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ABSTRACT 
 

Viral infections incur a significant burden on humans and can persist for the lifespan of those 

infected. Consequently, there is a need to understand host-viral interactions in both acute and 

chronic viral infections to inform vaccine design and other therapeutic avenues. This Thesis will 

focus on two viruses, influenza virus and human immunodeficiency virus (HIV). Although influenza 

virus causes an acute infection and HIV a chronic infection, both viruses have high mutation rates, 

resulting in mutations that may incur a benefit to the virus, such as escaping the host’s anti-viral 

immune response, termed viral adaptations. Mutations occurring over time in the viral genome of 

influenza virus (antigenic drift) are the main reason seasonal influenza vaccines are required; 

similarly, the extensive genetic diversity of HIV is a contributing factor to the lack of a preventative 

or therapeutic vaccine available for HIV. This Thesis aims to inform vaccine design by: i) discerning 

the impact of viral adaptation on HIV disease progression and anti-HIV immune responses; and ii) 

identifying the effect of sequential influenza vaccines (in which the immunogen contains repeated 

and/or slightly different strains of the virus) on the T cell receptor (TCR) repertoire and 

transcriptomic profile of vaccine-induced T cell responses. In order to assess these aims, studies 

utilised samples from known mother-child HIV transmission pairs, HIV-infected adults during the 

acute and chronic phase of infection, and healthy adults who received the influenza vaccine over 

sequential years. High-resolution sequencing and cellular assays identified adaptation as a key 

factor in disease outcome following mother-to-child HIV transmission, and in determining the 

transcriptional phenotype of the anti-HIV T cell immune response of HIV-infected adults. 

Specifically, there was reduced capacity in children to respond to pre-adapted HIV T cell targets 

following vertical transmission and in adults who harboured adaptations in their autologous viral 

strains (as indicated by the transcriptome). Differences in the transcriptome of activated T cells were 

also observed following sequential influenza vaccines and reflected the extent of expansion 

following vaccination. The results of this Thesis provide an in-depth understanding of host-viral 

interactions, particularly in the context of viral adaptation, that is important for vaccine immunogen 

selection and to develop high efficacy vaccines. The outcomes from this Thesis are relevant for other 

mutable viral pathogens.  
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CHAPTER 1 – Literature review and research objectives 

1 Chapter 1 - Literature review and research objectives 

 

Viruses have co-evolved with humans and other species for millennia. These host-viral interactions 

are complex and crucial to understand for vaccine design. The overall research objectives of this 

Thesis are to better understand host-viral interactions with specific reference to viral adaptation 

and to identify markers of varied immune responses to viruses during natural infection and following 

vaccination. Results from this work will broaden the knowledge of host-viral interactions and inform 

vaccine design for a wide variety of viruses. This chapter will provide an introduction to this Thesis, 

covering the relevant literature and highlighting areas of research that require further investigation.  



 2 

1.1 INTRODUCTION 

Viral infections are a dynamic phenomenon where random changes in the viral genome allow a virus 

to adapt to host cellular environments. Simultaneously, beneficial host genetic factors can 

accumulate in the population in response to host survival; in geographic locations where infections 

are somewhat localised, genetic features that allow people to survive infection can be subsequently 

maintained in the population [1]. As such, both viral and human genomes change over time in a 

process termed co-evolution, albeit at different rates. Host-pathogen co-evolution can occur in 

response to both acute and chronic viral infections as well as infection with other non-viral 

pathogens. 

Genetic variation occurs in a virus over time and can influence disease progression within an 

individual. Genetic variation is random and continuous, but selection of specific mutations (termed 

‘adaptations’) that are advantageous to the virus can occur as a direct result of selection pressures 

from the innate and adaptive host immune responses. For a specific arm of the adaptive immune 

response, viral adaptations are associated with host molecules that present parts of pathogens to T 

cells (human leukocyte antigens; HLAs) [2]. Viral adaptations can be transmitted between 

individuals and accumulate within an infected individual over time, impacting disease outcome [3, 

4]. The extensive variation of viruses complicates vaccine design for viral infections. Furthermore, 

selection of vaccine immunogens should adequately account for adaptation and its impact on a 

host’s immune response. Consequently, understanding adaptation strategies and host-viral 

interactions is essential for vaccine design. 

While a large portion of vaccine research focuses on the production of a neutralising antibody 

response, T cells also play a role in the success or failure of a vaccine. A circulating subset of CD4+ T 

cells, circulating T follicular helper (cTfh) cells, provide critical help to B cells in the production of 

neutralising antibodies during natural infection and following vaccination, with a successful vaccine-

induced response correlated with the activation of cTfh cells [5, 6]. This Thesis will explore two 

central themes: the role of viral adaptation in host disease outcome and anti-HIV immune 

responses, and subsequent implications for vaccine design in the context of HIV infection; and the 

impact of cTfh cell activation on vaccination success following sequential influenza vaccinations. The 

results from this Thesis will have implications for vaccine design and therapies for a range of acute 

and chronic viral infections. 
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1.2 HUMANS AND VIRUSES HAVE CO-EVOLVED FOR MILLENIA 

There are hundreds of viruses that are known to infect humans, with new species identified every 

year [7]. Furthermore, viruses comprise more than two thirds of newly identified human pathogens 

[8]. The co-evolution of a virus and host can occur over a very long, or short, period. In the case of 

humans, hepatitis B virus (HBV) may have co-evolved over a long time [9], while HIV-1 has much 

more recent origins [10]. However, the rate of evolution in humans and viruses varies, with viruses 

having a significantly larger capacity to evolve due to their high mutation rate and short replication 

cycle. The origins of viruses capable of infecting humans have varied alongside changes in 

subsistence, population size/density, and available vector populations. In fact, a number of viruses 

would not have been sustained before the rise of agriculture that gave rise to large dense human 

populations [11]. Consequently, viral infections in humans have changed with societal development 

and frequently have origins in other mammal or bird species. Viruses thought to have origins in 

other species include [11]: influenza A virus (IAV) from wildfowl; measles, mumps, smallpox and 

human coronavirus OC43 from livestock; HIV-1 from simian immunodeficiency virus (SIV) in 

chimpanzees; HIV-2 from sooty mangabeys; dengue, yellow fever, human T-lymphotropic virus-1 

(HTLV-1) and HBV from primates; severe acute respiratory syndrome (SARS) virus from horseshoe 

bats; and most recently, SARS coronavirus-2 (SARS-CoV-2) likely from bats via an intermediate host. 

There are five intergrading stages representing varied interactions between a pathogen and humans 

[11] (Fig 1.1). Many pathogens do not progress from Stage 1 to 2 (infection only from animals) due 

to barriers surrounding cross-species infection; pathogens need to be able to generate sufficient 

genetic variability to allow them to overcome host molecular barriers [11]. Species with a close 

phylogenetic relationship to humans (such as chimpanzees) have less obstacles to overcome, 

resulting in a greater transmission of viruses from these species to humans (such as HIV and HBV) 

[11]. Once a viral pathogen reaches Stage 4, such as some strains of IAV, they pose a greater threat 

to the health of humans as they are capable of sustaining outbreaks and by Stage 5, have progressed 

to only be transmitted between humans. Viruses in Stage 5, including HIV and some influenza 

strains, are the most difficult to control as they can remain in the human population indefinitely, 

with the potential to reach pandemic levels. 
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Fig 1.1. The five stages of 

pathogen infection from animals 

to humans. Each stage represents 

different levels or interactions 

between a pathogen and humans. 

Stage 1 consists of pathogens that 

are present within animals but 

have not been detected under 

natural conditions in humans. 

Stage 2 represents the initial 

exposure of a novel pathogen to a 

human. However, there is no 

transmission between humans 

(such as rabies, Nipah, and West 

Nile viruses). This is typically from 

other mammals or birds and can 

be through many routes, such as contact with blood, contaminated food and/or water, saliva, faeces, or via an arthropod 

vector. Stage 3 symbolises a portion of pathogens that can infect humans and be transmitted between humans, but 

only a few cycles of human-to-human transmission are possible with outbreaks dying out quickly (such as Ebola, 

monkeypox, and Marburg viruses). Stage 4 contains pathogens that exist in animals and infect humans, but also undergo 

secondary transmissions between humans without the participation of an animal host. Within the past hundred years, 

several viruses have made it to Stage 4: SARS, SARS-CoV-2, and some strains of IAV. Stage 5 describes pathogens that 

are exclusive to humans (such as HIV-1, measles, mumps, rubella, and smallpox). Taken from [11]. 

 

1.2.1 There are many viral families that utilise humans as a host 

Viruses come in different shapes and sizes, but most simply, they consist of genetic material 

contained within a protein vesicle. There are two main types of viruses, DNA and RNA, with several 

factors that set them apart. The main differences between DNA and RNA viruses are their genetic 

material, mutation rate, stability of the genetic material, and the location of viral replication. There 

are three major categories of DNA viruses: 1) double-stranded DNA viruses, such as poxviruses; 2) 

single-stranded DNA viruses, such as parvoviruses; and 3) pararetroviruses, such as hepadnaviruses, 

which use an RNA intermediate. DNA viruses undergo replication using host or virally encoded DNA 

polymerases with the relative stability of DNA permitting larger genomes than is possible for RNA 

viruses, resulting in considerable inter-viral genomic diversity [12]. RNA viruses can be single- or 

double-stranded and includes HIV, Ebola virus, SARS, SARS-CoV-2, hepatitis C virus (HCV), influenza 

virus, measles, and polio. This Thesis will focus on two RNA viruses, influenza virus and HIV-1. 
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Influenza viruses belong to the Orthomyxoviridae family and contain single-stranded RNA. There are 

four types of influenza viruses, A, B, C, and D. Types A-C infect humans and cause respiratory illness, 

while type D primarily infects cattle [13]. Seasonal influenza epidemics are the result of types A and 

B, with type C scarcely reported in association with epidemics [14]. IAVs and influenza B viruses 

(IBVs) are classified into subtypes according to their haemagglutinin (HA; IAVs and IBVs) and 

neuraminidase (NA; IAVs) genes (encoding surface proteins that are the primary target for humoral 

immune responses). The HA protein is critical for entry into epithelial cells, whereas NA allows the 

virus to leave infected cells.  

Influenza viruses are also present in other species, with the most notable being avian and swine 

influenza. It is possible for avian and/or swine influenza to enter the human population through 

reassortment (mixing of genetic material into new combinations; also termed antigenic shift) and 

when this occurs, it is unlikely that pre-existing immunity in the host population will exist and an 

influenza pandemic may result, as seen in 1918, 1957, 1968 and 2009 [15]. Of the types IAV and IBV, 

IAVs can infect other animals aside from humans, such as pigs, birds, horses, and murine mammals, 

whereas IBVs can only infect humans and seals. The limited host range of IBVs is thought to be 

responsible for the lack of associated pandemics in comparison to IAVs, as both types are capable 

of mutation by reassortment [15]. 

Other mutations causing antigenic drift are important in the evolution of both IAVs and IBVs. 

Antigenic drift is the accumulation of random genetic mutations that result in a small change to the 

genetic makeup of a viral strain, relative to that observed following genetic reassortment [16]. While 

there are yearly vaccines available for influenza viruses that combat antigenic drift, the vaccines 

have ranged in effectiveness from 19-60% over the past 11 years, with an average of 43.4% [17-26]. 

Consequently, research into optimising influenza vaccine design is crucial and has implications for 

other viral infections. This will be addressed in Chapter 4. 

Retroviruses are a subtype of RNA viruses and include HIV and adult HTLV-1. They are double-

stranded and utilise their reverse transcriptase to produce viral DNA, allowing integration into the 

host’s genome. Once integrated, the virus can then be transcribed to produce viral proteins and 

new viral RNA genomes to propagate infection, or infected cells can become latent. Interestingly, 

around 8% of the human genome comprises DNA sequences of retroviral origins, human 

endogenous retroviruses (HERVs), thought to be acquired in the last 100 million years through 

numerous integration events by now extinct exogenous retroviruses [27, 28]. HERVs can influence 
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host immunity [29], have been implicated in innate immune responses [30], and highlight the co-

existence and co-evolution of humans and viruses for millennia. 

HIV is a lentivirus (subtype of retrovirus) that causes immunosuppression. Without treatment, HIV 

infection leads to a progressive deterioration of immune function that results in life-threatening 

opportunistic infections/cancers, progressing over a number of years to acquired immune 

deficiency syndrome (AIDS) [31]. There are two types of HIV worldwide, HIV-1 and HIV-2. HIV-1 is 

more virulent and transmissible than HIV-2, with HIV-2 largely confined to West Africa [32]. While 

improvements in anti-retroviral therapies (ART) and increased access to ARTs have considerably 

reduced HIV-1 related death and morbidity [33], there are currently no vaccines available, either 

therapeutic or preventative. Further research into host-viral interactions during HIV infection is 

required to inform vaccine design and will be explored in Chapters 2 and 3. 

 

1.3 HOST-VIRAL INTERACTIONS ARE COMPLEX AND CONSTANTLY EVOLVING 

Viruses are essentially intracellular parasites that require the host’s machinery to replicate and 

survive. Consequently, viruses have a level of dependence on the host, creating a fine balance 

between virus and host survival; the virus wants to survive and propagate, but the host needs to 

remain alive for it to do so. The host’s innate and adaptive immune response is a critical limiting 

factor for propagation and survival of the virus within the host. 

1.3.1 The innate immune response is the first line of defence against pathogens 

The innate immune response is the frontline response against pathogens. The key signature of this 

response is the ability to mount a rapid and effective response to numerous pathogens without 

previous exposure. An innate immune response is critical to host survival, highlighted by the 

presence of an innate immune system in all multicellular organisms, allowing them the ability to 

discern between self and non-self [34]. 

The innate immune system can react to a pathogen within hours and is largely non-specific, whereas 

the adaptive immune system can take days to weeks to mount a response and is specific to a 

pathogen (antigen) [31]. In viral infections (including influenza and HIV), natural killer (NK) cells, 

neutrophils, monocytes, and dendritic cells (DCs) migrate to the infection site [35] where expression 

of pattern recognition receptors (PRRs) allows the detection of viral (and other pathogen) 

components. The detection of patterns associated with viruses (or other pathogens) leads to the 
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production of type-I interferons (IFNs), pro-inflammatory cytokines and chemokines, and increased 

expression of co-stimulatory molecules [36]. Type-I IFNs are key regulators of both the innate and 

adaptive immune response, from directly impacting infected cells and their ability to disseminate 

virus, to mediating the activation of other cells to facilitate pathogen clearance [37]. 

The innate immune response plays a role in natural influenza infection and can also be utilised by 

influenza vaccines to enhance vaccine-induced immune responses. As an example, an influenza 

vaccine with an agonist-based lipopeptide adjuvant given intranasally to mice has been shown to 

provide homologous and heterologous protection (protection against the vaccine strains and other 

distinct strains, respectively). This outcome is likely, in part, due to the initial stimulation of antigen-

independent immunity by the innate immune response, which in turn enhances the antigen-

dependent immunity of the adaptive immune response [38]. While this Thesis does not focus on the 

impact stimulating the innate immune response can have on vaccine-specific adaptive immune 

responses, it is essential to note that this is an important avenue of research that may have a 

substantial impact on increasing the effectiveness of influenza vaccines (and others). 

The innate immune response to HIV is an important aspect of the anti-HIV immune response. NK 

cells play a large role in HIV infection, with the activity of NK cells associated with disease outcome 

[39]. NK cells are effectors of innate immunity [39] and induce apoptosis of cells, such as virus-

infected or tumour cells, that are not displaying self-antigens on their HLA class I molecules [40]. A 

decrease in NK cell activity and NK cell numbers are correlated with rapid disease progression 

following HIV infection [41, 42], while an increase in NK cell activity is associated with elite 

controllers [43] (individuals who have low viral loads in the absence of ART). Furthermore, at the 

genetic level, specific combinations of NK receptors and their cognate HLA ligands are associated 

with disease progression following HIV infection [44]. Although innate immune responses are 

typically thought to be non-specific, the new concept ‘innate immune memory’ has arisen to 

describe the phenomenon of innate immune cells developing specific and non-specific memory [45]. 

Antigen-specific NK cell memory has been demonstrated during infections with influenza virus, 

vaccinia, and others [46, 47]. Unlike during acute viral infections, there is chronic activation of the 

innate immune response in HIV infection, which is thought to contribute to the immune dysfunction 

seen over time in HIV-infected individuals [48]. While the innate immune response plays many vital 

roles in viral infections, the focus of this Thesis will be on the adaptive immune response. 
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1.3.2 The adaptive immune response to viruses is specific and dynamic 

The adaptive immune response in vertebrates is pathogen specific, having the ability to recognise 

and respond to pathogens that are both intra- and extra-cellular. Antigen is recognised by cell 

surface receptors on B and T cells termed B cell receptors (BCRs) and T cell receptors (TCRs), 

respectively, with the encoding genes undergoing DNA recombination to provide the extensive 

diversity required to recognise a wide spectrum of antigens. Prior to their release into circulation, B 

and T cells undergo a selection process based on their BCR or TCR affinity to self- or non-self 

molecules (antigens). In circulation, activated B cells transform into plasmablasts and produce 

antibodies (humoral immune response), while activated T cells are responsible for helping B cells 

produce antibodies and killing infected cells (cellular immune response). 

BCRs undergo gene recombination for the heavy chain (variable, diversity and joining regions) and 

light chain (variable and joining regions) [49, 50]. This process provides a series of BCRs that have 

the capacity to recognise millions of antigens. To remove or limit self-reactivity (autoreactive B 

cells), in the bone marrow immature B cells are exposed to housekeeping molecules [51]. If the BCR 

is autoreactive, there is the chance for it to further rearrange its receptor during the phase “receptor 

editing” [49]. Following receptor editing, if the BCR is still autoreactive it dies by apoptosis due to 

negative selection. However, if it is not autoreactive it migrates to secondary lymphoid tissues. Upon 

encountering antigen, BCRs can then further undergo somatic hypermutation. Within secondary 

lymphoid tissue, germinal centres can form in which a CD4+ T cell subtype, Tfh cells, activate B cells 

causing them to proliferate. For a B cell to be activated, it requires three signals: 1) multiple antigen-

BCR pairings; 2) co-stimulatory molecules, such as CD40-CD40L ligation on Tfh cells; and 3) co-

stimulation by cytokines to stimulate proliferation [51].  

Similar to B cells, T cells leave the bone marrow and undergo TCR gene recombination in the thymus. 

TCRs are multiprotein complexes comprising an a and b, or g and d chain. a and b chains are highly 

polymorphic, and unlike BCRs, recognise antigen in complex with the host HLA molecule. Each chain 

has a variable and constant domain with a joining region in-between, with b chains having an 

additional diversity segment [52]. Each variable domain has three hypervariable regions, 

complementarity-determining regions 1-3 (CDR1-3). CDR1 and CDR2 are primarily in contact with 

the presenting HLA molecule [53]. CDR3a and b regions centrally bind to presented peptides [53] 

and consequently are the predominant region of a TCR studied, including all TCR analyses in 

Chapters 3 and 4 of this Thesis. TCRb chains undergo recombination first to form a pre-TCR. If the 

TCRb chain recombination has been successful, recombination of the TCRa chain commences, 
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otherwise the cell dies by apoptosis. As for TCRb, if TCRa recombination does not produce a 

functional TCR, the cell dies by apoptosis. Similar to BCRs, TCRs undergo a selection process; TCRs 

must be able to bind self HLA molecules (positive selection) [54], but if they bind too strongly to self-

peptide-HLA complexes, they are killed by apoptosis (negative selection) [55]. However, unlike BCRs, 

TCRs cannot undergo further recombination events after they leave the thymus, meaning that the 

TCR combination (and overall TCR repertoire) is established prior to antigenic stimulation. While the 

importance of B cells and antibodies in natural and vaccine-induced immune responses cannot be 

undermined, this Thesis has a strong focus on T cell responses. 

1.3.2.1 The adaptive immune response varies in acute and chronic viral infections 

Viral infections are classified as acute or chronic. In acute viral infections, continuous change occurs 

in both the host and virus until either the infection is resolved, the host dies, or the infection 

becomes chronic (Fig 1.2). In chronic viral infections, there is an equilibrium between host and viral 

proteins that allows the virus to persist and the host to survive. Two primary examples highlighting 

the differences in the adaptive immune response to acute and chronic infections is that for influenza 

virus and HIV. 

 

 

Fig 1.2. Viral infection 

outcomes. During the 

initial acute phase, the 

virus and host compete 

for dominance. If the 

host survives, the 

infection is either 

cleared or becomes 

chronic. If chronic 

infection occurs, a new 

set of host-viral 

interactions ensue, 

resulting in a metastable 

equilibrium. Taken from 

[56]. 
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1.3.2.2 The adaptive immune response to acute viral infections 

B and T cells play important roles in the humoral and cellular adaptive immune response to acute 

viral infections, respectively. The B cell response occurs in stages. Initially, short-lived antibody-

producing cells (plasmablasts) generate low-affinity antibodies with the aim of limiting viral spread. 

Subsequent activated B cells enter germinal centres where they proliferate and undergo somatic 

hypermutation [57]. During this process, random mutations are introduced into the variable region 

of the BCR. If the resulting BCR is of higher affinity to the antigen, the clone outcompetes other 

clones, survives, and exits the germinal centre producing higher-affinity antibodies to the infecting 

antigen [57]. 

Using influenza virus as an example, B cells produce neutralising (HA-inhibiting) and non-neutralising 

(anti-NA and other protein) antibodies that are critical in preventing death from infection, but which 

also provide continued protection from future infections with antigenically similar strains [58]. The 

influenza-specific BCR repertoire is shaped by repeated exposure to influenza viruses, with a need 

for new and/or cross-reactive antibodies (antibodies that can recognise multiple strains/epitopes) 

each infection to combat antigenic drift observed between seasons. As previously mentioned, 

antigenic drift is a process in which genetic variation occurs in viruses over time through the 

accumulation of mutations in genes that encode for surface proteins in regions targeted by antibody 

responses, with IAVs mutating 2 to 3 times faster than IBVs [59]. Consequently, new viral strains can 

result that are not as effectively inhibited by the antibody responses to previous strains. Therefore, 

pre-existing antigen-induced antibodies are beneficial in blunting initial influenza virus infection 

while high-affinity antibodies are produced to control the virus [58]. 

An important contributor to anti-viral immune responses (both humoral and cellular) is the CD4+ Tfh 

cell, originally identified within germinal centres [60] and defined by surface expression of CXCR5 

and PD-1 [61]. Activation of Tfh cells results in increased expression of co-stimulatory molecules, 

such as ICOS and CD40L, and the secretion of cytokines, such as IL-21, needed to promote B cell 

differentiation [62, 63] (Fig 1.3). B cell interaction with cTfh cells is critical for antibody affinity 

maturation and maintenance of humoral memory [60]. A circulating counterpart of Tfh cells in the 

blood (cTfh) share many characteristics with their lymphatic tissue counterparts; they have a 

memory phenotype, express CXCR5, secrete IL-21 when they interact with B cells, and can induce B 

cell differentiation [62, 64-68]. Unlike lymph node Tfh cells, cTfh cells only express moderate levels 

of PD-1; however, upon activation they are similarly able to express ICOS and CD40L [5, 66, 69-71]. 

cTfh cells play a critical role in the production of antibodies to a wide variety of viruses (associated 
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with both acute and chronic infection), including influenza virus, HIV, HCV, HBV, yellow fever virus, 

and Epstein-Barr virus (EBV). In a vaccine setting, stimulation of cTfh cells is required to develop 

antibody responses [5, 6, 67, 72, 73]. As the number of activated cTfh cells correlates with Tfh cells 

in secondary organs [74], and due to a high degree of TCR overlap between cTfh and Tfh cells in 

lymphoid tissue [75], cTfh cells can be used as an accessible cell population to assess the role of Tfh 

cells in vaccine-specific responses. Understanding what components of a vaccine are critical to 

stimulate cTfh cells is essential to design a highly effective vaccine. In the context of influenza 

vaccines, this will be addressed in Chapter 4. 

 

 

Fig 1.3. Activation of cTfh cells and subsequent B cell help following influenza virus natural infection or vaccination. 

After influenza virus natural infection or vaccination, activated cTfh cells are observed in the periphery, either as re-

stimulated memory Tfh cells or naïve T cells. Activated cTfh cells provide help to B cells via the cytokines IL-21 and IL-

10, and through ICOS co-stimulation. B cells respond in three ways: 1) expansion of memory B cells; 2) long-lived plasma 

cells; and 3) antibody secreting cells that provide a rapid source of antibodies. Taken from [76]. 

 

In addition to CD4+ T cells, the cellular immune response also involves CD8+ T cells. Naïve CD8+ T 

cells are activated by antigen presenting cells (largely DCs) and then proliferate and differentiate 

into cells capable of killing virus-infected cells as well as abnormal/damaged self, such as tumour 
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cells [77]. Activated CD8+ T cells produce inflammatory cytokines that aid in an effective anti-viral 

immune response. During acute viral infections, virus-specific T cells are capable of doubling in 

number every 4-6 hours [78]. Virus-specific CD8+ T cells remain in the host as long-lasting memory 

populations [79]; a major benefit to the host should re-infection with an antigenically similar strain 

occur. 

1.3.2.3 The adaptive immune response to chronic viral infections 

In order for a chronic viral infection to be established, the virus must evade being eliminated by the 

immune response and be able to adjust to continuous anti-viral responses [56]. Viruses have 

evolved strategies that enable them to establish a chronic infection in the presence of a continuous 

anti-viral host immune response. There are three general strategies that have evolved in chronic 

viral infections [56]: 1) latency and reactivation; 2) continuous replication; and 3) incorporation into 

the genome followed by spread to progeny. A virus can use any number of these strategies, and 

those that are harnessed by a virus lead to significant molecular differences between viruses. In the 

case of HIV, the virus effectively uses the establishment of latency and continuous replication to 

develop a chronic viral infection [80, 81]. Viruses that utilise continuous replication, including HIV, 

HBV, and HCV, have the potential for enormous evolution of the viral genome in response to host 

immune pressures. Viruses that harness latency, provide challenges for treatment and cure. Such 

viruses include: HIV, EBV, and Kaposi’s sarcoma associated herpesvirus in memory lymphocytes; 

herpes simplex virus (HSV) and vesicular stomatitis virus (VSV) in neurons; cytomegalovirus (CMV) 

in hematopoietic stem cells; and papillomaviruses in epithelial stem cells. However, some chronic 

viral infections in humans that are latent in healthy individuals rarely cause disease. Two examples 

of chronic viral infections that are typically latent and asymptomatic are CMV and EBV [82]. Latency 

allows virally infected cells to evade immune surveillance, so for a vaccine or treatment to provide 

a cure, latently infected cells must first be brought back into circulation. A HIV cure approach, “shock 

and kill”, aims to reverse latency by using pharmaceuticals that induce viral transcription in latently 

infected cells, and in combination with ART lead to their destruction. 

The adaptive immune response to chronic viral infections includes virus-specific B and T cells. Using 

HIV as an example, B cells bind foreign antigens in secondary lymphoid organs (such as lymph 

nodes), producing HIV-specific antibodies [31], with broadly neutralising antibodies attaching to 

highly conserved regions of HIV and rendering it inactive [83, 84]. Broadly neutralising antibodies 

are associated with HIV control, with B cell abnormalities and dysfunction shown to increase disease 

progression [84, 85]. A small percentage of individuals can produce large amounts of these broadly 
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neutralising antibodies over months to years and have shown superior control over HIV [86]. 

Similarly, antibody dependent cell mediated cytotoxicity (ADCC), which is mediated by NK cells 

binding the FcγRIIIa receptor of antibodies [87], is associated with slower disease progression [88, 

89]. In addition, the RV144 HIV vaccine trial showed vaccine recipients with higher ADCC responses 

were associated with lower infection rates [90]. These studies further highlight the interaction of 

components of the innate and adaptive immune responses. 

As part of the anti-HIV immune response, HIV-infected CD4+ T cells act as antigen presenting cells 

to CD8+ T cells. CD4+ T cells present HIV epitopes (antigens) in a complex with HLA molecules to CD8+ 

T cells. The TCR of CD8+ T cells recognise the peptide-HLA complex and induces apoptosis in infected 

CD4+ T cells [31]. HLA molecules are responsible for determining the set of HIV epitopes presented 

to CD8+ T cells. These HLA molecules are genetically diverse such that the epitopes presented to an 

individual’s immune system often vary between individuals, although epitopes (identical or 

overlapping) may be presented by more than one HLA molecule. As a consequence, this anti-HIV 

immune pressure is specific and consistent, providing a barrier to virus survival. 

As HIV is a chronic viral infection, it must be able to survive continuous immune pressure exerted 

by the host. The error-prone nature of the RNA polymerase of HIV aids in its establishment as a 

chronic infection by allowing the generation of HIV viral quasispecies (closely related but distinct 

viral strains). The generation of viral quasispecies may permit the virus to evade the host’s anti-HIV 

immune response via the selection of immune escape mutations or provide other advantageous 

properties, such as being more infectious. These changes can aid in the establishment of a 

metastable equilibrium between host and virus in HIV infection and can also be seen in the chronic 

viral infections associated with HCV and SIV [56]. The enormous ability for HIV, and other viruses, 

to adapt to a host’s immune response provides a large barrier for vaccine design. Chapters 2 and 3 

of this Thesis will explore the mechanisms and implications of HIV adaptation on disease outcome, 

the anti-HIV immune response, and vaccine design. 

1.3.2.3.1 Chronic antigen exposure can result in B and T cell exhaustion 

During chronic viral infections, the longevity of the immune response can lead to virus-specific CD4+ 

and CD8+ T cells exhibiting signs of exhaustion [82, 91], with distinct phenotypic differences 

observed between exhausted and functional T cells [92]. T cell exhaustion is characterised by a 

reduced, or loss of, effector functions and a lack of proliferative capacity [92]. Consequently, the 

severity of T cell exhaustion and dysfunction has been positively correlated with viral load, and 
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negatively correlated with CD4+ T cell help [56]. B cell exhaustion has also been described with virus-

specific exhausted B cells displaying a lower proliferative capacity and lower Fc-receptor-like-4 

expression, potentially inhibiting B cell function [93]. Both B and T cell exhaustion have been 

described in HIV [93] and SIV [94] and have implications in the effectiveness of B and T cell responses 

and, subsequently, in disease progression. T and B cell exhaustion have repercussions in HIV epitope 

selection for therapeutic and preventative vaccines, as epitopes selected should result in a strong, 

targeted immune response. T cell exhaustion in HIV will be explored further in Chapter 3. 

1.3.3 Host and pathogen co-evolution have shaped the diversity of HLA genes 

HLA class I molecules are central in alerting CD8+ T cells that a cell has been infected with a virus (or 

other pathogen), while HLA class II molecules present antigen to CD4+ T cells. The antigen 

recognition domain of HLA class I and class II molecules is characterised by extensive polymorphism 

[95], and as one of the main antigen sources of the HLA-peptide complex presented to T cells, viruses 

have been implicated in the diversification of HLA molecules [96]. There is high specificity involved 

in the binding of HLA and viral peptides: an HLA allele can only bind a handful of peptides, with a 

change in a single amino acid able to abrogate HLA binding [97]. This high specificity has implications 

for both the host and virus: it places immune selective pressure on the virus resulting in the 

observation of immune escape mutations (termed adaptations), and also results in selective 

advantage for hosts with different HLA alleles (heterozygote advantage), as this is likely to lead to a 

diverse (more effective) immune response against the pathogen (as shown for HIV and HCV) [98, 

99]. In contrast, homozygosity at HLA loci reduces CD8+ T cell responses, likely due to a smaller 

variety of epitopes capable of being presented to CD8+ T cells [100]. Levels of homozygosity at HLA 

loci have been associated with a faster disease progression in comparison to individuals who are 

heterozygous at all three HLA class I loci [98]. 

At the host population level, this phenomenon results in a diverse array of HLA alleles [96]. 

Frequency-dependent selection has also been described for the HLA system, in which the fitness of 

a genotype depends on the frequency of the alleles in the population [101]. As the frequency of a 

specific allele increases in a population, the associated fitness of the genotype carrying that allele 

can either increase (positively frequency-dependent) or decrease (negatively frequency-

dependent). However, in isolated and/or small populations, drift could also play a role in 

determining HLA frequencies. In the case of viruses, adaptations that are associated with specific 

HLA alleles can increase in circulating viral strains with a bias for more frequent HLA alleles. In this 

scenario, the fitness of genotypes (carrying specific alleles) would decrease through negative 
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frequency-dependent selection and the benefit for rare HLA alleles becomes evident [102]. 

Supporting the hypothesis that rare HLA alleles provide an advantage to the host, is the positive 

correlation between the frequency of HLA supertypes and viral load in HIV infection [103]. These 

studies highlight the interdependence of HLA allelic diversity with constantly evolving microbial and 

viral antigenic repertoires [96]. 

1.3.3.1 HLA alleles can be associated with viral disease outcome 

HLA associations with disease outcome (both positive and negative) have been reported for several 

viral infections, alongside malignancies and autoimmune diseases [100]. In addition to a 

heterozygote advantage, a number of specific HLA class I and class II associations have been shown 

with infection outcomes for HBV, HCV [104-106], HIV [107-109], and influenza virus [110]. In HIV, 

HLA class I alleles HLA-B*57/58 and -B*27 are associated with slower HIV disease progression [107] 

and lower viral loads [111, 112]. Contrastingly, HLA class I alleles HLA-B*35 and -Cw*04 have been 

associated with a rapid progression to AIDS [98]. There have been a number of mechanisms 

proposed to explain the protective effects of HLA-B*57/58 and -B*27: HLA-B*57 restricts four 

immunodominant CD8+ T cell epitopes in the p24 capsid protein of Gag (this region of Gag plays an 

important role in controlling HIV viremia) [113]; epitopes presented by these alleles may be highly 

conserved, with changes at these sites incurring a significant fitness cost to the virus (for example, 

a common mutation in the HLA-B*57-restricted Gag epitope TW10 impacts viral replicative capacity) 

[114, 115]; and epitopes presented by HLA-B*27 consist of immunodominant Gag epitopes that 

require a composite of mutations to allow escape [116]. There are also several HLA class II alleles 

that play a role in HIV infection and disease outcome: HLA-DRB1*01 has been shown to provide a 

level of protection against infection [117]; HLA-DRB1*1303 is associated with a lower viral load 

[118]; and HLA-DRB1*1503 is linked with increased susceptibility to infection [117]. It is unclear how 

specific HLA class II alleles affect HIV disease outcome but is likely related to the role of CD4+ T cells 

in HIV infection. 

The HLA-B locus has the most variation of the HLA loci and has evolved faster at the molecular level 

[119]. It has been suggested that HLA-B plays a larger and/or more critical role in host-viral defences, 

which has consequently driven the extensive polymorphism seen for this gene. The dominance of 

an HLA-B-restricted T cell response in HIV is clear through its beneficial impact on an individual’s 

viral load and disease outcome [119, 120]. Similarly in influenza virus infection, influenza-specific 

CD8+ T cell responses have been shown to have a higher magnitude HLA-B-restricted T cell response 

[121]. More generally, HLA-B-restricted T cell responses dominate the immune response to many 
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viral pathogens [119], resulting in a large proportion of viral adaptations associated with HLA-B 

alleles [119, 121]. The dominance of HLA-B in viral responses could transfer into immunogen 

selection for vaccine design. 

1.3.3.2 Viruses have evolved mechanisms that downregulate host HLA expression 

Highly adapted viruses that can reach a level of ‘mutual tolerance’ have often undergone positive 

selection of random mutations that allow them to avoid presentation by HLA molecules while also 

avoiding NK-mediated immune surveillance mechanisms [122], suggesting that this system is critical 

in fighting pathogens. In HIV, the accessory protein Vpu actively downregulates HLA class I proteins 

by degradation, abrogating CD8+ T cell responses as viral peptides can no longer be displayed [123]. 

This downregulation of HLA class I molecules has also been observed in influenza virus infection 

[124]. However, NK cell receptors evolve alongside HLA molecules [125] and are crucial in detecting 

HLA interference by viruses and other pathogens. 

NK cells bind HLA class I using cell-surface receptors killer immunoglobulin-like receptors (KIR). If a 

cell does not bind KIR receptors with their HLA class I molecules, NK cells induce apoptosis of the 

cell. Subsequently, the protein Nef downregulates HLA-A and -B expression in infected cells [126], 

but leaves the comparatively less immunodominant HLA-C to avoid apoptosis induced by NK cells 

[127]. Furthermore, HLA-C alleles have a more extensive interaction with KIR than HLA-A or -B alleles 

[128], potentially further benefiting virus-infected cells. The downregulation of a subset of HLA class 

I alleles highlights the co-evolution of NK cell receptors with viruses and certain HLA alleles (those 

that interact with KIRs) [96]. 

 

1.4 GENETIC DIVERSITY IS A CRITICAL COMPONENT FOR VIRAL PERSISTENCE IN 

HOSTS 

The high mutation rate of viruses is crucial in their ability to adapt to host immune responses. Viral 

mutation rates range between 10-8 and 10-4 substitutions per nucleotide per cell, with RNA viruses 

in the 10-6 to 10-4 range (influenza virus and HIV) and DNA viruses in the 10-8 to 10-6 range [129]. 

However, observed viral diversity is often significantly less than predicted as mutations can impact 

viral fitness [130]. For viruses such as HIV, the high mutation rate results in constant viral mutations, 

but selection due to host immune pressure and the fitness cost of the mutation shapes the 

frequency of certain mutations that arise in the viral quasispecies within the host [131]. The cost to 
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viral fitness of the mutation (based on protein structural/functional constraints) must be 

outweighed by viral survival. While genetic variation (and particularly adaptation) is integral to virus 

survival within a host, it poses an impediment to vaccine design. 

1.4.1 Immune escape from T cell-mediated immune pressure is critical for virus survival and 

propagation 

T cells play an important role in viral elimination, but continued immune pressure drives the 

maintenance and propagation of mutations that provide immune escape (adaptations). Adaptations 

that evade the immune response are characteristic of viruses that can establish persistent chronic 

infections, such as HIV, HBV and HCV [96], but can also occur in acute viral infections [35], such as 

IAV [132, 133]. Although, adaptations can be selected in response to B and T cell immune pressures; 

this Thesis focuses on immune escape from HLA-restricted T cell immune pressure. 

The first paper to show that HLA-associated viral variants (adaptations) can be identified at the 

population-level was in reference to HIV [2]. HIV sequencing and matched HLA typing from 473 HIV-

infected individuals in Perth, Australia were used to identify significant associations between an HIV 

mutation and specific HLA-A and -B alleles of the population [2]. The adaptations identified in this 

seminal paper, and subsequent papers, were used to examine adaptation across the HIV genome 

for a range of HLA alleles in Chapter 2 of this Thesis. 

Adaptations occur within T cell epitopes and flanking regions [134-136] and have been shown to affect 

HLA-restricted T cell responses in several ways (Fig 1.4): interfering with or blocking antigen 

processing; compromising HLA-epitope binding; and abrogating or reducing T cell recognition of the 

HLA-epitope complex [137]. Adaptations that result in a loss of antigen recognition have been 

observed in influenza virus [132, 138] and HIV [139], among others. In this Thesis, this mechanism 

of adaptation will be referred to as “classical adaptation”. 
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Fig 1.4. Mechanisms of immune escape 

from CD8+ T cell responses. (A) HIV 

infects CD4+ T cells and is processed 

intra-cellularly into small peptides 

(epitopes) that are presented on the cell 

surface. HLA class I molecules present 

epitopes of HIV to CD8+ T cells (or 

cytotoxic T lymphocytes; CTLs), with the 

HLA-peptide complex recognised by the 

TCR of CD8+ T cells. Viral escape from 

CD8+ T cell recognition can occur 

through: (B) interference with 

proteasomal processing; (C) HIV 

peptides being unable to bind within the HLA pocket; or (D) HIV epitopes being unable to be recognised by CD8+ TCRs. 

This figure is specific for HIV but is applicable to other viral infections. Taken from [137]. 

 

In this Thesis, another form of adaptation termed “non-classical” adaptation will also be examined 

(Fig 1.5). Non-classical adaptations are those that result in maintained immune recognition [134, 

140]; either equivalent or higher-magnitude IFN-γ responses to the adapted epitope compared to 

the non-adapted epitope [134]. It has been suggested that non-classical adaptations may exploit 

immunodominance by shifting the CD8+ T cell response to non-inhibitory epitopes in a region that 

can better tolerate change [140]. Such higher avidity CD8+ T cell responses to HIV are also thought 

to be associated with greater immune control in chronic infection of HIV and therefore, a better 

disease outcome [3, 4]. However, HIV adaptations that create higher avidity CD8+ T cell responses 

may result in T cell exhaustion by instigating a rapid T cell proliferation that dominates the CD8+ T 

cell response [141]. Understanding the impact of classical and non-classical adaptations on the T cell 

response is crucial in vaccine design; if non-classical adaptations do lead to a less effective T cell 

response, epitopes containing these adaptations should not be included in a vaccine. The impact of 

non-classical HIV adaptations will be explored in Chapter 3. 
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Fig 1.5. Different modes of viral adaptation. Here, classical adaptation refers to the loss of antigen recognition by CD8+ 

T cells due to changes in the amino acids of an epitope. Non-classical adaptation refers to continued antigen recognition 

by CD8+ T cells even though there is change within the epitope. In this scenario, adaptation may lead to an ineffective 

immune response. 

 

1.4.2 Viral adaptations impact disease outcome 

Viral adaptations occur in the genome of several viruses, such as influenza virus, HIV, HBV, and HCV. 

There are two main categories of viral adaptations: autologous adaptations, those that occur within 

an individual in response to their specific immune repertoire (HLA alleles); and transmitted 

adaptations, those that have occurred in previous hosts and have been transmitted to a new host, 

potentially having an impact on their disease outcome. 

In HIV, the level of adaptation present in an individual’s viral quasispecies has been correlated with 

their disease outcome [97]. In general, higher levels of adaptation have been associated with an 

inferior disease outcome (measured by viral load and CD4+ T cell count) [142-144], with adaptation 

the best indicator for viral load [97]. In a group of HIV infected individuals who have a superior ability 

to control HIV in the absence of ART (elite controllers), fewer HLA-associated adaptations have been 

observed in their autologous virus relative to typical progressors [97] (Fig 1.6) and they display 

stronger CD8+ T cell responses [145, 146]. These results highlight the importance of autologous 

adaptations on an individual’s disease outcome. 

