score ≥2) (Landais et al. 2016).  
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(A) Neutralisation curves from serial dilution of patient plasma/serum tested against 

a negative control PV MLV (grey) and the standard 6 PV panel: 92TH021 (red), 

94UG103 (green), JRCSF (blue), 92BR020 (purple), 93IN905 (orange) and C22 

(yellow). A representative graph of neutralisation with a score of 0, <0.5, >0.5, >1 and 

>2 is shown by patients S162, G400, J520, D650 and T125 respectively, with a dotted 

line plotted at 0% and 50% neutralisation. Patient plasma/serum were tested in singlet 

(where sample was limited), or in duplicate with the mean and error bars plotted. (B) 

Summary of neutralisation scores for patient plasma/serum (n=22) screened against 

the standard 6 PV panel.  

Figure 4.4 HIV-1 infected individuals from the East London Cohort exhibit 

a range of neutralisation profiles.  
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4.3  Characterisation of elite neutralisers who have the potential to 

produce broadly neutralising antibodies 

 

BnAbs have been previously isolated from individuals identified as elite 

neutralisers, and for this reason, only patients that demonstrated elite 

neutralisation (score >2) in the East London cohort were considered for further 

analysis. Neutralisation curves for the four elite neutralisers T125, R216, 

K300c and A260 are shown in Figure 4.5a and, as mentioned before, were 

generated by serial titration of plasma to calculate the ID50 titres presented in 

Figure 4.3. These curves illustrate the subtle differences in the ability of each 

elite neutraliser to target the PVs in the standard panel. For instance, T125 

and R216 plasma were the least effective at neutralising 94UG103 PV and 

A260 had weaker neutralisation of both 94UG103 and C22 PVs, requiring 

plasma to be tested from a lower starting dilution (1:50) to obtain ID50 titres.  

On the other hand, K300c plasma was classified as non-neutralising against 

92BR020 PV with an ID50 titre <100 (Figure 4.3) yet exhibited a weak level of 

neutralisation (63%) just above the 50% threshold against this PV at 1:100 

dilution. However, this neutralisation was not sustained in the titration series 

and dropped down to 12% at the next plasma dilution. As the availability of 

plasma from K300c was more limited than the other three elite neutralisers, it 

was not possible to titrate this sample from a lower starting dilution to 

determine the extent of neutralisation against 92BR020. Despite this, it is clear 

that the antibodies in K300c plasma were less capable of targeting this clade 

B PV compared to the other clade B PV in the panel (JRCSF), indicating that 

the epitope(s) targeted are not as accessible or not present in the 92BR020 

PV. It is also worth highlighting that K300c plasma showed the highest level of 

background against the negative control PV (MLV) out of the four elite 

neutralisers (Figure 4.5a), although the maximum neutralisation at 1:100 

dilution was only 36% and therefore classified as non-neutralising. 

As reviewed earlier (section 1.5), studies of HIV-infected individuals 

categorised according to their plasma neutralisation capacity have previously 

shown an association between broad neutralisation and high viral load, low 

CD4 T cell count, length of infection and ethnicity. The demographics and 
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clinical features of the four elite neutralisers are shown in Figure 4.5b. These 

patients had an age range of 30-41, were all male except for R216 and were 

sampled between 2007 and 2009 for recruitment into the East London cohort 

on the basis of being infected with HIV for at least one year. Regrettably the 

exact date of HIV acquisition, and therefore the length of infection is unknown 

for these patients. However, the clade of infection and country of birth for 

patients were identified where possible from the original study (Dreja et al. 

2010). Three of the elite neutralisers (T125, R216 and K300c) had a clade C 

HIV infection, which was the most prevalent clade circulating at the time of 

sampling and represented 48% of global infections from 2005-2009 (Hemelaar 

et al. 2019), while the remaining elite neutraliser (A260) had a CRF_AE 

infection. Although the country of birth for these patients was presumed to be 

the location of HIV acquisition, this seems unlikely for A260 who originated 

from Ghana, located in western Africa where this clade was not widely 

circulating (<1%) (Hemelaar et al. 2019). Of greater importance was that none 

of these patients were identified as elite controllers at the time of sampling. 

While a viraemic controller or long-term non-progressor is capable of limiting 

the level of viral replication in the absence of ART, an elite controller refers to 

an individual that is capable of reducing the viral load below the level of 

detection in the absence of ART (Pereyra et al. 2008). Even though there have 

been instances where elite neutralisers capable of producing bnAbs have also 

been found to be elite or viraemic controllers (Scheid et al. 2011; Freund et al. 

2017; Sajadi et al. 2018), this is not common and would make investigating 

the immune response and phenotype specifically associated with a broadly 

neutralising antibody response difficult. In fact, all of the elite neutralisers with 

known clinical data in Figure 4.5b were viraemic, with >70,000 c/mL and had 

a CD4 count <400 cells/µL, indicating a lower level of CD4 T cells than the 

normal range which is expected during viremia but was not AIDS-defining 

(<200 cells/µL). Finally, it should be noted that these viral / disease parameters 

were extracted from publicly available data from the ('LANL Sequence 

Database') and a previously published paper (Corti et al. 2010) and as a result 

did not always match the date of samples, as was the case for K300c.  
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Plasma from the elite neutralisers T125, R216, K300c and A260 were next 

screened for neutralisation against BG505 (clade A) and CRF250-4 (CRF 

02_AG) PVs (Figure 4.6). It was necessary to determine whether BG505 and 

CRF250-4 Env could be targeted by elite neutralisers for two main reasons. 

First, the Env from these viruses has been produced successfully as 

recombinant, soluble, stabilised gp145 ‘SOSIP’ trimers (Sanders et al. 2013; 

Voss et al. 2017; Pugach et al. 2015) that can be used as antigen probes to 

isolate HIV-specific B cells without presentation of decoy epitopes found on 

non-stabilised Env. The rationale was that if antibodies in the plasma are 

capable of binding and neutralising these PVs, then BCRs on HIV-specific 

memory B cells in the PBMCs from these patients should also be capable of 

binding to BG505 and CRF250-4 Env in FACS. Second, the BG505 and 

CRF250-4 PVs can be used in epitope mapping experiments, with mutations 

introduced into bnAb epitopes or with soluble protein for absorption of 

neutralisation to determine which site on the HIV-1 Env is being targeted. The 

elite neutralisers demonstrated the ability to target both BG505 and CRF250-

4 PVs, with serially diluted plasma resulting in two data points both above and 

below 50% neutralisation (Figure 4.6a), except for A260 which had only 42% 

neutralisation of BG505 at the second dilution. As this was close to 50%, an 

ID50 titre was still calculated to determine the extent of neutralisation and 

showed that A260 had an ID50 of 275 against the BG505 PV, reflecting 

relatively weak neutralisation compared to the other elite neutralisers (Figure 

4.6b). The ID50 titres calculated from the neutralisation curves also revealed 

that the CRF250-4 PV was more sensitive to plasma neutralisation by all 

patients, with higher titres achieved, than BG505 PV (Figure 4.6b). Even 

though both PVs have been classified as harder-to-neutralise tier 2 viruses 

(Yoon et al. 2015), this indicates that the epitopes targeted on the CRF250-4 

PV by T125, R216, K300c and A260 are more accessible than on the BG505 

PV. Nonetheless, an ID50 titre of >1000 was achieved by T125 against both 

PVs and thus this elite neutraliser exhibited highly potent neutralisation of both 

BG505 and CRF250-4 PVs. Furthermore, these results show that both Envs, 

in particular CRF250-4, would be suitable antigen probes to identify HIV-

specific memory B cells from these elite neutralisers.   
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The standard 6 PV panel used to identify elite neutralisers (Figure 4.3) can 

also be used to identify potential epitopes targeted. For instance, the inability 

to neutralise certain PVs in this panel may indicate a particular epitope that is 

being targeted. Specifically, the resistance of 92TH021 PV to neutralisation 

can be characteristic of a high mannose patch specificity, as this PV lacks a 

glycan at position 332 which is required in the epitope of many high mannose 

patch bnAbs such as 2G12, PGT121-124, PGT127, PGT133, PGDM12 and 

PGDM21 (Sok, Doores, et al. 2014; Sok et al. 2016; Murin et al. 2014). 

Meanwhile, the resistance of 92BR020 PV to neutralisation can be indicative 

of a trimer apex specificity, due to the observation that bnAbs targeting the 

HIV Env trimer apex such as PG9, PG16, PGDM1400, VRC26.08 and the 

PCT64 lineage are not able to neutralise this virus (Yoon et al. 2015). All of 

the elite neutralisers T125, R216, K300c and A260 were capable of 

neutralising 92TH021 PV (Figure 4.3), suggesting that the high mannose 

patch is not targeted to achieve neutralisation breath. However, one elite 

neutraliser (K300c) showed reduced ability to neutralise 92BR020 PV with an 

ID50 titre <100 (Figure 4.3 and 4.5a), indicating that the apex epitope may be 

targeted. In addition, K300c potently neutralised the CRF250-4 PV with an ID50 

titre >6000 (Figure 4.6b) and as the CRF250-4 Env is highly sensitive to apex 

antibodies (Voss et al. 2017) this also suggests an apex specificity. The high 

potency against CRF250-4 PV also meant that a higher starting dilution 

(1:400) could be used in neutralisation assays which required less plasma 

sample for epitope mapping, which was important because the K300c sample 

was very limited. 
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(A) Neutralisation curves from serial dilution of patient plasma T125, R216, K300c 

and A260 tested against a negative control PV MLV (grey) and the standard 6 PV 

panel: 92TH021 (red), 94UG103 (green), JRCSF (blue), 92BR020 (purple), 93IN905 

(orange) and C22 (yellow). Patient plasma were tested in duplicate with the mean 

and error bars plotted, or in singlet where sample was limited. Dotted lines indicate 

0% and 50% neutralisation. (B) Demographic characteristics for patients and the 

clade of infection were provided by collaborators. Clinical features regarding viral load 

and CD4+ T cell count were sourced from publicly available data online. An asterisk 

(*) marks information from 2 years before the sampling date. Neutralisation scores 

achieved by patient plasma tested in (A) reflect elite neutralisation (score >2). 

Figure 4.5 Neutralisation profiles, demographic characteristics and clinical 

features of elite neutralisers.  
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(A) Neutralisation curves from 3-fold serial dilution of patient plasma (starting from 

1:100) tested against BG505 and CRF250-4 PV. Plasma was tested in duplicate with 

the mean and error bars plotted, except for K300c which was tested in singlet due to 

limited sample available. Dotted lines indicate 0% and 50% neutralisation. (B) ID50 

titres for patient plasma neutralisation against BG505 and CRF250-4 PV were 

calculated from neutralisation curves in (A), coloured with a gradient from yellow to 

red for lowest to highest respectively. 

 

 

 

Figure 4.6 Elite neutralisers demonstrate neutralisation of PVs that can be 

used to investigate epitope specificities.  
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4.4  Plasma neutralisation depends on the trimer apex epitope for patient 

K300c and partially for patient T125 

 

The potential N-linked glycosylation site (PNGS) at position 160 (HXB2 

numbering) in particular has been identified as an essential component of the 

trimer apex bnAb epitope with mutant viruses lacking N160 becoming partially 

or completely resistant to neutralisation (Andrabi et al. 2015). A lysine at 

position 169 is also common in many apex bnAb epitopes and is required for 

neutralisation by the CAP256 lineage (Andrabi et al. 2015). Therefore, a 

CRF250-4 Env plasmid already containing mutation of N160 was altered 

further to mutate K169 by site-directed mutagenesis (SDM) (as described in 

section 2.6.5), resulting in a CRF250-4 Env with both N160A and K169T 

mutations. As expected, the double mutant (N160A/K169T) introduced into 

CRF250-4 PV could knock out neutralisation by the apex bnAb PG9 but did 

not affect the neutralisation by bnAb PGT121 which targets a different epitope 

(high mannose patch) on the HIV Env (Figure 4.7a). The CRF250-4 

N160A/K169T PV was also found to be completely resistant to plasma 

neutralisation by K300c (Figure 4.7b), confirming that the trimer apex of the 

HIV Env is targeted for neutralisation by this patient. Plasma from the other 

elite neutralisers was also assessed for the presence of trimer apex specific 

antibodies that may explain their broad neutralisation activity, although this 

was not expected due to T125, R216 and A260 plasma all showing 

neutralisation of 92BR020 PV (Figure 4.3). Surprisingly, plasma from T125 

showed a decreased ability to neutralise the CRF250-4 N160A/K169T PV, with 

a shift in the curve down and to the left compared to the wild-type (WT) PV 

(Figure 4.7b). This shift in the curve to the left indicates that more plasma (a 

lower dilution) is required to achieve 50% neutralisation and is therefore not 

as effective against the mutant PV. Indeed, mutations introduced into the apex 

epitope resulted in an 8-fold decrease in neutralisation (Figure 4.7c), although 

were not capable of fully knocking out neutralisation as seen with K300c 

plasma and the bnAb control PG9. 

Plasma from R216 and A260 also showed a slight shift in the neutralisation 

curve to the left when tested against the CRF250-4 N160A/K169T PV, 
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however, the decrease in neutralisation relative to the WT PV was <3-fold 

(Figure 4.7b and 4.7c). An acceptable level of variation in neutralisation has 

been previously established as 3-fold (Sarzotti-Kelsoe et al. 2014), therefore 

this threshold was used to identify whether an effect on the neutralisation was 

due to the epitope targeted or not. The decrease in neutralisation against the 

apex mutant PV by A260 plasma was only 1.9-fold, similar to the 1.6-fold 

decrease shown by the control bnAb PGT121 that targets a different epitope. 

For R216, the plasma showed a 2.6-fold decrease in neutralisation against the 

N160A/K169T mutant PV, which was close to the threshold of 3-fold change 

but still deemed as not having an apex epitope specificity. In summary, T125 

was partially dependent on the N160 glycan site and K169 residue being 

present for neutralisation, indicating that the apex epitope is targeted by some 

if not all antibodies in the plasma. In contrast, neutralisation by K300c plasma 

was mapped entirely to the apex epitope and therefore was not included in 

further epitope mapping experiments.  
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Figure legend on next page 
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(A-B) Neutralisation of CRF250-4 PV with and without N160A and K169T mutations 

in the trimer apex epitope. Dotted lines indicate 0% and 50% neutralisation. (A) 

Neutralisation curves from serial dilution of control HIV bnAbs PG9 (apex-specific) 

and PGT121 (high mannose patch specific), tested in duplicate with the mean and 

error bars plotted. (B) Neutralisation curves from serial dilution of patient plasma 

T125, R216 and A260 tested in duplicate with the mean and error bars plotted. Patient 

K300c was tested in singlet due to limited plasma. (C) Fold decrease in the 

neutralisation of CRF250-4 PV as a result of mutations N160A and K169T were based 

on the change in IC50 values for HIV bnAbs in A and ID50 titres for patient plasma in 

B. A decrease in neutralisation of at least 3-fold is highlighted.  

 

4.5  Patient R216 plasma neutralisation is partially absorbed by excess 

soluble gp120  

 

Plasma was next tested for binding to the (monomeric) gp120 subunit in 

absorption assays by incubating plasma with excess BG505 D368R gp120 

before the addition of BG505 PV and cells. The use of a gp120 with the D368R 

mutation was necessary to prevent interference with the assay. It is known 

that the aspartate residue at position 368 interacts with CD4 (Kwong et al. 

1998), as such the D368R mutation in gp120 was required to prevent binding 

to CD4 receptors on cells that would block PV from entering cells and thus 

mimic neutralisation. A caveat is that this mutation can also affect the binding 

of antibodies that target the CD4bs (Zhou et al. 2015). Antibodies in the 

plasma that recognise sites on gp120 (other than the CD4bs) should therefore 

bind the soluble gp120 and consequently not be capable of neutralising the 

PV.  

The effect of gp120 absorption on the neutralisation was first validated using 

bnAb controls, PGT121 and VRC01. These bnAbs were chosen on the basis 

that PGT121 targets the high mannose patch, which is present on the gp120 

monomer, while VRC01 targets the CD4bs and therefore should not be able 

to bind to the gp120 as a result of the D368R mutation. Results show that as 

Figure 4.7 Plasma neutralisation depends on the trimer apex epitope for 

patient K300c but only partially for patient T125.  
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expected PGT121 bound to the soluble gp120 and was no longer capable of 

neutralising the BG505 PV, however, VRC01 was unaffected (Figure 4.8a). 

The neutralisation capacity of patient plasma T125 and R216 was then 

assessed in the absorption assay to identify if plasma antibodies targeted an 

epitope on the gp120 (Figure 4.8b). Plasma from A260 was not included in the 

absorption assay with BG505 as this PV was not potently neutralised (Figure 

4.6) and it was deemed more appropriate to preserve plasma for use in other 

epitope mapping assays where an effect on neutralisation would be more 

prominent.  

Patient T125 plasma was still able to neutralise the BG505 PV following pre-

incubation with gp120 but the potency was decreased, as shown by the shift 

in the neutralisation curve to the left. Plasma neutralisation of the BG505 PV 

by R216 was also decreased following pre-incubation with gp120, resulting in 

only one plasma dilution (1:100) producing more than 50% neutralisation 

(Figure 4.8b). The fold-decrease in the neutralisation of BG505 PV after gp120 

absorption was calculated and shown in Figure 4.8c. Although R216 had a 

3.3-fold decrease in neutralisation and passed the 3-fold threshold, T125 only 

demonstrated a 2.5-fold decrease in neutralisation and therefore was not 

deemed a large enough change to be attributed to the epitope targeted. Taking 

the bnAb controls into consideration, PGT121 showed >17-fold decrease with 

neutralisation completely absorbed by excess gp120, yet in comparison 

plasma neutralisation by R216 was only partially absorbed. This partial 

mapping to the gp120 monomer could be explained by the polyclonal nature 

of plasma that likely contains antibodies to more than one epitope, or because 

only part of the epitope is present. For instance, neutralising antibodies 

targeting the trimer apex, or the gp120-gp41 interface would not be predicted 

to be fully absorbed by the gp120 subunit alone as they require the trimeric 

form for the epitope for neutralisation. 
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(A-B) Neutralisation of BG505 PV with and without prior BG505 D368R gp120 

absorption. Dotted lines indicate 0% and 50% neutralisation. (A) Neutralisation curves 

from serial dilution of HIV bnAbs PGT121 and VRC01, tested in duplicate with the 

mean and error bars plotted. (B) Neutralisation curves from serial dilution of patient 

plasma T125 and R216 tested in duplicate with the mean and error bars plotted. (C) 

Fold decrease in the neutralisation of BG505 PV absorbed by monomeric BG505 

D368R gp120 was based on the change in IC50 values of HIV bnAbs from (A) and 

ID50 titres of patient plasma from (B). A decrease in neutralisation of at least 3-fold is 

highlighted. 

 

 

Figure 4.8 Plasma neutralisation by patient R216 is partially absorbed by 

monomeric gp120.  
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4.6  Patient T125 and A260 plasma neutralisation is partially enhanced by 

removing glycans around the CD4bs 

 

Glycans at positions 276 and 462 surround the CD4bs and can limit antibody 

access to this epitope. Removal of the N276 glycan has been shown to either 

improve neutralisation by CD4bs bnAbs, such as VRC01, or restrict 

neutralisation for those that incorporate N276 into their epitope, such as HJ16 

(Zhou et al. 2015). The increase in neutralisation by VRC01 against the double 

glycan mutant N276D / N462D in the BG505 PV was validated in Figure 4.9a, 

and neutralisation by the bnAb PGT151 that targets a different epitope (gp120-

gp41 interface) was found to be unaffected.  

To assess whether plasma had a CD4bs specificity, similar to VRC01, 

neutralisation by T125, R216 and A260 was evaluated against the BG505 

N276D / N462D PV. This revealed that both T125 and A260 plasma had a 

shift in the neutralisation curve to the right (Figure 4.9b), reflecting an increase 

in neutralisation when glycans surrounding the CD4bs were removed from 

BG505 PV. In contrast, R216 plasma did not show an increase in the ability to 

neutralise BG505 N276D / N462D PV and instead had a very slight shift in the 

curve to the left that resulted in a <1-fold change (Figure 4.9c). The increase 

in neutralisation was found to be 4.2-fold higher than the WT PV for T125 

plasma and 2.9-fold higher than the WT PV for A260 plasma, which meets the 

3-fold threshold if rounded up. This indicates that a relatively small proportion 

of the polyclonal neutralising antibodies are targeting the CD4bs in a manner 

that doesn’t incorporate glycans into the epitope. Moreover, as neither T125 

nor A260 plasma exhibited a fold-increase in neutralisation to the same extent 

as bnAb VRC01 this suggests that the CD4bs is not the only epitope targeted. 
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Figure legend on next page 
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(A-B) Neutralisation of BG505 PV with and without mutation of glycans N276D and 

N462D near the CD4bs epitope. Dotted lines indicate 0% and 50% neutralisation. (A) 

Neutralisation curves from serial dilution of HIV bnAbs targeting the CD4bs (VRC01) 

and gp120-gp41 interface (PGT151) epitopes, tested in duplicate with the mean and 

error bars plotted. (B) Neutralisation curves from serial dilution of patient plasma 

T125, R216 and A260 tested in duplicate with the mean and error bars plotted. (C) 

Fold increase in the neutralisation of BG505 PV as a result of mutations N276D and 

N462D were based on the change in IC50 values of HIV bnAbs from (A) and ID50 

titres of patient plasma from (B). An increase in neutralisation of at least 3-fold is 

highlighted.  

 

4.7  Elite neutralisers did not show evidence of high mannose patch, 

fusion peptide or MPER directed neutralisation  

 

The trimer apex (blue), CD4bs (green), high mannose patch (pink), gp120-

gp41 interface (red) and MPER (yellow) epitopes known to be targeted by 

bnAbs (McCoy and Burton 2017) are highlighted on the HIV trimeric Env in 

Figure 4.10a, comprised of the gp120 (pale grey) and gp41 (dark grey) 

subunits. As described above, the effect of PV mutation within these epitopes 

and the effect of protein absorption on patient plasma neutralisation activity 

was determined in comparison to the WT PV. Due to the inherent variation 

that is routinely seen between neutralisation assays with polyclonal plasma, 

only a fold-change in neutralisation ≥3 (Sarzotti-Kelsoe et al. 2014) was 

considered as a difference due to the epitope targeted and has been 

highlighted in Figure 4.10b. Results from epitope mapping neutralisation 

assays that demonstrated a fold-change of ≥3 have already been shown and 

discussed in Figures 4.7, 4.8, and 4.9, with plasma affected by mutations in 

the apex and around the CD4bs as well as being absorbed by monomeric 

gp120 for different patients. Although K300c neutralisation appears to be 

dominantly targeting the trimer apex, neutralisation by T125, R216 and A260 

plasma were only partially mapped and so additional assays were performed 

in an attempt to fully identify the epitopes targeted. 

Figure 4.9 Plasma neutralisation by patient T125 and A260 is enhanced 

when glycans surrounding the CD4bs are removed.  
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As mentioned earlier, resistance to 92TH021 PV can indicate targeting of the 

high mannose patch epitope. Although all the elite neutralisers were capable 

of neutralising 92TH021 PV (Figure 4.3), only the N332 glycan is absent from 

this PV. It has previously been shown that mutation of the N332 glycan alone 

is not necessarily enough to knockout neutralisation for certain high mannose 

patch bnAbs (PGT125, PGT126, PGT128, PGT130 and PGT131) and instead 

a double mutant N332A/N295A is required to knock out all neutralisation 

activity (Sok, Doores, et al. 2014). Therefore, to test if plasma targeted the 

high mannose patch, neutralisation against a double mutant N332A / N295A 

was assessed. T125, R216 and A260 plasma had already shown the ability to 

neutralise JRCSF PV and therefore the double glycan mutant available in this 

PV was tested. None of the patient plasma were affected by the N332A / 

N295A mutation, with the fold-change in neutralisation compared to the WT 

JRCSF PV remaining close to one (Figure 4.10b), indicating that the high 

mannose patch is not targeted. Another epitope on Env targeted by bnAbs is 

the fusion peptide at the gp120-gp41 interface, which has been shown to have 

a reliance on the highly conserved glycan at position 88 on the gp120 for 

neutralisation (Kong et al. 2016; van Gils et al. 2016). The removal of the N88 

glycan using a T90A mutation (to abolish the N-X-S/T glycosylation site 

required for glycosylation, as explained in 1.2.1) renders JRCSF PV resistant 

to the bnAb ACS202 (van Gils et al. 2016). This mutant was used to identify 

whether any of the plasma neutralisation could also be knocked out by altering 

the fusion peptide epitope, however, no change in neutralisation was observed 

against JRCSF T90A (Figure 4.10b). Plasma samples were also assessed 

further for CD4bs specificity using the JRCSF PV with the D279A mutation 

introduced, as this has been shown to substantially hinder the neutralisation 

of CD4bs bnAbs VCR01 and PGV04 (Falkowska et al. 2012). Despite T125 

and A260 showing a partial CD4bs specificity, with increased neutralisation 

when glycans surrounding the CD4bs were removed, the D279A mutant did 

not decrease the neutralisation exhibited by any patient plasma (Figure 4.10b), 

suggesting that this residue is not targeted and the plasma activity is not 

VRC01-like. 
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It was also important to determine whether the plasma response of these elite 

neutralisers was directed towards the MPER of Env, which is not present on 

stabilised SOSIP trimers that are often used as Env probes to isolate HIV-

specific B cells. To check for this, a linear MPER peptide of JRCSF was 

synthesised to include residues targeted by a range of MPER bnAbs including 

2F5, 4E10 and LN01 (Binley et al. 2008; Pinto et al. 2019). Absorption assays 

where plasma was pre-incubated with the JRCSF MPER peptide showed that 

the neutralisation capacity against JRCSF PV was not altered for T125, R216 

or A260, as shown by the limited variation in fold-change away from one 

(Figure 4.10b). While the linear MPER peptide used in this assay absorbed 

neutralisation by the bnAb 2F5, it was less effective at absorbing 4E10 

neutralisation (data not shown) but is likely due to the requirement for a helical 

conformation found in the native trimer (Cardoso et al. 2005). 
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(A) Model of HIV-1 Env structure adapted from (McCoy and Burton 2017) with bnAb 

epitopes highlighted: high mannose patch (pink), trimer apex (blue), CD4bs (green), 

gp120-gp41 interface (red) and MPER (yellow). (B) Effect of PV mutation or protein 

absorption on plasma neutralisation by elite neutralisers T125, R216, K300c and 

A260 given as fold-change in ID50 titre compared to the wild-type (WT) PV or 

condition, those with at least a 3 fold-change are highlighted. Effects on plasma that 

was not determined (ND) due to limited sample is indicated. 

