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Abstract 

Immunity to HIV-1 infection is not well understood. Vaccines that elicit broadly neutralising 

antibodies (bNAbs) have the potential to prevent HIV-1 infection altogether but are challenged by 

the characteristics of the HIV-1 envelope that promotes immune escape as well as by intrinsic B cell 

biology that may result in inter-individual differences in bNAb generating capacity. Antibodies 

(Abs) that activate innate effector cells through Fc receptors (FcR) may provide an alternative 

immune response that could contribute to a therapeutic HIV-1 vaccine strategy. Our laboratory has 

previously shown that plasmacytoid dendritic cell (pDC)-reactive opsonophagocytic IgG Ab 

responses (PROAbs) against HIV-1 p24, mediated via FcRIIa, associate with control of HIV-1 

infection. However, the putative protective mechanisms, including IgG subclass(es) that mediate 

PROAb responses through FcRIIa, the effect of these Abs on pDC function/activation and the B 

cell subset(s) that may contribute to higher levels of these Abs, are undefined. This thesis 

investigates these research questions. 

 

In Chapter 2, I present data that extend on our previous findings in chronically-infected HIV patients 

by demonstrating that control of early HIV-1 infection is also associated with PROAb responses 

against HIV-1 p24. Two groups of patients, whose plasma samples were available 8 and 52 weeks 

following primary HIV-1 infection, were examined in this Chapter. ‘Good controllers’ exhibited 

plasma HIV RNA levels <5000 copies/mL at week 52 and ‘poor controllers’ exhibited HIV-1 RNA 

levels >50,000 copies/mL at week 52. HIV-1 p24-specific PROAb responses increased in ‘good 

controllers’ but remained unchanged in ‘poor controllers’ between weeks 8 and 52. Of the HIV-1 

p24-specific IgG subclasses measured, only IgG1 increased over this time period in ‘good 

controllers’ alone, which correlated with the increase in HIV-1 p24-specific PROAb responses. 

Depletion of IgG1 from IgG preparations of ‘good controllers’ resulted in the inhibition of HIV-1 

p24-specific PROAb responses. In the total patient cohort, plasma HIV-1 RNA levels at week 52 

correlated inversely with changes in HIV-1 p24-specific PROAb responses and levels between 

weeks 8 and 52. Therefore, these data demonstrate that control of early HIV-1 infection was 

associated with an increase in HIV-1 p24-specific PROAb responses, which were mediated by HIV-

1 p24-specific IgG1 Abs. These findings provide further evidence that Abs to HIV core proteins 

may contribute to control of HIV-1 infection. 

 

In Chapter 3, I investigated the effects of opsonophagocytic Abs to HIV-1 p24 on the activation of 

the human leukaemic pDC cell line, Gen2.2. FcRIIa-mediated opsonophagocytosis of other viruses 

results in type I interferon (IFN) production by pDCs, and cross-talk between FcRIIa and toll like 

receptor (TLR) signalling results in a synergistic effect that results in enhanced cytokine secretion. 
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Unlike, primary pDC, the leukaemic pDC cell line Gen2.2 did not produce IFN- upon stimulation 

with the TLR7/8 agonist R-848. However, R-848 stimulation resulted in phosphorylation of NF-B, 

interleukin (IL)-6 production, and upregulation of cell surface CD80 and CC chemokine receptor 

(CCR)7. Using these markers, the ability of purified IgG preparations of HIV elite controllers 

(plasma HIV-1 RNA undetectable), viraemic controllers (plasma HIV-1 RNA <2000) or HIV non-

controllers (plasma HIV-1 RNA >10,000) to opsonise HIV-1 p24-coated fluorescent particles (p24-

FluoSpheres) and induce activation of Gen2.2 cells, in the presence or absence of R-848 co-

stimulation, was assessed. TLR7 stimulation resulted in the inhibition of opsonophagocytic 

responses mediated by IgG of viraemic controllers, whose IgG also mediated the highest 

opsonophagocytic responses to p24. Stimulation of Gen2.2 cells by p24-FluoSpheres opsonised with 

IgG of HIV elite controllers and viraemic controllers resulted in lower Gen2.2 cell activation as 

assessed by the induction of CD80+CCR7+ cells. However, IgG of elite controllers resulted in higher 

ratios of CD80:CCR7 expression compared to viraemic controllers and non-controllers. Moreover, 

IgG of elite and viraemic controllers exhibited a higher synergistic effect upon R-848 stimulation to 

induce CD80+CCR7+ Gen2.2 cells. Finally, opsonophagocytic Abs to HIV-1 p24 inversely 

correlated with measures of Gen2.2 cell activation in viraemic controllers alone. These data 

demonstrate that IgG of HIV controllers resulted in lower activation of Gen2.2 cells, suggesting that 

the type of Ab-mediated pDC activation measured with Gen2.2 cells is not associated with control 

of HIV-1 infection. Further studies are required with a suitable pDC cell line capable of IFN- 

production. 

 

In Chapter 4, I optimised a general method to detect antigen-specific B cells by flow cytometry with 

the aim of adapting the optimised method for the examination of HIV p24-specific B cells. By using 

tetanus toxoid (TTd) as a model antigen, I tested detection methods that included: primary TTd-

biotin staining followed by detection with streptavidin-conjugated phycoerythrin (PE; two-step 

detection) and biotinylated-TTd pre-conjugated to streptavidin PE in monomeric or tetrameric 

configurations. Of the methods tested, staining with tetrameric TTd-PE was the only approach 

capable of detecting TTd-specific plasmablasts (PB) and memory B cells (MBC) 7 days following 

adult diphtheria-TTd vaccination. Proportions of TTd+ IgG+ MBC correlated with plasma levels of 

TTd-specific IgG Abs in two independent cohorts of individuals with known or unknown 

vaccination histories. However, pre-saturation of B cell receptors (BCRs) with excess non-

biotinylated TTd prior to TTd-PE tetramer staining did not result in the abolishment of staining, 

demonstrating that BCRs of some B cells are reactive to the structural components of the tetramer, 

probably PE. To this end, TTd tetramers were conjugated to two spectrally separate fluorochromes 
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(BV421 and AF647) and concurrently stained with each TTd tetramer to delineate single-positive 

fluorochrome-reactive cells with TTd double-positive population. Pre-saturation with excess non-

biotinylated TTd completely abolished the TTd-double positive population demonstrating binding 

specificity for TTd. Dual tetramer staining is therefore a quick and simple method for the phenotypic 

analysis of antigen-specific B cells. 

 

B cell subsets are diverse and consist of memory B cells with different activation-induced fates as 

well as plasmablasts that are induced by the activation of naïve B cells or re-activation of MBC. A 

deeper understanding of these B cell subsets would contribute to rational design of vaccines, 

including therapeutic HIV vaccines. To better understand which B cell subsets are involved in 

memory and recall responses to vaccines, I studied the B cell response to adult-diphtheria TTd 

(ADT) vaccination in healthy adults in Chapter 5, using the dual TTd tetramer staining method 

optimised in Chapter 4. Here I show that the majority of the pre-ADT TTd binding B cell 

compartment was comprised of IgM+IgD+ and IgM-only MBC, while the post-vaccination response 

was associated with a large expansion of IgG-expressing PB and MBC. Moreover, by normalising 

TTd tetramer binding to expression of Ig-associated β chain of the BCR (CD79b) and using 

normalised TTd binding as an approximation of BCR affinity to TTd, I demonstrated that TTd+ IgG+ 

MBC bound with higher affinity to TTd than IgM+ MBC. Interestingly, TTd+ IgGlo PB exhibited the 

highest normalised TTd-binding of the TTd-binding B cell subsets assessed, suggesting that B cells 

with the highest BCR affinities are enriched amongst Ab secreting cells. To determine the 

relationship between germinal center (GC) and/or follicular helper T (TFH) cell activity and the 

frequencies or BCR affinities of TTd+ B cell subsets, circulating TFH (cTFH) cells and subsets of cTFH 

cells were also measured. TTd vaccination was associated with a large expansion of the ‘efficient B 

helper’ ICOS+PD-1+ circulating memory TFH (cmTFH)2 cells and a smaller expansion of the 

ICOS+PD-1+ cmTFH1 subset. Frequencies of ICOS+PD-1+ cmTFH2 cells at day 7 strongly predicted 

IgG+ MBC tetramer TTd tetramer binding affinity, and functional affinity of plasma TTd IgG Abs 

at the peak of the response (day 14 and 21), but not frequencies TTd+ IgG+ MBC or plasma levels 

TTd-specific IgG Abs at these timepoints. This study provides further evidence that human B cell 

subsets are diverse and consist of multiple layers distinguished by not only BCR Ig isotype but also 

by pre- and post-vaccination B cell dynamics, antigen binding affinity to BCRs and plasma IgG Abs, 

and association of those binding affinities with cTFH cell frequencies. My data suggest that while 

IgG+ MBC and PB with high affinity BCRs are a hallmark of the effector response, the immune 

system retains a pool of stable, low-affinity IgM+ MBC that may be long-lived.  
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Finally, in Chapter 6, I aimed to detect and measure frequencies and phenotypes of p24-specific B 

cells in ART-untreated HIV patients to investigate potential associations with levels and/or 

functionality of p24-specific IgG Abs. Despite detection of circulating p24-specific MBC in the 

blood of antiretroviral therapy (ART) untreated HIV patients by enzyme-linked immunospot 

(ELISpot) assay, I was unable to detect a well-resolved population of p24+ MBC by flow cytometry 

due to weak and inconsistent staining with an adapted dual p24 tetramer or dimer staining method 

(optimised in Chapter 4). I hypothesised that this may be because of two possible reasons: biotin 

labelling adversely affected the antigenicity of p24 antigen or that BCR binding to p24 was of low 

affinity, or both. To investigate these hypotheses, I developed a p24-specific IgG enzyme-linked 

immunosorbent assay (ELISA) to measure binding of plasma IgG Abs to plate-adsorbed biotinylated 

p24 versus non-biotinylated p24 and also to measure functional affinity of plasma p24-specific IgG 

Abs by urea-mediated elution as a surrogate of BCR affinity (as demonstrated in Chapter 5). Overall 

maximum binding of plasma IgG Abs from 10 HIV patients to biotinylated p24 was 64% lower than 

to non-biotinylated p24. Moreover, functional affinity indices of p24-specific IgG Abs were lower 

than those measured for TTd-specific IgG Abs. Together, these data suggest that the difficulty in 

resolving p24-binding MBC may be due to a combination of an inherent susceptibility of p24 to 

decreased antigenicity by biotin labelling as well as potentially low affinity of BCR binding to p24. 

Further work is required to overcome these issues and to investigate the possibility that low affinity 

binding of BCRs to p24 is a characteristic of B cell and/or GC dysfunction induced by HIV-1 

infection. 

 

This thesis presents novel data that are applicable to vaccination strategies, including those for HIV-

1. It highlights the potential of HIV gag proteins as an alternative target for HIV-1 vaccine strategies, 

and that HIV gag-specific IgG Abs may contribute to control of HIV-1 infection through effects 

mediated via FcR-expressing effector cells. In addition, this thesis demonstrates that the quality of 

the vaccine-induced Ab response relies on the combination of biologically and phenotypically 

distinct MBC, PB and cmTFH cell subsets. Investigation of methods or adjuvants that induce 

selective induction of certain B or cmTFH cell subsets are warranted. 
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Chapter 1  Review of the literature 

 HIV-1: epidemiology, virology and immunopathogenesis 

1.1.1 Epidemiology 

1.1.1.1 The current state of the HIV-1 pandemic 

In 2019, 37.9 million people were estimated to be living with Human Immunodeficiency Virus 

(HIV)-1 infection[1]. An ambitious 90-90-90 goal (90% of patients knowing their status, 90% 

receiving antiretroviral therapy (ART) and 90% with successful viral suppression) has been set by 

the UNAIDS with the aim of ending the Acquired Immunodeficiency Syndrome (AIDS) pandemic. 

Globally, the rate of new HIV-1 infections continues to decline. The largest decrease has been the 

regions of southern Africa (-28%), the Carribean (-16%), central Africa (-13%) western/central 

Europe and North America (-12%)[1]. However, new HIV infections continue to increase in Eastern 

Europe and central Asia. The trend for AIDS-related mortalities mirrors the rates of new infection, 

with a globally decreasing trend due to a large increase in the number of HIV+ patients receiving 

combination ART. Sub-Saharan Africa is at the epicenter of the HIV pandemic, accounting for 

approximately 20.6 million of the 37.9 million people globally living with HIV, followed by western 

and central Africa (5 million people) and Asia and the Pacific (5.9 million)[1]. In Australia, an 

estimated 28,000 people are currently living with HIV-1 infection, a prevalence of <0.1% of the 

Australian population[1].  

 

1.1.1.2 HIV-1 and HIV-2 evolved from zoonotic transmissions from non-human primates to 

humans 

Both HIV-1 and its relative HIV-2 evolved as a result of multiple zoonotic transmissions of the 

primate lentivirus, simian immunodeficiency virus (SIV), from African non-human primates to 

humans. It is commonly believed that these transmission events occurred through the butchering and 

consumption of non-human primates. HIV-1 evolved from the SIVCPZ strain endemic to 

chimpanzees (Pan troglodytes troglodytes)[2], whereas HIV-2 evolved from the SIVSMM strain that 

predominated in sooty mangabeys (Cercocebus atys)[3-5]. HIV-1 and HIV-2 infection share similar 

clinical characteristics and both can cause AIDS. However, HIV-2 infection is associated with 

significantly lower HIV viral loads during natural disease progression[6, 7] and is accordingly less 

pathogenic and transmissible than HIV-1[8, 9]. HIV-2 is largely confined to regions of West Africa 

[10]. 
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Spatio-temporal modelling of phylogenetic HIV-1 sequence data, taking into account the 

geographical location in which these HIV-1 sequences were collected, approximate Kinshasa, in the 

Democratic Republic of Congo, to be the location where HIV-1 first spread amongst humans in 

approximately the 1920s[11]. The earliest plasma sample confirmed to harbor HIV-1 (verified by 

molecular sequencing of the virus in a plasma sample) belonged to a male living in Kinshasa in 

1959[12]. HIV-1 is grouped into M (main), O (outlier), N (not M or O), and a newly discovered 

lineage designated P (possibly arising from the SIV strain of Gorilla gorilla gorilla)[13] with HIV-1 

group M being the most prevalent infection worldwide[14]. HIV-1 group M is further broken down 

into nine subtypes: A-D, F-H, J and K as well as circulating recombinant forms comprised of two 

or more subtypes[14]. In Australia, HIV-1 group M subtype B is the most prevalent strain amongst 

HIV-infected individuals[15]. The patients investigated in this thesis are HIV-1 (M) subtype B 

infected.  

 

1.1.2 Virology 

1.1.2.1 Structure of HIV-1 

HIV-1 is a spherical, enveloped virus, of diameter 100-120nm, belonging to the family Retroviridae 

and genus Lentivirus[16]. The HIV envelope (env) consists of a phospholipid bilayer, originating 

from the cell membrane of the host, with embedded viral glycoprotein spikes composed of trimeric 

HIV gp120/gp41 heterodimers. There is an average of 14 env trimers expressed on the surface of 

one HIV particle, in comparison with SIV with an average of 73[17]. HIV env trimers bind to and 

induce conformational changes in the CD4 molecule, expressed on several immune cells, resulting 

in binding to CC-chemokine receptor 5 (CCR5; in the majority of HIV-1 variants), and fusion of 

viral and host membranes through insertion of the gp41 fusion peptide[18]. The env encases the HIV 

capsid (CA) core, comprised of approximately 1500 monomers of the HIV Gag gene product p24[19]. 

p24 monomers polymerise to create larger, predominantly hexameric (and some pentameric), CA 

subunits[19]. The CA subunits spontaneously assemble into a fullerene cone to make up the HIV 

core[20]. The HIV core contains diploid HIV single-stranded ribonucleic acid (ssRNA), the non-

structural proteins integrase (IN), reverse transcriptase (RT) and some HIV accessory proteins. 

Between the structures of the env and core, trimers of Gag p17 matrix (MA) protein are found; their 

primary function is to promote assembly of virions at plasma membranes during viral maturation[21].  
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1.1.2.2 Genomic structure of HIV-1 

In total the HIV-1 genome consists of nine genes spanning 9.5 kilobases: gag, pol, env, tat, rev, vif, 

vpr, vpu and nef[22] and is flanked on the 3’ and 5’ ends by long terminal repeats (LTR) that function 

to position RNA polymerase II to initiate transcription of HIV mRNA[23] (Figure 1.1). Gag (p24, 

p17, p6), pol (IN, RT, Protease (PR)) and env (gp120, gp41) encode for the previously mentioned 

structural proteins. Tat and rev encode regulatory proteins that mediate the expression of HIV-1 

mRNA[22, 23]. Tat enhances the efficiency of HIV-1 mRNA transcription by lengthening 

transcriptional elongation leading to the generation of full-length HIV-1 mRNA transcripts[24]. Rev 

increases the efficiency of HIV-1 mRNA nuclear export[25]. The remaining six genes: vif, vpr, vpu, 

and nef encode for accessory proteins that mediate diverse functions that ultimately enhance 

infectivity (summarised in Figure 1.1). For example, Vif reduces cellular levels of APOBEC3G[26], 

a retroviral restriction factor that interferes with retroviral replication by deaminating critical parts 

of proviral DNA resulting in non-viable virions[23]. 

 

 

Figure 1.1 The organisation of the HIV-1 genome. (Image source: Greene et al.[23]) 

 

1.1.2.3 The life cycle of HIV-1 

The HIV-1 life cycle begins with viral entry into immune cells expressing CD4 and CCR5, such as 

effector memory helper T cells (CD4+CCR5+) and some macrophages (CD4loCCR5+)[27]. Binding 

of gp120 to CD4 results in conformational changes in gp120, revealing a binding site that engages 
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CCR5. Following binding to both receptors, HIV-1 inserts the gp41 fusion domain into the host 

membrane causing fusion of the two membranes[18]. Fusion leads to the release and uncoating of the 

HIV-1 core within the host cytoplasm. Uncoating involves phosphorylation of p17 MA by host cell 

mitogen activated protein kinases (MAPK) and other actions of cyclophilin A, and HIV-1 vif and 

nef proteins[23].  

 

As the virion-associated HIV-1 genome is in the form of ssRNA, the viral enzyme RT facilitates the 

reverse-transcription of the HIV-1 genome into circular DNA (cDNA), prior to integration into host 

cellular DNA. Reverse transcription mediated by HIV-1 RT is of low fidelity and is implicated as a 

driver of the high mutation rate of HIV-1[28]. At the completion of reverse transcription, the pre-

integration complex (PIC), consisting of pro-viral HIV-1 cDNA, IN, MA, and RT, is formed[29]. The 

PIC facilitates transport of HIV-1 proviral cDNA into the nuclear membrane[29]. HIV-1 IN cleaves 

two nucleotides on 3’ strands of HIV-1 cDNA revealing hydroxyl groups that pair with ester groups 

on complementary 5’ ends of cellular DNA, resulting in integration of the HIV-1 pro-virus. HIV-1 

integration sites are likely to be in regions of open chromatin conformation, which are in close 

proximity to the nuclear pore[30], and within genes associated with cell growth and development[31].  

A majority of these integrations lead to defective proviruses[32]. Integration of pro-viral HIV-1 DNA 

is an irreversible process that underlies the persistence of HIV-1 infection through suppressive ART. 

 

Transcription of the HIV provirus is initiated at promoter regions located in the LTRs, but requires 

additional actions of Tat protein for efficient transcription[22, 23]. The proviral mRNA is then 

translated as polyproteins within the cytoplasm, which require cleavage by HIV-1 protease to 

become functional. One of these polyproteins is Pr55Gag, and consists of p17 MA, p24 CA, 

nucleocapsid (NC) and spacer peptides. Another is the Gag-Pol polyprotein which is produced as a 

result of a -1 frameshift during translation of HIV-1 mRNA[22]. In addition to Gag proteins, Gag-Pol 

consists of PR, RT and IN (within the Pol domain). The PR portion of the initially produced Gag-

Pol polyprotein is capable of cleaving itself to produce its functional constituents[33]. Gag proteins 

spontaneously multimerise into immature virions guided by p24 CA[34], and NC guides the 

packaging of two strands of HIV-1 ssRNA[34]. The life cycle finishes with the budding of the virion 

from the plasma membrane, releasing fully formed HIV virions into the extracellular milieu where 

the cycle repeats by the infection of other cells expressing CD4 and CCR5. 
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1.1.3 Immunopathogenesis of HIV-1 infection in the absence of ART 

1.1.3.1 Systemic HIV-1 infection following sexual transmission is established by a single 

founder virus 

Sexual (mucosal) transmission is the most common route of HIV-1 infection, however other routes 

include intravenous or vertical (maternal-foetal) exposure to HIV-1[1]. Whereas infection via 

intravenous exposure is established by several transmitted HIV-1 variants, systemic infection as a 

result of mucosal exposure, such as during sexual intercourse, is often established by only one HIV-

1 variant, termed the founder virus[35]. It is therefore apparent that the mucosal barrier imparts strong 

selection pressures on the transmitted pool of HIV-1 variants, resulting in a genetic bottleneck that 

allows selection of a HIV-1 variant with characteristics capable of both establishing local mucosal 

infection as well as systemic dissemination[35]. Thus, founder viruses are likely to exhibit R5-tropism 

as CCR5 is the chemokine receptor expressed by resident mucosal cells[36]. In addition, founder 

viruses express a high density of env trimers[37], which maximises the likelihood of infecting CD4lo 

mucosal cells. Founder viruses are also adept at surface binding to dendritic cells (DC) and possess 

high affinity for the gut homing receptor α4β7 integrin[38], as together these two factors increase the 

likelihood of the variant to attach to trafficking activated DC, and infection of gut mucosae, which 

harbor the majority of the body’s CD4+ T cells.   

 

1.1.3.2 Acute HIV-1 infection 

Following the transmission event, there is an asymptomatic phase of infection lasting approximately 

7-21 days where HIV-1 RNA is not detectable in plasma by clinical assays[39]. Following this phase, 

there is an exponential increase in plasma HIV-1 RNA levels associated with a transient decline of 

blood CD4+ T cell numbers[40]. In parallel, there is massive depletion of CCR5+CD4+ memory T 

cells in gastrointestinal-associated lymphoid tissue (GALT; Figure 1.2)[41, 42]. This exponential viral 

replication is associated with symptoms of an acute retroviral syndrome, such as fever, malaise and 

myalgia[43]. The acute viremia is quickly, but only partially, controlled by HIV-1 specific cytotoxic 

CD8+ T cells[44]. Thus, after control of acute viraemia, an equilibrium between the host immune 

response and HIV-1 replication, termed the viral set point, is established. 
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Figure 1.2 Dynamics of HIV-1 viral load and contemporaneous CD4+ T cell counts in blood and 

gastrointestinal mucosae. (Image adapted from Maartens et al.[40]) 

 

1.1.3.3 Chronic HIV-1 infection 

The HIV-1 viral set point remains stable for many years, leading into a period of chronic HIV-1 

infection. Chronic HIV-1 infection may last for 8-10 years in which a gradual and persistent decline 

in CD4+ T cell numbers is observed in blood, mucosal and other lymphoid tissues[43]. 

Contemporaneously, HIV-1 slowly evolves to evade host immunity resulting in a steady increase in 

HIV-1 viral load. CD4+ T cell depletion is due to a combination of multiple processes; including 

direct effects of the virus and indirect bystander cell death[40]. The former includes caspase-3-

mediated apoptosis of productively infected, activated CD4+ T cells as well as pyroptosis of 

quiescent CD4+ T cells that are not permissive of HIV-1 replication[45]. In non-permissive cells, 

unsuccessful reverse transcriptional elongation causes incomplete HIV-1 DNA reverse transcripts 

to be formed in the cytosol[46]. Truncated forms of HIV-1 DNA activate the cytosolic DNA sensor 

IFI16, resulting in caspase-1-mediated pyroptosis, an inflammatory form of cell death involving the 

release of cytoplasmic contents into the extracellular milieu[45]. Indirect mechanisms of CD4+ T cell 

death include bystander apoptosis mediated through Fas/FasL interaction between monocytes and 

CD4+ T cells[47], or through activation-induced cell death from circulating soluble gp120/gp41 

proteins[48]. 
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A hallmark of HIV-1 infection is the development of persistent immune activation, which is a major 

driver of HIV-1 disease progression[43]. The persistent immune response to HIV itself is a major 

driver of immune activation. In addition, massive HIV infection of the GALT increases gut 

permeability such that translocation of gut microbial products into the systemic circulation further 

exacerbates immune activation[49].  Immune activation presents in the form of elevated serum levels 

of pro-inflammatory cytokines and upregulation of activation markers on lymphocytes[43]. Evidence 

of an immunopathogenic role of immune activation in the progression of HIV disease is apparent 

when comparing the pathogenesis of SIV infection in monkeys that are either natural hosts of SIV, 

or those who have not encountered SIV in their natural history. Like humans, SIV infection of 

Rhesus macaques, a species of monkey endemic to Asia, results in chronic SIV infection and AIDS. 

In contrast, SIV infection of African green monkeys, which are natural hosts of SIV, results in non-

pathogenic disease despite developing circulating SIV viral loads similar to Rhesus macaques. 

Transcriptomic analyses demonstrated that while both species upregulated a type I interferon (IFN) 

response in the acute infection phase, this signature chronically persisted in Rhesus macaques but 

was attenuated in African green monkeys[50].  

 

When blood CD4+ T cell counts are depleted to fewer than 200 CD4+ T cells/mm3 in patients with 

HIV-1 infection, they are susceptible to reactivating or acquiring infections (usually referred to as 

opportunistic infections) with a range of microbial pathogens, that include cytomegalovirus, 

Mycobacterium avium complex, Mycobacterium tuberculosis, Pneumocystis jirovecii, 

Cryptococcus neoformans, Candida spp. and Streptococcus pneumoniae[51]. In the absence of 

treatment, these opportunistic infections are often fatal in AIDS patients. 

 

1.1.3.4 Antiretroviral therapy 

Contemporary ART is very effective for the treatment of HIV-1 infection. Antiretroviral drugs target 

each key step in the HIV life cycle and include six classes: fusion inhibitors, chemokine receptor 

antagonists, integrase inhibitors, nucleoside reverse transcriptase inhibitors, non-nucleoside reverse 

transcriptase inhibitors and protease inhibitors[40]. A combination of three or more antiretroviral 

drugs is termed highly-active antiretroviral therapy (HAART) or combination antiretroviral therapy 

(cART), and in most patients, reduces blood HIV-1 viral loads to undetectable levels. Historically, 

initiation of cART in HIV-1 infected patients was indicated at a threshold blood CD4+ T cell count, 

for example in patients with <350 CD4+ T cells/mm3. However, the overwhelming benefit of 

immediate cART upon diagnosis was recently demonstrated, where patients with deferred cART 

treatment were at a 69% and 94% increased risk of death, compared to patients treated at CD4+ T 
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cell counts of 351-500 cells/mm3 and >500 cells/mm3, respectively[52]. In addition to treatment of 

HIV infection, cART may be used as pre-exposure prophylaxis in individuals at high risk of 

acquiring HIV-1 infection[53] or as post-exposure prophylaxis following suspected exposure to HIV-

1[54]. 

 

1.1.3.5 HIV-1 forms a latent reservoir of infection in quiescent CD4+ T cells 

While adherence to a cART regimen can suppress HIV-1 infection indefinitely, interruption of ART 

results in rebound HIV-1 viremia. This is because HIV-1 exists as a latent pro-virus form in non-

replicating CD4+ T cells. Rhesus macaque models of simian-human immunodeficiency virus (SHIV) 

infection have demonstrated that the latent reservoir is seeded rapidly, within days of infection[55]. 

The persistence of HIV-1 infection during ART is due to its integration as a pro-virus in long-lived, 

quiescent memory T cell populations. The latent reservoir is further replenished by transient blips 

of HIV replication upon antigen-dependent activation of central memory T cells and homeostatic 

proliferation of transitional memory T cells[56]. It is estimated that the half-life of the HIV-1 reservoir 

on ART is approximately 3.6-3.7 years[57, 58], indicating that complete eradication of HIV-1 infection 

with ART alone would take up to 73 years[57, 58]. A sterilising cure for HIV-1 infection will therefore 

involve eliminating the latent HIV-1 reservoir. For this to occur, latently-infected cells must be 

activated to produce HIV. Latency reversing agents (LRA) such as histone deacetylase inhibitors 

(HDACi) successfully reactivate HIV production from the reservoir[59, 60]; however, treatment with 

HDACis or other LRAs alone were not associated with a reduction in the size of the HIV reservoir[59-

62]. This indicates that LRAs must be supplemented with strategies that target HIV-producing cells, 

such as therapeutic vaccination or passive infusion of potent HIV-specific monoclonal antibodies 

(mAb) [63-65].  

 

1.1.3.6 HIV-1-specific IgG antibodies in HIV-1 cure strategies 

HIV-1-specific IgG antibodies (Abs) may aid LRAs to eradicate the HIV-1 reservoir in two ways. 

Firstly, following reactivation of pro-virus, administration of neutralising HIV-1 env-specific IgG 

Abs can prevent de novo infection of CD4+CCR5+ cells[66]. However, of greater benefit to HIV cure 

strategies is the capability of some HIV-1 specific IgG Abs to opsonise HIV-1 infected cells for 

destruction by Ab effector cells that express FcRs, in particular, through Ab-mediated cellular 

cytotoxicity (ADCC) by natural killer (NK) cells. Thus, LRAs can be utilised to re-activate latently 

infected cells to produce virions, which are then ‘seen’ and eliminated by HIV-1-specific IgG Abs. 

Env-specific mAb that exert high ADCC activity include 3BNC117, NIH45-46 and 10E8[67]. 

Alternatively, engineered bi-specific Abs, for example CD3/gp120 bi-specific mAbs, have been 
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shown to direct T cell-mediated cytolysis of pharmacologically HIV-1 re-activated cells expressing 

gp120 on the cell surface[68].  

 

1.1.3.7 Genetic determinants of natural control of HIV-1 infection 

Not all HIV-1 patients progress to AIDS at the same rate. About 5-15% of HIV patients are slow 

progressors, and some are long-term non-progressors (LTNP). With the availability of HIV-1 viral 

load testing, patients with delayed HIV-1 disease progression in the absence of ART could be further 

stratified as elite controllers and viraemic controllers[69]. Elite controllers are patients who suppress 

HIV-1 RNA levels to below detectable levels (<75 copies/µL) for at least one year, whereas viraemic 

controllers suppress HIV-1 RNA levels to between 75-2000 copies/µL for at least one year[69]. Elite 

and viraemic controllers comprise about 1% of HIV-1 infected patients. 

 

In the majority of cases, slow disease progression is attributed to host genetic and/or immunological 

factors, but in some cases, to viral factors. Infection with strains of HIV-1 harbouring large deletions 

in nef/LTR is associated with slow to long-term non progression[70]. However, in the absence of 

gross defects of the transmitted HIV-1 variant and robust anti-HIV-1 host-mediated immunity in 

most individuals, a transmitted HIV-1 variant with attenuated characteristics ultimately acquires 

mutations over the course of infection that results in an increase in viral fitness[71]. 

 

The first gene variant shown to be associated with resistance to R5-tropic HIV-1 infection described 

in humans was the CCR5Δ32 mutation[72]. Possession of CCR5Δ32 results in a reduction in CCR5 

surface expression in heterozygotes, and an absence of CCR5 HIV-coreceptor expression in 

homozygotes[72]. The CCR5Δ32 mutation gained increased notoriety when a patient, termed the 

‘Berlin patient’, underwent a haematopoeitic stem cell transplant for leukaemia from a CCR5Δ32 

heterozygote donor, resulting in a complete remission of HIV-1 infection[73].  

 

HLA-B*57/5801 alleles are a well characterised genetic determinant of HIV control[74]. HLA-

B*57/5801 are enriched in elite controllers and escape mutations in HLA-B*57/5801-restricted 

HIV-1 Gag epitopes results in a virus with poor replicative capacity[75]. Other alleles associated with 

control include, HLA*B1402, 2705, 5201, 5801 and 8101 in European and African individuals[76, 

77].    
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1.1.4 Efficacy-trialed HIV vaccines 

To date, there have been 6 major trials of candidate preventative HIV-1 vaccines (Table 1.1). 

Vaccination strategies have aimed to either elicit Abs that can prevent HIV-1 infection altogether 

(‘neutralising Ab’) or to enhance cellular immunity (HIV-specific CD4+ and CD8+ T cells) to 

prevent and/or control HIV-1 infection. Thus, the first vaccines trialled, VAX-003 and VAX-004, 

comprised recombinant gp120 (rgp120) components in order to induce neutralising Ab. Although 

anti-gp120 Ab were elicited, no vaccine efficacy was observed in either trial[78, 79]. Vaccines that 

aimed to boost cell-mediated immunity included HVTN502, HVTN503 and HVTN505 and 

comprised recombinant adenovirus serotype 5 (rAd5) vectors containing HIV-1 gag, pol and nef 

genes. HVTN505 differed from the former two vaccines as it consisted of priming with a plasmid 

containing HIV-1 gag, pol, nef and env genes followed by boosting with rAd5 HIV-1 gag, pol, env. 

Although these vaccines elicited HIV-1 specific CD4+ and CD8+ responses, they were not associated 

with prevention of infection or reduced HIV-1 viral load following infection[80-82]. Rather, these 

rAd5 vaccines were associated with an increased risk of HIV-1 acquisition in patients with high 

adenovirus Ab titres, suggesting that Ab-dependent enhancement of HIV-1 infection was elicited by 

rAd5-containing vaccines.  

 

The RV144 study tested the only vaccine strategy that has shown efficacy in preventing HIV-1 

infection. This strategy combined canarypox vector primes (ALVAC-HIV) followed by boosters 

consisting of HIV-1 gp120 B/E subunit vaccines. It was estimated that the vaccine prevented 31.2% 

of vacinees from acquiring HIV-1 infection[83]. IgG Ab against gp120 V1/V2 glycans correlated 

with vaccine protection, but not by eliciting HIV-1 neutralisation[84]. The RV144 vaccination 

strategy imparted selection pressure on HIV-1 replication particularly at amino acids 169 and 181 

of V2[85] and generated Ab predominantly of the IgG1 and IgG3 subclasses[86]. These Ab activated 

NK cells and monocytes through FcγRs, and induced multiple (polyfunctional) NK cell/monocyte 

responses[87]. The unanticipated findings of RV144 has invigorated research into non-neutralising, 

Fc-mediated Ab functions and their potential for preventing or controlling HIV infection. 
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Table 1.1 Candidate HIV vaccines and their protective efficacy 

Trial Vaccine components Preventative efficacy Immune correlates 

VAX-004 rgp120 B/B 6% - 

VAX-003 rgp120 B/E 0.1% - 

STEP  

(HVTN502) 

Adenoviral vector 

rAd5 gag-pol-nef 

Overall hazard ratio (HR) 1.5 - 

Phambili 

(HVTN503) 

Adenoviral vector 

rAd5 gag-pol-nef 

Overall HR 1.7 

 

- 

RV144 Canarypox vector 

ALVAC-HIV  

(gag, protease, subtype E 

gp120-gp41) 

 

rgp120 B/E boost 

31.2% V1V2 IgG1 and IgG3 

ADCC 

Tier 1 NAb 

Polyfunctional CD4+ T 

cells (Reviewed in 

Tomaras and Plotkin[88]) 

HVTN505 Plasmids containing 

clade B gag-pol-nef and 

clades A/B/C env  

 

rAd5 boost containing: 

clade B Gag-pol and 

clades A/B/C env 

-25% - 
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1.1.5 Challenges in the development of preventative HIV-1 vaccines  

The goal for a preventative vaccine is to induce neutralising Ab that provide sterilising immunity to 

a broad range of HIV-1 variants (broadly neutralising Ab; bNAb). However, development of a 

bNAb-eliciting vaccine is complicated by the molecular characteristics of the HIV-1 env that 

promote immune evasion, which include: 

I. Permissiveness of env sequence diversification with minimal effect on viral fitness 

II. Low expression of env trimers on the virion surface[17] that limit polyvalent Ab interactions 

thereby preventing high avidity binding 

III. Heavy glycosylation and thus ‘shielding’ of critical binding sites[89]  

IV. The architecture of the env trimer promotes conformational masking of conserved bNAb 

binding sites[90] 

 

It is clear that not only does the HIV-1 env pose a set of challenges; elicitation of bNAbs in vaccinees 

is constrained by intrinsic B cell biology, which include:  

I. The requirement of B cell precursors with specific immunoglobulin (Ig) variable gene usage 

in order to generate bNAbs[91] 

II. The availability/rarity of such B cell precursors in the pre-immune repertoire[92, 93] 

III. bNAbs exhibit extensive somatic hypermutation[94] and unusual light or heavy chain CDR3 

lengths, which are acquired over successive germinal center (GC) reactions 

IV. Recruitment of bNAb-expressing B cell precursors into the GC pool, as well as the process 

of affinity maturation are inherently stochastic[92] 

 

A new generation of env immunogens that include BG505.SOSIP.664 and eOD-GT8 have been 

developed to overcome some of the challenges posed by the immunogen or B cell biology. 

BG505.SOSIP.664 is a form of the env trimer that is stabilised in the ‘closed’ conformation, thereby 

exposing bNAb-binding sites while hiding irrelevant epitopes[95]. eOD-GT8 is a ‘germline-targeting’ 

env immunogen that aims to specifically target the expansion of VRC01-precursor naïve B cells[91, 

93]. It is unclear whether additional strategies will be required to enhance the development of 

precursors of the potent VRC01 class of bNAbs through stochastic processes within the GC[92]. 

Further knowledge of the B cell maturation processes that increase the success of bNAb precursors 

within GC reactions are required.  
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 B cell responses to pathogens 

1.2.1 B cells express immunoglobulins as part of the cell surface B cell receptor 

Immunoglobulins (Ig) are Y-shaped glycoproteins that consist of two heavy chains and two light 

chains covalently linked by inter-chain disulfide bonds. Soluble Ig that bind with specificity to 

antigens are termed Ab. The light chains, together with a proportion of the corresponding heavy 

chain, form two antigen binding fragments (Fab). The region of the Fab that binds immunogenic 

sites on antigens (epitopes) is referred to as the paratope. The remainder of the two heavy chains 

form the crystalisable fragment (Fc, also known as the constant fragment). The Fc region mediates 

effector functions of the Ab, for example, binding to, and activation of, Fc receptor-bearing immune 

cells. Expression of different germline-encoded Fc genes, regulated by class switch recombination 

(see 1.2.4.2), yields distinct Ig isotypes, these being IgM, IgD, IgG, IgA and IgE in humans. In 

addition, IgG consists of four subclasses (IgG1, IgG2, IgG3 and IgG4) and IgA consists of two 

subclasses (IgA1 and IgA2). Ig can be expressed on the cell surface as part of the B cell receptor 

(BCR), a complex involving transmembrane-expressed Ig coupled to Ig-associated α/β 

(CD79a/CD79b) signal transduction subunits or secreted as free molecules into tissues and blood by 

Ab secreting cells (ASC), especially plasma cells (PCs). 

 

1.2.2 The primary Ab repertoire is formed during B cell development in the bone 

marrow 

B cells differentiate in the bone marrow from common lymphoid progenitors. Maturation of the 

BCR occurs in three sequential steps involving recombination of variable (V), density (D) and 

joining (J) regions of Ig heavy (IgH) and light (IgL)  chains mediated by recombination activating 

gene (RAG) 1 and RAG2 proteins[96]. While humans possess two alleles of IgH and of IgL (Igκ 

and Igλ), only a single pair of IgH and IgL chain alleles is expressed by a B cell, a phenomenon 

termed Ig allelic exclusion[97], thereby rendering B cells monospecific through the expression of 

a single BCR arrangement. The initial step in BCR maturation, occurring in pro-B cells, involves 

recombination of heavy chain D and J regions in IgH chains. Subsequently, recombination of 

heavy chain V to DJ segments occurs at the stage of precursor (pre-) B cells[98].  

 

The function of the newly re-arranged VH(DH)JH segment expressed with a Igμ constant fragment 

is then tested for its capability to be included in the pre-BCR, where it is paired with a surrogate 
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light chain comprised of the λ5 and VpreB heterodimer and an Igα/Igβ signaling complex[98]. Not 

all VH(DH)JH re-arrangements result in functional pre-BCRs, and therefore pre-B cells with non-

functional pre-BCRs undergo apoptosis. Those with functional pre-BCRs undergo IgL 

recombination of VL and JL and the re-arranged IgL chain is then paired to the rearranged IgH 

chain to form the BCR. If immature B cells exhibit BCR signaling against self-antigens, IgH 

and/or IgL rearrangement continues, a phenomenon known as receptor editing[99]. Receptor 

editing can involve substitution of the Igκ with Igλ, or rearrangement of VH to remove 

autoreactive features of the BCR. B cells that continue to exhibit autoreactivity are clonally 

deleted. B cells egress from the bone marrow as immature B cells that futher complete their 

maturation in the spleen[100]. This process of stochastic recombination of an array of unique V(D)J 

gene segments in IgH and IgL chains produces approximately 1011 unique Ab specificities[101].  

 

1.2.3 Naïve B cell activation 

The maturation pathways that occur following naïve B cell activation are dependent on the molecular 

composition of the immunising antigen. For example, B cell activation in response to protein 

antigens requires additional ‘help’ from CD4+ T cells (which are produced by the thymus) in order 

to occur. Thus, B cell antigens can be designated as: (i) thymus dependent (TD), (ii) thymus 

independent type 1 (TI-1) or (iii) thymus independent type 2 (TI-2)[102]. TI-1 antigens encompass 

stimuli that elicit mitogenesis and polyclonal activation of B cells through TLRs[103]. TI-2 antigens 

are characteristically large molecules with highly repetitive epitopes that directly bind to and induce 

BCR cross-linking[103]. B cell activation against TD antigens results in the formation of GCs, which 

are transient structures in secondary lymphoid organs that consist primarily of highly mitotic B cells 

undergoing the maturation processes of Ab somatic hypermutation (SHM) and class switch 

recombination (CSR). In contrast, TI-1 antigens do not elicit formation of GCs. T cells can regulate 

B cell responses towards TI-2 antigens[104, 105], however whether this involves GCs or not is unclear. 

In mouse models, TI-2 antigens elicit abortive GCs[106, 107]. The clinical importance of GC-dependent 

B cell maturation is demonstrated in patients with X-linked hyper IgM syndrome in which GCs do 

not form due to a genetic deficiency of CD40L[108, 109]. In the absence of competent Ab produced 

through GC selection, patients with CD40L deficiency are highly predisposed to severe bacterial 

infections.  
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1.2.4 TD antigens initiate the formation of GCs in B cell follicles 

Following activation as a result of TD antigen encounter in the periphery, naïve B cells upregulate 

surface expression of CCR7 that facilitates chemotaxis towards CC chemokine ligand (CCL)19 and 

CCL21 gradients[110]. As a result, TD antigen-primed B cells localise to the outer regions of 

CCL19/CCL21-rich T cell zones in lymphoid tissue[110]. At the border of T cell zones and primary 

B cell follicles, activated B cells that have acquired TD antigen via BCR-mediated endocytosis 

present antigen as MHC class II-peptide complexes to cognate CD4+ TH cells[111]. B cells that receive 

T helper (TH) cell co-stimulation following antigen presentation migrate as T-B conjugates to the 

center of the primary B cell follicle, where TH cell-activated B cells proliferate rapidly to form a 

dense structure of cells that ultimately become the GC (also referred to as a secondary B cell follicle). 

The corresponding TH cells that migrated with B cells into the follicle differentiate into follicular 

helper T (TFH) cells. A proportion of antigen-activated B cells do not enter GCs and instead localise 

to extrafollicular regions of lymphoid tissue where they differentiate into short-lived ASCs secreting 

Ab of low affinity and limited SHM[112]. 

 

1.2.4.1 Follicular helper T cells are a limiting source of help in the GC 

GC B cells undergo a stringent selection process because the outcome of a GC reaction is the 

generation of long-lived memory B cells (MBC) and PC. In the absence of extrinsic help signals 

given only to high affinity GC B cells, the fate of the GC B cell is ultimately apoptosis. TFH cells are 

specialised in providing survival and proliferation signals to B cells. TFH cells express the 

transcription factor Bcl-6[113, 114], which allows TFH cells to express CXCR5[114], a receptor that 

facilitates chemotaxis towards the GC-derived chemokine CXC chemokine ligand (CXCL)13 

produced by GC-resident follicular DCs (fDC)[115], as well TFH themselves[116]. CXCR5 allows TFH 

cells to be appropriately localised within the follicle[117], in close apposition to GC B cells. TFH cells 

also produce IL-21, a cytokine that is pivotal in B cell activation and survival[118, 119], amongst other 

cytokines such as IL-4, IL-10 and IFN-γ[119]. Additionally, TFH cells express an array of cell surface 

molecules, such as inducible costimulator (ICOS), CD40 ligand (CD40L), programmed death (PD-

1) and slam-associated protein (SAP) among others[119], that are either co-stimulatory molecules that 

promote B cell activation, or are facilitators of co-stimulation by strengthening cell-cell adhesion 

and therefore the effectiveness of T-B cell contact. Finally, TFH cells are found sparsely in the GC. 