 

Loss of antigen 
recognition

F L K E E G G L

Non-adapted epitope Adapted epitope

F L
K E K G G L QE E H E R Y H SN W E E H E K Y H SNQ W

HLA HLAHLAHLA

Non-adapted epitope Adapted epitope

Continued antigen 
recognition

“Classical” adaptation “Non-classical” adaptation



 20 

 

 

 

Fig 1.6. Autologous viral adaptation is associated with HIV control. The level of 

autologous viral adaptation in elite controllers (blue; viral load < 50 copies/mL; n = 

21) and non-controllers (Ragon and Columbia cohorts, red and purple, respectively; 

n = 463) overall and split by the protective HLA-B*57 and -B*27 alleles. The level of 

autologous adaptation is significantly lower in elite controllers (p-values, two-tailed 

Mann-Whitney U test). Taken from [97]. 

 

 

Transmitted HIV adaptations also play a role in an individual’s disease outcome. Infection with a 

pre-adapted virus has been suggested to compromise both the initial and long-term CD8+ T cell 

responses and correspondingly, disease outcome [97]. Furthermore, transmission of a pre-adapted 

virus to an HLA-matched individual is correlated with an increase in viral load [97, 147-149] and a 

faster decline in CD4+ T cell count (Fig 1.7) [97]. The extent of HLA-associated HIV adaptations to an 

HLA-matched individual is correlated with an impaired CD8+ T cell response, and therefore, higher 

viral loads and lower CD4+ T cell counts [97]. In contrast, transmission of a pre-adapted HIV virus to 

an HLA-mismatched individual is correlated with lower viral loads and better disease outcomes [150, 

151]. These results suggest that immune control of the infection is affected by the pre-adaptation 

of the transmitted virus [97]. 

 

 

Fig 1.7. Transmitted viral adaptations impact an individual’s HIV disease outcome. Zambian horizontal transmission 

pairs were used to predict how the level of pre-adaptation of the donor virus to the recipient’s HLA alleles impacts (A) 

A B C
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CD4+ T cell decline and (B) early setpoint viral load (the viral load after the first weeks-months of infection). To show 

differences in the rate of CD4+ T cell decline based on transmitted viral adaptations, individuals were grouped into those 

with above (red) and below (blue) the mean level of transmitted adaptation. (C) Adaptation of the founder virus for 

participants of the Step vaccine trial infected with HIV compared to recipient setpoint viral load. Rs, P-value, Spearman 

rank correlation. Best fit and 95% CI lines from unadjusted model. Taken from [97]. 

 

Transmitted viral adaptations will either be maintained in the new host or will revert to wildtype. 

Which scenario occurs is dependent on whether there is immune pressure on the specific epitope, 

if the adaptation has an associated fitness cost, and whether compensatory mutations are present 

(Fig 1.8). Adaptations with a fitness cost will typically revert after transmission in a new host if the 

site is no longer under immune pressure. This is because the benefit of immune escape is no longer 

present. However, random mutations that offset the fitness cost of a beneficial adaptation can be 

selected for and are termed compensatory mutations. The presence of compensatory mutations 

may result in adaptations being maintained upon transmission to an HLA-mismatched host with the 

potential for these to accumulate in the circulating viral strains in a host population. In some cases, 

circulating HIV strains may include adaptations to common HLA alleles in a geographical region [2, 

152], particularly if these adaptations have a low fitness cost and do not revert after transmission 

to an HLA-mismatched individual [153]. The accumulation of adaptations in the circulating strains 

undermines natural control over HIV and has immunological consequences [137, 154, 155].  

 

 

Fig 1.8. HLA-associated viral adaptation. If two populations (HLA X and HLA nonX) are infected with the same strain of 

HIV, it is likely that their host immune responses will target different viral epitopes. As such, a mutation may occur in 

individuals with HLA X. If this mutation is then transmitted to the same two populations, it would be maintained in the 

HLA X population as there is continued immune pressure on the epitope. However, it would revert in the HLA nonX 

population as the T cell immune pressure is removed. Consequently, the mutation is HLA-specific and is associated with 

HLA X. Taken from [156]. 
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While the majority of research on the impact of adaptation has been conducted on cases of 

horizontal transmission, few studies have examined vertical transmission (mother-to-child). Cases 

of vertical transmission provide a rare opportunity to assess the impact of transmission of a highly 

pre-adapted virus as there will be an overlap of at least 50% in relevant host genetics. Vertical 

transmission also allows the exploration of transmission dynamics (adaptation maintenance and 

reversion) which is important for vaccine design. This will be addressed in Chapter 2. 

1.4.3 Circulating adaptations have implications for viral infection outcome and vaccine design 

Due to the transmission of HLA-associated adaptations, a virus can slowly become more adapted to 

a wide range of HLA alleles in a population. As different populations have different frequencies of 

HLA-alleles, adaptations have the potential to contribute to the generation of locally diverse viruses 

[2, 152, 157]. The increasing level of adaptation can have an impact on disease outcome following 

viral infection and is reflected in the frequency-dependent selection of HLA alleles and the benefit 

of rare HLA alleles, as lower levels of adaptation are observed for rare HLA alleles in circulating 

strains [102]. Recently, in locations of high HIV seroprevalence, such as Botswana, previously 

beneficial HLA alleles (HLA-B*57/58) appear to have lost their protective capabilities due to an 

increase of adaptations for these alleles in circulating strains [155]. A similar finding was also 

observed in Japan where the HLA-B*51 allele was initially found to be beneficial, but this effect was 

lost over time due to an increase in the circulating viral strains of an HLA-B*51-associated immune 

escape mutation (present in up to 75% of circulating strains) [154] with a corresponding decline in 

overall viral replication capacity [158]. While sequencing data suggested that viral evolution was 

occurring rapidly to both protective HLAs and others, it also showed that adaptation to these 

protective alleles may contribute to a lowering of replicative capacity and subsequent reduction in 

HIV virulence with time [155]. Consequently, while an increase of adaptations in the circulating viral 

strains can be advantageous for a virus, there may also be an impact of adaptation on overall viral 

replicative capacity. An increase in viral adaptation at the population level can also influence the 

selection of viral epitopes in vaccine design. This will be explored in Chapter 2. 

Influenza is an example where seasonal changes in vaccine immunogens are required to combat 

drift and accumulating adaptations, with CD8+ T cell escape mutations in IAVs shown to persist at 

the population level [159, 160]. Circulating influenza strains have a rapid turnover, meaning that the 

geographical spread of influenza lineages also changes rapidly [15]. Surveillance data is used to track 

the origins of seasonal epidemics and used to select upcoming influenza vaccine immunogens. 
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Consequently, influenza virus is a key example of the need to account for growing adaptation and 

drift in viral populations in vaccine design. 

 

1.5 T CELL RECEPTOR DIVERSITY AND CROSS-REACTIVITY IS ASSOCIATED WITH 

DISEASE AND VACCINE OUTCOMES 

The antigen recognition molecule on the surface of T cells, the TCR, has evolved to be highly diverse 

within individuals [161], and after recognition of foreign antigens initiates an immunological 

response. TCR diversity occurs through somatic recombination that takes place prior to any 

antigenic stimulation. In the thymus, prior to positive and negative selection, T cells are at their 

highest point of diversity (Fig 1.9). Thymic selection has been shown to remove a large portion of 

clonotypes (unique TCR sequences) [162], with HLA polymorphisms significantly shaping an 

individual’s TCR diversity as they determine which peptides are exposed to T cells during 

development [163, 164]. TCR diversity is largely maintained throughout an individual’s life (bar 

infancy and old age) [165], but the relative proportions of each TCR clonotype depends on the 

history of antigen exposure as antigen-driven selection occurs in the periphery, leading to the 

expansion of antigen-specific TCR clonotypes [166]. The diversity of TCRs has been shown to vary 

between CD4+ and CD8+ T cells, with CD4+ TCRb clonotypes significantly more diverse than CD8+ 

TCRb clonotypes [167]. 

 

Fig 1.9. TCR repertoire diversity decreases from 

pre-selected cells to antigen-specific cells. T cells 

are at their most diverse in the thymus before 

selection has occurred (pre-selection). After 

positive and negative selection, a large portion of T 

cells are removed, with the remaining naïve pool 

still incredibly diverse. Once a T cell encounters 

antigen it is said to be antigen experienced. 

However, it is possible to take it one step further 

and look at T cells that recognise a singular epitope, 

further reducing the diversity of the TCR repertoire. 

Taken from [166]. 
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TCR repertoire diversity is a major determinant of the immune response to a specific pathogen 

[168], with T cell responses typically mounted by T cells with heterogeneous TCRs [169]. 

Unsurprisingly, a high pathogen-specific TCR diversity is associated with lower disease severity [170, 

171] and limited pathogen-specific TCR diversity with a worse disease outcome [170]. Furthermore, 

pre-existing cross-reactive T cells, those whose TCR recognises more than one peptide-HLA complex, 

have been implicated in reduced severity of disease following infection with influenza virus [172-

174] and SARS-CoV-2 [175-177]. However, TCR cross-reactivity is not limited to the same virus, but 

has also been shown between viruses (heterologous immunity): coronaviruses and papillomavirus 

[178]; poxviruses and BCG [179]; and influenza and EBV [180]. Indeed, cross-reactive TCRs have 

been suggested to account for the deficit between the number of unique TCRs available in 

circulation (< 108) and the number of antigens encountered in a lifetime (~1012) [181, 182], as well 

as conserving resources and being temporally and spatially favourable [181]. Furthermore, this 

polyclonal recognition of peptide-HLA complexes by multiple T cells makes it harder for pathogens 

to escape immune recognition, as immune escape mutations may result in recognition by a different 

cross-reactive memory T cell [181]. 

Heterologous immunity describes how an immune response directed to a pathogen can indirectly 

provide immunity to a non-identical pathogen (cross-reactivity between pathogens). This can be 

mediated by antibodies or cross-reactive T cells and is a common phenomenon between related 

pathogens (this Thesis will only focus on T cell cross-reactivity). However, as mentioned above, due 

to the extent of cross-reactivity in T cells, heterologous immunity can extend beyond similar 

pathogens. For example, memory T cell responses to the tuberculosis (TB) vaccine BCG vaccine also 

provide some immunity against poxviruses [179] and leprosy [183]. Similarly, memory CD8+ T cells 

specific for an HLA-A*02-restricted epitope from human papillomavirus can also recognise an HLA-

A*02-restricted epitope from coronavirus [178]. One important feature to note about heterologous 

immunity, is that typically the two (or more) antigens recognised by one TCR will be presented by 

the same HLA allele, supporting the large role HLA plays in shaping an individual’s T cell repertoire. 

Contrary to the positive outcomes of cross-reactivity/heterologous immunity, there are also 

deleterious effects. 

The most detrimental consequence of cross-reactive memory T cells is the potential for 

autoimmunity [181]. Although self-reactive T cells are meant to be removed in the thymus, if they 

are only weakly self-reactive they may survive and become activated in the periphery through 

molecular mimicry [184]; recognition of a pathogenic epitope that is similar to a host protein. 
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Heterologous immunity has also led to negative outcomes after viral infections: influenza-specific 

memory CD8+ T cells have been observed to contribute to lymphoproliferation in EBV-associated 

mononucleosis [185]. However, the role of cross-reactive T cells in pathogen infection and following 

vaccination is still evolving. While severe dengue is more common after a secondary infection with 

a different serotype [186], it is unclear whether the role of cross-reactive T cells is protective or 

pathogenic [187]. It is also possible that following natural infection or vaccination, cross-reactive T 

cell responses narrow the TCR repertoire, skewing the immune response to sub-optimal and/or non-

protective responses [185, 188]. 

The concept of original antigenic sin (OAS) refers to the inclination of the immune response to utilise 

immunological memory to an initial infection in subsequent infections with slightly different strains 

of a pathogen. It was first described in reference to influenza in the 1960s [189], but has also been 

observed following dengue virus infection [190] and is likely involved in other viral infections where 

repeated infections and antigenic drift occurs. OAS can be both problematic and beneficial. The 

clearest case of OAS conferring protection later in life is the 2009 H1N1 “Swine Flu” pandemic [191]. 

Older individuals who had previously been exposed to the 1918 H1N1 “Spanish Flu” pandemic 

showed lower relative mortality [192, 193]. Contrastingly, early-life imprinting by pandemic 

influenza strains can increase susceptibility during succeeding pandemics that are caused by 

antigenically distinct strains [194, 195]. It is possible that OAS utilises cross-reactive memory T (and 

B) cells and is another example of cross-reactivity. As for cross-reactive T cells in natural infection 

and following vaccination, it has been suggested that OAS could be detrimental in an influenza 

vaccine setting, as vaccines may boost immunity to conserved non-protective epitopes rather than 

developing new responses against protective, but antigenically drifted, epitopes [191]. 

Understanding the mechanisms behind OAS and the influence of pre-existing, potentially cross-

reactive, immunity of vaccine responses is important for vaccine design. 

In HIV, T cell responses to a broad range of epitopes are associated with lower viral loads and 

similarly, higher TCR diversity has been associated with reduced viral diversity, together suggesting 

that a diverse T cell response may limit HIV adaptation and aid in overall viral control [196]. While 

the benefit of TCR diversity in HIV infection is well described, the role of cross-reactive T cell 

responses in HIV is less understood. However, heterologous immunity has proven to be beneficial 

in HIV infection, with peripheral blood mononuclear cells (PBMCs) of HIV-infected subjects showing 

a large HIV-specific CD8+ T cell response following stimulation with microbial peptides [197]. This 

suggests that HIV-specific immunity can be modulated through exposure to cross-reactive microbial 
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peptides. Chapter 3 will look at TCRs that recognise two variants of an HIV epitope that differ by one 

amino acid with the aim of identifying cross-reactive T cells and their associated transcriptomic 

phenotype/impact on the anti-HIV immune response. This is important as HIV immunogens included 

in a vaccine should not include epitopes that elicit a poor immune response. 

In the context of influenza, lack of a pre-existing cellular response has been associated with a more 

severe infection, and a pre-existing cross-reactive memory T cell response has been associated with 

less severe symptoms and less viral shedding [173]. As with HIV, heterologous immunity has been 

observed following IAV infection; cross-reactive memory T cells provide a level of protection against 

vaccinia virus [198, 199]. Cross-reactive T cells may also play a role in sequential vaccine outcome, 

such as for influenza virus and likely SARS-CoV-2. Vaccines either stimulate antigen-specific memory 

T cells, cross-reactive memory T cells, or naïve T cells, or alternatively, the vaccine fails to result in 

vaccine-induced seroconversion. Current research is unclear on the benefit or hinderance of 

stimulating cross-reactive memory T cells in sequential vaccinations, an issue that is important to 

consider for seasonal influenza vaccine immunogen selection. T cell cross-reactivity following 

sequential influenza vaccination and its impact on a vaccine-induced immune response is addressed 

in Chapter 4. 

 

1.6 VACCINES ARE THE MOST EFFECTIVE PREVENTION FOR VIRAL INFECTIONS, BUT 

VIRAL GENETIC DIVERISTY IMPACTS THEIR DEVELOPMENT 

A hallmark of viruses is their enormous propensity for genetic variation, something that complicates 

viral vaccine design. However, successful vaccination programs have resulted in the eradication or 

reduction of some viruses (although there are country-wide differences). In several countries, Polio 

has been eliminated, while the incidence of hepatitis A virus (HAV), HBV, Measles, Mumps, Rubella, 

Haemophilus influenzae type b, and Rotavirus have been significantly reduced with successful 

vaccination programs. Pathogens that occur as several serotypes (dengue virus), can mutate rapidly 

(HIV), and/or result in persistent or latent infection (HIV and HCV) pose arduous immunological 

challenges for vaccine development [200]. 

Vaccines are classified into two broad groups: live attenuated vaccines, and vaccines that aim to 

enhance and modulate the quality of the subsequent immune response. Live attenuated vaccines 

encompass a weakened version of the pathogen to mimic the protective immunity that would have 

been induced in people who survived natural infection [200]. Safety concerns surrounding live 
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attenuated vaccines have resulted in the second group of vaccines [201], including subunit, toxoid, 

carbohydrate, and conjugate vaccines [200]. These vaccines typically include an adjuvant to attempt 

to boost aspects of the vaccine-induced immune response, of which very few have been licensed 

for use despite decades of research [202]. Live attenuated vaccines, such as that against yellow 

fever, can confer lifelong memory, opposed to nonliving vaccines where protection wanes and 

booster vaccinations are required [202] (as for influenza, SARS-CoV-2, and others). Studying the 

mechanisms that induce protective immunity following live vaccinations would be instrumental in 

the design of new vaccines which utilise non-live immunogens [203, 204]. 

1.6.1 Successful vaccines elicit a broadly neutralising antibody response via help from the innate 

immune response and T cells 

While vaccines are the most effective way to prevent viral infections, there are several viruses for 

which a vaccine either does not exist or has low efficacy, in part, due to a lack of understanding of 

what constitutes a durable and effective immune response. Vaccine responses are often measured 

by their ability to elicit a broadly neutralising antibody response, as subsequent protection is largely 

due to the production of these antibodies [205]. However, cellular responses have been proven to 

be crucial in the resultant humoral immune response following vaccination [5, 6, 67, 72, 73], with 

the innate immune system strongly regulating T cell responses [202].  

DCs of the innate immune response play an important role in the differentiation of T and B cells, 

impacting the quality and magnitude of adaptive immune responses [206, 207]. T cell interaction 

with a DC results in T cell clonal expansion, regulated by: the release of innate cytokines (such as IL-

12 and IL-18) by DCs, inducing IFN-γ production by T cells [202]; type-I IFNs [208]; and 

proinflammatory cytokines [209]. Consequently, the use of adjuvants in a vaccine that promote DC 

survival and the release of type-I IFNs and proinflammatory cytokines may aid in T cell 

differentiation [202]. Understanding how to create strong, persistent T and B cell responses will be 

crucial in a candidate HIV vaccine or a universal influenza vaccine. 

The immune response to a vaccine can be measured by the level of activation of a subset of 

circulating CD4+ T cells, cTfh cells, which provide critical help to B cells to develop antibodies. Studies 

have demonstrated a direct relationship between the ability to activate cTfh cells after vaccination 

and the development of a protective antibody responses [5, 6]. While a large portion of vaccine 

research is centred around neutralising antibody production, activation of vaccine-specific cTfh cells 

is critical in this production of antibodies. 
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1.6.2 A safe and effective therapeutic and/or preventative HIV vaccine is yet to be approved 

HIV is arguably one of the greatest challenges in vaccine design, with candidate vaccines typically 

either failing or showing no, or limited efficacy [210]. The majority of the first candidate HIV-1 

vaccines were centred around the use of recombinant envelope proteins, with the aim of inducing 

the production of neutralising antibodies [201]. However, phase 1, 2 and 3 testing did not show 

efficacy [211]. This may be due to the reduced abilities of CD4+ T cells to provide the help required 

for B cells to produce antibodies [212], and/or the ability for HIV to escape neutralising antibodies 

[213, 214]. More recent candidate HIV vaccines are aimed at stimulating a strong cell-mediated 

immune response [215, 216]. However, HIV-infected individuals show reduced abilities of T cells to 

respond to vaccines and infections during ART and after its cessation [212], likely impacting the 

efficacy of candidate vaccines. A successful candidate HIV vaccine will need to sufficiently boost the 

resultant immune response, potentially through the use of an adjuvant. 

For candidate HIV vaccines aiming to elicit a T cell response, viral adaptation needs to be addressed, 

something that has been limited to date [217]. The immune response to different viral adaptation 

mechanisms is a vital consideration in the selection of vaccine immunogens; only epitopes (adapted 

or not) that elicit a strong immune response should be considered. Furthermore, understanding the 

rate and extent of HIV adaptation in all clades is important in designing a universal vaccine [154]. 

While HIV vaccine design is not directly addressed in this Thesis, accounting for adaptation, the 

immune response to adaptation, and the growing level of circulating adaptation is crucial for a safe 

and effective therapeutic and/or preventative HIV vaccine, aspects that will be covered in Chapters 

2 and 3. 

1.6.3 Current influenza vaccines are required seasonally and have sub-optimal efficacy 

Variations in the influenza virus genome can give rise to different strains of the virus, resulting in 

antigenic drift, which reduces the long-term efficacy of natural and vaccine-induced immunity [218]. 

Accordingly, influenza virus vaccines are designed each season to cover the projected circulating 

strains. These vaccines may contain the same strain(s) as previous years or may include divergent 

strains. However, current seasonal influenza vaccines have a sub-optimal efficacy rate of 19-60% 

[17-26] and surprisingly, the pros and cons of sequential exposure to the same or similar antigens 

versus distinct antigens is still unclear. There is a need to understand which components of an 

immune response are associated with vaccine-induced seroconversion; the benefit of using 

overlapping immunogens in sequential vaccines, the role of cross-reactive T cells in a vaccine setting, 
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and the potential use of adjuvants to stimulate specific aspects of the response. As such, influenza 

virus can be used as a model to test the impact of cross-reactive memory T cells in a sequential 

vaccination setting, with implications for other mutable RNA viruses such as SARS-CoV-2. 

Several models have been proposed to understand the relationship between infecting influenza 

strains/vaccines and pre-existing antibody and cTfh cell responses [219], but only a limited number 

of studies have performed an in-depth analysis of the cTfh cell TCR repertoire in an influenza virus 

vaccine setting [220]. Furthermore, limited studies have combined a TCR analysis with a 

transcriptomic phenotype analysis. Studies attempting to identify the signature of an effective 

vaccine-induced immune response have largely focused on systems analyses approaches, where the 

transcriptional profile of whole blood is assessed at d0 and d7 following vaccination [221, 222]. 

Chapter 4 of this Thesis will explore the role of TCR repertoire and corresponding cell transcriptomic 

phenotype in an influenza virus vaccine setting to determine markers of an effective vaccine cTfh 

cell response to aid in influenza vaccine design and seasonal vaccine strain selection. 

 

1.7 SUMMARY AND CONCLUSION 

Humans and viruses have co-evolved strategies for co-existence over millennia, resulting in complex 

host-viral interactions. This Thesis focuses on two aspects of host-viral interactions: 1) viral 

adaptation in HIV infection; and 2) vaccine-induced cTfh TCR repertoire and subsequent 

transcriptomic profile following sequential influenza virus vaccinations. A comprehensive 

understanding of these host-viral interactions is paramount in treatment strategies and vaccine 

design. 

HIV vaccines need to sufficiently account for adaptation in epitope selection for a therapeutic 

and/or preventative vaccine to be effective. Current research into HIV adaptation and its impact on 

disease outcome, ART, and vaccine design and efficacy has focused on horizontal transmission. 

However, due to the high genetic diversity of HLA alleles, transmitted adaptations following 

horizontal transmission are unlikely to have a major impact on the new host due to discordant HLA 

alleles. Consequently, vertical transmission allows the assessment of transmission with a highly 

adapted virus (to at least 50% of the child’s HLA alleles) on disease outcome. This is more reflective 

of true vaccination scenarios, where an HIV-infected individual must be taken off ART prior to 

therapeutic vaccination; the virus that rebounds will be adapted and needs to be accounted for in 

vaccine design. Similarly, the impact of non-classical adaptations that are beneficial to the virus 
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needs to be understood. Currently, limited research has looked at this mechanism of adaptation, 

with little known about the resulting immune response targeted towards these epitopes. If such an 

epitope is to be included in a vaccine, the consequence for the subsequent immune response needs 

to be known. The impact of HIV adaptation on outcome following vertical transmission and the 

different mechanisms of adaptation are understudied components of HIV-related research that are 

important for vaccine design and efficacy and will be addressed in Chapters 2 and 3. 

Influenza vaccines are currently 19-60% effective and consequently, further research is required to 

determine why some people have a vaccine-induced response and others do not, or why an 

individual has a response in one year but not the next. cTfh cells are critical to a vaccine-induced 

neutralising antibody response, however research has not sufficiently explored the impact of 

sequential influenza vaccines on this cell subtype. Furthermore, little information on the TCR 

repertoire and transcriptomic phenotype of vaccine-specific cTfh cells exists. Research into the 

transcriptomic phenotype of vaccine-specific cTfh cells may identify biomarkers of an effective 

response. These may be able to be targeted in vaccines, potentially through the use of an adjuvant. 

This research will also provide critical knowledge to be used in influenza immunogen selection. This 

will be addressed in Chapter 4. 

The results from this Thesis will highlight continued host-viral co-evolution and will have 

implications for vaccine design for HIV and influenza viruses, as well as other current and emerging 

mutable pathogens. 
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1.8 RESEARCH AIMS AND HYPOTHESES 

The overarching aim of this Thesis is to identify the impact of viral adaptation and 

continued/repeated antigen exposure on the immune response in a viral infection and vaccine 

setting. 

 

Aim 1: To determine intra- and inter-host dynamics of HIV adaptations following transmission into 

HLA-matched and -mismatched environments. 

Hypotheses: 

i) HIV adaptations will be transmitted from mother-to-child and will be maintained in an 

HLA-matched environment and revert to wildtype in an HLA-mismatched environment. 

ii) The level of HIV adaptations will be correlated with disease outcome in the mother and 

child (viral load and CD4+ T cell percentage). 

iii) Viral targets of the immune response in the child will differ to those in the mother due to 

the high level of adaptation in the transmitted virus. 

 

Aim 2: To elucidate the alternative viral adaptation strategies of HIV during acute and chronic 

infection. 

Hypotheses: 

i) There will be a difference and/or reduction in TCR repertoire for CD8+ T cells recognising 

the non-adapted form relative to the adapted form of epitopes containing a non-classical 

adaptation. 

ii) There will be a difference in TCR antigen-specific reactivity to the non-adapted and 

adapted forms of an epitope. 

iii) There will be a difference in the phenotype (transcriptome) of CD8+ T cells that recognise 

the non-adapted form of an epitope compared to the adapted form. Furthermore, this 

difference will be dependent on the autologous form of the epitope present in the subjects 

circulating virus. 

  



 32 

Aim 3: To track TCR repertoire of activated cTfh cells in subjects who received sequential influenza 

vaccines and determine the transcriptional profile of cells that undergo a vaccine-induced 

expansion. 

Hypotheses: 

i) cTfh cells will be activated by sequential influenza vaccines and will be correlated with 

plasmablasts and haemagglutinin inhibition assay (HAI) titres. 

ii) The TCR repertoire diversity of activated cTfh cells will decrease following influenza 

vaccination, and that activated cTfh cells will be re-stimulated from the memory 

population by sequential vaccinations. 

iii) Activated cTfh cells, and those that are expanded post vaccination, show a transcriptional 

profile characteristic of an effective vaccine-induced immune response.  
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CHAPTER 2 - Deep sequence analysis of HIV adaptation following vertical transmission reveals 

the impact of immune pressure on the evolution of HIV 

2 Chapter 2 - Deep sequence analysis of HIV adaptation following vertical transmission reveals the impact of immune pressure on the evolution of HIV 

 

Highly mutable pathogens utilise genetic variations within T cell epitopes as a mechanism of 

immune escape (viral adaptation). The diversity of the HLA molecules that present viral targets to T 

cells in human populations (adaptations are HLA-specific) partially protects against rapid 

population-level accumulation of HIV adaptations through horizontal transmissions (between 

largely HLA-mismatched individuals). Furthermore, the level of viral adaptations relevant for the 

new host’s HLA alleles influences disease outcome (viral load and CD4+ T cell percentage) following 

horizontal transmission [97, 142-144]. In contrast, vertical transmissions occur between haplo-

identical mother/child pairs, and potentially include adaptive changes through father-mother-child 

transmission, representing a pathway to complete pre-adaptation to HLA alleles in the child over 

only two transmission events. The impact of transmission with a highly pre-adapted virus (as 

observed in vertical transmission) on disease outcome is less known, but informative for vaccine 

design where individuals must be taken off ART prior to vaccination, with the rebounding viral 

quasispecies containing potentially high levels of adaptation. 

The aim of Chapter 2 is to determine intra- and inter-host dynamics of HIV adaptations following 

transmission into HLA-matched and -mismatched environments. More specifically, to determine if 

the level of transmitted adaptation impacts the child’s disease outcome (higher viral load and lower 

CD4+ T cell percentage) and HIV CD8+ T cell immune targets. This chapter utilises next-generation 

sequencing to examine HIV evolution in the rare setting of vertical transmission. PBMCs and plasma 

were collected from twenty-six mother-child HIV transmission pairs from Port-au-Prince, Haiti. All 

subjects were infected with HIV clade B. Plasma samples were used to obtain high resolution viral 

sequencing and PBMC samples were used to determine anti-HIV CD8+ T cell immune responses. The 

results from Chapter 2 highlight the in vivo replicative costs and immune benefit of specific HIV 

adaptations, and potential alterations of CD8+ T cell viral targets in the child due to infection with a 

highly pre-adapted virus. These findings can be used to inform vaccine design and cure strategies, 

which account for viral adaptation. 

This chapter was published in PLOS Pathogens on the 10th of December 2019 (DOI: 

https://doi.org/10.1371/journal.ppat.1008177)  
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ABSTRACT  

HIV can adapt to an individual’s T cell immune response via genomic mutations that affect antigen 

recognition and impact disease outcome. These viral adaptations are specific to the host’s HLA 

alleles, as these molecules determine which peptides are presented to T cells. As HLA molecules are 

highly polymorphic at the population level, horizontal transmission events are most commonly 

between HLA-mismatched donor/recipient pairs, representing new immune selection 

environments for the transmitted virus. In this study, a deep sequencing approach was utilised to 

determine the HIV quasispecies in 26 mother-to-child transmission pairs where the potential for 

founder viruses to be pre-adapted is high due to the pairs being haplo-identical at HLA loci. This 

scenario allowed the assessment of specific HIV adaptations following transmission in either a non-

selective immune environment, due to recipient HLA mismatched to original selecting HLA, or a 

selective immune environment, mediated by matched donor/recipient HLA. This study shows that 

the pattern of reversion or fixation of HIV adaptations following transmission provides insight into 

the replicative cost, and likely compensatory networks, associated with specific adaptations in vivo. 

Furthermore, although transmitted viruses were commonly heavily pre-adapted to the child’s HLA 

genotype, evidence of de novo post-transmission adaptation was identified, representing new 

epitopes targeted by the child’s T cell response. High-resolution analysis of HIV adaptation is 

relevant when considering vaccine and cure strategies for individuals exposed to adapted viruses 

via transmission or reactivated from reservoirs.  
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2.1 INTRODUCTION 

The breadth and strength of the host’s T cell immune response is one of the critical determinants of 

disease outcome following infection with HIV (reviewed in [223]). T cell immune pressure on the 

virus can lead to the selection of mutations (adaptations) in the viral genome that allow the virus to 

subvert these T cell responses [224]. These adaptations occur within, and flanking, T cell epitopes 

presented by the host’s HLA, which disrupts the TCR-epitope-HLA complex [97] often resulting in 

the loss of ability to recognise and respond to HIV. 

Viral adaptations can occur from acute HIV infection onwards, progressing over the course of 

untreated infection, and are dependent on the strength of immune pressure balanced against the 

replicative cost effects of adaptations and any linked compensatory mutations. At the population 

level, these adaptations can be identified across the HIV genome as specific HLA allele-associated 

polymorphisms [2]. Greater HLA-associated polymorphism in an individual’s autologous virus has 

been associated with higher viral load and lower CD4+ T cell count [97, 147, 225]. 

Sexual transmission of HIV imposes a selection bias towards transmission of amino acids which 

confer the highest intrinsic viral fitness, and against fitness-impairing adaptations [226]. As a result 

of this selection bias, the rate of population-wide evolution of HIV progresses at a relatively slow 

rate [227]. However, if adaptations are transmitted, they may enhance disease progression in HLA 

identical recipients [150, 151, 226]. Furthermore, infection with a pre-adapted virus is likely to 

compromise the initial and long-term anti-HIV T cell response in an individual. 

HIV adaptations that impose a cost to the replicative capacity of the virus are expected to revert to 

the non-adapted form upon transmission to an HLA-mismatched individual, as the site is likely no 

longer under immune selection pressure. This is supported by data showing that transmission of an 

adapted virus to an HLA-mismatched individual correlates with lower viral load and better disease 

outcome [150, 151]. However, viral adaptations with low/no cost to replicative capacity or those 

that are fully compensated by secondary mutations may not revert, becoming fixed within 

circulating viruses and accumulating in the consensus sequence of a host population over time [2, 

155] (see model in Fig 2.1). 
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Fig 2.1. Adaptations can be transmitted, but their maintenance or reversion is dependent on the immune selection 

environment of the recipient and replicative cost. In this cohort the original source of HIV in the mother is unknown 

and is depicted as either the child’s father or another individual (represented by circulating adaptation). In this model, 

the original source virus adapts to the immune selection environment in the mother before being transmitted to the 

child. While in the mother, HIV adaptations corresponding to the child’s paternal HLA allele are in a non-selective 

immune environment. Such adaptations may revert (scenario 5) to the non-adapted form due to a replicative cost or 

may be maintained (scenario 4) if the adaptation has no replicative cost or has linked compensatory mutations. De novo 

adaptations corresponding to the maternal HLA alleles may arise in the mother’s autologous virus due to immune 

selection pressure. During transmission of the virus from the mother to the child there is a bottleneck event with the 

resultant founder viruses in the child likely carrying HIV adaptations relevant to both maternal and paternal HLA alleles. 

The maintenance (scenario 1 or 4), reversion (scenario 2 or 5), and selection of de novo adaptations (scenario 3) in the 

child’s virus will be dependent on the new immune selection environment and/or replicative cost of the adaptations. 

 

The high heterozygosity observed in HLA genotypes means that horizontal HIV transmission events 

usually occur in fully or partially HLA-mismatched donor/recipient pairs. As such, horizontally 
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transmitted HIV adaptations that are incidentally relevant to the recipient’s HLA alleles are likely to 

represent fixed or near fixed adaptations in the circulating virus of the population. These 

adaptations likely incur minimal replicative cost or have accumulated linked compensatory 

mutations over time such that the genetic barrier is ‘too high’ for the virus to revert to the non-

adapted form [226]. In vertical HIV transmissions, presuming no selection bias at transmission, the 

level of adaptation within the transmitted virus is likely to be higher due to the sharing of at least 

50% of HLA alleles between mother and child. This level of pre-adaptation in the transmitted virus 

may be further increased to encompass 100% of the child’s HLA alleles if the source virus has 

passaged from the father of the child to the mother [228]. These features of vertical transmission 

allow the evaluation of the replicative cost of specific HIV adaptations in the context of matched 

and mismatched HLA environments, as well as determine whether new HIV T cell epitopes may 

emerge in heavily pre-adapted strains. These observations are important as T cell responses against 

HIV are detectable in the first few days of infection in children [229, 230]. Others have also 

suggested that a large number of immunodominant T cell epitopes have already adapted in the 

mother, leaving the child to target subdominant epitopes in a less effective immune response [231, 

232].  

The study of HIV adaptation in vertical transmission events has the potential to inform prophylactic 

vaccine design in combatting circulating strains, or for a therapeutic vaccine given that latent 

reservoirs are likely to harbour HLA-adapted viruses. This study utilised archived samples from a 

historical cohort of mother/child pairs with HIV clade B infection to examine the intra- and inter-

host dynamics of HIV adaptations following transmission into HLA-matched and -mismatched 

environments using deep sequencing.  
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2.2 MATERIALS AND METHODS 

2.2.1 Study subjects 

Plasma, PBMCs, and clinical data were obtained from 26 clade B HIV-1 infected mother/child 

transmission pairs who were recruited through the GHESKIO Program in Port-au-Prince, Haiti. Data 

from three mother/child pairs have previously been reported: pairs 6, 19, and 25 [112]. CD4+ T cell 

percentage values were obtained from flow cytometry experiments on thawed cryopreserved 

PBMCs for 49 of the 52 subjects. For the three subjects without PBMCs available, CD4+ T cell 

percentage values from the clinical record were used as there was a strong correlation between 

CD4+ T cell percentage values obtained from flow cytometric analyses of cryopreserved PBMCs and 

clinical data (clinical data was at the same time point as PBMCs or within 6 months; p<0.0001; linear 

regression; Fig 2.2). Furthermore, comparison of CD4+ T cell percentage values in HIV-positive and 

negative subjects in six laboratories found a significant positive correlation (p<0.0001) between 

fresh and cryopreserved PBMC samples [233]. 

 

 

Fig 2.2. Comparison of CD4+ T cell percentages between flow cytometry data and clinical data. (A) There was no 

significant difference between clinical CD4+ T cell percentage and flow cytometry CD4+ T cell percentage (N=40, 

p<0.0001, r=0.78; Spearman’s rho). (B) There was no significant difference between the two timepoints measured by 

flow cytometry (N=24, p<0.0001, r=0.84). 95% CI are shown. 

 

The median age (interquartile range; IQR) in years at time of sampling for the mothers (N=24; two 

unknown) was 32.8 (27.7−36.1) and children (N=26) 3.2 (2.4−4.1). The median viral load (IQR) in log 

copies/mL for the mothers (N=25) was 4.46 (3.65−5.09) and children (N=25) 4.41 (4.02−5.06). The 

median CD4+ T cell percentage (IQR) for the mothers (N=26) was 22.45 (15.94−29.58) and children 
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(N=26) 29.94 (21.85−39.65). No difference in viral load or CD4+ T cell percentage between children 

and treatment status was observed (p=0.55 and p=0.34, respectively; t-test). This result was 

supported by the analysis of protease-reverse transcriptase sequences for the 11 children on 

treatment that showed seven had mutations likely to confer high-level resistance to at least two of 

the three drugs in their treatment regime according to the Stanford University HIV Drug Resistance 

Database (https://hivdb.stanford.edu/). 

The duration of HIV infection in the mother and exact mode of HIV transmission to the child was not 

known, but was most likely in utero, peripartum or during breast-feeding. A summary of the clinical 

and genotyping data for all individuals is shown in Table 2.1. 

2.2.2 Ethics statement 

Subjects were recruited through the GHESKIO Program in Port-au-Prince, Haiti. All subjects and/or 

legal guardians signed written informed consent prior to participation and samples were 

anonymised. Institutional review board (IRB) approval for sample collection was obtained prior to 

the commencement of the original study (IRB 0409007436/0504-294; Cornell University). 

Subsequent ethics approval was obtained for the use of archived material in the repository at 

Vanderbilt University Medical Center (VUMC; IRB 100061). 

2.2.3 DNA and viral RNA extraction 

Viral RNA was isolated from 200µL (500µL for subjects with a viral load less than 1000 copies/mL) 

of plasma using the MagMAX-96 Viral RNA Isolation Kit (Life Technologies, CA, USA) and genomic 

DNA was extracted from 200µL of PBMCs using the QIAGEN Extraction Kit (QIAGEN, NRW, 

Germany), as per the manufacturer’s instructions. Briefly, a bead-based or column-based system 

were used to bind viral RNA or DNA, respectively. Bound product was then washed and eluted in 

50µL of elution buffer. Extracted viral RNA and DNA samples were stored at -80°C or 4°C, 

respectively. 

2.2.4 HLA genotyping 

High-resolution HLA class I (HLA A; B; C) and class II (HLA DQA1; DQB1; DRB1; DPB1) typing was 

performed by an American Society for Histocompatibility and Immunogenetics and National 

Association of Testing Authorities accredited laboratory at the Institute for Immunology and 

Infectious Diseases (IIID), Murdoch University, Western Australia using locus-specific PCR 

amplification of genomic DNA. The assay was adapted from a previously published barcoded-PCR 
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protocol [234] with modifications to the primer sequences (See Table 1 of Appendix A). Briefly, 

RNA was amplified in 12 separate polymerase chain reactions (PCRs) using subject specific 

barcoded primers. Amplified products were quantified, normalised, and pooled by subject. 

Libraries were created for sequencing and quantified using the Kapa Universal quantitative PCR 

(qPCR) Library Quantification Kit (Kapa Biosystems Inc., MA, USA), as per the manufacturer’s 

instructions. Samples were sequenced on an Illumina MiSeq using a 2×300 paired-end chemistry 

kit (Illumina Inc., CA, USA), as per the manufacturer’s instructions. Reads were quality-filtered and 

passed through a proprietary allele calling algorithm and analysis pipeline using the latest IMGT 

HLA allele database [235]. Where PBMCs were not available, HLA class I typing previously 

completed at DCI Tissue Typing Laboratory (TN, USA) was used, with 2-digit HLA typing completed 

to 4-digit where necessary using an online HLA completion tool available at 

https://phylod.research.microsoft.com [97].  

2.2.5 Endoplasmic reticulum aminopeptidase (ERAP) genotyping 

High-resolution ERAP1 and ERAP2 genotyping was performed at IIID, Murdoch University, Western 

Australia using uniquely indexed locus specific PCR amplification of genomic DNA. Seventeen single 

nucleotide polymorphisms (SNPs) for ERAP1 and two SNPs for ERAP2 were assayed: rs3734016, 

rs73148308, rs26653, rs26618, rs27895, rs2287987, rs27434, intron, rs73144471, rs27529, 

rs78649652, rs30187, rs10050860, rs111363347, rs17482078, rs27044, rs375081137, rs2248374 

and rs2549782. Positive controls were DNA from either lymphoblastoid K562 (donated by Dr Frans 

Claas, Leiden University Medical Centre, Netherlands) or C1R [236] cells lines with known ERAP 

genotypes with sterile water as a negative control. PCR products were pooled and purified using 

Agencourt AMPure XP (Beckman Coulter, CA, USA) with libraries created for sequencing using 

TruSeq adapters (Illumina Inc.) and quantified using the KAPA Universal qPCR Library Quantification 

Kit (Kapa Biosystems Inc., MA, USA), as per the manufacturer’s instructions. Samples were 

sequenced on an Illumina MiSeq using a 2×300bp paired-end chemistry kit (Illumina Inc.), as per the 

manufacturer’s instructions. Reads were quality-filtered and aligned to the reference sequence 

ERAP1 or ERAP2 in CLCbio Genomics Workbench 11 (QIAGEN Bioinformatics). Alignment files were 

exported in BAM format and analysed for coverage and SNPs using visual genomics analysis studio 

(VGAS), an in-house program for visualising and analysing sequencing data 

(http://www.iiid.com.au/software/vgas) [237]. ERAP1 allotypes were assigned based on their 

trimming activity (wildtype/prototype, hyperactive or hypoactive) according to five SNPs as 

previously described [238]; M349V, K528R, D575N, R725Q and Q730E. 
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Copy number determination. Viral and proviral HIV copy numbers were determined using reverse 

transcription-qPCR (RT-qPCR) and qPCR, respectively. Viral RNA samples were tested using the 

GoTaq® Probe RT-qPCR System (Promega Corporation, WI, USA), and proviral samples tested using 

the iTaq Universal Probes Supermix (Bio-Rad Laboratories, CA, USA), as per the manufacturer’s 

instructions. See Appendix A Table 2 for qPCR cycling conditions and Appendix A Table 3 for the 

primer sequences. HIV sequences were custom synthesised into gBlocks (Integrated DNA 

Technologies, IA, USA) for use as a standard at an initial concentration of 1×108 copies followed by 

seven 10-fold dilutions. Standard curves had an R2 ≥ 0.997 and an efficiency of 99.7% – 103.3%. 