 

Figure 4.10 Plasma from elite neutralisers exhibit different HIV Env epitope 

specificities.  
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4.8  Overview of the epitopes targeted by plasma from elite neutralisers 

and the implications on the Env probes for FACS 

 

Epitope mapping was successful to varying degrees in identifying regions on 

the HIV Env targeted by the plasma of elite neutralisers. For T125 plasma, 

absorption with gp120 resulted in a 2.5-fold change in neutralisation but was 

just below the 3-fold change cut-off. However, the fact that this effect on 

neutralisation wasn’t very strong may be explained by the finding that the 

epitope can be mapped by mutagenesis both to the CD4bs and trimer apex. 

Both of these epitopes are unlikely to be fully blocked by the decoy gp120 

because (i) it contained the D368R mutation, which can prevent the binding of 

CD4bs antibodies and (ii) gp120 is monomeric which can limit the binding 

capacity of trimer preferring apex antibodies. This partial mapping of the 

epitopes targeted for neutralisation breadth by T125, along with a dual 

specificity meant that a single epitope could not be knocked out in an antigen 

probe to distinguish between bnAb and non-bnAb B cells. Instead, a 

combination of both BG505 and CRF250-4 Env could be used as probes for 

FACS because the corresponding PVs were strongly neutralised by T125 

plasma. This approach should identify dual binding of both Env probes, 

expected to be exhibited by bnAb B cells, as well as binding of a single Env 

probe, likely by non-bnAb B cells. 

The R216 plasma neutralisation was partially attributed to an epitope on 

gp120, however, none of the mutations investigated had a large enough effect 

on the neutralisation to identify the exact specificity. This may have been due 

to different residues within these epitopes being targeted, or that a different 

region on Env was targeted such as the silent face (Schoofs et al. 2019), which 

was not tested. Further screening would therefore be needed to validate that 

the neutralisation breadth was attributable to only one or two bnAb epitopes in 

this elite neutraliser.  

In contrast, plasma from K300c had complete knockout of neutralisation 

against the CRF250-4 N160A / K169T PV, with >200 fold-change, and was 

therefore mapped to the apex epitope without the need to test plasma against 

any other mutants or in absorption assays. The CRF250 Env with and without 
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mutations to N160 and K169 in the apex epitope could therefore be used as 

antigen probes in FACS for identifying bnAb B cells from K300c that bind only 

the wild-type CRF250 Env and non-bnAb B cells capable of binding the mutant 

Env.  

Finally, plasma from A260 was partially mapped to the CD4bs with an 

enhancement in neutralisation upon removal of glycans surrounding this 

epitope, yet this plasma was not impacted by mutation of D276 in the PV. 

Therefore, a similar approach could be taken for sorting B cells from A260 as 

proposed for T125, with two different Envs used as antigen probes to identify 

HIV-specific B cells. While CRF250 Env would be suitable, the BG505 Env 

may not be targeted very well as this PV was not potently neutralised by A260 

and therefore a more suitable choice would be the use of Env from a PV with 

a higher ID50 titre. 

Taken together, these results indicate that T125 and K300c were the most 

suitable elite neutralisers to investigate the phenotype associated with broadly 

neutralising antibodies. In particular, T125 achieved the highest neutralisation 

score reflecting the greatest breadth and potency, yet K300c was able to be 

mapped solely to one bnAb epitope. 
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Summary 

Patients from the East London cohort, chosen based on the ability to neutralise 

heterologous tier 2 PVs, showed a wide range of neutralisation profiles when 

tested against a standard 6 PV panel (Simek et al. 2009). Screening against 

this standard panel enabled neutralisation scores to be calculated to reflect 

the breadth and potency of plasma, which has been previously used to identify 

bnAb donors (Landais et al. 2016). Here, this method was successful in 

identifying four elite neutralisers with the potential to produce bnAbs, indicated 

by a neutralisation score >2. However, half of the patient plasma tested were 

found to have a neutralisation score of <1, reflecting only moderate to limited 

breadth with two patients demonstrating no plasma neutralisation against the 

standard 6 PV panel. It could be argued that higher neutralisation scores may 

have been found across the cohort if a lower starting dilution of plasma had 

been used to screen patient samples. However, this was not feasible with the 

volume of plasma available. Indeed, the selection of patients based on their 

ability to neutralise heterologous PVs was based on pre-existing neutralisation 

data that started from a 1:20 dilution and this difference in starting dilution may 

explain why some patients exhibited no/limited neutralisation of the standard 

6 PV panel in the present study. Nevertheless, the sole goal of screening this 

cohort was to identify elite neutralisers with plasma breadth and potency, 

therefore the more stringent starting dilution of 1:100 ensured that weak 

neutralisation was not considered and that sufficient sample was preserved 

for epitope mapping experiments.   

Epitope mapping was then carried out to identify bnAb specificities of elite 

neutralisers and to use this knowledge to inform the choice of antigen probes 

for single B cell isolation by FACS. This was successful for K300c which was 

found to have a trimer apex specificity, and for T125 which had a dual 

specificity for the trimer apex and CD4bs epitopes. Conversely, plasma from 

A260 was only partially mapped (to the CD4bs) and R216 plasma 

neutralisation was only found to rely on an epitope within gp120 to a limited 

degree. As demonstrated by the varying degrees of success, a caveat to the 

method of epitope mapping using mutated PVs is that bnAb epitopes are 

targeted in different ways by mAbs and can vary in terms of the residues that 
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are bound within the general epitope or mAb footprint (McCoy and Burton 

2017). In addition, protein absorption was carried out using soluble, 

monomeric gp120 (with a key residue in the CD4bs mutated) and a soluble, 

linear MPER peptide. However, these versions of the gp120 and MPER do not 

reflect the conformation found in the trimeric Env, which neutralising antibodies 

target, and therefore was a limitation in epitope mapping to these sites. For 

the MPER epitope, this could have been overcome through the use of HIV-2 

chimeric PVs with HIV-1 MPER, as done in other studies (Gray et al. 2009; 

Landais et al. 2016), although would have also required testing plasma against 

the HIV-2 WT PV to ensure this was not neutralised.  

Overall, the results in this chapter identified four elite neutralisers, with two 

(T125 and K300c) exhibiting plasma neutralisation targeted towards known 

bnAb epitopes. In addition, the CRF250 and BG505 Env were also able to be 

targeted by elite neutralisers. These Envs, which have been previously used 

with success as antigen probes (van Gils et al. 2016; Voss et al. 2017), would 

therefore be suitable for isolating HIV Env-specific single B cells from PBMCs 

by FACS from elite neutralisers. Considering that T125 exhibited the broadest 

and most potent neutralisation (score of 3.19) and had more PBMCs available 

to sort B cells from than K300c, this elite neutraliser was chosen to investigate 

further in chapters 5 and 6 with the pipeline established in chapter 3. 
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Chapter 5: Memory B cells in the periphery of an elite 

neutraliser have HIV-specific antibodies with distinct 

genetic features, neutralisation profiles and epitopes 

 

Background 

The single-cell pipeline validated in chapter 3 successfully generates 

transcriptome data as well as variable regions for antibody cloning to link the 

phenotype of B cells to the antibody functionality. In chapter 4, screening of 

plasma from HIV-infected individuals in the East London cohort identified four 

elite neutralisers, with one in particular (T125) demonstrating exceptional 

breadth and the ability to target bnAb epitopes on HIV Env. Taken together, 

this indicated that the elite neutraliser T125 likely has B cells capable of 

producing bnAbs, and was therefore chosen to investigate whether there are 

differences in B cells that can produce a bnAb or not. To address this research 

question, it was necessary to first identify the HIV Env-specific B cell 

population from T125 PBMCs and conduct single B cell cloning to isolate 

mAbs for characterisation.  

To determine if mAbs could be classified as bnAbs it was important to consider 

what constitutes a bnAb. So far, the characterisation of mAbs isolated from 

HIV-infected individuals has predominantly focused on bnAbs, due to interest 

in their therapeutic potential and ability to provide passive protection in animal 

models (Gautam et al. 2016; Garber et al. 2020) that is hoped to be elicited by 

vaccination (as discussed in section 1.4.7). Despite this, a specific criterion of 

what defines an HIV bnAb has not yet been established (as reviewed by 

Griffith and McCoy), although evaluation of published data for previously 

isolated bnAbs found that they commonly exhibit at least 30% breadth against 

a multi-clade panel of 118 PVs (Griffith and McCoy 2021). In addition, bnAbs 

have been described as having unusual sequence features such as high levels 

of SHM in the VH, which ranges from 9 to 43%, and often have long CDRH3 

regions of >20 AAs but can range from 10 to 37 AAs (Griffith and McCoy 2021). 

Ultimately though, regardless of antibody sequence traits, breadth of 
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neutralisation is achieved by targeting conserved regions on the functional 

trimeric Env. These include the CD4 binding site, trimer apex, high-mannose 

patch, gp120-gp41 interface (including the fusion peptide) and membrane 

proximal region (MPER), as well as the more recently identified epitope 

referred to as the ‘silent face’ (McCoy 2018). The use of long CDRH3 regions 

by many bnAbs is favourable for accessing recessed epitopes on the HIV Env, 

and extreme SHM is thought to have been acquired over time to cope with a 

degree of variability within or surrounding the epitopes targeted.  

This chapter sought to isolate rare HIV-specific B cells from T125 PBMC 

samples by FACS with Env probes and use single B cell cloning to express 

BCRs as soluble mAbs for characterisation. Specifically, mAbs cloned from 

single T125 B cells will be assessed for their ability to bind Env and known 

bnAb epitopes by ELISA as well as their capacity to exhibit broad 

neutralisation of standard PV panels. In addition, sequence features will be 

evaluated to identify mAbs with high SHM or long CDRH3 regions 

characteristic of HIV bnAbs. Overall, this chapter aimed to identify bnAb and 

non-bnAb B cells from T125. 
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Results 

5.1  Recombinant Env conjugated to fluorophores can be recognised by 

HIV bnAbs and detected during flow cytometry to be used as antigen 

probes  

 

The original SOSIP trimer was designed using an Env sequence matched to 

the BG505 virus, however, SOSIP modifications for stabilisation of the Env 

trimer have also been successfully applied to other isolates such as CRF250-

4, which can also be bound by bnAbs (Sanders et al. 2013; Voss et al. 2017; 

Pugach et al. 2015). As shown in chapter 4, both BG505 and CRF250-4 Env 

expressed as PVs were potently neutralised by plasma antibodies from elite 

neutraliser T125 and thus deemed appropriate Env to be used as antigen 

probes to identify HIV Env-specific B cells from the T125 clade C infected 

PBMC samples. Epitope mapping also revealed that T125 plasma 

neutralisation targeted regions on gp120, specifically the trimer apex and 

CD4bs, indicating that the lack of MPER in SOSIP proteins would not prevent 

bnAb B cells from being isolated.  

For the detection of antigen-specific B cells by flow cytometry, antigen probes 

first require conjugation to a fluorophore. SOSIP trimers with an avi-tag at the 

base of the protein enable site-specific addition of biotin, by acting as an 

acceptor site for the birA ligase, ensuring that none of the epitopes are blocked 

or altered. Streptavidin-conjugated fluorophores can then bind to the 

biotinylated SOSIP trimers (Doria-Rose et al. 2016) to form antigen tetramers 

that can be detected by flow cytometry if bound by the B cell. For this reason, 

the Env sequence for CRF250 SOSIP in an avi-tagged expression vector was 

transfected with free biotin and the birA ligase expression vector to facilitate in 

vivo biotinylation (as described in section 2.7.1). Supernatants containing the 

soluble recombinant SOSIP were harvested and purified by affinity 

chromatography on a GNL column, to capture Env via interaction with its 

glycans. As this method of purification does not distinguish between different 

conformations, the SOSIP proteins were analysed and further purified by size 

exclusion chromatography (SEC). The CRF250 SOSIP had a strong trimeric 

peak with a shoulder on the left indicating the presence of aggregates and a 
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shoulder on the right indicating monomeric protein (Figure 5.1a). Only the 

fractions eluted between 9 mL and 11.5 mL were selected to exclude the 

aggregated and monomeric Env protein. Avi-tagged BG505 SOSIP protein 

had already been produced and purified previously to select for trimeric Env, 

and therefore only required biotinylation (as described in section 2.7.5) and 

validation.   

First, the CRF250-4 and BG505 SOSIP proteins were validated by SDS-PAGE 

(Figure 5.1b), which denatures the protein structure. In non-reducing 

conditions, a band at ~140 kDa can be seen for both proteins, representing 

the presence of gp140 heterodimers typical of SOSIP proteins that lack MPER. 

A band at 120 kDa was only observed when the SOSIP proteins were 

subjected to reducing conditions that break the disulphide bonds between the 

heterodimer. For the CRF250 SOSIP protein, there was also a band present 

at ≥250 kDa in non-reducing conditions, suggesting that a small proportion of 

the protein was still in a higher quaternary structure as this was not seen in the 

harsher reducing conditions.  

Second, effective biotinylation of avi-tagged SOSIP was confirmed by the 

ability to capture these Env proteins via streptavidin and then detect antibody 

binding to the captured SOSIP by ELISA (Figure 5.1c). A range of HIV bnAbs 

targeting the apex (PG9 and VRC26.09), high mannose patch (PGT121 and 

PGT124), CD4bs (VRC01) and gp120-gp41 interface (3BC315 and PGT151), 

as well as a CD4bs non-nAb (F105) and a negative control mAb specific for 

Dengue serotype 3 (Den3) were assayed for the ability to bind the captured 

SOSIPs. All of the HIV bnAbs tested bound the BG505 SOSIP protein, while 

the non-nAb F105 did not (Figure 5.1c), which suggests that this non-

neutralising epitope is minimally exposed and is consistent with previous 

characterisation by ELISA (Sanders et al. 2013). The majority of bnAbs also 

bound the CRF250 SOSIP protein except CD4bs bnAb VRC01, however, this 

has also been observed previously in Biolayer Interferometry data (Voss et al. 

2017) and thus appears to be characteristic of this Env. Instead, the non-nAb 

F105 which is also specific for the CD4bs was able to bind, suggesting that 

the epitope of this particular mAb is more accessible on CRF250 than BG505 

SOSIP and may be due to differences in the Env conformation or residues 
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within or around the epitope. In addition, the non-HIV antibody Den3 was 

unable to bind BG505 or CRF250-4 SOSIP as expected. Ultimately, as both 

SOSIP proteins were captured onto ELISA plates by streptavidin for the 

detection of HIV-specific mAb binding to multiple different epitopes, this 

validated the success of biotinylation and Env conformation. 

Third, the biotinylated SOSIP proteins were complexed with streptavidin-

conjugated fluorophores to determine whether binding by an HIV-specific mAb 

presented on the surface of a bead could be detected by flow cytometry (as 

described in section 2.7.7). This system aimed to mimic the binding of antigen 

probes by HIV-specific BCRs on the surface of a B cell for isolation by FACS. 

The high mannose patch bnAb PGT121 was used to coat beads on the basis 

that this mAb had already demonstrated the ability to bind to both CRF250-4 

and BG505 SOSIP proteins in Figure 5.1c. Biotinylated CRF250-4 SOSIP was 

conjugated to strep-PE, while biotinylated BG505 SOSIP was conjugated to 

strep-BV786 before incubating with PGT121-coated beads. Results from flow 

cytometry demonstrated the ability of CRF250-4 and BG505 SOSIP binding to 

be detected, with 95% of beads showing positivity for PE and BV786 

respectively (Figure 5.1d). It was also possible to detect the dual binding of 

CRF250-4 and BG505 SOSIP proteins by PGT121-coated beads when 

incubated with both antigen probes, as shown by the positivity for both PE and 

BV786 by 91% of beads. Finally, beads were coated with a non-HIV (Den3) 

mAb and incubated with both SOSIP proteins. This demonstrated that there 

was a very low level of background binding (<0.2%) and that the detection of 

antigen probes by PGT121-coated beads was a result of binding by the HIV 

bnAb. This validation was necessary to confirm that both CRF250-4 and 

BG505 SOSIP proteins could be used to isolate HIV-specific B cells from elite 

neutraliser T125.  
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Figure legend on next page 
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Stabilised recombinant trimeric Env protein (SOSIP) with a biotinylated avi-tag (avi-

b) were chosen as antigen probes. (A) Size exclusion chromatography (SEC) to purify 

CRF250 SOSIP protein trimers. (B) SDS-PAGE of CRF250 and BG505 SOSIP 

proteins in non-reducing (NR) and reducing (R) conditions. (C) Binding of HIV mAbs 

specific for the apex (blue), high mannose patch (pink), CD4bs (green) and gp120-

gp41 interface (orange / red) and non-HIV mAb Den3 to biotinylated CRF250 and 

BG505 SOSIP proteins in a streptavidin-capture ELISA, tested in duplicate with the 

mean and error bars plotted. (D) Flow cytometry to detect biotinylated CRF250 and 

BG505 SOSIP avi-tagged (avi-b) proteins complexed with streptavidin-conjugated 

fluorophores (PE and BV786 respectively) using HIV bnAb PGT121 coated beads or 

non-HIV mAb Den3 coated beads. 

 

5.2  Isolation of single HIV-Env reactive IgG B cells from elite neutraliser 

T125 PBMCs was achieved by FACS using antigen probes 

 

The PBMCs from two timepoints for elite neutraliser T125 were thawed and 

stained according to methods in section 2.7.8 for analysis and separation by 

FACS. In addition, the PBMCs from an HIV-negative donor were also included 

as a control for staining. First, the lymphocyte population and single cells were 

identified based on size, using FSC and SSC (as in chapter 3, Figure 3.2a). 

The gating strategy that was then used to identify HIV-specific memory B cells 

is shown in Figure 5.2. Viable B cells were selected based on the cell surface 

expression of CD19 but not CD4 and a live-dead aqua stain was used on the 

same laser as the fluorophore conjugated to CD4 to also exclude dead cells. 

The IgG+ B cell population was then selected based on the presence of 

surface IgG and the absence of IgM to identify the class-switched population. 

Finally, HIV Env+ B cells were identified based on IgG binding to BG505 

SOSIP and/or CRF250 SOSIP conjugated to fluorophores. Importantly, the 

inclusion of PBMCs from an HIV-negative donor showed that there was 

minimal background binding to the HIV Env probes (0.28%) as expected 

(Figure 5.2a). 

Figure 5.1 Purification and validation of Env probes to isolate HIV+ B cells 

by FACS.  
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From this HIV-negative donor, the total viable B cell population was 4.36% 

(Figure 5.2a), which was lower than the 12.4% that was observed in the HIV-

negative donor PBMCs analysed in chapter 3 (Figure 3.2a), but the latter was 

following vaccination and both are in line with the proportion of B cells 

previously reported in healthy controls (4-15%) (Wang et al. 2020). In contrast, 

the first T125 timepoint PBMCs had 23.2% viable B cells (Figure 5.2b), which 

is consistent with the percentage of total B cells observed in other HIV-infected 

donors (22-34%) (Wang et al. 2020). Yet, in the second T125 timepoint 

PBMCs sampled four months later, the viable B cell population was lower at 

11.2% (Figure 5.2c), but this may be a result of the PBMCs not having optimal 

preservation, as cell clumping was observed following thawing which can 

reflect cell lysis and thus fewer viable cells. Indeed only 2.5 million PBMCs 

were recovered from the second timepoint in comparison to 7.5 million PBMCs 

from the first timepoint. Despite this, the percentage of IgG+ B cells between 

the two timepoints was comparable, with 5.6% from the first timepoint (Figure 

5.2b) and 6.2% from the second timepoint (Figure 5.2c). Of the IgG+ B cell 

population, 1.5% were specific for HIV Env from the first timepoint (Figure 

5.2b) and 1.12% were specific for HIV Env from the second timepoint (Figure 

5.2c). Single HIV Env+ IgG+ B cells from this final gate were sorted by FACS 

into individual wells of a 96-well plate, isolating a total of 67 cells from the first 

timepoint and 62 cells from the second timepoint. Although FACS is capable 

of dispensing droplets containing individual cells, the high purity required to 

ensure that only single cells are dispensed can result in some cells being 

discarded if they are too close together. This was observed during sorting from 

the first timepoint PBMCs and explains why there are more events in the HIV 

Env+ B cell plot identified by the flow cytometer than the number of cells that 

were isolated.  
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(A-C) Identification of single IgG+ HIV Env+ B cells from (A) HIV-negative PBMCs, 

(B) T125 1st timepoint PBMCs and (C) T125 2nd timepoint PBMCs by flow cytometry, 

based on the surface expression of CD19+ and IgG+ followed by the ability to bind 

fluorescently labelled HIV Env probes, CRF250-4 and/or BG505 SOSIP. 

 

Figure 5.2 Gating strategy for the isolation of single HIV Env+ B cells from 

elite neutraliser T125.  
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5.3  Single B cell cloning successfully recovered Ig variable regions for 

mAb expression, with almost half demonstrating the ability to bind 

trimeric HIV Env  

 

The 129 single HIV Env+ memory B cells that were sorted from elite neutraliser 

T125 were then processed in individual wells according to the pipeline 

validated in chapter 3 for scRNA-seq and antibody cloning. First, the mRNA 

from lysed cells was reverse transcribed to generate cDNA according to the 

Smart-Seq2 method and evaluated using an Agilent Tapestation, to check for 

DNA at the expected size of 1-2kb by high-sensitivity electrophoresis. 

Regrettably, this revealed that some of the wells (n=19) did not contain any 

cDNA and were therefore excluded from downstream processing.   

Next, antibody variable regions were amplified from the cDNA of single B cells 

by individual nested PCRs for IgH, IgK and IgL. Gel electrophoresis was used 

to assess the amplification (recovery) of Ig variable regions, identified by the 

presence of a band at the expected size of 350-500bp. The percentage of 

single B cells from each timepoint with an IgH, IgK or IgL variable region band 

is shown in Figure 5.3a. Although the percentage of cells with an IgH variable 

region band was higher from the second timepoint (77.8%) than the first 

timepoint (67.7%), the percentage of cells with an IgK or IgL variable region 

band was lower in the second timepoint (57.8% and 22.3% respectively) 

compared to the first timepoint (72.3% and 49.2% respectively). As both are 

required to form an antibody pair, this meant a similar percentage of total pairs 

of IgH and IgK/IgL variable regions was recovered from B cells from both 

timepoints (62.2% and 66.2%) for cloning into expression vectors. Moreover, 

these percentages were consistent with the PCR recovery of antibody pairs 

(58-70%) identified in chapter 3 from the different memory B cell subsets of 

the HIV-negative donor. 

Ig variable regions were then amplified using primers that added overhangs 

complementary to expression vectors to clone the IgH, IgK and IgL variable 

region PCR products into vectors containing the heavy chain, kappa light chain 

and lambda light chain constant regions respectively (as described in section 

2.8.3). Recombinant-based cloning was attempted for 95 and 58 variable 
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region bands from the first and second timepoints respectively. Following this, 

each newly assembled plasmid was transformed into chemically competent E. 

coli for amplification of the DNA. The success of cloning was assessed by 

lysing a sample of the E. coli culture grown from a single colony and performing 

a PCR to amplify the Ig variable region, with primers specific for the vector on 

either side of the cloning site. Observation of a band at ~350-500bp after gel 

electrophoresis of the PCR products indicated successful insertion of the 

variable region into the expression vector. This was achieved for all of the IgH, 

IgK and IgL variable region bands from the first timepoint resulting in 100% 

cloning efficiency (Figure 5.3b) and 43 potential mAbs. From the second 

timepoint all but one of the IgH variable regions was successfully cloned, thus 

resulting in 96.3% cloning efficiency of antibody pairs (Figure 5.3b) and 26 

potential mAbs. Finally, to achieve expression of each mAb, the heavy and 

light chain vectors from all 69 antibody pairs were co-transfected into HEK-

293T cells (as described in section 2.9.1). The cell supernatant was collected 

3 days later and screened by ELISA (as described in section 2.9.2) to detect 

the presence of secreted mAb. It should be noted that some of the 

transfections did not initially yield mAb expression as a result of one of the 

chains being unproductive (as identified in chapter 3), however, this was often 

rectified by picking a different colony containing a productive sequence. As a 

consequence, almost all the cloned antibody pairs were expressed from the 

first (93%) and second (88.5%) timepoint (Figure 5.3b).   

The cDNA from the single B cells from both timepoints was also processed for 

scRNA-seq. Initial analyses revealed that 15% of cells did not pass QC checks 

based on the library quality (to be discussed more in chapter 6). In addition, 

the reconstruction of BCR sequences from transcriptomic data by BraCeR 

highlighted three cells with a non-IgG isotype that may bias analyses, as well 

as six cells with multiple antibodies suggesting that these were not single cells. 

For these reasons, mAbs cloned from these B cells were not characterised 

further. However, as identified in chapter 3, there were also instances where 

a heavy or light chain for an antibody was able to be reconstructed by BraCeR 

from the transcriptomics data that was not amplified by Ig PCR. The variable 

regions from these sequences were commercially synthesised as genestrings 
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with overhangs required for cloning into vectors and inserted into antibody 

expression vectors as described above. This resulted in the expression of four 

additional mAbs. Overall, a total of 50 antibodies from single IgG B cells 

isolated from elite neutraliser T125 were successfully cloned and expressed, 

enabling the investigation of their sequence features and ability to bind HIV 

Env by ELISA.  

Initially, the mAb-containing cell supernatants were screened by ELISA (as 

described in section 2.9.3) to identify binding to the HIV Env probes (BG505 

and CRF250-4 SOSIP proteins) used in FACS. A threshold of 3 times the 

background absorbance was used to distinguish mAbs in supernatants 

capable of binding to at least one SOSIP protein and identified 24 out of 50 

mAbs (48%) bound Env (shown in Table 1). This proportion was slightly lower 

than expected compared to previous experience by our lab for cloning mAbs 

from antigen-specific B cells and a similar prior study that reported 17 out of 

29 mAbs (59%) cloned from HIV Env+ B cells showed binding to BG505 

SOSIP by ELISA (van Gils et al. 2016). The ability to bind Env by ELISA was 

tested by incubating soluble mAbs with SOSIP protein captured on the surface 

of a plate. However, HIV Env+ B cells were identified by FACS through the 

binding of membrane-bound BCRs to SOSIP protein displayed as a tetramer 

on a streptavidin fluorophore. Therefore, it is plausible that these differences 

may impact the sensitivity to detect mAb binding in ELISA, and will be 

discussed in more detail later. 

T125 mAbs that displayed convincing Env binding were produced on a larger 

scale by transient transfection of 293F suspension cells and subsequently 

purified from supernatants using protein G beads (as outlined in section 2.9.4). 

Purified mAbs were then tested at a known concentration (25 µg/mL) to 

confirm binding to BG505 and CRF250-4 SOSIP proteins (Figure 5.3c). The 

majority of mAbs demonstrated differential binding of the two SOSIP proteins, 

with a preference for CRF250-4 as shown by a higher absorbance. Only one 

mAb (7E7) exhibited considerably higher binding of the BG505 SOSIP protein. 