This makes TFH cell help a limited resource, thereby creating selective pressure that is necessary for 

B cell competition and thus for high affinity B cells and Ab to be formed[120]. 
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1.2.4.2 Class-switch recombination occurs prior to GC entry 

CSR is the process by which the Ig heavy chain (IgHC) gene encoding the Fc region of an Ig 

molecule is deleted and recombined with that encoding another Fc gene, resulting in a switch in the 

isotype of the Ig. CSR is initiated by the enzyme activation-induced cytidine deaminase (AID)[121] 

that facilitates CSR by deaminating switch regions located upstream of Cµ/Cδ and in between each 

of the remaining IgHC genes (Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε, Cα2)[122]. The IgHC genes contained 

within deaminated switch regions are then excised by uracil-N-glycosylase forming abasic sites, at 

which double strand DNA breaks are then formed by apurinic/apyrimidinic endonuclease-1 (APE-

1)[122, 123]. The constant region is then recombined to express an alternative IgHC gene and thus a 

switch in B cell isotype expression (Figure 1.3). CSR is directed by two types of stimuli: those that 

induce AID expression and those that direct switching[124]. AID-inducing stimuli include CD40L, 

lipopolysaccharide (LPS) and A proliferiation inducing ligand (APRIL). CSR-directing molecules 

include cytokines such as IL-4 (IgE)[125], transforming growth factor (TGF)- (IgA)[126] and IFN- 

(IgG)[124]. 

 

It was originally believed that CSR occurred within GCs because genetic mutations that resulted in 

abolishment of GCs also abolished CSR. In recent work done by Roco et al.[127], it was demonstrated 

that B cells undergo switching to IgG very early following vaccination, before the formation of GCs. 

Furthermore, clonal analyses of GC B cells demonstrated that IgG+ B cell clones were dectectable 

early following vaccination, but that GC B cell clones late in the response were predominantly IgM+. 

Finally, it was demonstrated that APE-1, which is necessary for CSR, is expressed on the border of 

the GC, but not within the GC, and this was likely because it was repressed by Bcl-6 upregulation. 

Together, this data provides strong evidence that CSR occurs prior to entering the GC[127], probably 

upon first interaction between cognate B cells and pre-TFH cells. 
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Figure 1.3 Molecular mechanism of class switch recombination. (Figure adapted from Cerutti et 

al.[128]) 

 

1.2.4.3 Somatic hypermutation of Ig genes occurs in GC dark zones 

A mature GC is histologically divided into two zones termed the dark zone (DZ) and the light zone 

(LZ; Figure 1.4). B cells in the DZ are referred to as centroblasts, and express high levels of Bcl-6, 

the master transcriptional regulator of the GC B cell program. Among many functions, Bcl-6 

transcriptionally represses anti-apoptotic mechanisms of Bcl-2[129] and destines GC B cells for an 

apoptotic fate in the absence of rescue signals provided by TFH cells[130]. Additionally, Bcl-6 allows 

GC B cells to survive extensive DNA damage incurred through SHM[130, 131]. Centroblasts express 

high levels of AID, which also is required for SHM in addition to CSR. AID facilitates SHM by 

introducing point mutations primarily in Ig genes (but also other genes including Bcl-6[130, 132]) by 

deaminating cytidines to form uracils that are then excised and replaced with other bases by base-

excision repair enzymes[130]. The low-fidelity DNA polymerase Polη is also highly expressed by 
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centroblasts, and together with AID, contribute to a somatic mutation rate of 10-3-10-4/bp/cell 

division in Ig variable genes[133, 134]. Following SHM, centroblasts express somatically mutated 

BCRs and a pool of B cell variants with varied BCR affinities migrate into the LZ. Centroblasts that 

fail to express mutated BCRs, or acquire deleterious mutations in the process of SHM, are deleted 

by apoptosis in the DZ[135].  

 

Evidence of an alternative sequence diversification mechanism has recently been reported, in which 

it was found that an interchromosomal transposition event resulted in the insertion of the human 

collagen-binding leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) gene within V and 

DJ segments of an Ab gene[136]. This LAIR-1 containing Ab variant had acquired somatic mutations 

that removed binding to collagen but enhanced binding to malarial repetitive interspersed families 

of polypeptides (RIFINs). The mechanism for this type of Ab diversification is unknown but 

highlights that there may be yet alternative pathways of sequence diversification. 

 

 

Figure 1.4 The GC is segmented into the dark zone and the light zone (Image source: Victora & 

Nussenzweig[130]).  

[FDC = follicular dendritic cells, cDCs = conventional dendritic cells, TBMs = tangible body macrophages]. Red = 

CD35 (FDC network), Green = GFP+ GC B cells. 
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1.2.4.4 High affinity centrocytes are selected in the GC light zone 

Following AID-mediated BCR sequence diversification in the DZ, centroblasts migrate and enter 

the LZ of the GC. GC B cells in the LZ are referred to as centrocytes and are co-localised together 

with TFH cells, fDC, tingible body macrophages and some infilitrating naïve B cells[130, 133]. It is here 

in the LZ that centrocytes are tested for their ability to bind antigen retained on the surface of fDCs. 

As previously mentioned, Bcl-6 expression skews the fate of the GC B cell towards apoptosis, which 

can be overcome by costimulation provided by limiting numbers of TFH cells[133]. Centrocyte 

variants expressing BCRs with high affinity binding to the antigen more efficiently endocytose and 

present antigen to TFH cells[130]. In return, TFH cells provide proliferative signals in the form of IL-

21, CD40L and ICOS[119] thereby ‘rescuing’ high-affinity centrocytes from apoptosis[130]. 

Centrocyte variants with low-affinity binding or that acquired auto-reactivity are outcompeted by 

high-affinity centrocytes and are thus eliminated from the B cell pool. Therefore, the LZ is a niche 

that facilitates Darwinian selection of high-affinity centrocyte variants.  

 

GC B cells that emerge from the LZ may re-enter the DZ, a process referred to as ‘cyclic re-entry’[133, 

137, 138], and may do so several times before exiting GCs as MBC or Ab-secreting PCs. In fact, the 

iterative processes of somatic mutation followed by affinity-based selection are necessary for 

affinity maturation[130]. Thus, rather than a singular, linear process, the GC reaction can be viewed 

as an iterative, circular process of B cell affinity maturation. It is unclear what signals are required 

for centrocytes to leave GCs, and furthermore, what dictates MBC versus ASC fate decisions. One 

model proposes that the highest affinity centrocytes become ASC whereas those with lower affinity 

become MBC[130]. The GC reaction is graphically depicted in Figure 1.5. 
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Figure 1.5 The GC reaction.[133] 

1.2.5 Long-term Ab-mediated immunity is mediated by MBC and Ab secreting cells 

The outcome of the GC reaction is the generation of MBC and ASC, the latter of which consists of 

plasmablasts (PB) and PCs. The signals required for GC B cells to become MBC or ASC are still 

not fully elucidated, but evidence suggests that the BCR affinity of a GC B cell is one determinant 

of this cell fate decision. A recent study in mice concluded that GC B cells with high affinity for 

antigen initiate an ASC transcriptional program within LZs, and upon re-entry into DZ, express a 

strong ASC gene signature consistent with commitment to the PC fate[139].      

 

The upregulation of IFN regulatory factor (IRF)4, B lymphocyte-induced maturation protein 

(BLIMP)-1 and X-box binding protein (XBP)-1, which together repress the B cell transcriptional 

program, induces a functional switch from a B cell to an ASC[112]. ASC differentiation of B cells is 

associated with downregulation of the BCR, B-lineage markers such as CD20, and upregulation of 

CD27 and CD38 expression. The early product of ASC differentiation are PBs. PBs are highly 

mitotic, short-lived ASCs found in blood and lymphoid tissues and can be defined as CD20lo/-

CD27++CD38+[140]. Under the right environmental conditions, such as those provided by stromal cell 

survival niches in bone marrow, a proportion of PBs further mature to become PC. PCs are quiescent 

(non-cycling), long-lived ASCs defined by CD20-CD27++CD38+CD138+[141] surface expression. 

PCs are the cells that secrete and maintain long-term serum Abs.  
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In contrast, MBC are quiescent, antigen-experienced cells that harbour affinity-matured BCRs, but 

do not secrete Ig in the absence of activation. Upon activation, a proportion of MBC home into 

lymphoid tissue niches, which include the recently described subcapsular proliferative foci 

(SPF)[142], where they come in proximity with memory TFH cells and undergo rapid proliferation and 

Ab secretion thereby boosting the antigen-specific Ab response. A proportion of activated MBC also 

home into GC, where they seed secondary GCs to undergo further diversification[143]. In humans, 

CD27 is a marker used to identify MBC because CD27+ B cells exhibit faster activation kinetics[144] 

are morphologically larger than CD27- B cells[145] and possess mutated IgV genes[146]. Moreover, 

CD27 is expressed by the majority of switched B cells. However, CD27 does not define all MBC, 

as approximately 20-25% of switched MBC are CD27-[147, 148]. Human MBC can be further defined 

by subsets expressing surface IgM, IgD, IgG, IgA and IgE (Table 1.2)[149]. In mice, the combination 

of CD80, programmed death ligand (PD-L)2 and CD73 has been shown to further identify subsets 

of MBC that are more ready to differentiate into PB[150], however, these markers have yet to be 

utilised to examine human MBC populations. For the purposes of this thesis, CD27 expression alone 

will be utilised to define memory among B cells (as is currently and widely accepted in the 

literature).
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Table 1.2 Characteristics of human MBC subsets. 

 IgM+IgD+ IgM-only IgD-only IgG+ IgA+ IgE+ 

Peripheral blood freq. 

(%CD27+ MBC) 
~40%[146] ~10%[146] <1%[146] 

~20%[146] ~20%[146] 

0.1%[4] 

Subclass freq. within CD27+IgG+ 

[151] 
 

Subclass freq. within 

CD27+IgA+ [148] 
 

Degree of SHM 

(Average %IgVH mutated) 
3-5%[146] 5%[146] 15%[146] 

6-8%[1] 4-7% 
 
 

 

? 

IgG4 IgG2 IgG1 IgG3 

8% 7.5% 6.5% 6% 

%IgVH mutated of CD27+IgG 

subclasses [151] 

IgA1 IgA2 

5.5% 5.5% 

%IgVH mutated of CD27+IgA 

subclasses [148] 

Immune cell interaction 

Neutrophils (IFNγ, 

CEACAM-1, MCP-1) 
 

CD4 TFH cells 

 

CD4+ TFH cells 

 

CD4+ TFH cells CD4+ TFH cells  

 

CD4+ TFH cells 

Intestinal DCs 
 

 

? 

Maturation pathway 

resulting in memory 

formation 

TLR involvement (?) 
 

Extra-GC pathway (?) 

 
At least a proportion are 

GC-selected 

GC  GC (Superantigen-driven) GC 
 

A proportion arise from 

switching of IgM+IgD+ and IgM-
only MBC 

GC 
 

GC 
 

Sequential 

switching 
IgM  IgE 

IgG1  IgE 

 

Anatomical localisation 

Blood, lymph nodes, 

spleen 

Blood, lymph nodes, 

spleen 

Tonsils, rare in blood Blood, lymph nodes, spleen Blood, gastrointestinal 

mucosae 

Blood 

Chemokine receptor 

expression 

CCR7Hi 

CXCR4Hi 

CXCR5+ 

? ? CCR7Mid 

CXCR4Mid 

CXCR5+ 

α4β7+ 

CCR6+ 

CCR10- 

CCR9- 

 

? 

Antigenic targets 
Bacteria, viruses, protozoa Bacteria, viruses, protozoa IgD-binding proteins 

(bacterial superantigens) 

Bacteria, viruses, protozoa, 

helminth, toxins 

Commensal bacteria, viruses Allergens, 

helminths, toxins, 

venoms 

IgG1

(33%)
IgG2

(40%)

IgG3

(24%)

IgG4 (3%)

IgA1

(81%)

IgA2

(19%)
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1.2.5.1 CD27+ IgG+ MBC 

IgG+ MBC comprise approximately 20% of peripheral blood CD27+ MBC[149]. In adults, IgG2+ cells 

are the most abundant in frequency among CD27+ MBC followed by IgG1+, IgG3+ and IgG4+ cells. 

VH SHM levels for IgG+ MBC range between 6-8%. Specifically, VH SHM levels increase 

incrementally the further downstream (i.e. subclass gene positioned more distal to Cμ on the IgH 

locus) the IgG MBC has switched (i.e. IgG3 < IgG1 < IgG2 < IgG4)[152]. With these data, and the 

finding that Sγ1 switch remnants are found in Sμ-Sγ2 switch regions[148], it is proposed that 

switching of IgG subclasses occurs sequentially and related to the number of GC cycles that the B 

cell undergoes. Around 25% of IgG+ MBC are CD27- and are enriched for cells expressing the 

upstream subclasses IgG1 and IgG3[147, 151]. This population is absent in patients with CD40L 

deficiency demonstrating that they are GC-derived. CD27-IgG+ MBC exhibit lower rates of SHM, 

limited replication history and are likely to be early products of GC reactions[148]. 

 

1.2.5.2 Unswitched CD27+ MBC are comprised of IgM+IgD+, IgM-only and IgD-only cells 

Roughly half of circulating CD27+ MBC are unswitched[146] and comprise the phenotypes IgM+IgD+ 

(‘natural effectors’), IgM+IgDlo (‘IgM-only’) and IgM-IgD+ (‘IgD-only’). IgD-only cells constitute 

<1% of peripheral blood MBC and are found primarily in tonsils, where it is proposed that these 

cells are generated in bacterial superantigen-driven GC reactions and on average exhibit the highest 

somatic mutation rates of all MBC subsets[146, 153]. IgM+IgD+ and IgM-only MBC constitute 40% 

and 10% of peripheral blood CD27+ MBC[146], respectively, and are transcriptionally similar[154]. It 

is widely accepted that IgM-only MBC are post-GC B cells, as IgM-only MBC are absent in CD40L-

deficient patients[155] and exhibit a replication history intermediate between IgM+IgD+ MBC and 

switched cells[148]. The developmental origin(s) of IgM+IgD+ MBC is less clear. Current evidence 

suggests that at least a proportion of IgM+IgD+ MBC are GC-derived because IgM+IgD+ MBC 

proportions are reduced in CD40L-deficient patients[155] and somatic mutations in Bcl-6, acquired 

when both Bcl-6 and AID are coexpressed during SHM in the GC, are present in 20% of IgM+IgD+ 

MBC[156]. TLRs are hypothesised to also be important in the development and/or maintenance of 

IgM+IgD+ MBC as deficiencies of signaling molecules downstream of TLRs: interleukin-1 receptor 

associated kinase 4 (IRAK4), myeloid differentiation factor 88 (MyD88) and toll/interleukin-1 

domain containing adaptor protein (TIRAP), result in markedly reduced proportions of IgM+IgD+ 

MBC[157].  
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1.2.5.2.1 IgM+ and IgG+ MBC exhibit divergent activation-induced fates 

A comprehensive study conducted by Seifert et al. investigated functional differences between 

human IgM+ and IgG+ MBC[154]. Transcriptional analyses of peripheral B cell subsets by principal 

components analysis revealed clustering of IgM+IgD+, IgM-only and IgG+ MBC transcriptomes, 

distinct from that of naïve B cells, indicating that the transcriptional programs of MBC defined by 

isotype were generally similar. Differential mRNA expression analyses between IgM+ and IgG+ 

MBC revealed that IgM+ MBC expressed higher β-adrenoceptor2 (ADRB2), interferon-γ receptor 1 

(IFNGR1), carcinoembryonic cell adhesion molecule 1 (CEACAM1) and CCR2, and these markers 

were confirmed for surface expression by flow cytometry. In vitro PC differentiation was observed 

after stimulation of IgM+ MBC with ADRB2 agonists, while treatment with IFN-γ resulted in IgG2 

class switching. Likewise, IgM+ MBC migrated in response to stimulation with ligands of 

CEACAM1 and CCR2. As these ligands are produced by neutrophils in acute inflammation, the 

authors further demonstrated that co-cultures of IgM+ MBC with neutrophils resulted in PC 

differentiation[154]. 

 

Secondly, it was shown that the migratory profile of IgM+ MBC is skewed towards GC and T cell 

zones of lymphoid tissue (CXCL13, CCL19/21, respectively), whereas IgG+ MBC had higher 

migration capacity toward the mucosally derived chemokine CXCL12[154]. Indeed in mice it was 

shown that IgM+ MBC underwent GC-reactions to give rise to IgG1+ MBC[143]. This is consistent 

with the finding that human peripheral blood IgG+ MBC are descendants of IgM+ MBC[158]. Anti-

BCR and CD40L stimulation of IgM+ MBC resulted in upregulation of Bcl-6 and generated 

markedly fewer PCs[154]. In contrast activation of IgG+ MBC resulted in upregulation of PRDM-1 

and PC differentiation, in line with prior studies showing that IgG+ MBC are primed for PC 

differentiation, which may due to a combination of an inherently effective membrane clustering[159], 

signaling[160] and burst-forming capacity[161] of the IgG cytoplasmic tail and reduced expression of 

transcriptional repressors of PC-differentiation FOXP1[162] and BACH2[163]. 

 

Together, the current evidence suggests that while IgM+ and IgG+ MBC may differ in developmental 

origins, the functions of these subsets contribute complementarily. IgG+ MBC are primed for PC 

differentiation. IgM+ MBC subsets exhibit ‘first responder’ characteristics such as surface receptor 

expression necessary for interaction with neutrophil-derived ligands in acute inflammatory 

responses, a skewed GC/T cell zone chemotaxis profile and a predisposition towards Bcl-6 

expression upon BCR-mediated activation.  
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1.2.5.3 CD27+ IgA+ MBC 

IgA+ MBC comprise 10% of circulating CD27+ MBC[149]. As IgA Ab are important in mucosal 

defences, IgA+ MBC express an array of chemotactic receptors that allow localisation and residency 

in mucosal sites, for example α4β7 integrin expression that allows homing to intestinal mucosae. A 

large proportion of cirulating IgA+ MBC do not express CD27. CD27-IgA+ MBC have lower SHM 

levels than their CD27+[148] counterparts and it is postulated that IgA+CD27- are formed in a GC-

independent manner as they are present in patients with CD40L-deficiency[148].  

 

1.2.5.4 CD27+ IgE+ MBC 

The extreme scarcity of IgE+ B cells likely reflects their strict regulation due to the highly deleterious 

potential of a dysregulated IgE response. Recent publications have detected both IgE+ 

CD19+CD38+CD138- PB in tonsils of children and CD19+CD38dim MBC in peripheral blood in 

adults, at frequencies of 1.8% of PB and 0.1% of MBC[164], respectively. In another paper it was 

shown that the majority of IgE+ cells were PBs[165]. Expression of IgE is therefore associated with 

differentiation away from the MBC lineage and toward that of ASC. 

 

1.2.6 The B cell response to vaccination: activated, memory and effector B cells 

Vaccines have largely been developed empirically and as such the immunological mechanisms 

underpinning vaccine effectiveness are still being delineated. Indeed, clinically utilised vaccines 

vary with respect to efficacy[166] and half-life[167]. Thus, investigation of the types of B cells induced 

by vaccines may provide clues for their improvement. 

 

Observational studies tracking antigen-specific B cells by either ELISpot assay or flow cytometry 

have shown consistent kinetics in the PB and MBC response following antigen exposure. PBs are 

generated very early following vaccination or infection and circulate transiently in blood, roughly 5 

to 9 days after [168-170], supposedly as PBs traffic to bone marrow/mucosal sites. Indeed, it was shown 

that gastrointestinal infection elicited IgA+ PB expressing intestinal homing receptors α4β7 and 

CCR10, whereas upper respiratory tract infections and influenza vaccination elicited both IgA+ and 

IgG+ PB expressing CD62L required for lymph node migration[171].  

 

A second wave of antigen-specific B cells expands later in the response. Naïve B cells (and possibly 

pre-existing MBC) undergo activation to give rise to activated B cells (ABCs), distinguished by 
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expression of proliferation markers Ki-67+ and CD71hi[169]. Clonal analyses of ABCs revealed that 

CD71hi ABCs shared clones in either ASC or MBC populations, and a small proportion of CD71hi 

ABCs had clones in both lineages[169]. Another recently described phenotype is the CD21loCD27+ B 

cell subset[172], which is induced following influenza vaccination prior to the expansion of classical 

MBC. CD21loCD27+ B cells express an ASC-like phenotype with downregulation of GC-trafficking 

receptors and upregulation of XBP-1 and BLIMP-1, yet do not secrete Ab without stimulation. It is 

postulated that the CD21loCD27+ phenotype represents ASC-commited B cells that emerge later 

than PB, and may possibly be precursors of long-lived PCs[172]. 

 

In contrast to the B cell subsets induced by vaccination, less is known of the soluble factors that 

contribute to vaccine responses. Two recent publications implicate IL-9 as an important mediator of 

both MBC formation and the subsequent recall response to vaccines[173, 174]. While in the steady state 

IL-9R is not expressed by MBC but is upregulated in CD40L-activated MBC[174]. IL-9 was shown 

to promote the differentiation of GC B cells into MBC upon primary immunisation[173]. Following 

a booster vaccination, inhibition of IL-9R signaling abrogated the formation of CD38+CD138+ B 

cells and production of antigen-specific Ab. In the primary immunisation setting, TFH cells were 

demonstrated to be the source of IL-9[173]. In contrast, following a booster vaccination, MBC, but 

not memory T cells, produced IL-9[174], suggesting differential regulation of paracrine and autocrine 

IL-9 signaling in primary versus recall responses. An explanation for this observation may be related 

to the anatomical locations in which primary versus recall responses occur (i.e. GC and SPF, 

respectively). 

 

An understanding of the biology of both B cell subsets and soluble factors involved in the humoral 

immune response is needed if vaccine design is to be improved with rational strategies. The findings 

above are summarised in Figure 1.6. 
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Figure 1.6 A summary of B cell subsets generated in blood following vaccination, their phenotypes, 

and their likely fates. 

 

1.2.7 HIV-1 infection causes memory B cell depletion and expansion of activated and 

tissue-like MBC 

Although HIV-1 infection is characterised by the depletion of CD4+ memory T cells, HIV-1 induced 

systemic immune activation exerts profound effects on nearly all immune cell populations, including 

B cells. HIV-1-infected individuals exhibit hypergammaglobulinaemia, which is indicative of 

persistent polyclonal B cell activation[175]. A histological hallmark of HIV-1 infection is follicular 

hyperplasia that is observable in HIV-1 patient lymph nodes[176]. Hyperplasia of B cell follicles is 

largely due to the expansion of TFH cells[177], which harbour a large reservoir of latent HIV-1 

infection[178]. Although expanded in number, these TFH cells are dysfunctional and do not provide 

adequate help to GC B cells[179]. Restriction of Ig isotype diversification is observed in HIV-1-

infected patients, with higher serum total- and antigen-specific ratios of upstream (IgG3 and 1) to 

downstream (IgG2 and 4) Ig subclasses compared to HIV-uninfected individuals[180]. Thus, HIV-1-

infected patients are at elevated risk of developing infections with pathogens controlled by Ab, for 

example, invasive pneumococcal disease[181], because of attenuated production of IgG2 Ab that 

excel in Ab-mediated opsonophagocytic clearance of encapsulated bacteria. In addition, restricted 
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isotype diversification and reduced opsonophagocytic responses to HIV-1 p24 is observed in HIV 

non-controller patients compared to HIV controllers[182].  

 

In addition to restriction of isotype diversification, HIV-1-infection induces the expansion of CD10+ 

immature/transitional B cells[183], which is likely as a response to CD4+ T cell lymphopaenia. HIV-

1 infection also induces the expansion of activated MBCs (AM) with a CD21loCD27+ phenotype 

and tissue-like MBCs (TLM)[184, 185] that exhibit a CD21-CD27- phenotype and express the mucosal-

associated receptors CD11c, CXCR3, CCR6 and an array of inhibitory receptors including 

FcRL4[185]. The abberant expansion of these MBC populations, which are normally absent in the 

blood of HIV-uninfected individuals, is indicative of a highly activated B cell compartment 

responding to persistent viral replication in tissues.  



Chapter 1: Literature Review 

 

62 

 

 Mechanisms of Ab-mediated immunity to pathogens and HIV-1 infection 

1.3.1 Protective mechanisms of Ab 

The Ab response is a complex high-dimensional system, with the interaction of Ab subclasses, Fc 

N-glycosylation, differential Fc receptor expression and effector cell functionality. The combination 

of these factors dictates the dominant protective mechanism in response to pathogens. I will begin 

this section by briefly defining some terms commonly used in the literature pertaining to protective 

Ab mechanisms.  

 

Neutralising Ab are Ab that bind to the surface of virions and prevent infection of the cell[186]. In 

vitro, this is typically assayed by incubating the virus in the presence of Ab and an infection-

susceptible cell line transfected with a reporter gene. The in vitro neutralisation capacity of the Ab 

is measured by the degree with which infection is inhibited. As this type of assay is perfomed in the 

absence of FcγR-bearing effector cells, in vitro neutralisation solely measures the ability of the Ab 

to ‘block’ infection by either sterically hindering viral entry or inducing conformational modification 

of the viral surface such that fusion is inhibited[186]. However, some ‘blocking’ Ab may also mediate 

FcγR-mediated functions[187]. Thus, the categorical referral of Ab as either ‘neutralising’ or ‘non-

neutralising’ must be interpreted with caution, as these are not mutually exclusive functions. In the 

context of some vaccines, neutralisation can refer to Ab that bind to and render microbial toxins 

inert. For example, the adult diphtheria-tetanus toxoid (ADT) vaccine elicits IgG Ab that neutralise 

toxins produced by Clostridium tetani and Corynebacterium diphtheriae[166]. 

 

Opsonophagocytosis describes the opsonisation of an antigen thereby marking it for receptor-

mediated phagocytosis. This can refer to opsonisation by Ab or by complement, through the 

activation of their respective phagocytic receptors. In recent literature, the terms Ab-mediated 

cellular phagocytosis (ADCP) and Ab-mediated phagocytosis (ADP) have been utilised and are 

synonymous in meaning with Ab-mediated opsonophagocytosis. For consistency, the term 

opsonophagocytosis will be used in this thesis to describe this type of Ab function.    

 

Ab-dependent cell-mediated cytotoxicity (ADCC) describes the process by which pathogen-infected 

cells are bound by Ab, thereby marking the infected cell for destruction by an effector cell. NK cells 

are most well known for destroying target cells with cytolytic granules. Other cells types such as 
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neutrophils and monocytes can also mediate ADCC, though this occurs with different mechanisms 

that may involve phagocytosis and ‘snatching’ of surface receptors (trogocytosis). 

 

Ab-dependent complement deposition (ADCD) is the term that describes the marking of pathogen-

infected cells by Ab, thereby activating the classical pathway of complement activation leading to 

lysis by the membrane attack complex. Not all Ab can mediate ADCD. ADCD requires polymeric 

Ab complexes in order to recruit complement. 

 

Ab-dependent cellular viral inhibition (ADCVI) refers to the ability of Ab to inhibit viral replication 

in the presence of effector cells. The mechanism of inhibition can be any one, or a combination, of 

the above protective mechanisms. However, the readout in ADCVI assays is the degree to which 

viral replication is inhibited in the presence of Ab, rather than any single measure of Ab function. 

 

Affinity is the binding strength between a single paratope and an epitope. Affinity is measured with 

the equilibrium dissociation constant KD (units molL-1). 

 

Avidity is the strength of binding that is afforded by the polyvalent Ab-antigen binding that includes 

the sum of individual affinities between paratope-epitope bonds. In the literature, some authors use 

avidity in another sense, to describe functional affinity (defined below). In this thesis I refer to 

avidity in its classical definition (the former). 

 

Functional affinity is the term used to describe the combined affinities of Ab within a polyclonal 

sample, where the amount of antigen-specific Ab is unknown.  

 

1.3.1 Fcγ receptors provide innate effector cells with the specificity of the adaptive 

immune system 

The majority of immune functions mediated by Ab are exerted through the activation of Fc receptor 

(FcR)-bearing effector cells. Therefore, by virtue of producing affinity-matured Ab, B cells arm 

innate effector cells with the specificity of the adaptive immune system. In humans, the family of 

FcRs that are ligated by IgG (FcγRs) include FcγRI, FcγRIIa, FcγRIIb, FcγRIIc, FcγRIIIa and 

FcγRIIIb,[188] which are differentially expressed by effector cells. Other receptors that bind IgG Fc 

include tripartite motif containing 21 (TRIM21) and the neonatal FcR (FcRn)[189] and will be 
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discussed separately as they are structurally and functionally distinct from ‘classical’ FcγRs. Aside 

from FcγRs, FcRs for IgM (polymeric IgA/IgM receptor), IgA (FcαRI), IgE (FcεRI, FcεRII) exist; 

however, this literature review will focus on FcγRs. 

 

The human FcγRs, with the exception of TRIM21 and FcRn, belong to the Ig superfamily. FcγRs 

are categorised in two different ways: (a) as ‘high affinity’ or ‘low affinity’ receptors and (b) as 

‘activating’ or ‘inhibitory’ receptors. The only ‘high affinity’ FcγR is FcγRI, because it is capable 

of binding to, and likely saturated with, monomeric IgG at physiological conditions[190]. Monomeric 

binding in the absence of antigen does not trigger FcγRΙ activation, as receptor cross-linking is 

further required for signal transduction to occur. The remaining FcγRs: FcγRIIa, FcγRIIb, FcγRIIc, 

FcγRIIIa and FcγRIIIb are ‘low affinity’ FcγRs as these receptors bind to IgG in the form of immune 

complexes. All FcγRs except for FcγRIIb are ‘activating’ receptors, and transduce signals through 

recruitment of the immunotyrosine-based activation motif (ITAM)-containing common Fc receptor 

γ chain (FcRγ) subunit[190], or the CD3 ζ chain in NK cells[191]. FcγRIIa, FcγRIIc and FcγRIIIb are 

exceptions to this. FcγRIIa and FcγRIIc possess ITAMs in their intracellular domains[192] and can 

therefore transduce activation signals independent of the FcRγ adaptor molecule. FcγRIIIb is a 

glycosylphosphatidylinositol (GPI)-anchored receptor that neither possesses ITAMs nor does it 

associate with the FcRγ subunit. FcγRIIIb activation induces Ca2+ mobilisation[193] as well as 

endocytosis via pathways utilised by GPI-anchored receptors[194]. FcγRIIIb may serve homeostatic 

roles in the clearance of immune complexes[194]. Akin to FcγRIIa and FcγRIIc, the inhibitory 

receptor FcγRIIb possesses immunotyrosine-based inhibitory motifs (ITIM) in its intracellular 

domain, which function to antagonise activation signals of coexpressed FcγRs[195]. In B cells and 

PCs, immune complex binding to FcγRIIb facilitates negative feedback by attenuating BCR 

signaling[196] and inducing apoptosis of PCs[197], respectively. The characteristics of the human 

FcγRs are shown in Table 1.3. 

 

1.3.1.1 Genotypic heterogeneity of classical FcγRs 

The genotypic heterogeneity of FcγRs affects either their surface expression or their affinity of 

binding to each of the IgG subclasses and therefore has important clinical implications. Firstly, 

FcγRIIc is expressed only on NK cells, and only in ~45% of individuals who possess the FcγRIIcG13 

variant in place of a stop codon[198]. In addition, the FcγRIIcT126 polymorphism was recently reported 

to be associated with protection from HIV-1 acquisition in the RV144 vaccine trial[199]. Polymorphic 

variants of FcγRIIa and FcγRIIIa, namely FcγRIIaH131 and FcγRIIIV158, exhibit higher affinity 
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binding to certain IgG subclasses, in comparison to FcγRIIaR131 and FcγRIIIaF158 variants, 

respectively[200]. Possession of the high-affinity FcγRIIaH131 variant is associated with slower CD4+ 

T cell decline in HIV-infected patients[201], reduced pneumoccoccal pneumonia disease severity, and 

reduced HIV-1 viral load after treatment interruption following a therapeutic HIV-1 vaccine[202]. 

Possession of either high affinity FcγRIIaH131 or FcγRIIIaV158 variants is also associated with greater 

clinical efficacy of trastuzumab treatment in HER-2+ breast cancer patients[203]. FcγRIIIb exhibits 

three known genotypic variants, designated NA1, NA2 and SH[204], which share similar IgG binding 

characteristics[200].   

 

Table 1.3 Characteristics of the human FcγRs. 

Receptor Variants Ab binding (affinity) Signal type Signalling molecules 

FcγRI - Monomeric (high) Activating FcRγ 

FcγRIIa H131 

R131 

Complexed (low) Activating Intrinsic ITAM 

FcγRIIb I232 

T232 

Complexed (low) Inhibitory Intrinsic ITIM 

FcγRIIc G13 

STOP13 

T126 

C126 

Complexed (low) Activating Intrinsic ITAM 

FcγRIIIa V158 

F158 

Complexed (low) Activating FcRγ / CD3 ζ 

FcγRIIIb NA1 

NA2 

SH 

Complexed (low) Activating GPI-associated pathways 

 

1.3.1.2 Tripartite motif-containing protein 21 is a high-affinity Fc receptor that recognises 

IgG and IgM 

The FcγRs, with the exception of FcRn, are restricted to cell membrane expression and therefore 

mediate responses to pathogens that are opsonised in the extracellular space. However, some 

intracellular bacteria and non-enveloped viruses may, at sub-optimal Ab levels, enter the cytosol 

and thus evade extracellular FcγR-mediated Ab responses. The recently discovered (TRIM21) was 



Chapter 1: Literature Review 

 

66 

 

discovered to be an intracellular Fc receptor for IgG[205] and IgM[206]. TRIM21, through its 

PRYSPRY domain, binds with submicromolar affinity to the Fc region of IgG[205], making it the 

highest affinity IgG Fc receptor known in humans. Its high affinity is likely linked to its need to 

detect scarcely opsonised intracellular pathogens. Upon binding to Ab-bound pathogen, TRIM21 

ubiquitinates the pathogen and destines it for proteasomal degradation in the cytosol[207]. In concert 

with ubiquitin ligase activity, TRIM21 activation leads to the activation of NF-κB,  activator protein-

1 (AP-1), IRF-3, IRF-5 and IRF-7 transcription factors that initiate the production of pro-

inflammatory cytokines and type I IFN [207]. IFN augments TRIM21 activity because TRIM21 is 

IFN-inducible[206]. TRIM21 therefore facilitates the only known post-entry Fc effector mechanism.    

 

1.3.1.3 FcRn extends the half-life of IgG 

FcRn is a MHC class I-like molecule that associates with β2 microglobulin to form a heterodimer. 

FcRn is a multifaceted receptor involved in extending the circulating half-lives of IgG and albumin, 

in the transcytosis of maternal IgG into foetal circulation and in phagocytosis[208]. Binding of IgG 

occurs only in acidic conditions (pH<6.5), because the histidine-rich FcRn binding-region of the 

IgG Fc requires protonation to bind with high-affinity to FcRn[209]. As previously discussed, FcRn 

is crucial in maintaining the longevity of serum IgG, as exemplified with the short circulating half-

life of IgG3 attributed to competitive binding by other IgG subclasses due to the absence of histidine 

at amino acid 435[210]. FcRn is also involved in the process of FcγR-mediated phagocytosis, where 

FcRn is co-localised in phagosomes containing IgG-opsonised bacteria[211]. In phagocytes, 

phagosomal acidification results in disruption of IgG-FcγR binding but promotes IgG-FcRn 

interactions. It is proposed that Ab binding of FcRn in phagosomes promotes phagocytosis through 

the activation of adaptor protein complexes and recruitment of clathrin[208, 211]. 

 

1.3.1 Immunogolobulin subclass composition is a determinant of Ab functionality 

As mentioned in section 1.2.1, human Ig consist of nine different subclasses. Since the affinity of 

binding for each of the Ig subclasses to each FcR varies[200](Figure 1.7), the combinatorial diversity 

of Ig subclass/FcR subtype interactions generates a platform by which Ab subclass composition 

directly modulates the functional FcR-mediated response. The modulation of Ab function by the 

immune system is an important mechanism to ensure that the appropriate Ab function is generated. 

For example, the innapropriate generation of IgE Ab to common environmental and dietary antigens 
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in atopic patients is responsible for serious adverse medical conditions, and in the case of 

anaphylaxis, is life-threatening.  

 

 

Figure 1.7 Affinities and distribution of human IgG subclasses. Data in heatmap from Guilliams et 

al.[189] (Figure source: E/Prof Martyn French) 

 

1.3.1.1 IgD, IgM, IgA and IgE 

The focus of this literature review is FcγR-mediated effector functions, and so the characteristics of 

the non-IgG isotypes will only be reviewed in brief. The function of serum IgD is elusive, however 

IgD binds to and induces IL-4, IL-13, IL-8, B cell activating factor (BAFF) and CXCL10 secretion 

by basophils[212, 213]. Although IgD causes the release of T helper (TH)2 cytokines from basophils, 

IgD also inhibits IgE-mediated basophil degranulation to environmental and dietary antigens[213], 

suggesting that IgD regulates responses to benign antigens. IgM is the first Ab produced in acute 

infection, consistent with it being the most upstream isotype on the IgH locus. IgM is capable of 

pentamerising[214] which increases avidity of binding to antigens. IgA mediates mucosal defenses 

through activation of FcαRs expressed by some effector cells. IgE is generated in response to 

helminth parasites as well as allergens. IgE cross-links FcεRs on basophils that results in 

degranulation of histamine and other pre-formed mediators. 
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1.3.1.2 IgG3 

IgG3 makes up around 7% of total serum IgG[180]. Of the IgG subclasses, IgG3 is the most 

inflammatory, in line with its high affinity for the activating FcγRs in monomeric form[190, 215]. Thus, 

IgG3 Ab are potent activators of effector cells, particularly ADCC by NK cells. However, its 

inflammatory activity is curbed by its limited serum half-life (T1/2 ≈ 7 days) compared with IgG1 

and IgG2 (T1/2 ≈ 21 days)[216]. This is because IgG1 competitively inhibits intracellular binding of 

IgG3 to the IgG-recycling receptor, FcRn, due to reduced FcRn binding capability of IgG3 at 

endosomal pH[217]. Secondly, its characteristically long hinge region that, while conferring enhanced 

effector function, renders the molecule more susceptible to proteolysis[218] and may further limit the 

half-life of IgG3. IgG3 is also the most polymorphic of the IgG subclasses and exhibits 13 known 

heavy chain (Gm) allotypes.  

 

1.3.1.3 IgG1 

IgG1 is the most abundant of the IgG subclasses in blood, accounting for approximately 58% of 

total serum IgG[180]. Like IgG3, IgG1 binds with high affinity to most FcγRs[189] and confers this 

subclass with a range of effector activies that include opsonophagocytosis, ADCC and complement 

activation. IgG1 is elicited to a wide array of antigens that include proteins and polysaccharides. 

Thus, in line with its high abundance and polyfunctional effector profile, IgG1 is a major protective 

Ig molecule.  

 

1.3.1.4 IgG2 

IgG2 comprises approximately one-third of total serum IgG in healthy adults[180]. IgG2 is produced 

primarily against, but not restricted to, bacterial polysaccharides. IgG2 Ab are also generated against 

viral antigens including HIV-1 p24[182], HIV-1 gp140[182] and L2 capsid of Human Papilloma Virus 

(HPV)-16[219]. In contrast to the upstream IgG subclasses, the Fc region of monomeric IgG2 exhibits 

low affinity for all activating FcγRs, and binds primarily to FcγRIIa, particularly the high-affinity 

FcγRIIaH131 variant[189, 215]. The Fab domains of IgG2 are distinct in structure from the other 

subclasses, in that they are capable of exhibiting multiple arrangements of inter-chain disulfide 

linkages that affect overall Ab structure and rigidity[220, 221]. IgG2 is uniquely resistant to cleavage 

by pathogen-associated proteases[222]. Structural isoforms formed by the combination of different 

disulfide linkages are designated as either IgG2-A, IgG2-A/B or IgG2-B. IgG2-A exhibits the 

prototypical ‘Y’ structure, while IgG2-B adopts a relatively more rigid ‘T’ structure (and IgG2-A/B 

is a mix of both)[221]. IgG2 is secreted in the A isoform and is matured in the redox environment of 
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the blood to become IgG2-A/B, and subsequently, IgG2-B. The functional importance of these 

isoforms on the function of the Ab, mediated through the Fab or Fc, is unknown.  

 

White et al. demonstrated that conversion of the CD40-specific agonistic mAb ChiLob 7/4, from 

IgG2-A to IgG2-B greatly increased its agonistic activity, without affecting binding affinity[223]. The 

agonistic activity of IgG2-B was independent of the Fc region, and it was suggested that the more 

rigid ‘T’ conformation of IgG2-B excels at cross-linking CD40 in the plane of the membrane, 

resulting in enhanced receptor activation[223]. The acquisition of structural disulfide isoforms adept 

at cross-linking adjacent motifs may therefore represent an inherent ability of IgG2 to opsonise 

particulate antigen with highly dense and repetitive epitopes. Consistent with this notion are studies 

demonstrating that the effector and complement activating ability of IgG2 Ab is equal to the other 

IgG subclasses when the target antigen exhibits high epitope density[224, 225]. IgG2 is also the only 

IgG subclass to form dimers[226], which may enhance binding avidity. Also, while monomeric IgG2 

exhibits low affinity binding to nearly all FcγRs[189], IgG2 immune complexes bind with similar 

strength to FcγRIa and FcγRIIa, compared with IgG1 and IgG3[215]. These data suggest that IgG2 

may excel in the opsonisation of particulate antigen with high epitope density. 

 

1.3.1.5 IgG4 

IgG4 comprises around 3% of total serum IgG[180]. IgG4 Ab are implicated in regulatory/anti-

inflammatory responses, due to their weak binding to most FcγRs (with exception of FcγRIa) either 

in monomeric form or as immune complexes[189, 215]. In vivo, IgG4 dissociates into half molecules, 

as the presence of a serine at position 228 of the IgG4 hinge favours the formation of intra-chain 

cyclised disulfides thereby disrupting inter-chain disulfide bonds needed to link adjacent heavy 

chains[227]. The resultant half molecules can further recombine with other IgG4 half molecules of 

differing specificity to become chimeric, bi-specific Ab[228]. IgG4 Ab are generated against antigens 

such as bee venom in individuals persistently exposed to bee stings[229], and against peanut allergens 

in peanut-allergic patients receiving oral tolerogenic immunotherapy[230]. In the latter instance, 

attenuation of peanut allergy is associated with the inhibition of peanut-induced mast cell 

degranulation by IgG4[231]. Thus, the molecular aspects of IgG4 may underlie its ability to regulate 

innapropriate immune responses.  
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1.3.1.6 IgG N-glycosylation 

All human IgG subclasses possess an evolutionarily conversed glycosylation motif at asparagine 

297 of each heavy chain CH2 domain[232]. Removal of this Fc glycan by enzymatic treatment 

Streptococcus pyogenes endoglycosidase abolishes FcγR-mediated binding and activity[233]. 

Similarly, treatment of IgG with peptide-N-glycosidase F abolished NK cell-mediated ADCVI of 

HIV Ab[234]. While the glycan does not directly bind FcγRs, it functions to adjust the three 

dimensional conformation of the Fc that directly affects accessibility for FcγR binding[235]. The Fc 

glycan consists of a core of N-acetylglucosamine and mannose residues that can be further modified 

with other saccharides that include fucose, galactose and sialic acid[236]. Agalactosylated IgG glycans 

enhance NK-cell mediated ADCVI by increasing FcγRIIIa binding affinity[234]. On the other hand, 

sialylation of the core glycan enhances binding to the complement protein C1q. Galactosylation of 

the Fc core glycan is associated with anti-inflammatory activity. In HIV-1 infection, the glycan 

profile of HIV-1-specific Ab is inflammatory with a prevalence of afucosylated and agalactosylated 

glycoforms[234]. 

 

1.3.2 Ab effector cells and HIV-1 infection 

It is clear that while a preventative vaccine that generates neutralising Ab to broad strains of HIV-1 

is a major goal, bNAbs are difficult to elicit[237]. Among major hurdles are the extensive somatic 

mutations required to generate bNAbs[94, 238], the slow pace at which bNAbs develop[239] and the 

requirement of B cell clones with specific repertoires that produce Ab lineages capable of binding 

conserved envelope regions. Even though administration of the bNAbs VRC01 and 3BNC117 

suppresses viraemia in HIV-1 patients, viral resurgence occurs soon after therapy[63-65] because HIV-

1 is adept at acquiring escape mutations while maintaing viral replicative fitness. New HIV-1 

vaccines that target precursor B cell clones with germline repertoires capable of developing bNAbs 

are currently being trialled[91]. However, a vaccine must also generate Ab that are capable of 

recruiting effector cells with the ability to either prevent the establishment of infection or directly 

control viraemia, as shown by the RV144 trial[87].  

 

An Ab effector cell constitutes any immune cell that can direct its functional specialisation(s) against 

Ab-bound targets, by virtue of FcR expression. Effector cells include NK cells, conventional DCs, 

Langerhan’s cells, plasmacytoid DC (pDC), monocytes, neutrophils, eosinophils and basophils 

(Table 1.4). Since the majority of effector cells are innate immune cells, these cells co-express a 
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plethora of innate receptors that include pattern recognition receptors (PRR) (Table 1.4). In this 

section, I will describe the effector cells that are involved in the immune response to HIV-1 infection.  
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Table 1.4 The differing innate and adaptive functions of effector cells.  