There was no significant difference between the copies of viral RNA used for the initial RT-PCR in 

mother and child samples (p=0.35; paired t-test). Viral load was not associated with the number of 

copies in the initial RT-PCR (p=0.18; linear regression). 

2.2.6 Viral sequencing and analysis 

HIV Gag, Pol, and Nef sequences were amplified by nested PCR (following RT-PCR for viral RNA 

samples). RT-PCR used 4µL of sample with the SuperScript™ III One-Step RT-PCR System with 

Platinum® Taq High Fidelty Kit (Life Technologies) and proviral sequencing used Platinum™ Taq DNA 

Polymerase High Fidelity Kit (ThermoFisher, MA, USA), as per the manufacturer’s instructions. See 

Appendix A Table 2 for PCR cycling conditions and Appendix A Table 3 for primer combinations and 

amplicon lengths. 

2.2.7 Next-generation sequencing (NGS) 

PCR amplicons were pooled for each subject and enzymatically fragmented using the NEBNext™ 

dsDNA Fragmentase kit where required (New England Biolabs, MA, USA), as per the manufacturer's 

instructions, with an average fragment length of 500bp (range of 400-1000bp). Fragments were 

purified and used as input into library prep with unique indexes, as per the manufacturer’s 

instructions (Kapa Biosystems Inc.). The Kapa Universal qPCR Library Quantitation Kit (Kapa 

Biosystems Inc.) was used to quantify the libraries prior to sequencing on the MiSeq sequencer using 

a 2×300 paired-end chemistry kit (Illumina Inc.), as per the manufacturer’s instructions. Briefly, raw 

sequencing reads were quality trimmed using the standard MiSeq parameters (Q score of 15 and 

adaptor trimmed) and mapped to a partial reference sequence HXB2 in CLCbio Genomics 

Workbench 11 (QIAGEN Bioinformatics), accession number PRJNA525760. Alignment files were 

exported in BAM format and imported into VGAS for further coverage and SNP analysis. Reports, 

consensus, and majority sequences were constructed using a 3% nucleotide cut off. The median of 
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each subject’s average coverage across Gag, Pol and Nef was 38,165 (IQR 30443–43632). There was 

no difference in sequencing coverage (calculated per copy sequenced – as described above) 

between mother and child across all proteins (Gag p=0.96; Pol p=0.99; Nef p=0.97; ANOVA). See 

Appendix A Table 4 for sequencing summary information, including reads per copy. 

2.2.8 Confirmation of variant frequency using primer identifiers (PIDs) 

The use of large size amplicons to cover much of the HIV genome, as described in this study, 

precludes the use of unique PIDs to directly quantitate RNA species as previously described [239, 

240]. However, in order to determine if the approach described here identified variants at a 

frequency that correlates to the original RNA species population (no PCR bias), five subjects were 

selected for PID analysis using subject-specific primers for a smaller amplicon in Nef. Nef was 

selected due to its higher diversity and location of adaptations. The initial cDNA conversion used a 

primer that contained a unique molecular identifier (8mer), a barcode (subject specific) and a non-

specific region to allow PCR amplification attached to a gene specific primer. An upper limit of 

20,000 RNA copies was utilised to allow each cDNA template to contain a unique PID sequence. 

cDNA was purified twice to remove any unbound PIDs before PCR amplification with a sample 

specific primer and a generic primer for the nonspecific region using PrimeSTAR GXL DNA 

Polymerase (Takara Bio Inc., Japan). First round products were purified using the MinElute PCR 

Purification kit (QIAGEN), as per the manufacturer’s instructions. Samples then underwent a second 

round PCR using a nested sample specific and generic primer before purification and NGS, as above. 

See Appendix A Table 2 for PCR cycling conditions and Appendix A Table 3 for primer combinations. 

Twenty thousand reads were sampled and used to determine the majority consensus of each unique 

PID. A PID was only included if it was present in four or more sequences. For comparison the same 

protocol was performed using the same sample but without PID.  

Analysis of the frequency of sites within the HIV amplicon sequences with or without primer IDs for 

five subjects showed a significant correlation (all sites p<0.0001 r=0.86; only sites with variation 

from 100% p<0.0001 and r=0.75; linear regression; Fig 2.3). At 614 (91%) sites the same amino acid 

was at 100% in both sequences, with the majority amino acid in the remaining 61 sites the same for 

all sites except nine, where in one instance the majority amino acid in the primer ID sequence was 

at 55% compared to 48%. In the remaining eight sites, the amino acid was present above 10% (our 

cut-off for adaptation analysis) in the sequence without primer ID. Furthermore, the primer ID 

sequence showed good concordance with the corresponding subject data set. For example, in one 

subject 10/11 sites with variation had a correlation of p<0.0001, with one amino acid, although 
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present, having a higher frequency than the primer ID sequence. All other majority amino acids were 

concordant. 

 

Fig 2.3. PID analysis of five subjects shows high concordance for 

amino acid frequencies. Frequency analysis shows a strong 

correlation between sequencing with (x-axis) and without (y-axis) 

PIDs (p<0.0001, r=0.86; linear regression). The majority amino acid 

in the PID sequence is plotted with the corresponding percentage 

in the matching sequence. If only sites with variation from 100% are 

evaluated the correlation remains significant (p<0.0001, r=0.75; 

linear regression). 95% CI are shown. 

 

2.2.9 Mean genetic distance 

To calculate mean genetic distance, 5000 full length reads were reconstructed by assigning the 

amino acid(s) at each position while maintaining the ratio observed in the full coverage (e.g. if a 

position had 50% A and 50% G, A and G were randomly assigned to each of the 5000 reads at this 

position with a final 50:50 ratio of A:G). The best model function was used to analyse a 

representative sequence sample to identify the Tamura-Nei model (G=0.34) as the best-fit model 

for the data (MEGA version 7) [241]. A second method was used to incorporate linked variations; 

aligned sequence files for each subject were constructed by reiteratively mapping reads (mean of 

211bp) back onto the reference sequence HXB2 such that there was no overlap between reads. The 

first 5000 concatenated files were used to determine mean genetic distance. The length of the reads 

meant that on average only 7 reads were required to cover the length of Gag, allowing for some 

linkage of variations across each protein. Comparison of these two methods showed a correlation 

of p<0.0001 and r=0.59 (linear regression).  

2.2.10 Phylogenetic analysis 

To confirm mother-child HIV transmission, a phylogenetic tree was constructed. The best model 

function was used to analyse representative sequences for Gag, identifying the Hasegawa-Kishino-

Yano model (G=0.72) with the maximum likelihood method in MEGA version 7.0 [241]. HIV clade B 

was confirmed using the REGA HIV subtyping tool [242]. 
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2.2.11 Identification of HLA-associated HIV adaptations and analysis 

Previously determined HLA-associated HIV adaptations were used in analyses [143]. These 

adaptations represent statistically significant associations between individual amino acids in the HIV 

genome and a specific HLA class I allele. For each Gag, Pol, and Nef alignment, a list of amino acids 

at each site was produced using the visual genomics analysis studio (VGAS) and compared to a list 

of previously determined HLA-associated polymorphisms to determine adaptation scores for each 

subject; where adaptation scores quantify the degree of adaptation of an HIV quasispecies 

population to a specific HLA repertoire [97]. 

Adaptations present at ≥10% frequency of the quasispecies population were considered biologically 

relevant based on our clinical experience with low frequency drug resistance mutations (M. John 

personal communication). However, when this cut-off was increased by increments of 5% to fixation 

(100%), most correlations remained significant. Adaptations were also divided based on the 

inheritance of the restricting HLA; maternal (present in the child and inherited from the mother), 

paternal (present in the child, but not the mother, and inherited from the father), and mother-only 

(present in the mother, but not inherited by the child).  

Three adaptation scores were determined using methods similar to those previously described [143, 

155, 243, 244]: 1) adaptation; 2) transmitted adaptation; and 3) circulating adaptation. Our 

adaptation scores correlated with scores produced using an online tool developed by Carlson et al. 

(https://phylod.research.microsoft.com/; p<0.001; Fig 2.4) [97]. A total number of five HLA-

associated polymorphisms were required for inclusion in the scoring system.  

 

 

Fig 2.4. Correlation of adaptation scores. Autologous adaptation 

scores correlate with adaptation scores calculated using an online 

tool developed by Carlson et al. [97] (N=46, p=0.0004, r=0.5; 

Spearman’s rho). 95% CI are shown. 

 

 

 

The score for ‘adaptation’ reflects the total adaptation of HIV quasispecies within the host to their 

HLA repertoire. This value was calculated as the ratio of the number of adaptations present, to the 
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number of adaptations possible for the individual’s HLA alleles. The score for ‘transmitted 

adaptation’ was only calculated for the child and reflects the level of adaptation of the transmitted 

virus to the child’s HLA alleles. It was calculated as the ratio of the number of adaptations present 

in the mother’s HIV sequence (transmitted virus), to the number of adaptations possible for the 

child’s HLA alleles. For this analysis, adaptations shared with the mother were assumed to have 

been transmitted (if present ≥10% in the mother), and adaptations not shared with the mother were 

assumed to be de novo adaptations in the child (if present ≥10%). The score for ‘circulating 

adaptation’ was calculated for each HLA allele present in the cohort and was created for each 

sequence (mother’s sequences only), providing the mother and child do not possess the specific 

HLA allele. The average was taken to give the circulating adaptation score for an individual HLA 

allele. 

2.2.12 Replicative capacity 

Replicative capacity for adaptations present in mother/child pairs were determined from previously 

published data [245]. There were three HIV replicative capacity classifications: lethal, attenuated, 

and tolerated. Lethal adaptations have a score of ≤0.1 and have a significant impact on replicative 

capacity, attenuated adaptations have a score of 0.1-0.2 and have a moderate impact on replicative 

capacity, and tolerated adaptations have a score of ≥0.2 and have little to no impact on replicative 

capacity. These mutations were, for the most part, individually incorporated into a pNL4-3 

backbone. 

2.2.13 Conservation scores 

HIV population amino acid and site-specific evolutionary conservation scores for full-length HIV-1 

subtype M Gag, Pol and Nef proteins were computed using the ConSeq web server [246]. For HIV 

population conservation (HIVpC) scores, sequences from the AIDS Clinical Trial Group were utilised 

in the HIV population analysis [111]. SIV evolutionary conservation (EvC) scores were determined 

using sequences from the public database GenBank. Evolutionary conservation scores were 

calculated relative to all associated SIV orthologues using maximum likelihood phylogenetic 

analyses. Single site evolutionary rate was estimated from the phylogeny, adjusted for varying 

numbers of protein homologues and protein length. BLOSUM scores for the adaptations were 

calculated by means of the BLOSUM62 substitution matrix [247]. 
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2.2.14 Individual peptide design 

Peptides for 13 of the mother/child pairs were designed according to de novo adaptations identified 

in the child. HIV sequences containing the de novo adaptation (between 8-11 amino acids) were 

screened for potential T cell epitopes using the online programs NetMHC 4.0 and NetMHCpan 4.0 

(http://www.cbs.dtu.dk/services/). Peptides corresponding to known T cell epitopes in the HIV LANL 

database (http://www.hiv.lanl.gov/content/immunology) and/or having the strongest predicted 

binding results from the programs were selected and synthesised (GenScript Biotech Corp., NJ, 

USA). Peptides corresponding to the wild type (transmitted from the mother) and variant (de novo 

in the child) epitopes were obtained. 

2.2.15 Intracellular cytokine staining (ICS) 

Cryopreserved cells were thawed and pulsed with a Gag peptide pool (overlapping peptides from 

AIDS Reagent and Repository at a final concentration of 1µg/mL per peptide, catalogue number 

11554), HLA-specific optimal epitope pools from the HIV database at www.lanl.gov, and customised 

peptide pools containing both the wild type and variant epitopes, overnight to examine T cell 

responses in both the mother and child. SEB (Merk Millipore, VT, USA) was used as a positive control 

at 1µg/mL. Briefly, approximately 1-2´106 PBMCs/well were incubated for 4 hours at 37°C and 5% 

CO2 with co-stimulatory molecules CD28 and CD49d (BD Biosciences) before a 2-hour stimulation 

with a specific peptide pool. Brefeldin A (BD Biosciences) was added prior to an overnight incubation 

at 37°C and 5% CO2. Culture medium was RPMI supplemented with 10% fetal calf serum, 1% 

penicillin streptomycin, 10mM glutamine and 10mM HEPES. Cells were washed and stained with 

the monoclonal antibodies anti-CD8-APC A750 (Life Technologies), anti-CD3-A700, anti-PD1-BV421, 

anti-CD14/19-V500, and anti-CD4-PcPCy5.5 (BD Biosciences), fixed and permeabilized before a 

second wash and staining with intracellular antigens IFN-g-FITC, CD69-APC, and CD137-PE (BD 

Biosciences, NJ, USA). Live/Dead Fixable Aqua (V500; Life Technologies) and CD14/19 were used to 

exclude dead and undesired cells. Samples were visualised using a 4-Laser Fortessa (BD Biosciences) 

and analysed with BD FACSDiva software (BD Bioscience) and FlowJo. A response was deemed to be 

positive if it was three times above the media response and ≥ 50,000 events were recorded. ICS 

using peptide stimulation was utilised as previous research has suggested this is a more accurate 

representation of the functional T cell response in adults and children than using tetramers or 

ELISpot [248], with differing responses observed between tetramer and ELISpot [249]. 
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2.2.16 Statistical analysis 

Parametric analyses were undertaken within a linear or logistic regression framework with mixed-

effects models utilised to accommodate multiple measures per individual or pair. Viral load was log 

transformed prior to analysis, and age was considered in models as a potential confounding factor. 

Correlation analyses utilised Spearman’s rho, and paired differences of IFN-g responses were 

assessed using the Wilcoxon signed rank test. Subjects on ART were excluded from viral load 

analyses. Statistical analyses were performed using GraphPad Prism 8 and S-Plus (TIBCO Spotfire S+ 

8.2 for Windows), with statistical significance threshold set at α = 0.05.  
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2.3 RESULTS  

2.3.1 Confirmation of vertical HIV transmission 

Samples from 26 mother/child pairs (Table 2.1) were utilised to obtain deep sequencing data for the 

HIV proteins Gag, Pol and Nef. Phylogenetic analysis of the protein sequences (using the majority 

amino acid at each position) for all three proteins strongly supported HIV transmission from mother-

to-child, with no evidence to suggest larger transmission networks within the cohort (Fig 2.5A and 

Fig 2.6A-C). Genetic diversity of the quasispecies in all three proteins, calculated for each individual, 

was significantly higher in the mother than the child (Gag p=0.0001, Pol p=0.003, Nef p=0.007; 

paired t-test; Fig 2.5B and Fig 2.6D-F), supporting a bottleneck event at transmission. Gag genetic 

diversity was associated with viral load in the mother (p<0.001; and for Pol p=0.23, Nef p=0.79; 

linear regression), but not the child (p=0.20; and for Pol p=0.43, Nef p=0.55). Furthermore, genetic 

diversity was not correlated with the number of starting HIV copies in the mother or child (Gag 

p=0.67, Pol p=0.72, Nef p=0.93 for the mother, and Gag p=0.32, Pol p=0.99, Nef p=0.72 for the child; 

linear regression), nor treatment status in the child (Gag p=0.60, Pol p=0.99, Nef p=0.25; ANOVA).  

Genetic variation between the majority HIV nucleotide sequences for each mother/child pair was 

significantly correlated with time since transmission (taken as age of child at sampling; p=0.007; 

mixed-effects linear regression; Fig 2.5C), with similar trends observed for all three proteins. Nef 

exhibited the greatest genetic difference between the sequences of the mother/child pairs (mean 

± standard error (SE) = 3.44% ± 0.24%), followed by Gag (1.87% ± 0.15%) and then Pol (1.05% ± 

0.08%). There was no effect on genetic variation between mother and child when the child’s 

treatment status was considered (Gag p=0.55, Pol p=0.66, Nef p=0.25; ANOVA). These results 

confirmed the continual diversification of HIV strains after the bottleneck event that is directly 

proportional to time since divergence (transmission) and reflects the known structural and 

functional constraints of the proteins [134, 244]. 
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Table 2.1. Subject information and clinical data of mother/child pairs. 

 

ϮTime from sampling; ̂ Median (interquartile range; IQR) time from sampling 0 (0-2) months for mothers, 2 (0-6) months 

for children; #Median (IQR) time from sampling 6 (2-7) months for mothers, 2 (0-6) months for children; *HLA completed 

to 4-digit resolution; ART = antiretroviral therapy; Drug abbreviations: AZT (zidovudine), NVP (nevirapine), 3TC 

(lamivudine), DDI (didanosine), ABC (abacavir), d4T (stavudine); F = female; M = male; m = months; y = years. Proviral 

HIV sequencing was performed for subjects M1, B4, M6, C8, M14, and M19 with the remaining HIV sequencing from 

plasma.  

Subject ID Sex AgeϮ (y) ART
Time on 

ARTϮ (m)
Viral load (log 

copies/ml)^ CD4%#

Mother 1 45.3 AZT+3TC+NVP 5.5 3303 7401 1516 5703 1402 0701 1.70 13.3
Child 1 M 4.1 3303 2902 1516 1302 1402 0602 4.13 47.8
Mother 2 25.6 d4T+3TC+ABC 30.4 8001 3002 1801 1503 0202 0210 2.08 27.9
Child 2 M 4.4 8001 7401 1801 5201 0202 1601 5.23 54.8
Mother 3 23.9 0202 3002 5101 3501 0401 1601 4.22 17
Child 3 F 4.4 DDI+3TC+NVP 14.6 0202 0202 5101 5301 0401 1601 4.41 4.9
Mother 4 0301 3601 4403 5301 0401 0401 4.92 34.1
Child 4 M 1.8 AZT+3TC+NVP 16.3 0301 6802 4403 1510 0401 0304 1.70 44.9
Mother 5 32.8 6802 3402 4201 5301 0401 1701 3.33 25.6
Child 5 F 2.8 6802 0101 4201 5301 0401 1701 4.81 47.3
Mother 6 39.7 0101 6801 0801 5703 0701 1801 1.70 29.7
Child 6 F 4.3 AZT+3TC+NVP 17.0 0101 3303 0801 1516 0701 1402 4.02 10.2
Mother 7 36.0 3001 0201 0702 3901 1505 0702 5.97 29.2
Child 7 M 3.3 3001 3402 0702 3501 1505 0401 5.09 42.2
Mother 8 39.2 7401 6802 1510 5301 0304 0401 4.56 14.9
Child 8 M 3.8 AZT+3TC+NVP 12.8 7401 6801 1510 0702 0304 0702 3.19 57.3
Mother 9 32.4 6602 7401 5801 1503 0701 0210 4.20 35.9
Child 9 F 2.4 6602 3002 5801 1402 0701 0802 4.61 49.6
Mother 10 40.9 2902 0201 4403 0702 1601 0702 4.95 46.6
Child 10 M 3.1 2902 3601 4403 5301 1601 0401 4.96 26.2
Mother 11 32.8 7401 7401 5301 1503 0701 0210 5.48 13
Child 11 F 3.8 AZT+3TC+NVP 7.8 7401 0301 5301 0702 0701 0702 3.55 42.1
Mother 12 34.8 6802 2402 0702 4901 0702 0701 5.79 5.4
Child 12 F 5.6 6802 3402 0702 4201 0702 1701 4.68 18
Mother 13 25.7 0201 7401 3501 0702 1601 0702 2.51 39.9
Child 13 F 4.1 AZT+3TC+NVP 13.9 0201 0201 3501 4402 1601 0501 5.12 38.9
Mother 14 25.7 3303 3002 7801 0702 1601 0702 1.70 28.2
Child 14 M 3.0 DDI+3TC+NVP 7.3 3303 2301 7801 5703 1601 1801 5.14 2.2
Mother 15 29.0 3002 6802 1402 0702 0802 0702 3.77 24
Child 15 F 3.7 3002 7401 1402 3501 0802 0401 5.06 37
Mother 16 22.8 0202 0201 4202 5301 0401 1701 3.73 19.6
Child 16 F 1.7 AZT+3TC+NVP 17.8 0202 3001 4202 5301 0401 1701 4.36 17.3
Mother 17 36.6 2301 0201 1402 3910 0802 1203 5.24 17.27
Child 17 F 5.0 AZT+3TC+NVP 22.2 2301 0301 1402 4901 0802 0701 4.33 31.6
Mother 18 35.5 3001 3002 4201 5801 1701 0302 3.65 43.3
Child 18 F 6.5 3001 6801 4201 5802 1701 0602 3.06 29.8
Mother 19 35.7 3301 2902 7801 4901 0701 1601 5.47 54.3
Child 19 M 2.8 3301 0101 7801 5701 0701 1601 5.41 19.3
Mother 20 31.1 0301 3001 3501 4201 0701 1701 5.06 20.9
Child 20 M 2.0 0301 3301 3501 1516 0701 1402 4.21 21.8
Mother 21 31.8 6801 0201 4016 4501 0802 1601 4.44 28
Child 21 F 2.5 6801 3002 4016 0801 0802 0701 4.75 26.3
Mother 22 28.1 3402 3002 4403 5801 0304 0701 5.16 43
Child 22 M 3.3 3402 7401 4403 5301 0304 0701 3.80 37.2
Mother 23 3001 0202 8101 4201 1801 1701 4.75 41
Child 23 M 1.8 3001 7401 8101 4901 1801 0701 1.70 40.1
Mother 24 33.6 2402 6802 4403 5301 0401 0401 4.46 52.9
Child 24 M 2.1 AZT+3TC+NVP 15.3 2402 6601 4403 4101 0401 0701 5.46 50.9
Mother 25 41.6 0201 7401 5702 4501 1801 1601 5.09 16.6
Child 25 F 2.7 0201 3303 5702 1516 1801 1402 4.26 50.1
Mother 26 26.6 7401* 6802 5301 1510 0401 0301 unknown 24.51
Child 26 M 1.8 AZT+3TC+NVP 1.0 7401* 7401* 5301 1503 0401 0202 unknown 36.06

HLA genotype

HLA-A HLA-B HLA-C
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Fig 2.5. (A) Maximum likelihood phylogenetic tree of Gag majority sequences confirms mother-to-child transmission 

(mother, M = closed diamond; child, C = open diamond) with no evidence of larger transmission networks within cohort 

(see Fig 2.6B-C for Pol and Nef). (B) Intra-individual genetic diversity of Gag quasispecies was significantly higher in the 

mother than the child (N=26, p=0.0001; paired t-test) with similar results obtained for Pol and Nef (see Fig 2.6E-F). Data 

are represented as mean ± SE. (C) Significant positive correlation across all proteins for nucleotide differences (%) 

between mother/child pairs and age at sampling (time since transmission) (N=23, p=0.007; mixed-effects linear 

regression model). There was a significant difference between the nucleotide differences (%) for the different proteins 

(N=23, p<0.0001; linear regression). p<0.001 (***). 

 

 

Fig 2.6. Phylogenetic analysis of HIV sequences of mother/child pairs confirms vertical transmission and greater 

genetic diversity in maternal quasispecies. Phylogenetic analysis strongly supports HIV transmission between 

mother/child pairs for Gag (A), Pol (B), and Nef (C), with no evidence of larger transmission networks within the cohort. 

The evolutionary history of the data was inferred using Maximum likelihood. The rate variation among sites was 
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modelled with a gamma distribution (shape parameter = 0.72). Mother, M = closed diamond and child, C = open 

diamond. Intra-individual genetic diversity of Gag (D), Pol (E), and Nef (F) quasispecies was significantly higher in the 

mother than the child (paired t-test). Evolutionary analyses were conducted in MEGA7 [241]. Mean and standard error 

bars are shown. p<0.01 (**), p<0.001 (***). Note, for Pol and Nef only N=23 mother/child pairs were sequenced, with 

N=26 for Gag. 

 

2.3.2 Most HIV adaptations in the mother’s autologous virus are fixed or near fixed resulting in 

transmission of highly adapted virus to the child 

Initially, known HIV adaptations [143] were identified, defined as specific amino acids at sites across 

the HIV genome associated with host carriage of specific HLA alleles, in the mother’s viral 

quasispecies as representative of the source virus at the time of transmission. Of the HIV 

adaptations present in the mother’s quasispecies (and relevant to the HLA alleles in the 

mother/child pair) 74% were fixed (at 100% frequency in the quasispecies) with most other 

adaptations near-fixed at ≥90% frequency in the quasispecies (Fig 2.7). These results support the 

likely transmission to the child of most adaptations present in the mother, irrespective of a 

bottleneck event.  

 

Fig 2.7. Most adaptations in the mother 

are fixed or near-fixed (≥90%) in the 

quasispecies population. The y-axis 

represents the number of adaptations in 

each mother dependent on the detection 

threshold shown on the x-axis. At 0% 

variant cut-off, an adaptation is 

considered present at any frequency 

within the quasispecies population. At a 

5% cut-off, only those adaptations at or 

above 5% of the quasispecies population are considered and so on at 5% increments until fixation (100%). The difference 

in the number of adaptations scored per mother (on average) by increasing the threshold from 0% to 100% is 

approximately 5. Data are represented as mean ± SE. 

 

HIV quasispecies were highly adapted with on average 27.5% and 28.2% of known adaptations 

present relevant to the HLA allele repertoire in the mother and child, respectively (see Appendix A 

Table 5 for the number of adaptations examined for each subject). HIV adaptations in the 
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autologous virus in the child were then classified according to whether they were relevant to the 

HLA allele inherited from the mother (shared maternal HLA allele), inherited from the father 

(paternal HLA allele), or the maternal HLA allele not passed to the child (mother-only HLA allele). In 

the child’s viral quasispecies, there was no significant difference in the proportion of HIV 

adaptations when separated into these three HLA allele categories (Fig 2.8A). However, in the 

mother’s quasispecies there was a significantly higher proportion of HIV adaptations relevant to the 

HLA alleles she carried (shared maternal and mother-only HLA alleles) than the paternal HLA allele 

she does not carry (p<0.001; mixed-effects logistic regression incorporating HLA inheritance, HIV 

protein, and HLA locus; Fig 2.8A). There was no difference in the proportion of HIV adaptations 

relevant to the two maternal HLA alleles (p=0.4). This was as expected given the virus in the mother 

would be under immune selection pressure from the HLA alleles she carries and not at sites that 

would come under immune selection pressure due to the paternal HLA allele she does not carry. 

 

 

Fig 2.8. Autologous virus is adapted in both mother and child. The proportion of known HIV adaptations observed in 

the autologous virus of mother/child pairs. (A) Adaptations were separated into three groups: 1) shared maternal HLA 

alleles present in both mother and child; 2) paternal HLA alleles only present in the child; and 3) mother-only HLA alleles 

present only in the mother. (B) Adaptations based on location within HIV proteins Gag, Pol, and Nef. (C) Adaptations 

sorted by HLA locus. All analyses were performed using mixed-effects logistic regression incorporating HLA inheritance, 

HIV protein, and HLA locus. Data are represented as mean ± SE. N=23, p<0.0001 (****), p<0.001 (***), p<0.01 (**), 

p<0.05 (*). 

 

HIV adaptations were more prevalent in Gag and Nef compared to Pol in both the mother and child 

(p<0.0001) and occurred in similar proportions in Gag and Nef (p=0.5 and p=0.5 for the mother and 

child, respectively; Fig 2.8B). There was also a modestly higher prevalence of HIV adaptations 

relevant to the HLA-B than -C alleles (p=0.04 and p=0.02 for the mother and child, respectively), and 
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HLA-A than -C alleles in the mother (p=0.03), but no difference between HLA-A and -B alleles (p=0.8; 

Fig 2.8C). 

When comparing the different proportions of HIV adaptations in the mother and child, there was 

no difference in the level of adaptation relevant to the shared maternal HLA allele (p=0.7; Fig 2.8A). 

However, in the child’s HIV sequence there was a marginal reduction in adaptations relevant to the 

mother’s HLA allele not inherited by the child (mother-only HLA) (p=0.05), and a significant increase 

in the level of adaptation relevant to the paternal HLA allele in the child that was not present in the 

mother (p=0.0006). These differences in the proportion of HIV adaptations in the mother and child 

are likely to reflect the maintenance or reversion of transmitted adaptations and the de novo 

formation of adaptations; factors that are dependent on the immune selection environment of the 

recipient and replicative cost of the adaptation as depicted in the model presented in Fig 2.1. 

2.3.3 HIV adaptation following mother-to-child transmission can reflect in vivo replicative cost of 

specific HIV adaptations 

To assess the impact of immune pressure on transmitted adaptations, adaptations were again 

separated into those relevant to the shared maternal HLA allele (immune selective environment in 

both mother and child), paternal HLA allele (immune selective environment only in the child) and 

mother-only HLA allele (immune selective environment only in the mother). Adaptations were 

defined as fixed if the amino acid was present in the quasispecies at 100% (i.e. the only amino acid 

present at this position), and near-fixed if they were ≥90%. Examination of all HIV adaptations 

observed in the mother and/or child (633 adaptations overall) showed 68.1% were present at or 

close to fixation (≥90%) in the mother’s quasispecies (Fig 2.9A). Restricting the analysis to only these 

fixed or near-fixed adaptations in the mother (≥90%) shows those relevant to either the paternal or 

shared maternal HLA alleles were largely maintained in the same frequency range (≥90%) in the 

child (paternal: 90.2%, shared maternal: 86.4%, p=0.3 for difference; mixed-effects logistic 

regression). This was significantly more than the proportion observed at a frequency ≥90% in the 

child for sites relevant to the mother’s HLA allele not inherited by the child (mother’s only: 72.4%, 

p=0.005 vs paternal, p=0.009 vs shared maternal; Fig 2.9B-D). Notably, at the sites relevant to the 

mother’s HLA allele not inherited by the child, nearly 18% of the adaptations observed at a 

frequency ≥90% in the mother’s quasispecies were at a frequency of less than 10% in the child, 

compared to approximately 6% of adaptations lost at sites relevant for inherited HLA alleles (Fig 

2.9A). This indicates that although reversion of adaptations occurs once transmitted into a non-

selective HLA environment, many adaptations are retained. 



 55 

 

Fig 2.9. Adaptation dynamics following transmission affected by bottleneck event, immune selection pressure, 

replicative cost and drift. (A) The percentage of quasispecies for all adapted amino acids in Gag, Pol, and Nef in the 

mother/child pairs (N=633) were plotted on the x-axis for the mother, and the y-axis for the child. Points are 

superimposed on each other and the colour range reflects number of superimposed points with red (maximum, max) 

and blue (minimum, min). ‘Maintained’ adaptations are present in the top right corner (≥90% in the child), ‘reverted’ in 

the bottom right corner (<10% in the child), and ‘de novo’ adaptations along the y-axis (<10% in the mother), with 

respect to the child. (B) Adaptations that are potentially under immune selection pressure in both the mother and child 

(shared maternal HLA; N=249; scenarios 1-3 in the child from Fig 2.1). (C) Adaptations that are in a non-selective immune 

environment in the mother, but potential selective environment in the child (paternal HLA; N=181; scenarios 4-5 for the 

mother and 1-3 for the child from Fig 2.1). (D) Adaptations that are potentially under a selective environment in the 

mother, but a non-selective immune environment in the child (mother-only HLA; N=203; scenarios 1-3 for the mother 

and 4-5 for the child from Fig 2.1). In all panels, percentages denote adaptations that are present in that quadrant for 

that grouping. Panels B-D also indicate the likely influence of selection on, and replicative cost of (theoretical), 

adaptations along the axes. 
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To further explore the possibility of a larger transmission network involving the child’s father, the 

study next calculated and compared circulating adaptation scores (representing adaptation pre-

existing in majority circulating sequences) and individual adaptation scores of the transmitted virus 

(mother’s HIV sequence) for each HLA allele present in the child (maternally and paternally 

inherited). Across maternally inherited HLA-A and -B alleles, the level of HIV adaptation in the 

transmitted virus was significantly higher than the level of HIV adaptation in the circulating virus 

(p<0.0001; mixed-effects linear regression; Fig 2.10). However, this effect was not shown for 

paternally inherited HLA alleles (p=0.4). As time since infection was unknown in the mother, it may 

be that HIV adaptations restricted by the paternally inherited HLA allele that incurred a replicative 

cost reverted within the mother and the remaining transmitted adaptations held little replicative 

cost, as supported by a lower level of reversion for transmitted adaptations relevant for the 

paternally inherited HLA allele (Fig 2.9C), explaining the lower level of adaptation to the paternal 

HLA alleles in the mother’s HIV sequence. 

 

Fig 2.10. Circulating adaptation scores are 

lower than the transmitted adaptation 

scores for maternal HLA alleles, but not 

paternal HLA alleles. Adaptation scores for 

a specific HLA allele were compared to their 

corresponding circulating adaptation score 

(the difference is plotted). Scores above 

zero indicate an adaptation score greater 

than the adaptation score for a ‘circulating’ 

HIV strain in the population. Comparison of 

adaptation versus circulating scores for 

maternal HLA-A p=0.001, -B p=0.0008, -C p=0.2, and paternal HLA-A p=0.5, -B p=0.2, -C p=0.9 (paired t-tests). Data are 

represented as mean ± SE. N=33 for HLA-A, N=37 for HLA-B, and N=30 for HLA-C. 

 

The frequency distribution of the corresponding adaptations in the HIV quasispecies of the 

mother/child pairs also highlighted a dearth of adaptations occurring between 10-90% (Fig 2.9A). 

This was also observed when comparing the frequency of all amino acids in Gag, Pol, and Nef in the 

mother/child pairs (Fig 2.11A). This pattern may reflect the reduction in diversity observed after a 

transmission event in which other non-immune-based selection pressures (including replicative 

cost), and drift may be relevant.  
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Examination of the different HIV proteins shows the largest variation in adaptation frequencies 

occurred in Nef, with 83.9% of adaptations in Pol occurring at a frequency of ≥90% in both the 

mother and child (Fig 2.11B-D). These data again reflect the known differences in substitution rates 

(due to functional and structural constraints) for the different HIV proteins. 

 

 

Fig 2.11. Comparison of the frequency of specific amino acids present in mother/child pairs. (A) All amino acids across 

the three proteins (N=34,775), adapted amino acids in (B) Gag (N=168), (C) Pol (N=62) and (D) Nef (N=403). Points are 

superimposed on each other and the colour range reflects number of superimposed points with red (maximum, max) 

and blue (minimum, min). 
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2.3.4 Known immunodominant HIV CD8+ T cell epitope follows expected reversion/maintenance 

pattern following transmission 

To highlight a specific HIV CD8+ T cell epitope for which there was both reversion and maintenance 

of adaptation following transmission, the immunodominant T242N adaptation for the HLA-

B*57/58-restricted Gag epitope TW10 was examined, which has a known replicative cost and linked 

compensatory mutations [112, 114, 115]. Within the cohort there were eight mother/child pairs 

where at least one subject carried the HLA-B*57/58 allele (Table 2.2). In three of the pairs, only the 

mother had HLA-B*57/58 and the T242N adaptation reverted in the child in all cases where the 

adaptation was present in the mother (non-selective immune environment in the child). In the three 

pairs where both mother and child had HLA-B*57/58 (selective environment for both), all mothers 

had the T242N adaptation, with two children maintaining the adaptation. Furthermore, in the two 

cases where the child had HLA-B*57/58 but the mother did not (virus passing from a non-selective 

immune environment in the mother to a selective immune environment in the child), the T242N 

adaptation was not present in the mother, but was present in the child (at 100%). In another study 

using samples from this cohort, child 19 (de novo adaptation in Table 2.2) was shown to have an 

IFN-ɣ T cell response to TW10 [112] confirming immune selection pressure. In concordance with our 

results, this study also described linked compensatory mutations offsetting replicative cost in all 

subjects with the T242N adaptation [112].  
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Table 2.2. Presence of the T242N adaptation in the HLA-B*57/58-restricted Gag T cell epitope TW10. 

 

Position for known adaptation in bold; *Subject does not have B*57/58; . = identity; Compensatory mutations as 

described in [112, 250]. 

 

2.3.5 Lack of correlation between described replicative capacity scores and transmitted 

adaptations likely reflects extensive network of compensatory mutations 

To better understand the maintenance and reversion of the transmitted adaptations, specific 

variations were correlated to previously described replicative capacity scores across the HIV genome 

[245] (Table 2.3). Three amino acid sites were of particular interest given multiple subjects 

harboured the same adaptations: Pol 12, Gag 146 and Nef 83. Pol T12K has been described as having 

a lethal replicative capacity score, yet out of the six mothers who carried this adaptation, the 

adaptation was maintained in all children after transmission. Of note, two out of the six children 

who maintained the adaptation did not possess the restricting HLA allele. Interestingly, scores that 

reflect the capacity for variability at sites across the HIV genome based on autologous HIV sequences 

in a host HIV-infected population (HIVpC; [111]) and deeper evolutionary time (including SIV 

orthologous from different species; EvC) better reflect the outcomes from transmission (Table 2.3; 

Epitope Sequence

TW10

(Gag 240-249) 218A 219Q 223V 228I/L 248A

TSTLQEQIGW
Mother 9 ..N.....A. P . . M G
Child 9 ..N.....A. P . . M .
Mother 18 ..N.....A. V H . . .
Child 18 ........A. V . . M .
Mother 25 ..N....... V H . M G
Child 25 ..N....... V H . . G

Mother 1 ..N....VA. V . . . .

Child 1* ........A. V . . P .

Mother 6 ..N.....A. V . . . .

Child 6* ........T. . . . . T
Mother 22 ...T...... V H . M G/D
Child 22* ........D. V H . M D
Mother 14* .......... V H N/I M G
Child 14 ..N.....A. V . P . .
Mother 19* ........A. V H N/I . .
Child 19 ..N.....A. V H I . .

Compensatory Mutation (Position no.)

Presence of HLA-

B*57/58 in 

mother and child 

(predict 

maintenance)

Presence of HLA-

B*57/58 in child 

only (predict de 
novo )

Presence of HLA-

B*57/58 in 

mother only 

(predict 

reversion)



 60 

positive HIVpC and EvC scores likely reflect sites that can accommodate variability while negative 

scores reflect conservation). Similarly, for Gag A146P the adaptation was maintained (3/5 children 

that did not carry the relevant HLA allele) even though it had a predicted attenuated replicative 

capacity. In contrast, the HIVpC and EvC scores suggested less constraint. The Nef A83G mutation 

had a replicative capacity score indicative of tolerance. Nine mothers carried this adaptation, yet 

this adaptation reverted in five of the corresponding children (adaptation was present at ≥90% in 

the mother), while the other four maintained the adaptation. Overall, there was no obvious 

correlation between the maintenance or reversion of transmitted adaptations as observed in the 

mother/child data and the previously described replicative capacity phenotypes based on a single 

or limited subset of mutations on the same genetic backbone [245]. Furthermore, these data 

suggest compensatory mutations and other linked variants greatly influence the replicative capacity 

of these adaptations; relationships that will be captured in this study. 
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Table 2.3. Replicative capacity and associated conservation scores for HIV adaptations observed in this study. 

 

C = conserved site (HIVpC & EvC < 0); P = paternal HLA allele; S = shared maternal HLA allele; M = mother-only HLA allele; V = variable site (HIVpC & EvC > 0); Lethal (<0.1), 

Attenuated (0.1-0.2), Tolerated (>0.2) as described in [245].  

Replicative 
capacity

Protein Missense 
substitution

Number of 
mother/
child pairs

Maintained 
(n; S,M,P)

Reverted 
(n; S,M,P)

De novo 
(n; S,M,P)

HIV 
population 

conservation 
(HIVpC)

Evolutionary 
conservation 

(EvC)

Site-specific 
constraint 
prediction

BLOSUM62 
score

HLA restriction Associated epitope (HLA restriction)

N385S 1 0 0 1 (0,1,0) 0.806 3.624 V 1 B*15
P487T 1 1 (1,0,0) 0 0 1.819 0.372 V -1 B*07
T490K 2 2 (1,0,1) 0 0 1.822 -0.535 V -1 A*68:01 
T12K 7 6 (3,2,1) 0 1 (0,1,0) 4.087 1.001 V -1 A*30
K14R 1 1 (1,0,0) 0 0 0.263 0.268 V 2 B*51:01
D559E 1 0 1 (0,0,1) 0 1.954 0.378 V 2 B*42:01
A146P 5 5 (1,3,1) 0 0 1.823 1.389 V -1 B*39:01, B*57:03, C*08
S173T 2 2 (0,2,0) 0 0 1.079 0.299 V 1 B*57:03
A374T 1 1 (0,1,0) 0 0 4.007 1.822 V 0 B*45:01 AEAMSQVTNS (B*45:01)
L463F 2 2 (1,1,0) 0 0 0.243 1.768 V 0 A*29:02

Pol Q433H 1 1 (1,0,0) 0 0 -0.234 -0.357 C 0 C*07
R91K 1 0 0 1 (0,0,1) 4.007 0.92 V 2 C*06:02
I147L 2 2 (0,0,2) 0 0 1.822 1.677 V 2 B*13:02, B*57:01 ISPRTLNAW (B*57:01)
R286K 2 2 (1,0,1) 0 0 1.822 -0.106 V 2 B*14, B*52, C*08:02
G357S 1 0 1 (0,1,0) 0 1.911 0.893 V 0 B*07:02 GPGHKARVL (B*07:02)
Y81F 3 1 (1,0,0) 1 (0,1,0) 1 (1,0,0) 0.085 1.222 V 3 B*35:01 VPLRPMTY (B*35:01)
A83G 11 4 (3,1,0) 5 (2,3,0) 2 (0,1,1) 0.917 3.109 V 0 A*03:01, B*07, B*57:03, 

B*58:01, C*03, C*07:02
RPMTYKAAL (B*07:02); KAAFDLSFF 
(B*57:03/B*58:01); AALDLSHFL (C*03)

D86N 1 1 (1,0,0) 0 0 -0.455 -0.879 C 1 C*08:02 AAVDLSHFL (C*08:02)
E93D 1 1 (1,0,0) 0 0 -0.564 -0.711 C 2 B*44, C*16:01
K94N 1 1 (1,0,0) 0 0 -0.687 -0.696 C 0 B*08:01 FLKEKGGL (B*08:01)
I114V 9 7 (4,0,3) 1 (1,0,0) 1 (0,0,1) 0.389 -0.495 V 3 A*02:02, B*07:02, B*35, 

C*06:02, C*07, C*14
KRQEILDLWVY (C*07)

Y115H 2 1 (1,0,0) 0 1 (0,0,1) -0.668 0.037 V 2 C*07:01, C*14:02 KRQEILDLWVY (C*07)
Y120F 4 2 (2,0,0) 2 (0,2,0) 0 -0.091 1.42 V 3 A*30:02. C*14:02
Q125H 1 0 1 (0,0,1) 0 -0.342 -0.745 C 0 C*06:02 YFPDWQNYT (C*06)
D151E 1 0 0 1 (1,0,0) 1.454 -0.153 V 2 A*02:01
V153I 1 0 0 1 (0,1,0) -0.174 -0.502 C 3 A*02
P176T 3 3 (1,2,0) 0 0 0.705 -0.062 V -1 B*53:01
R188L 2 1 (0,1,0) 1 (0,0,1) 0 1.155 1.549 V -2 A*74:01, C*07:02

Gag

Nef

Tolerated

Gag

Pol

Lethal

Gag
Attenuated 
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2.3.6 De novo HIV adaptations occur in the child after transmission 

Several adaptations had become fixed (or near fixed; ≥90%) at the time of sampling in the child for 

amino acids that were either not present, or at low frequencies (<10%), in the mother (6.2% of 

adapted sites overall; Fig 2.9A). Fixation in the child was more likely to occur at sites relevant to 

paternally inherited HLA alleles compared to sites relevant to the mother’s HLA alleles (odds ratio, 

OR [95% confidence interval, CI] = 2.4 [1.3-4.6], p=0.008; mixed-effects logistic regression; Fig 2.9B-

D and Fig 2.12A). These amino acids may represent de novo adaptations due to immune selection 

pressure in the child and likely reflect the larger number of adaptation sites available relevant to the 

paternal HLA allele that do not show evidence of the adapted amino acid in the transmitted virus 

(p=0.002; paired t-test, Fig 2.13). There was no difference in the proportion of de novo adaptations 

between relevant shared maternal HLA alleles and mother-only HLA alleles (p=0.4; mixed-effects 

logistic regression; Fig 2.9B and D). Furthermore, there was no difference in de novo adaptation and 

treatment status in the child (p=0.67; t-test).  