The difference in the ability to target each SOSIP may be a result of variation 

in the Env itself or due to the Env conformation. For instance, the SOSIP 

mutations to stabilise the trimer in a closed conformation and occlude non-nAb 
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epitopes were designed specifically for BG505 and are not as effective for 

CRF250, as demonstrated earlier by the stronger binding of the non-nAb F105 

and weaker binding of gp120-gp41 (trimeric) specific mAb 3BC315 (Figure 

5.1c). 
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(A) Percentage of B cells with antibody heavy (IgH), kappa (IgK) and lambda (IgL) 

variable regions amplified by PCR (recovered) from the cDNA of HIV Env+ B cells 

isolated from two timepoints (TP) of the elite neutraliser T125. Total pairs reflect the 

percentage of B cells with both a heavy and kappa or lambda variable region 

recovered by Ig PCR. (B) Percentage of Ig pairs with variable regions (amplified by 

PCR) successfully cloned into expression vectors containing the constant region and 

expressed as the complete mAb. (C) Binding of mAbs cloned from HIV Env+ B cells 

to CRF250 and BG505 SOSIP (trimeric HIV Env) proteins. The strength of binding, 

measured by ELISA, is indicated by the level of absorbance at 405nm for mAbs tested 

at 25 µg/mL. The threshold for binding was determined as 3-fold background, 

indicated by the dotted line. 

 

 

Figure 5.3 Antibody variable regions recovered from single HIV Env+ B 

cells of elite neutraliser T125 were able to be expressed as mAbs and 

displayed different binding profiles.  
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5.4  HIV Env-specific mAbs isolated from elite neutraliser T125 had 

higher levels of SHM and different isotype usage compared to non-

Env mAbs 

 

The variable regions within the heavy and light chain plasmids, used to 

produce mAbs, were sequenced to characterise T125 mAbs at the nucleotide 

and amino acid level. Analysis of sequences by IMGT V-Quest was first used 

to identify the V-gene and J-gene usage selected during B cell development. 

This revealed that T125 mAbs utilised a variety of genes, although 

identification of the exact gene was not always conclusive due to similarities 

in homology as is commonly the case for mAbs (Table 1). The most common 

gene used was VH3-30, which is one of the most frequently recombined V-

genes in the antibody repertoire (Yang et al. 2021). However, among the mAbs 

which bound Env in ELISA, the gene most frequently used was VH5-51, while 

mAbs with undetectable Env binding had more frequent use of the VH3-23 

gene. In the light chain, the gene usage was more diverse although the VK3-

15 and VK3-20 genes were most commonly used by mAbs, regardless of Env 

binding. While the majority of sequences were unique, there were a few 

exceptions where mAbs shared the same V-gene and J-gene in both the 

heavy and light chains (Table 1). Construction of a guide tree using only the 

CDRH3 sequence from mAbs revealed that three pairs (7B7 and 7D4, 7E3 

and 7E8 as well as 7F6 and 7F10) were clonally related (Figure 5.4). As these 

mAb pairs also had the same heavy and light chain V-gene usage (Table 1) 

they are likely somatic variants. However, most sequences were singletons 

belonging to a few VH families as seen in a previous study (van Gils et al. 

2016).  

The features of mAb sequences cloned from elite neutraliser T125 were 

investigated further by considering the level of SHM and CDRH3 lengths 

(Table 1). These were of particular interest because extensive SHM (up to 

43%) and/or long CDRH3 loops (up to 37 AAs) are features of previously 

isolated HIV bnAbs (Griffith and McCoy 2021), as mentioned earlier. The 

sequences from mAbs had a wide range of VH SHM from 1% to 23.7%, with 

an average of 9.1% SHM, which was higher than the level of SHM seen in the 
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HIV-negative donor (1.4-18.5% SHM, with an average of 6.3%) analysed in 

chapter 3. To put this into a wider context, the average SHM (9.1%) in T125 

mAbs still fell within the range of average SHM (5.6-9.4%) previously identified 

in a healthy donor cohort (IJspeert et al. 2016). However, when only the mAbs 

that showed Env binding (in ELISA) were considered this revealed that the VH 

SHM was higher with an average of 11.23%. Furthermore, comparison of the 

T125 mAbs based on their specificity for Env found that the median SHM was 

significantly higher in the VH of mAbs that bound Env (10.53%) than those that 

did not (6.94%), as shown in Figure 5.5a. In addition, the level of SHM in the 

VK or VL of mAbs ranged from 0.3 to 21.6% and mAbs specific for Env had a 

higher mean of 8.4% SHM compared to non-Env mAbs which had a mean of 

3.8% SHM (Table 1). Overall, this suggests that the IgG+ B cells in elite 

neutraliser T125 with soluble mAbs capable of binding Env have undergone 

greater affinity maturation than IgG+ B cells with mAbs that had undetectable 

Env binding by ELISA.  

Next, the CDRH3 of mAbs was assessed, which found that the length ranged 

from 9 to 20 AAs (Table 1), with an average of 15.7 AAs. This was a narrower 

range than the HIV-negative donor, which had CDRH3 sequences from 5-23 

AAs in length (chapter 3). However, the average CDRH3 length of T125 mAbs 

was comparable to the 15.5 (± 3.2) AAs length identified from public datasets 

(Shi et al. 2014). Interestingly, none of the mAbs displayed a long CDRH3 of 

>20 AAs, which can be characteristic of HIV bnAbs such as those targeting 

the trimer apex on Env (Griffith and McCoy 2021). To determine if there was 

a difference in the CDRH3 of mAbs capable of binding to Env or not, the 

median length was compared but this was not significantly different (Figure 

5.5b). Finally, the CDRL3 length of mAbs ranged from 8 to 12 AAs (Table 1), 

showing that none exhibited a short CDRL3 of 5 or 6 AAs characteristic of 

VRC01-like CD4bs bnAbs, to prevent steric clashing (Zhou et al. 2013). 

Single B cell cloning, which amplifies antibody variable regions but not the 

constant regions from B cells, has been predominantly used to isolate HIV 

bnAbs. Consequently, the isotype usage is not determined, and instead, the 

amplified heavy chain variable region is typically cloned into an expression 

vector containing the IgG1 constant region. Although single B cell cloning was 
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also used here to isolate mAbs from elite neutraliser T125, these B cells were 

also processed for scRNA-seq. Reconstruction of antibody sequences from 

the transcriptomics data using BraCeR (Lindeman et al. 2018) enabled the 

isotype to be determined from the heavy chain constant region. As the single 

B cells from T125 were isolated based on their IgG expression, only the 

distribution of the four IgG isotypes was assessed (Figure 5.5c). This revealed 

that there was a stark contrast between the isotype of mAbs that were capable 

of binding Env compared to those that did not. Env-specific mAbs were found 

to be predominantly IgG1 (Figure 5.5c), which are typically induced in 

response to protein antigens from viral infections (Ferrante, Beard, and 

Feldman 1990). While non-Env mAbs were predominantly IgG2 (Figure 5.5c), 

which has more of an association with polysaccharide antigens from bacterial 

infections (Vidarsson, Dekkers, and Rispens 2014). However, it was observed 

that regardless of Env-specificity very few mAbs were IgG3 and none were 

IgG4 (Figure 5.5c). Furthermore, the overall distribution of isotypes was most 

similar to the RM subset in the HIV-negative donor (chapter 3), which was 

predominantly IgG1, followed by IgG2 and rarely IgG3 or IgG4. In summary, 

the HIV mAbs capable of binding Env displayed higher levels of VH SHM and 

had a predominant use of IgG1 compared to mAbs with undetectable Env 

binding, but had no difference in the CDRH3 length. 
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Table 1 Genetic features and characteristics of antibodies cloned from 

elite neutraliser T125  

V-gene and J-gene assignment for antibody heavy and light chain sequences was 

performed using IMGT (Brochet, Lefranc, and Giudicelli 2008). The percentage somatic 

hypermutation (SHM) was determined from the V-gene nucleotide sequence and CDR3 

length from the amino acid sequence. Binding to HIV-1 Env by monoclonal antibodies 

(mAbs) was determined by ELISA using BG505 and CRF250 SOSIP proteins, with a 

threshold of 3-fold background used to determine binding (+) or not (-). 
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The Clustal Omega multiple sequence alignment tool was used to analyse the 

CDRH3 amino acid sequences from antibodies and generate a guide tree that was 

visualised using FigTree. The scale shows the phylogenetic distance of 0.05 

substitutions per site. 

  

Figure 5.4 Clonal analysis of antibody CDRH3 sequences from elite 

neutraliser T125 revealed few that were related.  
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(A) Percentage somatic hypermutation (SHM) in VH of HIV Env-specific and non-

specific mAbs, with a significant difference between the groups (p=0.003) marked by 

an asterisk. (B) Length of CDRH3 in amino acids (AAs) of HIV Env-specific and non-

specific mAbs. (A-B) Black horizontal lines indicate the median and a Mann-Whitney 

U-test was used to determine the difference between groups. P values >0.05 were 

deemed non-significant (ns). (C) Frequency of IgG isotypes for HIV Env-specific and 

non-specific mAbs, with isotypes ordered according to the position in the locus. 

Isotypes were identified from scRNA-seq data by BraCeR.  

 

  

Figure 5.5 HIV Env-specific mAbs have higher levels of somatic 

hypermutation and predominant use of IgG1 compared to non-specific 

mAbs, but had no difference in CDRH3 length.  
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5.5  HIV Env-specific mAbs from elite neutraliser T125 exhibited a range 

of neutralisation profiles, with the identification of a bnAb 

 

Although some HIV-1 bnAbs have similarities in genetic features, such as long 

CDRH3 regions for targeting the trimer apex or common use of the VH1-2 

gene for targeting the CD4bs (West et al. 2014), unfortunately, the V(D)J gene 

sequence alone is not enough to identify nAbs or bnAbs (Griffith and McCoy 

2021). Therefore, the Env-specific mAbs cloned from T125 were first screened 

for neutralisation against the standard 6 PV panel (Figure 5.6a), which is the 

same panel that was used to identify plasma neutralisation breadth in chapter 

4. The concentration required for 50% viral inhibition (IC50) is shown for each 

mAb in Figure 5.6a and reflects the potency of neutralisation. As the starting 

concentration of mAbs was 50 µg/mL this was used as the limit of detection, 

and any mAbs with an IC50 >50 were classed as non-neutralising. This 

revealed that 10 of the 24 mAbs were incapable of neutralising any of the PVs 

in the panel. However, nine mAbs neutralised a single clade C PV, 93IN905, 

with an IC50 in the range of 0.22 to 3.56 µg/mL, which was highly potent. The 

elite neutraliser T125 had a clade C infection, and so this suggests that these 

mAbs have a degree of clade-specific neutralisation, due to the fact they were 

able to neutralise 93IN905 but not the other clade C PV (C22) in the panel. 

This highlights the differences between Env even within the same clade and 

thus indicates that 93IN905 is likely to be more similar to the Env on the 

autologous virus that T125 was infected with. Of greater interest were the four 

mAbs 7F10, 7A2, 7F6 and 7C2 that were able to neutralise 94UG103 (clade 

A) as well as potently neutralise 93IN905 (clade C), exhibiting a degree of 

cross-clade neutralisation. The mAbs 7F6 and 7F10 were identified earlier as 

somatic variants (Figure 5.4) and thus it is unsurprising that these mAbs 

exhibited the same neutralisation profile. The other two mAbs 7A2 and 7C2 

with cross-clade neutralisation also had the same gene usage as each other 

but had subtly different CDRH3 regions (Table 1 and Figure 5.4) which may 

explain the difference in neutralisation potency against 94UG103. Intriguingly, 

all four of these mAbs use VH5-51, however, this did not always result in cross-

clade neutralisation as demonstrated by the other Env-specific mAbs (7E5 and 
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8C10) identified from T125 that had this V-gene usage yet only exhibited 

clade-specific neutralisation. Finally, the mAb with the greatest neutralisation 

breadth was 7E7, which was capable of targeting three PVs from different 

clades: 92TH021 (clade AE), 94UG103 (clade A) and C22 (clade C) and thus 

displayed 50% breadth of the standard 6 PV panel (Figure 5.6a). This level of 

neutralisation breadth exceeds the bnAb threshold of 30% mentioned earlier, 

and as the standard 6 PV panel is representative of larger panels of PVs 

(Landais et al. 2016) this indicates that the T125 mAb 7E7 is likely a bnAb. 

The neutralisation curves for the bnAb 7E7 are shown in Figure 5.6b and 

revealed that in addition to neutralising 92TH021, 94UG103 and C22, there 

was also weak neutralisation of two additional PVs (92BR020 and 93IN905) 

at the top concentration (50 µg/mL). However, an IC50 value was only 

calculated for mAbs against a given PV if there were at least two values >50% 

neutralisation to generate a sigmoidal curve and enable an accurate IC50 value 

to be calculated. Representative curves for mAbs with cross-clade 

neutralisation (7F6), clade-specific neutralisation (7D11) and no neutralisation 

(7C6) against the standard 6 PV panel and a negative control PV (MLV) are 

also shown in Figure 5.6b. This demonstrates the differences in neutralisation 

capacity by T125 mAbs and shows that none had reactivity against a non-HIV 

PV (MLV). In summary, none of the mAbs isolated were capable of neutralising 

all of the PVs in the standard 6 PV panel and thus did not recapitulate the 

neutralisation breadth exhibited by antibodies in the plasma from T125. 

However, a range of neutralisation profiles was exhibited by mAbs, with the 

identification of non-bnAbs and one bnAb with neutralisation of 50% of the 

standard 6 PV panel. Thus, this allows the phenotype of B cells with different 

neutralisation capacities including bnAb B cells to be explored 

transcriptomically. 

The neutralisation breadth of mAbs that exhibited cross-clade or broad 

neutralisation was investigated further against a larger panel of PVs (Figure 

5.7a). This global PV panel was chosen on the basis that this is another 

standard panel that has been used frequently in the HIV field to screen for 

neutralisation breadth, consisting of 12 tier 2 PVs from six different clades that 

are representative of a 219 PV panel (deCamp et al. 2014). Cross-clade 
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neutralisation was demonstrated again by mAbs 7F10, 7A2, 7F6 and 7C2 

which were able to target a clade G PV (X1632), and mAb 7A2 was also able 

to neutralise one of the clade C PVs in the panel (25710), with modest potency. 

However, these four mAbs only exhibited 8-17% neutralisation breadth against 

the global panel (Figure 5.7a) compared to 33% neutralisation breadth against 

the standard 6 PV panel (Figure 5.6a). In contrast, bnAb 7E7 was able to 

neutralise six of the PVs in the 12 PV global panel, from five different clades, 

and thus exhibited reproducible neutralisation breadth of 50% (Figure 5.7a). 

The neutralisation curves for 7E7 highlight the differences in its ability to 

neutralise 398, 246, TRO11, 25710, Ce1176 and X1632 (Figure 5.7b), with 

the most potent neutralisation exhibited against one of the clade C PVs 

(25710). 
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Figure legend on next page 



193 
 
 

 

(A) Neutralisation of the standard 6 PV panel by HIV Env-specific mAbs, with IC50 

titres reflecting an average of two repeats and an IC50 >50 indicates no neutralisation. 

(B) Representative graphs of mAbs with broad (7E7), cross-clade (7F6), clade-

specific (7D11) and no neutralisation (7C6) against the standard 6 PV panel: 

92TH021 (red), 94UG103 (green), JRCSF (blue), 92BR020 (purple), 93IN905 

(orange) and C22 (yellow) and a negative control PV MLV (grey). Neutralisation 

curves were generated from the serial titration of mAbs tested in duplicate with the 

mean and error bars plotted and dotted lines at 0% and 50% neutralisation. The clade 

of each virus in the panel is shown in brackets. 

 

 

 

 

 

 

  

Figure 5.6 HIV Env-specific mAbs demonstrated a range of neutralisation 

profiles against the standard 6 PV panel.  
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(A) Neutralisation of the global 12 PV panel by broad and cross-clade nAbs, with IC50 

titres reflecting an average of two repeats and an IC50 >50 indicates no neutralisation. 

(B) Representative graph of broad neutralisation by mAb 7E7 against the global 12 

PV panel, with the clade of each virus shown in brackets. Neutralisation curves were 

generated from the serial titration of 7E7 tested in duplicate with the mean and error 

bars plotted and dotted lines at 0% and 50% neutralisation. 

 

  

Figure 5.7 Broad neutralisation exhibited by mAb 7E7 was reproducible 

against a larger global PV panel.  
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5.6  Antibodies with limited neutralisation against a multi-clade PV panel 

did not exhibit breadth against viruses from the clade of infection  

 

To address whether any of the neutralising mAbs had breadth across different 

clade C viruses (the clade of T125 infection), rather than across different viral 

clades, a standard panel consisting entirely of clade C PVs was tested. This 

revealed that the broad neutralisation by 7E7 was enhanced against the Clade 

C PV panel, exhibiting 67% breadth (8/12 PVs), although the IC50 values which 

reflect the potency of neutralisation varied depending on the PV (Figure 5.8a). 

The range of IC50 values is emphasised in the neutralisation curves of bnAb 

7E7 against the PVs in the panel (Figure 5.8b), with Du422.1 being the most 

susceptible to neutralisation (IC50 0.49 µg/mL) and CAP210.2 being the most 

resistant (IC50 11.94 µg/mL). This additionally showed that neutralisation of 

ZM233 was close to 50% at the highest concentration of 7E7 (Figure 5.8b), 

but was not enough to be classed as neutralising, with an IC50 >50 µg/mL 

(Figure 5.8a). Conversely, only one PV (ZM109) was susceptible to 

neutralisation by the cross-clade nAbs 7A2, 7F6, 7C2 and 7F10, which 

resulted in limited breadth (8%) against the clade C panel (Figure 5.8a). 

Finally, the nine clade-specific nAbs, (identified in Figure 5.6a), were only 

capable of neutralising a single additional PV or none of the PVs in the clade 

C panel (Figure 5.8a). Specifically, six mAbs were able to neutralise ZM109 in 

addition to 93IN905 in the initial 6 PV panel, suggesting they have a level of 

clade C specific neutralisation. Interestingly, ZM109 was the same PV 

neutralised by the cross-clade nAbs, suggesting that the Env of ZM109 is most 

similar to the autologous T125 Env out of the clade C PVs tested here.   
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Figure legend on next page 
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(A) Neutralisation of a standard 12 Clade C PV panel by broad and cross-clade nAbs 

as well as clade-specific nAbs. IC50 titres reflect an average of two repeats and >50 

indicates no neutralisation. (B) Neutralisation curves were generated from the serial 

titration of bnAb 7E7 tested in duplicate against the 12 Clade C PV panel, with the 

mean and error bars plotted and dotted lines at 0% and 50% neutralisation. 

 

5.7  Production of three infectious T125 autologous PV  

 

Next, it was of interest to determine if any of the mAbs isolated from T125 were 

able to neutralise the donor’s own (autologous) virus. While elite neutralisers 

can produce bnAbs that neutralise heterologous viruses, this does not 

necessarily result in the capacity to neutralise autologous viruses, due to 

ongoing viral escape (as discussed in section 1.2.3).  

Sequence information for HIV isolates previously identified from T125 plasma 

was found in an HIV database ('LANL Sequence Database') from the same 

timepoint examined in this study. Of particular interest were the env gene 

sequences from viral isolates (n=32) that were publicly available on GenBank 

and used to construct a maximum likelihood phylogenetic tree to predict 

evolutionary pathways (Figure 5.9). Reference sequences from the env of two 

clade B viruses (NL4.3 and Ba-L) and two C viruses (Du156.12 and 93IN905) 

were also included. As expected the clade B env formed a separate branch 

from the clade C env and additionally showed that the clade C env 93IN905 

was most similar to the autologous T125 clade C env sequences. This mirrors 

the finding that the majority of the mAbs cloned from T125 could target 

93IN905 (Figure 5.6a) but not Du156.12 (Figure 5.8a) for neutralisation. 

Furthermore, this analysis revealed the high diversity of autologous env within 

T125 at the time of sampling and had two main branch points (nodes) that 

represent divergence events. While one node led to env sequences with the 

same branch length reflecting high similarity, the other node gave rise to 

multiple branches with varying lengths, reflecting different levels of mutation 

Figure 5.8 Neutralisation breadth against viruses from the clade of 

infection was exhibited by bnAb 7E7 but not cross-clade or clade-specific 

nAbs.  
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and diversity in the env sequences (Figure 5.9). Overall, the shape of the tree 

is distinct from an HIV patient with low viral diversity, where the majority of env 

sequences stem from the same node and all have the same branch length 

(Gupta et al. 2019). 

Additional analysis to identify differences in glycan holes (as outlined in 2.10.2) 

revealed that all of the env sequences on the branch with the least variation 

lacked five conserved PNGS, while env sequences on the branch with more 

diversity had no, one, two or three PNGS missing. It was decided that three 

env sequences would be produced as PVs to test T125 mAbs for autologous 

neutralisation to try and cover the diversity of the viruses in circulation. 

Consequently, two env sequences (2139_e21 and 2139_e9 with no or two 

PNGS missing respectively) were chosen from the branch with the most 

variation, and one (2139_e7, with five PNGS missing) from the branch with the 

least variation (marked with an asterisk, Figure 5.9).  

The selected T125 env gp160 sequences 2139_e7, 2139_e9 and 2139_e21 

were first synthesised with overhangs to enable cloning into an expression 

vector, which was verified by PCR using primers on either side of the cloning 

sites (as described in section 2.10.4). PCR amplification of a band (~2kb) was 

visualised by gel electrophoresis to confirm successful cloning of the gp160 

env sequences. These T125 Env plasmids were then co-transfected with an 

HIV backbone plasmid into 293T cells as per previous production of PVs 

(outlined in section 2.6.1) and titrated against TZM-bl cells to check for 

infectivity (as in section 2.6.2). All three T125 PVs were infectious and thus 

able to be used in neutralisation assays to test susceptibility to mAbs cloned 

from T125.  
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Maximum likelihood phylogenetic tree of T125 env sequences from GenBank 

(KC156146-64, KC156166-78) trimmed to the start and end of gp160 based on the 

HXB2 env sequence. Two clade B env sequences (NL4.3 and Ba-L) and two clade C 

env sequences (93IN905 and Du156.12) from GenBank were also included in the 

tree for reference. Nodes in red indicate >70% bootstrap support. The scale bar 

indicates nucleotide substitutions per site. T125 env sequences marked with an 

asterisk (*) were synthesised and cloned into an Env expression plasmid. 

 

Figure 5.9.Autologous env from elite neutraliser T125 at a single timepoint 

showed high diversity.  
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5.8  T125 bnAb 7E7 was encoded to use the IgG3 isotype 

 

Unlike most of the Env-specific mAbs that were predominantly IgG1 (Figure 

5.5c), the isotype of the bnAb 7E7 was IgG3. However, during single B cell 

cloning, the 7E7 Ig variable regions were cloned into an IgG1 expression 

vector meaning that all of the characterisation up until this point was in the 

IgG1 format. While the isotype of an antibody is not often considered in mAb 

neutralisation studies, due to its predominant role in Fc effector functions, the 

structural differences between isotypes such as the long, flexible hinge of IgG3 

can influence binding and neutralisation. For instance, IgG3 versions of HIV 

bnAbs targeting the trimer apex displayed enhanced neutralisation potency 

compared to IgG1 counterparts and were shown to be modulated by the hinge 

length (Richardson et al. 2019). HIV bnAbs against other epitopes have also 

shown increased neutralisation potency, although this was virus-dependent 

(Richardson et al. 2021). Additionally, IgG3 versions of mAbs have 

demonstrated more effective autologous neutralisation compared to IgG1 

versions, with greater breadth in the viruses targeted and/or improved potency 

of neutralisation (Scheepers et al. 2020). Therefore, to evaluate if the 

difference in isotype had an impact on neutralisation by 7E7, in particular for 

autologous PV, the heavy chain variable region was cloned into an IgG3 

constant region vector (as described in section 2.8.3) and included alongside 

the IgG1 version in neutralisation assays.  

 

5.9  T125 mAbs frequently exhibit incomplete neutralisation against 

autologous PV with limited bnAb neutralisation  

 

Notably, the maximum percentage neutralisation (MPN) exhibited by mAbs at 

50 µg/mL against autologous T125 PVs was frequently low, and as such can 

be described as incomplete neutralisation (McCoy et al. 2015) (Figure 5.10). 

This phenomenon has previously been seen across many virus/mAb 

combinations and attributed to a proportion of viral particles being resistant to 

a given mAb, such that only 70% MPN is achieved as 30% of virions are 

resistant. This effect makes it hard to quantify neutralisation titres, especially 
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when MPN plateaus as low as 50% have been observed (van Gils et al. 2016) 

as this is the cut-off for neutralisation. Therefore, for many T125 mAbs 

although a trend towards neutralisation was observed it is not possible to 

define these mAbs as neutralising against these autologous viruses, as the 

plateau was <50%. Moreover, for many of the mAbs, only one concentration 

gave neutralisation of >50% making the calculation of IC50 values less 

accurate than those generated thus far, but can still indicate the neutralisation 

potency. With this caveat, the PV most susceptible to neutralisation was T125 

2139_e21, with 12 out of 24 mAbs exhibiting >50% neutralisation with IC50 

values ranging widely from 2.57 to 39.79 µg/mL. These mAbs were previously 

identified as clade-specific or cross-clade neutralisation but did not include the 

bnAb 7E7. Only poor autologous neutralisation was achieved by the bnAb 

7E7, in line with previous observations on autologous neutralisation by bnAbs 

(Liao, Lynch, et al. 2013; MacLeod et al. 2016; Doria-Rose et al. 2014). 

However, the MPN revealed subtle differences between 7E7 expressed as 

IgG1 and IgG3, with enhanced potency exhibited by the IgG3 version that 

resulted in >50% neutralisation against the T125 2139_e9 PV (Figure 5.10). 

Moreover, when expressed as IgG3 the bnAb 7E7 exhibited modest 

neutralisation (IC50 of 23.07 µg/mL) against T125 2139_e9, which none of the 

other mAbs were able to target. Interestingly, analysis of the position of these 

env sequences on the phylogenetic tree showed that 2139_e9 was on a 

branch downstream of 2139_e21 (Figure 5.9), which suggests that 2139_e9 

evolved from 2139_e21. Since most T125 nAbs could neutralise 2139_e21 but 

not 2139_e9, it could be speculated that this evolution is a result of escape 

from neutralisation. Finally, the T125 2139_e7 PV which was on a different 

branch in the phylogenetic tree and thus unrelated to the other two env 

sequences, also showed resistance to autologous mAbs, with none displaying 

strong enough neutralisation to calculate an IC50 value. It was also observed 

that mAbs unable to neutralise any heterologous PVs (Figure 5.6) were also 

unable to neutralise any of the autologous T125 viruses tested (Figure 5.10) 

and thus can be classed as non-neutralising. In summary, Env-specific mAbs 

isolated from the single B cells of T125 tested in neutralisation assays against 

heterologous and autologous viruses identified 10 non-nAbs, nine clade-
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specific nAbs, four cross-clade nAbs and one bnAb. The variety of 

neutralisation capacities exhibited by mAbs suggests differences in their 

binding to Env and thus the epitopes targeted.  