Cell type Innate receptors Interaction with B and T lymphocytes Effector functions against pathogens 

Activation by soluble products of  

T and B cells 

Antigen presentation 

to T cells 

NK cells (lymphocytes) Activating and inhibitory NK cell 

receptors 

Complexed IgG Ab via FcγRIII No Cytotoxicity (perforin, granzymes) and IFN-γ 

production 

Plasmacytoid DC TLR 7 and 9 Complexed IgG Ab via FcγRIIa & 

Monomeric IgE via FcεRI[240] 

 

Yes 

Type I interferon production (e.g. IFNα) 

Priming of naïve CD4+ and CD8+ T cells 

Conventional DC TLR 2, 3, 4, 7, 8[241] 

 

Monomeric/complexed IgG via FcγRI 

and II & 

Monomeric/complexed IgE through 

FcεRI and FcεRII[240] 

 

Yes 

Priming of naïve CD4+ and CD8+ T cells 

Langerhan’s cells TLR 2, 3, 5 [241] 

 

Complexed IgG via FcγRIIa & 

Complexed/monomeric IgE via FcεRI 

and FcεRII [240] 

 

Yes 

Monocytes /Macrophages TLR 1, 2, 4, 5, 6, 7, 8 [242] 

C3b and C3bi (complement) receptors 

[243] 

Mannose receptor [243] 

IFN-γ produced by CD4+ T cells 

 

Monomeric/complexed IgG Ab via 

FcγRI, FcγRIIa, FcγRIII [243] 

 

 

Yes 

Engulfment and intracellular killing of bacteria and 

mycobacteria via reactive oxygen species, 

Trogocytosis 

Neutrophils TLR 1, 2, 4, 5, 6, 7, 8, 9, 10 [244] 

β2 integrin MAC1 (CD11b/CD18)[245] 

Complexed IgG Ab via FcγRI, FcγRIIa, 

FcγRIIIb & 

Monomeric IgA via FcαRI & 

Monomeric/complexed IgE via FcεRI 

and FcεRII [246] 

 

No 

Intracellular killing of bacteria via reactive oxygen 

species, degranulation of stored antimicrobials, 

neutrophil extracellular traps 

Eosinophils  

TLR 7 and 8 [247] 

 

Complexed IgG via FcγRIIa & 

Monomeric IgA via FcαRI [247] 

 

No 

Killing of helminth and Schistosoma parasites 

through the release of major basic protein 

Basophils/mast cells  

TLR 2 and TLR 4 [247] 

 

Monomeric IgE via FcεRI [247]  

No 

Degranulation of preformed mediators (e.g. 

histamine) 

Production of lipid mediators (e.g. cysteinyl 

leukotrienes) 
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1.3.3 HIV-1 envelope-specific natural killer cell-mediated ADCC is associated with 

prevention of HIV-1 infection 

NK cells are so named for their innate ability to kill virus-infected and neoplastic cells through an 

array of activating and inhibitory receptors. However, the cytotoxic activity of NK cells can be 

further targeted to Ab-bound targets, mediated by FcγRIIIa and (in some individuals) FcγRIIc. NK 

cell-mediated ADCC in HIV infection is likely to play an important role in the prevention of HIV 

infection by destroying cells initially infected with HIV. Studies on NK cell-mediated ADCC and 

its contributon to control of HIV infection provide conflicting results. Some studies have shown that 

NK cell-mediated ADCC is associated with control and is higher in elite controllers[248]. Other 

studies found no association between NK cell-mediated ADCC and control of HIV infection. 

Furthermore, the dominant epitopes targeted by NK cell-mediated ADCC Abs are those on the HIV 

envelope, and not HIV gag or accessory proteins, predisposing ADCC Abs to immune escape[249].  

 

The role of NK cells in preventing HIV-1 infection was demonstrated in the RV144 trial, where NK-

cell mediated ADCC was shown to be the sole protective correlate for the prevention of HIV-1 

acquisition in high-risk individuals. This was because the RV144 trial vaccination stategy elicited 

IgG1 and IgG3 Ab that skewed the Fc effector response towards NK cell-mediated ADCC and 

polyfunctional NK cell responses[87]. In contrast the previously unsuccessful vaxgen-004 candidate 

HIV vaccine elicited primarily IgG4 Ab[87]. Furthermore, it was shown that serum IgA was an anti-

correlate of protection in RV144, as it competitively inhibited IgG binding and therefore ADCC to 

gp120[250]. Additional evidence that ADCC mediated by NK cells was a determinant of the 

preventative efficacy of the RV144 trial vaccination strategy was the high vaccine efficacy observed 

in individuals possessing certain FcγRIIc variants[199]. Together, these data implicate NK cell-

mediated ADCC as an important effector function for the prevention of HIV-1 infection.  

 

1.3.4 Monocyte-mediated ADCC involves trogocytosis and phagocytosis 

Monocyte-mediated ADCC does not occur in the classical sense involving the destruction of target 

cells through the release of cytolytic granules. Rather, Kramski et al., demonstrated that monocyte-

mediated ADCC by HIV-specific Ab involves the engulfment of target cell membranes[251]. Indeed, 

Richardson et al. reported a similar mechanism by which monocytes ‘snatched’ portions of cell 

membranes and proteins surrounding Ab-bound targets, in a process referred to as trogocytosis[252]. 

It is proposed that the mechanisms reported by Kramski et al. and Richardson et al., are infact, 



Chapter 1: Literature Review 

 

74 

 

synonymous processes[253]. It is not known exactly how trogocytosis induces cell death. Given that 

trogocytosis is associated with engulfment of cell membranes, this may either cause cell death 

directly or induce signals for apoptosis as a consequence. Alternatively, repeated trogocytic 

snatching of target cell checkpoint receptors, such as PD-1, may increase vulnerability to immune-

mediated clearance. Monocyte-mediated trogocytosis has also been observed to be a mechanism by 

which the human CD20-specific mAb Rituximab depletes B cells[254], and it is possible that 

trogocytosis may be a failed attempt at whole cell phagocytosis[254]. 

 

1.3.5 Env-specific opsonophagocytic antibody responses by monocytes and neutrophils 

Unlike ADCC Ab that predominantly target HIV env[255, 256], Ab with opsonophagocytic activity are 

generated against both HIV env and gag antigens. Studies in acutely infected HIV-1 patients 

demonstrated that monocyte-mediated opsonophagocytic Ab responses against HIV-1 gp120 are 

initially low but rise significantly 1 year post-infection[257]. Monocyte-mediated opsonophagocytic 

Ab responses against HIV gp140 are dependent on antigenemia because initiation of ART results in 

a decline of these Abs[258]. Furthermore, Ab-mediated opsonophagocytic activity mediated either by 

neutrophils or monocytes against gp120 was not significantly different between elite controllers, 

viraemic controllers, and treated or untreated non-controllers[259]. The RV144 trial poorly induced 

monocyte-mediated opsonophagocytic Ab[257] despite eliciting ADCC Ab, which is surprising given 

that IgG1 and IgG3 are both capable of opsonophagocytic function.  

 

1.3.6 HIV-1 gag-specific opsonophagocytic Ab responses  

1.3.6.1 Gag-specific IgG Ab correlate with control of HIV-1 

A multitude of publications from the 1990s demonstrated correlations between high levels of Ab 

targeting HIV Gag proteins (e.g. p24) and delayed progression to AIDS (reviewed in French et 

al.[260]). It was believed that HIV-1 Gag-specific Ab levels were a surrogate marker of immune 

competence[261] (i.e. CD4+ T cell count) in the absence of known protective mechanisms. However, 

multivariable regression analyses in a recent study of a large swiss cohort of chronically-infected 

HIV-1 patients demonstrated that CD4+ T cell counts minimally affected levels of p24-specific IgG 

Ab[262]. Moreover, levels of p24-specific IgG1 were a strong inverse predictor of viral load[262], 

suggesting that anti-Gag Ab contribute to viral control rather than simply reflecting CD4+ T cell 

help. Evidence is now emerging that shows a role for p24-specific IgG Ab through activation of 

FcγR-expressing effector cells. 
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1.3.6.2 Opsonophagocytic Ab: an effector mechanism of HIV-1 Gag-specific Ab  

In a clinical trial of a candidate therapeutic vaccine consisting of a fowlpox vector containing HIV 

p24 gag, pol and human IFN-γ, the lowest viral loads were observed in patients with the combination 

of p24-specific IgG2 Ab and possession of the high-affinity FcγRIIaH131 genotype[202], implicating 

Fc effector function as a possible protective mechanism. It was hypothesised that these Ab exerted 

opsonophagocytic Ab responses mediated by pDC, which are potent antiviral cells and express 

FcγRIIa. Further investigations by our laboratory found that HIV-1 gag-specific IgG Ab mediated 

opsonophagocytic uptake of p24-conjugated beads by both monocytes and pDC[182], and that this 

process was mediated completely by FcγRIIa on pDC. HIV-1 controllers exhibited significantly 

higher pDC-reactive opsonophagocytic Ab than non-controllers and levels were highest in viraemic 

HIV controllers[182]. Furthermore, plasma HIV-1 viral load negatively correlated with pDC-reactive 

opsonophagocytic Ab in patients with detectable viremia. Finally, both p24-specific IgG1 and IgG2 

Ab correlated with pDC-reactive opsonophagocytosis. However, depletion of IgG2 Ab from purified 

IgG preparations did not result in a decrease in pDC-reactive opsonophagocytosis, suggesting that 

IgG2 Ab may not mediate protection by influencing binding to FcγRs. This suggests that the 

FcγRIIa-dependent activity of pDC-reactive opsonophagocytic Ab may be mediated by IgG1. 

 

Similar to our findings for pDC, Chung et al. demonstrated that monocytes mediate phagocytosis of 

Ab-opsonised HIV-1 p24-coated beads using sera from South African patients with HIV subtype C 

infection[263]. Interestingly, the authors found strong associations between monocyte-mediated 

opsonophagocytic activity and levels of HIV-1 p24-specific IgG1 Ab. This is in contrast to our 

findings in pDC, where both p24-specific IgG1 and IgG2 levels correlated with 

opsonophagocytosis[182]. This may reflect differential FcγR-expression profiles between monocytes 

(FcγRIa+FcγRIIa+) and pDCs (FcγRIIa+). Alternatively, ethnicity differences between cohorts may 

explain the dominance in p24-specific IgG1 response reported by Chung et al., as African ethnicity 

is associated with significantly higher levels of env and gag-specific IgG1 Ab[262]. 

 

1.3.7 Cellular consequences of pDC-reactive opsonophagocytic IgG antibodies 

1.3.7.1 Plasmacytoid dendritic cells are potent effectors of innate antiviral immunity 

pDC exert their potent antiviral ability by the production of up to 1000 times more type I IFN than 

to any other known immune cell[264]. This is facilitated by constitutive expression of interferon IRF-
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7[265], the master transcriptional regulator of type I IFN production, and the cellular machinery 

dedicated to protein synthesis as seen by their PC-like morphology[264]. pDC clustering also occurs 

following activation[266], which is likely to potentiate type I IFN production through an 

autocrine/paracrine positive-feedback loop. Type I IFNs include IFN-α, IFN-β, IFN-λ, IFN-ε and 

IFN-Ω and are potent restrictors of viral replication. Type I IFNs directly interfere with viral 

replication by upregulating interferon-stimulated genes that include retroviral restriction factors 

such as SAM and HD domain containing deoxynucleoside triphosphate triphosphohydrolase 1  

(SAMHD1)[267], that deplete intracellular stores of deoxynucleotide triphosphates (dNTPs) required 

for synthesis of viral nucleic acids, and Apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like 3G (APOBEC3G)[268, 269] that causes deamination and hypermutation of viral 

genomes. In addition, IFN-α enhances NK cell cytotoxic-responses against HIV-1 infected CD4+ T 

cells[270], and augments CD8+ T cell clonal expansion by maintaining IL-2 receptor signaling[271].  

 

Unlike conventional DCs, pDCs express only the endosomal TLRs 7 and 9, and no other TLRs[272]. 

TLR7 senses ssRNA in the presence of guanine/guanosine metabolites[273] and guanosine/uridine-

rich ssRNA such as that of HIV-1[274, 275]. TLR7 is also activated by imidazoquinoline compounds 

that include imiquimod (R-837) and resiquimod (R-848)[276, 277]. On the other hand, TLR9 senses 

unmethylated CpG motif-containing DNA[278]. Downstream signaling of TLRs 7 and 9 induces type 

I IFN production, through activation of IRF-7[276], and pro-inflammatory cytokine production 

through NF-kB[277]. Like other mononuclear phagocytes, pDCs mediate their IgG effector 

mechanisms through FcγRIIa. 

 

1.3.7.2 Do opsonophagocytic Ab responses mediated via FcγRIIa synergise with TLR7 

activation in pDCs? 

The cellular consequences of Ab-mediated opsonophagocytosis of HIV-1 by pDCs are not known. 

HIV p24 is found in circulating immune complexes in the sera of HIV-1 patients, possibly as free 

gag particles (unassociated with mature virions) in a proportion of patients[279]. The source of p24 

particles either as cores or fragments is unknown, but it is speculated that they may be released from 

HIV-1 infected CD4+ T cells undergoing pyroptosis[280]. Ab-mediated opsonophagocytosis of HIV 

cores by pDCs likely induces type I IFN production from pDC, through TLR7 activation. Indeed, 

studies of non-enveloped viruses have shown that FcγRIIa-mediated opsonophagocytic Ab 

responses against foot and mouth disease virus[281-283], coxsackievirus B[284] and classical swine fever 

virus[285] induce type I IFN production by pDC. Similarly, FcγRIIa-mediated opsonophagocytosis 
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of immune complexes containing auto-Abs and self-nucleic acids resulted in IFN-α production[286]. 

Immune complexes of opsonophagocytic Abs and HIV-1 virions enhance type I IFN production[287]. 

Furthermore, indirect evidence of pDC activation by Ab was demonstrated in rhesus macaques 

administered the gp120 V3-specific bNAb PGT121[288], where clearance of SHIV infection in 

PGT121-treated macaques was associated with upregulation of IFN-stimulated genes in affected 

tissues.  

 

These data suggest that a possible consequence of Ab-mediated opsonophagocytosis of HIV-1 

capsids is TLR7 activation leading to type I IFN production and pro-inflammatory cytokine 

production. pDC have also been observed to adopt a ‘killer pDC’ phenotype through expression of 

tumour necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL) and activation markers 

that include HLA-DR, CCR7 and CD80[288]. Thus, the protective effect of pDC-reactive 

opsonophagocytic Ab is likely to occur by modulating host responses to adopt an anti-viral state. 

 

The Ab effector response to most pathogens will coincide with antigenemia, which means that FcγR 

activation must coincide with PRR activation. Indeed, co-activation of DCs with IgG-opsonised E. 

coli and an array TLR agonists resulted in increased production of cytokines as well as a shift from 

a Th1 to Th17 cytokine profile[289]. Similarly, costimulation of macrophages with IgA opsonised P. 

aeruginosa and TLR2, 3 and 4 ligands resulted in increased production of proinflammatory 

cytokines[290], which demonstrates that FcR-TLR cross talk is a general feature of Ab/PRR 

activation. FcγR-TLR crosstalk was associated with metabolic reprogramming that increased 

glycolysis[291], which was likely necessary for increased production of cytokines. Thus, given that 

HIV-1 ssRNA is an agonist of TLR7[275], there may be a synergistic effect of FcγRIIa-TLR7 

costimulation upon phagocytosis of Ab-opsonised HIV-1 particles and TLR7 activation on cytokine 

production. Notably, administration of the V3 glycan-dependent bNAb PGT121 together with the 

TLR7 agonist vesatolimod (GS-9620) during ART delayed viral rebound following discontinuation 

of ART in SHIV-SF162P3-infected rhesus monkeys[292]. It is conceivable that opsonophagocytic 

Abs to HIV-1 capsids might have a similar synergistic effect.  
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 Aims of the thesis 

In light of challenges faced with the generation of HIV-1-specific neutralising Ab, investigation into 

alternative mechanisms of Ab-mediated control are warranted. Having shown that HIV-1 p24-

specific IgG Ab are associated with control of HIV-1 infection in chronically infected patients[182], 

further examination of their effects in acute HIV-1 infection as well as their effects on pDC 

activation may be informative. In addition, given the paucity in knowledge of the roles of IgM+ and 

IgG+ MBC subsets and how they contribute to Ab-mediated immunity, I sought to investigate their 

biology and relationship with IgG Ab in vaccination and in the HIV-1-specific IgG Ab response. 

 

In this thesis I aimed to: 

 

1. Extend our findings in chronic HIV-1 patients and characterise p24-specific pDC-reactive 

opsonophagocytic IgG Ab in control of acute HIV-1 infection, and the subclasses of IgG Ab 

involved in the response.  

 

2. Determine the effects of p24-specific opsonophagocytic Ab on pDC activation, and whether 

Ab-mediated activation of pDC synergises with TLR7 activation. 

 

3. Investigate and optimise a method for the flow cytometric detection and phenotypic analysis 

of antigen-specific B cells, using TTd as a model antigen 

 

4. Investigate post-vaccination TTd-specific B cell subsets, and their association with GC 

function, circulating Ab levels and Ab functional affinity 

 

5. Detect and investigate phenotypes of HIV-1 p24-specific B cells by flow cytometry
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Chapter 2 Control of early HIV-1 infection associates with pDC-reactive 

opsonophagocytic IgG antibodies to HIV-1 p24 

 

 Introduction 

Despite intensive research efforts, an effective preventative or therapeutic HIV vaccine remains 

elusive. Insufficient knowledge about immune responses required to control HIV-1 infection is a 

major hurdle impeding vaccine development[293]. Therefore, defining protective immune responses 

against HIV-1 will aid in the design of more effective HIV-1 vaccine candidates. 

 

Approaches to vaccination against HIV-1 have generally been aimed at enhancing HIV-specific 

CD4+ and CD8+ T cell responses and/or IgG Abs[294]. A vaccine that elicits neutralising IgG Abs 

(NAbs) against the HIV-1 Env has long been sought after[295, 296] but NAbs are difficult to elicit by 

vaccination[297]. In addition to virus neutralisation, IgG Abs against viruses exert non-neutralising 

functions by binding to FcγRs on NK cells (FcγRIIIa+) and pDCs (FcγRIIa+). Non-neutralising Abs 

may also target internal proteins of HIV-1 such as gag (virus core), pol and accessory proteins[255], 

which are relatively conserved across HIV-1 clades in comparison to env[298]. Of note, high serum 

levels of IgG Abs to HIV-1 Gag proteins have been associated with slow progression of HIV disease 

in multiple studies[261, 299, 300]. Recently, we demonstrated that HIV-1 p24-specific IgG Abs are 

capable of opsonising HIV-1 p24 and activating phagocytosis by a pDC cell line (Gen2.2 cells) 

through FcγRIIa and referred to these Abs as pDC-reactive opsonophagocytic Abs (PROAbs)[182]. 

Furthermore, HIV-1 p24-specific PROAbs were higher in HIV controllers than in non-controllers 

and correlated inversely with plasma HIV RNA levels in viraemic patients[182]. 

 

The functional activity of an IgG Ab response is affected by the relative content of the four 

subclasses of IgG (IgG1-4), which exhibit structural differences at the hinge and heavy chain (HC) 

regions. IgG3 and IgG1 Abs are the most potent activators of effector cell responses, notably Ab-

dependent cell-mediated cytotoxicity[301], owing to their high affinities for the activating FcγRs[200]. 

IgG1 Abs also mediate opsonophagocytic Ab responses[302], however IgG2 Abs are particularly 

effective in opsonophagocytic Ab responses due to highly restricted binding to FcγRIIa, the most 

widely expressed FcγR on phagocytes[303], and structurally diverse disulfide isoforms and self-

dimerising capabilities that may function to enhance opsonisation[220, 226]. IgG4 Abs (not investigated 

in this study) exhibit functions not applicable to viral infection. Production of different subclasses 
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of IgG Abs is dependent on class-switch recombination of Ig HC genes in B cells. For IgG HCs, the 

Cγ genes are positioned in the order: (3’) Cγ3, Cγ1, Cγ2, Cγ4 (5’)[304], which determines the order in 

which IgG class switching occurs (i.e. IgG3→IgG1→IgG2→IgG4)[152].  

 

While the IgG subclass of HIV-1 Abs has been investigated in early HIV-1 infection[305-307], to our 

knowledge the PROAb activity of IgG Ab responses against HIV-1 p24 has not been investigated. 

Here, we have studied ART-naive patients during the first year of HIV-1 infection to determine the 

relationship of HIV-1 p24-specific PROAb responses and subclass of IgG Abs with control of HIV-

1 replication.  

 

 Methods 

2.2.1 Study participants and sample collection 

Study participants were 32 ART-naïve adult HIV patients from Sydney, Australia, who were 

diagnosed with ‘acute’ or ‘early’ HIV-1 infection. Acute HIV-1 infection was defined by a positive 

test for HIV p24 antigen and/or pro-viral HIV DNA on a COBAS Ampliprep/COBAS Taqman HIV-

1 assay (Roche Molecular Diagnostics, Pleasanton, CA), in the presence of ≤ 3 bands on a western 

blot assay for HIV Abs. The estimated date of infection was taken as 21 days prior to the diagnosis 

of acute HIV infection. Early HIV-1 infection was defined as a positive HIV Ab test when the test 

had been negative within the previous six months. The estimated date of infection was the midpoint 

between the last negative and the first positive HIV Ab test.  Plasma had been collected and 

cryopreserved from these patients at weeks 8 and 52 (±8 weeks) after the estimated date of HIV-1 

infection. Seventeen of these patients were selected because they had a plasma HIV RNA level of 

<5000 copies/mL at week 52 and were classified as ‘good controllers’ of HIV replication, while the 

remaining fifteen patients were selected because they had a plasma HIV RNA level of >50,000 

copies/mL at week 52 and were classified as ‘poor controllers’ of HIV replication. Informed consent 

was provided by all patients and study approval was obtained from the ethics committee of St 

Vincent’s Hospital, Sydney. Demographic data of study participants are shown in Table 2.1. 
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Table 2.1 Demographic characteristics of study participants 

aThe data in this table are represented as median (range) 

bCD4+ T cell data missing for two patients 

cCD4+ T cell data missing for one patient 

dCD4+ T cell counts significantly lower than those of ‘good controllers’ at week 52 (p= 0.03) 

 

2.2.1 Gen2.2 cell line 

Gen2.2 cells (pDC cell line) were obtained from the French Collection of Cultures of 

Microorganisms (Institut Pasteur, FR). The Gen2.2 cell line was maintained as previously 

described[182]. Briefly, Gen2.2 cells were cultured in RPMI 1640 supplemented with GlutaMAX 

(Gibco, Grand Island, NY) and 10% heat-inactivated foetal bovine serum (HIFBS; Gibco). Gen2.2 

cells were passaged every third day in a flask containing, fresh 80% confluent MS-5 feeder cell 

monolayer in a 75cm2 flask. 

 

2.2.2 Assessment of HIV-1 p24-specific pDC-reactive opsonophagocytic Ab responses  

HIV-1 p24-specific IgG PROAb responses were measured as previously described[182] (method 

represented diagrammatically in Figure 2.1 A-D). Briefly, IgG was purified from plasma using 

Melon™ Gel IgG purification (Pierce, Rockford, IL), a pH-neutral purification method that more 

accurately preserves the native FcγR binding activity of plasma IgG in comparison to acid based-

purification methods[308]. Purified IgG was incubated (50μL, 100μg/mL) with 50μL of a master mix 

containing biotinylated, recombinant (baculovirus-expressed) HIV-1 p24 (20μg/mL; Protein 

 

 

 

           Week 8 post-infection 

 

Week 52 post-infection 

 

  

‘Good controllers’ 

(n=17) 

 

‘Poor controllers’ 

(n=15) 

 

‘Good controllers’ 

(n=17) 

 

‘Poor controllers’ 

(n=15) 

 

CD4+ T cell counts 

(cells/μL)a 

686 (414-1258)b 

 

572 (340-872)c 

 

643 (340-970) 

 

590 (252-671)d 

 

Plasma HIV-1 RNA 

(Log10copies/mL)a 

2.84 (1.70-4.48) 

 

4.89 (3.88-6.00) 

 

2.60 (1.6-3.65) 

 

5.26 (4.72-5.88) 
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Sciences, Meriden, CT) and NeutrAvidin®-labeled Fluospheres (1.8x109 particles/mL; 0.1μm 

diameter; Molecular Probes, Eugene, OR) in one well of a sterile 96-well tissue culture plate, for 2 

hrs (37˚C, 5% CO2). Gen2.2 cells (100μL, 2x105 cells/mL) were added to each well and incubated 

for 16 hrs (37°C, 5% CO2). Cells were transferred to 5mL round-bottom polystyrene tubes (BD 

Biosciences, San Jose, CA), washed with 1% bovine serum albumin (BSA; AusgeneX, Loganholme, 

QLD, Australia) / phosphate buffered saline (PBS; Sigma-Aldrich, Castle Hill, NSW, Australia), 

hereon referred to as flow cytometry buffer (FCB), and resuspended in the residual volume. Cells 

were analysed using a FACS Canto II flow cytometer and visualised with FACS DIVA software 

(BD Biosciences). Data files were analysed using FlowJo v7.6 (Tree Star, Ashland, OR). For each 

patient IgG sample, PROAb activity, measured in the units of corrected phagocytic index, was 

derived using the following formulae:  

 

(1) 𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 (𝑃𝐼) = (%𝐹𝑙𝑢𝑜𝑠𝑝ℎ𝑒𝑟𝑒+ 𝐺𝑒𝑛2.2 𝑐𝑒𝑙𝑙𝑠) 𝑥 (𝑀𝐹𝐼 𝐹𝑙𝑢𝑜𝑠𝑝ℎ𝑒𝑟𝑒+ 𝐺𝑒𝑛2.2 𝑐𝑒𝑙𝑙𝑠) 

 

(2) 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑃𝐼 = 𝑃𝐼(𝑝𝑎𝑡𝑖𝑒𝑛𝑡 𝐼𝑔𝐺 + 𝑝24 𝑚𝑎𝑠𝑡𝑒𝑟 𝑚𝑖𝑥) 𝑥 𝑃𝐼(𝑝24 𝑚𝑎𝑠𝑡𝑒𝑟 𝑚𝑖𝑥) 

 

 

Figure 2.1 Overview of the assay to measure pDC-reactive opsonophagocytic capacity of purified 

patient IgG to HIV-1 p24-coated beads.  

(A) IgG was purified using Melon™ Gel purification kit. (B) In each well of a 96-well microplate, purified 

IgG (50μl, 100μg/ml) was then incubated with a master mix (50μl) containing 0.1μm-diameter FluoSpheres 

(1.8x109 particles/ml) pre-reacted with biotin-p24 (20μg/mL), for 2hrs, to induce immune complex formation. 

(C) Gen2.2 cells were then added to each well and incubated for 16hrs. (D) IgG-mediated phagocytosis of 

p24-Fluospheres by Gen2.2 cells were then measured by flow cytometry. 

 

2.2.3 Assay of plasma HIV-1 p24-specific IgG1, IgG2 and IgG3 Ab levels by ELISA 

Costar 96-well high protein-binding microtiter plates (Corning Inc., Cambridge, MA) were coated 

overnight (4°C) with baculovirus-expressed recombinant HIV-1 p24 (Advanced Biotechnologies 
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Inc., Columbia, MD). The following day, plates were washed with 0.05% Tween 20/PBS and 

blocked with 5% BSA/PBS for 1hr (room temperature). Plates were washed three times and plasma 

samples serially diluted in 2% BSA/PBS were added to each plate for 2 hrs (room temperature). 

Plasma from an individual with a high absorbance reading was used as a standard and the top 

standard was assigned an arbitrary unit of 1000 units/mL. Plates were washed four times and the 

following biotinylated monoclonal Abs: mouse anti-human IgG1 (8c/6-39; Sigma Aldrich; Castle-

Hill, NSW), mouse anti-human IgG2 (HP6002; SouthernBiotech, Birmingham, AL) or mouse anti-

human IgG3 (HP6050; SouthernBiotech) diluted 1:1000 in 2% BSA/PBS were added to the 

appropriate wells (1hr, room temperature). Plates were washed four times and streptavidin-

conjugated horseradish peroxidase (HRP; BD Biosciences) diluted 1:5000 in 2% BSA/PBS was 

added to each plate (1hr, room temperature). Plates were washed five times and colorimetric reaction 

was initiated following the addition of 3,3’,5,5’-tetramethylbenzidine (Sigma-Aldrich) and H2O2. 

The reaction was stopped by the addition of 1M sulfuric acid (AnalaR grade; BDH Chemicals, 

Poole, U.K.) and the optical density (λ=450nm) was recorded using the Spectramax 190 microplate 

reader (Molecular Devices Corp., Sunnyvale, CA).  

 

2.2.4 Immunomagnetic bead depletion of IgG1  

Immunomagnetic bead depletion of IgG1 was performed and validated using methods previously 

described[87, 182] with modifications for IgG1. Briefly, mouse anti-human IgG1 Fc (8c/6-39; Sigma-

Aldrich) was coupled to streptavidin M-270 Dynabeads (Invitrogen, Carlsbad, CA) at a 1:50 mass 

ratio. Melon gel purified IgG samples (1mg/mL) were then reacted with anti-human IgG1 Fc-

coupled M-270 Dynabeads at a 1:200 mass ratio for 24 hrs (4°C). This procedure was performed 

twice to obtain maximal depletions. Depletion of IgG1 was confirmed by total IgG1 and IgG2 

ELISA[182], but with mouse anti-human IgG1 hinge (4e3; Southern Biotech) as the detection Ab. 

 

2.2.5 Statistical analyses 

Data were analysed using Graphpad Prism (v5.04; Graphpad Software Inc., San Diego, CA). 

Differences between study groups were assessed using Mann-Whitney tests. Within-group 

differences were assessed using Wilcoxon’s signed rank test. All correlations were assessed using 

Spearman’s rank correlation. Differences in proportions between groups were analysed with 

Fisher’s exact test. A p value <0.05 was considered statistically significant.     
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 Results 

2.3.1 Control of early HIV-1 infection was associated with an increase in HIV-1 p24-

specific PROAb responses over the first year of infection 

To investigate HIV-1 p24-specific PROAb responses in early HIV-1 infection, IgG purified from 

the plasma of ‘good’ and ‘poor’ controllers was examined at weeks 8 and 52. HIV-1 p24-specific 

PROAb responses were not significantly different between ‘good controllers’ and ‘poor controllers’ 

at week 8 (p=0.76), but were higher in ‘good controllers’ compared to ‘poor controllers’ at week 52, 

though the difference was not statistically significant (p=0.08; Figure 2.2A). Furthermore, HIV-1 

p24-specific PROAb responses increased from week 8 to 52 in ‘good controllers’ (p=0.01) but were 

unchanged in ‘poor controllers’ (p=0.45; Figure 2.2B).  

 

Figure 2.2 HIV-1 p24-specific PROAb responses in ‘good’ and ‘poor’ controllers during early 

HIV-1 infection.  

Purified IgG isolated from plasma samples of ‘good’ and ‘poor’ controllers was assessed for HIV-1 

p24-specific opsonophagocytic Ab responses using the Gen2.2 cell line. (A) Differences in PROAb 

responses are shown between groups, at weeks 8 and week 52 (Mann-Whitney test; lines denote 

median and IQR). (B) Within groups, the change in PROAb responses over the first year of infection 

are shown (Wilcoxon’s signed rank test). 

 

2.3.2 Control of early HIV-1 infection was associated with increased HIV-1 p24-specific 

IgG1 Ab levels over the first year of infection 

We next sought to characterise IgG3, IgG1 and IgG2 Ab responses against HIV-1 p24 in ‘good 

controllers’ and ‘poor controllers’, at weeks 8 and 52. HIV-1 p24-specific IgG3 Ab levels were 

higher in ‘poor controllers’ than in ‘good controllers’ at both week 8 (p = 0.03) and week 52 (p = 

0.04; Figure 2.3A). While HIV-1 p24-specific IgG1 and IgG2 Ab levels were higher in ‘poor 
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controllers’ than in ‘good controllers’ at week 8 (p=0.04 and 0.06, respectively), they were 

comparable in both groups at week 52 (p=0.39 and 0.48; respectively; Figure 2.3B & C). 

 

Within study groups, HIV-1 p24-specific IgG3 Ab levels did not change between weeks 8 and 52 in 

‘good controllers’ (p=0.29), but decreased in ‘poor controllers’ (p=0.03; Figure 2.3D). In contrast, 

HIV-1 p24-specific IgG1 Ab levels increased between weeks 8 and 52 in ‘good controllers’ 

(p=0.003), but did not change in ‘poor controllers’ (p=0.76; Figure 2.3E). HIV-1 p24-specific IgG2 

Ab levels did not change between weeks 8 and 52 in either ‘good controllers’ (p=0.45) or ‘poor 

controllers’ (p=0.15; Figure 2.3F). 

 

 

Figure 2.3 HIV-1 p24-specific IgG subclasses in ‘good’ and ‘poor’ controllers during early 

HIV-1 infection. Abs were assayed using an indirect HIV-1 p24 ELISA, with detection Abs 

specific for IgG1-3.  

The data are presented in the order of the Cγ genes on IgH locus with IgG3 positioned the furthest 

upstream, and IgG2 the furthest downstream. Differences in HIV-1 p24-specific IgG3 (A), IgG1 (B) 

and IgG2 (C) Ab levels between ‘good’ and ‘poor’ controllers are shown at weeks 8 and 52 (Mann-

Whitney test; lines denote median and IQR). The change in HIV-1 p24-specific IgG3 (D), IgG1 (E) 

and IgG2 (F) Ab levels over the first year of infection were assessed within groups (Wilcoxon’s 

signed rank test). 
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2.3.3 HIV-1 p24-specific PROAb responses were predominantly related to HIV-1 p24-

specific IgG1 Ab levels in early HIV infection 

Having observed that the only increase in HIV-1 p24-specific IgG subclasses was with IgG1 in 

‘good controllers’, we focused our analyses on the relationship between HIV-1 p24-specific IgG1 

levels and HIV-1 p24-specific PROAbs. In ‘good controllers’, HIV-1 p24-specific PROAb 

responses and IgG1 Ab levels at week 52 strongly correlated (r=0.72, p=0.001), however this was 

not observed at week 8 (r=0.05, p=0.86). Conversely, in ‘poor controllers’, HIV-1 p24-specific 

PROAb responses correlated with IgG1 Ab levels at week 8 (r=0.67, p=0.006) but not at week 52 

(r=0.40, p=0.14). Furthermore, the change in HIV-1 p24-specific PROAb responses from week 8 to 

52 strongly correlated with the change in HIV-1 p24-specific IgG1 Ab levels in ‘good controllers’ 

(r=0.83, p <0.0001), but not in ‘poor controllers’ (r=-0.15, p=0.59). These data are summarised in 

Table 2.2. 

 

Table 2.2 Correlations between contemporaneous levels of HIV-1 p24-specific IgG1 and PROAb 

responses, and between the change in (Δ) HIV-1 p24-specific IgG1 Abs and ΔPROAb responses, 

from week 8 to 52.a 

aAnalyses were performed using Spearman’s rank correlation. 

 

2.3.4 IgG1 depletion inhibited HIV-1 p24 specific PROAb responses 

Given the strong correlation between changes in HIV-1 p24-specific IgG1 and PROAb levels in 

‘good controllers’ (Table 2.2), we sought to determine whether IgG1 Abs directly mediate PROAb 

activity. Purified IgG samples from five ‘good controllers’ with the highest HIV-1 p24-specific 

PROAb activity at week 52, underwent magnetic bead depletion of IgG1. Following depletion, IgG1 

levels were reduced to 27(24-32)% [median(range)] of those in non-depleted controls, with minor 

Correlation between  

HIV-1 p24-specific Abs 

‘Good controllers’  

(n = 17) 

‘Poor controllers’  

(n = 15) 

 Wk 8 Wk 52 Wk 8 Wk 52 

IgG1 and PROAb 

(contemporaneous) 

r= 0.05, 

p= 0.86 

r= 0.72, 

p= 0.001 

r= 0.67, 

p= 0.006 

r= 0.40, 

p= 0.14 

ΔIgG1 and ΔPROAb 

(wk 8 to 52) 
r= 0.83, p< 0.0001 r= -0.15, p= 0.59 
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enrichment of IgG2 (Figure 2.4A). HIV-1 p24-specific PROAb activity was then measured in two 

replicate experiments. IgG1 depletion resulted in a 57(25-76)% inhibition of PROAb activity, as 

compared to non-depleted samples (Figure 2.4B).  

 

 

Figure 2.4 Depletion of IgG1 inhibited HIV-1 p24-specific PROAb responses.  

Purified IgG samples from five ‘good controllers’ with the highest HIV-1 p24-specific PROAb 

responses were selected to assess the effect of IgG1 depletion on HIV-1 p24-specific PROAb 

activity. (A) IgG1 and IgG2 Ab levels (median(range)) of the purified IgG samples post-

immunomagnetic bead treatment (shown as % of non-depleted controls) were measured by ELISA. 

(B) The effect of IgG1 depletion is shown as % inhibition of HIV-1 p24-specific PROAb activity 

with error bars denoting median(range) % inhibition obtained from two replicate experiments. 

 

2.3.5 Increased HIV-1 p24-specific IgG1 Ab levels and PROAb responses did not reflect 

immunocompetence 

Having shown that ‘good controllers’ exhibited increases in HIV-1 p24-specific IgG1 Ab levels and 

PROAb responses during early HIV infection, we examined the causes and consequences of this. 

Firstly, we determined if HIV-1 p24-specific IgG1 Ab levels and PROAb responses at week 52 were 

related to immunocompetence as indicated by CD4+ T cell count at week 52 and change in CD4+ T 

cell count from week 8 to week 52. HIV-1 p24-specific IgG1 Ab levels and PROAb responses at 

week 52 did not correlate with any of these measures of immunocompetence (Table 2.3).  
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Table 2.3 Correlations between contemporaneous (week 52), as well as changes (week 8 to 52) in, 

CD4+ T cell counts with levels of HIV-1 p24-specific PROAbs and IgG1 in patients with early HIV 

infection (n=32). 

 

Secondly, although ‘good controllers’ in this study did not exhibit the characteristics of HIV 

controllers[69], we compared carriage of ‘protective’ HLA-B alleles associated with natural control 

of HIV-1 infection[76, 77] in ‘good controllers’ and ‘poor controllers’ and the relationship of 

‘protective’ HLA-B alleles with HIV-1 p24-specific Abs. ‘Protective’ HLA-B alleles (HLA-

B*1402, -B*2705, -B*5201, -B*5701 and -B*5801) were carried by 8 of 17 (47%) ‘good 

controllers’ and 2 of 11 (18%) ‘poor controllers’ (p=0.12, Fisher’s exact test; HLA data unavailable 

for 4 ‘poor controllers’). When we compared HIV-1 p24-specific Abs in ‘good controllers’ with and 

without ‘protective’ HLA-B alleles, there was no difference in HIV-1 p24-specific IgG1 Ab levels 

(Figure 2.5A) but HIV-1 p24-specific PROAb responses were higher in ‘good controllers’ not 

carrying ‘protective’ HLA-B alleles than in ‘poor controllers’ (p=0.04; Figure 2.5B). 

 Correlation 

PROAbs and CD4+ T cell count (Week 52) 
r= -0.06, p= 0.75 

IgG1 and CD4+ T cell count 

(Week 52) 
r= -0.06, p= 0.52 

ΔPROAbs and ΔCD4+ T cell count 

(week 8 to 52) 
r= 0.10, p= 0.58 

ΔIgG1 and ΔCD4+ T cell count  

(week 8 to 52) 
r= 0.18, p= 0.34 
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Figure 2.5 HIV-1 p24-specific PROAbs were higher in good controllers without a ‘protective 

HLA B allele’ than ‘poor controllers’.  

Levels of HIV-1 p24-specific (A) IgG1 and (B) PROAb responses at week 52 were compared 

between ‘good controllers’ with or without a protective HLA-B allele (HLA-B*1402, -B*2705, -

B*5201, -B*5701, and -B*5801) and ‘poor controllers’ (PC). 

 

2.3.6 Plasma HIV RNA levels at week 52 correlated inversely with the change in HIV-1 

p24-specific PROAb responses and IgG1 Ab levels 

Finally, we examined the relationship between control of HIV-1 replication, as determined by 

plasma HIV RNA levels, and plasma HIV-1 p24-specific Abs in all patients (n=32) at week 52. 

Although plasma HIV RNA levels at week 52 showed a trend towards a lower level in patients with 

higher contemporaneous HIV-1 p24-specific IgG1 Ab levels or PROAb responses, negative 

correlations were very weak and not statistically significant (Figure 2.6A&B). However, we did 

observe that those patients who had the largest increase in HIV-1 p24-specific IgG1 Ab levels and 

PROAb responses, between weeks 8 and 52, had the lowest HIV RNA levels at week 52. Thus, an 

inverse correlation was observed between plasma HIV RNA levels at week 52 and change in HIV-

1 p24-specific IgG1 Ab levels (r=-0.51, p=0.003; Figure 2.6C) with a weaker inverse correlation 

between increased HIV-1 p24-specific PROAb responses and week 52 HIV RNA (r=-0.37, p=0.04; 

Figure 2.6D). 
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Figure 2.6 The change in p24 specific IgG1 and PROAbs correlates inversely with HIV-1 RNA 

at week 52.  

Correlations between week 52 plasma HIV-1 RNA levels and (A) contemporaneous HIV-1 p24-

specific IgG1 Abs, (B) contemporaneous HIV-1 p24-specific PROAbs, (C) ΔHIV-1 p24-specific 

IgG Abs (week 8 to week 52) and (D) ΔHIV-1 p24-specific PROAbs (week 8 to week 52). 
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 Discussion 

We have characterised HIV-1 p24-specific PROAb responses and their relationship with IgG 

subclasses of HIV-1 p24-specific Abs in ART-naive patients with early HIV-1 infection in order to 

elucidate protective Ab responses against HIV-1 infection. We demonstrated that ‘good controllers’ 

exhibited an increase in HIV-1 p24-specific PROAb responses over the first year of infection, while 

‘poor controllers’ did not (Figure 2.2B). This was not related to immunocompetence at week 52 as 

determined by contemporaneous, or change in, CD4+ T cell counts. 

 

We also assayed plasma levels of HIV p24-specific IgG3, IgG1 and IgG2 Abs in both patient groups 

in order to determine their association with HIV-1 p24-specific PROAbs, particularly the increase 

in HIV-1 p24-specific PROAbs observed in ‘good controllers’. Of the measured HIV-1 p24-specific 

subclass levels, only IgG1 Abs increased in ‘good controllers’ alone. Accordingly, strong 

correlations were observed between the changes in, and week 52 contemporaneous levels of, HIV-

1 p24-specific IgG1 and PROAb responses, in ‘good controllers’. Similar correlations between IgG1 

Abs and opsonophagocytic Ab responses to HIV-1 p24 in chronically-infected HIV patients[182], and 

against HIV-1 gp120MN in elite HIV controllers and RV144 HIV-1 vaccine recipients[87, 309], have 

been previously described. As IgG1 binds FcγRIIa with high affinity[200], the receptor that mediates 

PROAb responses in Gen2.2 cells[182], we assessed the effect of depleting IgG1 on HIV-1 p24-

specific PROAb responses. Depletion of IgG1 from IgG preparations of ‘good controllers’ at week 

52 to 27% (median value) of the level in untreated samples resulted in 57% (median value) inhibition 

of HIV-1 p24-specific PROAb responses, demonstrating that IgG1 Abs mediated the dominant HIV-

1 p24-specific PROAb response.  

 

In contrast to HIV-1 p24-specific IgG1 Ab levels, HIV-1 p24-specific IgG3 and IgG2 Ab levels did 

not change in either patient group, with the exception of HIV-1 p24-specific IgG3 Ab levels 

decreasing in ‘poor controllers’ in line with previous observations[305, 306]. IgG3 Abs contribute much 

less than IgG1 or IgG2 Abs to DC-activating opsonophagocytic Ab responses[302]. While our 

previous study suggests that HIV-1 p24-specific IgG2 Abs contribute to control of chronic HIV-1 

infection[182], we did not demonstrate evidence of that in this study. One possible explanation is that 

downstream switching to IgG2[152] is impaired in early HIV infection as a consequence of HIV-

associated germinal center destruction[310].  
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It was notable that ‘good controllers’ exhibited 2.05 Log10 lower median plasma HIV-1 RNA levels 

than ‘poor controllers’ at week 8 (Table 2.1), which preceded the maturation of HIV-1 p24-specific 

Abs, suggesting that Ab-independent control mechanisms exist in very early HIV infection. Indeed, 

Ndhlovu et al. have shown that the magnitude of HIV-specific CD8+ T cell activation in the 

hyperacute phase (~1 month) of HIV infection is inversely associated with viral load set point[44]. In 

contrast, we demonstrated that the increase in HIV-1 p24-specific IgG1 and PROAbs correlated 

inversely with HIV-1 viral load at week 52. Thus, while it is likely that a combined effect of HIV-1 

Gag-specific CD8+ T cells and Abs contribute to control of HIV-1 infection, the effect of HIV-1 

p24-specific Abs may occur at later stages of early HIV infection.  

 

In view of the possibility that CD8+ T cell responses might be contributing to control of HIV-1 

infection in ‘good controllers’, we explored the possibility that  HIV-1 p24-specific IgG1 levels and 

PROAb responses were a surrogate for the possession of a ‘protective’ class I HLA allele, which 

confer protection in a subset of HIV controllers[69, 76, 77]. ‘Good controllers’ without ‘protective’ 

alleles exhibited higher levels of HIV-1 p24-specific PROAbs compared to ‘poor controllers’, 

whereas ‘good controllers’ with ‘protective’ HLA-B alleles did not (Figure 2.5B). Thus, rather than 

being a surrogate of T cell responses, these Abs may contribute to alternative immune responses in 

the absence of ‘protective’ HLA-B restricted responses as previously suggested by us[311]. 