 

 

Fig 2.12. De novo HIV adaptations occur in the child following transmission. (A) Significantly higher proportion of de 

novo adaptations were relevant to the paternal HLA allele than both maternal HLA alleles. (B) Gag and Nef had 

significantly more de novo adaptations relative to Pol. (C) There was no significant difference between de novo 

adaptations relevant to the different HLA loci. All analyses were performed as in Fig 2.9. N=23, p<0.01 (**), p<0.05 (*). 

Data are represented as mean ± SE. 
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Fig 2.13. Comparison of sites available for adaptation in the child 

based on maternally and paternally inherited HLA alleles. There 

was a significantly higher percentage of sites in the transmitted 

virus that did not have the adapted amino acid relevant to the 

paternal HLA allele than to the maternal HLA alleles in the 

transmitted virus (N=26, p=0.002; paired t-test). Data are 

represented as mean ± SE, p<0.01 (**). 

 

Consistent with other results, a higher proportion of de novo adaptations occurred in Nef and Gag 

compared to Pol (p<0.002 for both; Fig 2.12B). However, there was no significant difference 

between HLA loci (p>0.1; Fig 2.12C). Overall, 41% of de novo adaptations were fixed in the child, 

however there was no significant correlation between de novo adaptation and age of the child at 

sampling. ICS was used to confirm T cell responses to epitopes containing de novo adaptations in 13 

children (an example shown in Fig 2.14 with the peptide pool tested listed in Appendix A Table 6). 

 

Fig 2.14. Targeting of epitopes containing de novo HIV adaptations in the child following transmission confirmed using 

ICS. Representative plot (of child 9) showing IFN-g responses for unstimulated (A) and stimulation of cells (B) with a 

peptide pool that contained predicted T cell epitopes covering a de novo adaptation in the child. 
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2.3.7 Adaptation scores correlated with clinical measures of disease outcome in the mother, but 

not in the child 

Total adaptation scores of the mother’s autologous virus positively correlated with viral load (N=21, 

Spearman’s r=0.44, p=0.05; Fig 2.15A), and negatively correlated with CD4+ T cell percentage (N=23, 

Spearman’s r=−0.50, p=0.02; Fig 2.15C), consistent with prior research [97]. In children, there was 

no correlation between adaptation scores and viral load (N=14, p=0.7; Fig 2.15B), CD4+ T cell 

percentage (N=23, p=0.9; Fig 2.15D) or treatment status (N=23, p=0.52). Furthermore, there was no 

correlation between de novo adaptation and disease outcome (p>0.6).  

 

Fig 2.15. Adaptation scores are 

correlated with clinical 

measures of disease outcome in 

the mother, but not the child. In 

the mother, adaptation scores 

positively correlated with viral 

load (N=21, Spearman’s r=0.44, 

p=0.05; A), and negatively 

correlated with CD4+ T cell 

percentage (N=23, Spearman’s 

r=−0.50, p=0.02; C). In the child, 

there was no correlation 

between adaptation scores and 

viral load (N=14, p=0.7; B) or 

CD4+ T cell percentage (N=23, 

p=0.9; D). 95% confidence 

intervals are shown. 

 

2.3.8 Transmission of adapted virus to the child influences selection of HIV T cell targets 

To better understand the influence of a transmitted pre-adapted virus on the immune targets of the 

child, IFN-g responses were measured in 17 mother/child pairs following stimulation with optimal 

HIV CD8+ T cell epitopes (including immunodominant T cell epitopes) in Gag, Pol, and Nef 

(http://www.hiv.lanl.gov/content/immunology; Fig 2.16A). All children except one had low or no 

response to the optimal T cell epitopes. In contrast, the mothers had a significantly greater IFN-g 

response to the same peptides for HLA-A (N=13, p=0.03; Wilcoxon signed-rank test), but only a 
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slightly higher IFN-g response for HLA-B (N=15, p=0.08) even though there was no significant 

difference in the number of variants to the optimal peptides in the autologous virus of the mother 

and child. Of note, on average about 55% of the tested optimal peptides had at least one amino acid 

change relative to the mother’s autologous virus. Of these peptides, approximately 84% were also 

different in the child (Appendix A Table 7). 

 

Fig 2.16. HIV-infected 

children responded to a 

broad array of Gag 

peptides but had a limited 

response to optimal CD8+ T 

cell epitopes, including 

immunodominant T cell 

epitopes. (A) There was a 

significantly higher 

response in the mother than the child for HLA-A-restricted optimal CD8+ T cell epitopes (N=13, p=0.03; Wilcoxon signed-

rank test) and a trend for HLA-B-restricted optimal CD8+ T cell epitopes (N=15, p=0.08). Data are represented as mean 

± SE. (B) There was no difference in IFN-γ responses to a Gag peptide pool in the mother and child (N=24, p>0.9). 

 

The analysis was then extended to include an expansive Gag peptide pool (including overlapping 

peptides across the protein incorporating known epitopes and variants) tested in 24 mother/child 

pairs. For the Gag peptide pool, IFN-ɣ responses were present in 83% of mothers and 75% of children 

with no significant difference in the magnitude of IFN-ɣ responses (p>0.9; Fig 2.16B). Furthermore, 

IFN-ɣ responses to the Gag peptide pool did not correlate with age in the mother or child. For the 

mother, there was a trend for a negative correlation between anti-Gag IFN-ɣ T cell responses and 

viral load (N=23, Spearman’s r=−0.35, p=0.1), but not in the child (p=0.4). These data indicate that 

adaptation of consensus HIV-1 T cell epitopes restricted by maternal HLA alleles is likely related to 

lack of recognition in children, but children maintain the ability to generate de novo immune 

responses.  

An additional factor contributing to the variation in the anti-HIV T cell responses observed between 

mother and child pairs could be due to differences in the ERAP1 allotypes (Appendix A Table 8). 

ERAP1 allotypes are known to influence peptide trimming [238] and consequently have been shown 

to affect the peptide repertoire presented to T cells [251] and immunodominance [252]. Three 

mother/child pairs were of particular interest (pairs 9, 14 and 22) due to likely differences in 
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trimming ability between mother and child (i.e. one subject had predicted hypoactive only trimming 

allotypes versus prototype/wildtype form). There was no obvious difference in reversion and 

maintenance patterns or in abilities of T cells to respond to peptides in these pairs relative to others; 

albeit there were only a small number of mother/child pairs with likely discordant trimming 

efficiencies.   
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2.4 DISCUSSION 

2.4.1 High-resolution sequencing enhances the ability to assess dynamics of viral adaptation 

following transmission 

Transmission of HLA-associated HIV adaptations [150, 226] have predominantly been analysed using 

Sanger-based sequencing methods that typically identify one dominant viral strain. As such, the 

effects of selective pressures on multiple or emerging quasispecies are not evident in these studies. 

Here, deep sequencing was utilised to assess the dynamics of reversion or fixation of specific 

adaptations within host quasispecies in the context of both selective and non-selective immune 

pressures. There was no impact of treatment status in the child on HIV diversity, genetic distance, 

measures of disease outcome or adaptations. Although 11 children were on treatment, seven of 

these showed NRTI and NNRTI drug resistance mutations and it is also possible that adherence could 

be an issue, as indicated by unsuppressed viral loads. 

Overall, the data showed that most adaptations were fixed (100%), or near fixed (≥90%), in the 

mother’s quasispecies and therefore most likely transmitted, with a bias towards those adaptations 

relevant to her own HLA repertoire. Most of these adaptations were maintained in the child (at 

≥90%), reflecting the adaptive benefit of these changes for shared HLA-restricted immune responses 

(same immune selection environment; Fig 2.1 scenario 1).  

Some adaptations reverted following transmission (Fig 2.9). These observations likely reflect the 

range of replicative costs associated with these adaptations, as the mother is the proximate source 

of the virus for the child and the transmitted adaptations should reflect the cost/benefit balance 

within the maternal selective environment. This is supported by the reversion of the T242N 

adaptation in the well-described Gag HLA-B*57/58-restricted T cell epitope TW10 in children who 

do not possess the restricting HLA (Fig 2.1 scenario 5). In contrast, transmitted HIV adaptations 

relevant to the paternal HLA alleles were lower in number, but also less prone to reversion in the 

child. These adaptations likely have low replicative cost or are linked with compensatory mutations 

as they have been passed through the mother (in a non-selective immune environment) from either 

the father or other hosts within the population and likely would have reverted before transmission 

to the child if there was a high replicative cost (Fig 2.1 scenario 4). The study was unable to 

differentiate between these two possibilities in this cohort as the donor source of HIV to the 

mothers was either not known or not recorded. Loss of adaptation at sites relevant to the mother’s 

HLA allele that the child did not inherit likely reflects ‘reversion’ in a non-selective immune 
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environment (Fig 2.1 scenario 5). Reversion or maintenance of transmitted adaptations is 

dependent on drift (particularly early after transmission), replicative cost and immune selection 

pressure. The presence of linked compensatory mutations offsets replicative cost and may partially 

explain the limited amount of reversion observed in this dataset. This is also supported by the lack 

of concordance between published replicative capacity phenotype and outcome of a set of the 

adaptations after transmission. Scores based on levels of variability observed in autologous HIV 

sequences from a large population-based cohort (HIVpC) and in SIV/HIV sequences representing a 

deeper evolutionary scale (EvC) provide a better prediction (albeit this is only for the few sites 

carried by multiple subjects) of whether adaptations are likely to be maintained or reverted. This 

may be indicative of a more complex dynamic encompassing compensatory mutations that would 

be difficult to detect using single site mutations. Exploring replicative capacity in an in vivo setting 

such as described in this study highlights the need for further characterisation of these potential 

compensatory mutations. The limited reversion of transmitted adaptations in mother/child pairs 

has been previously described for HIV clade C using Sanger-based sequencing [231, 244]. In addition, 

lack of reversions may lead to a higher prevalence of circulating adaptations at a host population 

level, impacting disease progression of newly infected individuals [155, 253, 254]. 

The data also show that a significant proportion of the adaptations fell within Gag and Nef, two of 

the most immunogenic HIV proteins [255] and support other studies of the transmission of HIV 

adaptations [228, 244, 256]. Interestingly, although the overall genetic variation in Nef was greater 

than Gag in the mother/child pairs, the proportion of HIV adaptations between the two proteins 

was not significantly different. Contrastingly, a similar study using Sanger-based sequencing of 

mother/child pairs found a higher density of mutations in Nef compared to Gag and Pol, with Gag 

higher than Pol [244]. Furthermore, population-based studies have also found a higher density of 

HLA-associated HIV polymorphisms in Nef than Gag or Pol [256]. 

While others have observed higher HLA-B-restricted HIV-specific CD8+ T cell responses than for HLA-

A and -C [119], and there are known associations between certain HLA-B alleles and elite control of 

HIV infection [107], there was only a modest difference in the proportion of adaptations relevant to 

the different HLA loci with a higher proportion of adaptations relevant to HLA-B alleles than -C, but 

not -A.  
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2.4.2 Level of HIV adaptation correlates with maternal outcome but not the child 

Transmission of pre-adapted HIV has been associated with worse disease outcome in horizontal 

transmissions, due to the potential for the virus to undermine the recipient’s immune response [97, 

257]. The results of this study were congruent with previous research in adults [97], but the same 

correlation was not found in children and others have suggested that HIV behaves differently in 

children than adults [243, 258, 259]. However, a mitigating factor to correlating disease outcome 

and adaptation in this cohort is the possible survivor bias in the children as most children were older 

than two years of age. Previous reports have shown that >50% of ART-naïve children die by age 2 

[260] and that anti-HIV immune responses early in life may differ [261]. Accordingly, the data from 

this cohort may not represent the full clinical spectrum anticipated from a cohort sampled earlier 

post-transmission. Furthermore, infants (≤ 24 months) who could be classified as severely 

immunosuppressed (CD4+ T cell percentage ≤ 15) have been shown to exert a decreased immune 

selection pressure on HIV, associated with worse clinical outcomes [262]. As there are only three 

children in this cohort with a CD4+ T cell percentage less than 15%, it is suggestive that there is a 

survivor bias in this cohort and these children, who had survived past 2 years, were potentially 

capable of exerting a greater anti-HIV response. 

2.4.3 Transmission of pre-adapted virus influences selection of immune targets in the recipient 

In vertical transmissions, it has previously been suggested that a large number of T cell targets 

required for an effective HIV-specific T cell response in the child have already adapted in the mother 

[231, 232]. However, the child can still mount an immune response to HIV and is capable of exerting 

immune pressure on the virus [228, 263], as supported in this study by the child’s ability to target 

Gag and produce de novo adaptations. The T cell epitopes targeted by the child may not be the same 

immunodominant targets ‘seen’ by the mother. The remaining T cell targets may be subdominant, 

potentially affecting the child’s ability to mount an effective anti-HIV T cell response and hence 

contributing to the reduced immune control observed in children [97, 228]. Previously, HLA-

B*57/58 positive children who inherited the T242N adaptation for the immunodominant TW10 Gag 

epitope from HLA-B*57/58 positive mothers have shown no response to TW10, whereas those 

children with HLA-B*57/58 negative mothers did show a response [112]. Therefore, children may 

not be capable of recognising and mounting a response to immunodominant T cell epitopes if the 

transmitted strain is pre-adapted. 
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When both mother and child are stimulated with peptides representing optimal CD8+ T cell epitopes 

(many of which are immunodominant), there was clearly a lack of a response in the child relative to 

the mother. This is consistent with acute HIV-infected adults where there is a diminished capacity 

to respond to epitopes that are already adapted, as measured by IFN-γ responses [97, 225]. For a 

large proportion of the peptides tested, the autologous virus in the mother (and child) did not match 

the peptide sequence. This difference in response between mother/child pairs is not present when 

the stimulating peptides include a more expansive array of peptides (Gag peptide pool) that 

encompass a broader range of T cell epitopes. However, a negative correlation was observed 

between the magnitude of the IFN-γ response to the Gag peptide pool and viral load in the mother 

(as shown for other HIV-infected adults [264]), but not in the child. This could reflect the reduced 

repertoire of T cell epitopes available to target in the child infected with a highly pre-adapted virus 

leading to the targeting of subdominant epitopes, or it may be that these particular epitopes are 

both replicatively neutral or do not contribute significantly to immune control. As subdominant 

epitopes are suggested targets of T-cell vaccines [265] it is vital to understand how adaptation within 

these epitopes would affect the efficacy of a vaccine. Furthermore, variation in T cell responses in 

mother/child pairs may reflect differences in ERAP1 allotypes that result in differences in the 

peptide repertoire presented to T cells [238] between mother and child. Only three mother/child 

pairs were identified with likely differences in peptide trimming efficiency but were unable to 

confirm any differences in these pairs in this study. However, the small number of pairs with likely 

different phenotype may reflect an added burden for children in vertical HIV transmissions given 

the inheritance of the ERAP1 allotypes such that the peptide trimming efficiency of mother and child 

may often be the same, limiting the ability of the child’s immune response to ‘see’ other T cell 

epitopes. 

Among the de novo adaptations observed in the child’s virus in this study, there was a bias towards 

those relevant to paternal HLA alleles. It may be that in those cases where HIV was transmitted 

through the father and then the mother, adaptations may have reverted in the mother due to 

replicative cost and then re-selected in the child as de novo adaptations. Our assignment of de novo 

adaptations in these cases used the most parsimonious approach. Although the majority of de novo 

adaptations were for HLA alleles present in the child, a small number were for mother only HLA 

alleles (not inherited by the child). It is possible that this may be due to overlapping epitopes 

restricted by other HLA class I or class II alleles. De novo adaptations may impact outcome, but a 

correlation between de novo adaptations and viral load was not observed in the child.  



 71 

Treatment status of the children is not likely to have affected the ability to detect anti-HIV T cell 

responses as these responses have been shown to occur in utero, and persist, with the capability of 

clonal expansion in vivo, suggestive of functionality [135, 261]. In this study, children on ART had a 

median age (IQR) of ART initiation of 2.7 (1.3-3) years (the youngest was 9.5 months). 

Paediatric HIV infection has been of particular interest for understanding mechanisms of immune 

control and as a potentially more tractable pathway to HIV cure, owing to the ability to act in very 

early infection, the tolerogenic immune environment in infants, and potential to reduce reservoir 

size early. However, there has been research into determining the ability of the infant’s immune 

system to exert an anti-HIV response. Understanding this response is critical to the development of 

vaccines for children with, or susceptible to, HIV infection from their mothers. 

The implications of transmission dynamics on the goal of cure strategies have been uncertain. Here, 

the impact of HIV adaptation shows that HLA exerts a dominant selective force on HIV, as in other 

settings. Paediatric hosts are commonly infected with viruses that have adapted to shared maternal 

HLA. Furthermore, HIV derived from a transmission chain from paternal to maternal hosts may 

result in a relatively rapid pathway to adaptation to the complete HLA repertoire of the child, though 

this is modulated by the costs to replicative capacity of individual adaptations. Despite the high rate 

of pre-adaptation, there was clear evidence of anti-HIV T cell responses against subdominant 

epitopes within children, showing that they are capable of exerting an immune selection pressure 

on the virus. High-resolution sequence analysis revealed the intra-host reversion and maintenance 

dynamics of transmitted adaptations in different immune selection environments, which acts as an 

estimate of the replicative cost and immune benefit of specific adaptations in vivo. It is hoped a 

better understanding of these dynamics can be used to inform vaccine design to maximise 

replicative cost of adaptations within the host and to avoid the selection of adaptations that incur 

minimal replicative cost.  
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CHAPTER 3 - Cross-reactivity to mutated viral immune targets can influence CD8+ T cell 

functionality: an alternative viral adaptation strategy 
3 Chapter 3 - Cross-reactivity to mutated viral immune targets can influence CD8+ T cell functionality: an alternative viral adaptation strategy 

 

The results of Chapter 2 highlighted that a large portion of HIV adaptations are maintained in a new 

host, potentially affecting disease outcome at the population level (as shown by previous research 

[97, 142-144]). While this study validated previous research highlighting a role of autologous 

adaptation (adaptation within an individual’s viral quasispecies to their HLA alleles) in disease 

outcome in adults [97, 147-149], this relationship was not observed in children following mother-

to-child HIV transmission and may reflect the survivor bias in this cohort. However, the high level of 

transmitted adaptations following vertical transmission did result in new, likely subdominant, CD8+ 

T cell viral targets in the children (previously observed in adults where the transmitted strain is 

highly adapted [97, 225]). Unfortunately, the impact of T cell responses to these specific (sub-

dominant) HIV targets on disease outcome could not be further delineated in the study. However, 

these results are insightful for vaccine design, as anti-HIV CD8+ T cell responses observed in children 

following vertical transmission may closer resemble an individual’s immune response when they are 

taken off ART prior to (or following) vaccination. In this scenario, T cell targets (including 

immunodominant epitopes) in the rebounded viral strain(s) from the HIV reservoir are likely to be 

already adapted (the level of adaptation will reflect time to clinical presentation) and stimulating 

the host’s immune response may drive the response towards sub-dominant T cell epitopes. 

While Chapter 2 primarily assessed the impact of viral adaptations that lead to a loss of immune 

recognition on disease outcome and the anti-HIV immune response, Chapter 3 examines the 

mechanism of HIV adaptations that continue to be targeted by the host’s immune response (termed 

here “non-classical” adaptations) [140]. This mechanism of viral adaptation is less understood and 

is likely to have implications for vaccine design; if epitopes containing such adaptations result in a 

reduced CD8+ T cell immune response (i.e. magnitude, cytotoxicity, etc), they may not be ideal 

epitopes to be included in candidate HIV T cell vaccines. Consequently, the aim of Chapter 3 is to 

elucidate the alternative viral adaptation strategies in acute and chronic HIV infection. Specifically, 

the study in Chapter 3 aims to identify differences in: i) TCR repertoire recognising either the non-

adapted or adapted form of an epitope; ii) TCR antigen-specific reactivity (binding strength of the 

TCR-peptide-HLA complex); and iii) transcriptomic profile of CD8+ T cells recognising the non-

adapted or adapted form of an epitope, based on their autologous form (the amino acid sequence 

present in their viral quasispecies). 
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Chapter 3 utilises a single cell transcriptomic approach to identify features of the HIV-specific CD8+ 

T cell responses targeting non-adapted and adapted forms of an epitope containing a non-classical 

adaptation in acute and chronic HIV-infected individuals. All subjects in the study are infected with 

HIV clade B and had existing epitope-specific CD8+ T cell responses to select epitopes that are known 

to harbour non-classical adaptations. Resting (tetramer+) or activated (CD69+CD137+) epitope-

specific CD8+ T cells were single cell sorted prior to TCR and transcriptome (RNA) sequencing. The 

results from Chapter 3 identify a phenotypic profile of the CD8+ T cell response associated with non-

classical adaptation. It is crucial to account for the different adaptation forms in HIV vaccine design 

as their impact on the avidity and magnitude of the anti-HIV CD8+ T cell response may differ 

dependent on adaptation mechanism. 

This chapter was published in Frontiers in Immunology on the 26th of October 2021 (DOI: 

https://doi.org/10.3389/fimmu.2021.746986). 
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ABSTRACT  

Loss of T cell immunogenicity due to mutations in virally encoded epitopes is a well-described 

adaptation strategy to limit host anti-viral immunity. However, the relevance of mutations within 

epitopes that retain immune recognition and are beneficial for the virus is a less understood 

adaptation strategy. To understand this adaptation strategy, a single cell transcriptome approach 

was utilised to identify features of the HIV-specific T cell responses targeting non-adapted (NAE) and 

adapted (AE) forms of epitopes. TCR repertoire and transcriptome were obtained from antigen-

specific CD8+ T cells of chronic (n=8) and acute (n=4) HIV-infected subjects identified by HLA class I 

tetramers loaded with either form of the epitope or by upregulation of activation markers following 

stimulation with peptides representing these forms. CD8+ T cells were predominantly dual 

tetramer+, confirming a large proportion of cross-reactive TCR clonotypes among NAE- and AE-only 

activated T cells. The transcriptomic profile of CD8+ T cells was dependent on the autologous virus. 

Subjects whose virus encoded the NAE form of the epitope (and who transitioned to the AE form at 

a later timepoint) exhibited an ‘effective’ immune response, as indicated by expression of 

transcripts associated with polyfunctionality, cytotoxicity and apoptosis (largely driven by the genes 

GZMB, IFN-ɣ, CCL3, CCL4 and CCL5). These data suggest that viral adaptation at a single amino acid 

residue can provide an alternative strategy for viral survival by modulating the transcriptome of 

CD8+ T cells and potentially selecting for less effective T cell clones from the acute to chronic phase.  
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3.1 INTRODUCTION 

The rapid mutation rate of HIV remains a central barrier to an effective vaccine, as selection of 

mutations within the HIV genome that result from effective antigen-specific CD8+ T cell immune 

responses, cause failure of otherwise potent natural or vaccine-induced immunity. This form of 

immune selection pressure is one of the main drivers shaping viral quasispecies during the course 

of natural infection, highlighting its important role in anti-viral control [142, 253, 266]. 

Understanding HIV adaptation to T cell responses is critical to identifying correlates of immune 

efficacy against HIV and will aid in the rational design of potential vaccine candidates for either 

preventative or therapeutic strategies. However, the mechanisms underpinning HIV adaptation to 

T cell immunity are not completely understood.  

HIV adaptations are positively selected in infected individuals and are also apparent at the 

population level as HLA-specific HIV polymorphisms [2], as the host’s HLA allelic repertoire 

determine the pathogen-derived peptides (epitopes) that are presented to T cells. Epitopes 

containing these HLA-associated polymorphisms have been termed as adapted epitopes (AE), and 

those epitopes lacking any evidence of HLA-associated changes as non-adapted epitopes (NAE). 

Prior studies have shown that many viral adaptations, termed here as ‘classical’ adaptation, can 

completely abrogate CD8+ T cell recognition via disrupting the HLA-peptide-TCR complex or antigen 

processing ([139, 224] and reviewed in [137, 153]). The group’s previous large-scale analysis of 

epitope-specific CD8+ T cell responses confirmed the classical form of adaptation for many variable 

sites across the HIV proteome, with the adaptations largely occurring at anchor residues known to 

influence the binding efficacy of the HLA-peptide complex [267]. However, epitopes containing 

adaptations at non-anchor residue positions have been identified and continue to be targeted by 

CD8+ T cells, suggesting alternative ‘non-classical’ adaptation strategies exploited by HIV, and indeed 

by another mutable pathogen - HCV, to subvert the host’s immune response [134, 268]. In some 

cases, these CD8+ T cells exhibited greater functional avidity, as measured by IFN-ɣ release, to the 

AE form of the epitope than the NAE form [140, 269]. On the contrary, using a similar IFN-ɣ release 

assay, other studies have demonstrated that in both acute and chronic HIV infection, NAEs harbour 

greater functional avidity [97, 269]. Such discrepancies among different studies highlight the 

necessity for a more direct functional assessment of CD8+ T cells that target the NAE and AE forms 

[270]. Another example of an adapted epitope eliciting a higher magnitude response is the 

formation of ‘neo-epitopes’ due to the adaptation exposing new targets to the immune system, 

often in the more variable protein Nef [134, 140]. The development of neo-epitopes could cause a 
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shift in immunodominance, potentially compromising otherwise favourable responses against more 

conserved structural proteins like Gag and Pol. Importantly, if such epitopes containing these non-

classical adaptations are included in an immunogen, the induced immune response may 

paradoxically lead to greater viral survival, as suggested by a recent study by colleagues showing 

continued recognition of the AE form of HIV T cell epitopes likely increases viral trans-infection of 

CD4+ T cells [269]. Furthermore, others have shown differences in the level of anti-HIV protection 

exerted by responses to specific T cell epitopes and suggested the active exclusion of select T cell 

epitopes from HIV vaccines [109]. 

The non-classical form of adaptations often occurs at sites within the epitope that may affect TCR 

recognition of the HLA-peptide complex and alter T cell functionality or TCR repertoire diversity; 

factors associated with control of pathogens that cause chronic infection [170, 171, 271]. The 

group’s earlier study examining T cell responses against HIV T cell epitopes that exhibit these non-

classical adaptations [140] was not able to identify differences in TCR repertoire, in part, due to the 

low-resolution nature of the bulk analysis of the antigen-specific T cells. Here, single cell RNA 

sequencing was utilised to compare the TCR α/β sequences and gene expression (transcriptome) 

profiles of antigen-specific T cells to the NAE and/or AE form of well-characterised CD8+ T cell 

epitopes. This approach allowed the direct link of CD8+ T cell phenotype and specificity with T cell 

transcriptome data to elucidate alternative viral adaptation strategies that may encompass 

differences in TCR diversity and functional plasticity of antigen-specific CD8+ T cells (see Fig 3.1 for 

adaptation strategies tested in this study). Overall, single cell TCR analyses demonstrated mainly 

cross-reactive memory CD8+ T cells capable of recognising both NAE and AE forms of the CD8+ T cell 

epitopes tested during chronic infection. However, the transcriptomic profile of these cross-reactive 

memory CD8+ T cells in both acute and chronic HIV-infected subjects was largely influenced by the 

adaptation status of the autologous form of the epitope within an individual, with the autologous 

NAE form (with the propensity to adapt) associated with greater CD8+ T cell effector function 

potential. 
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Fig 3.1. Proposed viral adaptation strategies against anti-HIV CD8+ T cell immune responses. (A) Schematic depicts 

classical and non-classical adaptation based on recognition of the HLA-peptide complex by the TCR. (B) Lists the three 

main proposed mechanisms of non-classical adaptation tested in this study: 1. reduction in TCR diversity or activation 

of new TCR clonotypes; 2. differences in TCR-peptide-HLA antigen specific reactivity that affect T cell signalling; and 3. 

alterations in the interaction between the TCR and HLA-peptide complex leading to ineffective CD8+ T cell responses. 

(C) Approach used in this study to identify and characterise antigen-specific CD8+ T cells. Cells were single cell sorted 

using HLA class I tetramers for the NAE- and AE-form of an epitope (assigned as ‘resting’ CD8+ T cells) and/or based on 

CD69 and CD137 expression after peptide stimulation with either the NAE or AE form of an epitope (assigned as 

‘activated’ CD8+ T cells). All cells then underwent TCR sequencing and for select epitopes RNA sequencing to assess TCR 

repertoire and transcriptome profiles, respectively.  
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3.2 MATERIALS AND METHODS 

3.2.1 Study design 

As indicated in Fig 3.1, the objective of this study was to examine HIV CD8+ T cell epitopes for which 

there was evidence that adaptation did not reduce immunogenicity of the epitope. Subjects with 

IFN-ɣ CD8+ T cell responses to these epitopes were selected for high-resolution TCR and RNA 

transcriptomic analysis. The following HIV CD8+ T cell epitopes in Nef were examined (see Appendix 

B Table 1 for HLA class I genotyping): HLA-B*07-restricted TL10 (Nef 128-137; adapted amino acid 

underlined - TPGPGI/VRYPL), HLA-C*07-restricted KY11 (Nef 105-115; KRQD/EILDLWVY), HLA-

A*2301-restricted RF10 (Nef 134-143; RY/FPLTFGWCF) and HLA-B*3501-restricted TY8 (Nef 128-

135; TPGPGI/VRY). These epitopes were selected as they have been previously described in 

independent studies [97, 140] to contain an HLA-associated HIV polymorphism within the epitope, 

and for TL10 and KY11 were described in the Keane et al. study describing increased functional 

avidity of adapted epitopes [140]. 

A large number of subjects (n = 165) were screened for responses to selected epitopes, with only a 

subset passing criteria for sorting epitope-specific CD8+ T cells. For the epitope TL10, 10 chronic HIV-

infected subjects carrying HLA-B*0702 were screened for responses with ICS with only four subjects 

showing a response. Three of these were sorted (subjects C1-C3) and the remaining subject had a 

response that was too low to sort sufficient numbers of cells. For the epitope KY11, 10 chronic HIV-

infected subjects carrying HLA-C*0702 were screened for responses with ICS with five subjects 

showing a response. For the epitope TY8, 27 chronic HIV-infected subjects carrying HLA-B*3501 

(from 65 subjects) were screened by ELISpot in a previous study by colleagues [269] with only four 

subjects having a response to both the NAE and AE form. Thirty-three acute HIV-infected subjects 

were screened by ELISpot for epitope-specific responses by colleagues (191 NAE and 178 AE 

epitopes) (subset of data published in [269]) with 47 NAE- and 22 AE-positive responses identified. 

Of these subjects, none showed a response in more than one individual to both the NAE and AE 

form. Four subjects were selected based on their transmitted founder virus (TFV) and ELISpot 

response (subjects A1-A4). 

3.2.2 Study subjects 

Eight subjects were sampled during chronic HIV-1 infection and all but one were ART naïve. Four 

subjects were sampled during acute HIV-1 infection and three were ART naïve, with one subject 

receiving ART during the course of follow-up (Table 3.1). The acute HIV-infected subjects and chronic 
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HIV-infected subject C4 were obtained from University of Alabama at Birmingham (UAB) Centre for 

Aids Research Network of Integrated Clinical Systems. The remaining subjects were obtained from 

VUMC. PBMCs were purified from leukapheresed or whole blood by FICOLL density gradient 

separation and cryopreserved. HLA typing to 4-digit resolution was performed as previously 

described [272]. 

 

Table 3.1. Longitudinal sequencing of the autologous virus for subjects with multiple sampling 

timepoints and linked clinical data.# 

 
#Additional timepoints from the sorted sample were sequenced using Sanger sequencing; - data not available; & time in 

weeks for acute subjects and years for chronic subjects; * mixture; ^ VL undetectable; $ specific ART regime was not 

Subject Epitope
Time from 
sort (years)

Dominant 
form

Viral load 
(log 

copies/mL)

CD4+ T cell 
count 

(cells/mm3) ART$

A1 TY8 0.0 NAE 4.77 507 No
0.3 NAE 5.15 310 Yes
0.5 - 2.72 - Yes
0.8 AE* 1.70^ 560 Yes

A2 TY8 0.0 AE 6.89 253 Yes
0.1 - 2.63 440 Yes
1.3 - 1.70^ 460 Yes

A3 RF10 0.0 NAE 7.00 437 No
0.0 NAE 5.77 - Yes
0.0 - 5.10 - Yes
0.0 - 3.96 314 Yes
0.1 - 3.23 719 Yes
0.1 - 2.62 856 Yes
0.2 - 2.45 886 Yes
0.5 NAE 1.70^ 986 Yes

A4 RF10 0.0 AE 5.61 477 No
0.0 - 5.61 477 No
0.1 - 4.92 562 No
0.3 - 4.24 499 No
0.5 - 4.48 359 No
0.8 - 4.50 338 No
0.9 AE 4.25 351 Yes

C1 TL10 -0.7 NAE 4.02 756 No
-0.1 NAE 5.00 468 No
0.0 - 5.00 405 No
0.5 - 1.84 1113 Yes
0.6 - 1.70^ 1058 Yes
1.0 AE 2.98 558 Yes
1.2 - 1.70^ 838 Yes
1.5 - 1.70^ 747 Yes
1.7 - 1.70^ 1024 Yes
2.0 - 1.70^ 1037 Yes

C2 TL10 -3.2 AE 3.41 552 No
-2.7 AE - 550 No
-0.9 AE 3.93 685 No
-0.7 AE - - No
-0.3 - 3.90 539 No
0.0 AE - - No

C3 TL10 0.0 AE 4.50 228 No
C4 RF10 -2.6 NAE 5.11 228 Yes

-2.2 - - 307 Yes
-1.2 - - 259 Yes
-0.6 - 1.70^ 353 Yes
0.0 NAE 4.95 224 Yes
0.4 - 3.60 213 Yes
0.6 - 4.84 80 Yes
0.9 NAE 5.72 95 Yes
1.8 - 1.70^ 235 Yes
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available for all subjects; ART = antiretroviral therapy; subject C3 only has one timepoint; timepoint used for analyses is 

in bold; subjects on treatment at the sampling timepoint commenced at this time. 

3.2.3 Ethics statement 

IRB approval for sample collection was obtained prior to the commencement of the original study 

(VUMC, IRB 030005; UAB, IRB X981027004, X160125005 and X140612002). Subsequent ethics 

approval was obtained for the use of archived material in the repository at VUMC (IRB 100061). All 

subjects signed written informed consent prior to participation. 

3.2.4 PBMC stimulation and flow cytometry 

Cryopreserved PBMCs were thawed and stained with tetramers (National Institutes of Health 

Tetramer Core Facility, GA, USA) or activated overnight for approximately 18 hours with high purity 

peptides (95%; Schafer-N, CPH, Denmark) at a final concentration of 1µg/mL. SEB (Millipore) at 

1µg/mL was used as a positive control. PBMCs were cultured in RPMI supplemented with 10% 

human AB serum, 10mM glutamine and 10mM HEPES. Briefly, cells were washed and approximately 

5×106 PBMCs/well were activated with peptides overnight (or no stimulation in the case of 

tetramers) at 37°C and 5% CO2 in 1mL co-stimulatory media containing 1µL/mL of CD28 and CD49d 

(BD Biosciences). Cells were washed twice with PBS and stained with fluorescently labelled 

antibodies. Initially, cells were stained with CCR7-BV421 and tetramers (for the tetramer condition 

only) for 20 minutes at 37°C. Cells were washed and stained with Live/Dead Fixable Aqua 

(ThermoFisher) as a viability marker for 10 minutes at room temperature. Cells were washed and 

stained with the antibodies CD14-V500, CD19-V500, CD3-Alexa Fluor-700, CD4-PcCCy5.5, CD8-FITC, 

CD69-APC, CD137-PE, CCR7-BV421, PD1-PE-Cy7 (BD Biosciences) and anti-CD45RO-PE-Texas red 

(Beckman Coulter) for 20 minutes at room temperature. Cells were washed and sorted with a BD 

FACS Aria III. Data were analysed with FlowJo 10.1 (TreeStar). Activated CD8+ T cells were defined 

as CD69+/CD137+ with at least one 96-well plate sorted for each condition used for TCR and RNA 

sequencing analyses. An example of flow gating is depicted in Fig 3.2. In this study, similar 

proportions of tetramer+ and CD69+/CD137+ CD8+ T cells were observed for subjects, highlighting 

the effectiveness of the activation markers to identify antigen-specific T cells (Table 3.2).  
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Fig 3.2. Example representation of flow gating for sorting by tetramers or activation markers (peptide stimulation) 

and cell subtype determination. (A) Gating strategy for TL10 tetramer sorting for subject 1. (B) Gating strategy for 

activation markers after TL10 NAE peptide stimulation for subject C2. Gating strategies are the same for all subjects. T 

cell subtype determination was the same regardless of sorting strategy and were based on CD45RO and CCR7 

expression.  
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Table 3.2. IFN-ɣ responses to tested epitope measured by ICS. 

 

 

3.2.5 Single cell sorting and cDNA conversion 

Single cell RNA-sequencing methodology was adapted from two previously described protocols, 

Smart-seq2 and MARS-Seq [273, 274]. Cells were sorted into a 96-well plate containing 3µL of lysis 

buffer inclusive of a ribo-nuclease inhibitor. Oligo DT primers coupled with well-specific unique 

molecular identifiers were added and the plate was incubated at 65°C for 5 minutes, followed by 1 

minute on ice. A reverse transcription master mix was added to the plate and run on a thermocycler 

for 30 minutes at 50°C followed by 10 minutes at 80°C. A first round PCR was conducted using the 

KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland) and barcoded IS cDNA Amp primers. 

Second round PCRs were conducted with either TCR or gene specific primers (see below for more 

detail). 

Subject Epitope Autologous 
virus

Variant Method IFNg 
response 

(%)
NAE Tetramer 0.2
AE Tetramer 0.13

NAE/AE Tetramer 0.23
NAE Tetramer 0.02
AE Tetramer 0.57

NAE/AE Tetramer 0.18
A3 RF10 NAE NAE/AE Tetramer 3.69
A4 RF10 AE NAE/AE Tetramer 1.64

NAE Peptide 2.24
AE Peptide 1.52

NAE/AE Tetramer 2.82
NAE Peptide 0.43
AE Peptide 0.42

NAE/AE Tetramer 0.8
C3 TL10 AE NAE/AE Tetramer 3.02

NAE Tetramer 2.27
AE Tetramer 2.26

NAE/AE Tetramer 3.02

RF10C4 NAE

AE

A1 TY8

A2 TY8

C1 TL10 NAE

AE

NAE

C2 TL10
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3.2.6 TCR sequencing 

Following the first round PCR, equal volumes of all sorted wells were pooled prior to a second round 

nested PCR using template switch oligo forward primers and barcoded reverse primers specific to 

the alpha and beta chains of the TCR. PCR products were purified using Agencourt AMPure XP 

(Beckman Coulter, CA, USA) and pooled equimolar. Indexed libraries were created for sequencing 

using Truseq adapters and quantified using the KAPA Universal qPCR Library Quantification Kit (Kapa 

Biosystems Inc., MA, USA), as per the manufacturer’s instructions. Samples were sequenced on an 

Illumina MiSeq using a 2×300bp paired-end chemistry kit (Illumina Inc., CA, USA), as per the 

manufacturer’s instructions. Reads were quality-filtered and passed through a demultiplexing tool 

to assign reads to individual wells and mapped to the TCRβ and TCRα loci. TCR clonotypes were 

assigned using the MIXCR software prior to analysis using VGAS, an in-house program for visualising 

and analysing TCR data [275]. Data was deconvoluted using a modified VDJfasta platform in-house 

at IIID, Murdoch University, Australia. Large-scale contamination between plates was excluded 

through CDR3 overlap analysis (see Fig 3.3). However, there was evidence of a likely public 

clonotype for the RF10 epitope. A specific TCR α/β pair was found in the chronic (C4) and acute (A1) 

HIV-infected subjects that has also been described in other subjects in another study. Note the α 

chain paired with other β chains in each of the two subjects but these combinations were subject-

specific. 