 

 

Maximum percentage neutralisation (MPN) of three autologous T125 PVs by HIV 

Env-specific mAbs at 50 µg/mL. IC50 titres were calculated from the neutralisation 

curves of mAbs titrated in duplicate, for those that demonstrated >50% maximum 

neutralisation. A colour gradient of red to yellow reflects the neutralisation capacity 

from highest to lowest respectively, with less than 30% neutralisation and an IC50 >50 

in grey reflecting no neutralisation. T125 mAbs were grouped according to 

neutralisation profiles exhibited previously against the standard 6 PV panel. 

Figure 5.10 HIV Env-specific mAbs demonstrated limited neutralisation of 

autologous virus.  
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5.10 Neutralising antibodies with limited breadth target the V3 loop and 

CD4bs 

 

To investigate the epitope specificity, the binding profiles of mAbs were tested 

in ELISAs using different versions of the Env protein or in the presence of other 

mAbs to identify competitive binding to the same region on Env. The gp120 

subunit of HIV Env is comprised of five conserved regions separated by five 

variable loops, V1, V2, V3, V4 and V5. The tip of the V3 loop in particular is 

more conserved than the other variable loops due to its role in co-receptor 

binding, but in trimeric Env, the V3 is concealed beneath the V1/V2 and only 

exposed upon conformational changes following engagement of CD4 (Mbah 

et al. 2001; Julien et al. 2013). As a result, antibodies that target the V3 loop 

can block viral entry and thus are capable of neutralisation, although are often 

limited to tier 1 viruses that have a predominantly open conformation, similar 

to the CD4-bound state. An ELISA to test for binding to a peptide containing 

the V3 loop from BG505 was used to determine if any of the neutralising 

antibodies from T125 targeted this region. In total, seven nAbs (7A2, 7C2, 7E3, 

7E8, 7F6, 7F10 and 8C10) were capable of binding to the V3 peptide (Figure 

5.11a), with an absorbance higher than the negative control SARS-CoV mAb 

CR3018 (van den Brink et al. 2005) and comparable to the positive control 

mAb ACS221 that is specific for the V3 loop (van Gils et al. 2016). Five nAbs 

that bound the V3 had VH5-51 gene usage, although two (7F6 and 7F10) were 

somatic variants, and the other two nAbs (7E3 and 7E8) were also a pair of 

somatic variants that instead used VH3-30/3-30-5. Interestingly, mAbs with 

VH5-51 gene usage have been identified as V3-dependant in previous 

studies, and appear to require pairing with a lambda light chain (van Gils et al. 

2016; Gorny et al. 2011; Gorny et al. 2009). This may explain why the mAb 

7E5 which also has VH5-51 gene usage but paired with a kappa light chain 

(Table 1), did not bind to the V3 peptide (Figure 5.11a). 

Another neutralising epitope cluster located on the gp120 subunit is the 

CD4bs, which is conserved to enable interaction with CD4 on the host cell for 

entry. In particular, the residue D368 on the CD4 binding loop is highly 

conserved and is targeted by the majority of antibodies elicited against the 
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CD4bs (Zhou et al. 2015). Therefore, the T125 nAbs were next tested for their 

ability to bind to BG505 gp120 lacking this residue (D368R), to determine if 

any of the nAbs were affected and thus specific for the CD4bs. This revealed 

that three nAbs (7D11, 7E5 and 8E3) had a reduction in binding to gp120 when 

the D368R point mutation was introduced, with a fold-decrease that was even 

higher than the positive control VRC01 (Figure 5.11b), indicating that these 

nAbs target the CD4bs. On the basis that not all CD4bs-specific mAbs are 

dependent on D368 (Wibmer et al. 2016; Balla-Jhagjhoorsingh et al. 2013; 

Freund et al. 2015), the remaining T125 nAbs were then assessed for CD4bs 

specificity using a competition ELISA with the CD4bs bnAb VRC01. 

Competition ELISAs can be used to determine whether two mAbs bind to the 

same region on a given protein and have been used in previous studies to 

map the site of HIV mAb binding (McCoy et al. 2016; van Gils et al. 2016). This 

involves allowing the first mAb to bind to the protein before the addition of a 

second (biotinylated) mAb, and a reduction in binding by the second mAb is 

detected if there is an overlap in the binding footprint and thus competition for 

the same epitope. Here, BG505 gp120 was used to assess whether binding 

by T125 nAbs blocked the biotinylated VRC01 bnAb from binding to the CD4bs 

(Figure 5.11c). This revealed that 7B8, 7B11 and 7D3 were all able to compete 

with VRC01 for the CD4bs epitope by reducing VRC01 binding to <50%, unlike 

the negative control HIV bnAb PGT151 which does not target the CD4bs. 

VRC01 was also included as a positive control to show self-competition and 

resulted in <20% binding of the biotinylated version of itself (Figure 5.11c). To 

summarise, six T125 nAbs were found to target the CD4bs epitope, yet only 

three were affected by the D368R mutation. These CD4bs nAbs each had 

different gene usage, except 7D11 and 8E3 which differed only in the allele of 

the VH gene, but none used the VH1-2 gene characteristic of the VRC01-class 

of antibodies (Zhou et al. 2013) and may explain why none achieved 

neutralisation breadth. 

Next, the epitopes of non-nAbs from T125 were investigated using competition 

ELISAs to identify changes in binding to BG505 SOSIP. Competitive binding 

by T125 non-nAbs revealed that 7B7, 7D4, 7C11 and 7D10 had an 

overlapping epitope, with binding reduced from 100% to below 50% (Figure 
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5.12a). An exception to this was 7D10 which did not prevent the binding of 

biotinylated mAbs, even when tested against itself this was only partially 

blocked (65%). A second epitope in common was shown by the reduced 

binding of biotinylated 7E10 (63%) as a result of partial blocking by 7C6, 

although the inverse binding of biotinylated 7C6 was not blocked by 7E10 

(Figure 5.12a). This finding suggests that there may be a difference in the 

angle of approach or affinity for Env as there was some overlap in the binding 

footprint yet competition was only seen in one direction. Finally, non-nAbs 7A3, 

7F8, 8C7 and 8C11 did not demonstrate any competitive binding, not even 

self-competition, and thus were not included in further competition ELISAs. In 

addition, as the non-nAbs 7B7 and 7D4 were shown earlier to be somatic 

variants (Figure 5.4) and had overlapping epitopes (Figure 5.12a), only one 

was included in further analysis. The non-nAbs that were found to target 

overlapping regions on Env were then tested in competition ELISAs using HIV 

mAbs targeting known epitopes on Env. Specifically, CD4bs, high mannose 

patch, trimer apex and gp120-gp41 interface antibodies were used to block 

these epitopes on Env, however, all of the T125 non-nAbs were still capable 

of at least 70% binding (Figure 5.12b). Even though all of the HIV mAbs used 

in this ELISA were bnAbs, these should still be capable of limiting access by 

non-nAbs if this region on Env was targeted. Therefore it can be concluded 

that the non-nAbs do not overlap with the known bnAb epitopes tested here 

and likely target other regions on the trimeric Env that are not as well 

characterised.  
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(A-C) Epitope mapping ELISAs of mAbs tested in duplicate, with the mean and error 

bars shown. (A) Binding of mAbs to the V3 peptide of BG505 was shown by 

absorbance at 405nm, with ACS221 a V3 mAb isolated from a different bnAb donor 

(van Gils et al. 2016) as a positive control and non-HIV mAb CR3018 as a negative 

control. (B) Effect of the D368R mutation (in the CD4bs) on mAb binding of BG505 

gp120, shown by fold-decrease in binding, with the CD4bs mAb VRC01 as a positive 

control and high mannose patch mAb PGT121 as a negative control. (C) Percentage 

binding of biotinylated VRC01 (VRC01-b) mAb to BG505 gp120 in the presence of 

non-biotinylated mAbs 7B8, 7B11, 7D3 and control HIV mAbs VRC01 (for self-

competition) and PGT151 (for a negative control), assessed in a competition ELISA. 

Competitive mAb binding for the CD4bs epitope was identified by a reduction from 

100% binding of VRC01-b to 50% binding or lower as highlighted by the gradient from 

white to blue.   

Figure 5.11 Neutralising antibodies target the V3 or CD4bs on HIV-1 Env.  
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(A-B) Percentage binding of biotinylated competitor mAbs to BG505 SOSIP in the 

presence of non-biotinylated mAbs, assessed by competition ELISA, with the 

inclusion of a non-HIV mAb (CR3018) as a negative control. Competitive mAb binding 

was identified by a reduction from 100% binding of biotinylated mAbs to 50% binding 

or lower as highlighted by the gradient from white to blue. (A) Competition of non-

neutralising mAbs with self and other non-neutralising mAbs isolated from elite 

neutraliser T125. (B) Competition of non-neutralising mAbs with previously 

characterised HIV Env-specific mAbs that target the CD4bs, high mannose patch, 

trimer apex or gp120-gp41 interface. 

  

Figure 5.12 Non-neutralising antibodies show some overlap in the epitopes 

targeted on HIV-1 Env but do not compete with previously characterised 

HIV mAbs.  
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5.11 Broadly neutralising antibody 7E7 targets a gp120-gp41 epitope 

similar to the bnAb 3BC315, that is independent of the surrounding 

glycans 

 

To epitope map the bnAb 7E7, the same approach was taken to screen for 

competitive binding using a range of HIV bnAbs that target different epitopes 

on Env. The results from the competition ELISA uncovered that 7E7 binding 

to BG505 SOSIP was reduced the most in the presence of gp120-gp41 

interface specific bnAbs (Figure 5.13a), suggesting that 7E7 competed for 

binding to this epitope. In particular, competition with bnAb 3BC315 resulted 

in <25% binding by 7E7. Differences in the blocking of 7E7 binding by the three 

gp120-gp41 interface bnAbs reflect the differences between their modes of 

binding and footprints on this broad epitope. For instance, ACS202 is capable 

of targeting the gp41 fusion peptide (van Gils et al. 2016), unlike 35O22 or 

3BC315. Instead, 3BC315 binds between the two gp41 subunits near the base 

of the trimer with a partial overlap in the epitope bound by 35O22 (Lee et al. 

2015). As the T125 bnAb 7E7 had the least competition with ACS202, 

retaining 84% binding (Figure 5.13a), this suggests that the fusion peptide is 

not part of its epitope. The competitive binding of 7E7 and 3BC315 is shown 

in more detail in Figure 5.13b, and when 3BC315 was allowed to bind to 

BG505 SOSIP first, this bnAb blocked the binding of biotinylated 7E7 to a 

greater extent than 7E7 itself. However, when 7E7 was allowed to bind first, 

this did not prevent binding by biotinylated 3BC315 which retained 92% 

binding, similar to the negative control mAb CR3018, yet self-competition by 

the bnAb 3BC315 was observed (Figure 5.13b). This one-way competition 

suggests that 7E7 has a similar footprint to the gp120-gp41 interface bnAb 

3BC315, but the angle of approach is not the same or that binding induces a 

conformational change in the Env protein that effects binding of the second 

mAb.  

To investigate the similarity between 7E7 and 3BC315 these bnAbs were next 

compared in neutralisation assays. It has previously been demonstrated that 

3BC315 has enhanced neutralisation when the glycan at position 88 in the 

gp120 subunit is removed (Lee et al. 2015). Therefore the JRCSF Env plasmid 
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was mutated using SDM to disrupt the glycosylation site (T90A). Neutralisation 

against JRCSF WT and T90A PVs was tested in parallel and showed that both 

7E7 and 3BC315 gained the ability to neutralise JRCSF when the N88 glycan 

site was mutated (Figure 5.13c). Specifically, 7E7 demonstrated weak 

neutralisation of JRCSF, with the highest mAb concentration exhibiting 50% 

neutralisation, yet was enhanced to >90% when tested against the T90A PV. 

In contrast, 3BC315 was unable to neutralise JRCSF until the N88 glycan was 

removed by the T90A PV and exhibited more potent neutralisation than 7E7 

to this mutant PV. The PGT121 bnAb that targets the high mannose patch was 

used as a negative control and was unaffected by the T90A mutation, as 

expected (Figure 5.13c). This result suggests that the epitope targeted by 7E7 

does not include the N88 glycan and is more accessible when this glycan is 

not present. The dependency on glycans in or around the epitope of 7E7 was 

explored further by producing the PV 94UG103, neutralised by 7E7 and 

3BC315, in the presence of kifunensine, which is a mannosidase inhibitor that 

prevents the processing of high mannose glycans into complex glycans. 

Neutralisation of 94UG103 PV produced in the presence of kifunensine was 

not largely affected by 7E7 or 3BC315 (Figure 5.13d), in contrast to PG9 that 

binds to complex glycans at the trimer apex and was therefore no longer able 

to neutralise this PV. Taken together, these results indicate that the T125 bnAb 

7E7 binds to a gp120-gp41 epitope that does not include glycans and is similar 

to the epitope targeted by 3BC315 as both can be partially obstructed by the 

N88 glycan. 

The sequence features of T125 bnAb 7E7 were then compared to 3BC315. 

This revealed that although both had VH1 gene usage, the VH1-69*01 gene 

was used by 7E7 while the VH1-2*02 gene was used by 3BC315 (Klein et al. 

2012). For the light chain, the gene usage was very different, with the VK1-

5*01 gene used by 7E7 and VL-23*02 used by 3BC315 (Klein et al. 2012). It 

has already been shown for 3BC315 that aromatic residues in the CDRL1 and 

CDRH3 allow hydrophobic interactions with gp41 (Lee et al. 2015). To 

determine if similar residues were also found in 7E7, a 2D graphical 

representation of the variable region structure (generated by IMGT) for the 

heavy and light chains of 3BC315 and 7E7 was compared (Figure 5.14). 
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Hydrophobic residues classified by IMGT include: isoleucine (I), valine (V), 

leucine (L), phenylalanine (F), cysteine (C), methionine (M), alanine (A) and 

tryptophan (W) and those that are commonly found in antibody sequences are 

highlighted in blue. Of these, phenylalanine (F) is also recognised as an 

aromatic residue, along with tyrosine (Y) and tryptophan (W) which can 

facilitate non-covalent antibody-antigen interactions and thus occur more 

frequently at the binding sites (Wu, Sun, et al. 2010). The 7E7 variable heavy 

chain structure showed the positioning of an 8 AA CDRH1 and CDRH2 as well 

as the 20 AA CDRH3, in which four residues were aromatic (Figure 5.14a). 

The variable light chain of 7E7 was shown to have a 6 AA CDRL1, a 3 AA 

CDRL2 and a 9 AA CDRL3, with aromatic residues only present in the CDRL3 

(Figure 5.14b). This suggests that the CDRH3 and CDRL3 of the T125 bnAb 

7E7 facilitate binding, although without structural studies this observation is 

only speculative. The variable heavy chain of 3BC315 was similar to 7E7 with 

the same length CDRH1 and CDRH2 as well as a CDRH3, which was longer 

by only one AA and contained four aromatic residues, although only one of 

these was in the same position as in the 7E7 CDRH3 (Figure 5.14c). In 

addition, the 3BC315 CDRH3 had the presence of two prolines in close 

succession that were not observed in the 7E7 CDRH3. As prolines are often 

associated with protein folding this finding was unexpected but may contribute 

to the angle of approach by the CDRH3 of 3BC315 for antigen binding. Finally, 

the variable light chain of 3BC315 was evaluated and showed that the CDRL2 

and CDRL3 lengths were the same as 7E7, however, the 9 AA CDRL1 length 

(Figure 5.14d) was longer and had aromatic residues that were not present in 

the 6 AA CDRL1 of 7E7 (Figure 5.14b). Considering that aromatic residues in 

the CDRL1 of 3BC315 have been found to interact with gp41 (Lee et al. 2015), 

this suggests that the involvement of the light chain CDRs in 7E7 binding 

differs from 3BC315. In summary, both 7E7 and 3BC315 target the gp120-

gp41 epitope on the HIV trimer and share some structural similarities, such as 

CDR lengths, despite distinct gene usage. Nevertheless, the differences 

shown by one-way competitive binding and neutralisation of JRCSF in Figure 

5.13 imply that the angle of approach and specific residues in CDRs used to 

target the gp120-gp41 interface vary. 
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Figure legend on next page 
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(A) Competition of biotinylated 7E7 mAb (7E7-b) with previously characterised HIV 

mAbs specific for the CD4bs, high mannose patch, trimer apex or gp120-gp41 

interface and a negative control (non-HIV) mAb CR3018. Competitive mAb binding to 

BG505 SOSIP was identified by a reduction from 100% binding of 7E7-b mAb to 50% 

binding or lower as highlighted by the gradient from white to blue. (B) Percentage 

binding of 7E7-b and 3BC315-b to the gp120-gp41 interface of BG505 SOSIP in 

reciprocal competition ELISAs, with the mean and error bars shown for mAbs tested 

in duplicate. A negative control (non-HIV) mAb CR3018 was included and a dotted 

line at 50% shows the threshold for competitive binding. (C-D) Neutralisation curves 

of mAbs titrated in duplicate against (C) JRCSF PV and a T90A mutated version, to 

remove the glycan site at position 88, and (D) 94UG103 PV produced in the presence 

and absence of kifunensine (kif), with the mean and error bars shown along with 

dotted lines to indicate 0% and 50% neutralisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Broadly neutralising antibody 7E7 targets the gp120-gp41 

interface of HIV Env, with an epitope independent of the surrounding 

glycans.  
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(A-D) Amino acid (AA) sequence of Ig variable regions visualised using IMGT Collier 

de Perles (Brochet, Lefranc, and Giudicelli 2008) for (A) 7E7 heavy chain, (B) 7E7 

light chain, (C) 3BC315 heavy chain and (D) 3BC315 light chain. (A, C) The CDRH1 

(red), CDRH2 (orange) and CDRH3 (purple) lengths are specified based on the amino 

acid (AA) sequence. (B, D) The light chain CDR1 (blue), CDR2 (light green) and 

CDR3 (dark green) lengths are specified based on the AA sequence. Hydrophobic 

AAs (I, V, L, F, C, M and A) and all tryptophan (W) were highlighted (light blue) if 

present in more than 50% of analysed Ig sequences at that position, all prolines 

(yellow) and positions missing based on the IMGT numbering (hashed shapes) were 

also highlighted and the direction of beta sheets are indicated by arrows. 

Figure 5.14 Graphical representation of antibody variable regions reveals 

similarity between the amino acid positioning in heavy chains of 7E7 and 

gp120-gp41 interface bnAb 3BC315.  
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5.12 Neutralisation breadth exhibited by 7E7 was comparable to 

previously isolated gp120-gp41 interface specific bnAbs   

 

To compare differences between 3BC315 and 7E7 in terms of their 

neutralisation, and put the breadth of 7E7 into the wider context of all bnAbs it 

was necessary to test the T125 bnAb 7E7 against a larger panel of PVs. The 

most commonly used standard panel to assess neutralisation breadth is the 

118 multi-clade PV panel (Griffith and McCoy 2021), therefore PVs from this 

panel were used in neutralisation assays with 7E7. A total of 103 PVs from the 

118 PV panel were successfully produced (plasmids for the remaining 15 PVs 

either could not be sourced or did not yield infectious PV). The percentage of 

viruses neutralised and potency of neutralisation within each clade are stated 

as the neutralisation breadth and the geomean IC50 respectively for 7E7 

expressed as IgG1 and IgG3 (Figure 5.15a). This showed that 7E7 was 

capable of neutralising 9 out of 11 clades in the panel, with only clade D and 

clade CD PVs being completely resistant. The breadth of neutralisation against 

clade AE PVs was also low, with only 25% of viruses being susceptible to 7E7. 

Surprisingly, the greatest neutralisation breadth by 7E7 was not achieved 

against the clade of infection (clade C), but rather AC/ACD recombinants. 

Overall, the neutralisation by IgG1 and IgG3 versions of 7E7 was comparable, 

with 53% breadth and 56% breadth respectively. In addition, the potency of 

7E7 as IgG1 and IgG3 was also comparable with an overall geomean IC50 of 

2.93 µg/mL and 2.73 µg/mL respectively. Furthermore, these findings are 

consistent with the 50% breadth exhibited by 7E7 against both the standard 6 

PV panel (Figure 5.6a) and the global 12 PV panel (Figure 5.7a). 

Neutralisation by T125 bnAb 7E7 was visualised using a dendrogram in Figure 

5.15b to highlight the different clades targeted and the potency of PV 

neutralisation, which is represented by the length of each line.  

Publicly available neutralisation data for previously characterised gp120-gp41 

interface bnAbs was then extracted from the LANL database. First, the 

neutralisation profile of 7E7 was compared to 3BC315 by using the same set 

of PVs (n=21) that both bnAbs had been tested against. This revealed that, 

despite having an overlapping footprint on Env, 7E7 had slightly broader and 
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more potent neutralisation than 3BC315 (Figure 5.15c). The 3BC315 somatic 

variant 3BC176 was also included in this analysis and showed the same 

neutralisation breadth as 3BC315 but was more potent, with a geomean IC50 

comparable to 7E7. Neutralisation by other gp120-gp41 bnAbs PGT151, 

35O22 and 8ANC195 that have been tested against more PVs was also 

compared to 7E7 using the same set of PVs (n=103) from the 118 multi-clade 

PV panel (Figure 5.15c). The 53% neutralisation breadth exhibited by 7E7 was 

found to be in the range of 50-73% exhibited by other interface bnAbs yet 

these had a geomean IC50 of 0.03-1.54 µg/mL, which is more potent than 7E7 

neutralisation (geomean IC50 of 2.93 µg/mL). This difference in potency likely 

reflects differences in the residues contacted in the gp120-gp41 interface, for 

instance, PGT151, 35O22 and 8ANC195 have neutralisation that requires 

interaction with glycans (Scharf et al. 2015; Huang et al. 2014; Falkowska et 

al. 2014) while 7E7 does not. Overall, these findings demonstrate that the elite 

neutraliser T125 was capable of producing bnAbs against HIV, with the 

isolation of the bnAb 7E7 that had at least 50% neutralisation breadth against 

over 100 PVs from the 118 multi-clade PV panel. Furthermore, the T125 bnAb 

7E7 was found to target the gp120-gp41 interface, a known bnAb epitope on 

Env, and had comparable neutralisation breadth to previously characterised 

bnAbs against the gp120-gp41 interface.   
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(A) Percentage neutralisation of 103 PVs from the standard 118 multi-clade PV panel 

by the T125 bnAb 7E7, expressed as IgG1 and IgG3, with PVs grouped by clade and 

the geomean of IC50 titres reflecting the potency. An IC50  >50 indicates no 

neutralisation. (B) Dendrogram of the neutralisation breadth and potency achieved by 

T125 7E7 expressed as IgG1 against 103 PVs in the standard 118 multi-clade PV 

panel, with lines coloured according to the clade of PV neutralised. Longer lines 

indicate more potent neutralisation and reflect the IC50 titre achieved against each 

PV. (C) Published neutralisation data for HIV gp120-gp41 interface bnAbs 3BC315, 

3BC176, PGT151 and 35O22 against the 118 multi-clade PV panel was extracted 

from LANL (Yoon et al. 2015) for comparison to T125 bnAb 7E7 neutralisation, using 

data for viruses in common. The potency of neutralisation is given as the geomean 

IC50 and the neutralisation breadth reflects the percentage of viruses neutralised from 

those tested. 

 

Figure 5.15 Broad neutralisation was exhibited by 7E7 expressed as IgG1 

or IgG3, and was similar to the breadth of previously isolated gp120-gp41 

interface bnAbs.  
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Table 2 Summary of T125 HIV Env-specific antibodies and their 
functionality  

The percentage SHM in the heavy chain V-gene (VH) was determined from 

nucleotide sequences and the CDRH3 length was determined from amino acid 

sequences. Neutralisation was determined by serial dilution of mAbs in the TZM-bl 

neutralisation assay, with a cut off of 50 µg/mL. The potency of neutralisation is given 

as the average geomean of IC50 values from n=2.  

Epitope
T125 

mAb
VH gene

VH SHM 

(%)

CDRH3 

length

Viruses 

neutralised

IC50 

(µg/mL)

Viruses 

neutralised

IC50 

(µg/mL)

Viruses 

neutralised

IC50 

(µg/mL)

 

 

 

0/6 >50 ND ND 0/3 >508C11 4-39*07 8.11 15

0/6 >50 ND ND 0/3 >507C6 4-31*03 8.42 15

0/6 >50 ND ND 0/3 >507F8 3-74*01 6.25 13

0/6 >50 ND ND 0/3 >508C7 3-74*01 2.03 13

0/6 >50 ND ND 0/3 >507C11 3-30*10 15.88 15

0/6 >50 ND ND 0/3 >507D4 3-30 19.10 15

0/6 >50 ND ND 0/3 >507B7 3-30 18.40 15

0/6 >50 ND ND 0/3 >507D10 3-23*04 15.97 15

0/6 >50 ND ND 0/3 >507E10 1-69*04 10.81 15

0/6 >50 ND ND 0/3 >50

0/3 >50

Non 

neutralising

7A3 1-69 10.14 18

3/6 3.42 8/12 2.53

0.99 1/12 5.74 1/3 30.09

Interface 7E7 1-69 18.40 20

5.13 1/3 22.79

7F10 5-51*01 14.58 18 2/6

12.5

7F6 5-51*01 14.92 18 2/6 1.69 1/12

2/6 2.88 1/12 5.20 1/3

1.01 1/12 4.72 1/3 5.72

7C2 5-51 10.59 16

>50 1/3 39.79

7A2 5-51*01 15.24 17 2/6

15.34

8C10 5-51*01 12.85 20 1/6 0.53 0/12

1/6 0.22 1/12 6.92 1/3

1/12 6.00 1/3 5.94

7E8
3-30 or     

3-30-5
7.14 9

>50

V3 peptide

7E3
3-30 or     

3-30-5
7.14 9 1/6 0.27

1/6 3.56 0/12 >50 0/3

2.66 1/12 25.47 1/3 7.04

7E5 5-51 4.67 16

41.41 1/3 21.5

7D11 3-11*05 7.82 17 1/6

8E3 3-11*03 5.90 15 1/6 3.12 1/12

1/6 2.15 0/12 >50 1/3 19.39

1/12 9.39 1/3 4.81

7D3 3-21*01 14.58 18

1/3 2.57

7B11 1-69 10.47 18 1/6 3.16

1/6 1.38 1/12 5.25

Standard 6 PV Standard Clade C PV 

panel

Autologous T125 

Clade C PVsmulti-clade panel

CD4bs

7B8 1-18*01 9.80 18
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Summary 

Recombinant trimeric HIV Env protein, BG505 and CRF250-4 SOSIP, were 

validated as antigen probes for detection of mAb binding by flow and 

subsequently used to isolate single HIV Env reactive B cells from the elite 

neutraliser T125. Single B cell cloning of the HIV Env+ IgG+ B cells 

successfully amplified Ig variable region pairs within the same range of 

efficiency as from the HIV-negative donor single IgG+ B cells in chapter 3. 