 

Although ‘good controllers’ exhibited larger increases in HIV-1 p24-specific Abs than ‘poor 

controllers’ between week 8 and week 52 and the change in Abs over this time correlated negatively 

with the plasma HIV RNA level at week 52 in all patients (n=32), we did not observe a clear negative 

relationship between contemporaneous Abs and HIV RNA at this time (Figure 2.6). In this regard, 

HIV-1 Gag-specific PROAb responses are similar to HIV-1 Env-specific ADCC Abs, which do not 

exhibit a direct correlation with plasma HIV RNA levels[312]. One possible explanation is that the 

effect of the Abs is indirect and/or complements cytolytic lymphocytes (Figure 2.7). We propose 

that HIV-1 core particles (containing HIV RNA) which are present in the cytosol of HIV-1-infected 

cells[313], are released as a result of direct cytopathic effects of the virus or immune cell-mediated 

cytolysis, and form immune complexes with Gag-specific IgG Abs. We hypothesise that subsequent 

phagocytosis of HIV-1 core particle-containing immune complexes activate TLR7 and a type I 

interferon response in pDCs, that inhibits viral replication within cells and enhances CD8+ and NK 

cell responses[271, 314]. This type of immune response has been described for several other viruses[281, 
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284, 315, 316]. A PROAb response could, therefore, complement a cytolytic lymphocyte response to 

form a HIV-1 Gag-specific combined cellular and humoral immune response (Figure 2.7). 

 

 

 

Figure 2.7 Diagrammatic representation of immune responses that control HIV-1 infection 

illustrating the proposed role of HIV-1 Gag-specific PROAbs.      

(A) CD8+ T cells, (B) Neutralising Abs, (C) NK cell responses, including ADCC and (D) pDC 

responses, including those mediated by PROAbs 

 

In summary, we have demonstrated that HIV-1 p24-specific PROAb responses, mediated by IgG1 

Abs, increased in ‘good controllers’, but remained unchanged in ‘poor controllers’ during early HIV-

1 infection. In the total patient group, plasma HIV RNA levels at week 52 correlated inversely with 

the change in HIV-1 p24-specific PROAb responses and IgG1 Ab levels between weeks 8 and 52. 

Our data provide additional evidence that HIV-1 p24-specific IgG Abs may contribute to control of 

HIV-1 infection and suggest that further investigation of mechanisms is required, including 

interactions with cytolytic lymphocytes.  
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Chapter 3 Examination of pDC activation by opsonophagocytic antibodies to 

HIV-1 p24 

 

 Introduction 

pDCs are potent antiviral cells by means of their proficiency in restricting viral replication within 

cells through secretion of massive amounts of type I IFN, particularly IFN-. pDC can also kill 

virally-infected cells through expression of membrane TRAIL, and indirectly by enhancing NK cell 

and CD8+ T cell function[270, 271, 314]. Endocytosis of HIV-1 virions activates pDCs, because HIV-1 

RNA activates endosome-expressed TLR7[275, 317]. HIV-1 infection is associated with a depletion of 

blood pDC frequencies, which are inversely correlated with plasma HIV-1 RNA levels[318, 319]. 

Depletion of pDCs in blood may reflect their attempt to control HIV-1 replication in lymphoid 

tissues, because TLR7 activation of pDCs results in upregulation of CCR7[320], a receptor that 

facilitate chemotaxis to T cell zones of lymphoid tissue. CCR7+ pDCs are increased in lymph nodes 

of HIV-1 patients[321] and CCR7 expression is inversely correlated with pDC frequencies in 

blood[321]. The antiviral functions of pDCs has also been associated with control of HIV-1 infection 

because HIV-1 LTNPs exhibit increased frequencies of pDC[319]. In addition to the innate function 

of pDCs, their function and specificity can be enhanced by phagocytosis of virus/IgG Ab immune 

complexes via FcγRIIa[287]. 

 

In prior studies performed by our laboratory (shown in results presented in Chapter 2 and Tjiam et 

al.[182]), IgG Abs purified from plasma of HIV patients were capable of enhancing pDC phagocytosis 

of FluoSpheres coated with HIV-p24[182, 322], which with receptor blocking studies, was shown to be 

mediated entirely through FcγRIIa[182]. However, it is not known if this results in an effect on pDC 

function, including cell activation. Ab-mediated opsonophagocytosis of a range of viruses results in 

pDC activation[281-285], probably because Abs enhance TLR-7/9-mediated sampling of pathogen-

associated molecular pattern (PAMPs) through phagocytosis. Primarily, these studies reported 

enhanced type I IFN production upon Ab-mediated phagocytosis. Type I IFN secretion depends on 

TLR7-dependent translocation of IRF-7 into the nucleus, however NF-κB is also activated 

downstream of TLR7[275], and allows pDC to respond with production of pro-inflammatory 

cytokines that include IL-6 and TNF-α. Of note recent publications have reported a synergistic effect 

of TLR and FcR co-stimulation[289-291], resulting in higher production of cytokines. 

 



Chapter 3 

 

97 

 

In addition to cytokine secretion, pDC activated by viruses adopt a killer pDC phenotype, with 

upregulation of TRAIL in an IFN-dependent manner[320]. Other markers upregulated on killer pDCs 

include CCR7, CXCR4 and CD83[320, 323]. The leukaemic pDC cell line (Gen2.2) utilised in our 

opsonophagocytic assays has also been shown to upregulate CCR7, CD80, CD40 and CD83 upon 

stimulation with inactivated influenza virus[323]. Stimulation of Gen2.2 cells with inactivated 

influenza virus resulted in type I IFN production, but also comparable amounts of IL-6[323]. In this 

chapter I aimed to characterise the activation of Gen2.2 cells by HIV-1 p24-specific 

opsonophagocytic IgG Abs and to determine if there is a difference in the functional activity of these 

Abs in HIV-1 controllers compared with HIV non-controllers. 
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 Methods 

3.2.1 Plasma samples 

Plasma samples from patients participating in the observational Study of the Consequences Of the 

Protease inhibitor Era (SCOPE) study were kindly provided by Professor Steven Deeks, University 

of California, San Francisco. Study groups consisted of 30 HIV elite controllers, 29 HIV viraemic 

controllers and 30 HIV non-controllers (ART-untreated). Elite controllers were patients who 

maintained plasma HIV-1 RNA at undetectable levels for at least 1 year. Viraemic controllers were 

defined as having detectable HIV-1 RNA at a level < 2000 copies/mL for at least 1 year. HIV-1 non-

controllers exhibited plasma HIV-1 RNA levels >10,000 copies/mL. Demographic characteristics 

of patients are listed in Table 3.1. Informed consent was obtained from all subjects and the study 

was approved by the Ethics Committees of Royal Perth Hospital and the University of California, 

San Francisco. 

 

Table 3.1 Demographic characteristics of the SCOPE cohort participants. 

 Elite controller 

(n=30) 

Viraemic controller 

(n=29) 
Non-controller (n=30) 

CD4+ T cell count  

(cells/µL blood) 
1029 (363–2199) 519 (359–988) 466 (356–1287) 

HIV-1 RNA  

(copies/mL blood) 
<75 313 (75–1658) 

52,850 (10,619–

334,034) 

Gender 

(male/female/transgender/intersex) 
18/11/1/0 24/3/2/0 25/2/2/1 

Age 50 (32–77) 49 (28–60) 46 (27–71) 

 

 

3.2.2 Assay of HIV-1 p24-specific opsonophagocytic IgG antibodies 

HIV-1 p24-specific IgG Ab purification, opsonisation and pDC (Gen2.2) phagocytosis of p24-

coated FluoSpheres were performed as previously described[182, 322] (Chapter 2.2.2). However, to 

measure activation of Gen2.2 cells, purified patient IgG was adjusted to a final concentration of 

200µg/mL and added to Gen2.2 cells seeded at a cell density of 100x103 cells/well. To accommodate 

measurement of high numbers of samples, cells were stained with fluorochrome-conjugated Abs in 

96-well culture plates in a final volume of 50µL for 30 mins at room temperature with gentle 
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agitation on an orbital shaker (450rpm). Cells were washed twice by addition of FCB to each well, 

followed by centrifugation of the plate at 300 x g for 5 mins, and the supernatant was discarded by 

aspiration. Cells were then resuspended in a final volume of 200µL/well of FCB before acquisition 

on the Attune NxT acoustic focusing flow cytometer (ThermoFisher Scientific, Rockford, IL) using 

an autosampler manifold for high-throughput screening of 96-well plates.  

 

3.2.3 Cell culture stimulants 

CpG ODN 2216 (CpG type A, TLR9 agonist), ssRNA40/LyoVec (TLR7/8 agonist) and R-848 

(TLR7/8 agonist) were purchased from InVivogen (San Diego, CA) and reconstituted as 

recommended by the manufacturer. Stimulants were used at various concentrations, as indicated in 

the results. Concentrations stated are representative of the final concentration at which cells were 

cultured in. 

 

3.2.4 Phospho-Flow method for measurement of intracellular NF-B in Gen2.2 cells 

A method that had been developed for the detection of phosphorylated STAT5 in B cells after IL-

21 stimulation by Dr. Lilian Cha, was adapted for the detection of phosphorylated NF-κB in Gen2.2 

cells. Cells were stimulated with R-848 for either 15, 30 or 60 mins. Stimulation was stopped by 

addition of BD lyse/fix solution (BD Biosciences, San Jose, CA) to preserve phosphorylation state 

for 10 mins at 37°C. Cells were then washed twice with FCB and cells were permeabilised with 

chilled BD Perm Buffer III for 30 mins on ice. Cells were then washed twice with FCB and 

intracellularly stained with a AF647-conjugated mAb specific for phopshorylated serine 529 (p-

S529) of NF-κB p65 subunit for 30 mins at room temperature. Cells were then washed twice with 

FCB and then acquired on the BD FACS Canto II. 

 

3.2.5 ELISA to measure IL-6 and IFN-α levels in cell culture supernatants 

Commerical direct ELISA kits were used to assay human pan-IFN-α (Mabtech, Stockholm, SE) and 

human IL-6 (BD Biosciences) in cell culture supernatants. Briefly, coating Abs to IFN-α or IL-6 

were immobilised overnight on Costar 96-well high protein binding half-area plates. The following 

day, plates were washed with PBS containing 0.05% Tween20. For IFN-α, plates were blocked for 

1hr with 0.1%BSA/PBS containing 0.05% Tween20. For IL-6, plates were blocked with PBS 

containing 10% HIFBS for 1 hr at room temperature. Plates were then washed and supernatant was 
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added to each well for 2 hrs. Subsequently, IFN- was detected by addition of biotinylated primary 

detection Abs for 1hr at room temperature, washed, and then streptavidin-HRP was added for 1 hr 

at room temperature. For IL-6, the biotinylated detection Ab was added concurrently with 

streptavidin-HRP and incubated for 1 hr. Wells were washed a final time before addition of 3, 3’, 5, 

5’-tetramethylbenzidine containing H2O2 to initiate colour change. The colourimetric reaction was 

terminated upon addition of 1M H2SO4 and the optical density at  = 450nm was measured on a 

SpectraMax 190 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA). 
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 Results 

3.3.1 Stimulation of Gen2.2 cells with the TLR7/8 agonist R-848 results in upregulation 

of CD80 and CCR7 and production of IL-6 

To investigate suitable markers of Gen2.2 cell activation following incubation with the TLR7/8 

agonist R-848, I first screened six candidate surface markers of activation: CD80, CD86, HLA-DR, 

TRAIL, CCR7 and CD32 (Figure 3.1A). Gen2.2 cells were also stimulated with the TLR9 agonist 

CpG DNA in parallel as a comparison. A proportion of unstimulated Gen2.2 cells expressed CD86, 

HLA-DR and CD32. Stimulation of Gen2.2 cells with either CpG or R-848 resulted in upregulation 

of CD86 and HLA-DR, whereas CD32 was downregulated. In contrast, TRAIL, CCR7 and CD80 

were not expressed on unstimulated Gen2.2 cells. Stimulation of Gen2.2 cells with CpG resulted in 

upregulation of TRAIL in a dose-dependent manner, whereas only minimal upregulation of TRAIL 

was observed with R-848 stimulation. In contrast, CCR7 was upregulated with R-848, but not CpG 

stimulation. CD80 was upregulated by stimulation with either CpG or R-848. When dose response 

curves were visualised, CpG fell within the titratable range for most markers, whereas R-848 was at 

the saturation range (Figure 3.1A). 

 

Next, cytokine concentrations in culture supernatants of Gen2.2 cells stimulated with R-848 or CpG 

were assayed. As a measure of pro-inflammatory cytokine production, I measured IL-6, whereas for 

measurement of type I IFN production, pan-IFN-α was measured. The ELISA for pan-IFN-α is 

capable of detecting IFN-α subtypes 1, 2, 4, 5, 6, 7, 8, 10, 13, 14, 16, 17 and 21. Stimulation of 

Gen2.2 cells for 24 hrs with R-848 resulted in IL-6, but not IFN-α, production (Figure 3.1B). This 

was not because Gen2.2 cells were incapable of producing IFN-α as incubation with CpG resulted 

in both IL-6 and IFN-α production. The lack of IFN-α production by Gen2.2 cells upon addition of 

R-848 was not specific for imidazoquinoline-class TLR7/8 agonists as incubation with ssRNA40 

also did not induce IFN-α production, however, IL-6 was produced (Figure 3.1B). Gen2.2 cells 

therefore exhibited a pro-inflammatory cytokine response to TLR7/8 stimulation. Indeed, R-848 

stimulation resulted in phosphorylation of NF-κB peaking at 30 mins after stimulation (Figure 

3.1C). Together these data show that stimulation of Gen2.2 cells with two chemically distinct 

TLR7/8 agonists was associated with NF-κB activation and IL-6 production, in the absence of IFN-

α secretion.  
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Next, R-848 was serially diluted 2-fold starting at a concentration of 2µM and expression of CD80, 

CCR7 or the dual expression of CD80 and CCR7 (Figure 3.1D) was measured at each concentration 

of the dilution curve. CD80 was upregulated to a higher degree by Gen2.2 cells after stimulation 

with R-848 and reached the maximum response at a lower concentration of R-848 when compared 

with CCR7. Thus, the concentration for half-maximal responses (EC50) were 440nM for CD80, 

860nM for CCR7 and 830nM for CD80 and CCR7. To stay within the middle of the response curve 

for both CD80 and CCR7, I chose the average of the CD80 and CCR7 EC50 concentrations, which 

was an R-848 concentration of 650nM. 
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Figure 3.1 R-848 activation of Gen2.2 cells results in IL-6 secretion and CD80 and CCR7 

expression. 

(A) Gen2.2 cells were stimulated with R-848 or CpG and surface expression of candidate activation markers was 

assessed. (B) Gen2.2 cells were stimulated with CpG, R-848 and ssRNA40 and the resultant production of IL-6 and 

IFN-α was measured in the supernatant using direct ELISA. (C) Gen2.2 cells were stimulated with R-848 and 

phosphorylation of serine 529 of p65 subunit of NF-κB was assessed by phospho-flow. (D) Following R-848 stimulation, 

CD80+, CCR7+ and CD80+CCR7+ Gen2.2 were measured according to the gates shown. (E) The effect of titration of R-

848 upon surface marker is shown in the dose response curves. EC50 concentrations are stated for each marker.  
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3.3.2 Antibody-mediated phagocytosis of HIV-1 p24-coated FluoSphere beads induced 

expression of CD80 and CCR7 by Gen2.2 cells  

To determine the effect of Ab-mediated phagocytosis on the activation of Gen2.2 cells, I first 

examined IL-6 production in supernatant of Gen2.2 cells following phagocytosis of HIV-1 p24-

coated FluoSpheres (p24-FluoSpheres) opsonised by IgG of HIV-1 patients[182], in the presence or 

absence of R-848 co-stimulation. I measured the effect of increasing the amount of purified IgG 

(50g/mL, 100g/mL and 200g/mL), using IgG of SF15, a viraemic controller with demonstrated 

high opsonophagocytic IgG Abs, at Gen2.2 cell densities of 50x103, 100x103 and 200x103 cells/well. 

These conditions were tested in the presence or absence of R-848, and the change in IL-6 production 

was calculated to determine the conditions that allowed detection of a synergistic effect of R-848 + 

IgG co-stimulation. At 50x103 cells/well, a synergistic effect of R-848 co-stimulation was not 

observed at any concentration of IgG (Figure 3.2A). However, at 100x103 and 200x103 cells/well a 

synergistic effect of R-848 co-stimulation was observable at 200g/mL of IgG (Figure 3.2A). 

  

I also examined induction of CD80 and CCR7 expression on FluoSphere+Gen2.2 cells (at 100x103 

cells/well) that had been stimulated with p24 opsonised with IgG from two HIV elite controllers 

(SF07 and SF21) and two HIV viraemic controllers (SF15 and SF66) with high opsonophagocytic 

scores, as previously measured[182], in the presence or absence of R-848 co-stimulation. 

CD80+CCR7+ p24-FluoSphere+ Gen2.2 cells were induced by incubation of Gen2.2 cells with IgG 

Ab-opsonised p24-FluoSpheres under the following conditions: (a) 100µg/mL IgG + R-848, (b) 

200µg/mL IgG alone, and (c) 200µg/mL IgG + R-848 (Figure 3.2B). From here on, Gen2.2 cell 

activation was measured at 100x103 cells/well and with a 200g/mL concentration of IgG.  
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Figure 3.2 A synergistic effect of p24-specific IgG antibodies on Gen2.2 activation 

(A) IL-6 production from Gen2.2 cells at densities of 50x103, 100x103 and or 200x103 were added 

to wells containing 0µg/mL, 50µg/mL, 100µg/mL or 200µg/mL SF15 IgG in the presence or 

absence of R-848. Subsequently, IL-6 production using these conditions in the absence of R-848 

was subtracted from that of conditions in the presence of R-848, to measure the conditions required 

to detect a synergistic effect of IgG + R-848 co-stimulation. (B) 100x103 Gen2.2 cells were 

incubated with 100µg/mL or 200µg/mL of IgG in the presence or absence of R-848 and induction 

of CD80+CCR7+ cells within p24-FluoSphere+Gen2.2 cells was measured. IgG directly conjugated 

to FluoSpheres (IgG-FluoSpheres) was included as a control. 

 

3.3.3 HIV viraemic controllers exhibited higher HIV-1 p24-specific IgG antibody-

mediated phagocytosis by Gen2.2 cells than non-controllers, even at high IgG 

concentrations 

Next, IgG preparations of 30 HIV elite controllers, 29 HIV viraemic controllers and 30 HIV non-

controllers were tested at an IgG concentration of 200g/mL to examine Gen2.2 activation. IgG Ab-

induced (without R-848) opsonophagocytosis as measured with corrected phagocytic index (CPI; 

mean fluorescence intensity (MFI) p24-FluoSphere+ x % p24-FluoSphere+ cells minus that of the 

background) was marginally higher in viraemic controllers than non-controllers (p = 0.09; Figure 

3.3A). When the MFI of p24-FluoSphere+ Gen2.2 cells was compared between groups, viraemic 

controllers exhibited higher p24-FluoSphere MFI than non-controllers (p = 0.02; Figure 3.3B). 

However, when comparing % p24-FluoSphere+ cells, there was no difference between groups 

(Figure 3.3C).  
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Given that differences between HIV viraemic controllers and HIV non-controllers were less 

pronounced than those observed for HIV-1 p24-specific IgG opsonophagocytic Ab responses in 

these groups when lower IgG concentrations were used to demonstrate differences[182], spearman’s 

correlations were undertaken of CPI, MFI and %p24-FluoSphere+ cells and previously measured 

IgG opsonophagocytic Ab responses (Table 3.2). CPI and MFI at 200µg/mL moderately correlated 

with previous measures of IgG opsonophagocytic Ab responses, particularly when the latter was 

measured using higher IgG concentrations (25µg/mL and 100µg/mL). However, %FluoSphere+ 

cells at 200µg/mL exhibited much weaker correlations with these measures of opsonophagocytosis. 

Thus, while use of IgG at a concentration of 200µg/mL was necessary for assessment of CD80 and 

CCR7 expression on, and IL-6 secretion by, Gen2.2 cells, this was associated with reduced 

differences in measures of IgG opsonophagocytic Ab responses between groups, presumably 

because similar proportions of Gen2.2 cells internalised p24-FluoSpheres at a 200µg/mL 

concentration of IgG. Nevertheless, the IgG preparations of viraemic controllers on average 

facilitated opsonophagocytosis of a higher amount of p24-FluoSpheres (as observed with p24-higher 

FluoSphere MFI; Figure 3.3B), consistent with previous data. 

  

 

Figure 3.3 Viraemic HIV-1 controllers exhibited higher p24-specific opsonophagocytic IgG 

antibodies than non-controllers when IgG preparations were assayed at 200g/mL 

Opsonisation of HIV-1 p24-coated FluoSpheres and phagocytosis by Gen2,2 cells as measured by 

(A) Corrected Phagocytic Index, (B) Corrected MFI and (C) %p24-FluoSphere+ Gen2.2 cells using 

IgG preparations from HIV elite controllers, viraemic controllers and non-controllers at a 

concentration of 200g/mL (in the absence of R-848). In each graph, p values are stated for 

comparisons between patient groups (Mann-Whitney U test). 
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Table 3.2 Spearman’s correlations were performed to compare measures of HIV-1 p24 IgG Ab-

mediated  opsonisation of FluoSpheres and their phagocytosis by Gen2.2 cells using IgG 

concentrations of 200µg/mL in this study with the Relative Phagocytic Index of HIV-1 p24 IgG Abs 

assayed at 2.5µg/mL, 10µg/mL, 25µg/mL and 100µg/mL in the study of Tjiam et al[182]. 

 RPI 2.5 µg/mL RPI 10 µg/mL RPI 25 µg/mL RPI 100 µg/mL 

CPI 200µg/mL r = 0.27, p = 0.01 r = 0.34, p = 0.001 r = 0.35, p = 0.0007 r = 0.42, p < 0.0001 

cMFI 200µg/mL r = 0.30, p = 0.004 r = 0.41, p < 0.0001 r = 0.41, p < 0.0001 r = 0.47, p < 0.0001 

%p24+ 200 

µg/mL 

r = 0.18, p = 0.09 r = 0.21, p = 0.06 r = 0.23, p = 0.03 r = 0.29, p = 0.006 

 

3.3.4 R-848 inhibits the opsonophagocytic activity of HIV-1 p24-specific IgG antibodies 

in viraemic HIV controllers alone 

I next examined the effect of incubating Gen2.2 cells with p24-FluoSpheres opsonised with HIV-1 

p24 IgG Abs from patient IgG preparations in the presence or absence of R-848. Addition of R-848 

resulted in inconsistent changes in CPI and MFI with IgG of elite controllers and non-controllers 

(Figure 3.4A & B). Therefore, overall, IgG + R848 co-stimulation was not significantly different 

from stimulation with IgG alone in elite controllers and non-controllers. In contrast, co-stimulation 

of Gen2.2 cells with IgG preparations from viraemic controllers and R-848 resulted in decreases in 

CPI (p = 0.0005; Figure 3.4A) and MFI (p = 0.009; Figure 3.4B) compared to stimulation with IgG 

preparations alone. 

 

 

Figure 3.4 R-848 costimulation inhibits opsonophagocytosis of p24 mediated by IgG of HIV-1 

viraemic controllers only.  

Opsonisation of HIV-1 p24-coated FluoSpheres and phagocytosis by Gen2.2 cells as measured by (A) CPI or (B) MFI 

using IgG preparations alone or with co-stimulation by R-848. In each graph, p values are stated for comparisons 

between stimulation conditions within each patient group (Wilcoxon signed rank test). 
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3.3.5 IgG preparations from HIV controllers induced lower proportions of 

CD80+CCR7+ Gen2.2 cells 

I next examined induction of CD80 and CCR7 on FluoSphere+ Gen2.2 cells after incubation of 

Gen2.2 cells with p24-FluoSpheres opsonised with HIV-1 p24-specific IgG Abs by determining (i) 

%CD80+CCR7+ FluoSphere+ Gen2.2 cells, (ii) MFI of CD80 and CCR7 expression within the 

FluoSphere+CD80+CCR7+ population and (iii) the ratio of CD80:CCR7 MFI of the 

CD80+CCR7+FluoSphere+ populations. IgG of non-controllers induced higher proportions of 

CD80+CCR7+ FluoSphere+ Gen2.2 cells compared to viraemic controllers (p = 0.04) and elite 

controllers (p = 0.01; Figure 3.5A). While there were no differences between groups for CD80 MFI 

(Figure 3.5B), IgG of non-controllers induced higher CCR7 MFI compared to elite controllers (p = 

0.007; Figure 3.5C). Examination of CD80:CCR7 MFI ratios demonstrated that IgG of elite 

controllers induced higher relative CD80:CCR7 expression, compared with IgG of viraemic 

controllers (p = 0.01) and non-controllers (p = 0.02; Figure 3.5D). 

 

The same comparisons were performed for Gen2.2 cells incubated with IgG opsonised p24-

FluoSpheres co-stimulated with R-848. Data were generally similar to that obtained with IgG alone; 

R-848 + non-controller IgG induced a higher proportion of CD80+CCR7+ Gen2.2 cells than IgG of 

elite controllers + R-848 (p = 0.005; Figure 3.5E). No differences were observed on CD80 MFI 

upon co-stimulation (Figure 3.5F). Co-stimulation of IgG of non-controllers + R-848 also induced 

higher CCR7 MFI compared to elite controllers (p = 0.01) and viraemic controllers (p = 0.03; Figure 

3.5G). Co-stimulation with IgG of elite controllers + R-848 resulted in higher expression of CD80 

relative to CCR7 compared with viraemic controllers (p = 0.04) and non-controllers (p = 0.03; 

Figure 3.5H). 

 

Finally, I sought to examine differences in the co-stimulatory effect of R-848 and IgG on the three 

patient groups, relative to stimulation with IgG alone. To do this, I divided the values for % 

CCR7+CD80+ (of FluoSphere+ Gen2.2 cells), CD80 MFI and CCR7 MFI of R-848 + IgG co-

stimulated Gen2.2 cells, by those measured with IgG alone. A greater co-stimulatory effect of 

CD80+CCR7+ Gen2.2 induction was observed with IgG of elite controllers and viraemic controllers 

compared with non-controller IgG (p = 0.01 and p = 0.03, respectively, Figure 3.5I). However, there 

were no differences in the co-stimulatory effect as measured by CD80 MFI (Figure 3.5J) or CCR7 

MFI (Figure 3.5K). These data demonstrate that IgG of non-controllers induced greater Gen2.2 cell 

activation than either controller group. However, IgG of elite controllers induced higher expression 
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of CD80 relative to CCR7. Moreover, IgG of either controller group exhibited a higher synergistic 

effect of IgG + R-848 co-stimulation than that of non-controllers. 

 

 

Figure 3.5 IgG of HIV-1 controllers induces lower proportions of CD80+CCR7+ Gen2.2 cells 

than IgG of HIV-1 non-controllers 

Activation of p24-FluoSphere+Gen2.2 cells were measured by (A) proportion of CCR7+CD80+ cells (B) MFI of CD80 

of expression on CD80+CCR7+ FluoSphere+ Gen2.2 cells (C) MFI CCR7 of expression on CD80+CCR7+ FluoSphere+ 

Gen2.2 cells, and (D) the ratio of CD80:CCR7 MFI, with stimulation of IgG preparations alone (A-D). Activation of 

Gen2.2 cells was also measured using the same parameters upon co-stimulation of IgG with R-848 (E-H). The ratio of 

each measurement for IgG + R-848 relative to IgG alone was calculated for (I) CD80+CCR7+ induction, (J) CD80 MFI 

(K) CCR7 MFI, to compare synergistic activation of IgG and R-848 between groups. In each graph, significant p values 

(<0.05) are stated for comparisons between patient groups (Mann-Whitney U test). 
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3.3.6 IL-6 secretion by Gen2.2 cells after stimulation with IgG opsonised p24 was not 

different between groups 

The concentration of IL-6 was then measured in the supernatants of Gen2.2 cells stimulated with 

IgG opsonised p24-FluoSpheres in the presence or absence of R-848. There was no significant 

difference in IL-6 produced upon addition of patient IgG from each patient group (Figure 3.6A), 

nor was there any difference upon co-stimulation with R-848 (Figure 3.6B). The ratio of IL-6 

produced in IgG + R-848 in co-stimulated cultures versus IgG alone was also not significantly 

different between groups (Figure 3.6C). 

 

 

Figure 3.6 IgG of HIV-1 controllers and non-controllers induces similar levels of IL-6 

production by Gen2.2 cells 

Production of IL-6 in the cell culture supernatant of Gen2.2 cells cultured with (A) IgG opsonised 

p24-FluoSpheres alone or (B) with IgG-opsonised p24-FluoSpheres + R-848 co-stimulation, were 

measured by direct ELISA. (C) The ratio of IL-6 production in IgG + R-848 versus IgG stimulated 

Gen2.2 cells are shown. No significant differences were observed (Mann-Whitney U test).  

 

3.3.7 HIV-1 p24-specific IgG antibody responses correlated inversely with measures of 

Gen2.2 cell activation induced by antibody-opsonised p24-FluoroSpheres in 

controllers and with plasma HIV RNA level 

To determine if Ab-mediated activation of FluoroSphere+ Gen2.2 cells (%CD80+CCR7+ cells, MFI 

of CD80 expression, MFI of CCR7 expression, and IL-6 secretion) was associated with 

characteristics of the HIV-1 p24-specific IgG Ab response in elite controllers (n=30), viraemic 

controllers (n=29) and non-controllers (n=30), the CPI and MFI of HIV-1 p24-specific 
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opsonophagocytic IgG Ab responses calculated in this study and serum levels of HIV-1 p24-specific 

IgG1 and IgG2 Abs and HIV-1 p24-specific IgG1/IgG2 Ab ratios (reported in Tjiam et al.[182]) were 

compared in a Spearman’s correlation matrix for each of the 3 groups (Figure 3.7). These 

correlations were performed only for Gen2.2 cells incubated with IgG-opsonised p24-FluoSpheres 

in the absence of R-848. 

 

3.3.7.1 HIV-1 p24-specific opsonophagocytic IgG antibody responses versus Gen2.2 cell 

activation 

No correlations were observed between measures of HIV-1 p24-specific opsonophagocytic IgG Ab 

responses and activation of FluoSphere+ Gen2.2 cells in elite controllers or non-controllers. In 

contrast, viraemic controllers exhibited inverse correlations between HIV-1 p24-specific 

opsonophagocytic IgG Ab responses calculated using CPI and activation of Gen2.2 cells measured 

by % CD80+CCR7+ cells (r = -0.49, p = 0.007), MFI of CD80 (r = -0.57, p = 0.001), MFI of CCR7 

(r = -0.47, p = 0.01) and IL-6 production (r = -0.48, p = 0.009). Similarly, HIV-1 p24-specific IgG 

Ab responses calculated as MFI of p24-FluoSpheres correlated inversely with activation of Gen2.2 

cells measured by % CD80+CCR7+ cells (r = -0.49, p = 0.008), MFI of CD80 expression (r = -0.53, 

p = 0.003), MFI of CCR7 expression (r = - 0.49, p = 0.006) and IL-6 production (r = -0.49, p = 

0.007).  

 

3.3.7.2 Gen2.2 cell phagocytosis and activation versus p24-specific IgG antibody subclass 

levels 

Serum levels of HIV-1 p24-specific IgG1 or IgG2 Abs did not correlate with any measure of 

FluoSphere+ Gen2.2 cell activation in viraemic controllers or non-controllers. However, in elite 

controllers, HIV-1 p24-specific IgG1 Ab levels correlated inversely with activation of FluoSphere+ 

Gen2.2 cells meausred by % CD80+CCR7+ cells (r  = -0.38, p =0.04), MFI of CD80 expression (r = 

-0.51, p = 0.004) and IL-6 production (r = -0.46, p = 0.01). Similarly, the same inverse correlations 

were observed between HIV-1 p24-specific IgG2 Abs and activation of FluoSphere+ Gen2.2 cells 

meausred by % CD80+CCR7+ cells (r  = -0.38, p =0.04), MFI of CD80 expression (r = -0.51, p = 

0.004) and IL-6 production (r = -0.46, p = 0.01). 
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3.3.7.3 Activation of FluoSphere+ Gen2.2 cells by HIV-1 p24-specific opsonophagocytic IgG 

antibody responses did not correlate with plasma HIV-1 RNA level 

I also determined if HIV-1 p24-specific opsonophagocytic IgG Ab responses assayed in this study, 

and various measures of Ab-mediated FluoSphere+ Gen2.2 cell activation, correlated with plasma 

HIV RNA levels. There was an inverse correlation between HIV-1 p24-specific opsonophagocytic 

IgG Ab responses, measured as MFI of p24-FluoSpheres, and plasma HIV RNA level (r = -0.41, p 

= 0.03) in viraemic controllers alone. However, I did not observe any correlations between measures 

of Ab-mediated FluoSphere+ Gen2.2 cell activation and HIV RNA in any group.  

 



Chapter 3 

 

113 

 

 

Figure 3.7 IgG-mediated pDC activation inversely correlates with opsnophagocytosis only in HIV-1 viraemic controllers. 

Spearman’s correlation matrices were constructed for parameters of IgG-mediated phagocytosis and activation measured in the absence of R-848, in (A) 

elite controllers, (B) viraemic controllers and (C) non-controllers 
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 Discussion 

Understanding the mechanisms by which Ab-enhancement of pDC function may contribute to 

control of HIV-1 infection is of importance for improving HIV-1 vaccination strategies. Having 

shown that pDC-reactive opsonophagocytic Abs to p24 correlate with control of HIV-1 infection[182, 

322, 324], I investigated the effect that these Abs had on the activation of pDCs (Gen2.2 cells), in 

patients with chronic HIV-1 infection who were elite controllers, viraemic controllers or non-

controllers. In addition, I also investigated whether the synergistic effect of FcRIIa-TLR7 co-

stimulation on Gen2.2 activation was different between IgG preparations isolated from the three 

patient groups. It was not possible to examine the effect of HIV-1 p24-specific IgG Ab-mediated 

Gen2.2 cell activation on production of IFN-, as Gen2.2 cells did not produce IFN- when 

stimulated with TLR7 agonists. In addition, IL-6 production by Gen2.2 cells activated by HIV-1 

p24-specific IgG Abs did not differ between study groups, possibly because cell culture conditions 

were not optimised to detect differences in IL-6 production. However, I did demonstrate (to my 

knowledge for the first time) that HIV-1 p24-specific IgG Ab-mediated activation of pDCs could be 

evaluated by assessing cell surface expression of CD80 and CCR7 using a flow cytometry-based 

method that could potentially be used in routine practice. 

 

HIV-1 p24-specific opsonophagocytic IgG Abs of elite controllers and viraemic controllers induced 

lower activation of Gen2.2 cells than HIV-1 non-controllers as measured by % CD80+CCR7+ 

FluoSphere+ Gen2.2 cells and MFI of CD80 or CCR7 expression, despite exhibiting the highest 

opsonophagocytic IgG Ab responses. Moreover, it was shown that all measures of Gen2.2 cell 

activation inversely correlated with opsonophagocytic IgG Abs in HIV-1 viraemic controllers only. 

Together, these findings suggest that HIV-1 p24-specific IgG Abs of controllers are less prone to 

induce activation of pDCs than non-controllers and that this is observed particularly in viraemic 

controllers, who exhibit the strongest relationship between pDC-reactive HIV-1 p24-specific 

opsonophagocytic IgG Abs and control of HIV-1 replication[182, 324]. In addition, all measures of Ab-

mediated Gen2.2 activation did not correlate with HIV viral loads, suggesting that this measure of 

pDC activation is not associated with control of HIV-1 replication. Nevertheless, I did observe that 

the characteristics of Gen2.2 cell activation were particularly different in HIV elite controllers, 

whose Abs induced relatively higher upregulation of CD80 relative to CCR7, compared to viraemic 

controllers and non-controllers. Moreover, IgG of elite controllers and viraemic controllers had a 

higher synergistic effect of TLR7 co-stimulation on CD80+CCR7+ induction, compared to non-
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controllers, which suggests that although IgG Abs of HIV-1 controllers induced less overall 

activation, their Abs exhibit a higher synergism with TLR7 stimulation in the activation of pDC. 

 

pDC are efficient producers of type I IFN[264] and one of my primary aims was to determine whether 

Gen2.2 cells secrete IFN- upon activation. Interestingly, I found that R-848 stimulation of Gen2.2 

cells resulted in production of IL-6 production but not IFN-, whereas CpG (TLR9) stimulation of 

Gen2.2 resulted in both IL-6 and IFN- production. This phenomenon was not restricted to R-848 

as addition of ssRNA40 also resulted in IL-6 production without IFN- secretion. In fact, Di 

Domizio et al. demonstrated the same phenomenon after stimulation of Gen2.2 cells with the 

imidazoquinoline compound CL097[325]. Stimulation of Gen2.2 cells with CL097 did not result in 

IRF-7 nuclear translocation and instead activated an alternative TLR7-mediated activation pathway 

involving P38-MAPK and STAT1[325]. I extend these findings by showing that R-848 stimulation of 

Gen2.2 cells also resulted in phosphorylation of p65 subunit of NF-B. This non-canonical TLR7 

signalling in Gen2.2 cells may be a characteristic of transformed leukaemic pDC and indicates that 

Gen2.2 cells are not a suitable cell line for the measurement of TLR7-mediated IFN- production 

(discussed further in section 7.2.1). Thus, Gen2.2 cell activation was restricted to the measurement 

of pro-inflammatory cytokines as a readout.  

 

In the panel of candidate activation markers, I observed that stimulation of Gen2.2 cells with R-848 

or CpG resulted in a dose-dependent downregulation of CD32. We have previously shown that 

Gen2.2 cells express FcRIIa but not FcRIIb[182], and thus R-848 or CpG-mediated downregulation 

of CD32 on Gen2.2 cells is representative of the loss of FcRIIa expression. FcRIIa-downregulation 

is also likely to explain the finding that co-stimulation of Gen2.2 cells with R-848 and IgG Abs from 

viraemic controllers resulted in reduced opsonophagocytosis of p24-FluoSpheres. This inhibition, 

only observed with IgG of viraemic controllers, indicates that FcRIIa expression when 

downregulated, is a limiting factor to the particularly high levels/function of HIV-1 p24-specific 

opsonophagocytic IgG Abs uniquely observed in this patient group[182]. In contrast, the lower 

levels/function of opsonophagocytic IgG Abs of elite controllers and non-controllers are at the level 

where FcRIIa downregulation does not significantly impede uptake of IgG opsonised p24-

FluoSpheres. This provides further support for our previous findings that viraemic controllers have 

uniquely high opsonophagocytic IgG Abs to HIV-1 p24[182]. Of note, HIV-1 p24-specific 
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opsonophagocytic IgG Abs measured by MFI of p24-FluoSpheres correlated inversely with HIV-1 

RNA in viraemic controllers alone. 

 

The inverse relationship between HIV-1 p24-specific opsonophagocytic IgG Abs and Gen2.2 cell 

activation were observed in two ways: (i) opsonophagocytic Abs were low in HIV-1 non-controllers 

yet they induced the highest proportions of CD80+CCR7+ FluoSphere+ Gen2.2 cells, as well as the 

highest CCR7 expression on FluoSphere+ Gen2.2 cells and (ii) a direct inverse relationship was 

observed between measures of IgG-mediated phagocytosis and Gen2.2 activation in viraemic HIV-

1 controllers. These results demonstrate that IgG Abs of HIV controllers induce lower levels of 

activation than non controllers, as assessed by CD80 and CCR7 expression, which might be 

associated with less hyperactivation than is associated with HIV-1 disease progression[43, 50].  

 

In summary, HIV-1 p24-specific IgG Abs of HIV controllers induced lower pDC activation than 

non-controllers, as assessed by CD80 and CCR7 expression. It was not possible to determine the 

effect on IFN- production. It was also shown that the relative ratio of CD80:CCR7 induction with 

R-848 + IgG co-stimulation relative to IgG alone was higher in HIV controllers (both elite and 

viraemic) than non-controllers. This suggests that IgG of HIV-1 controllers have a greater 

synergistic effect with TLR7 activation, possibly due to a higher coordinated crosstalk between 

FcγRIIa-TLR7 signalling. Furthermore, it was noted that IgG of elite controllers resulted in higher 

expression of CD80 relative to CCR7, compared to either viraemic controllers or non-controllers. 

While the effect of CCR7 upregulation is chemotaxis to CCL19/21-rich T cell zones of lymphoid 

tissue, CD80 upregulation would lead to higher capacity to prime/activate other cells that express 

its ligand CD28, particularly T cells.  
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Chapter 4 Optimisation of a flow cytometry-based method to identify 

antigen-specific B cells 

 

 Introduction 

Methods to examine antigen-specific B cell phenotype and function are becoming increasingly 

sought after, particularly for analyses of vaccine-induced immune responses. ELISpot assays can 

enumerate both total and antigen-specific ASC and MBC. For examination of MBC, prior in vitro 

culture with polyclonal activators is required to initiate ASC differentiation and Ab production. 

However, B cell ELISpot assays have several limitations. Firstly, ELISpot assays are time and labour 

intensive, particularly for examination of MBC which may require up to an additional week of 

culture. Secondly, ELISpot assays provide no information about B cell phenotypes, which consist 

of several subsets with unique biology and activation-induced fates[154, 326, 327]. Moreover, MBC 

ELISpot assays rely on in vitro ASC differentiation, the quality of which is dependent on the 

combination of activating stimuli used[328, 329]. Finally, since the detection of plate-bound secreted 

Abs occurs after removal of cells, an ELISpot assay is unable to isolate antigen-specific ASCs. Flow 

cytometry-based methods for detecting antigen-specific B cells largely overcomes these limitations. 

Flow cytometry can enumerate cells without the need for activation and can phenotypically 

characterise cellular subsets. In addition, flow cytometry-based methods are compatible with 

fluorescence-activated cell sorting (FACS) and can be used to isolate rare B cell subsets for 

downstream functional, transcriptomic and clonotypic characterisation and Ig cloning. However, 

flow cytometric examination of B cells has been largely restricted to analyses of bulk B cells which 

may not faithfully depict the biology of antigen-specific B cell responses. 

 

Unlike peptide-MHC tetramers for analyses of antigen-specific T cells, fluorescent probes to detect 

antigen-specific B cells are not well established, nor are they commercially available. Probes to 

distinguish antigen-specific B cells usually involve conjugating the antigen of interest to a 

fluorochrome, either in a monomeric, trimeric or tetrameric configuration using a streptavidin-biotin 

system[168] or via direct chemical conjugation[330]. Thus, while TCRs bind ‘presented’ antigen in the 

form of peptide-loaded MHC molecules, which can be predictably constructed for a given TCR 

clonotype, BCRs bind intact, unprocessed antigen, and thus are more likely to exhibit reactivity with 

biological molecules in their native form. Indeed within the B cell repertoire, a fraction of B cells 

are either specific or polyreactive for fluorochromes that include phycoerythrin (PE)[91, 326, 327, 331-
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333] and allophycocyanin (APC)[91, 327, 333]. This is particularly problematic as these phycobiliproteins 

exhibit among the highest fluorescence staining indices[334], and their intrinsic brightness is 

necessary for the optimal resolution of rare antigen-specific cells. In addition to good panel design 

that minimises spill-over and ‘spread’ following fluorescence compensation in critical channels, and 

inclusion of dump channels and viability dyes that exclude potentially ‘sticky’ cells[332], methods to 

counteract fluorochrome-associated background include pre-treatment with ‘decoy’ reagents to 

exclude fluorochrome binding B cells[331], and usage of small fluorochromes such as AlexaFluor™ 

dyes or polymer-based dyes, such as brilliant violet (BV)421, that reduce probability of BCR-

reactivity in comparison to potentially epitope-rich phycobiliproteins[332]. Additionally, poly-

conjugation of antigens to a single fluorochrome (for example, antigens tetramerised to a 

fluorochrome) that increases binding avidity for the antigen but not the fluorochrome are also 

utilised[168, 331]. 

 

My primary aim was to develop a flow cytometry-based technique for the detection of antigen 

specific MBC, with the potential for the method to be adapted to examination of HIV-1 p24-specific 

B cells. To this end, I first sought to establish a general assay to detect antigen-specific MBC to a 

model antigen, tetanus toxoid (TTd), a component of the ADT vaccine. TTd vaccination induces 

robust TTd-specific Ab responses driven by a large expansion of both TTd-specific ASC and MBC 

and thus is an ideal model for the work up and verification of a method to detect antigen-specific B 

cells. I describe a technique that utilises a combination of two fluorescent antigen probes, each with 

antigen tetramerically conjugated to spectrally separate fluorochromes, to identify TTd-specific B 

cells. 
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 Methods 

4.2.1 Study groups and sample collection 

The samples used in the study reported in this chapter were either from (i) archived peripheral blood 

mononuclear cells (PBMC) and plasma samples from a cohort of 66 adult patients with active or 

latent tuberculosis (TB) recruited in Perth, Western Australia and described elsewhere[335], or (ii) 

PBMC obtained from healthy adults prior to and at days 7, 14 and 21 following receipt of a routine 

ADT booster vaccination. Informed consent was obtained from all participants. Lithium heparin 

anti-coagulated blood was centrifuged at 1000 x g for 10 mins with low brake and subsequently 

plasma and buffy coat fractions were collected by manual pipetting. The plasma was stored at -80⁰C. 

PBMC were isolated from the buffy coat via Ficoll®-Paque (GE Healthcare; Uppsala, SE) assisted 

differential density centrifugation and subsequently resuspended in cryoprotectant consisting of 

HIFBS (US origin; Gibco, Grand Island, NY) containing 10% dimethylsulfoxide (Sigma-Aldrich; 

Castle Hill, AU) prior to cryopreservation in liquid nitrogen. 