 

 

 

Fig 3.3. CDR3 overlap within a subject 

reflecting cross-reactive NAE- and AE-

specific CD8+ T cells. All productive 

CDR3s were compared between 

sample plates to identify possible 

public clonotypes and/or 

contamination. Overlaps were 

predominantly restricted to between 

conditions within a subject. N = 10. 
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3.2.7 3’ and 5’RNA-seq 

Following the first round PCR, fragmentation and end-repair were performed using the NEBNext 

Ultra II FS kit (New England Biolabs, MA, USA), as per the manufacturer’s instructions. Adaptors 

were ligated to amplicons using the NEBNext Ultra II FS kit (New England Biolabs), as per the 

manufacturer’s instructions. A second round PCR was undertaken using GoTaq and linker primer 1. 

Following this, a third round PCR was conducted with barcoded linker primer 2. PCR products were 

purified and pooled for next-generation sequencing. The Kapa library quantitation kit (Kapa 

Biosystems Inc.) was used to quantify the libraries prior to sequencing on the Illumina MiSeq 

sequencer using the 600V3 kit (Illumina Inc.), as per the manufacturer’s instructions. Reads were 

quality-filtered and passed through a demultiplexing tool assigning reads to wells and 5’ or 3’ end. 

Reads were then aligned to the human reference genome GRCh38 (Ensembl rel. 92) using CLC 

Genomics Workbench (CLC Bio v.11, QIAGEN Bioinformatics). The sum of gene-specific 3’ and 5’ 

read counts were calculated using HTSeq-count and the latest Gencode annotations. Only cells with 

a read count >500 were included in transcriptome analyses. Furthermore, cells with less than 200 

genes and more than 5% mitochondrial content were removed. Downstream analyses 

(normalisation, principal component analysis (PCA), differential gene expression (DGE), and 

visualisation) were performed in R (Seurat v.2.3.4). TSNE analyses were performed using the 

following parameters: theta=0, max_iter=10000 and perplexity=100. DGE analyses were performed 

using the Wilcoxon rank-sum test. P values were adjusted for multiple testing using the false 

discovery rate (FDR) correction. Median read counts (IQR) and averages are presented in Appendix 

B Table 2. Raw sequencing data are available on the SRA database, accession number PRJNA684958. 

3.2.8 Cellular indexing of transcriptomes and epitopes sequencing (CITE-seq) 

CITE-seq analysis was performed using the CITE-seq and cell hashing protocol version 2019-02-13 

available on the 10x Genomics website (https://cite-seq.com/protocol/). Resting PBMCs were 

stained with 31 TotalSeq-C antibodies (BioLegend) at a concentration of 0.5X, as per the protocol. 

RNAseq and antibody sequencing was performed at the Vanderbilt University Medical Centre 

IMGSCT core. Demultiplexing was performed using the HTODemux function within Seurat. Antibody 

analysis was performed using Cell Ranger’s feature barcoding analysis pipeline (10X Genomics, CA, 

USA) with the resultant antibody counts normalised in the R package “Seurat” (v3.1) using centred-

log-ratio normalisation. RNAseq analysis was performed as described above with normalised 

antibody counts superimposed on the single cell RNAseq data. 
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3.2.9 HIV-1 sequencing 

TFV sequences were inferred from the plasma of individuals during acute infection using a single 

genome amplification method, as described previously [276]. Briefly, viral RNA was extracted from 

140uL acute infected plasma by using QIAamp Viral RNA Mini Kit (Qiagen). Full-Length cDNA was 

generated with the SuperScript III Reverse Transcriptase (Life Technologies) and serially diluted prior 

conducting PCR. All amplicons and clones were Sanger sequenced. The TFV sequences were then 

aligned and analysed using Geneious Prime v2019.0.3.  

For viruses persisting in plasma collected at chronic infection, HIV Gag and Nef sequences were 

amplified by nested PCR as previously described [272] (see Chapter 2). Briefly, 4µL of sample was 

used in an RT-PCR with the SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelty 

Kit (Life Technologies), as per the manufacturer’s instructions. PCR amplicons were sequenced using 

next-generation sequencing (as described above). 

3.2.10 TCR clonality 

Clonality was calculated by dividing the number of unique productive CDR3s by the total number of 

productive CDR3s and subtracting this value from 1. Normalising the clonality scores provides a 

measure of diversity that ranges from 0 to 1, with 0 and 1 representing an infinitely diverse and 

monoclonal population, respectively. 

3.2.11 Cloning of gBlocks 

Full-length CDR3 regions for TCR α and β chains were determined from single cell TCR sequencing 

and custom synthesised into gBlocks (Integrated DNA Technologies, Coralville, Iowa USA) to be 

cloned into pSelect-GFP-Zeo vectors. The gBlock was cut with the restriction enzymes Sal-I and Nhe-

I with 10x Cut smart buffer (NEB) and incubated for 2 hours at 37°C. Cut products were purified 

using the Qiagen PCR Purification Kit (Qiagen), as per the manufacturer’s instructions. Briefly, five 

volumes of buffer PB was added to the digested sample and added to the purification column. The 

column was washed with buffer PE and purified product eluted with 25µL of elution buffer. The 

insert was ligated to the similarly cut vector using 2x quick ligase buffer (NEB) and incubated for five 

to 15 minutes at room temperature. The ligated product was transformed into DH5alpha cells by a 

heat shock method. The ligation mix was added to 100µL of DH5alpha cells and incubated for 30 

minutes on ice. The mix is then heat shocked at 42°C for 45 seconds then placed on ice for two 

minutes. Nine hundred microliters of S.O.C. Medium (ThermoScientific) was added to the tube prior 
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to shaking for one hour at 250rpm at 37°C. Two hundred microliters of culture were plated on Agar 

plates (Fast-Media Zeo Agar; LB based agar medium supplemented with Zeocin; InvivoGen, CA, USA) 

and incubated overnight at 37°C. 

Six to eight colonies were picked and cultured individually overnight in 3mL of Fast Media Zeo TB 

(TB-based liquid medium supplemented with Zeocin; InvivoGen) at 37°C and 250rpm. Plasmid DNA 

was extracted using the Wizard Plus SV Minipreps DNA Purification System kit (Promega 

Corporation, WI, USA), as per the manufacturer’s instructions. Briefly, culture was pelleted and 

resuspended in cell resuspension solution by vortex and the cells lysed with lysis buffer. Alkaline 

phosphate buffer was added, mixed, and incubated for five minutes at room temperature. 

Neutralisation solution was added, with the lysate centrifuged and the supernatant put into the 

column. The columns were then washed twice with wash buffer and the final plasmid DNA eluted 

with water. Plasmid DNA was diluted to 50ng/µL and sequenced using Sanger sequencing with the 

primers SV40pAnR for 3’ and pSelect for 5’ to confirm the TCR sequence.  

Following confirmation of insert, 1µL of a 1:10 dilution of plasmid DNA was added to 100µL 

DH5alpha cells and heat shocked, as above. A single colony was added to 120mL of TB-zeo medium 

and cultured overnight at 37°C and 250rpm. Plasmid DNA was extracted using the PureYield Plasmid 

Maxiprep System kit (Promega Corporation), as per the manufacturer’s instructions. Briefly, cells 

were pelleted and resuspended in cell resuspension solution by vortex. Cells were lysed and 

incubated at room temperature before the addition of the neutralisation solution. The lysate was 

centrifuged at room temperature, with the supernatant poured into the clearing column and 

vacuum applied. The column was washed with endotoxin removal wash, column wash, and then 

dried. Once dry, plasmid DNA was eluted with water. 

3.2.12 Transfection of effector Jurkat E6.1 cells 

Jurkat E6.1 T cells were cultured and passaged at least once at 0.3×106cells/mL before transfection 

in RPMI supplemented with 10% FBS, 1% L-glutamine and 1% penicillin streptomycin. Cells were 

pelleted and washed twice in Opti-MEM prior to resuspension at 5×107cells/mL. Jurkat cells were 

electroporated using Gene Pulser Xcell Electroporation System (Bio-Rad Laboratories, Inc.) using the 

protocol SQR wave, 230V, 25ms, 1 pulse with CE module (V, % droop) in 200µL of Opti-MEM with 

four plasmids: CD8alpha (5mg); TCR alpha (3mg); TCR beta (3mg); and NFAT luciferase (10mg). 

Electroporated cells were rested for 10 minutes prior to a 24-hour incubation in 5.8mL RPMI (no 

phenol red) supplemented with 10% FBS and 1% L-glutamine at 37°C and 5% CO2. 
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3.2.13 TCR reporter assay 

Specific TCR combinations were tested for their resultant induction of NFAT-driven luciferase output 

using a previously described protocol [277]. For peptide presentation, single antigen lines for the 

relevant HLA allele were cultured and passaged at least once at 0.3×106cells/mL before peptide 

pulse in RPMI supplemented with 10% FBS, 1% L-glutamine and 1% penicillin streptomycin. Cells 

were washed with RPMI (no phenol red) supplemented with 10% FBS and 1% L-glutamine and 

resuspended at 1×106 cells/mL, with 50,000 cells added to each well of a U-bottom 96 well plate. 

Peptides at a final concentration of 30ng/µL (with serial 10-fold dilutions) were added and incubated 

overnight at 37°C and 5% CO2 in a final volume of 70µL. After 24 hours, transfected Jurkat E6.1 cells 

were counted and resuspended at 1×106 cells/mL, with 50,000 cells being added to target cells in a 

final volume of 100µL. Cells were co-cultured for six hours and transferred to a white Cliniplate 

(ThermoScientific) prior to the addition of 100µL Bright-Glo (Promega) with an incubation of 10 

minutes in the dark at room temperature. Luciferase output was measured on a DTX 880 multimode 

detector (Beckman Coulter) using 3000ms integration. PMA/Ionomycin was used as a positive 

control with four negative controls: 1) media only; 2) Jurkat only; 3) Jurkat and APCs; and 4) Jurkat 

and peptide. All conditions were performed in duplicate. 

3.2.14 Bioinformatics and statistics 

Graphpad Prism 8 was used for statistical analyses for Fig 3.4 and 3.6-7. RStudio (RStudio team 2015) 

Version 1.1.463 for PC was used for all statistical analyses (Kruskal-Wallis Test) for Fig 3.8-9 and 3.11 

[278]. Statistical significance threshold was set at α = 0.05 with all analyses performed on normalised 

gene expression counts.  

DGE analyses were performed using VGAS and default parameters of the R “MAST” package were 

used [279]. To account for multiple comparisons, p-values were adjusted using FDR. Significant DEGs 

had a fold change >2 and an FDR <0.05.  

The uniform manifold approximation and projection (UMAP) dimension reduction technique was 

used to visualise single cell RNA-seq clusters using the R “UMAP” package [280]. The default settings 

with the distance metric ‘cosine correlation’ were used, as this metric was most appropriate for the 

dataset. Visualisation of DEGs was generated using the R “EnhancedVolcano” package [281]. 

A non-parametric, unsupervised method was implemented to estimate the variation of pre-defined 

gene sets (Nanostring CAR-T characterisation panel; https://www.nanostring.com/) using the R 
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“GSVA” package [282]. The enrichment scores (ES) were calculated using the default ‘GSVA’ method 

as previously defined [283]. 

Gene set variation analysis (GSVA) scores of single cell RNA transcriptome data were analysed and 

visualised using the R package “ComplexHeatmap” [284]. Pearson correlation distance metrics were 

used for row and column hierarchical clustering. For GSVA visualisation, only significant gene sets 

(Kruskal-Wallis Test; p value < 0.05) between comparisons were shown. Biological pathways 

common between comparisons were visualised with the R package “nVennR” [285].  
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3.3 RESULTS  

To examine the mechanisms of non-classical adaptation as indicated in Fig 3.1, CD8+ T cell epitopes 

within HIV were selected that have been shown to contain an HLA class I-associated HIV 

polymorphism (adaptation) and for which prior data showed that adaptation did not reduce CD8+ T 

cell recognition of the epitope and subsequent IFN-ɣ production [140, 269]. The following HIV T cell 

epitopes in Nef were examined: TL10, KY11, RF10 and TY8. Overall, eight chronic and four acute HIV-

infected subjects were assessed for epitope-specific CD8+ T cell responses to one or more of the 

epitopes listed above (Table 3.3). Given the differences in HLA alleles and the breadth of CD8+ T cell 

responses between subjects, not all subjects could be tested for the same epitope and only the 

epitope RF10 could be tested in both the chronic and acute HIV-infected subjects. 

3.3.1 Overlapping TCR repertoire and similar T cell clonality for NAE- and AE-specific CD8+ T cells in 

chronic infection 

To identify differences in the TCR repertoire of NAE- and AE-specific CD8+ T cells (Fig 3.1B scenario 

1), two methods were utilised to identify antigen-specific CD8+ T cells in three subjects for TL10 and 

one subject for RF10 with chronic HIV infection: 1) HLA class I tetramers loaded with either the NAE 

or AE form of the epitope (‘resting’ cells); and 2) activation induced marker (AIM) expression after 

peptide stimulation (‘activated’ cells). Here, chronic infection was examined as it represents long-

term exposure to either the NAE or AE form and the subsequent evolution of the TCR repertoire. 

Note, for all subjects, both forms of epitopes tested have been identified as eliciting an IFN-ɣ 

response. 
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Table 3.3. Clinical, demographic and virological data of study subjects.* 

 

* All subjects except C4 were treatment naive at the timepoint used to sort cells (subjects A1 and A4 started treatment at the timepoint used to sort cells); for acute HIV-infected 

subjects the transmitted founder virus was the same as the autologous virus at the timepoint used to sort cells. ~Samples tested with the TL10 and KY11 peptides and/or HLA CLASS 

I tetramers were collected at different timepoints; & Haitian origin; # Determined by next-generation sequencing; $ Determined by Sanger sequencing; @ Sequenced prior to sorting 

timepoint; ^ Sequence is a mixture; - data not available; M = male; F = female; Cau. = Caucasian; AA = African American; y = years; NAE = non-adapted epitope; AE = adapted epitope. 

 

 

Subject Sex Ethnicity
Age at 
sort (y)

Infection 
status

Estimated time 
of infection prior 

to sort
Epitope (protein and location; 

HLA restriction)

Autologous 
virus at sort 

(%)#

Autologous virus 
at last timepoint 

(years since 
sort)$

Viral load 
(log10 

copies/ml)

CD4+ T cell 
count 

(cells/mm3)
A1 M AA 25 Acute 46d TY8 (Nef 128-135; B*3501) NAE (100) AE (0.8)^ 4.8 507

A2 M Cau. 33 Acute 29d TY8 (Nef 128-135; B*3501) AE (100) AE (1.3) 6.9 253

A3 M AA 29 Acute 23d RF10 (Nef 134-143; A*2301) NAE (100) NAE (0.5) 7.0 437

A4 M Cau. 37 Acute 92d RF10 (Nef 134-143; A*2301) AE (100) AE (0.9) 5.7 575

C1 F Cau. 40 Chronic 4y TL10 (Nef 128-137: B*07) NAE (100) AE (1) 5.0 405

C2~ M AA 54 Chronic 8y TL10 (Nef 128-137: B*07) AE (100) AE (-3.2)@ 3.9 539

Chronic KY11 (Nef 105-115; C*07) NAE (100) - 3.9 685

C3 M Cau. 37 Chronic 19y TL10 (Nef 128-137: B*07) AE (100) - 4.5 228

C4 M AA 55 Chronic Unknown RF10 (Nef 134-143; A*2301) NAE (100) NAE (1.8) 5.0 224

C5 M Unknown& 3.3 Chronic 3y KY11 (Nef 105-115; C*07) NAE (100) - 3.9 1331

C6 F Unknown& 25 Chronic Unknown KY11 (Nef 105-115; C*07) NAE (100) - 2.5 968

C7 F Unknown& 33 Chronic Unknown KY11 (Nef 105-115; C*07) AE (84) - 3.7 434
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Bulk antigen-specific CD8+ T cell responses can be identified using HLA class I tetramers and the AIM 

assay. However, it is not known how these two assays compare at a single cell level. Similar to the 

group’s prior study [269], flow cytometry analysis revealed only dual tetramer+ (cross-reactive cells) 

CD8+ T cells for the epitope TL10 in subject C1 (Fig 3.4A). For confirmation of the cross-reactive 

nature of the TCR repertoire and ability of both assays to detect antigen-specific T cells at similar 

frequencies, CD8+ T cells from subject C1 were activated separately (AIM assay as measured by the 

expression of activation markers CD69 and CD137) by peptides representing either the NAE or AE 

form of the relevant epitope [286].  

High resolution TCR sequencing at the CDR3 level was performed on single cell sorted resting dual 

tetramer+ and activated CD8+ T cells. This region of the TCR is the main site of interaction with the 

HLA-peptide complex and defines antigen specificity. A large overlap between the TCR repertoire of 

the dual tetramer+ and NAE- or AE-activated CD8+ T cells was observed, including for specific TCR 

α/β combinations (Fig 3.4B-C). The same cross-reactive dual tetramer+ pattern was observed for 

subjects C2 and C4 for the epitopes TL10 and RF10, respectively (Fig 3.5A-B). Furthermore, there 

was a high level of CDR3 overlap in all conditions for subjects C2 and C4 (Fig 3.5C-D and Table 3.4). 

HLA class I tetramers were not available for the epitope KY11, however, four subjects tested with 

peptides for this epitope also showed overlapping TCR repertoires for NAE- and AE-activated CD8+ 

T cells (Table 3.4). 
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Fig 3.4. Dominant TCR α/β combinations for TL10-specific CD8+ T cells are cross-reactive for the NAE and AE form but 

show no difference in antigen-specific reactivity or sensitivity to the different forms of the HLA-peptide complex. (A) 

Flow cytometry plots for NAE- and AE-specific CD8+ T cells indicate a cross-reactive population using HLA class I 

tetramers and similar proportions following peptide stimulation for subject C1 for the epitope TL10 (negative controls 

included). (B) Common TCR CDR3 α/β combinations were observed in all three conditions with the remaining 

combinations unique to each condition grouped with the number of combinations listed (each colour represents a single 

CDR3 combination). (C) Circos plots depict the TCR α/β CDR3 combinations observed in each condition with the CDR3 

combination tested in panel D coloured to match those depicted in panel B (highlighted with an asterisk). Note the 

circus plot shows the α and β chain of the highlighted combination are rarely observed with other alternate chains. The 

remaining TCR α/β CDR3 combinations common to all conditions are highlighted in dark grey. β chains are depicted on 

the bottom, with α chains depicted on the top. The width of each band correlates with the frequency of the respective 

α/β combination. (D) There was no difference in antigen-specific reactivity observed in the peptide dilution series 

(duplicates) of a common dominant TCR α/β CDR3 combination in subject C1 (indicated with an asterisk in panel B) for 

the NAE and AE form of TL10 using a T cell reporter assay. The negative control is transfected Jurkat cells with antigen 

presenting cells minus peptide. RLU = relative light units. N = 1.  
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Fig 3.5. TCR α/β combinations for TL10- and RF10-specific CD8+ T cells are cross-reactive for the NAE and AE form but 

show no difference in TCR antigen specific reactivity to the HLA-peptide TCR complex. Flow cytometry plots for NAE- 

and AE-activated CD8+ T cells indicate similar proportions of antigen-specific CD8+ T cells for subject C2 for the epitope 

TL10 (A) and subject C4 for the epitope RF10 (B) (negative controls included). Common TCR CDR3 α/β combinations 

were observed in all three conditions for subjects C2 and C4 (C) (each colour represents a single CDR3 combination). 

The remaining combinations unique to each condition were grouped with the number of combinations listed. (D) Circos 

plots depict the TCR α/β CDR3 combinations observed in each condition with tested CDR3 combinations coloured to 
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match those depicted in panel C (highlighted with an asterisk). The remaining TCR α/β CDR3 combinations common to 

all conditions are highlighted in dark grey (note, the grey is not linked to the grey of panel C). β chains are depicted on 

the bottom, with α chains depicted on the top. The width of each band correlates with the frequency of the respective 

α/β combination. (E) There was no difference in antigen specific reactivity observed in the peptide dilution series of a 

common TCR α/β CDR3 combination in subject C2 for the NAE and AE peptide of TL10 and similarly for subject C4 for 

RF10 (F; result for AE peptide was significantly lower than for the NAE peptide at a concentration of 0.1ng/uL; one-way 

ANOVA; p=0.02) using a T cell reporter assay (CDR3 combination tested is marked with an asterisks in panel C). The 

negative control is transfected Jurkat cells with antigen presenting cells minus peptide. RLU = relative light units. Note 

that RLU values cannot be compared across TCRs due to variability in plasmid transfection rates.  
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Table 3.4. TCR α/β combinations and overlap within subjects. 

 
^Only cells containing an α and β chain were included; #multiple α and β chain CDR3s were observed in a number of wells; *No significant difference between NAE- and AE-specific 

CD8+ T cells (p=0.16; paired t-test); overlap is between all three conditions where relevant; where there was no clear dominant clone no percentage has been given. 

 

 

Epitope (protein; 
HLA restriction)

Subject Autologous 
sequence

Variant 
tested

Peptide/
tetramer

No. wells with a 
productive 

TCR (%)

No. unique 
CDR3α/β 

combinations 
(total)

CDR3α/β 
overlap %^

Dominant α/β 
clone %

No. unique 
CDR3α (total)

CDR3α 
overlap %

Dominant α 
clone %

No. unique 
CDR3β (total)

CDR3β 
overlap %

Dominant β 
clone % Clonality*

A1 NAE (I6) NAE Tetramer 49 (51) 26(60) 0.00 28.33 16(48) 0.00 35.42 16(58) 0.00 39.66 0.70
NAE/AE Tetramer 60 (63) 40(72) 0.00 26.39 19(75) 0.00 33.33 14(56) 0.00 41.07 0.75

A2 AE (V6) AE Tetramer 17 (18) 20(20) 10.00 13(14) 14.29 14.29 16(20) 15.00 15.00 0.15
NAE/AE Tetramer 10 (10) 7(7) 28.57 7(9) 22.22 22.22 8(8) 12.50 0.12

A3 AE (F2) NAE/AE Tetramer 111 (58) 66(98) 12.24 32(81) 17.28 42(135) 25.93 0.66
A4 AE (F2) NAE/AE Tetramer 166 (86) 121(158) 3.16 55(124) 12.90 97(209) 4.78 0.54

C1 NAE (I6) NAE Peptide 31 (45) 7 (23) 69.57 69.57 4 (27) 92.59 74.07 5 (28) 85.71 85.71 0.84
AE Peptide 47 (51) 10 (28) 60.71 60.71 7 (31) 67.74 61.29 7 (45) 88.89 84.44 0.82
NAE/AE Tetramer 14 (36) 3 (7) 71.43 71.43 3 (9) 77.78 66.66 3 (13) 100.00 76.92 0.73

C2 AE (V6) NAE Peptide 39 (51) 12 (20) 55.00 25.00 9 (18) 66.67 27.78 14 (31) 51.61 16.13 0.53
AE Peptide 32 (40) 8 (13) 61.54 23.10 11 (29) 68.97 44.83 17 (31) 48.38 22.58 0.45
NAE/AE Tetramer 32 (35) 8 (14) 64.29 50.00 4 (15) 86.67 66.66 7 (32) 84.38 62.50 0.81

C4 AE (F2) NAE Peptide 104 (54) 23(128) 81.25 16.41 17(93) 77.42 31.18 17(147) 87.07 43.54 0.86
AE Peptide 92 (48) 23(100) 78.00 17.00 14(69) 79.71 42.03 12(146) 92.47 44.52 0.88
NAE/AE Tetramer 122 (64) 14(128) 91.41 21.09 9(86) 90.70 34.88 8(187) 95.72 50.27 0.94

C5 NAE (D4) NAE Peptide 63 (68) 27 (96) 42.70 10.40 7 (55) 65.45 9 (105) 86.67 0.90
AE Peptide 65 (71) 22 (48) 62.50 14.60 14 (49) 77.55 16 (75) 84.00 0.76

C6 NAE (D4) NAE Peptide 88 (96) 173 (217) 50.23 4.15 67 (117) 75.21 60 (165) 83.64 26.66 0.55
AE Peptide 89 (97) 128 (165) 61.21 7.27 48 (93) 93.55 49 (151) 92.05 33.11 0.60

C7 Mix (81% E4) NAE Peptide 59 (64) 3 (15) 93.30 86.70 3 (17) 94.12 88.24 4 (58) 96.55 94.83 0.91
AE Peptide 59 (65) 2 (20) 100.00 80.00 2 (25) 100.00 76.00 5 (55) 94.55 83.64 0.91

C2 NAE (D4) NAE Peptide 13 (65) 7 (9) 0.00 0.00 6 (8) 12.50 11 (14) 42.86 0.23
AE Peptide 17 (71) 4 (4) 0.00 0.00 5 (5) 20.00 14 (17) 41.12 0.14

TY8
(Nef; B*3501)

RF10
(Nef; A*2301)

TL10
(Nef; B*07)

RF10
(Nef; A*2301)

KY11
(Nef; C*07)
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As a formal comparison of the TCR repertoires, TCR clonality (measure of the proportion of unique 

clonotypes of the total repertoire) was examined, but there was no difference between the NAE 

and AE peptide activated CD8+ T cells for the epitopes tested in the chronic HIV-infected subjects 

and no difference between clonality in chronic and acute HIV-infected subjects (Fig 3.6; although 

there was a slight trend for higher clonality in chronic HIV infection, p=0.13). Overall, these results 

strongly suggest an almost complete overlap of the TCR repertoire recognising the NAE and AE form 

of TL10, RF10 and KY11 epitopes for all chronic HIV-infected subjects tested. TCR sharing and 

similarities in clonality between NAE- and AE-activated CD8+ T cells was not influenced by T cell 

memory subtype (Fig 3.7) or autologous form of the epitope. These results are consistent with the 

group’s previous research that utilised low-resolution flow cytometry to show no difference in TCR 

Vβ-chain family expression levels between NAE- and AE-activated memory CD8+ T cells [140]. Of 

note, TCRs may belong to the same Vβ-chain family but have different CDR3s and therefore antigen 

specificity reflecting the low-resolution analysis of the earlier study. 

 

Fig 3.6. No differences in TCR CDR3 

clonality between NAE- and AE-

activated CD8+ T cell populations. (A) 

There was no difference in clonality 

scores for TCRs identified after 

stimulation with either the NAE or AE 

peptide for TL10, RF10 and KY11 (N = 7; 

p=0.20; paired t-test). (B) There was no 

difference in the clonality of resting 

cross-reactive (dual tetramer+) T cells of 

chronic compared to acute HIV infected subjects for TL10, RF10 and TY8 (N = 7; p=0.13; unpaired t-test).  
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Fig 3.7. T cell memory subtype composition of tetramer+ and activated antigen-specific T cells based on CCR7 and 

CD45RO expression. (A) Four T cell subtypes were distinguished using CCR7 and CD45RO expression by flow cytometric 

analysis of index-sorted cells. (B) T cells were predominantly of a specific memory phenotype across all conditions for a 

subject with Tem being the most predominant across all cells sorted. Note, Teff could not be differentiated into Tem 

and Temra subtypes based on the markers used. Here, only TL10-specific CD8+ T cells from subjects C1 and C2 are shown.  

 

3.3.2 No difference in reactivity to the NAE and AE form of epitopes for cross-reactive TCRs 

identified in chronic infection 

A TCR reporter assay [277] was utilised to assess the reactivity of TCR α/β combinations cross-

reactive to the NAE and AE form of the epitopes TL10 and RF10 identified in the chronic HIV-infected 

individuals (Fig 3.1B scenario 2). In this assay, specific TCR α/β combinations were transfected into 

the Jurkat T cell line for co-culture with the relevant HLA class I allele expressing antigen-presenting 

cell pulsed with either the NAE or AE peptide at different peptide concentrations to compare binding 

strength (reactivity). There was no difference in the reactivity of a dominant cross-reactive TCR α/β 

combination for the NAE and AE form of the TL10 epitope in subject C1 (Fig 3.4D). Similarly, common 

but sub-dominant cross-reactive TCR α/β combinations for subjects C2 and C4 (epitopes TL10 and 

RF10, respectively) showed no difference in reactivity to the NAE and AE form of the epitope (Fig 

3.5E-F).  

3.3.3 Loss of polyfunctional potential in cross-reactive ‘resting’ tetramer+ CD8+ T cells in subjects 

with the AE autologous form of the epitope 

The transcriptome profile of the cross-reactive (dual tetramer+) ‘resting’ CD8+ T cells were compared 

with respect to the autologous virus (Fig 3.1B scenario 3). For the TL10 epitope, samples were 

available from three chronic HIV-infected subjects (C1-C3) that had either the NAE or AE form of the 
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epitope at the time of single cell sorting (Table 3.3). Data from subject C1 (autologous NAE form) 

was compared to the combined data from subjects C2 and C3 (autologous AE form). Of note, subject 

C1 showed evidence of transition to the AE form within one year of this sampling timepoint, 

suggestive of strong immune pressure on the TL10 epitope at the time of sorting. In contrast, subject 

C2 had maintained the AE form of TL10 over a period of three years (unknown if they ever had the 

NAE form) and subject C3 had been infected with HIV for approximately 19 years prior to the sorting 

timepoint (Table 3.3).  

There were 67 statistically significant DEGs between the two groups of cross-reactive ‘resting’ TL10-

specific CD8+ T cells; 61 genes were upregulated in subject C1 with the NAE autologous form and six 

genes were upregulated in subjects C2 and C3 with the AE autologous form (Fig 3.8A). In subject C1, 

the top ten genes with the highest fold change difference included the key genes that encode anti-

viral effector molecules, including IFN-ɣ, TNFα, chemokines RANTES (CCL5), MIP-1α (CCL3), and β 

(CCL4), which have been shown to be associated with enhanced HIV control [287], and GZMB that 

encodes the cytotoxic molecule granzyme B. Furthermore, UMAP analysis showed, for the most 

part, high co-expression of these genes in the cross-reactive tetramer+ ‘resting’ CD8+ T cells in 

subject C1 (Fig 3.8B). These results suggest that the resting tetramer+ CD8+ T cells in a subject with 

only the NAE form of the epitope (and evidence of strong immune pressure leading to escape at a 

later timepoint) are in a more “ready” state with an increased polyfunctional potential (ability to 

produce multiple cytokines at the same time) to develop a more ‘effective’ anti-HIV immune 

response.  
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Fig 3.8. Single cell transcriptome analysis of cross-reactive resting (dual tetramer+) and activated (peptide stimulated) 

memory CD8+ T cells for the epitope TL10 reveals distinct profiles dependent on NAE/AE status of autologous HIV 

epitope. (A) Volcano plot of cross-reactive resting memory CD8+ T cells to the epitope TL10 demonstrates a number of 

significant DEGs across donors with different autologous viruses (N = 3). Key effector genes (pro-inflammatory, 
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chemokine and cytotoxic) are highlighted in green. Horizontal and vertical dotted lines represent a significant threshold 

of an FDR of 0.05 and a fold change (natural log) of |2|, respectively. Note XIST (highest point) is highly expressed in 

subject C1 relative to the other subjects, as C1 is female while C2 and C3 are male. (B) UMAP representation of cross-

reactive resting memory CD8+ T cells for subjects C1-3 with heatmap expression levels of significant DEGs suggestive of 

polyfunctional and cytotoxicity capacity from panel A (N = 3). (C) Volcano plots of cross-reactive activated memory CD8+ 

T cells in subject C1 showed significant DEGs after NAE and AE peptide stimulation, but no significant DEGs were 

observed for subject C2 (N = 2). Effector genes driving multiple biological pathways (in D) are highlighted in purple. (D) 

Pathway analysis of the transcriptome of the cross-reactive activated memory CD8+ T cells in subject C1 shows different 

pathways were upregulated depending on the form of the stimulating peptide (N = 1). Outcomes from hierarchical 

clustering are indicated. Only pathways that have a significant difference between stimulations (p<0.05) are depicted. 

Each column is one cell and horizontal bars indicate the stimulating peptide. (E) Box plots demonstrate the fold change 

in expression level of significant DEGs in multiple pathways in panel D in the cross-reactive resting (dual tetramer+) and 

activated memory CD8+ T cells in subjects C1 and C2 (N = 2).  

 

3.3.4 Changes in transcriptome profile of cross-reactive CD8+ T cells can be associated with the AE 

form of epitope 

Although these cross-reactive CD8+ T cells recognise both NAE and AE in each individual regardless 

of autologous virus, they could still be functionally different post-stimulation by different peptides. 

Thus, the study then sought to examine the effect of stimulation with peptides representing the 

NAE and AE form of TL10 on the transcriptome of cross-reactive ‘activated’ CD8+ T cells for these 

same subjects. There were 156 significant DEGs between ‘activated’ CD8+ T cells following NAE and 

AE peptide stimulation for subject C1 (autologous NAE form), but no significant DEGs for the two 

populations of activated cells for subject C2 (autologous AE form; Fig 3.8C). 

For subject C1, only five genes were significantly upregulated after AE peptide stimulation compared 

to 151 after NAE stimulation. The anti-inflammatory gene TNFAIP3 and family of long non-coding 

RNA (lncRNA; CH507-513H4.3, CH507-513H4.4, CH507-513H4.5 and CH507-513H4.6) were over-

represented after peptide stimulation with the AE form of TL10 (Fig 3.8C). Note, the lncRNAs 

(designated as CH507.513HX) are paralogs and the multi-mapping analysis approach for sequence 

reads adopted here means that one or more of these RNA species are present and require further 

validation to confirm which form(s) are expressed in the cells. Furthermore, ribosomal RNA cannot 

be excluded as contributing to the expression levels of these lncRNAs due to sequence overlap at 

the chromosomal location, however cells with ribosomal content above a specified threshold are 

excluded from analyses. 
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A pathway analysis of the transcriptomes from these two populations of cells within subject C1 

revealed a number of pathways over-represented in the NAE-stimulated cells including cytotoxicity 

and chemokine signalling (Fig 3.8D). Genes common to multiple pathways were then compared 

across the two subjects C1 and C2 for both cross-reactive resting (dual tetramer+) and activated 

(peptide stimulated) CD8+ T cells (Fig 3.8E). Genes such as GZMB and CCL5, which have been shown 

to be critical to cytotoxic or non-cytotoxic anti-HIV CD8+ T cell responses, respectively [287, 288] are 

significantly different in two comparisons: 1) resting dual tetramer+ CD8+ T cells between subjects 

with the NAE (C1) and the AE (C2 and C3) form of TL10 (Fig 3.8A); and 2) between the NAE- and AE-

activated cross-reactive CD8+ T cells for subject C1 with the NAE form of TL10 (Fig 3.8C). The results 

suggest that a subject’s autologous form of TL10 can influence the transcriptome of epitope-specific 

CD8+ T cell responses, with the NAE autologous form associated with a more ‘effective’ immune 

response.  

As T cell exhaustion has been associated with ineffective T cell responses and chronic antigen 

stimulation [289], specific markers associated with exhaustion (such as PD-1, LAG3, CTLA-4 and 

transcription factor EOMES) were examined across the different conditions for subjects C1-C2 (Fig 

3.9). There were no significant differences in the expression of exhaustion markers in the cross-

reactive resting or NAE- and AE-activated CD8+ T cells for subjects C1 and C2. Although these 

exhaustion markers were not examined at the protein level in the flow cytometry panel used in this 

study, a correlation between protein and transcript expression for these genes was observed in 

another experiment using the CITE-seq technique that can simultaneously capture protein and RNA 

from single cells (Fig 3.10).  
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Fig 3.9. Characterisation of resting and activated memory CD8+ T cells cross-reactive to NAE and AE forms of TL10. (A) 

Box plots depict the expression of marker genes that identifies immune functionality (pro-inflammation, activation and 

exhaustion markers) and sex (N = 3). * p<0.05 and ^ p<0.05 Kruskal–Wallis test on rested and activated memory T cells, 

respectively. Note TNFRSF9 encodes the protein CD137. (B) Flow cytometric visualisation of PD-1 surface expression (N 

= 3).  
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Fig 3.10. CITE-seq analysis of un-activated cells. Protein expression (A) versus transcript (B). The most distinct lack of 

concordance between protein and RNA expression is observed for CD4. The remaining protein and RNA expression are 

similar, allowing RNA expression levels to inform protein expression.  

 

Overall, cross-reactive CD8+ T cells from chronic HIV-infected individuals showed transcriptome 

differences that were associated with the autologous form of the epitope, and likely predicts the 

strength of the host’s immune pressure on the epitope. Specifically, ‘resting’ and ‘activated’ CD8+ T 

from subjects with the NAE form of the epitope appeared to have a more ‘effective’ anti-HIV 
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immune response as indicated by the increased expression of genes reflecting polyfunctional 

potential and cytotoxicity pathways.  

3.3.5 Single-reactive ‘resting’ CD8+ T cells are suggestive of a more ‘effective’ immune response 

when an individual has the NAE autologous form of the epitope in acute infection 

After observing transcriptomic differences based on the autologous form in chronic HIV-infected 

subjects, it was considered if this was a phenomenon specific to chronic infection. Thus, a cohort of 

acute HIV-infected subjects was screened according to their TFV sequence and HLA class I 

repertoires. Four subjects were identified, two with antigen-specific CD8+ T cell responses to TY8 

and two to RF10. Furthermore, each set of subjects were infected by a TFV encoding either the NAE 

or AE form of the epitope (Table 3.3). Next, the study sought to determine whether similar patterns 

of cross-reactivity and functionality of antigen-specific CD8+ T cells were observed in subjects during 

the acute phase of infection when the host’s immune pressure is focused on a single form of the 

epitope and the potential for adaptation is high. Here, the antigen-specific CD8+ T cell responses in 

two acute HIV-infected subjects (A1 and A2) that had either the NAE or AE form of the epitope TY8 

(Table 3.3) were able to be examined. The TFV for subject A1 had the NAE form of TY8 that then 

transitioned to the AE form within the first year of infection. As suggested above for subject C1, this 

indicates strong immune pressure on this epitope. The TFV for subject A2 was the AE form and this 

had not changed more than one year from infection (Table 3.1).  

HLA class I tetramer staining of subjects A1 and A2 demonstrated the existence of both cross-

reactive and single-reactive tetramer+ ‘resting’ CD8+ T cell populations for the epitope TY8 (Fig 

3.11A). Due to limited cell availability, only one single-reactive and the cross-reactive cell population 

were sorted with priority given to the single-reactive population matching the autologous virus at 

the time of sorting for each individual. High resolution TCR sequencing confirmed no TCR α/β 

overlap between single- and cross-reactive tetramer+ ‘resting’ CD8+ T cells in subject A1 but some 

overlap between single- and cross-reactive ‘resting’ CD8+ T cells in subject A2 (Table 3.4). However, 

it is important to note that the gating for subject A2 retrospectively should have been placed lower 

(further to the left), suggesting that some overlap may not be real, instead part of the cross-reactive 

population. Unfortunately, indexed sorting was not completed so back-gating to determine this was 

not possible. 
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Fig 3.11. Single-reactive CD8+ T cells in individual with the NAE form of epitope appears to produce a more ‘effective’ 

immune response. (A) Flow cytometry plots for acute HIV-infected subjects A1 and A2 revealed both cross- and single-
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reactive CD8+ T cells for the epitope TY8. (B) Volcano plots comparing single- and cross-reactive cells for subjects A1 and 

A2 revealed differences in the number of significant DEGs based on the autologous form of TY8. Select DEGs observed 

between cross-reactive resting CD8+ T cells and between NAE and AE stimulated CD8+ T cells in the chronic HIV-infected 

subjects – i.e. GZMB, CCL5, TNFAIP3 and the CH507 lncRNA family, are highlighted in the volcano plots. Horizontal and 

vertical dotted lines represent a significant threshold of an FDR of 0.05 and a fold change of 2, respectively. (C) Pathway 

analysis of single- and cross-reactive CD8+ T cells for subjects A1 and A2 revealed a number of significantly different 

pathways between the NAE single-reactive CD8+ T cells of subject A1 and the other three CD8+ T cell populations (N = 

2).  

 

Thirty-nine DEGs were identified between the cross-reactive ‘resting’ dual tetramer+ CD8+ T cells of 

acute subjects A1 and A2 (Fig 3.11B). Within a subject, for the single- and cross-reactive ‘resting’ 

CD8+ T cell populations, a large number of significant DEGs were observed to be upregulated in the 

single NAE-reactive CD8+ T cells for subject A1 with the NAE autologous form (126 genes), while only 

a handful of significant DEGs (8 genes) were observed for the two populations in subject A2 with 

the AE autologous form of TY8 (Fig 3.11B). This is similar to the chronic HIV-infected subjects, where 

no significant DEGs were observed for subject C2 who had the AE form of TL10. 

Next, the study sought to compare these results with those in chronic HIV infection. Of the 

significant DEGs identified in the chronic HIV-infected subjects thought to be associated with a more 

‘effective’ immune response (CCL3, CCL4, CCL5, GZMB, IFN-ɣ and TNFα; Fig 3.8), CCL5 was the only 

significant differentially expressed gene observed (although GZMB reached significance by p-value, 

it did not by fold change). As with the chronic HIV-infected subjects for TL10, CCL5 was significantly 

upregulated in conditions predicted to have a more ‘effective’ immune response; the cross-reactive 

and single (NAE)-reactive cells of subject A1 with the NAE autologous form (Fig 3.11B). Of the 

significant DEGs identified in the chronic HIV-infected subjects thought to be associated with a more 

‘ineffective’ immune response (lncRNAs, TNFAIP3), the lncRNAs were upregulated in the cross-

reactive cells of subject A2 (AE autologous form; supporting the chronic HIV infection results), but 

were also significantly upregulated in the single-reactive (NAE-reactive) cells of subject A1 (along 

with CCL5). These contradictory results suggest that these lncRNAs may not be a good marker of an 

‘ineffective’ immune response and furthermore highlight the likely complexity of these lncRNAs in 

immune modulation.  

To gather biological insights into the transcriptome profiles of the different CD8+ T cell populations, 

a pathway analysis was performed on the single- and cross-reactive resting memory CD8+ T cells 

from subjects A1 and A2 (Fig 3.11C). NAE single-reactive CD8+ T cells from subject A1 (NAE 



 108 

autologous virus) showed pathways more suggestive of an ‘effective’ immune response (cytotoxicity 

and apoptosis) than AE single-reactive CD8+ T cells in subject A2 and the cross-reactive T cells in 

both subjects. These results suggest that subject A1, with the NAE autologous form of the epitope 

TY8, appears to have two distinct populations of TY8-specific CD8+ T cells in the context of TCR 

repertoire (Table 3.4) and the transcriptome. The NAE single-reactive CD8+ T cells in subject A1 may 

be exerting greater immune pressure on HIV (‘effective’ immune response) and is the potential 

driving source for epitope adaptation (observed 10 months after sorting; Table 3.1) and may lead to 

subsequent selection of less effective cross-reactive T cells.  