Cloning of Ig variable regions into vectors, followed by transfection of Ig heavy 

and light chain pairs resulted in the expression of 50 mAbs that were 

characterised further in terms of their functionality and sequence features. As 

summarised in Table 2, 24 mAbs demonstrated binding of trimeric Env (BG505 

and/or CRF250-4 SOSIP) by ELISA and were subsequently tested for their 

neutralisation capacity, as well as the epitopes targeted. In total, 14 mAbs 

displayed neutralisation of heterologous and/or autologous PV by targeting 

three distinct epitopes on the HIV Env, with a VH SHM in the range of 4.67-

18.40% and a CDRH3 length of 9-20 AAs (Table 2). The sequence features 

of nine T125 nAbs were consistent with those of previously characterised HIV 

bnAbs, falling in the range of 9-43% VH SHM and a CDRH3 of 10-37 AAs 

(Griffith and McCoy 2021), yet only one exhibited neutralisation breadth.  

To epitope map the region on Env targeted by T125 mAbs, competition 

ELISAs were primarily used, however, a limitation is that this approach only 

provides insight into the footprint on Env using previously characterised mAbs, 

rather than the exact residues targeted. Instead, the use of mutated Env 

proteins, with AA changes in epitopes, can be more informative but is not a 

quick screening tool unless a specific residue is required for binding by the 

majority of mAbs, such as CD4bs mAbs dependency on D368. Of the T125 

mAbs that demonstrated neutralisation, six were found to target the CD4bs 

with half having a dependency on D368, but neutralisation was restricted to a 

limited number of clade C viruses. Seven mAbs were found to bind the V3 loop 

and exhibited clade C specific neutralisation or cross-clade neutralisation 

against PVs in the standard 6 PV panel. Yet, only one mAb, 7E7 had a gp120-

gp41 interface specificity and exhibited neutralisation of ≥50% breadth against  
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multi-clade and clade C specific panels of PVs, and thus was identified as a 

bnAb. Furthermore, bnAb 7E7 displayed neutralisation breadth within the 

same range as previously identified gp120-gp41 interface bnAbs. Although, in 

line with previous reports on minimal/no autologous neutralisation by bnAbs, 

7E7 was only capable of weak autologous neutralisation when expressed as 

its original IgG3 but not as IgG1. 

In conclusion, a variety of mAbs with different sequence features, functionality 

and epitopes were isolated from the single B cells of elite neutraliser T125, 

demonstrating the diversity of the humoral response. The identification of an 

HIV bnAb further validates the reasoning for selecting this individual to study 

the phenotype associated with bnAb development. Yet, unfortunately, none of 

the other nAbs were clonally related to the bnAb 7E7. As the original research 

aim was to investigate bnAb vs non-bnAb B cells within patient at the 

transcriptomic level, the isolation of only a single bnAb will limit this analysis in 

the next chapter. However, the characterisation of the T125 mAbs isolated 

here can still be linked back to their original B cells to give insight into the 

phenotype associated with functionality. 



220 
 
 

Chapter 6: Preservation of memory B cell homeostasis 

may facilitate the development of broadly neutralising 

antibodies against HIV 

 

Background 

The indirect effect of HIV infection on the B cell population results in altered 

frequencies of subsets circulating in the periphery. In particular, an increase in 

immature/transitional and terminally differentiated B cells, as well as activated 

memory (AM) and tissue-like memory (TLM) B cells are observed compared 

to HIV-negative individuals, at the expense of fewer naïve B cells and resting 

memory (RM) B cells (Moir et al. 2010). The downregulation of both CD27 and 

CD21 on the cell surface of class-switched B cells is used to characterise the 

TLM subset, which have increased expression of inhibitory receptors and 

receptors for migration to inflammatory sites yet downregulation of receptors 

for homing to lymph nodes (Moir et al. 2008). This phenotype suggests that 

the TLM subset does not participate in further germinal centre reactions, which 

may restrict the humoral response. An increase in this subset, also referred to 

as atypical cells, has also been observed in other chronic infections such as 

Hepatitis B (Burton et al. 2018) and malaria (Portugal et al. 2017). It is thought 

that ongoing viral infection leads to persistent antigen-driven activation and 

inflammation that contributes to the expansion of TLM / atypical B cells. 

Indeed, in HIV infection, the perturbation of the B cell population increases 

from early to chronic infection, yet is reduced following the initiation of ART 

which brings the viral load below the limit of detection (Moir et al. 2010). Given 

that the majority of bnAbs have been isolated from individuals infected with 

uncontrolled HIV for a minimum of two years it is logical to presume that this 

perturbation is also present in these individuals, although this is yet to be 

explored. While many factors have been associated with the development of 

neutralisation breadth (as discussed in section 1.5), none are predictive and 

there is limited data on the B cell phenotypes in bnAb donors. Moreover, the 

phenotype of the individual B cells that produce nAbs of varying breadth has 

not been investigated. 
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In the previous chapter, the characterisation of antibodies cloned from single 

HIV Env+ IgG+ B cells confirmed that elite neutraliser T125 was capable of 

producing bnAbs, with the identification of an interface bnAb that 

demonstrated 53% breadth against a multi-clade panel of over 100 PVs, 

similar to other bnAbs in this class. In addition, mAbs with limited or no 

neutralisation breadth were also identified from single T125 B cells. This final 

results chapter aimed to investigate the cell surface and transcriptomic 

phenotype of B cells from the bnAb donor, incorporating information on the 

mAb functionality to try and identify phenotypes associated with the 

development of bnAbs. 
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Results 

6.1  Cell surface profiles of the viraemic bnAb donor T125 did not 

show expected perturbation of B cell subsets associated with HIV 

infection 

 

Cell surface markers CD27 and CD21 can be used during flow cytometry to 

identify B cell phenotypes (as described in section 1.6.2). Inclusion of these 

markers during staining of bnAb donor T125 PBMCs for the isolation of HIV-

specific B cells by FACS, as described in chapter 5, revealed that subsets 

within the total B cell, IgG+ B cell and HIV Env+ B cell populations were 

comparable between the first (Figure 6.1a) and second timepoint (Figure 

6.1b). The inclusion of IgG in analyses was used to identify class-switched, 

bona fide memory. As mentioned earlier, untreated HIV infection distorts the 

memory B cell population, with a decrease in resting memory (RM; CD27+ 

CD21+) and a notable increase in tissue-like memory (TLM; CD27- CD21-) as 

well as activated memory (AM; CD27+ CD21-) (Moir et al. 2010), yet this was 

not observed in the PBMCs from T125, despite detectable viraemia. Instead, 

both the total IgG+ and HIV Env+ B cell populations in T125 were 

predominantly RM (CD27+ CD21+), whereas TLM (CD27- CD21-) was the 

most infrequent phenotype of both populations across the two timepoints. In 

particular, 84% and 94.6% of the HIV Env+ B cells had a RM phenotype at the 

first timepoint (Figure 6.1a) and second timepoint (Figure 6.1b) respectively, 

while <1% were identified as TLM in either timepoint. On the contrary, findings 

in a previous study showed that IgG+ Env+ (gp140) B cells from 42 HIV 

viraemic individuals were mostly AM (48.8%), with lower levels of RM (37%) 

and elevated TLM (11.6%) (Kardava et al. 2014).  

As a result of these unexpected observations, the B cell subsets from two HIV-

infected donors not on ART were assessed. The first was viraemic with a 

relatively high VL (110,000 c/mL) and the second was an elite controller, with 

a low VL just above the current detection threshold (100 c/mL). PBMC from 

these two donors and an HIV-negative donor were analysed by flow cytometry 

using the same cell surface markers to directly compare to the B cells from the 
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bnAb donor T125 (Figure 6.2). This revealed that consistent with the literature, 

in the total B cell population (CD19+) there was a higher percentage of AM 

(8.5%) and TLM (10.8%) in the viraemic donor than the HIV elite controller 

(3.9% AM, 2.8% TLM) and the HIV-negative donor (4.6% AM, 3.7% TLM) 

(Figure 6.2a). In the IgG+ B cell population, there was an even more striking 

increase in the percentage of TLM in the viraemic donor (22.4%) as compared 

to the elite controller (3.1%) or HIV-negative donor (4.9%) (Figure 6.2b). In 

addition, the percentage of IgG+ B cells with a RM phenotype was reduced in 

the viraemic donor (49.9%) compared to both the elite control donor (82.4%) 

and HIV-negative donor (74.6%) (Figure 6.2b).  

Finally, a direct comparison of the subsets showed that T125 had a lower 

proportion of TLM compared to the HIV viraemic donor in both the total B cell 

population (shown in black, Figure 6.2c) and the IgG+ B cell population (Figure 

6.2d). The total B cell population was considered here on the basis that 

memory can exist as isotypes other than IgG, for instance IgM, which can also 

be RM, AM or TLM. Although IgM was included in the staining panel, IgD was 

not, and thus it was not possible to identify IgM only B cells. Furthermore, 

analysis of the IgG+ B cell population indicated that the proportion of subsets 

in both timepoints from T125 was most similar to the elite controller with low 

VL and/or the HIV-negative donor, with higher RM and lower TLM than the 

HIV viraemic donor (Figure 6.2d). Taken together, these results imply that the 

bnAb donor T125 did not have the disturbances in the B cell population 

normally associated with HIV viraemia. These novel observations will be 

investigated further in this chapter by considering the transcriptomic 

phenotype of the bnAb donor memory B cells.  
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(A-B) FACS analysis of total B cells (CD19+ CD4-), IgG+ B cells (CD19+ IgG+ IgM-) 

and HIV Env+ (CD19+ IgG+ SOSIP+) B cells based on the surface expression of 

CD27 and CD21 from (A) 1st timepoint T125 PBMCs and (B) 2nd timepoint T125 

PBMCs, sampled four months apart. 

 

Figure 6.1 B cell subsets are comparable between two timepoints from the 

bnAb donor T125.  
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(A-B) FACS analysis of B cell subsets based on the surface expression of CD27 and 

CD21 within the (A) total B cell population (CD19+ CD4-) and (B) IgG+ B cell 

population (CD19+ IgG+ IgM-) from an HIV-infected donor with high viral load (VL) of 

110,000 c/mL, low viral load (VL) of 100 c/mL and an uninfected HIV-negative donor. 

(C-D) Percentage of naïve, intermediate memory (IM), resting memory (RM), 

activated memory (AM) and tissue-like memory (TLM) B cells observed in T125 

PBMCs from the 1st and 2nd timepoint (TP) compared to the HIV-infected donor with 

high VL, low VL and an uninfected (HIV-) donor based on the CD27 and CD21 

expression within the (C) total B cell population and (D) IgG+ B cell population.  

Figure 6.2 HIV-associated dysfunction is not seen in the B cell population 

of bnAb donor T125, based on cell surface markers.  
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6.2  Libraries generated for scRNA-seq from the majority of bnAb donor 

HIV-Env reactive memory B cells passed quality control checks 

 

As discussed in chapter 5, single IgG+ HIV Env+ B cells were isolated from 

T125 and processed according to the Smart-Seq2 method to produce cDNA 

that was validated by electrophoresis using an Agilent tapestation, and then 

used for antibody cloning. Next, cDNA from the same single B cells (n=110) 

was processed further using the Smart-Seq2 method (as described in section 

2.3.3) to generate libraries for scRNA-seq and transcriptional analysis. To 

begin with, the cDNA from single B cells was quantified by Qubit to calculate 

the volume required (for 1.5 ng) for tagmentation, to fragment the DNA into 

shorter sections for Illumina sequencing. Unique indices were then added to 

the fragmented DNA from each B cell by PCR. The resulting libraries were 

purified and the fragment size was assessed again by electrophoresis (using 

an Agilent Tapestation), which showed the required size of 300-800bp. Finally, 

libraries were quantified again by Qubit, for normalisation to 5 ng before 

pooling together for sequencing. 

The scRNA-seq data generated from T125 B cells were first assessed, as in 

chapter 3, using quality control measures to ensure that libraries were suitable 

for downstream transcriptomics analysis. The library size of T125 B cells from 

both the first and second timepoint was initially assessed and had a median 

count depth of 1.3 million. Although this was lower than the 1.85 million count 

depth of the HIV-negative memory B cells in chapter 3, this was still in line with 

previous B cell libraries (~1-2 million count depth) generated using Smart-

Seq2 (Croote et al. 2018). Analysis of outliers identified a minimum library 

count depth threshold of 348,862 (Figure 6.3a) and resulted in nine cells (one 

from the first timepoint and eight from the second timepoint) being excluded 

from further analyses. Next, the number of genes detected in libraries was 

considered and found that cells had a median of 1370 unique genes, which 

was higher than the genes detected (median of 893) in the HIV-negative donor 

memory B cells (chapter 3). Outlier analysis of libraries identified a threshold 

of 708 genes as the lower limit for inclusion in further analyses (Figure 6.3b) 

and found that nine of the ten cells that didn’t meet this criterion had already 



227 
 
 

been excluded based on library size. In addition, the proportion of 

mitochondrial genes in libraries can identify non-viable cells, as dying cells 

have broken membranes that result in the loss of cytoplasmic mRNA but not 

mitochondrial mRNA. An upper limit of 30% mitochondrial genes was 

determined from outlier analysis of the libraries and revealed that six cells from 

the first timepoint and three cells from the second timepoint exceeded this 

threshold (Figure 6.3c) and thus were discarded. However, considering all of 

the libraries together the viability was good, with a median of 12.7% 

mitochondrial genes.  

Overall, the majority of libraries from single T125 B cells were of good quality, 

however, 16 cells (seven from the first timepoint and nine from the second 

timepoint) did not pass one of the three QC measures. Nevertheless, the 

libraries generated from 85% (94/110) of single B cells from the bnAb donor 

T125 were suitable for downstream analysis based on outlier analyses. 

 

  



228 
 
 

(A) Library size based on count depth per cell, with a threshold of 348,862 indicated 

by the plotted line. (B) Number of genes detected per cell, with a threshold of 708 

indicated by the plotted line. (C) Percentage of mitochondrial genes versus count 

depth, coloured according to if cells passed QC checks (blue) or not (orange), 

including an upper limit of 30% mitochondrial genes. Thresholds were determined 

from outlier analyses. 

Figure 6.3 Quality control of single B cell libraries generated from bnAb 

donor T125.  
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6.3  HIV-Env reactive B cells from the viraemic bnAb donor had a 

transcriptional phenotype most similar to resting memory B cells 

 

As shown earlier, the cell surface phenotype of single memory B cells from the 

bnAb donor T125, in particular the HIV-Env reactive IgG+ B cells, were 

predominantly RM (CD27+ CD21+) by flow cytometry (Figure 6.1). However, 

without index sorting (which was not feasible on the BD Melody sorter), it was 

impossible to identify which specific B cells related to those seen in each 

quadrant for CD27 and CD21 expression. It was therefore of interest to explore 

whether a resting phenotype was also observed at the transcriptome level and 

if this related to the functionality of the encoded antibody. To achieve this, 

additional scRNA-seq datasets were needed to put the bnAb donor T125 B 

cells into context. Fortunately, a Smart-Seq2 dataset was generated 

contemporaneously by Dr Luke Muir in our lab and consisted of 253 single 

memory B cells (CD19+ IgG+) isolated based on differential expression of 

CD27 and CD21 from an HIV-infected donor with long-term elite control of their 

virus (VL of 100 c/mL at the timepoint sampled). Consequently, this provided 

pre-defined RM (CD27+ CD21+), AM (CD27+ CD21-) and TLM (CD27- CD21-

) B cell transcriptomes for inclusion in analyses.  

Memory subsets from the HIV elite controller were first visualised by UMAP 

and annotated according to the flow cytometry phenotype which revealed that 

TLM B cells clustered away from the RM and AM B cells (Figure 6.4a), similar 

to the HIV-negative memory B cell data in chapter 3. This indicates that TLM 

B cells have a distinct transcriptome, while RM and AM B cells have more 

transcriptional overlap in the genes expressed. Next, the single B cells in these 

memory subsets were used in Glmnet analysis to predict the maximum 

likelihood for each bnAb donor B cell from T125 for each of the three 

phenotypes. The probability of each single T125 B cell being RM, AM or TLM 

is shown in Figure 6.4b and indicated that the majority were most like RM, with 

some showing similarity to AM and very few having a high probability of a TLM 

phenotype. The specificity and functionality of the T125 B cells were then 

considered, based on the behaviour of the BCR expressed as soluble mAb 

(assessed in chapter 5). This revealed that, regardless of the ability to bind 
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Env or not, the phenotype of T125 bnAb donor B cells was most similar to RM, 

and unlike AM or TLM (Figure 6.4c). Analysis of T125 B cells based on their 

neutralisation capacity also showed that the phenotype was closest to RM, 

although non-nAb B cells had the highest probability of a RM phenotype, 

followed by cross-clade nAb B cells and then clade-specific B cells which also 

showed a low probability (<0.5) of having an AM phenotype (Figure 6.4d). 

Investigation of B cells based on the epitope targeted on HIV Env was 

considered next. Interestingly, the one B cell with a BCR that targeted the Env 

interface was the T125 bnAb 7E7 and this B cell was found to have the highest 

probability of being RM (Figure 6.4e). The B cells with BCRs targeting CD4bs 

and non-nAb epitopes also had a phenotype most similar to RM, yet those 

targeting the V3 had a similar probability for RM and AM (Figure 6.4e).  

Finally, the T125 B cells were assessed based on their BCR isotype and found 

that all IgG subtypes were most like RM, except a single B cell whose isotype 

was unable to be determined (either IgG1 or IgG2) which had a high probability 

for a TLM phenotype. In summary, single B cells from the T125 bnAb donor 

had a transcriptional phenotype comparable to RM B cells from an HIV-

infected donor who had minimal/no viraemia over 19 years of infection 

(sampled here at year 15), and consequently had very little of the B cell 

dysfunction associated with uncontrolled HIV (Figure 6.2). In addition, B cells 

where the specificity and functionality of their BCR was characterised were 

also most similar to RM B cells, although the probability of a RM phenotype 

was lower for B cells with clade-specific neutralisation or V3 specificity which 

had some overlap with an AM phenotype. 

The differentially expressed genes (DEG) in the transcriptome of single B cells 

from bnAb donor T125 as compared to the RM, AM and TLM B cells of the 

HIV elite controller were then investigated to assess how they differed. This 

first required integration of the bnAb donor B cells with the memory B cell 

dataset from the elite controller. Visualisation by PCA showed that the bnAb 

donor B cells clustered predominantly with RM B cells, with some overlap with 

AM B cells, but not TLM B cells as expected (Figure 6.5a). In line with this, 

bnAb donor B cells had the fewest significant DEGs when compared to RM B 

cells (Figure 6.5b), with a similar number of significant DEGs when compared 
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to AM B cells (Figure 6.5c) yet had the highest number of significant DEGs 

when compared to TLM B cells (Figure 6.5d). 

In particular, genes previously associated with a TLM phenotype in HIV or an 

atypical phenotype in malaria (FCRL5, ITGAX, EZR, LITAF, NR4A2, ENC1, 

RGS2, CEMIP2 and ZNF331) (Holla et al. 2021; Sutton et al. 2021; Moir et al. 

2008; Kardava et al. 2014) were among those that had significantly higher 

expression in the TLM B cells compared to the bnAb donor B cells (Figure 

6.5d). Increased expression of B cell surface markers CD19 and CD20 

(MS4A1) has also been previously observed in TLM / atypical B cells (Holla et 

al. 2021; Andrews et al. 2019), and although CD19 had higher expression in 

TLM compared to the bnAb donor cells, CD20 did not (Figure 6.5d). The 

transcription factor T-bet (TBX21) is often also highly expressed in TLM and 

atypical B cells (Knox et al. 2017; Obeng-Adjei et al. 2017), however, this gene 

was not detected in many of the cells from either dataset and thus was not 

identified as a DEG. Similarly, the differential expression of T-bet was not 

identified in another Smart-Seq2 dataset, despite the detection of many other 

genes associated with an atypical phenotype, yet was in a larger 10x dataset 

(Sutton et al. 2021). Finally, the cell surface ‘memory’ marker CD27 was 

significantly higher in bnAb donor B cells compared to TLM B cells (Figure 

6.5d), consistent with a lack of CD27 on TLM B cells observed by flow 

cytometry.   

While T125 bnAb donor cells were most similar to RM B cells, this subset had 

higher expression of LTB, CXCR4 and DUSP1 than the T125 B cells (Figure 

6.5b). These genes are involved in the organisation of secondary lymphoid 

organs (Tumanov et al. 2002), recruitment to the GC dark zone (Allen et al. 

2004) and negatively regulating proliferation respectively. Moreover, in both 

the RM and AM B cells, there was higher expression than in T125 cells of the 

following genes: JUN which is an oncogene, ZFP36 which inhibits cytokine 

expression (Makita, Takatori, and Nakajima 2021), KLF6 which inhibits cell 

proliferation (Slavin et al. 2004) and TXNIP which can suppress BCL-6 in the 

GC (Shao et al. 2010) (Figure 6.5b,c). On the other hand, expression of 

MALAT1 (also known as NEAT2) and IFITM3 were significantly higher in the 

bnAb donor cells compared to RM and AM B cells (Figure 6.5b,c). While it is 
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known that MALAT1 is a long non-coding RNA its role in B cells has not been 

previously studied, however, IFITM3 has recently been discovered to be 

induced by BCR engagement of antigen to amplify PI3K signalling (Lee et al. 

2020). Consideration of other genes associated with BCR signalling revealed 

that despite the differences listed, T125 bnAb donor cells were most like RM 

B cells, with the differential expression of CD79A, Syk and Lyn below the 

threshold of significance (Figure 6.5b), while AM and TLM both had higher 

expression of CD79A and Syk (Figure 6.5c,d) than the T125 B cells. In 

contrast, the expression of a single gene, TWIST2, was significantly higher in 

the bnAb donor B cells compared to all three memory B cell subsets (Figure 

6.5b-d) and encodes a transcription factor to regulate inflammatory cytokines 

and induce anti-apoptotic genes (Merindol et al. 2014). Curiously, TWIST2 

expression was only just above the significance threshold yet had the largest 

fold-change, which may be explained by the detection of this gene in cells only 

from the second T125 timepoint.  

  



233 
 
 

(A) UMAP visualisation (after QC) of single-cell transcriptomes (Smart-Seq2) of 223 

memory B cells from an HIV-infected donor with low VL. Coloured by their original 

FACS sorting strategy as resting memory (RM; cyan), activated memory (AM; orange) 

and tissue-like memory (TLM; purple). (B) Similarity of single B cell transcriptomes 

(from the bnAb donor) with RM, AM and TLM B cell subsets from the low VL donor, 

calculated as a probability using the Glmnet algorithm. (C-F) Heatmaps showing the 

mean probability (as calculated in B) of bnAb donor B cells for memory subsets based 

on BCR (C) binding of Env, (D) neutralisation of clade C specific or cross-clade HIV 

PVs or no neutralisation (non-nAb), (E) epitope targeted on Env and (F) IgG isotype. 

BCR specificity and functionality were characterised based on the behaviour of 

soluble mAb cloned and expressed from single T125 B cells. 

Figure 6.4 B cells from bnAb donor T125 have a transcriptional phenotype 

most similar to resting memory, irrespective of their BCR specificity or 

functionality.  
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(A) PCA visualisation of bnAb donor cells (black) after integration with resting memory 

(RM; cyan), activated memory (AM; orange) and tissue-like memory (TLM; purple) B 

cells from an HIV-infected donor with low VL. (B-D) Volcano plots of DEG between 

bnAb donor cells and (B) RM (C) AM and (D) TLM B cells. The adjusted p-value 

threshold for significant DEG is indicated by the horizontal dotted line, with significant 

DEGs highlighted in red and their total number stated underneath each arrow. The 

top DEGs, as well as genes of interest, are annotated. 

Figure 6.5 Differential gene expression revealed that single B cells from 

bnAb donor T125 are most distinct from TLM B cells.  
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6.4  Transcriptomic profiles of HIV-Env reactive B cells from a viraemic 

bnAb donor showed minimal HIV-associated dysfunction 

 

On the basis that the HIV-Env reactive, memory B cells from the bnAb donor 

T125 had a cell surface and transcriptome similar to a resting phenotype, 

which is normally distorted in the presence of viraemia, it seems there was 

minimal HIV-associated dysfunction within the T125 B cell population despite 

a viral load of 73,700 c/mL. To address this fully and consider what impact 

uncontrolled HIV normally has on B cells, single B cells from healthy control 

donors and HIV-infected donors with viraemia or on suppressive ART were 

assessed. A previously published scRNA-seq 10x study was identified that 

had sequenced PBMCs from chronically infected HIV viraemic donors 

(PID529 and PID717), as well as those on ART which were suppressed to <20 

c/mL (PID630 and PID876) (Wang et al. 2020). In addition, this study also 

included analysis of PBMCs from healthy donors, although only one (HD1) 

was sequenced by the group and included in the dataset available online. 

Therefore, to increase the number of healthy donors included in analyses, 

PBMC data from another scRNA-seq 10x study were included, specifically, 11 

healthy donors recruited in Cambridge (CV0902, 04, 11, 15, 17, 26, 29, 34, 

39, 40 and 44) (Stephenson et al. 2021).  

To begin with, the transcriptomes of B cells from the different donors were 

extracted from each dataset and integrated, as shown by the UMAP in Figure 

6.6a. These cells were then annotated according to the donor group which 

revealed that B cells from control donors largely formed a separate cluster that 

only partially overlapped with HIV-suppressed donors and had the least 

overlap with HIV viraemic donors (Figure 6.6b). Next, the B cells were 

analysed using Cell Typist to predict the identity of a given cell by employing 

an existing model based on a pre-defined dataset of different immune cells (as 

described in section 2.11.2). Classification of the B cells based on the greatest 

probability for a cell type identified three main subsets: naïve, memory and 

age-associated B cells which were visualised again by UMAP for comparison 

(Figure 6.6c). The position of B cells in the naïve subset showed that these 

were largely from control donors, in contrast, the age-associated subset was 
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mainly from the viraemic donors, while the memory subset was comprised of 

B cells from all donor groups (Figure 6.6b,c). In addition, when the T125 bnAb 

donor cells were classified by Cell Typist they were designated as memory B 

cells, not naïve or age-associated, as expected given they were sorted as 

memory (IgG+) cells (Figure 6.6d). The top DEGs from each subset are shown 

in Figure 6.6e and revealed that the memory subset was characterised by 

higher expression of genes such as CD27, the classical memory marker, and 

TNFRSF13B (also known as TACI), which is one of the receptors for the B cell 

survival factor BAFF. Conversely, the age-associated subset had DEGs 

related to an atypical phenotype, including RGS2 and SAT1 (Sutton et al. 