 

4.2.2 Preparation of TTd tetramers 

TTd protein (Statens Serum Institut, DK) was conjugated to biotin via amide linkage following 

reaction of TTd with N-hydroxysuccinimide (NHS) biotin ester (EZ-link sulfo-NHS-LC-biotin 

labelling kit, ThermoFisher Scientific, Rockford, IL).  Excess free biotin was removed with size-

exclusion chromatography using Zeba™ 7 kDa molecular weight cut-off desalting columns 

(ThermoFisher Scientific). The degree of biotinylation was determined to be 6 biotin molecules per 

molecule of TTd, as measured with the HABA/Avidin biotin quantification kit (ThermoFisher 

Scientific). Tetramers were created by reacting biotin-TTd with either streptavidin-PE, streptavidin-

BV421 or streptavidin-AF647 at 4:1 molar ratios (or 1:1 for monomers) for 20 mins, on ice, and 

centrifuged at maximum speed (18,000 x g) for 10 mins (4°C) to remove aggregates[168]. In some 

experiments, an ‘empty’ tetramer control was created using the same method; instead of biotin-TTd, 

an equivalent volume of PBS (Sigma-Aldrich) containing 1% BSA (AusgeneX, Loganholme, AU) 

was used.  
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4.2.3 Flow cytometry 

Unless otherwise stated, 1x107 cryopreserved PBMC were thawed in RPMI 1640 (Gibco) 

supplemented with 10% FBS (Gibco) and centrifuged for 300 x g for 7 mins. In some experiments, 

PBMC were further magnetically bead-enriched for B cells using the EasySep™ Human Pan-B cell 

enrichment kit (19554) or the EasySep™ Human B cell enrichment kit without CD43 depletion 

(19054) with the EasySep™ Magnet system (StemCell Technologies Inc., Vancouver, CA) to assist 

with flow cytometry acquisition on the BD FACS Canto II. While kit 19554 was suitable for 

assessment of MBC, a proportion of PB and PC express CD43. As such, experiments that included 

assessment of PB utilised kit 19054. A cocktail of fluorochrome-labelled Abs was then added to 

cells with TTd probes for 30 mins at room temperature and washed twice by the addition of 2mL 

FCB. For Ab cocktails that included a combination of Brilliant Violet or Brilliant Blue 

fluorochromes, brilliant stain buffer (BD Biosciences, San Jose, CA) was used as a pre-mix diluent 

according to the manufacturer’s protocol. The panels utilised in this results chapter are shown in 

Table 4.1, Table 4.2, Table 4.3 and Table 4.4. Flow cytometry machines utilised for this study 

were: 3-laser (405nm, 488nm, 633nm) BD FACS Canto II (BD Biosciences) and 4-laser (405nm, 

488nm, 561nm, 637nm) Invitrogen Attune NxT acoustic focusing flow cytometer (ThermoFisher 

Scientific). Panels were designed to prioritise resolution of the PE (BL-2) channel on the FACS 

Canto II. On the Attune NxT, the channels prioritised for resolution were BV421 (VL-1) and AF647 

(RL-1). Flow cytometry data were analysed using FlowJo software (TreeStar Inc., Ashland, OR). 

Abs were used at concentrations pre-titrated to obtain optimal fluorescent stain indices. Where 

possible, mAb clones or polyclonal Ab (pAb) were chosen from peer-reviewed optimised 

multicolour immunofluorescence panels published in Cytometry Part A[336].  
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Table 4.1 Panel 1 for the detection of TTd-specific MBC on the 3-laser configuration BD FACS 

Canto II  

Ex λ Detector Filter Fluor Marker Clone/Form Manufacturer (Item#) 

405 VL-1 450/50 V450 CD27 M-T271 BD Horizon™ 560448 

 VL-2 510/50 BV510 IgD IA6-2 BD Horizon™ 563034 

488 BL-1 530/30 FITC IgG G18-145 BD Pharmingen™ 555786 

 BL-2 585/42 PE TTd(biotin) StreptAvidin BD Pharmingen™ 554061 

 BL-3 670 LP 
PerCP-

Cy5.5 
CD3 SK7 BD Biosciences 340949 

633 RL-1 660/20 APC IgM G20-127 BD Pharmingen™ 551062 

 RL-2 780/60 APC-H7 CD20 2H7 BD Pharmingen™ 560734 

 

Table 4.2 Panel 2 for the detection of TTd-specific PB on the 3-laser configuration BD FACS 

Canto II 

Ex λ Detector Filter Fluor Marker Clone/Form Manufacturer (Item#) 

405 VL-1 450/50 V450 CD27 M-T271 BD Horizon™ 560448 

488 BL-1 530/30 FITC IgG G18-145 BD Pharmingen™ 555786 

 BL-2 585/42 PE TTd(biotin) StreptAvidin BD Pharmingen™ 554061 

 BL-3 670 LP PerCP-

Cy5.5 

CD3 SK7 BD Biosciences 340949 

633 RL-1 660/20 APC CD38 HIT2 BD Pharmingen™ 555462 

 RL-2 780/60 APC-H7 CD20 2H7 BD Pharmingen™ 560734 

 

Table 4.3 Panel 3 for the detection of TTd-specific IgG+ B cell subsets on the 4-laser 

configuration Attune NxT 

Exc. λ Detector Filter Fluor Marker Clone/Form Manufacturer (Item#) 

405 VL-1 440/50 BV421 TTd(biotin) StreptAvidin BD Horizon™ 563259 

 VL-2 512/25 V500 CD3 UCHT-1 BD Pharmingen™ 561416 

488 BL-1 530/30 FITC IgG G18-145 BD Pharmingen™ 555786 

 BL-2 695/40 7-AAD Viability n/a BD Pharmingen™ 559925 

561 YL-1 585/16 PE CD27 M-T271 BD Pharmingen™ 555441 

637 RL-1 670/14 AF647 TTd(biotin) StreptAvidin BioLegend 405237 

 RL-2 780/60 APC-H7 CD20 2H7 BD Pharmingen™ 560734 
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Table 4.4 Panel 4 for the detection of TTd-specific B cell subsets on the 4-laser configuration 

Attune NxT 

Exc. λ Detector Filter Fluor Marker Clone/Form Manufacturer (Item#) 

405 VL-1 440/50 BV421 TTd(biotin) StreptAvidin BD Horizon™ 563259 

 VL-2 512/25 BV510 CD20 MS4A1 BD Horizon™ 563067 

 VL-3 603/48 FVS 575V Viability n/a BD Horizon™ 565694 

488 BL-1 530/30 BB515 CD27 M-T271 BD Horizon™ 564642 

 BL-3 695/40 PerCP-

Cy5.5 

CD3 SK7 BD Biosciences 332771 

PerCP-

Cy5.5 

CD14 M5E2 BD Pharmingen 550787 

BB700 CD56 NCAM16.2 BD Horizon™ 566573 

561 YL-1 585/16 PE IgA Goat pAb Southern Biotech 2050-09 

 YL-2 620/15 PE-CF594 IgM G20-127 BD Horizon™ 562539 

 YL-4 780/60 PE-Cy7 IgG G18-145 BD Pharmingen 561298 

637 RL-1 670/14 AF647 TTd(biotin) StreptAvidin BioLegend 405237 

 RL-2 720/30 AF700 IgD IA6-2 BD Pharmingen 561302 

 RL-3 780/60 APC-H7 CD38 HB7 BD Biosciences 656646 

 

4.2.4 Induction of in vitro antibody production  

Cryopreserved PBMC were thawed in RPMI 1640 supplemented with 10% FBS, 100U/mL 

penicillin, 100μg/mL streptomycin (culture media; Gibco) and centrifuged at 300 x g for 7 mins. 

Live cells were enumerated by diluting an aliquot of the cell suspension in Trypan Blue exclusion 

dye (Sigma-Aldrich) and subsequently visualised by light microscopy in a Neubauer 

haemocytometer. 1x106 PBMC were cultured in a final volume of 1mL of culture media in Corning 

24-well tissue culture-treated polystyrene plates for 7 days at 37⁰C, 5% CO2. In stimulated wells, 

recombinant human IL-21 (PeproTech, Rocky Hill, NJ) and MEGACD40L® oligomer (Enzo Life 

Sciences, Farmingdale, NY) were used at final concentrations of 25ng/mL and 50ng/mL, 

respectively. Unstimulated controls contained cells in culture media alone. After 7 days, plates were 

centrifuged at 300 x g for 7 mins and the supernatants were collected and stored at -80⁰C.  
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4.2.5 TTd-specific IgG antibody ELISA 

Lithium heparin anti-coagulated plasma or culture supernatants were stored at -80°C and thawed 

just prior to addition to ELISA plates. Costar half-area 96 well plates were coated with TTd 

(20μg/mL; Statens Serum Institut) overnight at 4°C. The following day, plates were washed with 

PBS containing 0.05% Tween20 (PBS-T) and blocked with 5% BSA/PBS for 1 hr at room 

temperature. Samples were assayed in duplicate, serially diluted in 2%BSA/PBS (assay diluent) for 

2 hrs at room temperature. Samples were compared to a plasma sample with high levels of TTd-

specific IgG Abs as an arbitrary standard and values were expressed as arbitrary units/mL (AU/mL). 

The plates were further washed with PBS-T and HRP-conjugated goat anti-human IgG (Sigma-

Aldrich), diluted 1:4000 in assay diluent, was added to each well for 1hr at room temperature. Plates 

were washed and 3, 3’, 5, 5’-tetramethylbenzidine containing H2O2 (BD Biosciences) was added to 

initiate colourimetric reaction. The reaction was terminated with 1M H2SO4 (AnalaR; BDH 

chemicals, Poole, UK) and the end-point optical density of each well (λ = 450nm), was measured 

using the SpectraMax 190 microplate reader (Molecular Devices, Sunnyvale, CA) with Softmax pro 

software (Molecular Devices).  

4.2.6 Statistical testing 

Statistical testing was performed on GraphPad Prism (v5.04). For all tests, the significance threshold 

was set at p < 0.05. Mann-Whitney U tests were performed for between-group comparisons. For a 

within-group comparison comprising of a repeated measure, Wilcoxon’s matched-pairs signed rank 

test was performed. When comparing more than two groups comprised of repeated measures, a non-

parametric one-way analysis of variance (Friedman test) was performed with Dunn’s post-hoc test.  

To determine correlations between two variables, Spearman’s rank-order correlations were 

performed.
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 Results 

4.3.1 Two-step detection with biotinylated TTd followed by secondary staining with 

streptavidin-PE identifies TTd+ B cells 

For the initial experiment, I screened 8 archived PBMC samples from healthy donors with unknown 

vaccination histories. I postulated that if circulating TTd-specific MBC were present in a PBMC 

sample, TTd-specific IgG Abs would be produced in culture supernatants following polyclonal 

activation of MBC, the levels of which would correlate with TTd-binding B cells assayed by flow 

cytometry. 2x106 PBMC per sample were examined for TTd-specific memory B cells by flow 

cytometry. PBMC were incubated with biotinylated TTd or FCB only for 30 mins, washed twice 

with FCB, and streptavidin-PE was subsequently added for 30 mins to detect cell surface-bound 

TTd (referred from hereon as ‘two-step detection’). In parallel, a remaining 1x106 PBMC from each 

sample was either cultured in the presence or absence of IL-21 (25ng/mL) and CD40L (50ng/mL) 

for 7 days to induce Ab production. At the end of the incubation period, supernatants were collected 

and stored at -80°C for subsequent analyses. 

 

Quantification of TTd-specific IgG Abs in supernatants of IL-21 + CD40L stimulated samples by 

ELISA revealed detectable levels of TTd-specific IgG Abs from the PBMC of three individuals: 

HD2, HD4 and HD8 (Figure 4.1A). TTd-specific IgG Ab production was highest in the supernatant 

of HD8, suggesting that this individual had been recently vaccinated. In the corresponding PBMC 

samples, total memory B cells (CD3-CD20+CD27+) and IgM+IgD+, IgG+ and IgA+ (IgM-IgD-IgG-) 

MBC subsets were identified (Figure 4.1B) and assessed for surface expression of TTd-PE. 

Although SA-PE only treated samples exhibited little background binding to TTd (Figure 4.1C), 

placement of the TTd-PE+ gate in TTd/SA-PE treated samples was difficult due to ‘smearing’ that 

resulted in poor resolution of an intuitive positive fluorescence threshold. Thus, a conservative TTd-

PE+ gate was set in total, IgM+IgD+, IgG+ and IgA+ populations (Figure 4.1D-G). Consistent with 

levels of TTd-specific IgG production following stimulation, HD2, HD4 and HD8 exhibited TTd 

binding MBC. Overall, TTd+ cells were most enriched in the IgG+ MBC subset (Figure 4.1H). A 

trend was observed showing a correlation between levels of TTd-specific IgG Abs produced 

following IL-21 + CD40L stimulation and frequencies of total (r = 0.63, p = 0.10; Figure 4.1I) and 

IgG+ TTd-PE+ MBC (r = 0.60, p = 0.12) but did not reach statistical significance due to small sample 

size. This relationship was not observed for IgM+IgD+ or IgA+ TTd-PE+ MBC (Figure 4.1J & L). 
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This experiment demonstrated that TTd-binding MBC were present in PBMC samples of individuals 

whose MBCs produced TTd-specific IgG Abs following IL-21 + CD40L stimulation.  
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Figure 4.1 Two step detection identifies TTd+ MBC  

(A) 1x106 PBMC from 8 healthy donors were stimulated with IL-21 (25ng/mL) and CD40L (50ng/mL), or cultured in 

media alone, for 7 days, and TTd-specific IgG production in the supernatant was measured by ELISA. In parallel, 2x106 

unstimulated PBMC from the same individuals were assessed for surface binding to TTd. (B) MBC were identified as 

CD3-CD20+CD27+ cells. Within the MBC population a quadrant gate was set and IgM+IgD+ cells were identified as the 

double positive population. Within the double negative population, IgG+ and IgA+ (IgM-IgD-IgG-) MBC subsets were 

further identified. Total MBC subsets were examined in (C) SA-PE only or (D-G) TTd + SA-PE treated samples. In 

TTd + SA-PE treated samples, TTd binding B cells were further examined in (E) IgM+IgD+, (F) IgG+ and (G) IgA+ 

MBC subsets. (H) Mean frequencies of TTd binding B cells (% of population) are shown for the MBC subsets. 

Spearman’s correlations between levels of TTd-specific IgG following IL-21 + CD40L stimulation and frequencies of 

TTd binding B cells in (I) total, (J) IgM+IgD+, (K) IgG+ and (L) IgA+ MBC are shown. 
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4.3.2 Detection of TTd-specific memory B cells and antibody-secreting cells with 

tetrameric TTd-streptavidin-PE probes 

While the two-step detection method utilised in the prior experiment identified TTd-binding MBC 

in those individuals whose PBMC produced TTd-specific IgG Abs following IL-21 + CD40L 

stimulation, it was not capable of resolving TTd+ MBC into clear positive and negative populations. 

An alternative method described by Franz et al. utilises fluorescent antigen tetramers that provide 

sensitive detection of TTd-specific B cells[168], including post-vaccination TTd-specific PB and 

MBC. Since each streptavidin molecule possesses four biotin binding sites, tetramers of TTd can be 

constructed by reacting streptavidin-PE with a four-molar excess of biotinylated TTd[168, 331, 332]. To 

test whether TTd tetramerisation enhances the resolution of TTd+ B cells, TTd tetramers or 

monomers were constructed by reacting biotinylated TTd with streptavidin-PE at 4:1 or 1:1 molar 

ratios, respectively, for 20 mins on ice. Tetrameric and monomeric probes were then added to 1x107 

PBMC isolated from an individual prior to, and at 7 days following, receipt of an ADT booster, at 

either 0.5nM or 5nM concentrations (in accordance with typical binding affinities of TTd-specific 

B cells[168]) for 30 mins at room temperature. In addition, the two-step detection method utilised in 

the prior experiment was tested alongside these conditions as a comparison. These conditions were 

examined for their ability to resolve and detect clonally expanded MBC and ASC one week 

following vaccination. 

 

TTd-PE binding was assessed in MBC (CD3-CD20+CD27+) and ASC (CD3-CD20-CD27++; Figure 

4.2A). Within MBC, a degree of background non-TTd-specific staining was evident in SA-PE only 

controls, both at at 0.5nM and 5nM concentrations (Figure 4.2B). In general, pre-conjugation of 

antigen to PE as either tetramers or monomers did not result in the same ‘smear’ pattern that is 

observable with two-step detection (Figure 4.2B). When comparing pre-ADT and D7 post-ADT 

samples for each staining condition, an increase in TTd-PE+ MBC frequency was observed using 

tetramerised TTd-PE at 5nM alone and not with PBMC treated with 5nM monomeric TTd, 0.5nM 

of either tetrameric or monomeric TTd, or two-step detection (Figure 4.2B). When examining ASC, 

it was interesting to note that the ‘smear’ pattern did not occur as with two-step detection of MBC, 

and background non-TTd-specific binding in SA-PE only controls was minimal at 0.5nM or 5nM 

(Figure 4.2C). Because of the lack of ‘smearing’ in ASC, the expansion of TTd-specific ASC at 

day 7 was resolved best by the two-step detection method. Staining with TTd tetramers at 5nM did 

resolve day 7 ASC, but to a lesser degree (Figure 4.2C). Staining with 0.5nM of tetrameric TTd, or 

either concentration of monomeric TTd, was incapable of identifying TTd-PE+ ASC. These data 
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show that staining with TTd tetramers at 5nM is the only condition capable of resolving both TTd-

binding MBC and day 7 ASC. It also highlights that antigen-specific tetramer staining characteristics 

differ between MBC and ASC. 
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Figure 4.2 5nM TTd tetramers identify TTd+ MBC and D7 TTd+ PB 

PBMC from a healthy donor obtained before and 7 days following ADT vaccination were treated 

with SA-PE only, TTd-PE tetramers, or TTd-PE monomers at 0.5nM or 5nM concentrations, or with 

two step detection method. (A) Following identification of single cells and CD3- lymphocytes, Ab 

secreting cells (CD20-CD27++) and memory B cells (CD20+CD27+) were gated. (B) Percentages of 

TTd-PE+ cells are shown for the MBC population for each condition. (C) Percentages of TTd-PE+ 

cells are shown for the ASC population for each condition.  
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4.3.3 TTd-PE+ IgG+ MBC frequencies correlate with plasma levels of TTd-specific IgG 

antibodies in a cohort of patients with unknown and known vaccination histories  

TTd-PE tetramers were next tested for their ability to detect TTd-specific memory B cells in two 

cohorts of study participants. Firstly, archived PBMC and plasma samples were investigated in a 

cohort of patients with either latent or active TB (TB cohort) with unknown TTd vaccination 

histories described elsewhere[335]. The other cohort consisted of 10 ADT-vaccinated healthy adults 

who donated blood prior to and at days 7, 14 and 21 following vaccination. I hypothesised that the 

frequency of TTd tetramer-binding MBC would correlate with plasma levels of TTd-specific IgG 

Abs in each study group. 

 

First, plasma samples for all patients in the TB cohort (n=66) were assayed for TTd-specific IgG 

Abs by ELISA. 7 (11% of) patients exhibited plasma TTd-specific IgG Abs below the limit of 

detection (104 AU/mL at the top plasma dilution of 1/300). The remaining patients exhibited TTd-

specific IgG Ab levels between 104-107 AU/mL. When examining the distribution of patients for 

every log increase in plasma TTd-specific IgG Abs, 19 (29% of) patients exhibited levels between 

104-105 AU/mL, 30 (45% of) patients exhibited levels between 105-106 AU/mL and 10 (15% of) 

patients exhibited levels >106 AU/mL (Figure 4.3A). TTd-PE+ MBC frequencies were next 

enumerated in a subset of this cohort (n=30) by tetramer staining. Contingent upon available PBMC 

samples, two sub-groups were formed: 15 patients that exhibited the highest plasma levels of TTd-

specific IgG Abs and 15 of those that exhibited the lowest (Figure 4.3B). To decrease flow 

cytometry acquisition time on the BD FACS Canto II, an additional step of magnetic B cell 

enrichment was performed (kit 19554, StemCell Technologies Inc.) just prior to addition of the Ab 

cocktail and TTd-PE tetramers. Patients with high levels of TTd-specific IgG Abs exhibited higher 

frequencies of TTd-PE+ IgG+ MBC than those with low levels (p=0.001; Figure 4.3C). This is 

further demonstrated in representative scatterplots of 5 patients with the highest and lowest TTd-

specific IgG Ab levels (Figure 4.3D). In the combined subset of patients with high and low TTd-

specific plasma IgG Abs (n=30), plasma levels of TTd-specific IgG Abs correlated with frequencies 

of total TTd-PE+ MBC (r=0.56, p<0.0014; Figure 4.3E) and with frequencies of IgG+ TTd-PE+ 

MBC (r=0.60, p=0.0004; Figure 4.3F). However, no correlations were found between TTd-specific 

IgG Ab levels and frequencies of TTd-PE+ IgM+IgD+ (r=0.08, p=0.65; Figure 4.3G) or IgM-only 

memory (r=-0.08, p=0.67; Figure 4.3H) B cells.  
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Figure 4.3 Frequencies of TTd+ IgG+ MBC correlate with TTd-specific IgG+ antibodies in a 

cohort with unknown vaccination histories 

(A) 66 patients from the TB cohort were screened for levels of TTd-specific IgG Abs in stored plasma samples by 

ELISA. Shown in the pie chart is the distribution of patients segregated by log increments of plasma TTd-specific IgG 

Ab levels. (B) Two groups of patients were chosen based on their IgG level: those that exhibited the lowest TTd Ab 

levels (n=15) and those that exhibited the highest TTd Ab levels (n=15), subject to the availability of contemporaneous 

PBMC samples. (C) Frequency of TTd-PE+ IgG+ MBC in each sub-group is shown. (D) Scatterplots of TTd-PE+ IgG+ 

memory B cells in 5 representative patients with the highest (top row), and 5 with the lowest (bottom row), levels of 

TTd-specific IgG Abs. Labelled above each plot are patient codes (TB-x) and TTd-specific IgG Ab levels (AU/mL). 

Spearman’s correlations between TTd-specific IgG Ab levels and (E) total, (F) IgG+, (G) IgM+IgD+ and (H) IgM-only 

TTd-PE+ MBC frequencies are shown. 
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Next, B cell-enriched (kit 19504, StemCell Technologies Inc.) PBMC from 10 healthy donors 

donated prior to and at 7, 14 and 21 days following receipt of an ADT booster vaccination were 

assessed for TTd-specific MBC and ASC frequencies and compared with levels of TTd-specific IgG 

Abs in contemporaneous plasma samples. To first confirm that these individuals mounted a vaccine 

response, plasma TTd-specific IgG Abs were measured by ELISA. Median plasma TTd-specific 

IgG Ab levels increased from pre-vaccination levels at day 7 (p<0.05) and reached maximal levels 

at days 14 and 21 (p<0.0005 for both, in comparison to pre-vaccination; Figure 4.4A). Additionally, 

total ASCs, which are generally near absent in peripheral blood of healthy individuals at steady state, 

were highest in median frequency at day 7 compared to pre-vaccination (p<0.005), day 14 (p<0.05) 

and day 21 levels (p<0.05; Figure 4.4B), demonstrating that a population of differentiated B cells 

transiently expanded one week following vaccination. The kinetics of total ASCs mirrored that of 

the TTd-specific ASC response, as median TTd-PE+ IgGlo ASC frequencies at day 7 were also 

significantly higher than that of pre-vaccination (p < 0.005), day 14 and day 21 levels (p < 0.05 for 

both; Figure 4.4C). When examining MBC subsets, the frequency of TTd-PE+ IgG+ MBC was 

significantly higher than pre-vaccination levels only at day 14 (p < 0.05; Figure 4.4D), indicating 

that TTd-PE+ IgG+ MBC expanded maximally at this time point. Median frequencies of TTd-PE+ 

IgM+IgD+ MBC were also significantly higher at day 7 than pre-vaccination levels (p < 0.05; Figure 

4.4E). No change in median frequencies of TTd-specific IgM-only MBC were observed (Figure 

4.4F). 

 

Frequencies of TTd-PE+ ASC and MBC were then related to plasma levels of TTd-specific IgG Abs. 

A moderate correlation of marginal significance (due to small sample size) between day 7 TTd-PE+ 

IgGlo ASC frequency and TTd-specific IgG Ab levels at day 14 was observed (r=0.62, p=0.06; Table 

4.5), suggesting that the magnitude of day 7 ASC expansion is related to plasma IgG Ab levels at 

later time points. When analysing all individuals across all time points (n=40), TTd-specific IgG Ab 

levels correlated with TTd-PE+ IgG+ MBC (r=0.61, p < 0.0001; Table 4.6). A trend toward moderate 

correlations between contemporaneous levels of TTd-specific IgG Abs and frequencies of TTd-PE+ 

IgG+ MBC were observed at day 14 and 21 but did not reach significance due to limited sample size 

(Table 4.7). These experiments demonstrated that the kinetics of TTd-specific IgG+ MBC and ASC 

expansion detected with tetramer staining following vaccination are consistent with those reported 

by others[168-170]. Moreover, as hypothesised, TTd-specific IgG Abs and frequencies of TTd-specific 

IgG+ MBC correlated in both cohorts examined. In contrast, frequencies of TTd-PE+ IgM+IgD+ or 
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IgM-only MBC populations did not correlate with plasma TTd-specific IgG Abs in either cohort, 

nor did they expand to the same degree as their IgG+ counterparts following ADT vaccination. 

 

 

 

Figure 4.4 Frequencies of TTd+ MBC and TTd+ PB subsets following ADT vaccination 

Plasma and PBMC samples of 10 individuals were collected before and at days 7, 14 and 21 

following ADT vaccination. Median(IQR) levels of measured parameters are shown in solid lines, 

and individual samples are denoted by dotted lines. Shown are levels of (A) TTd-specific IgG Abs 

in plasma as assayed by ELISA. Frequencies of (B) total ASC, (C) TTd-PE+ IgGlo ASC, (D) TTd-

PE+ IgG+ MBC, (E) TTd-PE+ IgM+IgD+ MBC and (F) IgM-only MBC were enumerated by flow 

cytometry. Differences between the median Ab levels or cell subset frequencies at each time point 

were calculated using the Friedman test (one-way ANOVA with repeated measures) and Dunn’s 

post hoc test. *, ** and *** indicate p < 0.05, p < 0.005, p < 0.0005, respectively. 

  



Chapter 4 

 

135 

 

Table 4.5 Spearman’s correlations between TTd-PE+IgGlo ASC frequency at D7 and plasma 

levels of TTd-specific IgG Abs at days 7, 14 and 21 in all individuals. 

Comparison (10 individuals, n=10) Correlation 

D7 TTd-PE+ IgGlo ASC freq vs. D7 plasma IgG Ab level r = 0.52, p = 0.13 

D7 TTd-PE+ IgG+ MBC freq vs. D14 plasma IgG Ab level r = 0.62, p = 0.06 

D7 TTd-PE+ IgG+ MBC freq vs. D21 plasma IgG Ab level r = 0.44, p = 0.20 

 

 

Table 4.6 Spearman’s correlations between TTd-PE+ MBC frequency within IgG+, IgM+IgD+ 

and IgM-only subsets and plasma levels of TTd-specific IgG Abs in all individuals across all 

timepoints. 

Comparison (10 individuals, 4 timepoints, n=40) Correlation 

TTd-PE+ IgG MBC freq vs. plasma IgG Ab level r = 0.61, p < 0.0001 

TTd-PE+ IgM+IgD+ MBC freq vs. plasma IgG Ab level r = 0.09, p = 0.60 

TTd-PE+ IgM-only MBC freq vs. plasma IgG Ab level r = 0.10, p = 0.54 

 

 

Table 4.7 Spearman’s correlations between TTd-PE+ MBC frequency within IgG+, IgM+IgD+ 

and IgM-only subsets and contemporaneous plasma levels of TTd-specific IgG Abs in all 

individuals 

Comparison (10 individuals, contemporaneous, n=10) Correlation 

Pre-vaccination: TTd-PE+ IgG MBC freq vs. plasma IgG Ab level r = 0.20, p = 0.56 

D7: TTd-PE+ IgG+ MBC freq vs. plasma IgG Ab level r = 0.05, p = 0.90 

D14: TTd-PE+ IgG+ MBC freq vs. plasma IgG Ab level r = 0.50, p = 0.15 

D21: TTd-PE+ IgG+ MBC freq vs. plasma IgG Ab level r = 0.48, p = 0.15 
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4.3.4 Pre-treatment of B cell-enriched PBMC with saturating concentrations of 

unlabelled TTd reveal non-TTd specific background binding 

Tetramers contain TTd, but the possibility that B cells bind other parts of the tetramer, including 

streptavidin, biotin or PE, cannot be excluded. One way of testing whether binding is specific to 

epitopes of TTd rather than to other components of the tetramer, is to pre-treat B cells with a molar 

excess of soluble (biotin unlabelled) TTd, prior to addition of tetramers. In doing so, tetramer 

binding is competitively inhibited by the occupation of TTd-specific BCRs with unlabelled TTd. 

Thus, any residual PE+ events that remain following pre-treatment of cells with excess unlabelled 

TTd are indicative of B cells that bind non-TTd portions of the tetramer. For comparison, cells were 

otherwise pre-treated with an equivalent molar excess of an irrelevant protein (HIV-1 p24; Protein 

Sciences Corp, Meriden CT) as a control. PBMC of two individuals collected 7 days following ADT 

vaccination were examined as both TTd-specific PB (CD20-CD27++CD38+) and MBC (Figure 

4.5A) are expanded at this time point. Pre-treatment with 100M excess of unlabelled TTd, but not 

HIV-1 p24, for 30 mins at room temperature, prior to tetramer staining, abolished the signal in TTd-

PE+IgGlo PB (Figure 4.5B). On the other hand, compared to p24 pre-treated samples, TTd pre-

treatment reduced TTd-PE+ signal in MBC but residual signal was observed, indicating that a 

proportion of the MBC bound to other components of the tetramer, most likely, to PE (Figure 4.5C). 

Thus, further strategies were required to further refine the specificity of detection.  
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Figure 4.5 TTd+ MBC exhibit background binding to TTd tetramers  

(A) The gating strategy to identify total MBC (CD20+CD27+) and PB (CD20-CD27++CD38+) is 

shown. The effect of pre-treating cells with a 100 molar excess of irrelevant protein (p24) or 

unlabelled TTd prior to addition of TTd-PE tetramers is shown for (B) PB and (C) MBC of two 

donors at day 7 post-ADT (TTd-01 – top row, TTd-02-bottom rows).  
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Dual staining with TTd tetramers on spectrally separate fluorochromes allows flow cytometric 

exclusion of non-specific B cells 

Non-TTd-specific binding to tetramers observed in both IgG+ and IgG- MBC populations in the prior 

experiment indicated that some B cells bound structural components of the tetramer. Indeed, protein-

based fluorochromes that include PE and APC, exhibit epitopes that are bound by a proportion of 

circulating B cells[91, 326, 327, 331, 333] . One approach to reduce this occurrence would be to utilise 

fluorochromes that are less likely than phycobiliproteins to be recognised by BCRs, for example 

low molecular weight AlexaFluor™ dyes, or polymer-based Brilliant Violet dyes. An additional 

strategy to further refine the detection of TTd-specific cells is to co-stain with a combination of two 

tetramers at equivalent concentrations that are each conjugated to different fluorochromes. 

Application of a quadrant gate then allows distinction between fluorochrome-binding B cells and 

TTd-binding B cells (Figure 4.6A). In theory, cells that bind TTd epitopes of each tetramer will 

align at a 45 angle in the double-positive quadrant (blue region, Figure 4.6A), as a single B cell 

binding the same TTd epitope will bind equally to both tetramers, thereby exhibiting proportional 

fluorescence intensities. In contrast, single positive events (outlined as red and purple regions, 

Figure 4.6A) are B cells that bind exclusively to one tetramer but not the other and thus represent 

fluorochrome-binding B cells. Cells that bind both tetramers disproportionately (outlined in faded 

red and faded purple regions, Figure 4.6A) cannot be identified as TTd-specific cells with certainty 

(see discussion) and are thus excluded from the analysis. Thus, the combination of staining with two 

tetramers allows the retrospective exclusion of non-TTd binding B cells upon analysis.  
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Figure 4.6 Dual TTd tetramer staining enhances sensitivity of detecting TTd-specific MBC 

(A) An illustration depicting the theoretical basis of the gating strategy. TTd-specific B cells will 

exhibit proportional binding to both TTd-BV421 and TTd-AF647 tetramers. On the other hand, 

AF647-binding cells will be located in the upper left quandrant (red), whereas BV421-binding cells 

will be located in the bottom right quadrant (violet). (B) Tetramer staining of a PBMC sample 

collected 7 days following ADT vaccination demonstrates a clear subset of TTd-AF647+BV421+ PB 

and MBC in TTd-loaded versus empty tetramers. (C) Representative scatterplot showing the effect 

of unlabelled TTd versus 1%BSA/PBS pre-treatment of day 14 post-ADT PBMC sample. (D) Pre-

treatment with 100M excess of unlabelled TTd prior to addition of TTd tetramers to PBMC of 5 

donors at the peak of the MBC expansion (day 14) demonstrates a near complete abolishment of 

TTd-AF647+BV421+ events across all MBC subsets (E) Median(±range) of % TTd binding 

inhibition upon pre-treatment with unlabelled TTd, relative to 1%BSA/PBS pre-treated control, are 

shown for each MBC subset. 
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To test this dual tetramer staining approach, TTd tetramers were constructed with either AF647 or 

BV421. These fluorochromes in particular were selected because of their contrasting emission 

spectra and high stain indices, which are desirable characteristics for the detection of rare events. 

Indeed, in a preliminary assessment of a day 7 post-ADT PBMC sample, dual tetramer staining 

resolved a population of proportionally aligned TTd-AF647+BV421+ PB and MBC (Figure 4.6B). 

In contast, when the same samples were stained with empty (non-TTd loaded) tetramers, this TTd-

AF647+BV421+ population was absent, demonstrating that quadrant gating with dual tetramer 

staining excludes fluorochrome-specific B cells. 

 

To further determine specificity of dual tetramer staining, the prior experiment involving pre-

saturation of TTd-specific BCRs with excess unlabelled TTd was repeated on PBMC samples of 5 

individuals at day 14 post-ADT. Although PBs are not present in peripheral blood at day 14, non-

specific staining was primarily observed in MBC (Figure 4.5C). Thus, to investigate non-specific 

binding in MBCs, day 14 samples were chosen as it is the peak of the TTd-specific IgG+ MBC 

expansion (Figure 4.4D). First, a panel was designed to assess PB and MBC subsets defined by 

expression of IgG, IgA, IgM and IgD on the Attune NxT (Table 4.4). PBMC were pre-treated with 

excess unlabelled TTd or with 1%BSA/PBS and subsequently co-stained with the Ab cocktail and 

TTd-BV421 and TTd-AF647 tetramers. Compared to 1%BSA/PBS pre-treated controls, pre-

treatment with excess unlabelled TTd reduced the median(IQR) frequency of TTd-AF647+BV421+ 

events from 0.26(0.97-0.17)% to 0.006(0.01-0.004)% in total MBC, 0.33(1.86-0.22)% to 0(0.002-

0)% in IgG+ MBC, 0.02(0.07-0.018)% to 0(0.0005-0)% in IgA+ MBC, 0.18(0.30-0.18)% to 

0.01(0.02-0.008)% in IgM+IgD+ MBC and 0.20(0.35-0.13)% to 0.01(0.02-0.01)% in IgM-only 

MBC (p=0.06 for all; Wilcoxon’s matched-pairs signed rank test; Figure 4.6C & D). Median 

binding inhibition upon pre-treatment of unlabelled TTd (as % of BSA pre-treated control) was 98% 

in total MBC, 100% in IgG+ MBC, 100% in IgA+ MBC, 92% in IgM+IgD+ MBC, and 94% in IgM-

only MBC (Figure 4.6E). These data indicate that dual tetramer staining enhances sensitivity of 

detecting TTd binding B cells. 
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 Discussion 

This chapter summarises the optimisation of a method to detect antigen-specific cells using TTd as 

a model antigen. Here it was shown that detection of TTd-specific B cells with tetramerised antigen 

was more effective than with monomeric antigens and two step detection in resolving TTd+ MBC. 

Monomeric TTd resolved MBC but not day 7 PB, while the opposite was observed for two step 

detection (Figure 4.2B&C). Furthermore, by utilisation of two tetramers conjugated to either 

BV421 or AF647, non-TTd specific B cells can be excluded from the analysis, thus enriching for a 

population of TTd-binding B cells (Figure 4.6). Similar strategies to this have been described and 

utilised in recent publications for the investigation of ovalbumin-specific naïve B cells in mice[333] 

as well as hepatitis B virus surface antigen-specific B cells in humans[330], though differing 

fluorochromes and/or conjugation techniques were employed. To my knowledge, the results 

presented in this chapter are the first to investigate TTd-specific B cell subsets defined by Ig isotype 

expression, and their relationship with plasma TTd-specific IgG Ab levels. As these B cell subsets 

exhibit divergent roles in immunity with respect to their longevity[326, 327] and propensities for GC 

versus PC differentiation[154] a deeper understanding of their biology in vaccine-induced immune 

responses may provide valuable insights for the rational design of therapeutic or preventative 

vaccines. 

 

With T cell tetramers, it is generally accepted that their effectiveness, in comparison to monomers, 

is due to the avidity effect[337, 338], defined as enhanced binding afforded by the sum of multiple 

receptor-ligand (TCR:peptide-MHC [pMHC]) interactions. The non-covalent interaction between a 

TCR/BCR and an antigen is reversible and thus subject to a degree of dissociation, with low-affinity 

interactions more prone to dissociation, as described by the equilibrium dissociation constant KD (a 

metric of binding affinity). Accordingly, dissociation between a TCR/BCR and a monomeric probe 

is reliant only on the cessation of a single ligand-receptor interaction. In contrast, dissociation of a 

tetramer from multiple TCRs/BCRs requires the termination of multiple ligand-receptor interactions 

to occur concurrently. By increasing the valency of the interaction, the probability that a tetrameric 

probe dissociates from the T/B cell surface is significantly minimised[337, 339], thereby enhancing 

overall binding effectiveness. Similar to T cell tetramers, the avidity effect is likely to explain the 

observation that TTd tetramers were more effective than TTd monomers for the detection of TTd-

binding B cells[168]. The presence of four TTd molecules allows multiple BCRs to engage a single 

tetramer, thereby facilitating multivalent, high avidity binding between the B cell and the antigenic 
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portion of fluorescent probe. In addition, the presence of multiple antigens per fluorochrome 

increases the probability that any given TTd epitope is sterically accessible for BCR binding. Indeed, 

since the TTd in this study was not site-specifically mono-biotinylated, variation in the three-

dimensional (3D) orientation of the TTd molecule upon conjugation to each binding site on 

streptavidin is expected within and between tetramer molecules. A potential consequence of B cell 

tetramer staining is the cross-linking of BCRs leading to cellular activation. Thus, for studies that 

seek to preserve the activation state of tetramer-binding B cells, the sample may need to be treated 

with a fixative prior to or shortly after tetramer staining, or alternatively, co-incubated with an 

inhibitor of BCR signaling. With T cell tetramers, it was observed that pMHC tetramers undergo 

internalisation following staining at room temperature, but not if staining is conducted in the 

presence of 50nM of the protein kinase inhibitor Dasatinib[337]. It would be interesting to examine 

whether B cell tetramer staining results in BCR-mediated endocytosis, though whether the tetramer 

signal originates intracellularly or on the cell surface would not greatly affect results for the purpose 

of TTd-specific B cell detection.  

 

Despite two step detection being poorer at resolving TTd+ MBC due to a ‘smearing’ pattern, it was 

the most capable method at resolving day 7 TTd+IgGlo ASC. An explanation for this phenomenon 

is unclear. PB may be more adept at binding soluble TTd (unconjugated to fluorochromes) than 

monomeric or tetrameric TTd-PE, either due to size constraints or steric hindrance acquired as a 

result of pre-conjugation of PE (Mwt=250kDa) to the antigen (Mwt=150kDa). Notably, day 7 ASC 

exhibit low expression of surface IgG and thus some well-differentiated ASC may be incapable of 

binding tetramers altogether. Franz et al. demonstrated that TTd tetramer MFI on PB declines 

incrementally between days 5-7 following ADT vaccination[168], which supports the notion that 

tetramer binding capability is gradually lost as ASC-lineage differentiation (thus surface Ig 

downregulation) progresses in peripheral blood. This may explain why, at day 7, a large majority of 

PB did not bind TTd tetramers despite the fact that TTd is a component of the immunising antigen, 

although it is important to note that a proportion will be specific for diphtheria toxoid. Thus, the 

avidity effect afforded by tetramerisation will enhance binding only if surface BCR density is not a 

limiting factor. Although surface TTd tetramer binding intensity is lower on ASC than MBC, it is 

important to note that this is not indicative of the affinity of binding. A more informative comparison 

would require a measure of BCR density to be taken into account. For example, Pape et al. 

normalised the degree of B cell surface antigen binding to expression of the BCR-associated Ig β 

chain (CD79b), in order to compare normalised surface binding of B cells to an antigen, between 
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strains of mice[327]. To our knowledge, a comparison of normalised TTd binding between PB and 

MBC, and their corresponding subsets defined by Ig isotype has yet to be reported, but may provide 

further insight into the biology of MBC. In mice, affinity may be a determinant of the selection of 

GC B cells to differentiate into PC, with the highest affinity cells more likely to become PC[139]. It 

would be interesting to observe if normalised TTd binding differs between IgG+, IgA+, IgM+IgD+ 

and IgM-only MBC subsets, because affinity may also explain the propensity of some MBC subsets 

to acquire PC-skewed differentiation fates upon antigen-mediated activation[149, 154]. To my 

knowledge, comparison of affinity between MBC subsets has yet to be reported in the literature and 

further studies are warranted. 

 

Single tetramer (TTd-PE) staining experiments were conducted for two cohorts: one consisting of 

TB patients whose vaccinations histories were unknown and the other, consisting of 10 healthy 

individuals whose samples were available before and at days 7, 14 and 21 following ADT 

vaccination. Although dual tetramer staining with a more comprehensive flow cytometry panel will 

yield more conclusive data (investigated in Chapter 5), several preliminary findings were noted from 

these single tetramer staining experiments. First, the kinetics of TTd-PE+ MBC and ASC populations 

differed; ASC transiently expanded and were detectable in blood at day 7, whereas MBC expanded 

maximally at day 14. The transient expansion of ASC at day 7 is a general hallmark of antigen 

exposure following vaccination[168-170, 332] and acute infection[169, 340]. In influenza vaccination, day 

7 ASCs in blood are clonally related to a proportion of activated B cells and MBC[169], and are likely 

trafficking to anatomical sites where Ab secretion occurs. In both cohorts, it was consistently shown 

that the frequency of TTd-PE+ IgG+ MBC moderately correlated with plasma TTd-specific IgG Ab 

levels. However, circulating IgG+ MBC, in the absence of activation, do not secrete IgG Abs and 

this relationship is unlikely to be causal. It may indicate that the decay of TTd-specific IgG Abs 

mirrors the persistence of TTd-specific IgG+ MBC, i.e. that serological and cellular half-lives to TTd 

decrease proportionally. The serological half-life of TTd-specific IgG Abs is approximately 11 

years[167]. Others, however, have found no association between TTd-specific MBC frequencies and 

TTd-specific IgG Ab levels[167, 341] and have argued that B cell immunity to TTd is an instance where 

the plasma cell compartment is largely uncoupled from the MBC compartment at steady state[167, 

341], i.e. TTd-specific plasma cells are not replenished/maintained by ‘bystander’ 

activation/differentiation of TTd-specific MBC. Differences in the methods utilised for enumerating 

TTd-specific MBC may explain these contrasting findings, namely, that these authors utilised 

ELISpot-based assays that first involved polyclonal MBC activation[167, 341], whereas I measured 
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TTd-specific MBC based on TTd tetramer binding. Similar to the findings with MBC, when 

determining the relationship between the frequency of TTd-PE+IgGlo ASCs at day 7 with IgG Abs 

levels at day 14, a marginal correlation was observed (despite a small sample size, n=10). This 

suggests that the size of the TTd-specific ASC burst is directly linked to the increase in serum TTd-

specific IgG Abs. Antigen-specific ASC expansion may therefore be useful as an early parameter to 

predict inter-individual variation in vaccine responsiveness.  

 

The initial experiment in this chapter utilised the combination of IL-21 and CD40L to induce in vitro 

PB differentiation to screen PBMC of healthy individuals for B cells that harboured TTd-specific 

IgG Abs. IL-21 + CD40L stimulation induces approximately fifteen times greater IgG production 

from sort-purified MBC versus naïve B cells[342], and thus predominantly activates MBC. IL-21 and 

CD40L are T helper cell-derived signals and may skew for the activation of MBC subsets with high 

expression of IL-21R and CD40 and/or MBC specific for T-dependent antigens. As TTd protein is 

a prototypical T-dependent antigen, IL-21 + CD40L stimulation was both sufficient and appropriate 

for this experiment. However, other combinations of two or more B cell activating stimuli have been 

utilised in the literature for in vitro plasmablast differentiation. For example Pinna et al. 

comprehensively tested combinations of common B cell activating signals, including pokeweed 

mitogen, Staphylococcus aureus Cowan strain, CpG, resiquimod (R-848), LPS, IL-2, IL-6, IL-10 

and IL-4 and found that amongst the combinations, IL-2 + R-848 induced MBC proliferation and 

the greatest magnitude of IgG production[328]. An innate TLR7/8 activating signal may significantly 

differ to that of T cell derived signals for the activation and differentiation of MBC, and thus IL-2 + 

R848 may be more appropriate for examination of MBC responses to T-independent antigens, for 

example to assess the MBC response to pneumococcal polysaccharides[343].   