Next, the study examined two additional acute HIV-infected subjects (A3 and A4) that had CD8+ T 

cell responses to RF10 and their TFV (and autologous virus) was either the NAE (subject A3) or AE 

(subject A4) form. Of note, unlike subject A1 above, subject A3 did not transition to the AE form of 

the epitope during the six months following sorting (Table 3.1), suggestive of weaker immune 

pressure on the epitope. Flow cytometry analysis revealed both subjects had only dual tetramer+ 

(cross-reactive) CD8+ T cells (Fig 3.12A). Transcriptome analysis of cross-reactive resting CD8+ T cells 

(dual tetramer+) in the two subjects (A3 and A4; Fig 3.12B) revealed 12 genes significantly 

upregulated in subject A3 (NAE autologous form) and five genes significantly upregulated in subject 

A4 (AE autologous form; Fig 3.12B). The effector molecules GZMB and CCL5, that were upregulated 

in the chronic HIV-infected subject C1 with the NAE autologous form of TL10, had a significant p 

value in cross-reactive CD8+ T cells in subject A3 (NAE autologous form), however the fold change 

was below the threshold of |2|. The lncRNAs identified in the chronic HIV-infected subjects were 

also upregulated in subject A3, but not in conjunction with the immune-suppressive marker 

TNFAIP3. These results suggest that subject A3 (NAE autologous form) may exhibit a more ‘effective’ 

immune response than subject A4; albeit with low efficacy as the immune response was unable to 

induce the NAE to AE transition in the autologous virus.  
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Fig 3.12. Cross-reactive CD8+ T cells in two acute HIV-infected individuals showed little difference in transcriptome 

profiles, but TCRs from one subject revealed a higher antigen-specific reactivity to the AE form of RF10. (A) Flow 

cytometry plots in acute HIV-infected subjects A3 and A4 reveal a distinct cross-reactive (dual tetramer+) CD8+ T cell 
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population for the epitope RF10. (B) Volcano plot for resting cross-reactive (dual tetramer+) memory RF10-specific CD8+ 

T cells for subjects A3 and A4 revealed few significant DEGs (N = 2). Horizontal and vertical dotted lines represent a 

significant threshold of an FDR of 0.05 and a fold change of |2|, respectively. (C) Circos plot reveals no dominant TCR 

α/β combination in subject A4, but rather a high diversity of TCRs (N = 1). TCR α/β combinations are coloured as a 

heatmap. β chains are depicted on the bottom, with α chains depicted on the top. The width of each band correlates 

with the frequency of the respective α/β combination. (D) Two of the three TCR α/β combinations tested in a TCR 

reporter assay showed higher antigen specific reactivity to the AE form of RF10 (subject A4; N = 1). The combinations 

tested are highlighted with coloured arrows in panel B. The negative control is transfected Jurkat cells with antigen 

presenting cells minus peptide. RLU = relative light units. Note that RLU values cannot be compared across TCRs due to 

variability in plasmid transfection rates. 

 

These results suggest complete overlap in the TCR repertoire for the NAE and AE form of the RF10 

epitope, as observed for the chronic HIV-infected subjects. Interestingly, three TCR α/β 

combinations specific for TY8 from the cross-reactive CD8+ T cells in subject A4 (Fig 3.12C) were 

tested in the TCR reporter assay to assess any differences in antigen-specific reactivity (Fig 3.1B 

scenario 2). Two TCR α/β combinations revealed a higher antigen-specific reactivity to the AE form 

of RF10 (Fig 3.12D). These results suggest that in acute HIV infection, cross-reactive TCRs may have 

differing antigen-specific reactivity to the NAE and AE form that may influence the selection of TCRs 

observed in chronic HIV infection. Furthermore, although the study did not have the power to detect 

a significant difference in TCR clonality between acute and chronic HIV-infected subjects (dual 

tetramer+ cells only), there was a mean difference of 0.31 (higher clonality in chronic subjects; Fig 

3.6B). 

3.3.6 Distinct T cell gene sets highlight effector potential in ‘resting’ (tetramer+) and ‘activated’ 

(peptide stimulated) CD8+ T cells for both acute and chronic HIV-infected subjects 

The study then sought to delineate common pathways characteristic of ‘effector’ T cells by 

identifying shared gene set signatures common in resting and activated memory CD8+ T cells. In 

both chronic and acute HIV-infected subjects, DGE and pathway analysis showed unique 

transcriptome patterns and T cell gene set expressions in resting and activated memory CD8+ T cells 

dependent on the autologous form of the epitope. To identify common pathways, the following 

three comparisons were examined that showed DEGs for those cell populations that suggested from 

the experiments above to have an effective immune response against HIV (Fig 3.13A): i) dual 

tetramer+ ‘resting’ TL10-specific CD8+ T cells for subjects with the autologous NAE or AE form 

(chronic HIV infection; subject C1 versus subjects C2 and C3); ii) NAE versus AE peptide stimulated 
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‘activated’ TL10-specific CD8+ T cells within subject with the NAE form of the epitope (chronic HIV 

infection; subject C1); and iii) single- versus cross-reactive ‘resting’ TY8-specific CD8+ T cells for 

subject with the autologous NAE form (acute HIV infection; subject A1). Interestingly, eight out of 

nine gene sets that were common between the three comparisons were enriched in NAE activated 

CD8+ T cells and in resting CD8+ T cells in subjects with the NAE form of the virus (Fig 3.13B; antigen 

processing presentation was the exception). Enriched gene sets represent several distinct T cell 

functional pathways in effector CD8+ T cells including activation (oxidative phosphorylation), 

proliferation (Notch signalling and Wnt signalling) and CD8+ T cell effector functions (cytotoxicity 

and chemokine signalling). Not surprisingly, these same T cell populations were found to express 

genes likely to represent innate-like T cells known to elicit robust effector responses [290]. 

From the common effector gene set signatures, overlapping anti-viral and cytotoxic genes were 

found that have been previously identified in the DGE analyses that appear to be driving these 

pathways. Genes with a significant fold change (≥|1.5|) in at least one comparison were plotted for 

all nine pathways that overlapped for all comparisons (Fig 3.13B). Genes associated with enhanced 

HIV control identified in the analysis of subjects C1-C3 for the epitope TL10 (IFN-ɣ, TNF, CCL3 and 

CCL4) were identified as drivers in multiple biological pathways such as cytotoxicity, chemokine 

signalling and innate-like T cell signatures. Similarly, GZMB was a significant driver of the cytotoxicity 

and notch signalling pathways. These genes occurred at higher levels across subjects with a 

predicted ‘effective’ immune response. Consequently, it appears an ‘effective’ immune response 

can broadly be defined by an NAE autologous virus that exerts sufficient pressure to adapt to the 

AE form at a later timepoint. Subsequently, common pathways can be identified within these 

conditions that appear to be driven by a handful of genes, a number of these genes are highlighted 

as significant DEGs throughout the analyses (GZMB, IFN-ɣ, TNF, CCL3 and CCL4). 
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Fig 3.13. Pathway analyses reveal common upregulated pathways and genes in antigen-specific CD8+ T cells likely 

exhibiting an ‘effective’ immune response. GSVA pathway scores were used to measure cell expression of genes in 

specific pathways (Nanostring CAR-T). (A) A number of pathways with a significant difference (p<0.05; Kruskal-Wallis) 

were common in the different conditions ((N = 3). Only pathways with three or more genes were taken through for 

further analysis (memory markers and TCR diversity were excluded). (B) The nine pathways that were common to all 

categories were taken through to determine potential driving genes (N = 3). All conditions are shown, but only genes 

that have at least one significant fold change (≥|1.5|) were included.  
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3.4 DISCUSSION 

3.4.1 Extensive cross-reactivity of CD8+ T cells recognising the NAE and AE form of select HIV 

epitopes 

As immune control of a number of pathogens is increased with a diverse TCR repertoire [171, 271], 

the first proposed mechanism of non-classical adaptation described here was a reduction in the 

diversity of TCR repertoire recognising the AE form of an epitope (Fig 3.1B scenario 1). However, 

this was not the case, with all chronic HIV-infected subjects tested demonstrating complete cross-

reactivity of TCRs for the NAE and AE form of the epitope. This lack of differentiation in the TCR 

repertoires of NAE- and AE-specific CD8+ T cells in chronic HIV infection extended to the antigen-

specific reactivity of the cross-reactive CD8+ T cells (both dominant and sub-dominant) to the two 

forms of the epitope. This result was somewhat surprising given the group’s previous results [140] 

indicating higher functional avidity (based on IFN-ɣ release) of the AE form of epitopes that exhibit 

non-classical adaptation (Fig 3.1B scenario 2), although contrasting data has been shown by others 

[97, 269]. 

In contrast, for the acute HIV-infected subjects A1 and A2, there were clear populations of single-

reactive as well as cross-reactive CD8+ T cells recognising the epitope TY8, indicating the presence 

of NAE- or AE-specific TCRs. The limited overlap in the TCR repertoire of the two populations 

suggests a selection process may occur between acute and chronic HIV infection. Interestingly, 

although the acute HIV-infected subjects A3 and A4 demonstrated complete cross-reactivity for the 

epitope RF10, as seen for the chronic HIV-infected subject C4 for the same epitope, two of three 

TCR α/β combinations identified in subject A4 with the AE form of the epitope showed higher 

antigen-specific reactivity towards the AE form of RF10. Although the antigen-specific reactivity of 

specific TCRs identified in subjects A1 and A2 were not tested using the TCR reporter assay, the 

presence of common TCRs in the single (AE) and dual tetramer+ populations for subject A2 suggests 

there may be differences in the antigen-specific reactivity of these TCRs to the two forms of the TY8 

epitope. These results suggest that differences in antigen-specific reactivity can occur due to a single 

amino acid change and that viral adaptation has the potential to alter downstream TCR signalling 

via differences in TCR-HLA-peptide reactivity, a mechanism that has been described elsewhere 

[291]. Furthermore, there may be selection of cross-reactive TCRs from acute to chronic HIV 

infection, a potential viral adaptation strategy. The increase in TCR repertoire clonality from acute 

to chronic HIV infection supports this model.  
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3.4.2 Cross-reactive ‘resting’ and ‘activated’ CD8+ T cells exhibit different transcriptome profiles 

based on a subject’s autologous virus 

Transcriptome analyses were utilised to assess different immune profiles based on a subject’s 

autologous virus (Fig 3.1B scenario 3). For TL10-specific ‘resting’ CD8+ T cells, there was a clear signal 

of polyfunctional and cytotoxicity potential (upregulation of IFN-ɣ, TNFα, CCL3, CCL4, CCL5 and 

GZMB) in subject C1 with the NAE autologous form of the virus, which was not seen in subjects C2 

and C3 (AE autologous form). Polyfunctional T cells have been associated with a more effective 

immune response [292, 293], with a loss/reduction in polyfunctionality shown to reduce immune 

effectiveness in various infections, including HIV [294]. Subject C1 transitions to the AE form of TL10 

at a later timepoint after sorting, suggesting that an effective polyfunctional immune response may 

induce this adaptation over time. Subjects C2 and C3, with the AE autologous form did not have this 

polyfunctional transcriptomic profile.  

There was insufficient numbers of individuals followed longitudinally to determine the effect of 

duration of HIV infection on the rate of change of the transcriptome for these epitope changes 

(Table 3.1), but it is known that the time course of HIV adaptations to several epitopes (including 

classical adaptation) can vary considerably [113, 148]. Furthermore, while these adaptations have 

been identified at the population level, it is possible that other factors not assessed here such as 

other host immunogenetic variants including HLA, KIR and ERAP genotypes and compensatory 

mutations in the virus may impact the presence or absence of these adaptations. 

A comparison of NAE- and AE-stimulated ‘activated’ CD8+ T cells for TL10 only revealed significant 

DEGs for subject C1 and not for subject C2 (NAE versus AE autologous forms, respectively). After 

NAE stimulation of TL10, subject C1 also exhibited genes associated with an enhanced HIV response 

such as CCL5 and GZMB [288], involved in pathways for activation, proliferation, and cytotoxicity. In 

contrast, after AE stimulation, cells from subject C1 showed upregulation of TNFAIP3 and a family 

of lncRNAs. TNFAIP3 encodes for the zinc-finger ubiquitin-editing enzyme A20, which has the 

capacity for potent anti-inflammatory regulation by restricting NFkB dependent signaling [295]. 

Consequently, the increase in TNFAIP3 observed after AE stimulation may negatively impact the 

immune response of individuals with the AE autologous form of TL10. The specific function of the 

lncRNAs identified in this comparison, and indeed in others, is not clear but there is evidence that 

lncRNAs in general are involved in controlling cell differentiation, cell cycle and immune processes 

[296]. While there were insufficient cells to perform detailed functional assays, the robust single cell 

transcriptome data suggests that a single amino acid adaptation in HLA-restricted HIV CD8+ T cell 
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epitopes may modulate immune responses. Furthermore, the group’s previous work has indicated 

AE-specific CD8+ T cells show lower polyfunctionality [297]. The results from the analysis of the 

cross-reactive CD8+ T cell responses are summarised as a model in Fig 3.14. 

 

 

Fig 3.14. Schematic depicts the transcriptome of cross-reactive memory CD8+ T cells following peptide stimulation 

based on the TFV (T0), autologous (T1-2) virus at time of sampling and any future transitions. In an individual where 

the NAE form transitions to the AE form over time (reflecting strong immune pressure; scenario i), cross-reactive 

memory CD8+ T cells that have not ‘seen’ the AE form of the epitope (samples tested at timepoint T1) will exhibit an 

RNA transcriptomic profile dependent on the stimulating peptide form with activation by the NAE form reflecting 

features consistent with an ‘effective’ immune response. Note that timepoint T2 in this scenario was not able to be 

tested. Cross-reactive memory CD8+ T cells previously activated by the autologous AE form of the epitope (scenario ii) 

at timepoint T1 would have an RNA transcriptomic profile reflective of an ‘ineffective’ response irrespective of 

stimulating peptide form. Similarly, cross-reactive memory CD8+ T cells that retain the NAE form at all timepoints 

(scenario iii) may also show a transcriptomic profile reflective of an ‘ineffective’ response as there was not sufficient 

immune pressure to drive the NAE form to the AE form. Dotted lines indicate scenarios not tested. Blue indicates down-

regulation of transcripts associated with an effective immune response. 

 

3.4.3 Overlapping T cell effector pathways identified in antigen-specific CD8+ T cells in both acute 

and chronic HIV infection 

Common T cell pathways (namely cytotoxicity and apoptosis) were observed in subjects with an 

‘effective’ immune response (NAE form that transitioned to the AE form at a later timepoint) in both 
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acute and chronic HIV infection, although the genes driving these differences varied (for example, 

cytotoxicity was driven by GZMB, IFNG, GZMH and TNF for subject C1 and C2 tetramer comparison, 

but by GZMB, KLRD1 and PRF1 for subject C1 peptide comparison). With respect to HIV control and 

an ‘effective’ immune response, the overarching determinant is having the NAE form of an epitope 

with enough immune pressure on that epitope to eventually drive it to escape to the AE form. 

Following this, subjects who fulfil this pre-requisite have pathways for cytotoxicity and apoptosis 

upregulated, with genes such as GZMB and CCL5 driving these pathways. As GZMB and CCL5 have 

previously been described in anti-HIV responses [287, 288], the analysis described here identified 

transcriptomic signatures of an ‘effective’ anti-HIV immune response. Identifying a number of these 

genes that overlap across pathways may prove useful in designing panels to test ‘effective’ immune 

responses following vaccination.  

T cells chronically exposed to antigen typically express one or more markers indicative of immune 

exhaustion [289]. Immune exhaustion results in a decreased ability to proliferate, reduced capability 

of producing cytokines, reduced cytolytic potential and an altered transcriptional profile [289]. 

Exhausted T cells retain suboptimal functions, but are unable to eradicate tumours or pathogens 

such as HIV [289]. It has been suggested that adaptation in the chronic stage of HIV, SIV, and HCV 

could occur in response to pressure from exhausted T cells, despite their diminished ability to 

perform effector functions [289]. HIV adaptations that do not lead to a loss of immune recognition 

may harness this mechanism and/or loss of polyfunctionality (Fig 3.1B scenario 3 and 3B). The 

increased polyfunctional potential of subject C1 relative to subjects C2 and C3, as observed in their 

dual tetramer+ memory CD8+ T cells (Fig 3.8B), demonstrate one mechanism that may be at play in 

these chronic HIV-infected subjects. 

It is possible that AE-activated memory CD8+ T cells displayed reduced immune functionality due to 

T cell exhaustion. However, there was limited expression of canonical T cell exhaustion transcripts 

aside from LAG3, EOMES, CD160, and TIGIT (Fig 3.9A). Interestingly, these transcripts were 

predominantly found in NAE-activated memory CD8+ T cells in subjects with the NAE autologous 

form of TL10. The expression of these exhaustion surface markers may reflect acute induced 

activation due to peptide stimulation as reported in previous studies [298-300].  

This study was not able to test cytotoxicity in vitro, but previous research by the group has suggested 

that CD8+ T cells expanded by AE epitopes exhibit a higher level of cytotoxicity against CD4+ T cells 

during chronic infection [269], somewhat contradictory to the pathway analyses conducted here. 

Furthermore, we showed that AE-activated CD8+ T cells could facilitate dendritic cell maturation and 
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consequently, enhanced HIV trans-infection [269]. This is another potential mechanism by which 

non-classical adaptation confers a viral adaptation advantage distinct from classical adaptation, 

although it is likely that this is not the sole mechanism conferring an evolutional advantage to the 

virus. 

An alternative mechanism of adaptation not tested in this study is a shift in immunodominance. As 

all of the epitopes tested in this study are within Nef, it cannot be excluded that the adaptation 

present in these epitopes may have led to a shift in immunodominance. However, it has been shown 

that in the acute phase of HIV infection a high proportion of CD8+ T cell responses target Nef. 

Furthermore, TL10 and KY11 are two epitopes with adaptations commonly observed in chronic HIV 

infection and have been shown to elicit CD8+ T cell responses [301]. Previous research has 

demonstrated that novel adaptations can draw the immune response to regions that can better 

tolerate change (i.e. Gag or Pol), eliciting a high avidity, but exhaustive, CD8+ T cell response [140]. 

Furthermore, different TCR and transcriptomic patterns may be present for epitopes in different 

HIV proteins. Further study of other anti-HIV responses in these subjects are needed, both cross-

sectional and longitudinal (where NAE and AE autologous forms can be assessed in the same subject 

and/or from acute to chronic infection), particularly for subjects C1 and A1 in which the autologous 

virus for the TL10 and TY8 epitope, respectively, transitioned to the AE form at a later timepoint. 

The number of subjects and diverse clinical presentations were two main limitations; subjects had 

to have the appropriate restricting HLA allele for the epitope, a response to the epitope and the 

relevant autologous form. Screening of subjects proved that subjects covering all these criteria were 

rare. While it is possible that clinical characteristics such as viral load, CD4+ T cell count and length 

of infection may impact the transcriptomic phenotypes observed [298, 302], the findings are still 

relevant for vaccine design. Although a limited number of subjects and epitopes were examined in 

this study, the findings are encouraging for future research to incorporate larger cohorts to confirm 

the biological relevance of such distinguished pathways and transcriptomic patterns based on a 

subject’s autologous virus. Elucidating the mechanisms of viral adaptation are fundamental 

concepts for host-pathogen interaction that have important clinical implications for vaccine design. 

There is an increase in the CD8+ T cell response towards AE epitopes developed from acute to 

chronic HIV infection [269]. Vaccine design approaches would benefit from a greater understanding 

of the ways in which adaptation in transmitting strains of HIV or those reactivated from latency can 

modulate the human immune response, and therefore what aspects of host immune responses are 

important for durable protection. While mosaic vaccine approaches aim to incorporate viral strains 



 119 

from many HIV clades, it may be reasonable to exclude adaptations where the AE form has become 

consensus as the effect of HIV adaptations on the immune response may determine effectiveness 

of both prophylactic and therapeutic vaccines. 
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CHAPTER 4 – Tracking of activated cTfh cells following sequential influenza vaccinations reveals 

transcriptional profile of clonotypes likely driving a vaccine-induced immune response 
4 Chapter 4 - Tracking of activated cTfh cells following sequential influenza vaccinations reveals transcriptional profile of clonotypes likely driving a vaccine-induced immune response 

 

Chapters 2 and 3 explored the impact of viral adaptation on HIV disease outcome and the anti-HIV 

CD8+ T cell immune response. Both chapters indicated that viral adaptations impact HIV disease 

outcome, CD8+ T cell viral targets, and the transcriptional phenotype of the CD8+ T cell immune 

response (i.e. polyfunctionality and cytotoxicity). While HIV viral adaptations (and mutations 

overall) have implications for HIV vaccine design, influenza virus is a key example where seasonal 

vaccinations are required to account for viral mutations (antigenic drift). However, influenza 

vaccines are only on average 43.4% effective [17-26], leaving considerable room for improvement. 

A CD4+ T cell subset, cTfh cells, provide critical help to B cells in the production of antibodies in 

natural infection and following vaccination. Consequently, their activation is important in the 

magnitude of subsequent vaccine-induced antibody production [60]. Few studies have assessed the 

TCR repertoire of cTfh cells stimulated following sequential influenza vaccines [220], and studies 

addressing their transcriptomic changes have largely centred around whole blood [222]. Chapter 4 

aims to track the TCR repertoire of activated cTfh cells in subjects who received sequential influenza 

vaccines and determine the transcriptional profile of cells that undergo a vaccine-induced 

expansion. This analysis will also allow the identification and analysis of T cells re-stimulated by 

sequential vaccines. 

Chapter 4 utilises a cohort of 40 healthcare workers from VUMC in Nashville, Tennessee, USA. These 

individuals underwent influenza vaccination for both the 2016-17 and 2017-18 seasons and had 

blood collected at day 0 (d0), d7, and d28. HAI titres, cTfh cell and plasmablast activation were 

assessed at each timepoint. Twelve individuals who demonstrated an increase in the percentage of 

activated cTfh cells from d0 to d7 were selected, with both activated and resting cTfh cells bulk 

sorted for TCR sequencing. This aspect of the study was used to track specific T cell clonotypes across 

vaccination seasons and identify those clonotypes that were expanded following each vaccination. 

Four of these subjects also underwent single cell sorting with TCR and transcriptome sequencing for 

activated and resting cTfh cells at d7 for one of the vaccination seasons. The linked TCR and 

transcriptomic data at the single cell level, allowed the transcriptomic comparison of vaccine-

induced versus non-vaccine induced T cells. 
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The results from Chapter 4 improve current knowledge on cTfh cell re-stimulation following 

sequential vaccinations, informing vaccine immunogen selection. Furthermore, the study is one of 

the first assessing the transcriptional profile of vaccine-induced cTfh cells. Knowledge of the 

transcriptional profile of a successful vaccine-induced response for sequential vaccines can be used 

to consider the addition of relevant adjuvants that modulate the immune response as desired. The 

results of Chapter 4 are also applicable in the design of vaccines for HIV and other mutable 

pathogens, as cTfh cells are crucial for the success of all vaccines. 
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ABSTRACT 

Influenza is associated with 291,000-646,000 deaths worldwide, disproportionally affecting 

individuals who are over the age of 65, immunocompromised and/or pregnant. A vaccine against 

influenza is available seasonally, but is not 100% effective. A predictor of successful seroconversion 

in adults is an increase in activated cTfh cells after vaccination. However, the impact of repeated 

annual vaccinations on long-term protection and seasonal vaccine efficacy remains unclear. In this 

study, the TCR repertoire and transcriptional profile of vaccine-induced cTfh cells were examined in 

individuals who received sequential seasonal influenza vaccines. The magnitude of cTfh and 

plasmablast cell activation was measured from day 0 (d0) to d7 post vaccination as an indicator of 

a vaccine response. To assess TCR diversity and expansion, activated and resting cTfh cells at d0 and 

d7 were sorted followed by TCR sequencing. Single cell sorted activated and resting cTfh cells were 

also acquired for TCR and transcriptome sequencing. The percent of activated cTfh cells significantly 

increased from d0 to d7 in both vaccine seasons (p<0.05) with the magnitude positively correlated 

with that of plasmablast cells in 2016-17 (p=0.0001). At d7 after vaccination, higher magnitudes of 

cTfh activation were associated with increased clonality of cTfh TCR repertoire. The TCRs from 

vaccine-expanded clonotypes were identified and tracked longitudinally with a number of these 

TCRs identified to be present in both years. The transcriptomic profile of these cTfh cells at the single 

cell level demonstrated overrepresentation of transcripts of genes involved in the type-I IFN 

pathway, pathways involved in gene expression, the inflammasome, and antigen presentation and 

recognition. These results identify the transcriptomic profile of vaccine-induced cTfh cells and raise 

questions on the benefit of antigenically similar (and repeated) immunogens in sequential influenza 

vaccinations. 
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4.1 INTRODUCTION 

Influenza vaccines play a major role in preventative health, although not all individuals are able to 

generate protective immunity following vaccination. A reduction in the ability to generate 

protective immunity is largely seen in individuals who are over the age of 65, immunocompromised 

and/or pregnant. Such variation in vaccine efficacy rates reflects differences in the immunological 

capacity of individuals to respond to the same immunogen. An additional mitigating factor 

influencing natural and vaccine-induced immunity against influenza is antigenic drift (the 

accumulation of mutations in surface proteins HA and NA) [303]. Annual influenza vaccinations that 

attempt to compensate for these changes in the virus have long been recommended, however the 

impact of sequential seasonal vaccinations on long-term protection and seasonal vaccine efficacy 

remains unclear. 

The ability of a vaccine immunogen to stimulate B cells to generate neutralising antibodies and 

immunological memory are important correlates of an effective immune response. Tfh cells are a 

subset of CD4+ T cells that provide critical help to B cells in the production of antibodies. Tfh cells 

were originally identified in germinal centres, however a circulating counterpart (cTfh) has been 

identified that express the homing chemokine receptor CXCR5+ on the cell surface. When activated, 

cTfh cells have the ability to produce IL-21 and IL-10, cytokines involved in the expansion and 

differentiation of B cells, akin to germinal centre Tfh cells [66]. Furthermore, there is a clear 

clonotypic relationship between the Tfh and cTfh cell populations, as shown by the overlap in the 

TCRb repertoire of tonsillar Tfh cells and peripheral cTfh cells in healthy subjects [304]. Accordingly, 

cTfh cells can be used as an accessible cell population to assess the role of Tfh cells in pathogen-

specific immune responses. 

In a vaccine setting, there is a direct positive correlation between the increase in the magnitude of 

cTfh cell activation and influenza-induced antibody production [5, 6, 67, 72, 73]. Furthermore, cTfh 

cells isolated from influenza vaccine recipients have been shown to preferentially differentiate B 

cells and stimulate influenza-specific antibody secretions over other CD4+ T cell subsets [5]. These 

studies provide strong support that cTfh cells play a critical role in influenza vaccine-induced 

responses. However, few studies have attempted to determine the cTfh clonotypes that may be 

driving a vaccine-induced response and track their frequency across vaccination seasons. 

Furthermore, little is known of the transcriptional profile of cTfh cells that drive a vaccine-induced 

response. 
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The ability to identify and track T cell clonotypes across vaccination seasons is dependent on 

characterising the TCR repertoire. The TCR repertoire allows recognition of a substantial array of T 

cell epitopes [168] and has been shown to be a critical component of pathogen-specific immune 

responses [170, 171]. Furthermore, the level of TCR repertoire diversity has been implicated in the 

outcomes of several infectious diseases. For example, decreased TCR repertoire diversity in subjects 

with TB has been associated with disease severity [170], while increased diversity in HIV- and Ebola-

specific T cell responses has been associated with improved disease outcome [305]. Cross-reactive 

T cells, those that have the ability to recognise different antigens with the same TCR, have also been 

implicated in the variability of disease outcome following infection with influenza virus and SARS-

CoV-2 [172, 173, 175-177].  

While TCR diversity and cross-reactivity can be beneficial upon infection with new antigens, the TCR 

repertoire of the pool of memory T cells is important for reinfection with antigenically similar 

viruses, as occurs with influenza virus infections. The magnitude of an individual’s memory CD4+ T 

cell response is negatively correlated with the severity of symptoms and viral shedding after 

challenge with influenza strains [173]. Similarly, in an influenza vaccination setting, sequential 

vaccinations have been shown to induce a recurrent oligoclonal TCR repertoire response that is 

correlated with an increase in activated cTfh cells following vaccination [220]. While this study was 

able to identify re-stimulated memory cTfh cell responses in sequential influenza vaccines, the 

impact of re-stimulating memory responses on vaccination outcome or the transcriptional profile of 

these memory cells was not identified. Consequently, there is a need to characterise the role of 

memory cTfh cells on the magnitude of vaccine-induced cTfh cell activation and other measures of 

effective vaccine-induced immune responses following sequential influenza vaccines. 

Alongside characterising the TCR repertoire of cTfh cells following influenza vaccination, identifying 

a transcriptional signature of an effective vaccine-induced response would inform vaccine design. 

Numerous studies have attempted to identify a ‘universal signature’ through a systems analyses 

approach (transcriptional profile of whole blood, sometimes termed ‘systems vaccinology’ [306]) 

that can be harnessed to predict vaccine-induced immunity [221]. However, the common finding 

among these studies is a variation in transcriptomic profiles for different vaccines [221, 222]. As cTfh 

cells are known to aid in vaccine responses, identifying a transcriptional signature for this cell 

subtype can allow for specific targeting through the addition of adjuvants. 

In this study, samples from healthy individuals that underwent sequential influenza vaccinations 

were used to track and characterise the cTfh clonotypes that drive vaccine-induced immune 
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responses across seasons. Expanded cTfh cell populations following vaccination were identified in 

several individuals using high-resolution TCR repertoire analysis. Single cell transcriptomic analysis 

showed that the transcriptional profile of these expanded cTfh cells exhibited differences in several 

pathways, such as the regulation of gene expression and responses to stress. This study will aid in 

the identification of transcriptional profiles characteristic of an effective vaccine-induced cellular 

immune response. 
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4.2 MATERIALS AND METHODS 

4.2.1 Study subjects 

Forty healthy healthcare workers who underwent standard dose influenza vaccination for both the 

2016-17 and 2017-18 seasons (see Table 4.1 for vaccine components) were recruited from VUMC 

(Table 4.2). Whole blood was taken at day 0 (d0), d7 and d28 post vaccination. PBMCs were purified 

from whole blood by FICOLL density gradient separation and cryopreserved. Four-digit resolution 

HLA typing (class I and class II) was performed as previously described [272]. 

 

Table 4.1. Components and efficacy of seasonal influenza vaccines (USA).  

 

*FDA; #US CDC; &B/Victoria lineage; $pdmo9-like 

 

Table 4.2. Subject demographics. 

 

Numbers are n (%) and *median (IQR) 

 

4.2.2 Ethics statement 

This study was approved by the Vanderbilt Investigational Review Board and all participants 

provided written informed consent (Immune Responses to Respiratory Virus Vaccines, IRB 161647). 

Year/Season H1N1 (Subtype A) H3N2 (Subtype A) Subtype B
2015-16 A/California/7/2009 A/Switzerland/9715293/2013 B/Phuket/3073/2013 48

2016-17 A/California/7/2009 A/Hong Kong/4801/2014 B/Brisbane/60/2008& 40

2017-18 A/Michigan/45/2015$ A/Hong Kong/4801/2014 B/Brisbane/60/2008& 38

2018-19 A/Michigan/45/2015$ A/Singapore/INFIMH-16-0019/2016 B/Colorado/06/2017& 29

2019-20 A/Brisbane/02/2018$ A/Kansas/14/2017 B/Colorado/06/2017& 39

2020-21 A/Guangdong-Maonan/SWL1536/2019$ A/HongKong/2671/2019 B/Washington/02/2019&

Vaccine Components* Vaccine 
Efficiency (%)#

All subjects
Subjects with 
TCR sequencing

N 40 12
Age (years)* 35.8 (30.6-46.2) 27.3 (25.3-30.5)
Sex (male) 13 (32.5) 5 (41.7)
Race
Asian 2 (5) 1 (8.3)
Black or African American 5 (12.5) 3 (25)
White 32 (80) 7 (58.3)
Other/mixed 1 (2.5) 1 (8.3)
Hispanic or Latino 0 (0) 0 (0)
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4.2.3 Flow cytometry and sorting 

Cryopreserved PBMCs from d0, d7 and d28 were thawed for cTfh and plasmablast analyses. PBMCs 

were cultured in RPMI supplemented with 10% human AB serum, 10mM glutamine and 10mM 

HEPES. Briefly, cells were washed and stained with CCR7-BV421 at 37°c for 15 minutes (if 

undergoing sorting) followed by Live/Dead Fixable Aqua (ThermoFisher) and the respective panel of 

fluorescently labelled antibodies (see below) for 15 minutes at room temperature. cTfh panel: CD3-

Alexa Fluor 700, CD4-BV605, CD8-APCy7, CD38-APC, CD27-PE-Cy7, CD19-PE-TxR, PD1-PE, ICOS-

PcPCy5.5 and CXCR5-AF488 (BD Biosciences). Plasmablast panel: CD3-PB, CD19-BV711, CD20-

APC/AF647, CD27-PE and CD38-PE-Cy7 (BD Biosciences). cTfh sorting panel: CD3-Alexa Fluor 700, 

CD4-BV605, CD8-APCy7, CD38-APC, TIGIT-PE-Cy7, CD45RO-PECF594, CCR7-BV421, PD1-PE, ICOS-

PcPCy5.5 and CXCR5-AF488 (BD Biosciences). Cells were washed twice and run/sorted on a BD FACS 

Aria III. Samples from 12 study participants were selected based on the magnitude of their cTfh 

response from d0 to d7 to undergo bulk sorting, with samples from four of these participants also 

undergoing single cell sorting. Sorted cells had 100U/mL of RNase OUT added prior to sorting. Bulk 

sorted cells were centrifuged with the supernatant removed prior to freezing at -80°C. Data were 

analysed with FlowJo 10.1 (TreeStar). Activated and resting cTfh cells (CD4+CXCR5+PD-1+) were 

defined as CD38+ICOS+ and CD38-ICOS-, respectively [220, 307]. Activated plasmablasts were defined 

as CD19+CD27+CD38+. An example of flow gating for activation and sorting is depicted in Fig 4.1. 

 

 

Fig 4.1. Example representation of flow gating for sorting resting and activated cTfh cells. Gating strategy for 

quantifying and sorting activated and resting cTfh cell populations. Gating strategies are the same for all subjects. 
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4.2.4 Epitope binding prediction 

Sites of variation were identified between the amino acid sequences for HA and NA for the H1N1 

strains A/California/7/2009 and A/Michigan/45/2015. To determine differences in the binding 

strength of predicted epitopes, sequences spanning 15 amino acids either side of an identified 

variation was inputted into the online tool NetMHCIIpan [308] to predict epitopes (of length 15) and 

their binding strength to a specific HLA class II allele. 

4.2.5 HAI assay 

HAI titres were assessed for all 40 study participants. Briefly, subject sera were tested in parallel 

against the vaccine strains in serial doubling dilutions, with an initial dilution of 1:10. Known titres 

of the test strain were added and incubated with subject sera for 30 minutes at room temperature. 

Test strains were A/California/7/2009, A/Michigan/45/2015, and A/Hong Kong/4801/2014. Turkey 

erythrocytes were then added prior to a second incubation. If antibodies specific for the test strain 

were present in the sera, they would prevent hemagglutination of the erythrocytes. Titres were 

recorded as the reciprocal of the highest dilution showing complete agglutination. 

4.2.6 Bulk TCRβ sequencing 

Bulk TCRβ sequencing was undertaken on 12 study participants for both the 2016-17 and 2017-18 

vaccination seasons for the d0 and d7 conditions using the Adaptive Biotechnologies hsTCRb kit 

(Adaptive Biotechnologies, Seattle, Washington). Briefly, genomic DNA was extracted from the 

sorted cells using DNA IQ (Promega). A multiplex PCR-based method was used to target and amplify 

multiple TCR targets with amplification bias accounted for with internal templates [309]. Resultant 

templates were sequenced on the Illumina MiSeq, performed by the Vanderbilt VANTAGE DNA 

sequencing core. Sequences were analysed using the ImmunoSEQ platform (Adaptive 

Biotechnologies) and RStudio [278]. TCRβ sequencing was performed at Survey level resolution (i.e. 

at a lower sequencing depth that is optimal for samples with low numbers of T cells and more clonal 

samples). Only TCR sequences unique to each subject at the nucleotide level were included in the 

final analyses. This conservative approach was utilised as it was not possible to distinguish between 

public clonotypes or contamination by rare TCR sequences. Numbers of unique and total TCRβ 

sequences for each subject and condition are presented in Appendix C Table 1. 
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4.2.7 Single cell TCR and RNA sequencing 

Single cell TCR and RNA sequencing was undertaken on samples from four subjects. Sequencing 

methodology was as previously described (see Chapter 3 for more detail). Briefly, single sorted cells 

underwent cDNA conversion with well-specific unique molecular identifiers followed by a first round 

PCR with barcoded IS cDNA Amp primers. Wells were then split, and a second round PCR was 

conducted with either TCR or gene specific primers. Samples were then sequenced on an Illumina 

MiSeq using a 2´300bp paired-end chemistry kit or 600V3 kit for TCR and RNA sequencing, 

respectively. Reads were quality-filtered and demultiplexed prior to processing in the R package 

“Seurat” v4.0.3 [310-313]. For a gene to be included in the analysis, there were at least three cells 

with a count above zero for that gene. For a cell to be included in the analysis, it had to have a count 

above zero for more than 200 genes, between 500 - 20,000 reads, a mitochondrial content <10%, 

and a ribosomal content <50%. Raw data was then log normalised and scaled with the percentage 

of mitochondrial and ribosomal genes regressed out. Median read counts (IQR) and averages are 

presented in Appendix C Table 2. 

4.2.8 TCR repertoire analysis 

For subjects with bulk TCR sequencing, TCR diversity was calculated using the Simpson’s Diversity 

Index, ! = 1 −	!"("$%)'('$%) , where n = count of each TCR clone and N = total number of TCR clones 

observed. Diversity scores range from 0 to 1, with scores closer to 1 indicating high diversity (low 

clonality) and scores closer to 0 indicating low diversity (high clonality). To compensate for the range 

in number of TCRs sequenced for each sample, a random sampling of TCRs (equal to the lowest 

number of TCRs sequenced across all samples) was performed to calculate diversity, with the final 

score being the average of 5000 re-samplings (without replacement). By 5000, the Simpson’s 

Diversity Index became relatively stable, indicating an accurate representation of the TCR diversity 

for each population (see Fig 4.2 for a representative plot).  
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Fig 4.2. Representative plots showing the convergence of the Simpson’s Diversity Index after 5000 re-samplings. (A) 

The Simpson’s Diversity Index scores for subject 9 for the 2017-18 season d0 resting cTfh population plotted after each 

resampling. (B) The final 100 re-samplings to show the convergence of scores after 5000 re-samplings. 

 

In subjects where there was an increase in clonality (i.e. decrease in diversity) from d0 to d7 in 

activated cTfh cells, TCRs that were driving this increase were identified using the following steps: i) 

TCRs were ordered by frequency (most frequent to least); ii) diversity was calculated as above; iii) 

the TCR with the highest frequency was removed; and iv) steps ii and iii were repeated until the 

diversity score of the d7 activated cell population was equal to that of the d0 activated cell 

population for the same vaccination season. This process splits the d7 activated cTfh cells into two 

groups: 1) those that expanded at d7 in comparison to d0 activated cells (cells “driving” a change in 

clonality after vaccination); and 2) those that show no difference in diversity between d7 and d0 

activated cells (cells “not driving” a change in clonality after vaccination). cTfh cells labelled as 

“driving” clonality were conservatively assigned; all cTfh cells present at the frequency where the 

diversity of d7 crossed that of d0 were classified as “not driving” clonality. 

Due to the high diversity of the CD4+ TCR repertoire [167], GLIPH2, an online tool that groups TCRs 

based on predicted peptide binding, was used to cluster bulk and single cell sorted cells according 

to predicted antigen overlap [314]. These clusters were used to further identify TCRs attributed to 

those driving clonality in the single cell transcriptome analysis. 
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4.2.9 Bioinformatics and statistics 

Graphpad Prism 8 was used for statistical analyses for Fig 4.3-5 and 4.7-8. RStudio Version 1.4.1103 

for Mac was used for statistical analyses for Fig 4.2, 4.6 and 4.9-11 [278]. A statistical significance 

threshold was set at α=0.05 with single cell analyses performed on normalised gene expression 

counts. 

TCR percentages were plotted as a heatmap using “ComplexHeatmap” v2.6.2 in R. DGE analysis was 

conducted using “Seurat” v4.0.3 [310-313]. The default settings (Wilcoxon Rank Sum test) with 

min.pct=0 and logfc.threshold=0 were used. Visualisation of DEGs was through the R 

“EnhancedVolcano” v1.8.0 package [281] with significance set at p < 0.05 and a fold change > |1.5|. 

Pathway analyses were conducted in R using “clusterProfiler” v3.18.1 [315] for the Gene Ontology 

(GO) overrepresentation method [316, 317]. All GO pathways were analysed. Genes were annotated 

with GO terms using the “AnnotationDbi” v1.54.1 package in R [318]. All genes above a fold change 

of |1.5| based off previous DGE analyses were used for GO analysis, separated into two groups by 

sign (positive or negative). Default settings were used with a pvalueCutoff=0.05. Significant 

pathways were plotted using the package “ggplot2” v3.3.5.  
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4.3 RESULTS 

To examine the role of cTfh cells in influenza vaccine responses, 40 healthy subjects were examined 

who had undergone sequential influenza vaccinations in the USA 2016-17 and 2017-18 seasons. 

Subjects were aged between 23 and 68.2 years at first enrolment (see Table 4.2 for cohort 

demographics) and PBMCs were isolated at timepoints d0, d7 and d28 post vaccination for each 

year. The influenza A (H1N1 and H3N2) and B strains used for the 2016-2017 and 2017-2018 seasons 

are shown in Table 4.1 and indicates only the influenza A H1N1 strain differs between the two 

vaccine seasons, but a similar vaccine efficacy rate overall was observed. Influenza vaccination was 

mandatory for these individuals as they were healthcare workers, and as such, it is likely they also 

received the 2015-16 vaccine the season prior to study enrolment. 