2021), while the naïve subset had DEGs including TCL1A, FCER2 and IL4R 

consistent with previously characterised naïve B cells (Stewart et al. 2021). 

Successful identification of the memory subset across all donors made it 

possible to compare differences between these B cells from each donor group 

with the memory B cells isolated from the bnAb donor T125. As shown in 

Figure 6.7a, the transcriptome of memory B cells from HIV-suppressed and 

viraemic individuals was distinct from the majority of memory B cells from 

healthy control donors. Specifically, memory B cells from viraemic individuals 

showed DEGs associated with interferon stimulation, IFI44L and ISG15, as 

well as XAF1, associated with apoptosis (Jeong et al. 2018) (Figure 6.7b). In 

contrast, DEGs in memory B cells from healthy control donors had higher 

expression of genes such as CD79A, which is involved in BCR signalling 

(Figure 6.7b). Further analysis was carried out to investigate genes associated 

with specific phenotypes. This showed that memory B cells from control 

donors had higher expression of the memory marker CD27 than the HIV 

suppressed or viraemic donors (Figure 6.7c), consistent with HIV-negative 

individuals having a higher proportion of resting (CD27+) memory B cells. 

Similarly, there was high expression of SELL in control memory B cells, which 

facilitates entry into secondary lymph nodes (Venturi et al. 2003) and BACH2, 

which is required for GC regulation (Hu et al. 2022) (Figure 6.7c). Moreover, 

expression of the chemokine receptor CCR7, which is linked to GC retention 

(Reif et al. 2002), was detected in memory B cells from control and suppressed 

individuals, but not memory B cells from viraemic donors (Figure 6.7c). This is 
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logical given the higher levels of TLM in viraemic individuals and that TLM cells 

have low CCR7 expression (Moir et al. 2008; Kardava et al. 2014). 

Activation markers associated with HIV viraemia, FAS and CD86 (Moir et al. 

2004; Nicholas et al. 2013), were also expressed in a small fraction of the 

memory B cells from viraemic donors, but not in those from suppressed or 

control donors (Figure 6.7c). As a result of these differences in gene 

expression, in particular the signs of dysfunction in the HIV viraemic donors, it 

was of interest to determine which transcriptomic profile was the closest match 

to the bnAb donor B cells. To do this, Cell Typist was trained using the memory 

B cell transcriptomes from the viraemic, suppressed and control donors. This 

revealed that the Env-reactive memory B cells isolated from the bnAb donor 

T125 were most similar to memory B cells from healthy control donors, and 

unlike the HIV suppressed or viraemic donors (Figure 6.7d). In conclusion, this 

finding confirmed the lack of HIV-associated dysfunction in the bnAb donor B 

cells, consistent with the predominantly resting memory phenotype observed 

at the cell surface level and at the transcriptomic level when compared to 

distinct memory B cell subsets.  

  



238 
 
 

(A-C) UMAP visualisation of B cells from two integrated publicly available 

scRNA-seq (10x) datasets taken from 11 healthy donors (Stephenson et al. 

2021) and 2 HIV viraemic donors, 2 HIV suppressed donors and 1 healthy donor 

(Wang et al. 2020). Coloured by (A) donor ID, (B) donor group or (C) Celltypist 

annotation. (D) Dot plot showing Celltypist based mean probability of bnAb donor 

B cells belonging to naïve, memory or age-associated B cell subsets. (E) 

Expression of the top 10 DEGs for each B cell subset annotated by Celltypist in 

C. The dot size indicates the fraction of cells expressing each particular gene, 

the dot colour indicates mean gene expression. 

Figure 6.6 B cells from HIV-infected donors are transcriptionally distinct 

from healthy control donors.  



239 
 
 

 

(A) UMAP visualisation of memory B cell transcriptomes extracted from the B cell 

datasets analysed in Figure 6.6A, coloured by their donor group. (B) Expression of 

top 10 DEGs for each donor group. (C) Expression of selected genes (associated 

with B cell phenotypes) in each donor group. The fraction of cells is shown by the dot 

size and the mean gene expression is reflected by the colour. (D) Dot plot showing 

Celltypist probability of bnAb donor B cells being similar to memory B cells from 

control, suppressed or viraemic donors. 

 

Figure 6.7 Transcriptomic profiles of single memory B cells from the 

viraemic bnAb donor T125 mirror memory B cells from healthy control 

donors but not from other HIV-infected donors.  
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6.5  Suppression of IFN responses normally found in vireamia may have 

facilitated the preservation of memory B cell homeostasis  

 

Ongoing HIV infection leads to chronic immune activation and inflammation 

(as discussed in section 1.6), resulting in the upregulation of ISGs in B cells 

(Moir et al. 2004; Wang et al. 2020). Guided by the observation that the bnAb 

donor B cells did not show signs of viraemia-associated dysfunction and 

instead had transcriptomes most similar to healthy control donors, it was 

postulated that the IFN response and thus the level of ISGs within the B cells 

may also be reduced. 

The expression of hallmarks associated with an IFN-α response and IFN-γ 

response (Liberzon et al. 2015) was initially assessed within the memory 

subsets across the different donor groups. This showed that the mean 

expression of genes in response to both IFN-α and IFN-γ was highest in the 

memory B cells from viraemic donors, as expected (Figure 6.8a). Gene set 

enrichment analysis (GSEA) was then used to compare the memory B cells 

from HIV suppressed and viraemic donors to the healthy control donors. The 

normalised enrichment score (NES) for hallmark IFN-α and IFN-γ responses 

was significantly higher in viraemic donor memory B cells (Figure 6.8b). 

However, for the suppressed donors, the NES for the memory B cell IFN-α 

response was found to be significantly lower than the control donors, yet the 

IFN-γ response was not significantly different (Figure 6.8b). The expression of 

27 unique leading-edge genes from the hallmark IFN-α and IFN-γ GSEA were 

then explored across the different donor groups (Figure 6.8c). Overall, the 

level of ISG expression in memory B cells from the control donors was lower 

than the viraemic donors (Figure 6.8c). Most striking was the low expression 

of IFI44L in the B cells from both the control and suppressed donors, yet this 

gene was strongly expressed in most B cells from viraemic donors. In addition, 

the expression levels of other ISGs including PARP14, ISG15 and EIF2AK2 

were reduced in most B cells from the control and suppressed donors 

compared to the viraemic donor (Figure 6.8c). While it would have also been 

interesting to see how the bnAb donor B cells vary in terms of ISG expression 
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as compared to these controls, the integration of data to allow this was not of 

sufficient quality to enable robust conclusions to be drawn. 

However, markers of systemic inflammation and infection can also be detected 

in patient plasma/serum. Specifically, the presence of cytokines mediating an 

anti-viral response can be quantified using bead-based methods such as 

LegendPLEX (as described in section 2.12.1). Therefore, this technique was 

employed to analyse the levels of 13 different cytokines, including type I, type 

II and type III IFNs in the plasma of the bnAb donor T125 as well as other HIV-

infected and uninfected patients, although very few of the cytokines were 

detected at levels higher than the cut-off (Figure 6.9). Plasma/serum from 

viraemic patients in the East London cohort evaluated in chapter 4 were also 

included to identify if there was an association between the cytokine profiles 

and HIV neutralisation breadth, yet no obvious trend was observed. While the 

presence of IP-10, IFN-γ, IFN-α2, IL-8 and IL-10 was detected in the plasma 

of bnAb donor T125, these same cytokines at similar concentrations were also 

present in patients with a lower neutralisation score (Figure 6.9). In addition, 

plasma from the two HIV-infected donors with known VL analysed earlier for 

differences in the B cell subsets (Figure 6.2) were included. The low VL donor 

was an elite controller, without perturbations to the B cell subsets, and had 

quantifiable levels of IP-10, TNF-α, IL-8, IL-10 and IL-12p70, although the 

concentration of the three interleukins was only just above the threshold of 

detection (Figure 6.9). The donor with relatively high VL, and an increased 

TLM B cell subset, instead had detectable levels of IP-10, IFN-ʎ2/3, IFN-α2, 

IL-6 and IL-10. In contrast, only a single cytokine (IFN-β or IL-1β) was identified 

in the plasma of uninfected (HIV-negative) donors (Figure 6.9). Overall, the 

cytokine profiles varied between the different HIV-infected donors, although 

one cytokine IP-10 (also known as CXCL10), which is induced by IFN-γ, was 

detected in the plasma/serum of all 24 HIV-infected donors, but not the HIV-

negative donors. Levels of IP-10 have previously been associated with plasma 

viraemia (Cohen et al. 2014), even low-level viraemia which along with TNF-α 

was also associated with the development of cross-neutralisation (Dugast et 

al. 2017), which will be discussed more in section 7.5. 
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The presence of IFN-α2 and IFN-γ in the plasma of the bnAb donor, despite 

memory B cell transcriptomes having most similarity to control donor memory 

B cells with reduced ISGs suggested that the effects of circulating IFN were 

somehow being blocked. It was therefore hypothesised that this could be 

mediated by auto-antibodies capable of neutralising IFN, similar to the 

blocking of IFN-α by auto-nAbs in lupus patients that leads to the normalisation 

of B cell subsets (Bradford et al. 2023). To test this theory, it was necessary 

to establish a system to quantify the stimulation induced by different IFNs and 

the ability to block or neutralise this effect. HEK293 cells transiently transfected 

with a plasmid containing a luciferase gene under the control of a human 

interferon-stimulated response element (ISRE) promoter have been used 

previously by another research group to evaluate functional blocking of type I 

IFN (Bastard et al. 2021). Similar to this published approach, expression of the 

luc reporter gene in permanently modified HEK293 ISRE cells can be detected 

using a luminometer, after cell lysis and the addition of a luciferase substrate, 

allowing measurement of the level of IFN stimulation based on the RLU (Figure 

6.10a). The addition of IFN to HEK ISRE cells in the presence of mAbs or 

polyclonal plasma allows the neutralisation capacity of antibodies to be 

assessed (Figure 6.10b), with the extent of stimulation blocking identified by 

the reduction in RLU relative to IFN-only controls.  

As this system had not been used by our lab before, it was necessary to first 

establish the HEK ISRE assay. A serial titration of IFN-α2 starting from 10 

ng/mL and IFN-γ starting from 150 ng/mL demonstrated ISRE stimulation in a 

dose-dependent manner (Figure 6.11a). The requirement for a higher 

concentration of IFN-γ to induce ISRE was expected given that different 

receptors are bound by IFN-α2 and IFN-γ, which both activate JAK/STAT 

signalling pathways but use different components (Walter 2020). A 

concentration of 0.1 ng/mL IFN-α2 was chosen to proceed with on the basis 

that this concentration had been used previously in assays to detect the 

presence of auto-nAbs against IFN (Bastard et al. 2021). A concentration of 5 

ng/mL IFN-γ was then chosen on the basis that this achieved an RLU for at 

least 5 fold-background, and the use of a concentration higher than this was 

deemed physiologically irrelevant. The ability of commercial antibodies to 
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block ISRE stimulation by IFN-α2 and IFN-γ was then tested. As shown in 

Figure 6.11b, a mAb specific for the IFN-α receptor (MMHAR-2) was capable 

of potently blocking IFN-α2 stimulation of the ISRE cells but not IFN-γ 

stimulation, as expected. A nAb specific for IFN-γ (B27) was able to block IFN-

γ stimulation and to a lesser extent IFN-α2 stimulation (Figure 6.11b). This 

finding suggests that there may be a similarity in the epitopes targeted on IFN-

α2 and IFN-γ to enable cross-reactivity by B27. Finally, a non-nAb against IFN-

γ (MMHGR-2) did not block ISRE stimulation by IFN-α2 or IFN-γ, with at least 

80% ISRE stimulation detected, and an IgG standard used as a negative 

control retained close to 100% ISRE stimulation by both IFNs (Figure 6.11b).  

The HEK293 ISRE assay was further validated using plasma samples from 

HIV-infected individuals on ART or individuals from an elite control cohort with 

variable levels of viraemic control but low VL (<500 c/mL). This revealed that 

in the presence of plasma from individuals on ART, the ISRE stimulation by 

IFN-α2 was maintained at 70-115% (Figure 6.12a) and thus was similar to if 

plasma hadn’t been added. In contrast, the plasma from all but one of the 

individuals with low VL reduced the ISRE stimulation by IFN-α2 to below 65%, 

with some capable of blocking IFN-α2 stimulation to almost 20%, although 

none reduced ISRE stimulation to as low a level as the nAb (MMHAR-2) 

control (Figure 6.12a). Plasma from the same individuals were also tested in 

the presence of IFN-γ, which showed that those on ART slightly enhanced the 

ISRE stimulation by IFN-γ resulting in between 100-160% stimulation (Figure 

6.12b). Yet the plasma from most individuals from the elite control cohort with 

low/undetectable VL reduced ISRE stimulation by IFN-γ to <60%, and almost 

down to 20% in some cases, although none were as low as the nAb (B27) 

control (Figure 6.12b). In summary, this suggests that the plasma from 

untreated HIV infection but with low/undetectable VL due to immunological 

control mechanisms was capable of partially blocking IFN-α2 and/or IFN-γ. 

However, this was not observed with plasma from HIV-infected individuals 

suppressed by ART. 

Finally, the established HEK ISRE assay was used to test the hypothesis that 

bnAb donors can restrict the effects of IFN-driven activation. Plasma/serum 

from all of the HIV-infected patients in the East London cohort, including the 



244 
 
 

bnAb donor T125, were therefore tested in this assay. The ISRE stimulation 

by IFN-α2 was reduced to <60% in the presence of plasma/serum from all HIV-

infected individuals in the cohort, although none blocked the stimulation to 

<20% (Figure 6.13a). This range of IFN-α2 blocking by plasma was similar to 

the HIV controllers with low/undetectable VL (Figure 6.12a). In addition, there 

was no correlation between the patient plasma/serum neutralisation score and 

the ISRE stimulation by IFN-α2, determined using Spearman’s rank correlation 

coefficient (r=-0.172, p=0.432). There was also no significant difference 

between patients with elite neutralisation (score >2) and those with no HIV 

neutralisation breadth (score = 0) and the ISRE stimulation by IFN-α2 (Figure 

6.13a). The nAb control showed blocking of IFN-α2 as expected, with <5% 

ISRE stimulation, and plasma from HIV-negative donors did not affect the 

ISRE stimulation, remaining close to 100% (Figure 6.13a).  

When plasma/serum from individuals in the cohort were tested against IFN-γ, 

the level of ISRE stimulation was reduced to <35%, and in some cases to 

<20%, although none blocked IFN-γ stimulation to the same extent as the nAb 

(B27) (Figure 6.13b). Nevertheless, a correlation between the patient 

plasma/serum neutralisation score and the ISRE stimulation by IFN-γ was 

identified by Spearman’s rank correlation coefficient (r=-0.578, p=0.004). The 

decrease in IFN-γ stimulation mediated by plasma from elite neutralisers 

(score >2) compared to patients with no HIV neutralisation breadth (score = 0) 

was also found to be significantly different (Figure 6.13b). In contrast, plasma 

from HIV-negative donors did not alter/slightly increased the ISRE stimulation 

by IFN-γ resulting in 100-160% stimulation (Figure 6.13b). Overall, this 

indicates that plasma from untreated HIV-infected individuals were capable of 

partially blocking the effects of IFN. In particular, more potent blocking of IFN-

γ was associated with greater neutralisation breadth against HIV. 
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(A) Hallmark IFN-α and IFN-γ response signature scores in memory B cells of control, 

suppressed and viraemic donors scaled by column. (B) GSEA for a hallmark IFN-α 

and IFN-γ response based on pre-ranked DEGs in suppressed or viraemic vs. control 

memory B cells respectively. Normalised enrichment score (NES) reflects the circle 

size. Vertical black lines indicate the threshold of significance. (C) Expression 

heatmap of unique leading edge genes from the GSEA for hallmark IFN pathways 

(as shown in B) by control, suppressed and viraemic memory B cells. 

 

 

  

Figure 6.8 IFN responses are suppressed in the viraemic bnAb donor T125.  
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Concentration of 13 cytokines (IP-10, IFN-ʎ1, IFN-ʎ2/3, IFN-γ, IFN-α2, TNF-α, IFN-β, 

IL-1β, IL-6, IL-8, IL-10, IL-12p70 and GM-CSF) in patient plasma/serum, detected by 

flow cytometry using the LegendPLEX human anti-viral response panel. Cytokines 

concentrations reflect the mean of samples tested in duplicated and are highlighted 

from highest to lowest with a colour gradient from red to yellow respectively, those 

below the limit of detection are shown in grey. Patients are listed in order of the 

neutralisation score achieved against the standard 6 PV panel and are grouped as 

elite neutralisers (score ≥ 2), broad neutralisers (score 1-2), moderate neutralisers 

(score 0.5-1), weak neutralisers (0-0.5) and no neutralisation (score = 0). HIV-infected 

donors with high VL (110,000 c/mL) and low VL (100 c/mL) as well as uninfected 

(HIV-) donors were included as controls. 

 

  

Figure 6.9 Cytokine levels detected in the periphery of HIV-infected 

individuals do not appear to have association with HIV neutralisation 

breadth.  
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Receptors on the surface of the HEK293 ISRE reporter cells bind IFN and induce 

JAK/STAT signalling that results in transcription of the firefly luciferase gene which is 

under the control of an interferon-stimulated response element (ISRE). (A) The level 

of IFN-induced stimulation can be measured by the luciferase activity in relative light 

units (RLU) after lysing the cells and adding a luciferase substrate (B) Neutralisation 

of IFN by plasma or monoclonal antibodies can be measured by the reduction in RLU, 

reflecting the reduction in IFN-induced stimulation, relative to (A). Image made with 

Biorender. 

 

 

  

Figure 6.10 HEK293 ISRE assay to detect interferon (IFN) induced 

stimulation and neutralising antibodies against IFN.  
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(A) Stimulation of HEK293 ISRE reporter cells using a 3-fold titration series of IFN-α2 

and IFN-γ starting from 10 ng/mL and 150 ng/mL respectively. (B) Serial titration of 

mAbs B27 (blue), MMHAR-2 (green), IgG standard (navy) and MMHGR-2 (pink) 

tested in duplicate against a set concentration of IFN-α2 (0.1 ng/mL) or IFN-γ (5 

ng/mL) in the HEK293 ISRE assay, with the mean and error bars plotted as well as a 

dotted line indicating 20% IFN-induced stimulation. 

 

 

 

  

Figure 6.11 Validation of the HEK293 ISRE assay was successful in 

detecting neutralisation by commercial mAbs against IFN.  
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(A-B) The percentage ISRE stimulation by IFN was measured using the HEK293 

ISRE assay. ISRE stimulation by (A) 0.1 ng/mL IFN-α2 and (B) 5 ng/mL IFN-γ in the 

presence of plasma/serum from HIV-infected individuals with low VL (< 500 c/mL) or 

on ART (undetectable VL) tested in duplicate at 1:10 dilution with the mean plotted. 

A commercial mAb capable of neutralising IFN-α2 (MMHAR-2, tested at 0.5 µg/mL) 

and IFN-γ (B27, tested at 5 µg/mL) was also included as a positive control in (A) and 

(B) respectively. Dotted lines show 20% and 100% ISRE stimulation. 

 

 

 

 

  

Figure 6.12 Stimulation of ISRE by IFN-α2 and IFN-γ was reduced in the 

presence of plasma/serum from HIV-infected individuals with low VL, but 

not from individuals on ART.  
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(A-B) ISRE stimulation was measured using the HEK293 ISRE assay. Patient 

plasma/serum blocking of (A) 0.1 ng/mL IFN-α2 and (B) 5ng/mL IFN-γ was tested at 

1:10 dilution, in duplicate with the mean plotted. Patients from the East London cohort 

were plotted according to their plasma/serum neutralisation score. The Kruskal-Wallis 

test was used to compare differences in ISRE stimulation between groups. Only the 

difference between patients with a neutralisation score >2 (elite neutralisation) and 

score=0 (no neutralisation breadth) was significant (p=0.048) for IFN-γ, shown by an 

asterisk, but non-significant (ns) for IFN-α2 (p >0.05). Plasma from uninfected (HIV-) 

donors were included as negative controls, and a commercial mAb capable of 

neutralising IFN-α2 (MMHAR-2, tested at 0.5 µg/mL) and IFN-γ (B27, tested at 5 

µg/mL) was used as a positive control in (A) and (B) respectively. Dotted lines show 

20% and 100% ISRE stimulation. 

Figure 6.13 HIV neutralisation breadth was associated with enhanced 

blocking of IFN-γ mediated ISRE stimulation, but not IFN-α2.  
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Summary  

The inclusion of cell surface markers CD27 and CD21 during FACS provided 

the first insight into the phenotype of bnAb donor T125 B cells, revealing that 

IgG+ and HIV Env+ B cells were predominantly RM (CD27+ CD21+). This was 

unexpected given the concurrent viral load of 73,700 c/mL and the known 

impact of HIV viraemia on decreasing RM B cells and increasing TLM B cells. 

Overall, the distribution of the bnAb donor memory B cell subsets (based on 

the cell surface expression of CD27 and CD21) was most similar to both an 

HIV-negative donor and an HIV-infected donor with only 100 c/mL 

(undetectable at the time of sampling), rather than an HIV-infected donor with 

a VL similar in magnitude to that of the bnAb donor T125. Specifically, a higher 

frequency of TLM B cells and a lower frequency of RM B cells were observed 

in the high VL donor, consistent with the literature, which was not seen in either 

timepoint for T125. This indicated that the bnAb donor T125 did not display 

perturbation of the B cell subset distribution that is associated with 

uncontrolled HIV infection.  

This novel finding was then investigated at the transcriptome level for single 

HIV Env+ IgG+ B cells that had been isolated from T125. This showed that the 

B cells from the bnAb donor T125 also had a transcriptional phenotype most 

similar to RM B cells and least like TLM B cells, regardless of the BCR 

specificity. Furthermore, the transcriptomic profile of bnAb donor B cells was 

unlike memory B cells from other HIV viraemic donors and instead had a 

phenotype most similar to healthy control donors. Findings from early 

transcriptomic analysis by microarray identified that the B cells from viraemic 

donors had upregulation of ISGs (Moir et al. 2004), consistent with findings 

from analyses conducted here. Additionally, the stimulation of B cells by IFN-

γ in vitro has led to an increase in cells with a TLM phenotype (Ambegaonkar 

et al. 2019). Strikingly, memory B cells from control and suppressed individuals 

had reduced expression of ISGs compared to the viraemic donors, suggesting 

that lower levels of IFNs may explain the limited frequencies of TLM B cells in 

the bnAb donor. 
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However, a lower level of inflammatory cytokines was not observed in the 

bnAb donor plasma compared to other HIV-infected individuals. A caveat to 

this result is that the levels of cytokines quantified by the bead assay were very 

low and thus this approach may not have been sensitive enough to detect 

subtle differences. Observations of restored B cell populations in lupus 

(Bradford et al. 2023) support the hypothesis that preservation of a resting B 

cell phenotype achieved by the bnAb donor T125 could plausibly be explained 

by auto-antibodies restricting the effects of IFN that are induced during chronic 

HIV infection. In support of this, a weak but significant association was found 

between the ability to block IFN-γ stimulation and HIV neutralisation breadth, 

which suggests that preservation of the B cell population may also be identified 

in other broad and elite neutralisers. Finally, although a reduction in the 

downstream effects of IFN-γ was detected in the presence of plasma from 

these individuals, it is yet to be confirmed whether this was mediated by auto-

antibodies. 
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Chapter 7: Discussion and future directions 
 

Thesis summary 

 

In chapter 3, I found that the Smart-Seq2 method was successful in generating 

cDNA from cryopreserved memory B cells, regardless of the subset, and was 

compatible with both antibody cloning and generating libraries for scRNA-seq. 

This work also showed that single resting memory (RM), activated memory 

(AM) and tissue-like memory (TLM) B cells were transcriptionally distinct, 

consistent with previous studies (Holla et al. 2021; Portugal et al. 2015; 

Kardava et al. 2014). The validation of this method meant that I had a system 

to address my research question of whether the phenotype of B cells is 

associated with the development of bnAbs. To do this, I aimed to investigate 

single memory B cells from rare HIV elite neutralisers at the cell surface and 

transcriptional level. 

To identify samples with sufficient neutralisation potency and breadth I then 

evaluated plasma/serum from patients in the East London cohort in chapter 4. 

This revealed 50% had broad reactivity, with four (18%) being elite neutralisers 

obtaining a score of 2.21-3.19 in line with previous studies (Landais et al. 

2016). I found that neutralisation by patient T125, who had the highest 

neutralisation score, was partially abrogated by occluding the trimer apex and 

partially enhanced by removing glycans around the CD4bs, consistent with the 

behaviour of previously isolated bnAbs against the apex and CD4bs epitopes. 

However, as the bnAb epitope targeted was not mapped completely/involved 

two independent epitopes, this precluded the use of antigen probes with and 

without the bnAb epitope to specifically isolate bnAb and non-bnAb B cells 

during FACS. Nevertheless, previous studies of donors with elite, but 

unmapped, neutralisation have demonstrated that bnAbs can be successfully 

isolated (McCoy and Burton 2017; van Gils et al. 2016), and thus FACS-based 

single B cell cloning was carried out using two Env baits in an epitope agnostic 

manner.  

In chapter 5, a total of 24 Env-specific antibodies were isolated from donor 

T125, and although most had limited/no neutralisation against a multi-clade 
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PV panel, one bnAb was identified. The bnAb 7E7 targets a gp120-gp41 

interface epitope independent of the surrounding glycans, similar to a 

previously isolated bnAb 3BC315 (Lee et al. 2015), and exhibits neutralisation 

breadth comparable to other gp120-gp41 interface specific bnAbs. While the 

identification of 7E7 enabled bnAb and non-bnAb B cells to be compared, 

analysis was limited by the identification of a single bnAb without any clonally 

related antibodies, and only a few that exhibited a level of cross-clade 

neutralisation. However, a striking observation during FACS was that the T125 

bnAb donor did not show perturbation of B cell subsets associated with HIV 

infection, despite having uncontrolled viraemia. This unexpected finding 

suggested that instead of a difference between B cells within a donor based 

on each cell’s neutralisation capacity there may be a difference in the B cell 

population of bnAb donors as a whole.  