 

Experiments involving pre-treatment of PBMC with saturating concentrations of unlabelled TTd 

revealed that single tetramer staining was prone to low level non-TTd-specific binding. V(D)J 

recombination can generate BCRs with up to 1011 specificities[101], and thus it is probable that a 

minority of B clones in the naïve pre-immune repertoire exhibit binding capability to structural 

components of the tetramer, particularly as B cells bind whole, unprocessed antigen in contrast to T 

cells which bind MHC-loaded peptides. In mice, PE and APC-specific B cells are found at 

frequencies of 1:5000 and 1:25000 B cells[91, 326], respectively. However, why were fluorochrome-

binding cells present in the MBC subset, which are by definition, antigen-experienced? It is highly 

improbable that individuals have B cell memory to PE, AF647 or BV421. A degree of low-level 
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reactivity to fluorochromes may be reflective of structural mimicry between certain epitopes on 

fluorochromes and those found on the cognate antigen of such MBC clones. Here, it was shown that 

staining with a combination of two tetramers that are each conjugated to different fluorochromes, 

allowed for the exclusion of the majority of fluorochrome-binding cells (Figure 4.6C). TTd-binding 

B cells resolved into a clear population of double tetramer positive cells that exhibited proportional 

fluorescence. This population was abolished upon pre-treatment with saturating concentrations of 

biotin-unlabelled TTd (Figure 4.6D), indicating that this B cell population binds with specificity to 

TTd portions of tetramers. It additionally indicates that the probability of a B cell that binds equally 

(cross-reactive) to both fluorochromes falling within the proportional TTd-AF647+BV421+ gate is 

minimal. Some double tetramer positive events that bind disproportionately to the two tetramers 

were also observed and may represent B cells that bind one fluorochrome but are weakly cross-

reactive towards the other. Alternatively, these events may represent B cells that bind a TTd epitope 

on one tetramer that is sterically hindered/inaccessible on the other, leading to unequal staining 

intensities. Thus, disproportionately double tetramer positive cells were conservatively excluded 

from analysis. 

 

The advantages of flow cytometric detection of antigen-specific B cells over ELISpot have been 

previously stated, including the combined potential for enumeration, phenotypic analyses and 

FACS-based isolation. A drawback of the method is the high numbers of PBMC required to analyse 

these cells (here we analysed 107 PBMC/sample), as antigen-specific cells comprise anywhere 

between 0.1-1% of MBC. In contrast, MBC ELISpot assays utilise PBMC in the range of 103-105 

cells/well[343, 344]. A flow-based method may be problematic where samples are scarce, for example, 

when only low blood volumes are available, such as donations from paediatric patients. However, 

given that modern flow cytometry can facilitate a high number of parameters and can be coupled 

with cell sorting and transcriptomic analyses, a large amount of data can be generated from each 

sample. In theory, this method can also be applicable to mass cytometry, which can sample ~40 

parameters.
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Chapter 5 Dynamics of antigen-specific B cells and markers of germinal 

centre activity in blood after tetanus toxoid booster vaccination 

 Introduction 

Long-term vaccine efficacy is established by generating a pool of antigen-experienced memory cells 

that are primed to react faster, with greater intensity, and in the case of B cells, with the ability to 

bind antigen with higher affinity than the primary immune response. MBC and Ab-secreting PC are 

the B cell-lineages responsible for mediating vaccine-specific humoral immunity. Long-lived PC 

reside in bone marrow stromal cell niches where they receive survival factors that allow secretion 

of Abs for decades[141]. In contrast, MBC circulate quiescently in blood and lymphoid tissue and 

constitute a reserve of cells capable of producing affinity-matured Abs. Upon re-challenge, MBC 

migrate to SPF in lymphoid tissue where they interact with memory TFH cells and undergo PB 

differentiation[142] with heightened kinetics and magnitude thereby boosting antigen-specific Ab 

production. A proportion of re-activated MBC also seed GC[143, 326] where they undergo somatic 

hypermutation of their Ig genes, which encode Igs of BCRs, and are selected for expression of BCRs 

with high affinity for antigens by a limited number of TFH cells[133]. 

 

Human MBC defined by expression of CD27 are diverse and comprised of populations that express 

both switched and unswitched Igs. Unswitched IgM+ MBC contribute approximately 50% of human 

CD27+ MBC in blood[146], and include IgM+IgD+ and IgM+IgDlo (“IgM-only”) populations, which 

are transcriptionally similar[154]. While IgG+ and IgA+ CD27+ MBC are generated following GC 

reactions, the origin(s) of IgM+CD27+ MBC are less well defined. IgM-only CD27+ MBC are 

proposed to be post-GC MBC as these cells are absent in individuals with congenital defects of GC 

formation[148]. In contrast, the derivation of IgM+IgD+CD27+ MBC remains unclear. At least a 

proportion of IgM+IgD+CD27+ MBC are GC-derived because this subset is reduced in CD40L-

deficient individuals[155] and somatic mutations in Bcl-6, acquired when Bcl-6 and AID are co-

expressed in the GC, are present in a proportion of IgM+IgD+CD27+ MBC[156, 345]. TLRs may also 

be involved in the maintenance and/or generation of IgM+IgD+CD27+ MBCs as genetic defects in 

MYD88, IRAK4 and TIRAP, which transduce signalling downstream of TLRs, result in 

significantly lower circulating numbers of IgM+IgD+CD27+ MBC[157]. A small minority of IgG+ and 

IgA+ MBC that lack CD27 also exist[148] and exhibit low levels of somatic hypermutation. 

IgG+CD27- MBC are enriched for ‘upstream’ IgG3 and IgG1 subclasses[147, 148, 151], have limited 

replication history[148] and may therefore constitute early products of GC reactions. IgA+CD27- 
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MBC, on the other hand, are likely generated in T-independent mucosal reactions against 

commensal microbiota[148]. 

 

The biological implications of having a heterogeneous MBC compartment are still unfolding. IgM+ 

MBC may serve important roles as ‘first responders’, as these cells are capable of class switching 

and chemotaxis in response to neutrophil-derived signals, including β2-adrenoceptor agonists and 

IFN-γ[154]. Compared to IgG+ MBC, IgM+ MBC exhibit a migration profile towards GC-derived 

chemokines and upregulate Bcl-6 upon BCR stimulation, indicating a GC-biased activation fate[154]. 

In contrast, IgG+ MBC are primed for plasma cell differentiation[143, 154, 326], which may be due to a 

combination of an inherently effective signalling capacity of the IgG BCR[159, 160] and low expression 

of repressors of plasma cell differentiation FOXP1[162] and BACH2[163]. In mice, the IgG1 MBC 

subset is enriched for cells exhibiting the co-stimulation-primed CD80+PD-L2+CD73+ 

phenotype[150]. The enhanced differentiation propensity of IgG+ MBC may also affect their long-

term stability. In a mouse model of PE immunisation, Pape et al. reported that PE-specific IgM+ 

MBC were longer-lived than PE-specific IgG+ MBC[326]. Whether BCR affinity, which likely affects 

the threshold of B cell activation, contributes to the enhanced differentiation potential of IgG+ MBC, 

is not well characterised. In GCs, BCR affinity is an important cell fate determinant, with cells 

expressing the highest affinity BCRs differentiating into PCs whereas the remaining cells with 

relatively lower affinity BCRs become MBC[139]. Of importance to MBC affinity maturation is the 

subset of TFH cells which reside in limited numbers in SPF[142] and GC[133], and provide selective 

help to B cells capable of binding antigen with high affinity[133]. Despite evidence of the divergent 

nature of switched and unswitched MBC, the contribution of MBC defined by Ig isotype, and factors 

that may regulate their longevity, to vaccine-specific Ab responses is not well studied in humans.  

  

The dichotomy of long-term persistence versus plasma cell-differentiation capacity of MBC has 

important implications for the rational design of vaccines, including therapeutic HIV vaccines. To 

better understand which B cell subsets are involved in memory and recall responses to vaccines, I 

studied the B cell response to TTd in healthy adults. I utilised the dual TTd tetramer staining method 

that was optimised in Chapter 4 to identify TTd-specific B cell phenotypes in PBMC samples 

collected before and at 7, 14 and 21 days following ADT booster vaccination. Here I show that 

human B cell subsets are diverse and consist of multiple layers, distinguished not only by BCR Ig 

isotype but also by pre- and post-vaccination dynamics, antigen binding affinity and association with 

circulating TFH (cTFH) cell frequencies. My data suggest that while the generation of IgG+ MBC and 
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PB with high affinity BCRs are a hallmark of the effector response, the immune system retains a 

pool of stable, low-affinity IgM+ MBC that may be long-lived. Furthermore, I demonstrate, for the 

first time, that cTFH expansion after vaccination is a strong predictor of BCR affinity maturation 

amongst IgG+ MBC, but not their clonal expansion. These findings have important implications for 

the improvement of vaccine efficacy.  

 

 Methods 

5.2.1 Sample collection 

PBMC samples were collected from 10 healthy individuals before and at days 7, 14 and 21 after 

ADT vaccination as described in Chapter 4. 

 

5.2.2 Flow cytometry 

1x107 PBMC were thawed in PBS (Sigma-Aldrich) and centrifuged at 300 x g for 7 mins. The 

supernatant was discarded by pipette aspiration. Subsequently, PBMC were resuspended in 1ml of 

fixable viability stain (FVS) 575V (BD Biosciences, San Jose, CA) diluted 1:1000 in PBS. 1 mL of 

2% BSA (AusgeneX)/PBS was added to the tube, centrifuged at 300 x g for 5 mins and the 

supernatant was discarded. For examination of TTd-specific B cells, PBMC were resuspended in 

100μL of FCB and stained with a cocktail of fluorochrome-conjugated Abs (Table 4.4 and Table 

5.2) and TTd tetramers for 30 mins at room temperature. For examination of cTFH cells, PBMC were 

incubated with the Ab cocktail (Table 5.1) for 15 mins at room temperature. Cells were then washed 

twice with 2ml of FCB and resuspended in FCB for acquisition on a 4-laser (405nm, 488nm, 561nm 

and 638nm) Attune NxT acoustic focusing flow cytometer, with the flow rate adjusted to acquire 

2x104 – 2.5x104 events/s. 

 

5.2.3 Examination of flow cytometry data with dimensionality reduction 

Flow cytometry data (fcs3.0) files were initially imported into FlowJo v10.4 (FlowJo, LLC, OR). 

Data acquisition quality was checked with FlowJo QC function and by visual inspection of events 

using the time parameter. Correct compensation was also checked in all samples. Viable (FVS-) 

T/natural killer/monocyte- (CD3-CD56-CD14-) lymphocytes were gated and this population was 

down-sampled to 3x105 events for each sample. Within down-sampled lymphocytes, a gate was 
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created at a 45° angle in the double-positive quadrant of BV421 and AF647 channels to identify 

TTd+BV421+AF647+ cells that bound proportionally to the TTd tetramers (Figure 5.1). 

TTd+BV421+AF647+ events were exported as individual fcs3.0 files. Each file was then imported 

into RStudio using the cytofkit package with the graphical user interface. Fluorescence parameters 

were logicle (bi-exponentially) transformed and the individual sample files were concatenated for 

dimensionality reduction analyses. t-distributed stochastic neighbour embedding (t-SNE) was 

performed on the concatenated data with seed set to 42, perplexity set to 30 and the input 

fluorescence parameters were: CD27-BV421, CD20-BV510, CD38-APC-H7, IgM-PE-CF594, IgD-

AF700, IgA-PE, IgG-PE-Cy7, TTd-BV421 and TTd-AF647. Scatterplots were constructed in 

Rstudio with ggplot2 and RColorbrewer or ggsci colour palettes. Heatmaps were constructed using 

the r package complexheatmaps and the r implementation of the viridis colour palette. 

 

 

 

Table 5.1 Flow cytometry panel to characterise cTFH populations (4-laser Attune NxT) 

Exc. λ Detector Filter Fluor Marker Clone/Form Manufacturer (Item#) 

405 VL-1 440/50 BV421 CXCR5 RF8B2 BD Horizon™ 562747 

 VL-2 512/25 BV510 CCR6 11A9 BD Horizon™ 563241 

 VL-3 603/48 FVS 575V Viability n/a BD Horizon™ 565694 

488 BL-1 530/30 BB515 CD27 M-T271 BD Pharmingen™ 555441 

 BL-3 695/40 PerCP-Cy5.5 CD45RA HI-100 BD Pharmingen™ 563429 

561 YL-1 585/16 PE ICOS DX29 BD Pharmingen™ 557802 

 YL-4 780/60 PE-Cy7 CXCR3 1C6 BD Pharmingen™ 560831 

637 RL-1 670/14 APC PD-1 MIH4 BD Pharmingen™ 558694 

 RL-2 720/30 AlexaFluor700 CD3 UCHT-1 BD Horizon™ 557943 

 RL-3 780/60 APC-H7 CD4 RPA-T4 BD Biosciences 560158 
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5.2.4 Assessment of BCR affinity for TTd tetramers using CD79b-normalised surface 

binding 

For examination of CD79b-normalised TTd binding, PBMC were stained with flow cytometry panel 

5.2 (Table 5.2). Single cells were identified by FSC-H/FSC-A profiles, followed by exclusion of 

cells expressing FVS575V, CD3, CD14 and CD56. IgGlo PB (CD20-CD38+CD27++), IgG+ and 

IgM+IgD+ MBC (CD20+CD27+) were gated in FlowJo software. In each of these subsets, 

TTd+BV421+AF647+ cells were gated as previously shown (Figure 4.6A) and within this gate, the 

median fluorescence intensities of the TTd (VL-1: BV421) and CD79b (RL-2: AF700) channels 

were exported in an excel file. Normalised MFI for each of the populations, for each PBMC sample, 

was calculated by: 

 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑀𝐹𝐼 =  
𝑀𝐹𝐼 𝐵𝑉421 (𝑇𝑇𝑑)

𝑀𝐹𝐼 𝐴𝐹700 (𝐶𝐷79𝑏)
 

 

 

Table 5.2 Flow cytometry panel to measure normalised TTd surface binding (4-laser Attune 

NxT) 

Exc. λ Detector Filter Fluor Marker Clone/Form Manufacturer (Item#) 

405 VL-1 440/50 BV421 TTd (biotin) StreptAvidin BD Horizon™ 563259 

 VL-2 512/25 BV510 CD20 MS4A1 BD Horizon™ 563067 

 VL-3 603/48 FVS 575V Viability n/a BD Horizon™ 565694 

488 BL-1 530/30 BB515 CD27 M-T271 BD Horizon™ 564642 

 BL-3 695/40 

PerCP-Cy5.5 CD3 SK7 BD Biosciences 332771 

PerCP-Cy5.5 CD14 M5E2 BD Pharmingen™ 550787 

BB700 CD56 NCAM16.2 BD Horizon™ 566573 

561 YL-1 585/16 PE IgG G18-145 BD Pharmingen™ 555787 

 YL-2 620/15 PE-CF594 IgM G20-127 BD Horizon™ 562539 

 YL-4 780/60 PE-Cy7 IgD IA6-2 BD Pharmingen™ 561314 

637 RL-1 670/14 AF647 TTd (biotin) StreptAvidin BioLegend 405237 

 RL-2 720/30 AF700 CD79b SN8 BD Horizon™ 657702 

 RL-3 780/60 APC-H7 CD38 HB7 BD Biosciences 656646 
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5.2.5 ELISA to measure functional affinity of plasma TTd-specific IgG Abs 

Plasma was collected after centrifugation of lithium-heparin anti-coagulated blood and stored at -

80°C. Plasma levels of TTd-specific IgG Abs were measured using an in-house ELISA as previously 

described (Chapter 4). To measure the functional affinity of IgG Abs to TTd, the TTd ELISA was 

modified to include an additional incubation following the sample wash step where each sample was 

pulsed with the chaotrope 8M urea or PBS as a control for 10 mins at room temperature. For each 

sample, a saturation binding curve was generated by plotting OD450 versus the log(1/plasma 

dilution factor) and a three parameter sigmoidal curve fit was applied in GraphPad Prism (v5.04). 

From the curve fit, EC50 values were calculated and subsequently used for calculating IgG Ab 

functional affinity for each sample using the formula: 

 

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =  
(1 ÷ EC50 𝑈𝑟𝑒𝑎 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)

(1 ÷ EC50 𝑃𝐵𝑆 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
 × 100 
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 Results 

5.3.1 Workflow of flow cytometry analyses of TTd-specific B cells 

Single tetramer staining was utilised in Chapter 4 to undertake a preliminary examination of TTd-

specific B cells following vaccination. However, it was further shown that dual tetramer staining 

enhanced assay sensitivity and specificity by excluding non-TTd-specific B cells. This chapter will 

explore the post-vaccination TTd-specific response in greater detail with this enhanced method. An 

expanded panel listed in the previous chapter (Table 4.4), was utilised to examine B cell subsets in 

PBMC samples collected before and after ADT vaccination. IgE was not included as a marker in the 

panel as IgE+ B cells are primarily generated towards allergens and helminth parasites. To undertake 

a comprehensive and unsupervised analysis of all possible TTd-specific B cell phenotypes induced 

by ADT vaccination, t-SNE was employed on the flow cytometry data. t-SNE works by undertaking 

pairwise comparisons of all flow cytometry data points (events) and measuring their degree of 

similarity based on multiparameter marker expression. Based on their similarity in high dimensional 

space, data points are then projected on a two-dimensional scatterplot such that similar events are 

clustered in close proximity, whereas dissimilar events are repelled, creating distinct nodes of events 

with similar multiparameter marker expression. 

 

The workflow for this analysis is shown in Figure 5.1. Following cell staining with TTd tetramers 

and Abs, cells were acquired on a 4-laser Attune NxT acoustic focusing flow cytometer and the data 

recorded as fcs3.0 files (Figure 5.1A). Fcs files were then imported into FlowJo software for general 

QC, before FVS-Dump- lymphocytes were gated. This population was down-sampled to 3x105 

events per sample and TTd-AF647+BV421+ cells were gated and exported as individual fcs3.0 files 

(Figure 5.1B). t-SNE is an inherently ‘non-deterministic’ algorithm as its core mathematical 

function is non-convex and the iterative pairwise comparisons between data points occur in random 

order[346]. Thus, running t-SNE even on the same data set multiple times will lead to similar but non-

identical visualisations. It is therefore necessary to first combine all individual data sets into a single 

data set (concatenate), such that all samples are subject to an identical t-SNE run. Individual samples 

can then be retrospectively subsetted from the concatenated data, allowing direct comparisons 

between samples within the same t-SNE map. I used the t-SNE implementation in R using the 

cytofkit package[347], to logicle transform fluorescence data of 40 samples (10 individuals x 4 

timepoints) and subsequently concatenate them for t-SNE analysis (seed = 42, perplexity = 30, 

Figure 5.1C). Following construction of the t-SNE plot, receptor expression can be visualised to 
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define subsets of TTd-specific B cells in the concatenated data, as well as to subset data for each 

sample to determine changes in the frequencies of TTd-specific B cell populations for each 

individual (Figure 5.1D). t-SNE defined subsets can then be related to other measures of the TTd-

specific IgG Ab response. 
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Figure 5.1 Workflow for the 

analysis of TTd-specific B cells. 

 (A) Cells were dual stained with TTd 

tetramers and antibodies. 

Subsequently, samples were 

acquired on a 4-laser Attune NxT to 

measure the fluorescence of single 

cells. (B) The data was then checked 

for correct fluorescence 

compensation and CD3-CD14-CD56- 

lymphocytes (identified by FSC/SSC 

profiles) were gated and 

downsampled to 3x105 cells/sample. 

TTd+AF647+BV421+ cells were then 

identified in the downsampled dump- 

lymphocyte population, and 

TTd+AF647+BV421+ cells were 

exported as .fcs files. (C) All exported 

samples were then imported into the 

cytofkit package in R. Using the 

graphical user interface (GUI) files 

were concatenated, and the 

fluorescence data was transformed 

using the logicle function. The data 

was then subject to t-SNE analysis. 

(D) Following t-SNE of the 

concatenated data, the fluorescence 

of each marker was viewed and 

nodes of phenotypically similar cells 

were manually gated in FlowJo. Each 

sample was then subset from the 

concatenated data set so that 

frequencies of t-SNE-defined B cells 

could be examined by individual and 

timepoint. 
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5.3.2 ADT vaccination elicits diverse subsets of MBC and PB 

PBMC of 10 individuals collected before or at days 7, 14 and 21 following ADT vaccination were 

dual stained with TTd-BV421 and TTd-AF647 tetramers and the Abs in the flow cytometry panel 

listed in Table 4.4. To determine all possible B cell phenotypes induced by ADT vaccination, 

TTd+BV421+AF647+ events were exported as individual fcs files, concatenated in a single data set, 

and interrogated with t-SNE. The t-SNE plot was visualised for expression of each fluorescence 

marker (Figure 5.2A). Based on the unique marker expression of each t-SNE node, phenotypic B 

cell subsets were manually identified (Figure 5.2B; subsets shown in unique colours). In total, nine 

TTd-binding B cell subsets were identified; the fluorescence intensities for each marker are 

summarised as a heatmap in Figure 5.2C. These subsets included three subsets of plasmablasts 

(CD20-CD38+CD27++): IgM+, IgA+ and IgGlo, four subsets of MBC (CD20+CD27+): IgA+, IgG+, 

IgM+IgD+ and IgM-only, a naïve B cell subset (CD20+CD27-) and an unknown subset that expressed 

only CD38. Frequencies of each subset (from highest to lowest) were IgG+ MBC (38%), IgM+IgD+ 

MBC (20.60%), IgGlo PB (17.70%), IgM-only MBC (8.77%), ‘unknown’ (6.28%), naïve B cells 

(2.89%), IgA+ PB (2.68%), IgA+ MBC (1.60%) and IgM+ PB (0.89%; Figure 5.2D). 
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Figure 5.2 t-SNE identifies diverse phenotypes of TTd+ B cells following ADT vaccination.  

TTd-binding B cell events were exported as individual fcs samples from 3x105 dump- lymphocytes (10 individuals at 4 timepoints). The samples were then concatenated for t-distributed 

stochastic neighbour embedding analysis. (A) t-SNE separated the concatenated data into distinct clusters with variable expression of the surface markers measured. (B) For each 

cluster, the phenotypic identity of each was identified and gated manually (in FlowJo), represented in the scatterplot with unique colouring. (C) For each population identified, the 

surface phenotype was visualised on a heatmap. (D) Bar graphs denote the percentages of each t-SNE-defined subset in the concatenated data set (all individuals at all timepoints). 
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5.3.3 Distinct changes in B cell populations occur following ADT vaccination 

The t-SNE analysis identified all B cell subsets present in all samples, as the concatenated flow 

cytometry data consisted of fcs files from all individuals at each timepoint (n=40; Figure 5.3A). To 

investigate individual vaccine responses and how these B cell subsets changed following 

vaccination, the data was first subsetted by individual (Figure 5.3B) and then by timepoint for each 

individual (Figure 5.3C). Visually, it was apparent that considerable changes in the TTd-specific B 

cell compartment occurred within the first three weeks of vaccination, as seen with representative 

subsetted t-SNE plots (Figure 5.3C). Median proportions of the nine t-SNE-defined B cell subsets 

in all individuals were examined and considerable changes in subset distribution (as % of all t-SNE 

events for the given timepoint) were demonstrated for each timepoint. Prior to vaccination, median 

percentages of TTd-binding B cells (from highest to lowest) were: IgM+IgD+ MBC (49.4%), IgM-

only MBC (21.3%), IgG+ MBC (9.1%), naïve B cells (8.2%), IgA+ MBC (1.5%), IgM+ PB (0.2%), 

IgA+ PB (0%), IgGlo PB (0%) and ‘unknown’ population (0%) (Figure 5.3D). At day 7, IgGlo PB 

were most prevalent (32.3%), followed by IgG+ MBC (18.8%), IgM+IgD+ MBC (16.5%), IgM-only 

MBC (5.4%), IgA+ PB (4.1%), ‘unknown’ population (2.5%), naïve B cells (2%), IgA+ MBC (1.2%) 

and IgM+ PB (1%) (Figure 5.3E). At day 14, IgG+ MBC were most abundant (46.6%) followed by, 

IgM+IgD+ MBC (27.0%), IgM-only MBC (11.6%), naïve B cells (3.9%), IgA+ MBC (2.3%), IgGlo 

PB (1.8%), ‘unknown’ population (0.9%), IgA+ PB and IgM+ PB (0% for both) (Figure 5.3F). 

Subset distribution at day 21 was largely similar to that of day 14, with IgG+ MBC as the most 

frequent subset (48.0%) followed by IgM+IgD+ MBC (30.0%), IgM-only MBC (13.0%), Naïve B 

cells (3.1%), IgA+ MBC (2.0%), IgGlo PB (0.4%), ‘unknown’ population (0.4%), IgA+ PB and IgM+ 

PB (0% for both) (Figure 5.3G).  

 

In addition to examining median distributions of each subset at each timepoint, I also examined the 

frequencies as raw event counts (per 3x105 dump- lymphocytes). This is because the t-SNE subsets 

belong to the same parent data set and thus any percentage change in one subset will reciprocally 

affect the remaining subsets. The PB subsets exhibited similar transient post-vaccination changes in 

frequency as previously described. TTd+IgGlo PB was the most abundant of the PB subsets, and day 

7 frequencies were significantly higher than that of pre-ADT vaccination (p < 0.0005) and of day 

21  (p<0.005; Figure 5.4A). Similarly, frequencies of TTd+IgA+ PB were highest at day 7 than pre-

ADT (p < 0.0005), day 14 (p < 0.005) and day 21 frequencies (p < 0.05; Figure 5.4B). TTd+IgM+ 

PB at day 7 were significantly higher than that of day 21 (p < 0.05; Figure 5.4C). Switched MBC 
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subsets exhibited similar changes in frequencies following vaccination. TTd+IgG+ MBC frequencies 

were significantly higher than pre-ADT levels at days 7, 14 and 21 following vaccination (p < 0.05, 

p < 0.0005, p < 0.005; Figure 5.4D). TTd+IgA+ MBC were also higher than pre-ADT levels at day 

7 and day 14 following vaccination (p < 0.05 for both; Figure 5.4E). In contrast, unswitched MBC 

and naïve B cells exhibited no significant changes in frequency following ADT vaccination (Figure 

5.4F-H). Finally, the unknown TTd binding subset, which only expressed CD38, was significantly 

higher than pre-vaccination levels at day 7 (p < 0.005) and was overrepresented in one individual 

(Figure 5.4I). This unknown subset expressed no surface Ig (Figure 5.2C), and may represent Fc 

receptor bearing cells (possibly innate cells or those of the ASC-lineage) with low tetramer binding 

capability due to Fc receptor-bound TTd-specific IgG/immune complexes. Due to the inability to 

define the identity of these cells, this subset was excluded from further analysis in this chapter
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Figure 5.3 Proportions of t-SNE-defined B cell subsets at each timepoint. 

(A) From the concatenated data, showing all TTd+ events from 10 individuals at 4 timepoints, (B) the data was retrospectively subsetted to examine TTd+ events for each individual. 

(C) For each individual the data was further subsetted to examine t-SNE defined populations for each time point (as shown in representative samples of TTd-05 before and at days 7, 

14 and 21 post-ADT). (D) Median proportions of each t-SNE-defined subset for each time point are shown on radar charts.
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Figure 5.4 Frequencies of TTd+ MBC subsets following ADT vaccination. 

(A-I) For each t-SNE defined population, median (IQR) events per 3x105 dump- lymphocytes were 

examined. Broken grey lines denote individual events, solid line denotes median (IQR). Differences 

between timepoints were determined using Friedman’s test with Dunn’s post-hoc analysis. * p < 

0.05, ** p < 0.005, * p < 0.0005.  
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5.3.4 Circulating follicular helper T cell dynamics following ADT vaccination 

Maturation of an Ab response occurs in GCs of lymphoid tissue, where B cell variants that have 

undergone Ig somatic hypermutation are selected for high BCR binding affinity for an antigen by 

survival signals provided by a limited number of TFH cells. I sought to examine the functional 

phenotype and/or activation of TFH cells following vaccination, to determine the association of these 

characteristics with parameters of TTd-specific B cell subsets and plasma TTd-specific IgG Abs. 

However, TFH cells are tissue-resident cells and their direct examination involves clinically invasive 

techniques. A circulating counterpart of lymph node TFH cells is present in peripheral blood and 

represents an alternative and less invasive means to study TFH cell biology. Unlike lymphoid tissue 

TFH cells, cTFH cells lack Bcl-6 expression[348] but express c-Maf, which provides cTFH cells with the 

capacity to express CXCR5 and IL-21[116]. Nevertheless, it is currently accepted that cTFH cells are 

of the same lineage as lymphoid tissue-resident TFH cells, as circulating CXCR5+ helper T cells 

exhibit higher B-helper activity in comparison to CXCR5- helper T cells[348, 349]. Notably, cTFH cell 

frequencies have been reported to expand one week following influenza vaccination[170, 350-353], 23-

valent pneumococcal polysaccharide vaccination[343] and HIV-gag-env-pol rAd5 vaccination[354]. 

 

To examine cTFH cell frequencies following ADT vaccination, I first developed a panel (Table 5.1) 

that included cTFH cell -associated markers CXCR5, PD-1 and ICOS. CD27 and CD45RA were also 

included to further identify T cells expressing naïve (TN; CD27+CD45RA+), central memory (TCM; 

CD27+CD45RA-), effector memory (TEM; CD27-CD45RA-) and effector memory expressing 

CD45RA (TEMRA; CD27-CD45RA+) phenotypes. In addition, the panel included Abs to the 

chemokine receptors CXCR3 and CCR6 that define subsets of cTFH cells: cTFH1 (CXCR3+CCR6-), 

cTFH2 (CXCR3-CCR6+) and cTFH17 (CXCR3-CCR6-), which secrete canonical T helper type 1, 2 

and 17 cytokines, respectively[349]. The gating strategy is shown in Figure 5.5. cTFH cells were 

defined as CXCR5+ helper T cells (CD3+CD4+, Figure 5.5A) and a quadrant gate was applied to 

assess cTFH cell subsets expressing one or both of the markers PD-1 and ICOS (Figure 5.5B). Within 

PD-1+ICOS+, PD-1+ICOS- and PD-1-ICOS+ populations, TN, TCM, TEM and TEMRA phenotypes were 

examined (Figure 5.5C). To assess circulating memory TFH cells (cmTFH cells; which consisted 

almost entirely of the TCM phenotype), cTFH cells were further assessed through the TCM gate. Within 

the TCM population of each PD-1/ICOS expressing cTFH subset, cmTFH1, cmTFH2 and cmTFH17 

populations were examined through differential expression of CXCR3 and CCR6 as mentioned 

above (Figure 5.5D). A total of four samples could not be measured for cTFH frequencies due to 

sample inavailability. Where appropriate the sample sizes for statistical testing will be stated. 
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Examination of PD-1 and ICOS expression on CXCR5+ cTFH cells  revealed that PD-1+ICOS- cells 

were the most frequent followed by PD-1+ICOS+ and PD-1-ICOS+ in roughly equal proportions 

(Figure 5.5E). PD-1+ICOS+, PD-1+ICOS- and PD-1-ICOS+ cTFH cells were predominantly 

comprised of the TCM phenotype (pre-ADT medians of 90.7%, 89.3%, and 77.80%, respectively) 

and a minority were of the TN phenotype (pre-ADT medians of 6.1%, 10.2% and 16.7%, 

respectively, Figure 5.5F-H). Distributions of TCM, TEM, TEMRA and TN phenotypes remained 

unchanged for PD-1+ICOS+, PD-1+ICOS- and PD-1-ICOS+ cTFH cell subsets following vaccination 

(p = 0.99 for all; Chi-square test). In comparison, the majority of the CXCR5-CD4+ T cell population 

exhibited the naïve phenotype (Pre-ADT median 56.9%) and the remainder exhibited TCM and TEM 

phenotypes (Pre-ADT medians 25.40% and 4.2%; Figure 5.5I).  

 

Next, within each PD-1/ICOS expressing population, frequencies of cmTFH1, 2 and 17 phenotypes 

following vaccination were examined. In general, cmTFH2 cells were the most frequent subset 

followed by cmTFH1 and cmTFH17 cells, except for within the PD-1-ICOS+ cmTFH subset, where 

cmTFH1 cells were the least abundant (Figure 5.5J-L). PD-1+ICOS+ and PD-1-ICOS+ cmTFH cell 

subsets exhibited transient increases in frequency at day 7 following ADT vaccination, which was 

not apparent in PD-1+ICOS- cmTFH cells (Figure 5.5J&L). When examining day 7 fold-change in 

frequencies of cmTFH subsets from pre-vaccination levels, PD-1+ICOS+ subsets exhibited fold-

change increases in cmTFH1 and cmTFH2 populations (p = 0.02, p = 0.05, n = 9, respectively; Figure 

5.5J). In the PD-1+ICOS- subset, only the cmTFH1 population exhibited a fold-increase (p = 0.03, n 

= 9; Figure 5.5K). In the PD-1-ICOS+ subset a fold-increase was only observed in the cmTFH2 

population alone (p = 0.02, n = 9; Figure 5.5J) 

  

PB are also produced during a GC reaction and are transiently expanded at day 7 following 

vaccination, so I next examined the relationship between frequencies of TTd+ IgA+, IgM+ and IgG+ 

PB and the cmTFH subsets measured. No correlations were observed between contemporaneous 

frequencies of TTd+ IgA+ PB or IgM+ PB and cmTFH cell subsets (Figure 5.5M-O). However, 

frequencies of TTd+ IgGlo PB correlated with frequencies of total PD-1+ICOS+ cTFH cells (r = 0.79, 

p = 0. 03), PD-1+ICOS- cTFH cells (r = 0.67, p = 0.03) and PD-1-ICOS+ cTFH cells (r = 0.65, p = 

0.04; Figure 5.5M-O). Within the PD-1+ICOS+ cTFH cell subset, TTd+ IgGlo PB correlated with 

frequencies of PD-1+ICOS+ cmTFH2 cells (r = 0.70, p = 0.03) and PD-1+ICOS- cmTFH17 cells (r = 

0.73, p = 0.02; Figure 5.5M&O). Similarly, within the PD-1+ICOS- cTFH cell subset, TTd+ IgGlo 

PB correlated with frequencies of PD-1+ICOS- cmTFH2 cells (r = 0.67, p = 0.03) and PD-1+ICOS- 
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cmTFH17 cells (r = 0.67, p = 0.03; Figure 5.5M&O). Finally, no correlations were observed between 

the frequencies of PD-1-ICOS+ cmTFH1, 2 and 17 subsets and the frequencies of TTd+ IgGlo PB at 

day 7.  
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Figure 5.5 ICOS+ cTFH subsets expand 7 days following ADT vaccination 

(A) cTFH cells were identified in the CD3+CD4+ T cell population as CXCR5+ cells. (B) Within the 

CXCR5+ cTFH cell population, a quadrant gate was applied to identify cTFH cells based on 

differential PD-1 and ICOS expression. (C) Within PD-1+ICOS+, PD-1+ICOS- and PD-1-ICOS+, 

central memory (CM; CD27+CD45RA-), naïve (N; CD27+CD45RA+), effector memory (EM; CD27-

CD45RA-) and effector memory expressing CD45RA (EMRA; CD27-CD45RA+) T cell phenotypes 

were identified. As cTFH, cells regardless of PD-1 or ICOS expression, were predominantly of the 

TCM phenotype, this population was further investigated and herein referred to as circulating memory 

TFH (cmTFH) cells. (D) PD-1+ICOS+, PD-1+ICOS- and PD-1-ICOS+ cmTFH populations were further 

investigated for CXCR3 and CCR6 expression to identify the cmTFH1 (CXCR3+CCR6-), cmTFH2 

(CXCR3-CCR6-) and cmTFH17 (CXCR3-CCR6+) phenotypes. (E) Median (IQR) frequencies of 

CXCR5+ subsets differentially expressing PD-1 and ICOS following ADT vaccination are shown. 

Proportions of T cell phenotypes within (F) PD-1+ICOS+, (G) PD-1+ICOS-, (H) PD-1-ICOS+ and 

(I) CXCR5- populations are shown with stacked bar charts. Median (IQR) frequencies (%CD4+ T 

cells) and fold-change of cmTFH1, cmTFH2 and cmTFH17 cells within (J) PD-1+ICOS+ cmTFH cells, 

(K) PD-1+ICOS- cmTFH cells and (L) PD-1-ICOS+ cmTFH cells following vaccination. Spearman’s 

correlations were performed between day 7 TTd+ PB subsets and (M) PD-1+ICOS+ total cTFH cells, 

cmTFH1 cells, cmTFH2 cells and cmTFH17 cells, (N) PD-1+ICOS- total cTFH, cmTFH1, cmTFH2 and 

cmTFH17 cells and (O), PD-1-ICOS+ total cTFH, cmTFH1, cmTFH2 and cmTFH17 cells. 
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5.3.5 Plasma TTd-specific IgG Ab functional affinity increases following vaccination 

The prior data demonstrated that ADT vaccination induced activation of GC responses as evidenced 

by the transient expansion of certain cmTFH cell frequencies and PB in blood at day 7 after 

vaccination. Thus, in addition to an increase in TTd-specific IgG Ab levels (as measured in Chapter 

4.3.2), an increase in the average affinity (i.e. affinity maturation) of the polyclonal pool of TTd-

specific IgG Abs should also be observable following vaccination. To measure the average affinity 

of the polyclonal TTd-specific IgG antibody response, plasma TTd-specific IgG Abs were tested for 

binding in the presence or absence of the chaotrope urea. Urea is a non-ionic chaotrope that increases 

the entropy of a solution thereby promoting the disruption of low-affinity intermolecular interactions 

between antibodies and antigens. Although other types of chaotropes, such as thiocyanate (SCN-) 

ions, are utilised for assaying the functional affinity of Abs, I chose urea as it is a safer alternative 

to SCN- compounds and is a commonly utilised chaotrope for functional affinity assays.  

 

The TTd-specific IgG Ab ELISA utilised in Chapter 4.3.2 was further modified to include an 

additional incubation with 8M urea (optimal pre-titrated concentration; data not shown) or PBS, at 

room temperature (10 mins), following sample incubation, to elute low-affinity antibodies. For each 

sample, plasma, starting at maximal (saturation) binding, was serially diluted until nil binding was 

achieved. Saturation binding curves were then generated by plotting binding (OD450) versus 

log(1/plasma dilution factor). Using a three-parameter sigmoidal fit, the dilution factor required to 

reach half-maximal binding (
1

EC50
) was calculated and the 

1

EC50
 value of urea-treated samples were 

expressed as a percentage of their PBS-treated controls. This percentage defines the amount of IgG 

Abs that remain undissociated from TTd in the presence of urea, and it is therefore a measure of the 

average binding affinity of polyclonal Abs in a plasma sample. Thus, these values are hereon 

referred to as the functional affinity index (FAI; listed for each sample below Figure 5.6A-J). Prior 

to vaccination, median (IQR) FAI values were 50.12(29.84-65.45)%. At day 14 following 

vaccination, FAI values increased to 63.80(58.03-72.48)% and were significantly higher than pre-

vaccination values (p < 0.05). FAI values at day 21 remained significantly higher than pre-

vaccination values at 60.26(54.50-76.12)% (p < 0.05; Figure 5.6K). These data indicate that in 

addition to the increase in plasma levels of TTd-specific IgG Abs following vaccination, the 

functional affinity of plasma TTd-specific IgG Abs also increased.  
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Figure 5.6 ADT vaccination results in increased functional affinity of plasma TTd-specific IgG antibodies 

Plasma TTd-specific IgG antibodies were measured, in duplicate, for functional affinity using a modified TTd-specific 

IgG ELISA with chaotropic elution. Following a sample incubation step, plate-bound TTd-specific IgG antibodies were 

pulsed with 8M urea to elute low affinity antibodies, or PBS as a control. For each individual (A-I) saturation binding 

curves were constructed for each sample by plotting OD450 versus Log(1/dilution factor). Half-maximal binding values 

(EC50) were calculated for each sample and the difference in LogEC50 values between urea-treated and PBS-treated 

samples are presented in tables below each plot. (K) The functional affinity index (FAI) was calculated by expressing 

1/EC50 of urea-treated samples as % of 1/EC50 PBS-treated controls. FAI values for each individual are shown as broken 

lines and the median (IQR) FAI value is shown as a solid line. 
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5.3.6 Surface binding of TTd tetramers normalised to BCR expression is higher on IgG+ 

MBC than IgM+IgD+ B cell populations and correlates with plasma TTd-specific 

IgG Ab functional affinity 

The increase in the functional affinity of plasma TTd-specific IgG antibodies following ADT 

vaccination is likely due to the differentiation of PB from TTd-specific MBC with high-affinity 

BCRs during GC reactions. Although MBC do not secrete antibodies, they do express membrane 

bound Ig in the BCR. Thus, the increase in the affinity of membrane-expressed Ig for TTd tetramers 

on MBC following vaccination should also be measurable. To my knowledge, this has not been 

investigated in humans. 

 

One approach to measuring BCR affinity for an antigen is to isolate single B cells, to subsequently 

express monoclonal antibody (mAb) either through cloning or hybridoma techniques, and to 

measure the affinity of the secreted mAb. However, binding of soluble Ig to antigens may differ to 

that of membrane-expressed Ig[355]. In flow cytometry, B cell tetramer binding affinity correlates 

with MFI of tetramer expression[327, 356, 357]. However, assessment of tetramer MFI alone does not 

take into account expression of surface Ig which may vary across MBC subsets (for example, dim 

expression on PB) and directly contributes to tetramer MFI. To resolve this problem, Pape et al. 

normalised tetramer binding to expression levels of BCR-associated CD79b, to compare the binding 

of antigens to B cell populations between strains of mice independent of BCR expression[358], which 

provides an approximation of the average affinity of the B cell population. In the same way, this 

method has the potential to measure average TTd tetramer binding strength to BCRs on the B cell 

populations investigated in this chapter. I hypothesised that the increase in CD79b-normalised TTd 

binding to MBC would correlate with functional affinity of plasma TTd-specific IgG antibodies. I 

focused my analyses on the three most prevalent TTd-binding subsets: IgG+ MBC, IgM+IgD+ MBC 

and IgGlo PB (Figure 5.2D) and developed a flow cytometry panel (Table 5.2) to assess tetramer 

binding relative to CD79b expression for each subset. 

 

Due to the rare nature of TTd-binding IgG+ MBC prior to vaccination, pre-vaccination samples of 

four individuals that exhibited frequencies less than 10 events per 3x105 cells (an arbitrary cut off 

that is representative of an event count less than the 10th percentile of TTd+IgG+ MBC of all samples) 

were conservatively excluded from the analysis. For each MBC population investigated, TTd-

BV421+AF647+ events were first identified, and the median fluorescence intensity (MFI) of TTd-

BV421 was normalised to that of CD79b-APC-R700. CD79b-normalised TTd MFI (nMFI) for IgG+ 
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MBC increased following ADT vaccination, and was significantly higher than pre-vaccination 

levels at day 14 (p < 0.005) and day 21 (p < 0.05, n=6, Figure 5.7A). When nMFI of TTd tetramer 

binding to IgG+ MBC was compared with the functional affinity of plasma TTd-specific IgG 

antibodies, a positive correlation was observed (r = 0.55, p < 0.0002, Figure 5.7B). In contrast, 

nMFI of TTd tetramer binding to IgM+IgD+ MBC did not change following vaccination and 

remained low relative to IgG+ MBC (Figure 5.7C). Indeed, although IgM+IgD+ MBC exhibited 

similar nMFI to IgG+ MBC prior to vaccination (p = 0.56), IgG+ MBC exhibited higher nMFI than 

IgM+IgD+ MBC at D7, D14 and D21 (p = 0.002, for all; Figure 5.7D). 

 

5.3.7 IgGlo PB exhibited higher CD79b-normalised binding to TTd tetramers than IgG+ 

MBC 

In mice, GC B cells with a higher affinity of antigen binding to BCRs are more likely to differentiate 

down the ASC lineage, whereas those with relatively lower affinity of antigen binding become 

MBC[139]. I therefore next examined whether peripheral IgGlo PB detectable 7 days following ADT 

vaccination exhibited higher nMFI of TTd tetramer binding than IgG+ MBC. However, when 

examining total CD20-CD27++CD38+ PB, it was apparent that the majority lacked CD79b expression 

(Figure 5.7E, G). Paradoxically, despite no surface BCR expression, some CD79b- PB exhibited 

low level binding to TTd tetramers (Figure 5.7F). An explanation for this may be that as PB express 

FcγRIIb, a receptor that functions to negatively regulate ASCs, a proportion of CD79b- PB express 

Fc receptor-bound TTd-specific IgG Abs capable of binding tetramers. Although a higher proportion 

of CD79b+ PB were TTd+ compared to their CD79b- counterpart (Figure 5.7H), CD79b- PB were 

more frequent (as % of total PB), and therefore overall, contributed to a higher percentage of TTd+ 

PB (p = 0.0002; Figure 5.7I). Thus, only CD79b+ IgGlo PB were further examined for nMFI of TTd 

tetramer binding. CD79b+IgGlo PB exhibited higher nMFI of TTd tetramer binding than IgG+ MBC 

at day 7, day 14 and day 21 (p = 0.03 for all; Figure 5.7J). 
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Figure 5.7 IgG+ MBC, IgM+IgD+ MBC and IgGlo PB exhibit different nMFI of TTd tetramer 

expression  

TTd tetramer binding of IgG+ MBC, IgM+IgD+ MBC and IgGlo PB were assessed relative to 

expression of CD79b. (A) Normalised TTd tetramer binding was assessed in IgG+ MBC (Friedman 

test, n=6). Four individuals who had pre-vaccination frequencies of TTd+ B cells <10 events per 

3x105 lymphocytes were excluded from statistical analyses (shown in grey). (B) Normalised TTd 

tetramer binding of IgG+ MBC were compared to functional affinity of plasma TTd-specific IgG 

antibodies. (C) Normalised TTd tetramer binding was assessed in IgM+IgD+ MBC. (D) Normalised 

TTd tetramer binding of IgG+ and IgM+IgD+ MBC were compared before (n = 6) and at days 7, 14 

and 21 post-ADT (Wilcoxon’s signed rank test, n = 10). (E) CD79b expression was examined on 

PB. (F) Subsequently, TTd tetramer+ PB were examined within CD79b+ and CD79b- subsets. (G) 

Bar graph showing the proportion of TTd tetramer+ PB that are CD79b- and CD79b+. (H) % of TTd 

tetramer+ PB within CD79b- and CD79b- PB subsets. (I) TTd tetramer-binding CD79b+ and CD79b- 

subsets as a proportion of total PB. (J) Normalised TTd tetramer binding was compared between 

IgGlo PB at day 7 and IgG+ MBC at day 7, day 14 and day 21.  