4.3.1 cTfh and plasmablast cell responses increase from d0 to d7 following influenza vaccination, 

with the magnitude of the change in cTfh responses positively correlated with plasmablast 

responses 

To determine the magnitude of vaccine-induced cTfh cell (CD4+CXCR5+PD-1+) responses in the 40 

subjects at timepoints d0, d7 and d28, the percentage of activated cTfh cells was measured using 

activation markers (cTfhCD38+ICOS+ [6, 220, 307]). The degree of change in the frequency of 

activated cTfh cells from d0 to d7 has been shown to predict the magnitude of subsequent antibody 

titres [5, 6, 72]. In this cohort, a significant increase in the percentage of activated cTfh cells was 

observed from d0 to d7 in both 2016-17 and 2017-18 vaccination seasons (Fig 4.3A). However, there 

was only a trend for an increase in the frequency of circulating plasmablasts (CD19+CD27+CD38+) 

from d0 to d7 in the 2016-17 vaccination season (Fig 4.3B). When the magnitude of change from d0 

to d7 for both activated cTfh and plasmablast cells were considered, a significant relationship 

between the two cell types was observed in both seasons (Fig 4.3C-D). These results are consistent 

with previous work from the group and that of others [5, 6, 67, 72, 73]. No correlation was observed 

between the magnitude of change for activated cTfh or plasmablast cells from d0 to d7 between 

seasons among individuals (Fig 4.4). 

 



 134 

 

Fig 4.3. Activated cTfh and plasmablast cells increase from d0 to d7 with the magnitude of responses correlated 

between the cell types. The percentage of activated cTfh cells significantly increased following vaccination in the 2016-

17 and 2017-18 seasons (A; paired t-test), but the same was not observed for plasmablast cells (B; paired t-test). The 

magnitude of cTfh activation and circulating plasmablast frequency is significantly positively correlated in both the 2016-

17 (C; p < 0.0001; rs = 0.63; Spearman Rank test) and 2017-18 (D; p = 0.003; rs = 0.47; Spearman Rank test) seasons. 

 

 

Fig 4.4. The magnitude of (A) cTfh and (B) plasmablast activation did not correlate between vaccination years. 
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4.3.2 Potential impact of antigenic drift on cTfh cell activation 

Between the 2016-17 and 2017-18 influenza vaccines, only the H1N1 immunogen differed (Table 

4.1). Consequently, it was possible to predict changes in target epitopes based on an individual’s 

HLA class II alleles. NetMHCIIpan is an online tool that predicts the binding strength of a peptide to 

an HLA class II molecule [308]. Regions of HA or NA where the A/California/7/2009 and 

A/Michigan/45/2015 strains differ were assessed for changes in predicted epitope binding for the 

more common HLA class II alleles in the cohort, such as HLA-DRB1*0801. For this HLA allele, there 

were 25 and 13 predicted epitopes identified to be located in regions of change between the 

A/California/7/2009 and A/Michigan/45/2015 strains within HA and NA, respectively. For HA, the 

average predicted binding strength was 1.5-fold higher for the A/Michigan/45/2015 strain 

compared to A/California/7/2009 (p = 0.03, paired t-test). There was no statistical difference 

between strains for NA (p = 0.30, paired t-test). Consequently, these changes may impact 

differences in cTfh cell activation and antibody production. For example, subject 8 had a magnitude 

increase of 0.1% following the 2016-17 vaccination (A/California/7/2009), but 31.9% following the 

2017-18 vaccination (A/Michigan/45/2015). As subject 8 has HLA-DRB1*0801, the increase in 

binding strength observed for A/Michigan/45/2015 compared to A/California/7/2009 could have 

contributed to the increase in cTfh cell activation observed following the 2017-18 vaccination. 

4.3.3 Pre-existing antibodies may impact the subsequent change in HAI titres following sequential 

influenza vaccinations 

In the same 40 individuals, HAI titres to the H3N2 strain present in the immunogen for both 

vaccination seasons (A/Hong Kong/4801/2014) were examined, as well as HAI titres for the H1N1 

strains present in the 2016-17 (A/California/7/2009) and 2017-18 (A/Michigan/45/2015 pdmo9-

like) vaccination seasons. For the 2016-17 sera, 11 individuals had pre-existing antibodies to the 

H3N2 immunogen at d0 at the highest titre reportable in the assay (1:1280; note this strain was not 

used as the 2015-16 H3N2 immunogen; Table 4.1), and unfortunately, it was not possible to 

determine if these responses increased over time for the 2016-17 season. Excluding these 

individuals, the fold change in the HAI titres to the H3N2 strain (A/Hong Kong/4801/2014) was 

higher following the 2016-17 season vaccination than when it was repeated in the 2017-18 season 

vaccination (Fig 4.5A; p = 0.03; paired t-test; N = 29). There was no correlation between the 

magnitude of the cTfh cell response and fold change in HAI titres for the H3N2 immunogen in either 

season (2016-17, p = 0.49, 2017-18 p. = 0.99, Fig 4.5B). 
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As the H1N1 strain used in the 2017-18 vaccine was not included in the 2016-17 (or 2015-16) 

seasonal vaccine, the study next sought to identify if pre-existing (potentially cross-reactive) 

antibodies were present to this strain. For the 2016-17 sera, pre-existing antibodies to the 

A/Michigan/45/2015 pdmo9-like strain used in the 2017-18 vaccine immunogen were present at d0 

(including four subjects at the highest titre for the assay). There was no significant difference 

between the fold change in HAI titres between seasons (p = 0.3; Fig 4.5C). However, there was an 

obvious demarcation at the 4-fold difference, in that individuals who had a maximum fold change 

in HAI titres of 4 or more following the 2016-17 vaccine showed a reduction in HAI titres in the 2017-

18 season and this relationship was to some extent reversed at lower fold changes. The negative 

impact of pre-existing influenza-specific HAI titres on the subsequent fold change in HAI titres 

observed here has also been reported in other studies [319-321]. For both seasons there was a trend 

between a higher magnitude cTfh cell response and a higher fold change in HAI titres for the H1N1 

immunogen (2017-17, p = 0.12, Fig 4.5B; 2017-18, p = 0.07, Fig 4.5D). 

 

 

Fig 4.5. HAI titres and magnitude of cTfh cell activation showed a trend for a positive correlation following vaccination 

with the H1N1 strains. (A) The fold change in HAI titres for the H3N2 A/Hong Kong/4801/2014 immunogen significantly 
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decreased from the 2016-17 vaccination season to the 2017-18 season (p = 0.03; paired t-test, N = 29). (B) There was a 

trend observed for an increase in DcTfh cell activation following the 2016-17 vaccine with a corresponding increase in 

HAI titres for the H1N1 immunogen A/California/07/2009 (p = 0.12, rs = 0.28, N = 32; Spearman Rank test), but not for 

the H3N2 immunogen A/Hong Kong/4801/2014 (p = 0.49, rs = -0.13, N = 29; Spearman Rank test). (C) The fold change 

in HAI titres for the H1N1 A/Michigan/45/2015 immunogen was not significantly different from the 2016-17 vaccination 

season to the 2017-18 season (p = 0.30; paired t-test, N = 32). (D) There was a trend observed for an increase in DcTfh 

cell activation following the 2017-18 vaccine with a corresponding increase in HAI titres for the H1N1 immunogen 

A/Michigan/45/2015 (p = 0.07, rs = 0.29, N = 40; Spearman Rank test), but not for the H3N2 immunogen A/Hong 

Kong/4801/2014 (p = 0.99, rs < -0.001, N = 40; Spearman Rank test). Values for the H1N1 vaccine immunogen are 

depicted by a closed circle and an open square for the H3N2 vaccine immunogen. 

 

4.3.4 Activated cTfh cells display a transcriptional profile representative of a vaccine-induced cTfh 

cell response 

The transcriptional profile of activated cTfh cells was evaluated from four individuals demonstrating 

a high degree of cTfh activation after either the 2016-17 or 2017-18 seasonal vaccine (Fig 4.6A). At 

d7 post vaccination, resting and activated cTfh cells were single cell sorted and their transcriptome 

and TCR repertoire sequenced. DGE analyses revealed 1,978 genes with significantly different 

expression between active and resting cTfh cells (p<0.05), but only 30 of these genes also had a fold 

change greater than |1.5| (Fig 4.6B). Consistent with previous studies of cTfh cells following 

influenza vaccination [65, 66, 220, 322], activated cTfh cell populations expressed higher levels of 

ICOS and BCL6 in comparison to resting populations (p=0.01 and p=0.02, respectively; Wilcoxon 

Rank Sum test; Fig 4.6C-D). There were insufficient genes above a fold change of |1.5| to observe 

any significantly overrepresented pathways using the GO method. Significant DEGs upregulated in 

activated cTfh cells included genes involved in several pathways, including antigen processing 

(ERAP2), type-I IFN signalling (ISG15), inflammasome (CARD16, CTSS), pro-inflammatory cytokine 

expression (SAMHD1), gene expression/processing (NEAT1, BAMBI, RBM25), and cell 

processes/cytoskeletal structural elements (ELMO2, STMN1, ACTG1, UCP2, ANP32B, HMGB3). 

While differences in the transcriptomic expression of resting versus activated cTfh cells following 

influenza vaccination has not been explored in depth, several of these pathways are upregulated in 

the transcriptome of whole blood seven days after yellow fever [323] and influenza [222] 

vaccination. 
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Fig 4.6. Different transcriptional profile between resting and activated cTfh cells. (A) Percentage of cTfh cells activated 

at d0 and d7 for the four subjects selected for single cell sorting. The sorted year for each subject is in black, with the 

alternate year in grey. (B) Volcano plot comparing active and resting cTfh cells for all four subjects. Significant DEGs by 

both p value and fold change are depicted in red. Horizontal and vertical dotted lines represent a significance threshold 

of p < 0.05 and a fold change of |1.5|, respectively. Transcript expression levels for (C) ICOS and (D) BCL6 were 

significantly higher in activated cTfh cells compared to resting (p = 0.01 and p = 0.02, respectively; Wilcoxon Rank Sum 

test).  
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4.3.5 TCR diversity is inversely correlated with cTfh cell activation, supporting a vaccine-induced 

clonal expansion 

The TCR repertoire was assessed within, and between, vaccination seasons. A further eight study 

participants (12 in total) were selected based on the magnitude of cTfh cell activation from d0 to d7 

across the two vaccination seasons (Fig 4.7A). cTfh cells from these individuals were bulk sorted at 

d0 and d7 for activated and resting cells and subjected to TCRb sequencing. cTfh TCR diversity was 

calculated using the Simpson’s Diversity Index for all cell populations at all timepoints. Overall, there 

was no significant difference in the TCR repertoire diversity for resting and activated cTfh cells 

between timepoints (p > 0.05; ANOVA; Fig 4.8). However, the difference in TCR repertoire diversity 

of activated cTfh cells between d7 and d0 was significantly negatively correlated with the degree of 

cTfh activation after vaccination (p = 0.015; Spearman Rank test; Fig 4.7B). This observation 

indicates that a high degree of cTfh cell activation after vaccination leads to a T cell clonal expansion 

with a subsequent decrease in cTfh TCR repertoire diversity (i.e. increase in clonality). 

 

 

Fig 4.7. The magnitude of the increase in activated d7 cTfh cells is correlated with changes in TCR diversity. (A) cTfh 

cell activation patterns of 12 subjects selected for bulk sorting and TCRb sequencing. (B) DcTfh cell activation and 

DSimpson’s Diversity Index were negatively correlated (p = 0.015, rs = -0.51, 95% CIs; Spearman Rank test). Values for 

the 2016-17 vaccine season are depicted by an open circle and for the 2017-18 vaccine season with a filled circle. 
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Fig 4.8. cTfh cell TCR diversity was similar across 

all conditions. There were no significant 

differences between the level of TCR diversity for 

activated or resting conditions from d0 to d7 

following influenza vaccination (p > 0.05; ANOVA). 

 

 

 

4.3.6 T cell clonotypes identified to be driving clonal expansion from d0 to d7 following a vaccine-

induced response can be observed across vaccination seasons 

T cell clonotypes driving this change in TCR diversity from d0 to d7 were identified in subjects where 

both a vaccine-induced cTfh cell response was observed, and TCR diversity decreased from d0 to d7 

for activated cTfh cells. Subjects 6 and 10 were selected to explore further as they both have single 

cell data and demonstrate a response in one year, but not the other (alternate vaccine seasons). As 

an example, the percentage of vaccine-induced cTfh cells from d0 to d7 for subject 6 was higher 

after the 2016-17 vaccine compared to 2017-18 (33.11% and 3.04%, respectively; Fig 4.9A). 

Similarly, the magnitude of change in cTfh TCR diversity from d0 to d7 was higher after the 2016-17 

vaccine compared to 2017-18 (-11.85 compared to 0.47, respectively). The approach used to 

determine the “driving” T cell clonotypes was as follows: first, the Simpson’s Diversity Index was 

calculated inclusive of all TCRs; second, TCRs were removed in a stepwise fashion starting at the 

highest frequency, recalculating the score after each TCR removal (Fig 4.9B). This process split the 

activated cTfh cells at d7 into those driving clonality and those that were deemed to be not driving 

clonality. 

The frequency of cTfh cells driving clonality for subject 6 are shown in Fig 4.9C-D for all four 

conditions spanning both vaccination seasons. cTfh cells not driving clonality are depicted in Fig 

4.9E. An analysis of the presence of specific T cell clonotypes across conditions suggests several 

characteristics of cTfh cells driving clonality: i) they are present as resting memory cTfh cells prior to 

and post vaccination due to their presence in the resting conditions; ii) they are vaccine-induced 

and not in response to another pathogen or bystander activation due to only a handful of activated 
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cTfh cells being observed in d0 activated cell populations; and iii) that only a subset of activated cTfh 

cells driving clonality in 2016-17 were re-stimulated after the 2017-18 vaccine, shown by the limited 

overlap with d7 activated cTfh cells following the 2017-18 vaccination (albeit there was a minimal 

cTfh cell response in 2017-18; Fig 4.9A). 

Contrary to subject 6, subject 10 only showed an increase in activated cTfh cells from d0 to d7 

following the 2017-18 vaccine (Fig 4.10A), with a subsequent decrease in activated cTfh TCR 

diversity from d0 to d7 (-5.89). Activated cTfh cells driving clonality from d0 to d7 were identified as 

for subject 6 (Fig 4.10B). cTfh cells driving clonality for subject 10 showed the same characteristics 

as subject 6 (Fig 4.10C-E): presence in the memory cTfh population; likelihood of being vaccine-

induced; and limited overlap with activated cTfh cells of the previous season vaccine in which a 

smaller or no cTfh cell response was detected following vaccination. 

4.3.7 The transcriptional profile of vaccine-induced expanded cTfh cells differs from non-expanded 

cells 

To identify if there was a transcriptional signature for activated cTfh cells driving clonality from d0 

to d7, single cell TCR and transcriptomic data was analysed for the four subjects who underwent 

single cell sorting. For each subject, cTfh cells driving clonality could be identified following 

vaccination for the sorted season. For subject 6, DGE analysis of activated cTfh cells either driving 

or not driving clonality identified 191 significant DEGs (Fig 4.11A), with eight of these also observed 

in the resting versus activated comparison (labelled in Fig 4.6B). Genes with a fold change greater 

than |1.5| were subjected to pathway analyses using the GO method (N = 851). Of the candidate 

genes identified, 796 were annotated with GO terms. An overrepresentation test using GO pathways 

identified 25 significantly overrepresented pathways for cells driving clonality (Fig 4.11B), but none 

for cells not driving clonality. Only pathways from the biological processes’ aspect were significantly 

overrepresented (larger processes accomplished by multiple molecular activities). Similarly for 

subject 11, 76 significantly overrepresented pathways from the biological processes, molecular 

functions, and cellular component aspects were identified in activated cTfh cells driving clonality. 

Four of these pathways were shared with subject 6 (indicated by an asterisk in Fig 4.11B). In 

comparison, no significantly overrepresented pathways were observed for subjects 8 or 10. 
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Fig 4.9. A sub-population of cTfh cells is expanded following influenza vaccination in 2016-17 and can be found after the following seasonal vaccine. (A) Subject 6 showed a large 

cTfh cell response after the 2016-17 vaccine, but only a small response was observed after the following seasonal vaccine. (B) Approximately 10% of activated cTfh cells at d7 

expanded based on their TCR repertoire from d0 to d7 following the 2016-17 vaccine (shaded teal). These cells were considered to be driving the change in TCR clonality observed 

from d0 to d7 in activated cTfh cells. As the intersection with d0 activated cTfh cell diversity fell within a count bracket, TCRs observed at this count (of 3) were not included in those 

deemed to be driving clonality. (C) The frequency of cTfh cells with a TCR designated to be driving clonality from (B) is depicted for all conditions as a heatmap. cTfh cells driving 

clonality after the 2016-17 vaccine were observed at both d0 and d7 in both years. Few cTfh cells driving clonality after the 2016-17 vaccine were found in the d0 active population 

(N = 3 in 2016-17, N = 2 in 2017-18), with three observed in the d7 active population after the subsequent vaccine (N = 34). cTfh TCR clonotypes (D) driving clonality and (E) not 

driving clonality were plotted for all conditions. D7 active cells for 2016-17 are boxed to indicate the condition used to determine cTfh cells driving clonality. 
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Fig 4.10. A sub-population of activated cTfh cells were expanded at d7 following influenza vaccination in 2017-18 with minimal overlap with d7 activated cTfh cells following 

vaccination in the previous season. (A) Subject 10 showed a small vaccine-induced cTfh cells response after the 2017-18 vaccine, but no response to the previous seasonal vaccine. 

(B) As described in the Fig 4.9 legend, approximately 9% of activated cTfh cells at d7 were thought to be “driving” the change in TCR clonality observed from d0 to d7, (C) with only 

six TCRs designated to be driving clonality from (B) also present at d7 in the active population following the previous seasonal vaccine. cTfh TCR clonotypes (D) driving clonality and 

(E) not driving clonality were plotted for all conditions. D7 active cells for 2017-18 are boxed to indicate the condition used to determine cTfh cells driving clonality. 
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Fig 4.11. Differences in cell transcriptional profile were observed between activated cTfh cells driving the change in 

clonality from d0 to d7 and those not driving clonality. (A) Volcano plot for subject 6 depicting genes that were 

significantly upregulated in active cTfh cells either driving or not driving clonality (86 for cTfh cells not driving clonality 

and 60 genes for cTfh cells driving clonality). Horizontal and vertical dotted lines represent a significance threshold of p 

< 0.05 and a fold change of |1.5|, respectively. Due to the extensive diversity of CD4+ TCR repertoire [167], GLIPH2 [314] 

was utilised to cluster both bulk and single cell TCR sequencing based on predicted peptide-HLA binding (4 cells were 

included due to GLIPH2 clusters). (B) Significantly overrepresented pathways (padjust < 0.05) from the GO biological 

functions aspect for genes with a fold change > |1.5| only for cells driving clonality. Pathways with an asterisk were also 

significantly overrepresented in cells driving clonality for subject 11. 
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4.4 DISCUSSION 

Neutralising antibody production is a major correlate of vaccine success and is reliant on the 

activation of cTfh cells, however, understanding of the extent and mechanisms behind vaccine-

induced cTfh cell activation is incomplete. The study described in this chapter was able to identify a 

subset of vaccine-induced expanded cells with a different transcriptional profile to other activated 

cTfh cells. The results provide insight into the constituents of an effective vaccine-induced immune 

response. 

4.4.1 Vaccine-specific cTfh cell responses were observed following influenza vaccination 

The ability of a vaccine to activate cTfh cells is proportional to the subsequent protective antibody 

response [5, 6, 72], with increased expression of ICOS on cTfh cells associated with influenza-specific 

antibody production [65, 66, 322]. This study identified a significant increase in the percentage of 

activated cTfh cells seven days after vaccination, the magnitude of which correlated with 

plasmablast activation (Fig 4.3). The study also showed increased ICOS and BCL6 expression in 

activated versus resting cTfh cells (Fig 4.6C-D), consistent with previous research [220]. Also 

consistent with previous work from the group and that of others [5, 6, 72], was a positive trend 

observed between the magnitude of the activated cTfh response and fold change in HAI titres for 

only the H1N1 vaccine immunogen following both the 2016-17 (A/California/07/2009; p = 0.12) and 

2017-18 (A/Michigan/45/2015; p = 0.07) vaccinations (Fig 4.5). A high fold change in HAI titres 

tended to result in a subsequent decrease following the next seasonal vaccination when either 

repeated strains were used (Fig 4.5A), or when high pre-existing titres were present (Fig 4.5C). These 

results are supported by those of others, where pre-existing antibodies can negatively impact HAI 

titres observed following influenza vaccination [319-321]. The mechanism behind the negative 

impact of pre-existing antibodies is thought to revolve around pre-existing influenza-specific CD4+ T 

cells that are capable of inhibiting antigen presentation by DCs and subsequently reducing CD4+ T 

cell help to B cells [320]. These findings raise questions surrounding the potential reduction in 

antibody response following repeated use of immunogens (or antigenically similar immunogens) in 

sequential vaccines. 

4.4.2 Activated and resting cTfh cells are different at the transcriptome level 

Differences between activated and resting cTfh cells have largely been characterised using cell 

surface markers. The activation markers ICOS, CD25, CD27, CD28, CTLA4, PD-1, Helios, and Ki67 have 
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been shown to have higher surface expression on activated compared to resting cTfh cells following 

influenza vaccination [220]. While characterisation of cTfh cells following influenza vaccination has 

occurred at the cell surface level and through systems analyses, little is known about transcriptomic 

differences for individual cell subtypes. 

The vaccine-induced immune response following vaccination with the live attenuated yellow fever 

vaccine 17D (YF17D) is considered one of the most successful vaccines, with protective immunity 

conferred for up to 35 years in nearly all vaccinated individuals [323]. Consequently, the 

transcriptomic features identified in whole blood could be used as a comparator for other 

vaccinations, however, it is not clear which cells contribute to DEGs observed from d0 to d7. The 

results from the RNA sequencing analyses showed a handful of significant DEGs between activated 

and resting cTfh cells (Fig 4.6B), with several genes upregulated in activated cTfh cells associated 

with antigen processing, type-I IFN signalling, the inflammasome, pro-inflammatory cytokine 

expression, gene expression/processing, and cell processes/cell cytoskeletal structural elements 

(Fig 4.6B). 

The innate immune response shapes the development of the adaptive immune response and may 

influence vaccine-mediated protection [323], with some studies exploring adjuvants that modulate 

innate immune responses [324]. Vaccination with YF17D resulted in an upregulation of genes 

controlling the induction of several pathways of the innate immune response (type-I IFNs), the 

inflammasome, and complement [221, 323], as was also observed here in activated cTfh cells 

following influenza vaccination. While it is possible that these changes were driven by cells of the 

innate immune response following YF17D vaccination, robust type-I IFNs are a hallmark of an 

effective vaccine response [202, 323], and inflammasomes have been reported in CD4+ T cells [325, 

326] and can be activated by adenoviruses [327]. 

Type-I IFNs regulate host anti-viral responses by inducing hundreds of IFN-stimulated genes (ISGs) 

and were upregulated following YF17D vaccination [323] and other vaccines [202, 323], including in 

the transcriptome of whole blood following influenza vaccination [222]. In the context of the DEGs 

identified in this study, ISG15 is the most rapidly [328] and strongly induced molecule [329] of the 

ISGs, capable of modulating host immunity and inhibiting viral replication [330]. As type-I IFNs 

induce a robust CD8+ T cell expansion [331], increased production of type-I IFNs could be associated 

with the increase in cTfh cell activation and clonal expansion. As for ISGs, IFN signalling is an 

important inducer of SAMHD1 expression [332], with upregulation observed in response to viral 

infection [333] and in activated cTfh cells of this study. SAMHD1 also contributes to antibody 
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diversity by increasing immunoglobulin hypermutation in activated B cells [334]. Upregulation of 

ISG15 and SAMHD1 in activated cTfh cells suggests increased production of type-I IFNs, resembling 

natural viral infections and potentially impacting the B cell response. 

Inflammasomes are assembled in response to pathogens and induce cellular responses and effector 

mechanisms [335]. In CD4+ T cells, NLRP3 inflammasome assembly is initiated by CASP1-dependent 

IL-1β secretion [325, 326]. CASP1 was upregulated following YF17D vaccination [323] and while 

CASP1 was not upregulated in this study, there was upregulation of CARD16 in activated cTfh cells, 

which mediates CASP1 activation [336] and CTSS [337] (regulates IL-1β and is important in the 

regulation of T cell activation [338]). IL-1β is an effector of the inflammasome pathway and could 

augment vaccine-induced Tfh responses [339]. Furthermore, CTSS has been implicated in NLRP3 

inflammasome activation [340] and is the mechanism for which the vaccine adjuvant alum acts to 

improve vaccine responses [341, 342]. 

Genes involved in cell processes and cytoskeletal structural elements were upregulated in activated 

cTfh cells compared to resting cells following influenza vaccination: ELMO2, ACTG1, STMN1, 

ANP32B, UCP2, and HMGB3. While changes in cytoskeletal structural elements are commonly 

associated with tumourigenesis, the cytoskeleton also plays a role in the regulation of cellular 

processes such as proliferation, cell growth, and apoptosis [343], important features of a robust 

cellular response. Antigen processing is also crucial for a robust immune response. ERAP2 is an 

aminopeptidase that heterodimerizes and homodimerizes with ERAP1 to trim peptides prior to HLA 

class I loading in the endoplasmic reticulum [344]. ERAP2 isoforms have been identified that can 

disrupt normal antigen processing, leading to a repertoire of more immunogenic peptides that could 

confer an advantage to the host [345]. Genes encoding proteins involved in antigen processing and 

presentation were also upregulated following YF17D vaccination [323]. 

NEAT1 is a lncRNA and has been shown to be upregulated in many human malignancies [346, 347]. 

However, lncRNAs are fundamental regulators of gene expression [348], with NEAT1 expression 

upregulated following infection with IAV, SARS-CoV [349], HIV-1 [350], HSV-1 [351], rabies virus, and 

Japanese encephalitis virus [352]. NEAT1 is believed to regulate gene expression through the 

formation of paraspeckle nuclear bodies, of which NEAT1 provides a critical architectural 

component [353, 354]. Paraspeckles can control gene expression by sequestrating specific RNAs 

and/or RNA-binding proteins away from the nucleoplasm [355, 356]. In HIV-1, NEAT1 modulates 

viral replication through the retention of RNAs important for viral gene expression, with NEAT1 

deficiency associated with enhanced HIV-1 replication [350]. RBM25 and BAMBI are also involved 
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in gene expression and processing and were significantly upregulated in active cTfh cells following 

influenza vaccination. 

The TGF-β/BAMBI pathway has been implicated in the development of chronic obstructive 

pulmonary disease through the promotion of increased Th17 cell development [357]. cTfh cells can 

be divided into three subtypes based on similarities with canonical CD4+ T cell subpopulations: Th1-

like (CXCR3+CCR6-); Th2-like (CXCR3-CCR6-); and Th17-like (CXCR3-CCR6+) [5, 66]. Th2- and Th17-like 

cTfh cells provide better help in vitro to B cells [65, 66], with a transcriptional profile better reflecting 

that of germinal centre Tfh cells [65]. While the cTfh cell response to influenza natural infection is 

highly biased towards a Th1-like (CXCR3+) response, producing influenza-specific antibodies [5, 67], 

skewing towards a Th1-like response following vaccination has been shown to result in a reduction 

in antibody quantity and quality [212, 358]. Based on current research, it is not clear which cTfh cell 

subtype would be most beneficial for producing a strong neutralising antibody production following 

vaccination. However, genes like BAMBI have been shown to have the ability to skew a CD4+ T cell 

response towards a certain subtype, a mechanism that could be harnessed in vaccine design once 

the role of cTfh subtypes has been elucidated. Unfortunately, the current study was unable to 

determine cTfh cell subtype ratios. Increased expression of genes associated with cTfh subtypes, 

IFN responses, and anti-viral immune responses in activated cTfh cells following influenza 

vaccination may provide further insight into the transcriptional profile of a vaccine-induced cTfh cell 

response likely to be capable of aiding B cells in the production of neutralising antibodies. 

4.4.3 Clonal expansion of the cTfh TCR repertoire occurs in response to influenza vaccination 

A previous study has identified a significant positive correlation between the fold change in cTfh 

TCR repertoire diversity and the fold change in activated cTfh cell frequency from d0 to d7 for six 

subjects [220]. This is consistent with the current study for 12 subjects over two vaccination seasons 

(Figure 4.7B). A decrease in diversity observed with an increase in the proportion of activated cTfh 

cells implies a clonal expansion of vaccine-specific cTfh cells. Activated cTfh cells that were expanded 

from d0 to d7 were identified, likely in response to vaccine immunogens (Fig 4.9-10). Tracking these 

clonally expanded cTfh cells found that they were predominantly vaccine-specific (due to the lack 

of presence in the d0 active populations), re-stimulated memory cTfh cells (due to their large 

presence at low levels in resting populations). These results suggest that while the re-stimulation of 

memory cTfh cells can be beneficial for a vaccine-induced immune response, re-stimulating the 

same memory cTfh cells each season does not guarantee a response (shown by Fig 4.4, and 4.9-10). 
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4.4.4 Memory cTfh cells are re-stimulated following sequential influenza vaccines 

There have been limited previous studies identifying and tracking the TCR repertoire of vaccine-

induced cTfh cells across influenza vaccine seasons. One study has shown a repeated oligoclonal 

vaccine-induced response in six subjects following at least two influenza vaccine seasons, this was 

despite changes in vaccine immunogen composition or possible intercurrent influenza infection 

[220]. The results in the current study demonstrated repeated stimulation of the same cTfh cells 

following sequential influenza vaccines (Fig 4.9-10), however, to a lesser extent than previously 

described. While vaccine-induced responses were observed in a resting state as memory cTfh cells 

in this study and those of others [220], it is unknown if repeated responses are towards identical 

epitopes and/or cross-reactive memory cTfh cells. Re-stimulation of the same clonotypes by 

sequential influenza vaccines could reflect OAS [359, 360] (the inclination of the immune response 

to utilise immunological memory following subsequent infection with an antigenically similar strain 

of influenza) and/or greater immunodominance of conserved influenza proteins [173, 361]. 

Nonetheless, it is not yet clear if re-stimulating a pre-existing memory response (cross-reactive or 

not) is beneficial in a vaccine setting.  

Several studies have shown a benefit of cross-reactive T cells on disease severity in natural infection 

[172, 173], but these studies rely on negative antibody tests prior to infection. This, however, does 

not rule out a more distant prior infection with an antigenically similar strain. Research has shown 

that an individual’s first IAV infection awards lifelong protection against severe disease from other 

HA subtypes within the same phylogenetic group, known as the HA imprinting hypothesis [362]. This 

has been used to predict age distributions of individuals likely to present with severe disease for 

future pandemics. The HA imprinting hypothesis has implications for seasonal vaccines: do 

vaccinations expand broadly protective TCRs or influence imprinting that may happen from a natural 

infection in naïve individuals [362]? While this study was not able to determine if re-stimulated 

memory responses were cross-reactive or responding to the same antigen, this is an important 

avenue of research that is required to inform vaccine immunogen selection. As observed in this 

study, there was minimal overlap in the vaccine-induced cTfh TCR repertoire following sequential 

vaccines where only the H1N1 strain differed. Furthermore, in conjunction with the observation of 

a reduction in HAI titres following a previously high fold change; the use of repeated strains in 

influenza vaccines may reduce an individual’s ability to mount an effective vaccine-induced 

response. 
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4.4.5 Clonally expanded cTfh cells displayed transcriptome differences to other activated cells 

While differences in activated and resting cTfh cells were observed post vaccination in this study 

and by others [65, 66, 220, 322], comparison of cell transcriptional profiles within activated cTfh 

cells has not been assessed. In this study, comparison of activated cTfh cells driving clonality and 

not driving clonality identified a large number of DEGs for subject 6 (Fig 4.11). Using pathway 

analyses, 25 significantly overrepresented GO pathways were identified in the cells driving clonality. 

Most notably, these included TCR signalling, antigen processing and presentation, and regulation of 

gene expression in response to stress. 

Several DEGs identified upregulated in either activated or resting cTfh cells were also observed to 

have a fold change greater than |1.5| when comparing activated cTfh cells at d7 either driving or 

not driving clonality for subject 6 following the 2016-17 influenza vaccination (those genes used in 

the pathway analysis; Fig 4.11A). The genes UCP2, ELMO2 and HMGB3 are involved in cell processes 

and cytoskeletal structural elements that regulate processes such as proliferation, cell growth, and 

apoptosis [343]. Initially, they were upregulated in activated cTfh cells, but here they have a fold 

change >1.5 in activated cells driving clonality compared to not driving clonality. While only a 

handful of genes overlapped between the two transcriptomic comparisons, GO pathways 

overrepresented in activated cTfh cells driving clonality, such as the regulation of gene expression 

and responses to stress, were upregulated in activated cTfh cells relative to resting cells. These 

pathways are likely to be important in vaccine-induced responses. 

 

There is an urgent need to improve the efficacy of influenza vaccines. For this to be achieved, the 

constituents of an effective vaccine-induced immune response need to be further understood to 

allow them to be harnessed. Clarifying the impact of cross-reactive and/or re-stimulating memory 

cTfh cells in sequential influenza vaccinations will inform seasonal vaccine immunogen selection. If 

re-stimulating memory cTfh cells is not beneficial, using the same or antigenically similar strains to 

the previous year may be detrimental to overall vaccine efficacy. If biomarkers to predict vaccine-

induced immunity can be identified, adjuvants that modulate the immune response (or cTfh subtype 

ratio) can be harnessed/developed. Due to the crucial role cTfh cells play in antibody production, 

exploiting these cells in vaccine design has the potential to not only improve the efficacy of influenza 

vaccines, but inform vaccine design for many pathogens.  
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CHAPTER 5 – General Discussion 
5 Chapter 5 - General discussion 

 

The collective findings from this Thesis encompass the impact of viral mutations on natural and 

vaccine-induced immune responses, with implications for vaccine design. For a vaccine to be 

effective against a mutable pathogen, it must sufficiently account for mutations. The influenza 

vaccine is a prime example of this, as each season requires a new vaccine to combat de novo viral 

mutations. Viral mutations (including adaptations) are also likely to be one of the reasons that a 

candidate vaccine for HIV has not progressed past phase 3 trials. This Thesis aimed to examine the 

impact of viral mutations on immune responses in both natural infection and vaccine settings. The 

results of which can inform vaccine design through immunogen selection and the possible addition 

of an adjuvant to manipulate the vaccine-induced immune response. 
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5.1 SUMMARY OF FINDINGS 

The overarching aim of this Thesis was to examine the impact of viral adaptation and 

continued/repeated antigen exposure on the immune response during natural infection and in a 

vaccine setting. The outcomes from the studies described in this Thesis that address this aim 

enhance the overall understanding of these processes and will have implications for vaccine design 

for highly mutable pathogens. 

5.1.1 Aim 1 - to determine intra- and inter-host dynamics of HIV adaptations following transmission 

into HLA-matched and -mismatched environments 

HIV adaptations naturally occur within the pool of viral quasispecies, generated by the high 

mutation rate of the virally encoded polymerase during replication. Mutations that provide a benefit 

to the virus are positively selected within the viral quasispecies and are termed adaptations. In 

Chapter 2, the focus was on viral adaptations that are selected in response to immune T cell pressure 

exerted by the host. Accordingly, adaptations are HLA-specific as HLA molecules determine the 

repertoire of peptides presented to T cells. High levels of HLA-associated adaptations in an 

individual’s autologous virus have been correlated with higher viral loads and lower CD4+ T cell 

counts [97, 147, 225]; indicative of a poor disease outcome. 

It is known that adaptations are transmitted between hosts, and that these adaptations can 

influence disease outcome in the new host. For HIV, horizontal transmission of adaptations to an 

HLA-mismatched individual is correlated with a better disease outcome [150, 151]. However, the 

impact on outcome (including immune responses) of the transmission of a highly pre-adapted virus 

to a new host was largely unknown. Mother-to-child HIV transmission cases provide a unique 

opportunity to examine this scenario, as the mother and child share at least 50% of their HLA alleles 

and subsequently, are likely to present a similar repertoire of peptides to their T cells. This large 

genetic overlap allows the examination of intra- and inter-host dynamics of HIV adaptations and 

associated impact on disease outcome. Furthermore, viral immune targets of the host following 

transmission with a highly pre-adapted virus can also be examined. 

5.1.1.1 Hypothesis: HIV adaptations will be transmitted from mother-to-child and will be maintained 

in an HLA-matched environment and revert to wildtype in an HLA-mismatched environment 

For this study, the expectation was that there would be maintenance of viral adaptations associated 

with the maternal HLA allele inherited by the child (HLA-matched), and reversion to wildtype for 
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adaptations associated with the maternal HLA allele not inherited by the child (HLA-mismatched). 

These expectations were based on the assumptions that adaptations restricted by HLA-matched 

alleles would remain under immune selection pressure in the child, and that adaptations restricted 

by HLA-mismatched alleles would likely revert to wildtype due to an associated fitness cost and a 

lack of continued immune selection pressure. It was clear from the results described in Chapter 2 

that viral adaptations were transmitted from mother-to-child, however there was little reversion 

observed, with greater than 72% of all transmitted viral adaptations maintained in the child (Fig 

2.9). However, viral adaptations with a known associated fitness cost were shown to revert to 

wildtype in an HLA-mismatched immune environment (Table 2.2). These align with other studies 

indicating that viral adaptations with low/no fitness cost (or linked to compensatory mutations) are 

maintained following transmission to an HLA-mismatched individual [2, 155]. 

The low incidence of reversion of transmitted viral adaptations could increase the basal level of viral 

adaptation in the circulating strains within a population [2]. Eventually, these adaptations can 

become fixed (present in all circulating viral quasispecies), potentially impacting infection outcomes 

in new infections, as shown elsewhere [155]. Specifically, the seminal study by Moore and 

colleagues [2] predicted this phenomenon, as they showed in their study a number of viral 

adaptations that were present in the consensus sequence of the viral strains circulating in the 

Western Australian population (identified as negative associations between specific HLA alleles and 

viral polymorphisms and typically for common HLA alleles). An interesting follow-up study would be 

to examine the same geographical population to determine if these polymorphisms have now 

become fixed in the circulating strains and if this is associated with differences in clinical outcomes 

for those newly presenting with HIV infection. 

5.1.1.2 Hypothesis: The level of HIV adaptations will be correlated with disease outcome in the 

mother and child (viral load and CD4+ T cell percentage 

Previous research has identified a correlation between autologous HIV adaptation (adaptation 

relevant to the host’s HLA allelic repertoire) and disease outcome, with higher levels of adaptation 

correlated with higher viral loads and lower CD4+ T cell counts [142-144]. The level of pre-adaptation 

of a transmitted virus also impacts disease outcome, with data showing that horizontal transmission 

of an adapted virus to an HLA-mismatched individual correlated with a better disease outcome 

(lower viral loads) [150, 151]. These studies helped shape the hypothesis of the study that higher 

levels of autologous adaptation would be correlated with a worse disease outcome in both the 

mother and child. While autologous adaptation was positively correlated with viral load and 
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negatively correlated with CD4+ T cell percentage in the mothers, no correlations were observed in 

the children (Fig 2.15). This result was unexpected but may reflect an ascertainment bias in this 

cohort. 

The children in the study were largely ART-naïve (or demonstrated high levels of drug resistance 

paired with unsuppressed viral loads). Reports indicate that >50% of ART-naïve children typically die 

by the age of 2 [260], as the youngest child in the study was 1.7 years it is likely that this cohort has 

a survivor bias, and accordingly, the measures from the children did not represent the full clinical 

spectrum. Supporting this conclusion is the lack of children classified as severely 

immunocompromised (CD4+ T cell percentage ≤ 15), suggesting that they may have survived due to 

the ability to exert a greater anti-HIV immune response [262]. 

5.1.1.3 Hypothesis: Viral targets of the immune response in the child will differ to those in the mother 

due to the high level of adaptation in the transmitted virus 

The high mortality rate of HIV-infected children could be due to the transmission of viral 

adaptations, as it has previously been suggested that many T cell targets necessary for an effective 

HIV-specific T cell response have already adapted in the mother prior to transmission to the child 

[231, 232]. For example, children who inherited the T242N mutation for the immunodominant HLA-

B*57/58-restricted TW10 Gag T cell epitope did not show a response to TW10, whereas children 

who did not inherit this adaptation did demonstrate a response [112]. However, the child can still 

mount an immune response to HIV and is capable of exerting immune pressure on the virus [228, 

263], as supported in this study by the child’s ability to target Gag and produce de novo viral 

adaptations (including those associated with the inherited paternal HLA allele). These new viral 

adaptations may occur in subdominant T cell targets, impacting the strength of the child’s anti-HIV 

response. 

Following stimulation with peptides for optimal CD8+ T cell epitopes (many of which were 

immunodominant), the children in the study showed a lesser response in comparison to the mother 

(Fig 2.16A). While a negative trend was observed for the association between the mother’s response 

to a Gag peptide pool and viral load, this was not observed in the children. Therefore, it is likely that 

viral adaptations in the mother’s virus reduce the repertoire of T cell epitopes available to target in 

the child. Similarly, in acute HIV-infected adults there is diminished capacity to respond to pre-

adapted T cell epitopes [97, 225]. The results of Chapter 2 suggest that viral targets in the child do 

differ to the mother as a consequence of transmission of a highly pre-adapted virus to the child’s 
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HLA alleles. As subdominant T cell epitopes can be included in T cell vaccines [265], it is crucial to 

understand the strength and relevance of an immune response to these epitopes. 

5.1.2 Aim 2 - to elucidate the alternative viral adaptation strategies of HIV during acute and chronic 

infection 

CD8+ T cells are a critical component of the anti-HIV immune response, as evidenced by the 

association of the functional capacity of CD8+ T cells and disease progression [363, 364], and the 

selection of viral adaptations in response to CD8+ T cell immune pressures [111, 143, 365]. Chapter 

2 investigated the impact of “classical” adaptation predominantly, examples where adaptation at a 

single amino acid position (in some examples multiple) within an epitope resulted in a loss of CD8+ 

T cell immune recognition. Chapter 3 focuses on “non-classical” adaptation, where a change in an 

amino acid within the epitope results in continued immune recognition but is likely to represent a 

fitness advantage for the virus. Non-classical adaptations have been described in acute and chronic 

HIV infection [97, 140, 269], although the mechanism that underpins this form of adaptation has 

not been previously described. 