This hypothesis was explored in chapter 6 and I found that HIV Env-reactive 

B cells from the bnAb donor had a transcriptional phenotype most similar to 

RM B cells with minimal HIV-associated dysfunction. De novo analysis of 

memory B cells from a published dataset of HIV viraemic, HIV treatment-

suppressed and uninfected controls also suggested a strong IFN signature in 

B cells from viraemic individuals, in contrast to suppressed individuals and 

uninfected controls. Additional analysis revealed that bnAb donor B cells were 

predicted to be most similar to memory B cells from uninfected controls than 

viraemic donors. This led to the proposal of a model where suppression of IFN 

responses in the bnAb donor may have facilitated the preservation of memory 

B cell homeostasis, for sustained affinity maturation during ongoing HIV 

infection. However, the major caveat to the analyses conducted is that data 

from non-bnAb donors were used to identify changes in the IFN responses of 

memory B cells, and these comparator data were generated by a different 

scRNA-seq method in a different study and full integration with my data to 

allow direct comparison to bnAb donor B cells was not possible. Therefore, to 

fully elucidate the importance of memory B cell homeostasis in the 

development of bnAbs, multiple HIV-infected individuals with bnAb-like serum 

and minimal cross-neutralisation would need to be evaluated in parallel. 

Overall, there were several limitations and challenges during this project as 
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well as caveats to how strongly the data supported the proposed model. These 

will now be discussed in turn to clarify the strength of the conclusions and 

outline future directions. 

 

7.1  A major challenge in identifying phenotypes associated with bnAbs 

was the exact definition of a bnAb or bnAb-producing individual and 

accessing suitable samples 

 

Until now, studies investigating factors associated with the development of 

bnAbs have typically used plasma/serum neutralisation breadth as a proxy for 

classifying bnAb and non-bnAb donors (Simek et al. 2009; Landais et al. 

2016). However, the PVs used to screen for neutralisation breadth against 

HIV-1 vary between studies and in some cases originate from a single clade, 

rather than across multiple different clades, which can bias the breadth 

achieved (McCoy and McKnight 2017). In addition, most serological studies 

have not confirmed that these donors can produce individual bnAbs rather 

than their serum containing a multitude of different nAbs (Scheid et al. 2009), 

as this is a time-consuming and labour-intensive process. Nevertheless, it has 

been shown that bnAbs can be isolated from individuals with elite plasma 

neutralisation (Walker et al. 2009) (Walker et al. 2011) and can be defined by 

calculating a neutralisation score (Simek et al. 2009; Landais et al. 2016), yet 

none of these studies have focused on the B cell response or more specifically 

the B cells that produce bnAbs 

Before conducting the research presented in this thesis, it was hypothesised 

that there would be a phenotypic difference in the B cells capable of producing 

bnAbs compared to B cells that produced mAbs with limited/no breadth. This 

hypothesis was based on the observation that most of the bnAbs isolated from 

HIV-infected individuals have high levels of SHM and/or long CDRH3s, which 

are features infrequently found in the human antibody repertoire (Griffith and 

McCoy 2021). However, the extent of SHM and the length of CDRH3 to be 

classed as unusual were not clearly or consistently defined. In addition, the 

neutralisation breadth and potency achieved by antibodies classified as 
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broadly neutralising had not yet been established. As a result, a review of 

existing HIV bnAbs was conducted to identify the current criteria that these 

met (Griffith and McCoy 2021), to apply this to the antibodies isolated in this 

study. The precise amount of VH SHM and CDRH3 length in different bnAbs 

varied depending on the epitope targeted on Env and neither of these features 

enabled the prediction of breadth from sequence criteria alone. However, this 

review did provide crucial thresholds for the neutralisation breadth and 

potency of bnAbs against a standard panel of HIV PVs, which was particularly 

important for this project to distinguish between bnAb and non-bnAbs. This 

enabled the functionality of the isolated antibodies to be linked to their original 

B cells for investigation of associated phenotypes.  

Interestingly, two studies that have been published since starting the research 

in this project explored the antibody repertoire in HIV infection and showed a 

correlation between higher SHM and broad neutralisation, yet this was based 

on the neutralisation capacity of plasma which is polyclonal (Roskin et al. 

2020; Cizmeci et al. 2021). Moreover, plasma neutralisation breadth was 

determined using a panel of 12 HIV PVs consisting of only two different clades 

in the 2020 study (Roskin et al. 2020) or a panel of nine HIV PVs consisting of 

a single clade that was presumed to be the same as the HIV infection of 

patients in the 2021 study (Cizmeci et al. 2021). As it has been demonstrated 

that neutralisation is often higher when the clade of the PV matches the 

autologous virus (Simek et al. 2009; Seaman et al. 2010; Hraber et al. 2014), 

this is arguably an inadequate reflection of neutralisation breadth. 

Nevertheless, this does indicate an association between increasing affinity 

maturation to acquire more SHM and more effective neutralisation, even if this 

is breadth within a clade rather than across clades. As individual bnAbs often 

have particularly high SHM this could imply that the B cells capable of 

producing them are primed for multiple rounds of affinity maturation, and thus 

may differ from non-bnAb B cells.  

On the other hand, a long CDRH3 is acquired during B cell development 

(Briney, Willis, and Crowe 2012) and is often associated with autoreactivity 

(Wardemann et al. 2003), therefore, bnAbs with long CDRH3s may indicate 

that self-tolerance is lower to allow these B cells to pass checkpoints for entry 
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into the periphery. This suggests that there could be an alteration to the overall 

immune response in bnAb donors rather than differences between the 

individual B cells. In agreement with this, the 2020 antibody repertoire study 

mentioned above found that the average CDRH3 length in individuals with 

plasma neutralisation breadth negatively correlated with the frequency of 

CTLA-4 Treg cells (Roskin et al. 2020), suggesting less regulation. However, 

when only the antibodies with a long CDRH3 of >19 AAs were considered 

there was no significant difference between donors with and without broad 

plasma neutralisation (Roskin et al. 2020). Furthermore, although long 

CDRH3s are infrequent in the human antibody repertoire these can also be 

found in HIV-negative individuals (Willis et al. 2016). Consequently, a long 

CDRH3 does not necessarily indicate lower tolerance and is only unusual 

because this feature is common to many HIV bnAbs, suggesting that a long 

CDRH3 is selected due to being beneficial for binding Env (Johnson and Wu 

1998) (Yu and Guan 2014). 

The next challenge in assessing how B cell phenotypes contribute to the 

development of bnAbs was to identify individuals with bnAb-like sera and 

available PBMC. Access to the East London cohort, which had both plasma 

and PBMCs from patients sampled before 2010 (Dreja et al. 2010) provided a 

unique opportunity to study the humoral and B cell response during HIV 

infection in the absence of treatment. However, the availability of these 

samples was limited, with very few vials of plasma and PBMCs remaining per 

patient and often from only a single timepoint, as the original study was not 

longitudinal. It was also not possible to study certain individuals as no PBMCs 

were available and as this was a historic cohort it was not feasible to re-sample 

these patients. Additionally, the clinical information and demographics 

obtained for patients in the East London cohort was minimal. While patients 

were recruited into the cohort based on being infected for at least one year, 

the exact length of infection, the viral load and CD4+ T cell count was unknown 

for the majority of patients. This makes it hard to compare this cohort to other 

cohorts where the development of breadth has been assessed in terms of 

these parameters. For example, prior associations with neutralisation breadth 
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include high VL and diversity, high frequency of circulating Tfh cells and longer 

HIV infection (Landais et al. 2016; Rusert et al. 2016; Moody et al. 2016).  

Furthermore, changes in the UK guidance over time have resulted in the 

immediate initiation of ART upon detection of HIV infection, which as a 

consequence has made access to samples from untreated PLWH unviable. 

For this project, the availability of patient samples was compounded by the 

fact that only a small proportion of PLWH develop bnAbs. The first objective 

was therefore to identify patients in the East London cohort who had acquired 

neutralisation breadth. Although the limited availability of plasma restricted the 

characterisation of the neutralisation capacity to a small panel of HIV PVs, the 

standard 6 PV panel chosen is representative of larger panels of PVs from all 

major clades in circulation and thus is a good indicator of breadth(Simek et al. 

2009). In addition, access to pre-existing plasma neutralisation data enabled 

patients with a level of cross-neutralisation to be selected before screening for 

breadth using the standard 6 PV panel, and this increased the proportion of 

elite neutralisers that were identified to 18% compared to other cohorts where 

this is ~1-10% (McCoy and McKnight 2017). In summary, while access to 

samples from the East London cohort was invaluable for this research project, 

there were many limitations such as poor clinical data, minimal longitudinal 

sampling and constraints resulting from sample availability.  

Ideally, access to a cohort of HIV-infected individuals already identified as 

having neutralisation breadth with bnAb(s) previously isolated would have 

been a better starting point. Yet, without proof of concept for this line of 

research, it would have been challenging to justify the use of such rare PBMC 

samples. However, this would have prevented the requirement to spend time 

characterising donors based on their plasma neutralisation, as well as 

avoiding the need to clone and characterise antibodies to identify bnAb-

producing B cells. Indeed, prior knowledge of antibody sequences and their 

functionality may have also led to a different scRNA-seq approach being taken 

that could have provided more insight into bnAb development, which will be 

discussed later in more detail in section 7.3. More importantly, though, this 

would have enabled the B cell phenotype of additional bnAb donors to be 

investigated as this initial characterisation was more time-consuming than 
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anticipated. Finally, a cohort with longitudinal PBMC sampling could have 

enabled the tracking of bnAb and non-bnAb lineages over time and whether B 

cell phenotypes changed during bnAb development. 

 

7.2  The quality and quantity of bnAb-producing B cells sampled was 

lower than anticipated  

 

Plasma from patient T125 exhibited highly potent neutralisation of all six PVs 

in the standard multi-clade panel tested, resulting in the highest neutralisation 

score in the East London cohort and was identified as an elite neutraliser. In 

addition, the inability to neutralise the negative control PV, which had an 

irrelevant Env, provided evidence that this neutralisation breadth was 

antibody-mediated and not a result of being on treatment. Indeed, single B cell 

cloning was successful in isolating a bnAb from T125 that exhibited ~50% 

neutralisation of multiple standard PV panels in line with other bnAbs against 

the interface epitope (as shown in section 5.2.12), confirming that this elite 

neutraliser was capable of producing bnAbs. However, the rest of the mAbs 

isolated had limited or no neutralisation. In total 50 mAbs were isolated and 

characterised for functionality, yet only 24 mAbs demonstrated detectable Env 

binding and 10 of these were non-neutralising. Of the 14 mAbs capable of 

neutralisation only one was identified as a bnAb and four had minimal cross-

clade neutralisation, which restricted the ability to compare bnAb and non-

bnAb B cells from the same donor. Moreover, even in combination, these nAbs 

would only be capable of neutralising four of the six PVs in the standard panel 

and thus did not recapitulate the 100% breadth of plasma neutralisation 

against this panel. This finding suggests that additional nAbs or even multiple 

bnAbs, as seen in other donors (Walker et al. 2011; Walker et al. 2009; Doria-

Rose et al. 2014; Gao et al. 2014; Sok, van Gils, et al. 2014), must be present 

in the polyclonal plasma and thus the B cells responsible were not recovered 

using this approach. 

The neutralisation by T125 plasma was not only broad but also able to be 

partially mapped to known bnAb epitopes, which further indicated that this 
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donor was a good candidate to study. Specifically, T125 plasma neutralisation 

was knocked down by removing residues within the apex epitope 

(N160A/K169T) and enhanced upon the removal of glycans surrounding the 

CD4bs (N276D/N462D). As the aim of epitope mapping the plasma 

neutralisation was to identify specificities targeted for breadth, many of the PVs 

used were chosen based on having mutation of residues typically found in 

bnAb epitopes. However, the predominant use of mutant PVs may explain why 

it was not possible to entirely epitope map the breadth of T125 plasma, as the 

dependency on certain residues can vary between bnAbs even if they target 

the same region on Env (McCoy and Burton 2017). Another limitation of 

epitope mapping the plasma specificity was that effects on neutralisation were 

tested with only a single PV. To show that epitopes were truly responsible for 

neutralisation breadth a more thorough approach could have been taken to 

introduce mutations into all of the PVs in the standard 6 PV panel, yet this 

would have been highly time-consuming and required a large quantity of 

plasma sample. Moreover, the challenges of working with polyclonal plasma 

mean that a complete knockout of neutralisation due to the alteration of one 

epitope is often hard to achieve (Landais et al. 2016). An alternative method 

to determine epitope specificities is to screen plasma against a panel of PVs 

capable of predicting the bnAb specificity that plasma neutralisation is most 

similar to (Doria-Rose et al. 2017). While this approach may have been more 

conclusive, this fingerprinting panel consists of 20 PVs which was too many to 

test for the amount of plasma available. In addition, predictions based on the 

neutralisation of this fingerprinting panel rely on the behaviour of previously 

isolated bnAbs and thus would have been unable to identify if novel epitopes 

are targeted. 

Conversely, the individual nAbs isolated from T125 were mapped to three 

known neutralising epitopes on Env. While six nAbs targeted the CD4bs and 

thus were consistent with the partial CD4b specificity of the plasma, these 

nAbs were limited to clade-specific neutralisation. Another region targeted by 

seven nAbs was the V3 peptide which was not included in the epitope mapping 

of the plasma neutralisation as this is not a bnAb epitope, but four of these 

nAbs did exhibit a level of cross-clade neutralisation. The final epitope targeted 
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was the gp120-gp41 interface which was unique to the bnAb 7E7 isolated from 

T125, however, this specificity was only able to be identified using competition 

ELISAs with bnAbs of known epitope specificity which cannot be conclusively 

assessed with polyclonal plasma. In addition, the exact residues bound by 7E7 

were unable to be determined in the ELISAs and neutralisation assays used. 

As the gp120-gp41 interface is a large, continuous area the use of electron 

microscopy (EM) methods, such as negative-stain EM or cryogenic EM, would 

likely be required to identify the exact bnAb contacts with the HIV Env. 

Nevertheless, mutation of the glycan at position 88 led to enhanced 

neutralisation by the bnAb 7E7 and this same mutant PV was used during 

epitope mapping of the plasma, but a change in neutralisation was not 

observed. This suggests that the bnAb 7E7 was either not prevalent in the 

plasma or that the enhancement in neutralisation may have been masked by 

other antibodies, highlighting the difficult task of epitope mapping polyclonal 

plasma.  

Finally, none of the nAbs isolated from T125 targeted the trimer apex which 

was an epitope specificity identified based on the plasma neutralisation. This 

suggests that apex-specific memory B cells were not present in the periphery 

at the time of sampling, or were missed during isolation. As the majority of 

antibodies in plasma derive from long-lived plasma cells in the bone marrow 

(Montezuma-Rusca et al. 2015) this is perhaps not surprising. Indeed, while 

antibodies isolated from circulating memory B cells are found in plasma cells 

from the bone marrow there are also many additional variants in the bone 

marrow (Scheid et al. 2011). Therefore, a caveat to the single B cell cloning 

approach from PBMCs is that this relies upon memory B cells circulating in the 

periphery being clonally related to the plasma cells or plasmablasts that 

secrete the antibodies found in plasma. While single B cell cloning and scRNA-

seq can be conducted with antibody-secreting cells, it is not possible to identify 

those that are HIV-specific by flow cytometry with antigen probes as the BCR 

is no longer present on the cell surface. Furthermore, long-lived plasma cells 

reside in the bone marrow making these cells difficult to obtain due to the 

invasive nature of sampling. 
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Ultimately, only a single bnAb was isolated from T125. This bnAb originated 

from a memory B cell identified from the first timepoint PBMCs but 

disappointingly no clonally related memory B cells were identified in the first 

or second timepoint PBMC samples. This likely stems from the small number 

of Env+ IgG+ B cells that were isolated by FACS, which despite sorting from 

two PBMC samples only amounted to a total of 110 cells with cDNA. It could 

be argued that the use of different antigen probes, such as autologous Env, 

may have yielded a higher number of Env+ memory B cells although the 

production of stabilised trimers from the autologous Env of elite neutralisers 

has rarely been done (van Gils et al. 2016). Moreover, it had already been 

demonstrated that the Env used as probes in FACS were capable of being 

targeted by nAbs in the T125 plasma and thus the use of heterologous Env 

designed to occlude non-neutralising epitopes (Sanders et al. 2013; Voss et 

al. 2017) was deemed appropriate for maximising the identification of bnAb B 

cells. Although the antigen-specific population in HIV-infected individuals is 

incredibly rare and constitutes <1.5% of IgG+ B cells (van Gils et al. 2016; 

Freund et al. 2017; Schommers et al. 2020; Sok, van Gils, et al. 2014), the low 

number of Env+ IgG+ B cells isolated from T125 was not due to any deficiency 

in the Env+ IgG+ population with 1.5% at the first timepoint and 1.1% at the 

second timepoint. Nevertheless, problems that arose during FACS with the BD 

Melody upon index sorting by purity from the first timepoint meant that many 

of these rare cells were discarded due to being in close proximity to another 

cell. Sorting of single B cells was trialled during method validation but this was 

conducted using a BD FACS-Aria, which was different to the BD FACS-Melody 

that had to be used to sort HIV PBMC samples in a CL3 facility at another 

university (KCL), and thus this was an unforeseen problem. Therefore, sorting 

based on yield without index sorting was used during FACS from the second 

timepoint to try and prevent loss of cells, yet the number of viable PBMCs from 

this timepoint was drastically lower (~2.5 million compared to ~7.5million in the 

first PBMC timepoint sample) and thus limited the number of Env+ IgG+ B 

cells that could be recovered. 

The low number of Env+ IgG+ B cells was compounded by the fact that not all 

of these B cells had antibodies that were capable of binding Env by ELISA. 
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This further reduced the number of HIV-specific mAbs isolated as well as the 

probability of identifying bnAbs, which impacted the number of B cells that 

could be compared based on functionality. It is plausible that the poor recovery 

of Env-specific mAbs may be a result of differences in the avidity of binding, 

as BCRs on the surface of a B cell are more likely to display bivalent binding 

which would produce a stronger signal than monovalent binding in ELISA. In 

addition, the SOSIP protein used to detect Env binding in flow cytometry was 

complexed into a tetramer, resulting in higher valency than the SOSIP used in 

ELISAs. This is similar to the requirement of immune complexes between mAb 

and antigen for detecting binding affinity reported in a recent Sars-Cov2 paper 

(Robbiani et al. 2020). Taken together, this may explain the difference 

between BCRs displaying Env-reactivity during flow cytometry but not as 

soluble mAbs assessed by ELISA and may have meant that low-affinity 

antibodies were missed. On the contrary, it is also possible that reactivity to 

the SOSIP protein probes during flow cytometry may have been non-specific 

and hence not the result of binding by the BCR on the B cell surface. In 

particular, this may have been the case with cells isolated from the second 

timepoint PBMCs which had lower cell viability and visible clumping upon 

thawing, indicating the release of viscous DNA and thus may have led to non-

specific association of Env with cells upon staining. Additionally, it has been 

reported that Env can bind to non-BCR elements on the surface of B cells, 

such as C-type lectin receptors, although these are typically on IgD+ IgM+ B 

cells and can be minimised by co-staining with IgG (He et al. 2006; Kardava 

et al. 2014), as was performed here. Another consideration is that there may 

have been non-specific binding to the fluorophore, streptavidin or biotin as this 

can be observed with HIV naïve PBMC samples, although this is usually 

minimal and a contemporaneous HIV naïve control was used to define the 

Env+ sort gate at each sort.  

As mentioned above, PBMCs from T125 at the first timepoint were initially 

used to isolate Env+ IgG+ B cells and were processed to generate cDNA and 

clone mAbs to confirm the presence of bnAb B cells before investigating the 

second timepoint PBMCs. Therefore at this stage, it would have been possible 

to have taken an alternative approach to identify more bnAb B cells, especially 



264 
 
 

considering that only a single bnAb was isolated from the first timepoint. For 

instance, the use of a different scRNA-seq method such as 10x, which has a 

higher throughput to sequence more B cells and the use of this method will be 

discussed more in section 7.3, although this would have lost information on 

which cells were Env+. Moreover, the Smart-Seq2 method and compatibility 

with single B cell cloning had already been validated and having experienced 

how to improve the yield of single cells isolated by FACS it was decided that it 

would be best to continue with this approach.  

Overall, the isolation of bnAbs is challenging and in previous studies initial 

single B cell cloning has led to the identification of only 1-6 bnAbs per elite 

neutraliser (Walker et al. 2011; Wu, Yang, et al. 2010; van Gils et al. 2016). 

However, by conducting single B cell cloning from two PBMC samples it was 

expected that it would be possible to identify more bnAbs and clonally related 

lineages from elite neutraliser T125 than the single bnAb that was isolated. 

Consequently, there were not enough bnAbs identified to test the original 

hypothesis and compare whether there is a difference in phenotype between 

bnAb and non-bnAb B cells. However, the novel finding of a non-perturbed 

memory B cell population at the cell surface level, identified by flow cytometry 

from both T125 timepoints, enabled the research into B cell phenotypes 

associated with the development of bnAbs to take a different direction. 

Specifically, the bnAb donor T125 did not have a high percentage of CD27- 

CD21- TLM B cells typically found in viraemic patients (Moir et al. 2010). This 

was a striking finding as TLM B cells express homing receptors to 

inflammatory sites rather than the GC (Wherry et al. 2007) and the antibodies 

from Env-specific TLM B cells display lower SHM than RM B cells (Meffre et 

al. 2016). In addition, most of the Env+ IgG+ B cells were found to express 

both CD27 and CD21, characteristic of RM that is reduced in other viraemic 

individuals (Kardava et al. 2014). Therefore, a lower proportion of TLM B cells 

in the bnAb donor and preservation of a resting phenotype by Env-reactive 

memory B cells suggests that broader neutralisation may have developed due 

to the ability to continue to mature in response to the ongoing HIV infection. 

Furthermore, as most of the Env-reactive memory B cells had the same cell 

surface phenotype this implies that there is not a difference between bnAb and 
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non-bnAb B cells, but rather a difference between bnAb and non-bnAb donors. 

In agreement with this, when B cell subsets were compared based on the cell 

surface expression of CD27 and CD21 this showed that the T125 bnAb donor 

was more similar to HIV-suppressed and HIV-negative donors than a typical 

viraemic donor (as shown in section 6.2.1). As a consequence, the 

transcriptomic phenotype of bnAb donor B cells was instead investigated in 

the context of other HIV-infected and uninfected donors to explore this novel 

finding. 

 

7.3  Plate-based Smart-Seq2 transcriptomics enabled antibody and cell 

phenotypes to be linked for investigation of rare Env-reactive cells, 

but at the expense of gaining higher numbers of total B cell 

transcriptomes 

 

There were several reasons to have a high level of confidence in the 

applicability of the pipeline chosen for studying Env-specific B cells from bnAb 

donors, which was incredibly important given the rarity of elite neutralisers 

samples. First, the use of the plate-based Smart-Seq2 method to generate 

cDNA sufficient for both scRNA-seq and antibody cloning was validated as 

part of this project with a healthy control and shown to be compatible with 

cryopreserved cells. This meant that the functionality of mAbs, such as 

neutralisation capacity, could be characterised and linked to the phenotype of 

single B cells. Notably, this pipeline had only previously been used with fresh 

PBMCs (Croote et al. 2018), yet access to fresh PBMC samples from HIV-

infected individuals off-treatment is difficult to obtain and so compatibility with 

cryopreserved cells was vital. Second, there is evidence that cryopreservation 

does not alter the signalling in B cells (Hermansen et al. 2018), and thus the 

transcriptome should reflect the phenotype of B cells at the time of sampling. 

Third, comparative analysis has shown that the full-length Smart-Seq2 method 

has higher sensitivity, detecting the highest amount of genes per cell and thus 

greater sequencing depth, than other methods such as 10x, Drop-Seq and 

MARS-Seq that use UMIs (Ziegenhain et al. 2017; Wang et al. 2021), which 

is essential for accurate annotation of single-cell transcriptomes. In addition, it 
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was known that the number of Env-specific memory B cells for investigation 

would be low and thus another advantage of using the Smart-Seq2 method 

was that there was no minimum number of cells required for scRNA-seq. 

Indeed, at the time of conducting this research, the Smart-Seq2 approach had 

already been applied to study rare populations of single B cells based on 

isotype in the context of allergy (Croote et al. 2018) and has since been used 

to study antigen-specific memory populations in the context of influenza 

(Andrews et al. 2019; Burton et al. 2022). 

Although this approach was the most suitable at the time to address whether 

there was a difference between bnAb and non-bnAb B cells, scRNA-seq 

analysis was limited by cell numbers and on reflection it would have also been 

interesting to explore the phenotype of additional cells. For instance, only a 

very small fraction of the B cell population was sampled to obtain Env-specific 

IgG+ memory B cells, yet lineage members in other subsets may have been 

identified if the entire B cell population had been considered. Additionally, 

other immune populations such as CD4+ T cells could have provided further 

insight into bnAb development as these cells facilitate the selection of B cells 

in response to antigens. To be able to do this, a more high throughput 

approach such as using 10x Genomics would have been required to conduct 

scRNA-seq with a higher number and diversity of cells. While the droplet-

based approach of 10x allows a higher number of single cells to be processed, 

this comes at the expense of a lower sequencing depth and recovery than 

Smart-Seq2 (Picelli et al. 2014), yet is being used for scRNA-seq in an 

increasing number of published studies to gain a broader perspective of the 

immune response.  

 

An advantage of high throughput scRNA-seq by 10x is that cells can be loaded 

straight onto the machine without prior processing which reduces potential 

transcriptome alterations and enables sequencing of total PBMCs. Although, 

where cell types of interest are minority populations, such as total B cells, they 

can be first isolated from PBMCs in bulk using magnetic-activated cell sorting 

(MACS) which is also much faster than staining cells and conducting FACS. 

Yet the use of FACS provides phenotypic information of cell surface protein 
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expression, which in this case was the first indication that there was 

preservation of the memory B cell population in the bnAb donor. To overcome 

this, the use of cellular indexing of transcriptomes and epitopes by sequencing 

(CITE-seq) can be conducted which uses barcoded antibodies to detect the 

expression of specific proteins (Stoeckius et al. 2017). However, the 

identification of antigen-specific cells by 10x is very challenging as compared 

to FACS and was only made possible recently by linking the BCR to antigen 

specificity through sequencing (LIBRA-seq) using barcoded antigens (Setliff 

et al. 2019) and is yet to be widely adopted. Alternatively, a pure population of 

antigen-specific B cells identified by flow-cytometry could have been used as 

input into 10x for scRNA-seq, however, obtaining a high enough number of 

cells from such a rare subset, as already demonstrated, would require sorting 

from lots of PBMC samples which was not possible from this cohort. 

Furthermore, antibody cloning would still have been necessary following 

scRNA-seq by 10x to test the mAb functionality and address the research 

question in this project, which would have been unfeasible as each Ig chain 

would need to be synthesised based on the sequencing information. This 

would have meant synthesising thousands of antibodies as discerning which 

BCRs encode bnAbs is not feasible from sequence traits alone as discussed 

in section 7.2. 