 



Chapter 5 

 

173 

 

5.3.8 Relationships between TTd-specific B cell subsets, cTFH cells, plasma TTd-specific 

IgG Ab levels and functional affinity, and CD79b-normalised TTd tetramer 

binding 

To investigate all pairwise relationships between parameters measured in previous sections of this 

chapter, a spearman’s correlation matrix was created that included frequencies of TTd-specific B 

cell subsets, frequencies of cTFH cell subsets, plasma TTd-specific IgG Ab levels and FAI, and nMFI 

of TTd tetramer binding to IgG+ MBC in all individuals across all timepoints (Figure 5.8). The 

significance threshold was adjusted to p < 0.0002 using Bonferroni correction for multiple 

comparisons. To aid in visualisation of correlated parameters, hierarchical clustering was employed 

to sort the matrix based on correlation coefficient values. 

 

In general, frequencies of ‘like’ subsets correlated with one another. Thus, frequencies of nearly all 

cTFH cell subsets positively correlated with each, and for brevity, these correlations will not be listed 

here. Frequencies of TTd+ IgA+ MBC correlated with frequencies of TTd+ IgG+ MBC (r = 0.82, p = 

8.35x10-11). Frequencies of TTd+ IgM-only MBC correlated with those of IgM+IgD+ MBC (r = 0.61, 

p = 3.2x10-5). Finally, TTd+ IgGlo PB frequencies correlated with those of TTd+ IgM+ PB (r = 0.57, 

p = 1.37x10-4) and TTd+ IgA+ PB (r = 0.60, p = 4.92x10-5). 

 

Notably, plasma TTd-specific IgG antibody levels correlated with frequencies of TTd+ IgG+ MBC 

(r = 0.85, p = 6.23x10-12) as well as with TTd+ IgA+ MBC (r = 0.66, p = 3.64x10-6) and with the 

nMFI of TTd tetramer binding to IgG+ MBC (r = 0.69, p = 6.71x10-7). nMFI of TTd tetramer binding 

to IgG+ MBC correlated with the frequencies of TTd+ IgG+ MBC (r = 0.56, p = 1.64x10-4). Finally, 

the FAI of plasma TTd-specific IgG antibodies correlated with frequencies of PD-1+ICOS+ cmTFH17 

cells (r = 0.62, p = 4.69x10-5) alone.  
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Figure 5.8 Correlation matrix of TTd parameters measured in this chapter in all individuals 

across all timepoints 

A Spearman’s correlation matrix was constructed in r (Hmisc and corrplot packages) to examine 

relationships between each measured parameter across all timepoints. Hierarchical clustering was 

used to sort the matrix based on correlation coefficient values for ease of visualisation. * indicate p 

values less than 0.0002, which is the adjusted p calculated by Bonferroni correction for multiple 

comparisons. 
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5.3.9 Frequencies of cTFH cells were associated with BCR and antibody affinity for TTd 

but not with plasma TTd-specific IgG Ab levels 

The data presented in this chapter demonstrate that the post-vaccination TTd-specific IgG Ab 

response is characterised by an ‘early’ phase and a ‘late’ phase, where the early phase consists of 

acutely activated PB and cTFH cells and the ‘late’ phase consists of expansion of switched MBC and 

an increase in plasma TTd-specific IgG antibody levels and the nMFI of TTd tetramer binding to 

IgG+ MBC. As PB secrete antibodies and TFH cells are instrumental in selection of GC B cells with 

high affinity BCRs, I hypothesised that expansion of these subsets at day 7 may positively correlate 

with parameters of the ‘late’ phase of the IgG Ab response stated above. To examine this hypothesis, 

I examined pairwise correlations between frequencies of TTd+ PB and cTFH cell subsets at day 7, 

and parameters of the antibody response measured at days 14 and 21 (Figure 5.9). I have further 

sub-categorised these parameters as either measurements of ‘magnitude’ that include: frequencies 

of TTd+ MBC subsets and plasma levels of TTd-specific IgG antibodies or as measurements of 

‘binding’, which include: plasma TTd-specific IgG Ab FAI and the nMFI of TTd tetramer binding 

to IgG+ MBC (Figure 5.9). Corrections for multiple comparisons for this analysis may exclude 

potentially interesting results, due to the small sample size when comparing between timepoints 

(n=10). Thus, for the purpose of exploring between-timepoint relationships, Bonferroni correction 

was not applied. 

 

5.3.9.1 Plasmablasts 

Frequencies of TTd+ IgM+ PB at day 7 correlated with TTd+ IgG+ MBC at day 14 (r = 0.79, p = 

0.006) and plasma TTd-specific IgG antibodies at day 14 (r = 0.85, p = 0.002) and day 21 (r = 0.87, 

p = 0.001). There was also a correlation with frequencies of TTd+ IgA+ MBC at day 14 (r = 0.65, p 

= 0.04). Similarly, frequencies of TTd+ IgGlo PB at day 7 correlated with frequencies of TTd+IgG+ 

MBC (r = 0.71, p = 0.02) and plasma TTd-specific IgG antibody levels at day 14 (r = 0.70, p = 0.03) 

as well as with TTd+ IgA+ MBC at day 14 (r = 0.76, p = 0.01). Moreover, frequencies of TTd+ IgGlo 

PB at day 7 correlated with the nMFI of TTd tetramer binding to IgG+ MBC (r = 0.65, p = 0.04) and 

FAI of TTd-specific IgG Abs at day 14 (r = 0.68, p = 0.03). 

 

5.3.9.2 PD-1+ICOS+ cTFH cells 

No correlations were observed between frequencies of any PD-1+ICOS+ cTFH cell subset at day 7 

and any measure of MBC or antibody magnitude at day 14 or 21. In contrast, strong correlations 

were observed between PD-1+ICOS+ cTFH cells and measures of BCR or antibody affinity. Thus, 



Chapter 5 

 

176 

 

frequencies of CXCR5+PD-1+ICOS+ cTFH cells at day 7 correlated with the FAI of IgG TTd Abs at 

day 14 (r = 0.68, p = 0.03) and the nMFI of TTd tetramer binding to IgG+ MBC at day 14 (r = 0.98, 

p = 1.47x10-6) and day 21 (r = 0.75, p = 0.01). Day 7 frequencies of the PD-1+ICOS+ cmTFH1 subset 

correlated with the nMFI of TTd tetramer binding to IgG+ MBC at days 14 and 21 (r = 0.88, p = 

8.14x10-4 and r = 0.65, p = 0.04, respectively) and the FAI of plasma TTd-specific IgG Abs at day 

21 (r = 0.64, p = 0.05). Similarly, day 7 frequencies of PD-1+ICOS- cmTFH2 cells correlated with 

the FAI of plasma TTd-specific IgG Abs at day 14 and 21 (r = 0.78, p = 0.008 and r = 0.68, p = 0.03, 

respectively) and the nMFI of TTd tetramer binding to IgG+ MBC at day 14 and 21 (r = 0.95, p = 

2.28x10-5 and r = 0.68, p = 0.03, respectively). In addition, day 7 frequencies of PD-1+ICOS+ 

cmTFH17 cells correlated with the FAI of plasma TTd-specific IgG Abs at day 14 (r = 0.73, p = 0.02) 

and the nMFI of TTd tetramer binding to IgG+ MBC at day 14 (r = 0.66, p = 0.04). 

 

5.3.9.3 PD-1+ICOS- cTFH cells 

Frequencies of day 7 CXCR5+PD-1+ICOS- cTFH cells correlated with the FAI of plasma TTd-

specific IgG Abs and the nMFI of TTd tetramer binding to IgG MBC at day 14 (r = 0.65, p = 0.04 

and r = 0.68, p = 0.03, respectively). Frequencies of day 7 PD-1+ICOS- cmTFH1 cells correlated with 

day 14 frequencies of IgA+ MBC (r = 0.68, p = 0.03) alone. Frequencies of day 7 cmTFH2 cells 

correlated with the FAI of IgG TTd Abs and nMFI of TTd tetramer binding to IgG MBC at day 14 

(r = 0.65, p = 0.04 and r = 0.68, p = 0.03, respectively). Similarly, frequencies of day 7 cmTFH17 

cells correlated with the FAI of IgG TTd Abs and nMFI of TTd tetramer binding to IgG MBC at 

day 14 (r = 0.67, p = 0.03 and r = 0.73, p = 0.02, respectively). 

 

5.3.9.4 PD-1-ICOS+ cTFH cells 

No correlations were observed between frequencies of PD-1-ICOS+ cTFH subsets and measures of 

MBC or Ab magnitude at day 14 and 21. However, day 7 frequencies of PD-1-ICOS+ cTFH subsets 

correlated with the nMFI of TTd tetramer binding to IgG MBC at both day 14 and 21. Thus, day 14 

TTd nMFI correlated with day 7 frequencies of CXCR5+PD-1-ICOS+ cTFH cells (r = 0.90, p = 0.003), 

PD-1-ICOS+ cmTFH1 cells (r = 0.81, p = 0.005), PD-1-ICOS+ cmTFH2 cells (r = 0.87, p = 0.001) and 

PD-1-ICOS+ cmTFH17 cells (r = 0.76, p = 0.01). Similarly, day 21 TTd nMFI correlated with day 7 

frequencies of CXCR5+PD-1-ICOS+ cTFH cells (r = 0.88, p = 0.0008), PD-1-ICOS+ cmTFH1 cells (r 

= 0.71, p = 0.02), PD-1-ICOS+ cmTFH2 cells (r = 0.95, p = 2.28x10-5) and PD-1-ICOS+ cmTFH17 

cells (r = 0.73, p = 0.02). 
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These data demonstrate that while day 7 PB subsets were moderately associated with parameters of 

B cell/Ab magnitude and BCR/Ab affinity at days 14 and 21, ICOS+ cTFH cells and subsets near 

exclusively demonstrated strong correlations with measures of both plasma TTd-specific IgG Ab 

functional affinity and binding affinity of TTd tetramers to BCRs on TTd-specific IgG+ MBC. 

 

 

Figure 5.9 ICOS+ cTFH cell frequencies at day 7 correlate with measures of IgG antibody and 

IgG+ MBC BCR affinity at day 14 and 21 

A spearman’s correlation matrix was constructed in r (Hmisc and corrplot packages) to determine correlations 

between day 7 frequencies of TTd+ plasmablasts and TFH populations, with measures of TTd-specific B cells 

and Abs at days 14 and 21. Parameters of the latter could be sub-grouped as measures of magnitude, these 

being frequencies of TTd+ B cell subsets and plasma TTd-specific IgG Ab levels, and measures of affinity, 

which include TTd-specific IgG functional affinity as well as normalised TTd binding. *, ** and *** denote 

p values < 0.05, 0.005 and 0.0005, respectively.  
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 Discussion 

The majority of currently utilised vaccines were developed through empirical testing, because 

discovery of vaccination preceded the discipline of immunology[359]. A greater understanding of the 

immune mechanisms that contribute to vaccine efficacy will benefit vaccination strategies for 

pathogens such as HIV, for which vaccines with acceptable efficacy are not currently available. An 

approach to understanding what constitutes an effective vaccine response is to examine the 

immunological changes that occur following a model, successful vaccination. In this chapter, I have 

investigated the Ab response to TTd by using tetramer staining methods that I optimised in Chapter 

4. In summary, I have demonstrated that TTd tetramer-binding B cell subsets defined by Ig isotype 

differ in pre- and post-vaccination frequencies. Namely, the pre-vaccination TTd binding subsets 

were predominantly IgM+ MBC, whereas the post-vaccination response was dominated by IgG+ PB 

and MBC at different timepoints. Not only did the frequencies of TTd+ IgG+ and IgM+ B cell subsets 

differ, this study was the first to demonstrate that IgG+ MBC exhibited higher affinity antigen 

binding than IgM+IgD+ MBC. Moreover, nMFI of TTd tetramer binding was higher in IgGlo PB than 

IgG+ MBC, which provides novel evidence that in humans, the highest affinity B cells are found 

within the ASC lineage, in agreement with mouse studies[139]. Finally, I showed that frequencies of 

ICOS+PD-1+ cmTFH2 cells that had expanded at day 7 were strongly predictive of the nMFI of TTd 

tetramer binding to IgG+ MBC and functional affinity of plasma TTd-specific IgG+ Abs at the height 

of the response (days 14 and 21). In contrast, day 7 cTFH cell frequencies did not correlate with 

frequencies of TTd+ MBC or levels of TTd-specific IgG Abs at days 14 and 21, which suggests that 

cTFH cells contribute to affinity maturation of BCRs on IgG+ MBC and plasma IgG Abs, but not 

their expansion and levels, respectively. The data in this chapter demonstrates that the IgG Ab 

response to a vaccine is multi-layered and suggests that the effectiveness of the ADT vaccine is 

driven by a combination of the expansion of ICOS+PD-1+ cmTFH2 cells, an expansion of IgG+ MBC 

and IgGlo PB with high affinity BCRs, an increase in plasma IgG Ab functional affinity, and the 

retainment of a population of IgM+ MBC with low affinity BCRs that may serve as a reservoir of 

MBC with specificity for TTd. 

 

5.4.1 ADT vaccination is associated with a dominantly switched IgG+ MBC response and 

a stable unswitched IgM+IgD+ MBC population 

The data presented in this chapter demonstrates that the post-vaccination MBC response to TTd is 

predominantly an IgG+ MBC response. This was shown in multiple ways. Firstly, by utilising t-
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SNE, a dimensionality reduction algorithm that facilitates the unsupervised analysis of cellular 

phenotypes, it was found that TTd+ IgG+ MBC and IgGlo PB together accounted for 55% of all TTd 

binding events in the concatenated data. Secondly, it was shown that there was massive expansion 

of these subsets at certain timepoints following vaccination. Indeed, at baseline IgG+ MBC 

comprised only 9.1% of TTd-binding events and TTd+ IgGlo PB were non-existent. However, at day 

7 following vaccination, TTd+ IgGlo PB accounted for 30.2% of all TTd-binding events and returned 

to near baseline frequencies by day 14. Similarly, TTd+ IgG+ MBC comprised 16.6%, 46.6% and 

48% of all TT-binding events at days 7, 14 and 21, respectively. Thirdly, the IgG+ MBC exhibited 

increases in nMFI of TTd tetramer binding following vaccination, indicating that the BCR of TTd+ 

IgG+ MBC underwent affinity maturation. Fourthly, both plasma TTd-specific IgG Ab levels and 

the functional affinity of these Abs, increased significantly following vaccination. TTd+ IgA+ MBC 

and PB subsets were also elicited by ADT vaccination with similar kinetics, however IgA+ cells 

formed only a minority of TTd binding events at any given timepoint as compared to their IgG+ 

counterparts. This is in agreement with the findings of Giesecke et al. who single-cell sorted TTd-

specific plasma cells at day 7 and found that the majority of these were C1+ and only a minority 

were C1+[360]. A proportion of these post-vaccination IgG-expressing B cell subsets may be 

activated B cells (CD20+CD27+CD71+Ki-67+) committed to the memory lineage[169] or CD21lo B 

cells (CD19+CD21loCD27+) committed to the PC lineage[172], however I was not able to assess these 

due to the constraints of the flow cytometry panel that I used. Furthermore, t-SNE analysis did not 

reveal any TTd-binding IgG+CD27- subsets that may be early products of the GC reaction[147, 148, 

151]. This indicates that the majority of post-vaccination TTd-specific B cells are the progeny of re-

activated (GC-experienced) MBC rather than of naïve B cells.  

 

In contrast, the nMFI of TTd tetramer binding to IgM+IgD+ and IgM-only MBC did not increase 

following vaccination. Yet these subsets accounted for 20.8% and 8.8% of all TTd binding events 

in the concatenated data and were the most frequent TTd tetramer-binding B cell population pre-

ADT vaccination, comprising 49.3% and 21.2% of TTd tetramer binding events. These results are 

identical to those described by Della Valle et al. who used a limiting dilution assay to demonstrate 

that the majority of TTd-specific MBC in individuals who had not received a vaccine in the previous 

10 years were IgM+, whereas IgG+ MBC formed a minority[345]. Moreover, after vaccination, there 

was a large expansion of TTd-specific IgG+ MBC, but frequencies of TTd-specific IgM+ MBC 

remained unchanged, despite exhibiting a molecular footprint consistent with antigen encounter and 

GC selection[345]. IgM+ MBC possess a GC-skewed fate following activation, including upregulation 
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of Bcl-6, and receptors that favour homing to the GC-derived chemokine CXCL13[154]. Thus, one 

explanation for the lack of an observable increase in frequencies of, and nMFI of TTd+ tetramer 

binding to, TTd+ IgM+ MBC populations is that their activation results in a GC fate where they 

undergo switching to become IgG+ or IgA+ MBC, and a minority may undergo PB differentiation. 

In this instance, an accumulation/expansion of TTd+ IgM+ MBC frequencies following vaccination 

might not occur, as the activated population takes on a switched or differentiated phenotype. Shared 

clones of TTd-specific MBC have been reported among IgM+ and IgM- MBC subsets[345], 

demonstrating a derivation of switched MBC from IgM+ MBC. Genealogical analyses of peripheral 

MBC clones show that a proportion of IgG+ MBC clones are direct descendants of IgM+IgD+ 

MBC[156, 158]. However, one may also expect an acute decline in TTd+ IgM+ MBC frequencies due 

to switching-induced ‘depletion’ of TTd-specific IgM+ MBC, which was not observed. To further 

investigate this, clonal analyses of TTd-specific IgM+ and IgG+ MBC at each timepoint would be 

useful, as this would provide an indication of whether IgM+ MBC are replenishing the IgG+ MBC 

compartment through switching.  

 

5.4.2 ADT vaccination increases measures of plasma IgG antibody and IgG+ MBC 

binding affinity to TTd 

In studies reported in this chapter, I used urea elution to measure the functional affinity of plasma 

TTd-specific IgG Abs. Chaotropes, such as urea, increase the entropy of a solution thereby 

disfavouring intermolecular bonding and reducing the effectiveness of Ab-antigen binding[361], 

particularly those that are of low-affinity. Specifically, urea is a non-ionic chaotrope that disrupts 

hydrophobic interactions, hydrogen bonding and Van der Waals forces[362]. Alternative ionic 

chaotropes such as SCN- containing compounds are also utilised, and in addition to disruption of the 

previous bonds stated, SCN- also disrupts electrostatic interactions and can bind the cationic residues 

of amino acids that promotes protein denaturation[361, 362]. Therefore, urea and SCN- excel at 

disrupting different types of antigen-Ab bonds[358] and so direct comparison of chaotropic ‘strength’ 

between these compounds is not possible. In this chapter I chose urea as it is commonly used in 

functional affinity assays[361]. Functional affinity was tested by complete titration of TTd-specific 

IgG Abs from maximal binding until zero binding, in the presence or absence of a fixed 

concentration of urea. Urea was used at a pre-titrated concentration of 8M, as determined by 

optimisation experiments. This is consistent with a study that demonstrated that elution of bound 

Abs requires urea concentrations between 6-8M[362]. As the readout was calculated based on the 
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right-ward shift in half-maximal binding due to urea treatment, the FAI is independent of Ab levels. 

Thus, FAI measures the average resistance of polyclonal Abs to dissociation when urea is used as a 

solvent. This type of assay is sometimes described as an ‘avidity’ assay. However, binding valency 

generally decreases over the course of the immune response because the early Ab response is 

characterised by the production of pentameric (decavalent) IgM[214, 363], followed by switching to 

IgG. Moreover, all IgG subclasses are bivalent[214], save for IgG4, which is monovalent in its half-

molecule state[364]. Therefore, the increase in FAI is a measure of the average (combined) increases 

in affinities of polyclonal Abs, rather than maturation of avidity[361, 363]. 

 

In addition to measuring the FAI of plasma TTd-specific IgG Abs, I sought to determine whether 

affinity maturation of BCRs on blood TTd tetramer-binding B cell subsets could also be measured, 

as both PB and MBC are derived from GC-selected cells. Specifically, I wanted to investigate TTd 

tetramer binding characteristics of IgGlo PB, IgG+ MBC and IgM+IgD+ MBC. As I utilised tetramers 

to identify these TTd-specific B cell subsets, it was possible to utilise the MFI of tetramer binding 

to compare binding characteristics between subsets[357]. Indeed, Phan et al. identified low and high 

affinity hen egg lysozyme-specific B cells based on MFI of labelled antigen binding, which 

correlated with membrane IgG1 expression[356, 365]. In another study, Pape et al. sought to compare 

PE-binding B cell subsets between PE-vaccinated mouse strains with germline BCRs that exhibited 

either high or low affinity binding to PE, and normalised PE-binding to expression of BCR-

associated CD79b[327]. Using the approach by Pape et al., I compared MFIs of TTd tetramer binding 

between IgGlo PB, IgG+ MBC and IgM+IgD+ MBC. Importantly, CD79b is associated with the BCR 

independently of the Ig isotype and with a 1:1 stoichiometry[366, 367], thereby allowing measurement 

of TTd tetramer binding relative to BCR expression using CD79b MFI as a proxy. By accounting 

for BCR expression level, TTd tetramer nMFI is therefore an approximation of the average binding 

affinity of a B cell population to TTd tetramers. In support of this is the observation that the nMFI 

of TTd tetramer binding to IgG+ MBC correlated with the FAI of plasma TTd-specific IgG Abs, and 

that the day 7 expansion of cTFH cells, a lineage of T cells that specialise in selection of B cells with 

high affinity BCRs, exhibited a nearly perfect positive correlation with the nMFI of TTd tetramer 

binding to IgG+ MBC at day 14 and 21. To my knowledge, this study is the first to measure and 

compare BCR affinity of human B cell subsets. An alternative approach of measuring BCR affinity 

of mouse B cells has been reported, which involves titration of fluorescent antigen at a fixed number 

of cells, allowing quantitation of the concentration of antigen that yields half-maximal surface 
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binding[368, 369]. However, the large number of PBMC required for the examination of human B cells 

with this approach may be prohibitive. 

 

The ‘gold standard’ method of measuring the affinity of antigen binding to B cells involve sort-

isolating single B cells, cloning the cells and measuring the affinity of antigen binding to secreted 

mAbs by surface plasmon resonance (SPR)[361]. A comparison of BCR affinity assessed by the nMFI 

method with the FACS-coupled SPR-based method would therefore be of interest. However, 

sorting/SPR-based methods are time and resource intensive, and measure affinity of soluble Abs 

rather than surface expressed BCR. Although the specificities of soluble versus membrane bound Ig 

of a single clone are identical, it can be appreciated that their binding characteristics may differ. Abs 

in solution react with antigen by forming immune complexes[214]. In contrast the BCR is anchored 

within the phospholipid bilayer at the Fc region and undergoes clustering upon binding antigen[159]. 

BCRs are therefore constrained in a relatively planar configuration, which may prohibit antigen 

binding despite possessing high affinity[355]. Assessment of surface binding is therefore important to 

identify whether a B cell may be spatially/sterically incapable of binding an antigen. The nMFI 

method allows measurement of in situ antigen binding of whole B cell populations and is relatively 

simple to do. Examination of surface antigen binding is useful because the extent of binding dictates 

both the potential for B cell activation and its efficiency in antigen presentation. For example, for 

germline-targeted HIV vaccine strategies to be successful, the germline targeting immunogen must 

bind with high affinity to BCRs of VRC01-class naïve B cells[93], in order to specifically recruit 

VRC01-precursor cells into the GC reaction. Once in GC reactions, the efficiency with which these 

naïve B cells present antigen, which is determined by BCR affinity, will determine their success at 

outcompeting other B cell clones in receiving proliferation and survival signals from TFH cells[92]. 

 

Examination of the nMFI of TTd tetramer binding to B cell subsets following ADT vaccination 

revealed that TTd+ IgG+ MBC and IgM+IgD+ MBC were similar at baseline. However, the nMFI of 

TTd tetramer binding increased in IgG+ MBC and was significantly higher than that of IgM+IgD+ 

MBC at days 7, 14 and 21. These data suggest that the post-vaccination IgG+ MBC population is 

enriched for high affinity MBC, whereas the IgM+IgD+ MBC are consistently of lower BCR affinity. 

Della Valle et al. demonstrated that VH mutations of TTd-specific IgG+ MBC were on average 

double of that of TTd-specific IgM+ MBC in immunised individuals[345]. This is consistent with 

other studies that demonstrated that total or antigen-specific IgG+ MBC exhibit a higher frequency 

of VH somatic mutations than IgM+ MBC[146, 148, 370]. Given these data, what is the biological 
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significance of an apparently stable IgM+ MBC population that exhibits a relatively low, and no 

increase in, antigen binding to the BCR? Acquisition of increased BCR affinity itself is linked to 

reduced B cell longevity. Mice that possess naïve B cells with germline-encoded BCRs that bind 

with high affinity to PE exhibit an unstable, rapidly depleting PE-specific IgG+ MBC population 

following vaccination[326, 327]. In contrast, another strain of mice with a different set of BCRs that 

bind with low affinity to PE, exhibit stable PE-specific IgG+ MBC[327]. Two possible mechanisms 

have been proposed for the inverse association between BCR affinity and longevity of MBC. First, 

Gitlin et al. demonstrated that a consequence of the acquisition of SHM/affinity was the 

development of polyreactivity to self-antigens[371]. Thus, high affinity MBC clones were at an 

increased probability of clonal deletion due to a higher propensity of developing SHM-acquired self-

reactivity[371]. Secondly, higher affinity binding may decrease the threshold for BCR activation, and 

thus high affinity MBC may be depleted at a higher rate than low affinity cells due to higher 

probability of effector cell differentiation. It is also important to acknowledge that the IgG molecule 

itself may contribute to a differentiation-biased fate, as the cytoplasmic portion of the IgG BCR 

possesses tyrosine motifs that enhance PC differentiation capacity through signal amplification[160].  

 

I also sought to compare the nMFI of TTd tetramer binding between PB and MBC as affinity may 

be a determinant of their divergent fates[139, 356, 357]. As vaccination with ADT induces a recall 

response, PBs may have differentiated via three possible pathways: (i) activation of naïve B cells in 

T-independent extrafollicular focus (EF) reactions, (ii) selection of activated naïve or re-activated 

MBC within GCs or (iii) reactivation of MBC within SPF reactions[142]. My data suggest that TTd+ 

IgA+ and IgM+ PB may be derived from T-independent EF reactions because their frequencies were 

not associated with those of any cTFH subset at day 7. On the other hand, frequencies of TTd+ IgGlo 

PB at day 7 correlated with contemporaneous cTFH cell frequencies. Because TFH cells are present 

and involved in both GC and SPF reactions, TTd+ IgGlo PB in the circulation at day 7 may originate 

from both compartments. However, SPF reactions are driven by the re-activation and differentiation 

of MBC, and so SPF-derived PB accrue very early on following vaccination and decline in frequency 

by day 5 following vaccination[142]. In contrast, GCs take relatively longer to output PB, and 

therefore circulating blood TTd+ IgGlo PB at day 7 are probably of GC origin. Consistent with mouse 

studies that suggest that high affinity BCRs may be a determinant of PC differentiation[139, 356, 357], 

my data supports that the equivalent may be occurring in humans, as the nMFI of TTd tetramer 

binding was significantly higher on IgGlo PB than IgG+ MBC across all timepoints. However, given 

that a large proportion of PB bound TTd despite expressing no BCR, it is possible that surface 
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tetramer binding may be augmented by the attachment of circulating TTd-specific Abs or immune 

complexes on the surface of PB via FcγRIIb. I therefore gated specifically on BCR+ PB. While this 

may reduce the false positive signal, it does not eliminate the possibility that surface bound 

circulating IgG also enhanced tetramer binding to BCR+ PB, which would lead to an overestimation 

of TTd tetramer nMFI. Thus, an important consideration when assessing the nMFI of TTd tetramer 

binding to PB is to include FcγRIIb as an exclusion marker, or alternatively, to pre-treat cells with 

trypsin to cleave surface-bound, but not membrane expressed, Ig[372], prior to tetramer staining.  

 

5.4.3 The expansion of cTFH subsets was associated with parameters of antigen binding 

affinity, but not the magnitude, of B cell and antibody responses 

The cTFH cell response was examined in this chapter in order to assess the degree of GC activation 

in response to ADT vaccination, as well as the relationship between cTFH cell and circulating TTd+ 

B cell subsets. TFH cells play a central role in the GC response by promoting the survival and 

proliferation of B cells with high-affinity BCRs. The evidence in the literature suggests that blood 

CXCR5+ T helper cells are a circulating counterpart of TFH cells because cTFH cells express a similar 

transcriptional program to GC TFH cells[348], and provide greater help to B cells in vitro than CXCR5- 

helper T cells[349]. It is suggested cTFH cells constitute a circulating memory T cell population primed 

for GC function upon cognate activation[348]. My data supports this notion, as approximately 90% 

of CXCR5+ cTFH cells were of the TCM phenotype (CD27+CD45RA+), in comparison to CXCR5- T 

helper cells, of which the majority were of the TN phenotype (CD27+CD45RA+). 

 

Here, subsets of cTFH cells were examined first by either single or dual expression of ICOS and PD-

1, followed by identification of TCM, and further characterised as cmTFH1, cmTFH2 and cmTFH17 

phenotypes based on differential CXCR3 and CCR6 expression. It was observed that ICOS+PD-1+ 

cTFH cells exhibited the greatest fold-change from baseline at day 7, namely ICOS+PD-1+ cmTFH1 

cells (~4.5 fold-increase) followed by ICOS+PD-1+ cmTFH2 cells (~2.5 fold-increase), whereas 

subsets within single positive cTFH cell populations (ICOS-PD-1+ and ICOS+PD-1-) exhibited lower 

fold changes (<2 fold-increase for all). This was expected as the dual expression of PD-1 and ICOS 

denotes a recently (vaccine) activated phenotype that includes high expression of CD38 and Ki-

67[170, 352]. Similar to these findings, Van der Heiden et al. demonstrated that TTd stimulation of 

PBMC obtained from TTd-vaccinated individuals induced higher IL-13 (Th2) and IFN- (Th1) 
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production in comparison to pre-vaccination PBMC[373]. TTd-specific IL-13 and IFN secretion 

correlated with cTFH cell (defined as CXCR5+ICOS+IL-21+ helper T cells) frequencies at day 7[373].  

 

While I observed a larger fold-change from baseline for ICOS+PD-1+ cmTFH1 cell frequencies, 

cmTFH2 cells were the most frequent cTFH cell subset at any given timepoint. In fact, it has been 

shown that cTFH1 cells exhibit limited B helper function in vitro[348, 349], characterised by lower 

capacity for CXCL13 production[348], lower IL-21 secretion when co-cultured with naïve B cells[349], 

lower ability to activate naïve B cells to produce Abs[349], and lower ability to induce PB 

differentiation of MBC[348], compared to the cTFH2 and cTFH17 subsets. Moreover, at least for 

quiescent (ICOS-PD-1+) cTFH cells, the cTFH2 and cTFH17 subsets are the most transcriptionally 

similar to tonsillar GC TFH cells 
[348], which may further explain their greater B helper ability. The 

relative abundance and day 7 expansion of ICOS+PD-1+ cmTFH2 cells is therefore likely to be a large 

contributing factor to the effectiveness of TTd vaccination. Influenza vaccination on the other hand, 

induces a large expansion of predominantly cTFH1 cells[170, 350, 351, 353]. It has been argued by Locci 

et al. that the expansion of cTFH1 cells and not cTFH2 cells may underlie the relatively quick decline 

of protective immunity provided by seasonal influenza vaccination[348]. Further data that supports 

the argument of Locci et al., was the finding that addition of a viral vector to the malaria 

RTS,S/AS01B vaccine resulted in a cTFH1-skewed response, which was associated with reduced Ab 

production and vaccine efficacy[374]. My data further supports this argument, as ADT vaccination, 

with an Ab half-life of 11 years[167] and the ability to confer protection with as little as 0.1 IU/mL of 

vaccine-induced Abs[166], was associated with an overall greater frequency and expansion of 

ICOS+PD-1+ cmTFH2 cells and a smaller expansion of cmTFH1 cells.   

 

In line with TFH cells being a lineage specialised in the selection of B cells with high affinity BCRs, 

I showed that cTFH cell subsets at day 7 correlated with plasma TTd-specific IgG Ab functional 

affinity at their peak levels (days 14 and 21). These findings are consistent with other studies that 

demonstrate that cTFH cell frequencies at day 7 following trivalent[350] or mRNA[353] influenza 

vaccination correlate with the affinity of circulating Abs measured with either SPR or chaotropic 

NaSCN elution. In addition, my study is the first to show that day 7 frequencies of cTFH cells, in 

particular ICOS+PD-1+ cmTFH2 cells, significantly correlated with the nMFI of TTd tetramer 

binding on IgG+ MBC (a surrogate of affinity) at days 14 and 21. In contrast, cTFH cell subsets were 

not related to the frequencies of TTd+ IgG+ MBC, nor TTd-specific IgG Ab levels at day 14 and 21. 

These data suggest that while affinity of both IgG Abs and BCRs on IgG+ MBC are directly related 
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to the expansion of cTFH cells, cTFH cells may not be involved in the clonal expansion of TTd+ IgG+ 

MBC or the plasma levels of TTd-specific IgG Abs at later timepoints. Further work is required to 

examine this issue.
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Chapter 6 Investigation of techniques for the detection of HIV-1 p24-specific 

B cells 

 

 Introduction 

HIV-1 disease causes global changes in peripheral B cell subsets that includes increased proportions 

of immature/transitional, AM and TLM B cells[375]. The increase in immature/transitional B cell 

populations is associated with CD4+ T cell lymphopaenia and may involve increased levels of IL-

7[183]. On the other hand, formation of AM and TLM B cells are likely due to effects of persistent 

viral replication and immune activation. It appears that a proportion of these B cell subsets are 

responding to HIV-1 infection as a majority of HIV-1 gp140-specific B cells are of the AM and 

TLM phenotypes[184]. HIV-1 p24 is also a target of circulating IgG Abs in HIV patients, which 

suggests that some B cells must also be p24-specific. Furthermore, p24-specific cTFH cells are 

present in roughly equal proportions to HIV-1 env-specific cTFH cells[376], indicating that the p24-

specific B cell response is as equally as active as that of the env-specific B cell response. Given the 

association that we and others have observed between plasma levels and effector functionality of 

HIV-1 p24-specific IgG Abs and control of HIV-1 infection[182, 322, 324, 377, 378], I sought to investigate 

whether higher p24-specific IgG Ab levels/effector function were associated with higher proportions 

of p24-specific B cells. 

 

To this end, I sought to adapt the dual tetramer staining method for detection of TTd-specific B cells 

(optimised in Chapter 4), for the detection of p24-specific B cells. Despite detection of p24-specific 

MBC by ELISpot assay and p24-binding IgG+ MBC by flow cytometry in one HIV patient, p24 

probes in either a tetrameric or dimeric configuration with SA-conjugated fluorochromes, bound 

weakly and inconsistenly to B cells in the large majority of patients. Further investigations that 

examined the antigenicity of biotinylated p24 as well as the functional affinity of p24-specific IgG 

Abs, suggested that the difficulties in detecting p24-specific B cells may be due to a combination of 

intrinsically low affinity of BCR binding to p24 and the shielding or disruption of p24 epitopes by 

biotin labelling. Further work is required to overcome these challenges.   
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 Methods 

6.2.1 Sample collection and study groups 

PBMC and plasma samples were isolated as previously stated. Samples used in the work conducted 

in this chapter were from HIV patients enrolled into studies undertaken by me, Dr. Lilian Cha and 

Dr. Laila Abudulai (Table 6.1). Informed consent was provided by all study participants and the 

study protocols were approved by the Royal Perth Hospital and The University of Western Australia 

human research ethics committees. 

 

Table 6.1 Demographic characteristics of patients whose PBMC and plasma samples were 

used in this study. 

 Mean plasma  

HIV-1 RNA level 

 (copies/mL) 

Mean CD4+ T cell 

counts 

(cells/μL) 

Mean Age Sex 

ART-untreated (n=15) 2.76x104 540 44 Male (100%) 

ART-treated (n=15) <40 890 47.50 Male (66%) 

 

6.2.2 ELISpot assay for the detection of p24-specific IgG-producing MBC 

Cryopreserved PBMC were thawed in RPMI 1640 supplemented with 10% HIFBS (culture media) 

and centrifuged at 300 x g for 7 mins. An aliquot of the PBMC was diluted in trypan blue exclusion 

dye and live cells were enumerated in a Neubauer haemocytometer. PBMC were resuspended at a 

concentration of 1x106 cells/mL in culture media with a final concentration of 2.5μg/mL R-848 and 

1μg/mL IL-2 for 5 days to induce polyclonal activation of MBC and Ab production. PBMC were 

cultured in polypropylene tubes at a 30º incline with loosened lids to allow for adequate gas 

exchange. An unstimulated control that was incubated in culture media alone was also included for 

each sample, so that circulating ASC could be accounted for. At day 4 of the incubation, baculovirus-

expressed HIV-1 p24 (Protein Sciences; Meriden, CT) was diluted in sterile PBS and immobilised 

on 96-well MultiscreenHTS plates with a 0.45μm Immobilon®-P polyvinylidene fluoride membrane 

(Millipore) overnight at 4ºC. The following day, plates were washed with sterile PBS and blocked 

with 0.22μM-filtered RPMI 1640 containing 10% BSA for 2 hrs at room temperature. Plates were 

then washed with sterile PBS, and 5-day R-848 + IL-2 activated or unstimulated PBMC were added 

to the wells. The plate was incubated overnight at 37ºC, 5%CO2. Plates were then washed with PBS 



Chapter 6 

 

190 

 

containing 0.25% Tween20, and alkaline phosphatase (AP)-conjugated polyclonal goat anti-human 

IgG (1:5000 in culture media; Invitrogen) was added to each well and incubated for 4 hrs at room 

temperature. Spots were developed with AP-substrate (Bio-Rad) and the reaction was stopped by 

the addition of MilliQ H2O. 

 

6.2.3 Flow cytometry assay for the detection of p24-specific B cells 

Biotinylated, baculovirus-expressed, recombinant HIV-1 p24 IIIB was purchased from 

MyBiosource (San Diego, CA, catalogue#: MBS635672, lot: L166051157). Fluorescent p24 

tetramers were produced using the methods described in Chapters 4 and 5 for the production of TTd 

tetramers, however biotinylated-p24 was used in place of biotinylated-TTd. Experiments also 

involved using p24 dimers and monomers, which were constructed by reducing the concentration of 

p24 such that there was a 2:1 or 1:1 molar ratio with SA-AF647 and SA-BV421. Flow cytometry 

panel 5.2 (Table 5.2); panel to measure nMFI of tetramer binding) was utilised in this chapter, 

however p24-AF647 and p24-BV421 probes were used in place of TTd-AF647 and TTd-BV421. 
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6.2.4 ELISA to measure functional affinity of plasma p24-specific IgG Abs 

Costar half-well high protein binding 96-well plates were coated overnight at 4°C with 1ug/mL 

recombinant, baculovirus-expressed HIV-1 p24 IIIB (Protein Sciences; catalogue#: 2004, lot: 1368-

044) diluted in PBS. Plates were washed with 0.05% PBS-T and blocked with 5% BSA/PBS. Plates 

were then washed with PBS-T and plasma of each patient for each condition was serially diluted in 

duplicate, in 2% BSA/PBS and incubated for 2 hrs at room temperature. The wells were then washed 

with PBS-T and pulsed with 8M urea or PBS for 10 mins at room temperature. Wells were further 

washed and polyclonal goat anti-human IgG-HRP (1:4000) was added to each well for 1hr at room 

temperature. Plates were washed a final time and colourimetric reaction was initiated by the addition 

of 3, 3’, 5, 5’-tetramethylbenzidine for 15 mins at room temperature. The reaction was terminated 

with 1M H2SO4 and the end-point optical density was measured at λ = 450nm (OD450) using a 

SpectraMax microplate spectrophotometer. The OD450 was then plotted against the reciprocal of 

the dilution factor (1/dilution factor) and a saturation binding curve fit was applied to calculate BMax. 

In addition, OD450 was plotted against log(1/dilution factor) so that a three parameter sigmoidal 

curve could be applied to calculate half-maximal binding (EC50). Two measures of Ab binding to 

p24 were calculated as follows: 

 

(𝟏) 𝐵𝑀𝑎𝑥 𝐼𝑛𝑑𝑒𝑥 (𝐵𝑀𝐼) =
𝐵𝑀𝑎𝑥 𝑈𝑟𝑒𝑎 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝐵𝑀𝑎𝑥 𝑃𝐵𝑆 𝑡𝑟𝑒𝑎𝑡𝑒𝑑
 × 100 

 

(𝟐) 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐹𝐴𝐼) =
(

1

EC50
 Urea treated)

(
1

EC50
PBS treated)

 × 100  
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 Results 

6.3.1 Circulating MBC are detectable by p24-specific IgG ELISpot 

To first determine whether p24-specific B cells were present in PBMC of HIV-1-infected patients, 

I developed an ELISpot assay method that captured p24-specific Abs secreted by polyclonally 

activated MBC or by circulating ASC. I examined the PBMC of four ART-untreated patients with 

increasing levels of plasma HIV-1 RNA: undetectable (<40 copies/mL), 933 copies/mL,1.8x104 

copies/mL and 2.8x105 copies/mL. PBMC were cultured with 2.5µg/mL R-848 and 1µg/mL IL-2 

for 5 days, to induce polyclonal MBC activation and Ab production. An unstimulated control for 

each PBMC sample was also cultured for 5 days in culture media alone. After 5 days of culture, 

PBMC were seeded on to an ELISpot plate coated with 10µg/mL or 5µg/mL of baculovirus-

expressed recombinant HIV-1 p24, at cell densities of 5x105, 2.5x105 and 1.25x105 cells/well. 

Following an overnight incubation, a detection Ab specific for human IgG was added to the plate 

and spots were developed by addition of a chromogenic substrate. In all PBMC samples stimulated 

with IL-2 and R-848, detectable spots were observed, indicating the presence of circulating p24-

specific MBC (Figure 6.1). Spots were particularly intense and frequent in the patient who had low 

but detectable plasma HIV-1 RNA (PER-02). The unstimulated sample of that patient also exhibited 

detectable spots, indicating that circulating p24-specific ASC were present in that patient. These 

data indicate that p24-specific MBC are present in HIV-1 infected patients.  
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Figure 6.1 Circulating p24-specific MBC are detectable by ELISpot 

Recombinant, baculovirus-expressed HIV-1 p24 was immobilised on ELISpot plates. Subsequently, 

R-848 + IL-2-activated, or unstimulated PBMC, cultured for 5 days, were added to the plate and 

incubated overnight (37°C. 5%CO2). Following addition of a detection Ab to human IgG, spots were 

developed with chromogenic substrate. 
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6.3.2 Examination of B cells by flow cytometry for HIV-1 p24-specific B cells 

Having shown that HIV-1 p24-specific B cells are detectable in PBMC samples from ART-untreated 

HIV patients, I adapted the optimised method for detecting TTd-specific B cells described in Chapter 

4 to determine if p24-specfic B cells could be detected by flow cytometry. To do this, I created p24 

tetramers by conjugating biotinylated p24 to either SA-AF647 or SA-BV421 at a 4:1 molar ratio. I 

then dual stained PBMC of 15 ART-untreated HIV-1 patients with p24-AF647 and p24-BV421 

tetramers. HIV-1 gp140 specific B cells comprise between 0.5-2% of IgG+ MBC[379], which is 

similar to the frequencies observed for TTd-specific B cells. A p24+AF647+BV421+ gate was set 

using the TTd+AF647+BV421+ as a reference (Figure 6.2A). Unlike TTd-staining, which was bright 

and proportional, events that fell within the p24+AF647+BV421+ gate were dim and scattered 

(Figure 6.2A). The frequencies of p24-binding events amongst total MBC and IgG+ MBC were 

compared with frequencies of TTd-binding events amongst total MBC and IgG+ MBC (obtained 

from data in Chapter 5, all timepoints, n = 40). TTd+ events comprised, on average, 0.37% of MBC, 

whereas p24+ events comprised an average of 0.12% of MBC (p<0.0001; Figure 6.2B). Similarly, 

TTd+ events comprised an average of 1.42% IgG+ MBC, whereas p24+ events comprised an average 

of 0.12% of IgG+ MBC (p = 0.0005; Figure 6.2B). Together, these data indicate that p24 dual 

tetramer staining does not visually resolve cells into a clear population of events that bind 

proportionally to tetramers. In addition, frequencies of p24-binding events, as % of MBC or IgG+ 

MBC, were lower than the expected frequencies of a bona-fide antigen-binding subset. 