 

Another approach could have been to use the Smart-Seq2 method followed 

by 10x, as done in a recent study to investigate both antigen-specific and total 

B cells in malaria-exposed individuals (Sutton et al. 2021). By taking 

advantage of both scRNA-seq methods the mAb sequence and functionality 

identified from the Env-specific B cells using the Smart-Seq2 pipeline with the 

first timepoint PBMCs from the bnAb donor could then have been applied to 

investigate the total B cells in the second timepoint PBMCs using 10x. The 

generation of a V(D)J library in addition to a gene expression library could 

have enabled clonally related BCRs to those already characterised to be 

identified from any B cell subset in the PBMC sample. However, this would 

have relied on the presence of the same lineages in circulation during the 

sampling of PBMCs at the second timepoint four months later or multiple vials 
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of PBMCs at each timepoint which were not available. Moreover, this would 

not have enabled any additional Env-specific B cells to be identified as the 10x 

data would have been filtered for BCRs that were clonal relatives of those 

identified by FACS sorting.  

 

To make the most informed decision it would have been beneficial to have 

initially trialled both the 10x approach and the Smart-Seq2 method, however, 

this was not feasible due to the high expense of processing and sequencing 

cells for transcriptomic analysis and limited sample availability. Additionally, at 

the beginning of this research, the main aim was to focus on the antigen-

specific B cell population and for reasons already discussed the Smart-Seq2 

method appeared to be more suitable than 10x. Nevertheless, this approach 

still required optimisation and validation to adapt the Smart-Seq2 method to 

investigate cryopreserved memory B cells in conjunction with single B cell 

cloning. This was necessary because a previous study had only shown that 

this approach was viable using B cells from fresh PBMCs and that the gene 

count in naïve/memory B cells is lower than plasmablasts which were the 

primary focus of their study (Croote et al. 2018). Therefore it was unknown if 

cDNA could be generated from cryopreserved B cells, especially those from 

the more quiescent memory B cell subsets, and be sufficient for both scRNA-

seq and antibody cloning.  

 

It should be noted that the validation of this methodology was conducted with 

a small set of single memory B cells from healthy donor PBMCs to minimise 

costs and prove proof of concept in our lab, thus was never intended to be 

used as a comparator dataset to the HIV-infected donors. Consequently, a 

total of only 30 memory B cells per subset were processed for scRNA-seq, 

which was not high enough to conduct powerful analyses. Additionally, 

consideration of the date of sampling to have the same length of time in 

cryopreservation as well as the age and gender of the donor would need to 

have been accounted for to best match the HIV bnAb donors. While a more 

comprehensive dataset of memory B cell subsets from a sample matched 

uninfected control processed using the same scRNA-seq method as the bnAb 
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donor B cells may have been useful, a better control would have been a donor 

with HIV infection. Fortunately, this was possible to obtain as a post-doc in the 

lab was contemporaneously using Smart-Seq2 to study untreated HIV 

infection and although this was in an elite controller with low VL it did provide 

an opportunity to compare the bnAb donor B cells to different memory B cell 

subsets in the context of HIV infection.  

 
Finally, a different technique that is still in its infancy is the use of proteomic 

and genomic approaches to deconvolute the plethora of the mAbs in 

polyclonal plasma to isolate antigen-specific mAbs (Wine et al. 2015). This 

system has already been employed to identify a pool of nAbs responsible for 

plasma breadth against HIV along with the nAb sequences for the isolation of 

bnAbs, although so far has only been done by one research group (Sajadi et 

al. 2018). In the future, this approach could be used to characterise plasma 

from elite neutralisers to provide knowledge of mAb sequences and 

functionality for investigating large scRNA-seq libraries to identify Env-specific 

nAb B cells without the need for antibody cloning or being limited by the 

antigen-specific subsets that can be isolated by flow cytometry. For instance, 

gene expression and VDJ libraries could be generated by 10x of total B cells 

to identify lineages of memory and antigen-secreting cells with BCRs that 

match proteomic data indicating Env specificity.  

 

7.4  Additional datasets were required to act as comparators for single 

memory B cell transcriptomes from a bnAb donor  

 

RM, AM and TLM can be distinguished at the cell surface level by the 

differential expression of CD27 and CD21, however, transcriptional analysis 

of these B cell subsets has revealed a more complex phenotype. Differences 

in the gene expression of different memory subsets were initially characterised 

in HIV infection studies by microarray (Moir et al. 2004) and later showed that 

while TLM B cells were distinct, RM and AM B cells had substantial overlap 

(Kardava et al. 2014). More comprehensive analysis of these memory subsets 

in malaria-exposed individuals by RNA-seq revealed a unique gene signature 
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for each memory subset (Holla et al. 2021), yet scRNA-seq has also identified 

a level of heterogeneity within each memory subset that likely stems from 

transitioning between phenotypes (Sutton et al. 2021; Andrews et al. 2019).  

As mentioned earlier, most of the Env+ IgG+ B cells from both timepoints of 

the T125 bnAb donor displayed cell surface expression of both CD27 and 

CD21 in flow cytometry, and therefore had a predominantly resting phenotype. 

Transcriptional analysis mirrored this finding, with the majority of these Env-

reactive B cells having the highest probability of being RM based on a memory 

B cell scRNA-seq dataset generated by our lab from an HIV-infected donor 

with elite control. Analysis also showed that the T125 Env-reactive B cells had 

the highest probability for a resting phenotype regardless of their mAb 

neutralisation capacity, indicating that there may not be a difference between 

bnAb and non-bnAb B cells, although again this is caveated by the finding of 

only one bnAb and a few cross-clade nAbs. Importantly, the Glmnet analysis 

conducted considers the probability of each cell for a phenotype in turn, and 

thus a single B cell can have a high probability for more than one phenotype if 

there are high similarities in the transcriptome. 

This dataset was then used to explore DEG between the bnAb donor B cells 

and memory subsets from the HIV-infected donor with elite control. Given each 

memory subset had a similar sample size to the B cells from the bnAb donor 

this enabled comparative analysis without introducing bias. The DEG analysis 

gave further support that the Env-reactive B cells from the bnAb donor were 

least like TLM and most like RM, validating the novel finding observed from 

the cell surface phenotype that the memory B cell population was not 

perturbed. It was also revealed that a single gene, TWIST2, had significantly 

higher expression in the Env-reactive B cells from the bnAb donor regardless 

of which memory subset was the comparator. Interestingly, this gene was only 

found in B cells from the second T125 timepoint and is responsible for 

regulating inflammatory cytokines and inducing anti-apoptotic genes (Merindol 

et al. 2014). Comparison of the memory population from the two T125 

timepoints by flow cytometry showed that the subsets from the second 

timepoint had a distribution even more similar to an HIV-negative individual 

than the first timepoint. Although this difference was subtle, there was a higher 
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proportion of RM and a lower proportion of AM and TLM in the IgG+ population 

in the second timepoint, which was reflected in the Env-reactive population 

and may have resulted from the upregulation of TWIST2. Therefore it could be 

speculated that B cells from the bnAb donor had a high propensity for survival 

and maintenance of homeostasis. 

A potential limitation of these analyses was the comparison of the T125 Env-

reactive B cells to memory B cells from a different donor for the identification 

of the transcriptional phenotype and DEG. However, it would have been 

unfeasible to isolate single memory B cells from each subset before isolating 

single antigen-specific B cells from T125 PBMCs due to the risk of lowering 

the number of cells in this rare population and the availability of only one vial 

of PBMC. Equally, it was not possible to isolate single B cells from different 

memory subsets after the antigen-specific B cell sort as this required all of the 

PBMC sample to be screened. Instead, the use of index-sorting could have 

enabled single Env-specific B cells within the different memory B cell subsets 

to be identified, however, the BD Melody FACS machine was incompatible 

with this function without the loss of many cells, which was discovered during 

the first single B cell sort from T125 PBMCs. Additionally, there were no pre-

infection PBMCs from this donor to compare to. Hence it was necessary to 

employ a scRNA-seq memory B cell dataset from another donor for phenotypic 

analysis, and this was selected based on being generated from an HIV-

infected individual using the same Smart-Seq2 method. Although this HIV-

infected donor was an elite controller with low VL, unlike the viraemic bnAb 

donor, I had already shown that the cell surface phenotype of the bnAb donor 

memory B cell population was more similar to this elite controller rather than 

that of a typical viraemic donor, and thus was deemed a suitable dataset for 

comparison.  

As already mentioned, the distribution of the bnAb donor memory B cell 

subsets based on CD27 and CD21 cell surface expression was also 

comparable to an HIV-negative donor, and thus indicated that the memory B 

cell population was not perturbed in the bnAb donor despite being viraemic. 

However, comparator data of memory B cells from other viraemic donors, 

those suppressed on ART and uninfected controls were lacking. Therefore, 
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two 10x scRNA-seq datasets (Wang et al. 2020; Stephenson et al. 2021) were 

analysed to compare memory B cells from multiple HIV-infected and 

uninfected donors. The Wang et al. study in 2020 sequenced PBMCs from six 

HIV-infected individuals with high viraemia (>185,000 c/mL) or suppressed 

viraemia (<20 c/mL) as a result of treatment (not elite control) as well as one 

uninfected control, which provided a relatively unexplored B cell dataset 

(Wang et al. 2020). A caveat to this was that the HIV-infected individuals were 

presumed to be non-bnAb donors, however, the neutralisation capacity of 

these individuals was not tested in the original study but this is a reasonable 

assumption based on the low prevalence (1-10%) of bnAb-like sera. It should 

also be noted that one of the three donors with viraemia was removed from 

analysis on the basis that the CD4+ T cell count was extremely low (AIDS-

defining), to prevent the cells from this donor skewing analysis. Furthermore, 

the Wang et al. study only conducted scRNA-seq of one uninfected control 

and so to overcome this limitation PBMCs from additional uninfected controls 

from a different 10x scRNA-seq study by (Stephenson et al. 2021) were also 

included. 

Although the 10x and Smart-Seq2 scRNA-seq methods both generate cDNA 

from poly-A mRNA, differences in the generation of libraries lead to different 

read depths (as reviewed in section 1.7.2) and thus additional steps are 

required for normalisation to enable integration of the datasets, which can be 

challenging. Indeed, this prevented the direct comparison of transcriptomes 

from the bnAb donor B cells generated by Smart-Seq2 to the memory B cells 

identified in the 10x datasets. Another limitation of working with data from 

multiple studies is that these have been processed and sequenced at different 

times. However, this can usually be accounted for using batch correction as 

done for the data obtained from the two previously published 10x scRNA-seq 

studies and thus enabled de novo analysis to make comparisons between 

memory B cells from different donor groups.  

Our initial analysis by Celltypist classified B cells from the HIV-infected, HIV-

suppressed and uninfected control donors as naïve, memory or age-

associated. In particular, the age-associated subset has shown high similarity 

to the TLM and atypical B cell subset, which is expanded upon viral infection 
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or vaccination and characterised by low expression of CD27 and CD21, with 

high expression of T-bet and CD11c (Mouat and Horwitz 2022). Indeed, DEGs 

related to an atypical phenotype, although not T-bet (TBX21) or CD11c 

(ITGAX), were identified in this age-associated subset and these cells were 

primarily found in the viraemic donors. However, the key population under 

investigation in the bnAb donor was memory B cells, and therefore these age-

associated B cells as well as naïve B cells were removed from further analysis. 

In support of this choice, even after the removal of age-associated B cells from 

subsequent analysis, the expression of other genes previously observed in a 

TLM / atypical phenotype (FCRL5, CD22 and CXCR3) were still observed in 

a small proportion of cells and were highest in the memory cells from viraemic 

donors. There were also differences in the expression of genes associated 

with GC entry and retention that were higher in the memory B cells from control 

donors than viraemic donors. Taken together, this suggests a fundamental 

difference in the memory B cell population of HIV-viraemic donors when 

compared to control donors, which appeared to be only partially restored by 

treatment in the suppressed donors. Additionally, this analysis enabled 

Celltypist classification of the Env-reactive memory B cells from the bnAb 

donor, which revealed these were most similar to memory B cells from 

uninfected controls. This implied that the bnAb donor B cells were unlike those 

in typical viraemic donors and instead primed for continued maturation that 

may have contributed to bnAb development. 

It was also found that the type I IFN-α and type II IFN-γ response was higher 

in the memory B cells from viraemic donors than control donors, suggesting 

higher inflammation as a result of HIV infection, consistent with previous 

literature (Moir et al. 2004; Wang et al. 2020). Conversely, the IFN-α response 

of HIV-suppressed donor memory B cells was significantly lower compared to 

those from the control donors. While it is assumed that control donors are 

‘healthy’ and do not have other infections at the time of sampling, in reality, 

these donors were selected based only on being HIV-negative in the Wang et 

al. study or COVID-negative based on serology in the Stephenson et al. study 

and therefore may explain this difference. It would have also been interesting 

to directly compare the IFN signature of the Env-reactive memory B cells from 
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the bnAb donor, but this was not feasible as the integration required to perform 

this analysis did not meet acceptable quality control standards. However, it 

seems likely from the Celltypist classification of the bnAb donor B cells as most 

similar to memory B cells from uninfected controls that a similar weak IFN 

signature would be observed. Unfortunately, without longitudinal sampling of 

this bnAb donor, it is impossible to know how the memory B cell population 

changed over the course of infection or whether this predominantly resting 

phenotype was maintained throughout infection. In particular, access to 

samples prior to infection and during acute infection as well as the isolation of 

more single B cells may have enabled pseduotime analysis to be conducted 

to track subsets or even B cell lineages over time. 

 

7.5  Model: Preservation of memory B cell homeostasis in the face of 

chronic infection can promote the generation of bnAbs 

 

Overall, in the bnAb donor, a predominantly RM B cell phenotype comparable 

to that of HIV-negative donors was observed at both the cell surface and 

transcriptomic level. Yet, this bnAb donor had a substantial level of viraemia 

at the first timepoint with a viral load of 73,700 c/mL, and although the viral 

load at the second timepoint is unknown, this sample was taken only four 

months later and hence is unlikely to be drastically different. A largely resting 

phenotype without signs of dysfunction was highly unexpected due to multiple 

previous observations showing that viraemia is associated with a reduced 

frequency of RM B cells (Moir et al. 2010; Kardava et al. 2014) and increased 

expression of ISGs or genes involved in terminal differentiation (Moir et al. 

2004). Although analyses are caveated by the investigation of only a single 

bnAb donor, the consistency of findings in the Env-reactive memory B cells 

across the different transcriptional analyses conducted with different datasets 

adds support to the validity of these findings.   

The identification of a normalised B cell population and inhibition of type I IFN 

gene signature has also been reported recently in lupus and was shown to be 

a result of neutralising auto-Abs against IFN-α2 (Bradford et al. 2023). 
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Therefore, it was proposed that the effects of type I, or even type II, IFN may 

be blocked in a similar manner in the HIV bnAb donor. Yet, it was also plausible 

that the preserved homeostasis of memory B cells despite ongoing viraemia 

may instead be a result of lower levels of inflammatory cytokines, mediated by 

other immune mechanisms such as the action of IL-10 secreted by regulatory 

B cells (Catalán et al. 2021). Both of these possibilities were tested using 

plasma from the bnAb donor and revealed that while there were only minimally 

quantifiable levels of IFN-α2 and IFN-γ, the effects of both IFNs were capable 

of being restricted by component(s) in the plasma, although this was more 

prominent against IFN-γ. Unfortunately, sufficient plasma remained only from 

the first timepoint from the bnAb donor and thus it was not possible to 

determine if this was also true of the second timepoint. Nevertheless, plasma 

from patients in the East London cohort with known neutralisation capacity, 

including the other three elite neutralisers identified, were included in analyses 

and identified a link between neutralisation breadth and a higher percentage 

of blocking IFN-γ, but not IFN-α2. These findings, therefore, support a model 

in which a suppressed type II inflammatory response during HIV infection 

allows the humoral response to develop neutralisation breadth, although 

further evidence is needed to confirm this model as discussed below.  

While it remains to be explored whether the memory B cell phenotype in other 

elite neutralisers is also preserved, which would be an essential future 

experiment, the ability to block IFN-γ was consistent in the elite neutralisers 

and the bnAb donor, suggesting a similar mechanism for the development of 

breadth. Plasma from other patients in the cohort with less neutralisation 

breadth also demonstrated the ability to block IFN-γ, although this was often 

not as potent. It is plausible that some of these patients may not have been 

infected for long enough to acquire elite neutralisation but that the suppression 

of IFN-γ precedes this. For instance, although the patients in this cohort had 

been infected for at least one year, the exact length of infection was unknown, 

and it has been shown that neutralisation breadth is often acquired 

incrementally over the course of at least 2 years to develop (Landais et al. 

2016). However, without access to longitudinal sampling from these donors it 
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was not possible to address whether those with comparable blocking of IFN-γ 

to elite neutralisers developed elite neutralisation over time.  

The HEK-ISRE assay used to quantify the blocking of IFN-γ by patient plasma 

has been previously used to identify the presence of auto-antibodies against 

IFN-α and IFN-ω in Sars-Cov2 infection (Bastard et al. 2021). As plasma 

consists of many components, not just antibodies, the next step would have 

been to carry out IgG purification before conducting the HEK-ISRE assay to 

validate that the blocking of IFN-γ was antibody-mediated, but unfortunately, 

there was not enough time to do this. Alternatively, an IgG-specific ELISA 

could have been used to confirm the presence of auto-IFN-γ mAbs, but there 

was not enough sample to do this (required 50 µl of the original 200 µl). 

Furthermore, if the activity is indeed antibody-mediated, then there may be two 

possible mechanisms of blocking IFN mAbs, as demonstrated by the mAb 

controls used in the ISRE assay which either target the IFN molecules 

themselves or the IFN receptors, although this is yet to be validated. Another 

possibility is that a component of the plasma may have been killing the cells in 

the assay, which would also prevent expression of the ISRE-reporter and thus 

mimic IFN blocking. However, precautions were taken to avoid this, such as 

sterile filtering and heat inactivation of the samples to remove complement 

proteins before use, as well as cell viability assessment after the assay. In 

addition, if cell death was occurring as a result of the plasma then it would be 

expected that the same level of blocking would be observed across multiple 

assays, yet there was a difference in the percentage blocking of IFN-α2 and 

IFN-γ. 

Unlike type I IFNs, which have direct antiviral activity, type II IFN (IFN-γ) is a 

proinflammatory cytokine and is involved in establishing and maintaining 

immune activation (Roff, Noon-Song, and Yamamoto 2014). In addition, it has 

recently been shown that IFN-γ could also have a negative impact on the 

adaptive response to infections as demonstrated by the potential to disrupt 

pre-existing GCs (Biram et al. 2022). Of particular interest however is the 

specific effect of IFN-γ on B cells, which has been demonstrated in recent in 

vitro studies to play a role in the stimulation of B cells towards an atypical/TLM 

phenotype following BCR engagement (Ambegaonkar et al. 2019; Obeng-
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Adjei et al. 2017; Austin et al. 2019). This ties in with early microarray data of 

B cells from HIV-viraemic donors, which found increased ISGs in CD21low B 

cells (Moir et al. 2004), which consists of both AM and TLM B cells. Given the 

findings presented in this thesis, this suggests that the blocking of IFN-γ could 

prevent B cells from a TLM fate in the face of viraemia, as a potential 

mechanism for the preservation of the memory phenotype, which in turn allows 

the development of neutralisation breadth given the concurrent high antigen 

burden. As it is currently hypothesised but not yet confirmed that the blocking 

of IFN-γ is antibody-mediated, a future experiment should be to investigate 

whether auto-IFN-γ nAbs are capable of blocking the induction of a TLM 

phenotype in vitro. 

So far there has been minimal investigation into features associated with the 

development of bnAbs in HIV at the single-cell transcriptomic level, with only 

one study that focused on the NK response (Bradley et al. 2018). 

Nevertheless, this identified that NK cells had an altered phenotype, with 

impaired effector functions including reduced secretion of IFN-γ, which was 

proposed to prevent the reduction of CD4+ T cells for improved B cell help. 

Based on the findings in this research, this altered NK function may also assist 

in the maintenance of a RM B cell phenotype for an improved humoral 

response. Although the concentration of IFN-γ in plasma samples from the 

East London cohort was investigated this showed no trend with the 

neutralisation capacity, but the sensitivity of LegendPLEX may have been too 

low to identify subtle differences. It could be speculated that a lower level of 

IFN-γ may instead be more localised and thus detected in the tissue rather 

than in circulation, but this is yet to be explored.  

Other factors previously associated with, but not predictive of, broadly 

neutralising plasma include a low CD4+ T cell count (Landais et al. 2016; van 

Gils et al. 2009; Euler et al. 2010; Gray et al. 2011), and conversely higher 

levels of circulating Tfh cells (Locci et al. 2013; Moody et al. 2016; Yamamoto 

et al. 2015) which are a subset of CD4+ T cells. Unfortunately, the CD4+ T cell 

count for the bnAb donor was unknown and so couldn’t be compared, but it is 

known that this donor was not on ART and at the time therapy was only 

initiated if the CD4+ T cell count was <200 cells/µl (Gazzard 2008). However, 
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two of the other three elite neutralisers in the East London cohort did have a 

known CD4+ T cell count of ~360 cells/µL but the frequency of circulating Tfh 

cells was not available to compare. In addition, the bnAb donor and two of the 

other three elite neutralisers which had known VL showed that these all had 

viraemia with >70,000 c/mL. A high VL has also been one of the most 

consistently associated features with the development of breadth and is 

thought to be linked to the level of viral diversity (Doria-Rose et al. 2010; 

Landais et al. 2016; Rusert et al. 2016), although it is not predictive of breadth. 

Moreover, this is caveated by the finding that some elite controllers with low 

VL are also capable of producing bnAbs (Sajadi et al. 2018; Scheid et al. 2011; 

Freund et al. 2017). However, in the context of the data presented here, a low 

VL also suggests a lower level of inflammation that likely results in a preserved 

memory B cell response. Indeed, this was observed in the elite controller 

included in flow cytometry analysis and a previous study where the proportion 

of TLM B cells was not elevated (Rouers et al. 2017). Furthermore, it is known 

that despite elite control these individuals have untreated infection and can 

experience viral blips, which over long periods may provide enough antigenic 

stimulation and diversity for bnAb development. When this was investigated, 

it was instead found that low but persistent viral replication was observed in 

controllers with limited clade B neutralisation breadth as well as a unique 

inflammatory cytokine profile, although this may only be a biomarker rather 

than contributing to breadth as multi-clade bnAb activity was not detected 

(Dugast et al. 2017). 

It has also been previously reported that higher SHM in the HIV Env-specific 

repertoire correlated with broader serum neutralisation (Cizmeci et al. 2021). 

Although bnAbs are often described as having high levels of SHM, as was the 

case with the T125 bnAb, some of the non-nAbs from this donor were also 

found to have comparable SHM. This is consistent with previous findings of 

mAbs with restricted neutralisation but similar levels of SHM to bnAbs (Bhiman 

et al. 2015; Sok, van Gils, et al. 2014). It is already known that mutations 

acquired in the germinal centre are selected based on improved affinity for 

binding to antigen (Victora et al. 2010), however, these findings suggest that 

higher SHM is an acquired feature in response to ongoing HIV infection rather 
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than being directly linked to the acquisition of neutralisation breadth as 

previously proposed (Cizmeci et al. 2021). Indeed, mAbs isolated from the 

bnAb donor with detectable Env binding were found to have higher SHM in the 

VH than those incapable of binding Env, indicating increased affinity maturation 

to HIV. In agreement with this, other studies have also shown that Env-reactive 

mAbs from HIV-infected individuals have significantly higher levels of VH SHM 

than non-reactive mAbs (Scheid et al. 2009; Schommers et al. 2020). Yet, if 

directed towards conserved neutralising epitopes on the Env trimer, the ability 

to mature and gain beneficial mutations for binding or improving the angle of 

approach may lead to the development of a bnAb (Liao, Lynch, et al. 2013; 

MacLeod et al. 2016; Bonsignori, Kreider, et al. 2017; Bonsignori et al. 2016). 

In summary, the discovery of a preserved memory B cell population in a bnAb 

donor was potentially linked to lower type II IFN-γ responses and suggests 

that bnAb development is associated with the maintenance of B cell 

homeostasis in the face of chronic HIV infection. However, additional 

experiments are needed to confirm this finding in other donors with elite 

neutralisation and whether this is also seen in donors as they progress towards 

elite neutralisation. As already discussed, this could be achieved by using a 

more high throughput approach such as 10x to explore the B cell phenotype 

in longitudinal cohorts. In addition, although it has been proposed that blocking 

IFN-γ leads to the preservation of a resting B cell phenotype, this has not been 

directly proven and the exact mechanism is still unclear. While it is currently 

thought that this is mediated by auto-nAbs against IFN-γ, future experiments 

will be needed to characterise the IgG component of plasma from elite 

neutralisers to confirm if this is capable of neutralising IFN-γ and whether this 

can prevent B cells from a TLM fate in vitro. Alternatively, or additionally, there 

may be an intrinsic difference in the B cells of bnAb donors such as the ability 

to downregulate IFN receptors, which was not explored, or upregulate 

TWIST2, as seen in the second timepoint, for the regulation of inflammatory 

cytokines and maintenance of a resting phenotype. The role of TWIST2 could 

be studied using a B cell CRISPR knock-in experiment to determine whether 

upregulation of this gene is involved in the preservation of a resting B cell 

phenotype. Furthermore, at this stage, it can only be speculated that 
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preserving memory B cell homeostasis assists the development of bnAbs, but 

it seems logical that this is associated with the ability to sustain affinity 

maturation to emerging viral variants during infection. Once it is established 

how the memory phenotype is preserved, this could be explored using a 

chronic infection animal model to determine whether this results in increasing 

SHM and an improved B cell response. A recent immunisation study that 

primed with HIV Env for a long period has shown that the duration of GCs can 

persist for up to 6 months and has resulted in improved memory B cell 

responses with higher SHM (Lee et al. 2022). Therefore, this system could be 

used as a model to test the effects of adding in IFN-γ and whether these can 

be reversed by anti-IFN antibodies. 

 

Final remarks 

 

The data presented in this thesis explored the phenotype of B cells in a bnAb 

donor, which has previously been overlooked, but indicated that differences 

between individual B cells based on their neutralisation capacity are unlikely. 

As only one bnAb donor was investigated and only a single bnAb B cell was 

identified, further analyses would be needed to thoroughly disprove the 

original hypothesis that there is a difference between bnAb and non-bnAb B 

cells. Nevertheless, this research also led to the observation of a surprisingly 

“normal” global memory B cell phenotype in the bnAb donor despite a 

substantial viral load, which is usually accompanied by widespread disruption 

of the B cell compartment. BnAb donor memory B cell transcriptomes were 

found to be unaffected by the functionality of the antibody encoded and were 

most similar to those from uninfected controls. In particular, memory B cells 

from uninfected controls had experienced less IFN stimulation and preliminary 

experiments indicate that bnAb-like serum can block type II IFN that has been 

previously linked to disruption of memory B cell subsets. Further work will be 

required to establish how widespread the preservation of memory B cell 

homeostasis is in individuals who make bnAbs and the potential mechanistic 

role of IFN. 
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