 

I next tested the effect of dual staining p24 configured as tetramers, dimers or monomers, which 

might enhance staining if binding was affected by steric accessibility of BCRs to antigens. Dimers 

and monomers were created by reacting biotinylated-p24 with SA-AF647 and SA-BV421 at 2:1 and 

1:1 molar ratios, respectively. I tested the effect of dual p24 tetramer, dimer and monomer staining 

on the PBMC of patient PX-05, because this patient exhibited a population of cells that were 

disproportionately high for SA-BV421 (Figure 6.2A; PX-05 = 0.79% BV421+AF647- of IgG+ MBC 

compared to median of 0.1% BV421+AF647- of IgG+ MBC observed in the other patients), which 

may be an effect of steric accessibility to one type of tetramer but not the other. Dual staining with 

p24 dimers resulted in observation of a clear population of proportionally, though relatively dim 

(compared to TTd) staining p24+AF647+BV421+ events that comprised 0.38% of IgG+ MBC 

(Figure 6.2C). Next, PBMC of 30 HIV-1 patients (15 ART-treated and 15 ART-untreated) were 

examined for p24-specific B cells with dual p24 dimer staining. Despite a clear population of 

p24+AF647+BV421+ events observed with p24 dimer staining of PX-05, no such population was 
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observed in any of the 30 samples. Furthermore, dual p24 dimer staining reduced p24-binding events 

to an average of 0.001% of total MBC and 0.002% of IgG+ MBC, which were significantly lower 

than that stained with p24 tetramers, and with TTd tetramers (p < 0.0001 for all; Figure 6.2D).  
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Figure 6.2 Examination of p24-specific MBC by flow cytometry 

The p24+AF647+BV421+ gate was set based on the gate used to identify TTd+ B cells in healthy 

vaccinated individuals (Chapters 4 and 5). (A) 15 ART-untreated HIV patients were initially 

examined with dual p24-AF647 and p24-BV421 tetramer staining. (B) Shown are median(IQR) 

frequencies of total antigen-specific CD27+ MBC and IgG+ MBC dual stained with either TTd or 

p24 tetramers. (C) p24 tetramers, dimers and monomers were constructed by reacting biotinylated 

p24 with SA-AF647 and SA-BV421 at 4:1, 2:1 and 1:1 molar ratios, respectively, and the p24-

AF647+BV421+ population was subsequently examined. (D) PBMC of 30 patients (15 ART-

untreated and 15 ART-treated) were dual stained with dimeric p24 and p24-binding B cells were 

measured. Frequencies of antigen-binding B cells as % of total MBC and IgG+ MBC, were compared 

for PBMC dual stained with TTd tetramers, p24 tetramers and p24 dimers.  
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6.3.3 Assessing the antigenicity of biotinylated HIV-1 p24 and functional affinity of IgG 

Abs to p24 

One possible explanation for the finding that p24 binding B cells were weakly and inconsistenly 

detectable in the majority of HIV patients when assayed by flow cytometry suggests that 

biotinylation of the p24 antigen may have affected its antigenicity. Thus, p24-specific B cells may 

only be detectable in individuals whose B cells bind biotin-unaffected epitopes. Alternatively, p24-

specific B cells may express BCRs with intrinsically low affinity. To investigate these potential 

causes of weak/inconsistent p24-binding to B cells, I sought to measure and compare the binding of 

plasma p24-specific Abs to biotinylated p24 and unlabelled p24, as well as to measure FAI of plasma 

Abs to p24 (as performed for TTd-specific IgG Abs) in each patient as a a correlate of BCR affinity 

of p24-specific B cells, which was demonstrated for TTd-specific B cells and IgG Abs in Chapter 

5. To do this, I first had to develop a p24-specific IgG Ab ELISA. 

 

Our laboratory has previously optimised p24-specific Ab ELISAs for the detection of p24-specific 

IgG1, IgG2 and IgG3 Abs[182, 322], but not for detecting p24-specific total IgG. For the detection of 

individual IgG subclasses, the coating concentrations used were 0.1μg/mL for IgG1 and IgG2 and 

1μg/mL for IgG3. To determine the coating concentration to use for measuring total IgG Abs against 

HIV-1 p24, I utilised plasma IgG Abs of two patients who exhibited high levels of p24-specific IgG 

Abs from an initial screen using a coating concentration of 0.1μg/mL p24 (data not shown). I tested 

the effect of increasing the coating concentration of HIV-1 p24 (0.1, 0.25, 0.5, 1 and 2μg/mL) on a 

fixed plasma dilution series (Figure 6.3A). Increasing the coating concentration increased the 

OD450 at each dilution (Figure 6.3A). As a result, this increased the dilution factor required for half 

maximal binding (
1

EC50
; Figure 6.3B). 

1

EC50
  started to plateau at a p24 coating concentration of 

1μg/mL (Figure 6.3A). This indicated that the stoichiometry of plasma Abs (at least for these two 

patients) and HIV-1 p24 began to equalise (1:1) at a 1μg/mL coating concentration. From hereon, 

IgG Abs were assessed by coating ELISA plates with 1μg/mL HIV-1 p24. 

 

To assess the functional affinity of plasma p24-specific IgG Abs in a cohort of 30 patients (15 ART-

untreated and 15 ART-treated) whose contemporaneous PBMC samples were assessed by p24-

dimer staining, I first assessed plasma p24-specific IgG Abs at a fixed dilution series (1:90, 1:540, 

1:3240, 1:19,440; Figure 6.3C). The majority of patients had levels of p24-specific IgG Abs too 

low for detection at this dilution series. Three patients (UnTx-6, Tx-10 and Tx-13) had levels of 

p24-specific IgG Abs too high for a complete saturation binding curve to be constructed. Thus, for 
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each patient I predicted and assayed plasma at adjusted dilution series so that saturation binding 

could be optimally assessed (Figure 6.3D).  
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Figure 6.3 Optimisation of total p24-specific IgG ELISA to measure levels and functional 

affinity of p24-specific IgG antibodies 

Figure 6. 1 (A) The effect of increasing the concentration of HIV-1 p24 (0.1μg/mL, 0.25μg/mL, 

0.5μg/mL, 1μg/mL and 2μg/mL) on the OD450 of two HIV-1 plasma samples that exhibited 

detectable p24-specific IgG Abs. (B) Half-maximal binding, 
𝟏

𝑬𝑪𝟓𝟎
, was assessed at each coating 

concentration. (C) HIV-1 p24-specific IgG Abs were initially assayed to predict the appropriate 

dilution series for each patient. (D) Plasma was subsequently assayed at the adjusted dilution series 

so that saturation curves could be constructed.  
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6.3.4 Functional affinity of plasma HIV-1 p24-specific IgG Abs are low 

The functional affinity of plasma p24-specific IgG Abs was assessed for each patient by 8M urea 

elution as done for assessment of TTd-specific IgG Abs (Chapter 5). The OD450 was plotted against 

the logarithm of 1/dilution factor (DF) and a three parameter-sigmoidal curve fit was applied. From 

this curve fit, EC50 values were calculated for each patient, whose samples were eluted with 8M 

urea, or incubated with PBS as a control, thus allowing for calculation of functional affinity. Unlike 

TTd-specific IgG Abs, it was apparent that 8M urea not only resulted in a right-ward shift to EC50 

values, but also a decrease in maximum binding (BMax; Figure 6.4A& B). Thus, in addition to FAI, 

the BMax Index (BMI), which is a comparison of the BMax of 8M urea-treated samples as a percentage 

of the BMax of PBS-treated controls, was calculated. BMI is another metric of binding strength of 

polyclonal Abs to an antigen[363]. 
1

EC50
 values, which are indicative of p24-specific IgG Ab levels, 

were high in some ART-untreated patients, however, overall there was no significant difference 

between ART-treated and untreated patients (p = 0.26; Figure 6.4C). A trend for lower FAI was 

observed in ART-untreated patients (29.65[17.90-53.33]%] when compared with ART-treated 

patients ([47.87[32.66-59.07]%; p = 0.13; Figure 6.4D). BMI was not different between ART-

treated (85.41[63.77-100.3]%) and untreated patients (69.8[60.1-100.9]%, p = 0.51; Figure 6.4E). 

Interestingly, some patients had increased BMI (>100%), which indicated that urea may affect the 

conformation of p24 such that additional epitopes are available for binding[363]. 

 

Next, I compared the FAI and BMI values of plasma p24-specific IgG Abs to those of plasma TTd-

specific IgG Abs measured in Chapter 5. This comparison asks whether on average, binding of 

plasma IgG Abs to HIV-1 p24 is more or less resistant to 8M urea elution than that of IgG Abs to 

TTd, which may be suggestive of relative differences in affinity. FAI of p24-specific IgG Abs in 

ART-untreated patients were lower than FAI of TTd-specific IgG Abs of healthy individuals at days 

7, 14 and 21 following vaccination (p = 0.0003, p = 0.001, p = 0.002, respectively; Figure 6.4F). 

Similarly, FAI of p24-specific IgG Abs of ART-treated patients were significantly lower than FAI 

of TTd-specific IgG Abs of healthy individuals at days 14 and 21 following vaccination (p = 0.01, 

p = 0.02, respectively; Figure 6.4G). Moreover, BMI of p24-specific IgG Abs of ART-untreated 

patients were significantly lower than that of TTd-specific IgG Abs of healthy individuals prior to 

ADT vaccination (p = 0.02; Figure 6.4H). Finally BMI of p24-specific IgG Abs of treated HIV-1 

patients were significantly lower than that of TTd-specific IgG Abs of healthy individuals at all 

timepoints (p = 0.02, p = 0.03, p = 0.04, p = 0.04, respectively; Figure 6.4I). These data demonstrate 

that FAI and BMI are on average lower for p24-specific IgG Abs than that for IgG Abs to TTd 
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following vaccination. Given the correlation between a measure of BCR affinity on TTd-specific B 

cells and the FAI of plasma TTd-specific IgG Abs demonstrated in Chapter 5, these findings provide 

preliminary evidence that BCR affinity of p24-specific B cells may be low.  
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Figure 6.4 p24-specific IgG antibodies of HIV-1 patients are more susceptible to urea-

mediated elution compared to TTd-specific IgG antibodies of healthy individuals 

(A, B) Treatment of p24-specific IgG Abs with 8M urea resulted in a right-ward shift in EC50 as well as a 

reduction in overall maximal binding. (C) 
𝟏

𝑬𝑪𝟓𝟎
 values (a measure of the level of p24-specific IgG Abs), (D) 

FAI and (E) BMI was compared between ART-treated and untreated HIV-1 patients. FAI of p24-specific 

IgG Abs of (F) ART-untreated and (G) ART-treated patients were compared with FAI of TTd-specific IgG 

Abs at pre or post-vaccination timepoints. Similarly, BMI of p24-specific IgG Abs of (H) ART-untreated and 

(I) ART-treated patients was compared with BMI of TTd-specific IgG Abs at pre or post-vaccination 

timepoints   
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6.3.5 Biotin conjugation reduces the antigenicity of p24 

Finally, I sought to compare whether biotinylation of p24 affected the ability of p24 to be recognised 

by IgG Abs (and thus, BCRs). To do this, unlabelled, baculovirus-expressed HIV-1 p24 and biotin-

conjugated, baculovirus-expressed HIV-1 p24 were immobilised overnight (4°C) on an ELISA plate 

at equal concentrations (1μg/mL) and compared for binding of plasma p24-specific IgG Abs of 10 

of the 30 patients assessed in the prior experiment who exhibited the highest p24-specific IgG Ab 

levels (as indicated by the highest 
1

EC50
 values). With Ab binding to unlabelled p24 as a reference 

point, biotinylated p24 exhibited reduced Ab binding as indicated by right ward-shifts in the EC50 

as well as reduced BMax (Figure 6.5A & B).  
1

EC50
  values of patient Abs were significantly lower in 

biotinylated p24-coated wells (367.3[269.2-12249]) in comparison to those coated with unlabelled 

p24 (610.30[261.6-26826]; p = 0.004; Figure 6.5C). Similarly, BMax was significantly lower in 

biotinylated p24-coated wells (0.89[0.81-0.97]) as compared to those coated with unlabelled p24 

(0.33[0.26-0.38]; p = 0.002; Figure 6.5D). BMax was more adversely affected by biotinylation than 

1

EC50
  values, as indicated by significantly higher p24-biotin:unlabelled-p24 fold differences in BMax 

(median fold difference = 0.36) compared to that of 
1

EC50
  values (median fold difference = 0.59; p = 

0.02; Figure 6.5E).  

 

Furthermore 
1

EC50
  values of Abs assayed with biotinylated-p24 correlated with those assayed with 

unlabelled p24 (r = 0.94, p = 0.0002; Figure 6.5F). However, BMax of Abs assayed with biotinylated-

p24 did not correlate with those assayed with unlabelled p24 (r = 0.34, p = 0.33; Figure 6.5G). 

Finally, fold differences in BMax or 
1

EC50
  values of Abs assayed with biotinylated versus unlabelled 

p24-coated wells were compared. Fold difference in BMax (biotinylated-p24:unlabelled-p24) did not 

correlate with the fold differences (biotinylated-p24:unlabelled-p24) in 
1

EC50
  (r = 0.16, p = 0.66; 

Figure 6.5H), which indicates that the proportional decrease in 
1

EC50
  was not an effect of decreased 

BMax. Together, these data demonstrate that biotinylation of p24 adversely affected its antigenicity.   
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Figure 6.5 Biotinylation adversely affects the antigenicity of p24-specific IgG 

ELISA plates were coated with 1µg/mL of biotinylated-p24 or unlabelled p24. Subsequently, plasma 

of 10 patients with high p24-specific IgG Abs were tested for binding to either of the coating 

antigens. (A) Showing a three-parameter sigmoidal binding curve of serially diluted Abs to 

unlabelled p24 (blue) and biotinylated-p24 (red). (B) The curves were also fit with a standard 

saturation curve to examine BMax of Ab binding to unlabelled p24 (blue) or biotinylated-p24 (red). 

(C) 
1

EC50
 and (D) BMax were calculated from their respective curve fits compared between unlabelled 

p24 and biotinylated p24. (E) The fold difference of  
1

EC50
 and BMax of Abs assayed with biotinylated-

p24 relative to unlabelled p24, was compared. The relationship between (F) EC50 and (G) BMax 

values for Abs assayed with biotinylated-p24 or unlabelled p24 were compared. (H) Spearman’s 

correlation between fold difference in BMax and fold difference in 
1

EC50
  values.  
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 Discussion 

In this chapter I attempted to adapt a flow cytometry-based method of detecting antigen-specific B 

cells that I had optimised in Chapter 4 to detect p24-specific B cells of HIV patients. Using p24 

either tetramerised or dimerised to streptavidin conjugated fluorochromes, and TTd+BV421+AF647+ 

B cells as a reference gate, I was unable to detect a well-resolved population of p24-specific B cells 

of the expected frequencies, with the exception of patient PX-05, who, interestingly, had the 

phenotype of a viraemic controller. I postulated that this finding may have two explanations: (i) 

biotinylation affected the antigenicity of p24 and (ii) binding of BCRs to p24 are of intrinsically low 

affinity. Using a p24-specific IgG ELISA, I determined that overall binding (BMax) to biotinylated 

p24 was reduced by a median of 64% compared to unlabelled p24 at the same concentration, 

indicating that biotinylation abrogated antigenicity. Additionally, I provided preliminary evidence 

that p24-binding to BCRs may be of low affinity based on the observation that the FAI and BMI of 

p24-specific IgG Abs was low. Therefore, reduced antigenicity of biotinylated p24, or low affinity 

of BCRs on p24-specific B cells, or both, may explain the inability to detect a well-resolved 

population of p24-specific B cells.  

 

Numerous other groups have reported the detection of HIV-1 env-specific B cells by flow cytometry, 

either using site-specifically mono-biotinylated env glycoproteins, especially gp140[184, 379-385] or 

non-site-specific direct conjugation of fluorochromes to env glycoproteins[386-389]. The biotinylated 

p24 that was commercially obtained for this study was not site-specifically biotinylated. Thus, a 

conjugation method similar to the one I performed for the biotinylation of TTd was likely used, 

which may also lead to conjugation of multiple biotin molecules per molecule of p24. Non-site-

specific poly-conjugation does not seem to drastically impede the antigenicity of TTd and HIV-1 

gp140. This suggests that p24 is particularly susceptible to abrogation of antigenicity upon labelling. 

Relative to TTd and HIV-1 gp140, p24 is a small protein (24kDa), and therefore conjugation of 

biotin takes up a relatively larger proportion of available epitopes. In addition, the smaller size of 

p24 is also likely to confer less epitope diversity than TTd and HIV-1 gp140 and so biotinylation 

has a higher probability of obscuring immunodominant epitopes of p24. Indeed, gp140 is comprised 

of a trimer of gp120 and gp41 heterodimers which exhibit a large diversity of epitopes. For future 

attempts to detect p24-specific B cells by flow cytometry, it is important to consider site-specific 

mono-biotinylation of p24. This is conventionally performed by inserting an AviTag motif in the C-

termini of proteins[390] and expressing the recombinant AviTag-motif containing protein in an 

expression system. Following purification, the protein can be subsequently reacted with biotin in the 
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presence of E. coli-derived enzyme biotin ligase (BirA) that directs conjugation of biotin to the 

AviTag[390]. Due to the time restrictions of my candidature, I was unable to pursue this further. 

 

Assessment of IgG Ab binding to unlabelled p24 and biotinylated-p24 at equal concentrations 

(1μg/mL) demonstrated a reduction in both 
1

EC50
  and BMax, which are two measures of binding 

between Abs and an antigen. Interestingly, when comparing binding with these two parameters, two 

contrasting patterns were observed. The biotinylation of p24 more markedly reduced BMax values 

compared to 
1

EC50
 . Furthermore, binding of 

1

EC50
  values were reduced proportionally, however, this 

was not the case for BMax. This suggests that 
1

EC50
 and BMax, when used to compare the antigenicity 

of proteins, measure different aspects of Ab binding. This is supported by the finding that the fold 

difference in Ab binding to biotinylated-p24 versus unlabelled p24 measured through BMax did not 

correlate with that measured through 
1

EC50
 . The lack of correlation also indicated that the 

proportional reduction in 
1

EC50
  was not simply due to a reduction in BMax. Indeed, the BMax value is 

a measurement that represents the sum of the binding of polyclonal Abs to epitopes of p24. In 

contrast, 
1

EC50
  is also affected by the slope of the sigmoidal curve. It is unclear what 

1

EC50
  represents 

in this context. My data suggests that BMax reduction, for the purpose of comparing binding between 

the biotinylated versus unlabelled proteins, is a more appropriate measurement to quantify whether 

epitopes have been disrupted by labelling. One limitation of using indirect ELISA for measuring 

antigenicity of p24 is the inability to confirm that biotinylated and unlabeled p24 adsorbed to the 

plate equally, even though the two proteins were incubated at equal concentrations. Any differences 

in plate adsorption efficiency would contribute to the observed BMax differences. In future, 

development of a modified version of this ELISA using a mAb specific for p24 as a capture antibody, 

would exclude any effect on plate adsorption potentially introduced by biotinylation.  

 

Unlike 8M urea elution of TTd-specific IgG Abs, urea elution of p24-specific IgG Abs caused both 

a right-ward shift in EC50 as well as a downward shift in BMax. Thus, two parameters of Ab binding 

were measured following 8M urea elution, the FAI and the BMI, which are measurements based on 

the percentage change in EC50 or BMI upon addition of chaotrope, relative to PBS-treated controls. 

Whereas TTd-specific IgG Abs exhibited no decrease in BMI across all timepoints, p24-specific 

IgG Abs exhibited BMI values <100%, which demonstrates that binding of Abs to p24 was 

susceptible to urea-mediated elution even at high concentrations of plasma IgG Abs. This is one 
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indication that p24-specific IgG Abs are of low affinity. Furthermore, when comparing FAI and 

BMI values of p24-specific IgG Abs with TTd-specific IgG Abs, as a comparator antigen-Ab 

response, FAI and BMI values were in general lower than that of TTd-specific IgG Abs, indicating 

a higher susceptibility to urea-mediated disruption. I acknowledge that these findings may reflect 

the differing types of intermolecular bonds that are formed between Abs and epitopes of p24 and 

TTd, which may therefore be differentially susceptible to urea elution[358]. Hence, this measurement 

may not be wholly indicative of affinity. However, it has been long recognised that HIV-1 disease 

progression is associated with reduced functional affinity of IgG Abs to HIV-1 p24 and p17[391-393] 

in contrast to HIV-1 gp41[393]. Reduced functional affinity of p24-specific Abs may be a result of 

the effects of HIV-1 infection on lymphoid architecture, such as fibrosis[394, 395], that results in the 

depletion of the lymphoid fibroblastic reticular cell network central to B cell antibody 

maturation[396]. Additionally, follicular hyperplasia[176] and the expansion of TFH cells[177] with 

impaired function[179] are characteristic of chronic HIV-1 infection. In particular, the effect of 

increased numbers of TFH cells results in less stringent selection of high-affinity B cells, which in 

turn lowers the average affinity of circulating Abs, as demonstrated in murine models[120]. Notably, 

Lindqvist et al. demonstrated that the frequency of lymph node HIV-1 Gag-specific TFH cells was 

at least twice as high as the frequency of HIV-1 gp120-specific TFH cells[177].
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Chapter 7 Final discussion and future studies 

 

The aims of this thesis can be categorised into two themes. The first theme investigated associations 

and possible protective mechanisms of HIV-1 p24-specific IgG Abs in natural controllers of HIV-1 

infection. The second theme focused on identification of antigen-specific B cells and their 

phenotypes in vaccination and in HIV-1 infection. These are both themes that are not commonly 

reported in the literature and the findings of this thesis have implications for both general and HIV-

1-specific vaccination strategies. In this chapter, I will summarise the findings of the thesis as well 

as discuss issues and ideas arising from my studies that require further investigation. 

 

 Control of early HIV-1 infection is associated opsonophagocytic IgG antibodies to 

HIV-1 p24 

In Chapter 2, I presented published data showing that HIV-1 p24-specific PROAbs were associated 

with control of early HIV-1 infection and strongly associated with the increase in p24-specific IgG1 

Abs. Depletion of IgG1 Abs in IgG preparations of good controllers resulted in inhibition of PROAb 

function against p24, indicating that IgG1 Abs mediated this function. Finally, it was shown that 

increases in both p24-specific PROAbs and IgG1 Abs correlated inversely with plasma HIV-1 RNA 

levels at the end of the first year. This study extends on a previously reported study[182] by 

demonstrating that p24-specific IgG1 Abs may contribute to control of early HIV-1 infection 

through PROAb function. 

 

7.1.1 Functional affinity of p24-specific IgG antibody subclasses 

My research findings in Chapter 2 demonstrated that IgG1 Abs were responsible for mediating pDC-

reactive HIV-1 p24-specific opsonophagocytic IgG Ab responses associated with control of early 

HIV-1 infection. This is consistent with the finding that both p24-specific IgG1 and IgG2 Abs 

correlated with pDC-reactive opsonophagocytic Abs in the SCOPE cohort[182], but that depletion of 

IgG2 Abs did not inhibit opsonisation and phagocytosis of p24-FluoSpheres by Gen2.2 cells. 

Together, this suggests that the FcγRIIa-dependent opsonophagocytosis of HIV-1 p24 is mediated 

primarily by the IgG1 subclass. However, the structural characteristics of IgG2 Abs indicate that 

IgG2 may play a role in immune complex formation during opsonisation, particularly for antigens 

with high epitope density[220, 224, 225]. One way to investigate this hypothesis would be to test the 
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effect of urea on elution of p24-specific IgG Ab subclasses. Chaotropic urea elution of IgG1 and 

IgG3 Abs could be measured in plasma samples either depleted or not depleted of IgG2 Abs. If IgG2 

enhances opsonisation, IgG1 and IgG3 Abs will be more susceptible to urea-mediated elution.  

 

 Examination of pDC activation by opsonophagocytic IgG antibodies to 

HIV-1 p24 

In Chapter 3, I aimed to examine the functional effects of HIV-1 p24-specific opsonophagocytic 

IgG Abs downstream of phagocytosis by assessing the activation of the Gen2.2 pDC cell line upon 

stimulation with p24-FluoSpheres opsonised with Abs from purified IgG preparations of HIV elite 

controllers, viraemic controllers and non-controllers and whether this activation synergised with 

TLR7 co-stimulation. I was unable to assess the effects of Ab-induced pDC activation on IFN- 

production because Gen2.2 cells did not produce IFN- to TLR7 stimulation. Overall, p24-specific 

IgG Abs of elite controllers and viraemic controllers induced lower proportions of CD80+CCR7+ 

FluoSphere+ Gen2.2 cells, as well as lower MFI of CCR7 expression on FluoSphere+ Gen2.2 cells. 

In addition, other characteristics of cell activation differed between the three patient groups. IgG of 

elite controllers induced higher expression of CD80 relative to CCR7, compared to viraemic 

controllers and non-controllers. Furthermore, IgG of both elite controllers and viraemic controllers 

exhibited a higher synergistic effect of R-848 in the induction of CD80+CCR7+ FluoSphere+ Gen2.2 

cells compared to non-controllers, suggesting that controllers possess Abs with a higher capacity to 

induce FcγRIIa-TLR7 cross-talk. Finally, while HIV-1 p24-specific opsonophagocytic IgG Ab 

responses were previously shown to be associated with control of HIV-1 infection and especially in 

viraemic controllers[182, 322, 324], in this study I observed that HIV-1 p24 Ab-mediated activation of 

FluoSphere+ Gen2.2 cells correlated inversely with HIV-1 p24-specific opsonophagocytic IgG Ab 

responses, as well as with plasma HIV RNA levels, in viraemic controllers. This suggests that HIV-

1 p24 Ab-mediated activation of FluoSphere+ Gen2.2 cells assessed by expression of CD80 and 

CCR7 does not directly reflect an immune response that controls HIV-1 infection. Future studies 

using another source of pDCs to assess Ab-mediated enhancement of IFN- production may be 

more informative. 
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7.2.1 Towards an improvement in the examination of pDC activation by 

opsonophagocytic antibodies 

Similar to other investigators[325], I found that activation of Gen2.2 cells via TLR7 resulted in 

secretion of a pro-inflammatory cytokine (IL-6) without IFN-α production. Therefore, use of other 

pDC cell lines, such as PMDC05[397] and CAL-1[398] should be considered to investigate the 

hypothesis that HIV-1 p24-specific opsonophagocytic IgG Abs activate pDCs to produce IFN-α and 

control HIV infection. In addition, instead of examining HIV-1 p24-coated beads, it would be more 

informative to assess pDC activation with IgG-opsonised HIV-1 core particles because these 

particles possess the PAMP necessary for TLR7 activation (ssRNA). Moreover, it is hypothesised 

that p24-specific IgG Abs may be induced in response to circulating HIV-1 core particles[280, 399]. 

Intact HIV-1 core particles can be produced in vitro by purification of virions from supernatants of 

HIV-1 infected T cell lines. One method describes isolation of core particles using sucrose-assisted 

density ultracentrifugation, followed by treatment of the pelleted HIV-1 virions with a detergent to 

remove the HIV env that exposes conical HIV-1 cores[400]. 

 

 Examination of TTd-specific B cell subsets by flow cytometry 

In Chapter 4, I compared and optimised methods for detection of TTd-specific B cells. I 

demonstrated that staining with TTd tetramers was superior to both TTd monomers and two step 

detection (biotinylated TTd staining followed by secondary detection with streptavidin-

fluorochrome). I also demonstrated that tetramer staining could identify TTd+IgG+ and IgM+IgD+ 

MBC and PB following vaccination, as well as in individuals with unknown TTd vaccination 

histories. Furthermore, I demonstrated that TTd-tetramer staining was further enhanced by staining 

with a combination of two TTd tetramers that were each conjugated to different fluorochromes. This 

resulted in higher sensitivity of detecting TTd+ B cells by excluding fluorochrome-reactive B cells. 

 

In Chapter 5, I investigated the characteristics of antigen-specific B cells induced by vaccination 

with a model antigen, TTd, using the methods I had optimised in Chapter 4, and developed a novel 

method for assessing the affinity of BCRs for TTd tetramers. I also examined how the generation of 

TTd-specific B cell subsets correlated with expansion of cTFH cells after vaccination. Using t-SNE, 

I demonstrated that TTd-specific B cells consisted of diverse subsets, which were of both MBC and 

PB phenotypes and expressed BCRs containing different Ig isotypes. In particular, I demonstrated 

that TTd+IgM+IgD+ MBC exhibited contrasting characteristics to TTd+IgG+ MBC. TTd+IgM+IgD+ 
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MBC were a stable population with low affinity BCRs, whereas TTd+IgG+ MBC dominated the 

post-vaccination response and acquired high affinity BCRs. However, the BCR affinity for TTd was 

highest on IgGlo PB, which corroborate findings in mouse studies demonstrating that the highest 

affinity B cells in GC reactions become ASCs. TTd vaccination was associated with expansion of 

cTFH subsets at day 7, which strongly correlated with IgG+ MBC BCR affinities, but not IgG+ MBC 

frequencies, at day 14. These data demonstrate a complex multi-tiered composition of B cell subsets 

induced by TTd vaccination and suggest that BCR affinity, which is associated with expansion of 

cTFH cells, is a defining factor. 

 

7.3.1 Is BCR affinity for antigens a determinant of MBC longevity in humans? 

Like B cells, T cells bind antigen (peptide-loaded MHC) with a range of affinities. However, B cells 

differ from T cells in that they obtain or lose BCR affinity through SHM in GC reactions. This has 

implications for B cell differentiation and function because BCR affinity has direct effects on BCR 

clustering and, therefore, signalling, receptor-mediated endocytosis and antigen presentation. The 

most well-characterised consequence of the acquisition or loss of BCR affinity is the survival of B 

cells that acquire high affinity BCRs in GC reactions, whereas those that are of low affinity die in 

the absence of T cell help. My data in Chapter 5 further supports the notion that affinity may 

contribute to two other aspects of B cell biology: MBC persistence (longevity) as well memory 

versus ASC differentiation propensities, which have been studied in mice but not yet in humans[139, 

143, 326, 327, 357].  

 

In Chapter 5, BCR affinity was assessed using CD79b normalisation, however, the readout does not 

provide affinity in absolute units (molar concentration of antigen). In fact, at a very high molar 

concentration, B cells will bind even non-cognate antigens[368]. Thus, a binding affinity at <10-6 M 

is likely to exert ‘physiologically relevant’ binding[92], though this might differ depending on the 

antigen[368]. Given that B cells were stained with tetramers at nM (10-9 M) quantities and that pre-

treatment of B cells with 10-7 M of unlabelled TTd abolished the TTd+ signal, it can be confidently 

stated that any B cell that bound TTd tetramers was within the range of physiologically relevant 

binding affinity. However, by using a fixed concentration of antigen to examine populations that 

differ in affinity, this will correspond to different parts of the binding curve for IgM+IgD+ MBC and 

IgG+ MBC (Figure 7.1A). Thus, to further expand on the nMFI method, one avenue would be to 

utilise the tetramer/antigen titration methods as shown by Frank et al.[368] but by using nMFI as a 
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readout instead of % binding. By using nMFI, this takes into account the contribution of BCR 

expression, which may differ between B cell subsets. 

 

 

Figure 7.1 Future studies to compare binding and BCR activation 

Showing hypothetical data. (A) Since tetramers used in this thesis were at a single concentration of 

5nM, this will intersect different parts of a BCR saturation binding curve for different subsets. (B) 

If B cell tetramers induce BCR activation (as seen with T cell tetramer activating TCRs), measured 

with either p-Syk or Ca2+ flux, this would allow the comparison of BCR surface binding affinity 

with functional receptor activation capacity, and would address whether higher affinity results in 

higher activation. 

 

Another way to quantitate ‘relevant binding’ is to measure the resultant signalling that occurs 

following tetramer staining, instead of measuring binding alone. Since the tetramer is multivalent, 

this will result in BCR cross-linking that would lead to intracellular signal transduction, as occurs 

with tetramer staining of TCRs[337]. Therefore, antigen-specific BCR activation can be measured by 

titrating the tetramer against a fixed number of cells and measuring the resultant signal with either 

Ca2+ flux or phosphorylated-Syk as a readout. This approach would allow the parallel measurement 

of BCR activation and affinity (Figure 7.1B), which together would provide information about 

whether high affinity BCRs are associated with a reduction in the threshold of activation of IgG+ 

and IgM+IgD+ MBC. Moreover, measurement of antigen-specific BCR activation thresholds 

following vaccination for each subset (e.g. day 14) and relating these to frequencies of these subsets 

at later timepoints (1 year), may shed light on whether higher affinity is associated with reduced 

longevity. 
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7.3.1 The significance of low affinity, unswitched B cells in an evolutionary sense 

A high affinity effector response is pivotal for the clearance of infection. However, for protection 

against constantly mutating pathogens, or newly emerging pathogens, it may be of evolutionary 

benefit to also retain unswitched MBC that bind a wider range of pathogens with low affinity. These 

cells may therefore be recruited into the GC, where an increase in BCR affinity can be obtained. 

Several lines of evidence support this idea. Firstly, by tracking MBC precursors, Suan et al. 

demonstrated that MBC precursors in the GC comprise of a range of affinities that include not only 

high affinity cells but also low affinity cells[401]. Secondly, in recent work led by Carola Vinuesa, it 

was shown that isotype switching occurs prior to GC reactions and that GC reactions late in the 

immune response involved predominantly IgM+ GC B cells[127]. Thus, the late GC reaction favours 

the output of IgM+ B cells, probably as a means to retain diversity, which was supported by in silico 

modelling demonstrating that continual isotype switching within the GC would lead to a loss of 

isotype diversity[127]. Finally, IgM+ MBC contribute to a large proportion (approximately half) of 

the CD27+ MBC compartment, double that of IgG+ MBC, and may contribute numerically to MBC 

diversity. 

 

If it is true that IgM+ MBC increase the diversity of the MBC compartment, IgM+ MBC may work 

directly against the phenomenon known as ‘original antigenic sin’ (OAS). OAS is the phenomenon 

whereby the quality of the secondary Ab response to a pathogen is dictated by the strain that the 

individual was exposed to in the primary immune response[402]. Thus, instead of the activation of 

naïve B cells, the secondary Ab response consists predominantly of the boosting of switched MBC 

specific for the first strain[402]. In this manner OAS limits the de novo development (diversification) 

of MBC from a repertoire other than that of the primary Ab response (Figure 7.2A). OAS is 

observed with the Ab response to influenza and dengue virus infections[402, 403]. Having a constant 

pool of IgM+ MBC may directly counteract OAS by providing a population of low affinity MBC in 

large numbers that can compete with switched MBC (Figure 7.2B). Indeed, in work done in the 

laboratory of Shane Crotty, it was demonstrated that B cells with high affinity for an antigen may 

be outcompeted in GC reactions if the relative number of low affinity B cells was high[127]. Thus, 

the existence of IgM+ MBC may be to prevent the ‘narrowing’ of diversity that occurs in instances 

such as OAS. It would be interesting to measure and compare relative frequencies of influenza-

specific IgM+IgD+ MBC with influenza-specific IgG+ MBC, because a lack of influenza-specific 

IgM+IgD+ MBC would support this hypothesis.  
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Figure 7.2 Low affinity IgM+IgD+ MBC may enhance diversification and counteract original 

antigenic sin 

(A) In certain responses to pathogens, the immunological circumstances favour activation of high 

affinity IgG+ MBC without activation of naïve B cells, leading to repeat boosting of the MBC 

specific to the primary strain. This is the phenomenon known as original antigenic sin (OAS). (B) 

IgM+ MBC may compete numerically and kinetically with IgG+ MBC. This leads to generation of 

unswitched/switched isotypes in GC reactions of alternative repertoires thereby contributing to 

diversity.  

 

7.3.2 TTd nMFI studies involving plasmablasts 

A recent paper by Shinnakasu et al. proposed that the MBC versus ASC cell fate decision follows 

an instructive model: GC B cells with high affinity BCRs receive more TFH cell help and become 

ASC, whereas GC B cells with lower affinity receive less TFH cell help and become MBC[404].  

Instrumental to this is BACH2, a transcriptional repressor required for MBC differentiation, and 

conversely, the loss of BACH2 is required for ASC differentiation[163]. Shinnakasu et al. 

demonstrated that BACH2 expression in GC B cells was inversely associated with the amount of 

TFH cell help received[404]. Thus, this provided a mechanism by which high affinity promoted ASC 
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differentiation: GC B cells with high affinity BCRs receive more TFH cell help, which in turn lowers 

BACH2 expression, promoting differentiation toward the ASC fate. 

 

My data shows that the TTd+IgGlo PB subset may be enriched with high affinity cells and this 

requires further investigation. In particular, the nMFI method may be confounded by the presence 

of surface bound TTd-specific IgG Abs. Trypsinisation has been shown to remove surface bound 

IgG3, but not transmembrane expressed Ig from the surface of TLM MBC of HIV-1 patients[372]. 

Thus, an extra step of pre-trypsinisation prior to tetramer staining is a quick and simple step to 

overcome this problem. However, it may be also necessary to further FACS isolate TTd+IgGlo PB 

and TTd+IgG+MBC+ and characterise the secreted Abs for affinity. If affinity governs MBC and 

ASC fates, this would fundamentally change vaccination approaches that seek to enhance MBC and 

ASC formation. Since BCR binding affinity to antigens can be modulated by engineering site-

specific mutations in immunogens (which include HIV-1 immunogens[92]), this would allow the 

‘fine tuning’ of antigen-specific MBC or ASC numbers by titrating the affinity of the immunising 

antigen. 

 

7.3.3 What factors contribute to expansion of IgG+ MBC? 

I demonstrated that the day 7 frequencies of cTFH cells were associated with day 14 and 21 TTd 

nMFI of IgG+ MBC, but not frequencies of TTd+IgG+ MBC. This observation was interesting in that 

it suggests that TFH cells work solely to affinity-select IgG+ MBC and not in the clonal expansion of 

IgG+ MBC. It must be noted that this study investigated a booster vaccination and that TFH cell 

involvement may differ in primary versus recall Ab responses. The most obvious suspect to 

investigate is IL-9, given the recent findings of its importance in the formation of MBC[173, 174]. 

While TFH cells produce IL-9 in the primary immunisation setting[173], IL-9 is produced by MBC in 

a recall response and thus may work in an autocrine manner[174]. Measurement of plasma IL-9 levels, 

IL-9R expression on TTd+IgG+ MBC and IL-9 production by TTd+IgG+ MBC (intracellular cytokine 

staining), will provide informative data on whether IL-9 is associated with clonal expansion of IgG+ 

MBC. 
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7.3.4 cmTFH2 cells exhibited the strongest correlations with functional affinity of IgG 

antibodies and CD79b-normalised TTd-binding of IgG+ MBC 

Frequencies of the cmTFH2 PD-1+ICOS+ subset exhibited the strongest correlations, of all cTFH cell 

subsets measured, with frequencies of TTd+ IgGlo PB frequencies (day 7), functional affinity of TTd-

specific IgG+ MBC (day 14 and 21) and TTd tetramer nMFI of IgG+ MBC (day 14 and 21) following 

ADT vaccination. The combination of PD-1+ICOS+ and cmTFH2 phenotypes is indicative of an 

activated compartment of efficient B helper cells. While induction of cmTFH2 cells may be 

associated with higher levels of Abs (as shown with studies of the RTS,S/AS01B malaria 

vaccine[374]), and with higher affinities of IgG Abs and BCRs of IgG+ MBC (as shown in Chapter 

5), dysregulated cmTFH2 cell responses are associated with autoimmune disorders involving auto-

Abs[349]. Thus, it would be of therapeutic benefit to identify vaccine adjuvants or immunomodulatory 

agents that can induce or limit the generation of cmTFH2 cells. The factors required for the selective 

induction of cmTFH2 cells are unknown. cmTFH2 cells produce IL-4, IL-5 and IL-13[349], and possibly 

adjuvanting or conjugating vaccines with classical TH2-polarising antigens such as Der p 1 

protein[405] may favour a shift towards cmTFH2 induction. A paper by Tardif et al. investigated genes 

that were differentially expressed in cmTFH1 (CD4+CXCR5+CXCR3+) and cmTFH2/cmTFH17 

(CD4+CXCR5+CXCR3-) cells and found that adenosine deaminase-1 (ADA-1) was selectively 

upregulated in the cmTFH2/17 subset[406]. Mechanistically, ADA-1 limits production of IL-2, a 

cytokine that inhibits the TFH cell differentiation program, and enhances the production of IL-6, a 

cytokine that enhances TFH cell function[406]. ADA-1 may therefore be a therapeutic means to 

enhance the formation of cTFH cell subsets with a high capacity for provision of B cell help.  

 

 Examination of p24-specific MBC by flow cytometry 

In Chapter 6, I attempted to adapt the TTd-specific B cell method to detect and investigate 

phenotypes of HIV-1 p24-specific B cells. p24-specific MBC were detectable by ELISpot assay, 

however, dual staining either with p24 tetramers or p24 dimers resulted in weak and inconsistent 

staining of B cells. Further investigations demonstrated that biotinylation adversely affected the 

antigenicity of p24. Furthermore, the functional affinity of plasma p24-specific IgG Abs was low 

compared to that observed for TTd Abs. As the functional affinity of plasma IgG TTd Abs correlated 

with the affinity of BCRs for TTd (as shown in Chapter 5), this finding suggests that the difficulty 

in detecting p24+ B cells may be compounded by instrinsically low affinity BCR binding to p24. 
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Further tetramer staining approaches using site-specific monobiotinylated p24 antigen are required 

(Figure 7.3). 

 

 

Figure 7.3 Proposed workflow for improvement of fluorescent p24 probes for analysis of 

p24-specific B cells.  

(1) Express and purify AviTag-p24 protein 

(2) Site-specifically mono-biotinylate p24 using BirA enzyme 

(3) Measure and confirm binding (BMax) of plasma IgG of HIV patients to biotin-AviTag-p24 is 

>95% of BMax for that of native p24 using ELISA 

(4) Create p24-tetramers for flow cytometry staining 

 

7.4.1 Is HIV-1 disease progression associated with a reduction in the affinity of HIV-1 

p24-specific BCRs and IgG antibodies? 

In Chapter 6, I showed that HIV-1 p24-specific MBCs were difficult to detect by flow cytometry 

and that HIV-1 p24-specific IgG Abs were more susceptible to urea elution compared to TTd-

specific IgG Abs of healthy individuals, providing preliminary evidence that p24-specific BCRs and 

IgG Abs may be of low affinity. This finding corroborates those of previous studies showing that 

individuals with HIV-1 infection possess Abs with low functional affinity for Gag-encoded proteins 

(p17 and p24) and that low Ab functional affinity was associated with HIV disease progression[391-

393]. One way to potentially elucidate whether HIV-1 infection is associated with reduced capacity 

for affinity maturation of BCRs and Abs is to study the antigen-specific B cell response to a T-

dependent vaccine immunogen, for example influenza virus vaccine, and compare the B cell and 

IgG Ab response between HIV-1 patients and healthy controls using the approach that I undertook 
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for the analysis of TTd-specific B cells, Abs and cTFH cells in Chapter 5. If B cell BCR affinity is 

adversely affected by HIV-1 infection, I hypothesise that this is likely associated with 

defective/deficient TFH2 cell expansion after vaccination. 

 

 Conclusions and clinical implications of the findings 

This thesis demonstrated HIV-1 p24-specific IgG Abs are a correlate of early control of HIV-1 

infection and that the FcR-mediated effector function on pDC are mediated by IgG1 Abs. This 

provides a clinical rationale to investigate the enhancement of IgG1, and possibly IgG2[182], Abs 

against HIV-1 p24 in a therapeutic HIV-1 vaccine, that may complement CD8+ T cell and NK cell 

responses to control HIV-1 infection.  

 

In addition, the data in this thesis provides several implications for enhancement of B cell responses 

to vaccines. First, in addition to the enhancement of IgG+ MBC and IgGlo PB, IgM+IgD+ MBC may 

be a long-lived subset, with broad, low affinity binding to antigens, thereby providing diversity to 

the MBC compartment that may aid responses to pathogens with constantly changing epitopes, such 

as HIV-1. Secondly, PB possess BCRs with higher-affinity binding than MBC, which is supported 

by studies that demonstrate that affinity may be a determinant of PB/MBC fate decisions. This 

implies that engineering mutations in immunogens that decrease or increase BCR binding affinities 

may provide a clinical approach by which vaccine-specific MBC and PB frequencies could be fine-

tuned. Finally, this thesis demonstrates that generation of cmTFH2 ‘efficient’ B helper cells are the 

strongest correlate of BCR affinity of IgG+ MBC, and that investigation into the selective generation 

of this subset in HIV-1 vaccination strategies are warranted.  

 

This thesis included an array of novel methodologies that measured: antigen-specific IgG subclass 

levels, pDC-reactive IgG opsonophagocytic activity, IgG functional affinity, antigen-specific B cell 

frequencies and phenotypes, and frequencies of cmTFH1/2/17 cells. The use of a combination of 

these parameters in the clinical setting could facilitate deep immune profiling of the antibody 

response to pathogens and vaccines that may aid in the clinical diagnosis and management of 

patients with functional antibody/B cell deficiencies, including in patients with HIV-1 infection.  
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