5.1.2.1 Hypothesis: There will be a difference and/or reduction in TCR repertoire for CD8+ T cells 

recognising the non-adapted form relative to the adapted form of epitopes containing a non-

classical adaptation 

Non-classical adaptations often occur at sites with an epitope that may affect TCR recognition of an 

HLA-peptide complex [134, 268]. An earlier study conducted by the group examining T cell 

responses against the adapted and non-adapted form of epitopes harbouring these non-classical 

adaptations utilised low-resolution sequencing and immunological assays and as such, was unable 

to identify differences between T cell responses to the non-adapted or adapted form of an epitope 

[140]. However, as these adaptation occur at sites likely to impact TCR recognition, it is possible that 

changes in T cell functionality and/or TCR repertoire diversity will occur, factors that are associated 

with the control of pathogens that can result in chronic infections [170, 171, 271]. The study 

described in Chapter 3 aimed to sequence the TCRs of antigen-specific CD8+ T cells at high resolution 

to elucidate differences based on stimulating antigen. 

Four epitopes harbouring non-classical adaptations were selected based on prior data from the 

group indicating adaptations within these epitopes resulted in sustained immune recognition and 

IFN-γ production [140, 269]. A reduction in TCR repertoire diversity was expected for CD8+ T cells 

that recognised the adapted form of an epitope compared to the non-adapted form. However, no 
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difference in TCR repertoire diversity was observed (Fig 3.6). Instead, TCR responses appeared to be 

largely cross-reactive for chronic HIV-infected subjects (Fig 3.4-5). While cross-reactive T cell 

responses were observed in acute HIV-infected subjects, there were also distinct single-reactive 

CD8+ T cell populations (Fig 3.11). These differences suggest a selection process that occurs from 

acute to chronic HIV infection and would be interesting to assess in one subject longitudinally. 

Although cross-reactive T cell responses can be beneficial [172, 173, 175-177], in cases of non-

classical adaptation this is not likely. As non-classical adaptations are the result of positive selection, 

there is an implied benefit of their selection for the virus, one that does not appear to be reliant on 

the breadth of the TCR repertoire. 

5.1.2.2 Hypothesis: There will be a difference in antigen-specific reactivity to the non-adapted and 

adapted forms of an epitope 

Previous research has shown higher levels of antigen-specific reactivity for the adapted form of 

epitopes relative to the non-adapted form in chronic HIV-infected individuals [140]. However, the 

results of Chapter 3 were contradictory for the two phases of HIV infection. Unlike previous 

research, in chronic HIV-infected subjects, differences in antigen-specific reactivity were unable to 

be discerned for the epitopes tested (Fig 3.4-5). However, for the epitope RF10, two of three TCR 

α/β combinations of an acute HIV-infected subject did demonstrate a higher level of antigen-specific 

reactivity for the adapted form of RF10 (Fig 3.12C-D). 

The previous research that identified these differences in antigen-specific reactivity assessed IFN-γ 

production in ELISPOT assays utilising subject PBMCs, whereas Chapter 3 utilised an NFAT-driven 

luciferase output from a transfectoma cell line. It is possible that the assay used in Chapter 3 was 

not sensitive enough to detect differences. More recently, optical traps have been used to 

determine physiochemical triggering thresholds that are based on force direction and load [366]. 

This is a highly sensitive assay that determined directionality of the TCR-peptide-HLA complex is 

important in T cell activation [366]. Assessing the binding affinity of the dominant TCRs identified to 

be cross-reactive for both forms of an epitope using a more sensitive assay may determine 

differences in the ability of small changes in epitopes to activate a T cell. 
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5.1.2.3 Hypothesis: There will be a difference in the phenotype (transcriptome) of CD8+ T cells that 

recognise the non-adapted form of an epitope compared to the adapted form. This difference 

will be dependent on the autologous form of the epitope present in the subjects circulating 

virus 

Polyfunctionality of T cells (ability to produce multiple cytokines at the same time) has been 

associated with a more effective immune response [292, 293]. A loss or reduction of T cell 

polyfunctionality has been observed to reduce the immune effectiveness during HIV and other 

infections [294]. Similarly, a worse HIV disease outcome (high viral load and reduced CD4+ T cell 

help) is correlated with the severity of T cell exhaustion [56], the reduction/loss of effector functions 

seen during chronic viral infections [82, 91, 294]. These studies informed the hypothesis of the study 

that recognition of the non-adapted or adapted form of an epitope containing a non-classical 

adaptation will result in a difference in CD8+ T cell transcriptomic phenotype. While a different 

transcriptomic phenotype was observed between CD8+ T cell populations, this largely depended on 

the autologous form of the epitope present (i.e. if their viral quasispecies harboured the non-

adapted or adapted form of the non-classical adaptation) for both acute and chronic HIV-infected 

individuals. 

Chapter 3 assessed both resting (tetramer+) and stimulated CD8+ T cells (based on the activation 

markers CD69 and CD137). For the epitope TL10 (HIV Nef HLA-B*07-restricted CD8+ T cell epitope 

known to harbour a non-classical adaptation), the resting CD8+ T cells of subject C1, with the non-

adapted autologous form of TL10, expressed genes suggestive of increased polyfunctional and 

cytotoxic capacity (Fig 3.8). This contrasted with the resting CD8+ T cells of two subjects with the 

adapted autologous form. Furthermore, subject C1 was the only subject where significantly 

expressed genes could be identified between CD8+ T cells stimulated with the non-adapted or 

adapted form of TL10; CD8+ T cells stimulated with the non-adapted form demonstrated higher 

levels of expression of genes involved in cytotoxicity, antigen processing presentation, and 

chemokine signalling. Together, these results suggest recognition and possession of the non-

adapted form of epitopes provides a more effective CD8+ T cell response, supporting the notion that 

these non-classical adaptations benefit the virus. A useful follow-up study would assess if a response 

to an epitope containing a non-classical adaptation changes the transcriptomic phenotype with a 

transition from the non-adapted to adapted form in one subject. An interesting comparator would 

be to include CD8+ T cell responses to epitopes that do not harbour these non-classical adaptations. 
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Understanding the immune response to epitopes containing a viral adaptation (classical or non-

classical) is important for epitope selection in T cell-based vaccines. 

5.1.3 Aim 3 - to track the TCR repertoire of activated cTfh cells in subjects who received sequential 

influenza vaccines and determine the transcriptomic profile of cells that undergo a vaccine-

induced expansion 

Annual influenza vaccines over the past 11 years have had a sub-optimal efficacy rate of between 

19-60%, with an average of 43.4% [17-26]. These rates indicate that more than half of vaccinated 

individuals are unlikely to be able to mount a protective immune response against natural influenza 

infection. Furthermore, the efficacy of the vaccine varies between age groups, with a significant 

decrease in people over the age of 65. Consequently, Chapter 4 aimed to identify characteristics of 

an effective vaccine-induced immune response after sequential vaccinations, to inform vaccine 

design for a range of infectious diseases due to mutable pathogens, including influenza virus and 

HIV. 

5.1.3.1 Hypothesis: cTfh cells will be activated by sequential influenza vaccines and will be correlated 

with plasmablasts and HAI titres 

Immune responses to influenza vaccines can be measured by the level of activation of a subset of 

circulating CD4+ T cells (cTfh cells), which provide critical help to B cells to develop antibodies after 

vaccination and during natural infection. A direct relationship has been identified between the 

ability to activate cTfh cells after vaccination and development of protective antibody responses [5, 

6, 67, 72, 73], a correlation hypothesised to be observed in Chapter 4. While the study was limited 

in its ability to address antibody responses due to several individuals with high initial HAI titres, a 

trend was still observed between the magnitude of the activated cTfh cell response and fold change 

in HAI titres for the H1N1 vaccine immunogen (Fig 4.5). Furthermore, there was an increase in 

activated cTfh cells observed seven days post vaccination, with the magnitude positively correlated 

with that of plasmablasts following vaccination for both 2016-17 and 2017-18 seasons (Fig 4.3). 

However, as a cTfh cell vaccine-induced response in one season did not predict a response in the 

next (Fig 4.4), paired with the apparent negative impact of pre-existing HAI titres (Fig 4.5; also 

previously observed [319-321]), the benefit of utilising repeated immunogens in sequential 

influenza vaccines (a common occurrence for sequential influenza vaccines; Table 4.1) requires 

further research. 
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5.1.3.2 Hypothesis: The TCR repertoire diversity of activated cTfh cells will decrease following 

influenza vaccination, and that activated cTfh cells will be re-stimulated from the memory 

population by sequential vaccinations 

Higher TCR diversity and/or the presence of pre-existing cross-reactive T cells have been implicated 

in the reduced severity of disease following infection with influenza [170, 172, 173] and SARS-CoV-

2 [175, 176]. Furthermore, one study identified a recurrent oligoclonal TCR repertoire response 

(present in the memory cTfh cell population) that correlated with cTfh cell responses following 

sequential influenza vaccinations [220]. This knowledge informed the hypothesis of this study that 

cTfh TCR repertoire diversity would decrease following vaccination and that vaccine-induced cTfh 

cells would be observed following both seasonal vaccinations. 

The results of Chapter 4 indicated a reduction in the TCR diversity of activated cTfh cells from d0 to 

d7, with the majority of activated cTfh cells at d7 following vaccination present as memory cells in 

resting populations (Fig 4.9-10). These results align with previous research, however, the magnitude 

of overlap between the TCR repertoire of d7 activated cTfh cells was reduced in comparison. 

Although one study has assessed the impact of re-stimulating memory responses in sequential 

vaccinations, only six subjects were included [220]. Furthermore, re-stimulating the same memory 

cTfh cell responses has been suggested to be detrimental due to the continuous boosting of 

conserved non-protective elements, opposed to inducing new responses against protective, yet 

antigenically drifted, epitopes [191]. Further research utilising subjects who respond to several 

sequential influenza vaccinations is required. 

5.1.3.3 Hypothesis: Activated cTfh cells, and those that are expanded post vaccination, show a 

transcriptional profile characteristic of an effective vaccine-induced immune response 

Several studies have attempted to identify a universal signature for an effective vaccine-induced 

response [221, 222], however these studies used a systems analyses approach, one that assesses 

the transcriptional profile of whole blood. While these studies were based on the transcriptome of 

whole blood, they were able to identify differences from d0 to d7 [221, 222] and formed the basis 

for this study hypothesis. The study described in Chapter 4 provided greater resolution, identifying 

transcriptional differences between activated and resting cTfh cells following influenza vaccination 

(Fig 4.6) and between expanded (driving clonality) and non-expanded (not driving clonality) 

activated cTfh cells post-vaccination (Fig 4.11). Common pathways for activated cTfh cells and those 

specifically driving clonality included those involved in antigen receptor-mediated signaling, cellular 

responses to stress, and metabolic processes (Fig 4.6 and 4.11). An interesting follow-up study 
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would be to assess transcriptomic differences in the same individual over sequential influenza 

vaccines, both where a vaccine-induced cTfh cell response is observed, and where one is not. 

Identifying markers of an effective vaccine-induced immune response may enable the addition of 

adjuvants to enhance vaccine-induced immunity, especially in individuals known to demonstrate 

reduced capacity to respond to vaccines. 

 

5.2 VIRAL VARIATION IMPACTS NATURAL AND VACCINE-INDUCED IMMUNITY 

Vaccines have altered the course of several viruses in the past century and saved millions of lives, 

but despite this success, there remain many viruses that do not have successful vaccines, with HIV, 

respiratory syncytial virus (RSV), HCV and dengue being four with significant global importance 

[203]. The results of this Thesis have implications for vaccine design. 

5.2.1 Challenges surrounding vaccine design 

The immune response to a vaccine can vary based on nutritional status [367], genetic 

polymorphisms [368], infections, and other morbidities [369]. Certain individuals show reduced 

vaccine effectiveness overall, including older adults and HIV-infected individuals. As an individual 

ages, there is a steady and systemic decline in the immune system, termed immunosenescence 

[370, 371], which may be linked to the reduction of vaccine effectiveness in older adults [233]. This 

is thought to be in response to decreased T [372, 373] and B [374, 375] cell function. As with older 

adults, HIV-infected individuals have impaired Tfh cells, reducing their ability to help B cells, 

decreasing production of neutralising antibodies in natural infection and following vaccination 

[376]. This reduced ability of HIV-infected individuals to respond to vaccinations and infections is 

present during ART and persists following its cessation [212]. Enhancing the understanding of 

vaccine-induced responses is required to design vaccines that are effective in an individual with a 

reduced ability to mount an immune response, be that age or HIV-infection status related. 

The success of a vaccine response is typically quantified by its ability to produce neutralising 

antibodies [205]. However, for pathogens where the natural immune response is insufficient, a 

successful vaccine may require both humoral and cellular responses [377], such as for chronic 

infections and mutable pathogens (including HIV and influenza virus). To this end, more recent 

research (including this Thesis) has focussed on understanding cellular immune responses following 

vaccination to enable strategies which induce a more effective immune response to be harnessed 
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in vaccine design, such as: modulating the type of response (targeting specific cell subtypes); 

increasing immunogenicity; and avoiding inhibitory immune mechanisms [377]. 

5.2.2 Selection of viral epitopes is vital for the effectiveness of candidate vaccines 

The constituents of candidate vaccines can have a large influence on their success, with the main 

reason candidate vaccines fail being due to their inability to induce a strong, specific immune 

response. Using epitopes in T cell vaccines, opposed to the whole cognate protein, is thought to 

induce a more specific and potent immune response [378]. Moreover, eliciting a strong T cell 

response is also correlated with the generation of higher neutralising antibody titres [379]. 

Identifying and selecting epitopes that are known to elicit a strong T cell response, potentially 

combined with an adjuvant, can avoid this shortcoming. However, genetic diversity (including viral 

adaptations) can add a layer of complexity to the selection process. While B cell epitopes can be 

utilised for vaccine design, although with additional challenges, this Thesis (and subsequent 

discussion) focussed on T cell responses. 

5.2.2.1 Increasing levels of adaptation in circulating viral strains have implications for disease 

outcome and vaccine design 

Viruses are characterised by their propensity to generate viral diversity, a feature that is crucial to 

their survival and propagation but can also impact the disease outcome and anti-viral immune 

response of the host following infection. A key finding from Chapter 2 was that transmitted HIV 

adaptations are largely maintained, regardless of whether the new host has the restricting HLA or 

not. Maintenance of transmitted adaptations was also observed in additional preliminary results of 

the group; this work follows several HIV-infected individuals longitudinally during early infection. 

Sequencing of the HIV genome over several timepoints has shown that while an increase in 

autologous adaptation is observed, little reversion occurs in transmitted adaptations that are not 

restricted by the subjects HLA alleles (representing adaptations to the previous host’s HLA alleles, 

and/or adaptations that have accumulated in the circulating strains). As such, the low levels of 

reversion (and likely lack of fitness cost) in HLA-mismatched individuals identified in Chapter 2 and 

in other preliminary results have implications for the level of adaptation in circulating HIV strains; 

as the basal level of adaptation within circulating HIV strains increases, there is heightened potential 

for increases in virulence. 

The extent at which adaptations are accumulating in circulating HIV strains is being addressed by 

the group through the analysis of ~500 samples from a Western Australian cohort of HIV-infected 
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individuals identified through one main clinic from 1990 through to present day (spanning 30 years 

of the epidemic). This cohort provides a unique advantage to be able to study the level of circulating 

adaptation in a population that has been relatively semi-isolated. The frequency of known 

adaptations (and compensatory mutations; used in Chapter 2 and the aforementioned preliminary 

results) will be assessed and compared between subjects pre-2000, or post-2000 through to 

present, utilising viral sequencing methods (similar methodology to Chapter 2). Data presented in 

the seminal paper from the group describing HLA-specific viral adaptations [2] will provide an earlier 

sequence comparator. 

It is hypothesised that the results from this upcoming study will show: i) several HLA-associated 

adaptations previously identified may now be fixed in the circulating viruses; and ii) the level of 

circulating HIV adaptation has increased over time. Due to the results from Chapter 2 suggesting 

that a large portion of viral adaptations are maintained in the new host following transmission, it is 

unknown whether the same viral adaptations identified by Moore et al. [2] will still be identifiable 

using a cohort of more recent HLA-matched individuals. If an amino acid is not significantly enriched 

in association with an HLA allele due to becoming fixed in consensus sequences of a region, 

statistical analyses will no longer be able to identify them as HLA-associated adaptations; it is 

expected that this will occur for several previously identified adaptations. However, for the purpose 

of vaccine design and epitope selection, these viral adaptations may still impact the anti-HIV 

immune response of individuals with the relevant HLA-association. 

An increase in the level of circulating HIV adaptation, based on viral adaptations previously 

identified [2, 143], would reflect the low level of reversion for viral adaptations observed following 

mother-to-child transmission in Chapter 2. It is anticipated that this increased level of adaptation in 

circulating HIV strains will negatively impact disease outcome, as the level of pre-adaptation of a 

transmitted virus to the new host correlates with measures of disease outcome (viral load and CD4+ 

T cell count) [150, 151]. This is supported by studies showing that increasing levels of adaptation in 

circulating HIV strains have resulted in previously beneficial HLA alleles losing their protective 

capabilities within geographic regions [154, 155]. While changes in the basal level of adaptation for 

circulating viral strains have implications for virulence and host disease outcome, they can also 

influence vaccine design in the selection of viral epitopes. 

In the case of HIV vaccine design, vaccines can be preventative and/or therapeutic. However, in 

either scenario, viral adaptations within an individual and in circulating viral strains have the 

potential to reduce the efficacy of candidate vaccines. For a therapeutic vaccine, an HIV-infected 
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individual must first be taken off ART. The virus that rebounds will likely harbour adaptations that 

occurred in the host prior to ART initiation and viral suppression. For individuals infected early in 

the HIV epidemic, ART was not initiated until their CD4+ T cell count had dropped below an identified 

cut-off, allowing significant time in the host for the virus to adapt to their immune response. For 

individuals infected more recently, while the virus has likely had significantly less time in the host to 

adapt to their immune response due to early commencement of ART, greater levels of adaptation 

in circulating viral strains (and likely the transmitted viral strain) may result in similarly high levels 

of adaptation in the viral strains that rebound for all HIV-infected individuals. Furthermore, the 

results of Chapter 2 identified that high levels of adaptation in children following vertical 

transmission resulted in a lesser ability to target adapted epitopes, instead targeting subdominant 

epitopes. These results are consistent with adults following horizontal transmission [97, 225], 

indicating that high levels of adaptation can impact the anti-HIV CD8+ T cell response. Consequently, 

the inclusion of epitopes containing the adapted form of an epitope is unlikely to result in a robust 

T cell response for either a preventative or therapeutic vaccine. Knowing if the level of adaptation 

in circulating HIV strains is increasing is important, but for this knowledge to inform vaccine design, 

the impact of these adaptations on the subsequent immune response will be the ultimate decider 

on which HIV epitopes would be optimal to include for HIV T cell vaccines. 

5.2.2.2 The modes of viral adaptation have varied outcomes for the host’s immune response 

Epitope enhancement strategies, adjusting the sequence of an epitope to increase its affinity for the 

HLA molecule, have been used in vaccines for HIV [380], HCV [381], and cancer [382, 383]. However, 

if epitopes containing non-classical adaptations or neo-epitopes (epitopes containing adaptations 

where the change in amino acid exposes a new viral target to the immune system) are included as 

an immunogen, the induced immune response may paradoxically lead to greater viral survival. This 

is suggested by the results of Chapter 3 and a recent study, which showed continued recognition of 

the adapted form of HIV T cell epitopes increases viral trans-infection of CD4+ T cells [269]. 

Furthermore, others have shown differences in the level of anti-HIV protection exerted by responses 

to specific T cell epitopes and suggested the active exclusion of select T cell epitopes from HIV 

vaccines [109].  

The results from Chapter 3 of this Thesis highlighted changes in CD8+ T cell transcriptomic phenotype 

following stimulation with peptides differing by a single amino acid. These transcriptomic changes 

were associated with the subject’s autologous form of the epitope, with subjects harbouring the 

non-adapted form in their viral quasispecies demonstrating a more effective immune response 
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(higher polyfunctionality, and upregulation of key effector genes such as pro-inflammatory, 

chemokine and cytotoxic genes). However, although there were clear differences identified based 

on the stimulating peptide and autologous virus, functional studies were unable to be conducted to 

confirm the transcriptional observations due to insufficient PBMCs for subjects with the appropriate 

autologous virus. However, previous results suggest that a response to the adapted epitope does 

elicit a less functional CD8+ T cell response: in acute HIV infection, a less cytotoxic/polyfunctional 

phenotype of CD8+ T cells responsive to the adapted form of an epitope was observed [269]; and 

when certain adapted forms of epitopes are immunogenic in acute HIV infection, they are likely 

inducing low cytotoxic CD8+ T cells [97, 297]. Consequently, future work will include selection of 

subjects where sufficient PBMCs are available for both sorting (TCR and transcriptomic analyses) 

and functional assays (confirmation of identified signatures). Confirming the functional results of an 

adaptation is important for epitope selection for candidate HIV vaccines; if the observed differences 

at the transcriptomic level translate to the protein level, impacting the function of the cell, epitopes 

containing non-classical adaptations are unlikely to be beneficial in a vaccine setting. 

While Chapter 3 of this Thesis identified differences in the CD8+ T cell transcriptome based on 

autologous form, this was between subjects and as such, it could not be confirmed that a change in 

CD8+ T cell transcriptome would be observed longitudinally in the same subject at a timepoint where 

their autologous form is non adapted, compared to when it is adapted. It was also not possible to 

confirm that the changes observed were not due, at least in part, to the duration of HIV infection. 

To assess the impact of autologous virus and length of HIV infection on the CD8+ T cell response 

within one subject (including functional assays), a subject who has demonstrated a change in the 

epitope TL10 from the non-adapted to the adapted form will be utilised. For this subject, TL10-

specific CD8+ T cells will be single cell sorted and Gag-specific CD8+ T cells will be bulk sorted for the 

two timepoints (Gag was selected to assess changes in transcriptome due to duration of HIV 

infection as the non-classical adaptations studied occur in Nef). This will allow the determination of 

the level to which a change in autologous form of TL10 impacts the resultant TL10-specific CD8+ T 

cells, while controlling for transcriptomic changes in overall CD8+ T cell responses due to HIV 

infection duration (using Gag-specific CD8+ T cells at both timepoints as a control). The outcomes 

from this work are anticipated to show a slight change in the transcriptome of Gag-specific CD8+ T 

cell responses over the 11 year timespan, as previous research has indicated changes in CD8+ T cell 

differentiation, frequency, activation profile, and increased dysfunction with HIV infection duration 

[302, 384, 385]. However, it is expected that the transcriptional changes for TL10-specific CD8+ T 

cells will be greater than what is observed for Gag. 
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Another limitation of the results from Chapter 3 was a lack of comparison with an epitope 

harbouring a classical adaptation (where adaptation results in a loss of immune recognition), or a 

neo-epitope (epitopes containing adaptations where the change in amino acid exposes a new viral 

target to the immune system, often in the more variable protein Nef [134, 140]). While it is known 

that the CD8+ T cell response of HIV-infected individuals diminishes with time, even on ART [302, 

384, 385], any difference between the strength of the CD8+ T cell response against classical and non-

classical adaptations (non-adapted forms), and neo-epitopes is unknown. In addition to assessing 

the CD8+ T cell response to TL10 (non-classical adaptation) and a Gag peptide pool (general anti-HIV 

T cell response), CD8+ T cells specific to the non-adapted form of a classical adaptation and the 

adapted form of a neo-epitope will also be assessed. 

For a mutation to be selected (adaptation), there must be a benefit to the virus that outweighs any 

associated costs. Consequently, the mere fact that neo-epitopes and non-classical adaptations are 

selected for in response to immune pressures strongly suggests that there must be an advantage 

incurred to the virus. As HIV-infected cells are recognised and killed by CD8+ T cells, the results of 

Chapter 3 suggest adaptations that don’t abrogate immune recognition (non-classical and neo-

epitopes) instead modify the epitope-specific immune response to be less effective (lower levels of 

cytotoxicity and chemokine signalling; Fig 3.8D). It is also possible that these responses become 

more immunodominant, drawing the immune response away from other epitopes. Understanding 

the immune response towards epitopes is an important consideration for the selection of potential 

vaccine immunogens. 

5.2.3 Neutralising antibody responses are commonly used as a measure of vaccine efficacy 

While vaccinations elicit a cellular and humoral immune response [386], subsequent protection is 

largely due to the production of broadly neutralising antibodies [205]. However, T cell responses are 

crucial, as a vaccine-induced antibody response is directly related to the magnitude of cTfh cell 

activation following vaccination [5, 6, 67, 72, 73]. Chapter 4 identified a trend between the fold 

change increase in HAI titers for H1N1 and the observed influenza vaccine-induced cTfh cell 

response (Fig 4.5). While these trends were observed, high HAI titres were present overall prior to 

vaccination and as titrations were not continued far enough, it was not possible to identify 

differences between d0 and d7 HAI titres for a number of individuals. Consequently, this limitation 

will be addressed in future work. Sera from a cohort of healthcare workers who underwent 

sequential influenza vaccinations will be utilised to determine HAI titres present for each vaccine 

immunogen at d0 and d28. These results can then be correlated with a change in activated cTfh cell 
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percentage following influenza vaccination and paired with TCR and transcriptomic analyses of cTfh 

cells. 

5.2.4 A strong vaccine-induced T cell response is paramount for neutralising antibody production 

Crucial to a B cell response that is long-lived and capable of inducing high affinity antibodies, is the 

help provided by cTfh cells. As help provided by Tfh cells is a limiting factor in the subsequent 

production of neutralising antibodies following vaccinations [387], modulating the cTfh cell 

response has the potential to enhance vaccine responses. A deeper understanding of how a vaccine 

stimulates cTfh cell responses can improve vaccine strategies. 

5.2.4.1 Determining the extent of re-stimulating memory (potentially cross-reactive) cTfh cells in 

sequential vaccinations is required to produce a highly effective vaccine 

The antigen recognition molecule on the surface of T cells, the TCR, initiates an immunological 

response upon recognition of foreign antigens and has evolved to be highly diverse within and 

between individuals [161]. Pre-existing cross-reactive T cells, those with a TCR that recognises more 

than one peptide-HLA complex, have been implicated in the reduced severity of disease following 

infection with influenza virus [172, 173] and SARS-CoV-2 [175-177]. Modifying epitope sequences 

to achieve a more broadly cross-reactive T cell response is a technique used in vaccine design to 

allow recognition of more viral strains [388]. A cross-reactive T cell response could be required to 

combat antigenic drift observed in influenza virus, or clade differences in HIV-1. However, while the 

impact of re-stimulating a memory response is largely beneficial in cases of natural infection, little 

is known about its impact in sequential vaccines. 

OAS was first described in reference to influenza [189], describing the inclination of the immune 

response to utilise immunological memory following subsequent infection with an antigenically 

similar strain of influenza. While OAS can be both beneficial and problematic [192-195], its role in 

sequential vaccinations remains unclear; it is possible that the bias of re-stimulating memory 

responses over creating new responses in a vaccination setting could result in the continuous 

boosting of conserved non-protective elements, opposed to inducing new responses against 

protective, yet antigenically drifted, epitopes [191]. It is also possible that there is overlap between 

OAS and cross-reactive T cells: does a pathogen-specific immune response favour immunological 

memory (in the form of cross-reactive T cells) over a new response? The group’s upcoming studies 

will further explore the TCR repertoire of vaccine-induced cTfh cells following sequential influenza 

vaccinations, shedding light on the level of cross-reactivity and potential preferential selection of 
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memory cTfh cell responses. This will be of particular interest for vaccinations that include new, 

antigenically drifted strains. 

In Chapter 4, an overlap in the cTfh TCR repertoire of activated cells was observed following both 

seasonal influenza vaccinations (Fig 4.9-10). As the vaccine immunogens for these two seasons 

contained overlaps (two of the three immunogens; Table 4.1), it could not be determined if these 

are memory cTfh cells re-stimulated by the same antigen, and/or if they are cross-reactive to an 

antigenically similar antigen. However, it is likely that a portion of the vaccine-induced immune 

response is due to cross-reactive cTfh cells, as observed for a handful of HIV epitopes in Chapter 3 

and as others have described [172, 173, 175-177]. It is also possible that following natural infection 

or vaccination, cross-reactive T cell responses narrow the TCR repertoire, skewing the immune 

response to sub-optimal and/or non-protective responses [185, 188]. If this is the case, seasonal 

vaccine immunogen selection should not include antigenically similar or repeated strains. 

Subsequently, future work will aim to determine the extent of cross-reactive vaccine-specific cTfh 

cells following stimulation with different vaccine immunogens and correlate these characteristics 

with vaccine responses (cTfh cell activation and antibody responses). 

To assess the level of cross-reactivity within influenza vaccine-induced cTfh cell responses across 

sequential seasons, a longitudinal cohort of healthy individuals (a subset of this cohort was used in 

Chapter 4) that have undergone sequential annual influenza vaccinations over four to five years will 

be used. PBMCs taken 28 days after vaccination will be stimulated with individual vaccine 

immunogens, with activated cTfh cells bulk sorted prior to TCRβ sequencing. This will provide 

immunogen-specific cTfh cell responses for each vaccine, allowing overlaps in TCR repertoire to be 

identified (potentially cross-reactive responses). Once overlapping TCRs have been identified, a 

handful will be selected based on their frequency and/or number of immunogens they were 

observed in. To confirm true cross-reactive responses, a TCR reporter assay will be used (as in 

Chapter 3) [277]. The TCR reporter assay involves cloning an identified TCR and transiently 

transfecting it into Jurkat E6.1 cells. A single antigen line is used as antigen presenting cells and co-

cultured with peptide. Two methodologies will be used for the stimulating peptides: 1) the 

stimulating immunogen will be run through NetMHCIIpan [308] along with the subject’s HLA class II 

alleles to identify predicted epitopes (as in Chapter 4); and 2) overlapping epitopes for the entire 

immunogen. This approach couples both targeted and all-encompassing methodologies. If re-

stimulated, potentially cross-reactive, cTfh cell responses can predict the efficacy of an upcoming 
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vaccine, these results could be utilised to inform a screening tool for seasonal influenza vaccines 

and other mutable pathogens where sequential vaccinations are required. 

5.2.4.2 Activated and expanded cTfh cells demonstrate differences in transcriptomic profile 

Activated cTfh cells upregulate expression of ICOS and BCL6 along with a number of activation 

markers following influenza vaccination [220]. However, these differences have largely been 

discerned using flow cytometry and not a higher resolution method, such as RNA sequencing. 

Chapter 4 compared the transcriptome of resting and activated cTfh cells for four subjects following 

influenza vaccination. A handful of DEGs were identified in both the resting and activated cell 

populations (Fig 4.6). Pathways common to DEGs upregulated in activated cTfh cells included those 

for gene expression/processing, type-I IFN signalling, the inflammasome, and cell differentiation. 

Several of these pathways were overlapping with those observed in the transcriptome of whole 

blood after vaccination with the live attenuated YF17D, one of the most successful vaccines [323]. 

Adjuvants are commonly used in vaccines to induce relevant cytokines and modulate other aspects 

of the immune response in a way thought to increase the vaccine-induced response. As such, 

identification of a vaccine-induced transcriptomic response may aid in the addition of relevant 

adjuvants. 

While differences between activated and resting cTfh cells have been shown following vaccination 

[5, 72], no study has identified a difference in the transcriptome of expanded activated cTfh cells 

following vaccination. Chapter 4 identified several significantly overrepresented pathways present 

in cTfh cells identified to have expanded from d0 to d7 (driving clonality) in comparison to those 

activated cTfh cells which showed no expansion (not driving clonality; Fig 4.11). Limitations of 

Chapter 4 included the inability to compare transcriptomic results within a subject over sequential 

vaccinations, and between multiple subjects. Future research will utilise the same cohort but select 

subjects who underwent at least 4 sequential influenza vaccines. This will allow a more in-depth 

comparison of the transcriptional profile of activated cTfh cells (overall and those which are 

expanded following vaccination), including comparisons: for the same subject across multiple 

vaccination seasons, allowing for differences in cell transcriptome based on the level of activation 

(a vaccine-induced cTfh cell response in one year, compared to no response in another); between 

subjects with a vaccine-induced cTfh cell response in the same vaccination season, to identify 

common upregulated pathways in expanded cTfh cells; and within and between subjects based on 

the magnitude of the vaccine-induced cTfh cell response, to identify any differences in 
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transcriptomic profile based on the fold change of the cTfh cell response. Results from these future 

studies will further highlight markers of an effective vaccine-induced immune response. 

5.2.4.3 cTfh cell subsets can mediate vaccine responses 

While re-stimulating a memory response following vaccination may be beneficial for antibody 

production, it is possible that re-stimulating cells of an adverse subtype will be detrimental. cTfh 

cells comprise three subtypes based on similarities with canonical CD4+ T cell subpopulations, each 

with differing abilities to regulate B cell responses: Th1-like, CXCR3+CCR6-; Th2-like, CXCR3-CCR6-; 

and Th17-like, CXCR3-CCR6+ [66, 389, 390]. Th1-like cTfh cells have been shown to lack the capacity 

to help B cells, with Th2- and Th17-like cTfh cells better able to provide help in vitro to B cells [65, 

66]. Th2- and Th17-like cTfh cells also have a transcriptional profile like that of germinal centre Tfh 

cells, as observed in the circulating and tonsillar Tfh cells of healthy individuals [65]. While cTfh cell 

subtypes have been implicated in the response to viral infections and the ability of a vaccine to 

induce an antibody response, the benefit of one subtype over another appears to vary. 

Skewing of the cTfh cell subtypes to a Th1-like (CXCR3+) response has been observed to be beneficial 

during influenza natural infection, resulting in the production of influenza-specific antibodies [5, 67]. 

Contrastingly, following influenza vaccination, skewing towards a Th1-like cTfh cell response results 

in a reduction in antibody quantity and quality [212, 358]. A large portion of HIV-infected individuals 

are unable to produce protective antibodies, resulting in diminished responses to new vaccinations 

[376]. This is thought to be due to an increase in IL-2 signalling within some HIV-infected individuals, 

impacting Tfh cell differentiation and function, and polarising Tfh cells towards a Th1-like phenotype 

[212]. However, interfering with IL-2 signalling in these individuals allowed memory Tfh cells to be 

reprogrammed, with their function partly restored [212]. These results suggest that a Th1-like cTfh 

cell response following vaccination may not be beneficial. 

In Chapter 4, it was not possible to assess any role of cTfh cell subtypes as the flow cytometry panel 

did not incorporate the surface markers CXCR3 and CCR6 required to differentiate subtypes. 

Consequently, our future work will explore the role of cTfh cell subsets on vaccine response. The 

surface markers CXCR3 and CCR6 will be added to the flow cytometry panel when sorting cells to 

enable the ratio of cTfh cell subsets to be determined. These results will then be paired with the 

transcriptome of cells, further enhancing the ability to determine markers of an effective vaccine-

induced immune response. 
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While skewing of cTfh cell subtypes following influenza vaccinations has been observed before [212, 

358], the approach taken in Chapter 4 would also be able to determine if cTfh cells driving a change 

in clonality are skewed towards one subtype. Although a Th-1 like response has been shown to be 

detrimental following influenza vaccination, it is more important to identify a skewing of cTfh cells 

in those driving a response. As vaccine-induced cTfh cells (those driving clonality) are not always the 

major population, looking at overall cTfh cell subtype ratios may not be the most informative 

approach. If a cTfh cell subtype driving a vaccine-induced response can be identified, polarising 

adjuvants can be included in influenza vaccines to skew the cTfh cell response to a more beneficial 

subset. 

Although the studied cohort is for sequential influenza virus vaccines, these results will also inform 

vaccine design for HIV and other viruses as vaccine success is largely dependent on the quality of 

antibody responses, of which cTfh cells are critical. While less is known about cTfh cells in candidate 

HIV vaccines that have made it to clinical trial, it is known that HIV-infected individuals with higher 

levels of functional memory cTfh cells (CXCR3-; Th2- or Th17-like) are more capable of producing 

HIV-specific broadly neutralising antibodies [65]. This supports the concept that sufficient T cell help 

is critical for any candidate HIV vaccine that aims to elicit potent anti-HIV broadly neutralising 

antibodies. 

 

5.3 CONCLUDING REMARKS 

This Thesis focuses on the impact of viral diversity on the immune response following natural 

infection and vaccination. The results of this Thesis demonstrate that viral variation plays a critical 

role in host-pathogen interactions, with this viral diversity posing a significant barrier to vaccine 

design. Viral mutations have the potential to impact the host’s immune response [97, 142-144] and 

as such, need to be considered in vaccine design. However, unless the complex host-viral 

interactions surrounding viral mutations are completely understood, designing highly effective 

vaccines for mutable pathogens will be challenging. 

HIV is still a global problem, with no therapeutic or preventative vaccines available. Although several 

candidate HIV vaccines have progressed to clinical trials, none have been successful past phase 2. 

While more recent candidate HIV vaccines are focussing on eliciting a strong and specific cell-

mediated immune response [215, 216], the results of this Thesis suggest that epitope selection is a 

potential determining factor in vaccine success. This Thesis highlighted that the inclusion of epitopes 
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containing non-classical adaptations, or adaptations in general, are unlikely to result in a high 

magnitude and effective CD8+ T cell response. The results also suggest that candidate HIV vaccines 

should utilise both old and recent consensus sequences to determine epitopes as the high 

maintenance of viral adaptations has likely resulted in substantial variations over time. If 

adaptations become fixed in circulating viral populations; the ability to detect epitopes decreases if 

using population-based genetic studies [2] that utilise HLA-associated viral polymorphisms as a 

marker of in vivo T cell immune pressure (epitope). However, for individuals with the restricting 

HLA, these adaptations will still likely be beneficial for the virus. 

The critical role of cTfh cells in antibody responses signifies their importance and the need to 

produce vaccines that sufficiently activate this cell population. The results of this Thesis can be used 

to inform upcoming vaccines and impact the selection of influenza strains. While the results of 

Chapter 4 were inconclusive on the benefit of re-stimulating a recurrent cTfh cell memory 

population, other work has suggested its benefit [220]. Future work aims to determine the extent 

to which vaccine-induced activated cTfh cell responses are due to cross-reactive cells, with the 

hypothesis that cross-reactive memory cTfh responses to vaccines will be a positive predictor of a 

response, whereas weak helper responses will predict poor responses. Identifying individuals with 

weak helper responses will target individuals for higher dose vaccination, or better adjuvants, or 

boosters, etc. Furthermore, these and future results will identify the impact of utilising repeated 

influenza strains, directly influencing the selection of strains for seasonal vaccinations. 

The findings from this Thesis also have implications in other settings where sequential vaccines may 

be required to combat new viral strains, such as for SARS-CoV-2 and other coronaviruses, HIV, HCV, 

and dengue. Furthermore, the results will inform vaccinations to any future pandemics. In addition, 

the findings of this Thesis and proposed future work will enhance the understanding of human 

immunology with respect to T cell responses which are critical in all immune responses. 
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CHAPTER 7 - Appendix 
7 Appendix 

7.1 APPENDIX A – CHAPTER 2 

Table A-1. Primer combinations for HLA genotyping by next-generation sequencing. 

Loci (Exon 2 & 3) Sequence (5'-3') Length (bp) 
HLA - AEx2 Forward CTCTGYGGGGAGAAGCAA 500 
HLA - AEx2 Reverse CTCGGACCCGGAGACTGT 
HLA - AEx3 Forward CTYGGGGGACYGGGCTGAC 393 
HLA - AEx3 Reverse CCCAATTGTCTCCCCTCCTTG 
HLA - BEx2 Forward GGSAGGGAAATGGCCTCT 428 
HLA - BEx2 Reverse GGATGGGGAGTCGTGACCT 
HLA - BEx3 Forward CGGTTTCATTTTCAGTTGAGG 424 
HLA - BEx3 Reverse GGAGGGCGACATTCTAGC 
HLA - CEx2 Forward CTCTGSGGAGAGGARCGAGG 537 
HLA - CEx2 Reverse YGAAACCGGGTAAAGGYGACT 
HLA - CEx3 Forward AGTCRCCTTTACCCGGTTTC 472 
HLA - CEx3 Reverse AGYGCTGATCCCATTTTCCT 
HLA - DRB1 Forward CGGATCCTCCTCCARCTC 550 
HLA - DRB1 Reverse GCTYACCTCGCCKCTGCAC 
HLA - DQBA Forward CCYCGCAGAGGATTTCGTG 280 
HLA - DQBA Reverse CTCTCCTCTGCARGATCCC 
HLA - DQBA Forward CCYCGCAGAGGATTTCGTG 280 
HLA - DQBB Reverse CTCGCCGCTGCAAGGTCGT 
HLA - DQBex3 Forward TGGAGCCCACAGTGACCATCT 280 
HLA - DQBex3 Reverse TAGGCTGGGGTGCTCCACG 
HLA - DPB1 Forward CCGCTTAGGACCACAGAACT 651 
HLA - DPB1 Reverse TAAGGTCCCTTAGGCCAACC 
HLA - DQAex2 Forward TGCTTGTCATCTTCACTCATCAG 514 
HLA - DQAex2 Reverse CCTTCTCTCTGTGGGCATGT 
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Table A-2. PCR cycling conditions for next-generation sequencing and qPCR. 

RT-PCR 

  Temperature Time 

1x 
55°C 30min 
94°C 2min 

40x 
94°C 15s 
60°C 30s 
68°C x min 

1x 68°C 5min 
  15°C Infinity 

 

PCR < 2kb 

  Temperature Time 
1x 95°C 2min 

35x 
95°C 20s 
60°C 20s 
72°C x min 

  15°C Infinity 
 

PCR > 2kb 

  Temperature Time 
1x 94°C 1min 
  60°C 20s 
  72°C 2min 

14x 94°C 15s 
  60°C 20s 
  68°C x min 

20x 94°C 15s 
  65°C 20s 
  68°C x min 
  15°C Infinity 

 

Note: x = size (kb) of the expected amplicon, e.g. 2kb amplicon = 2 minutes  
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Table A-3. Primer combinations for next-generation sequencing and qPCR with corresponding 

amplicon lengths. 

Region PCR  Sequence (5'-3') Length (kb) 
Gag 1st rd Forward GACTAGCGGAGGCTAGAAG 1.5 

  Reverse AGGGGTCGTTGCCAAAGA  
 2nd rd Forward GTATGGGCAAGCAGGGAGCTAGAA 1 
  Reverse TGTCCTTCCTTTCCACATTTCC  

Pol 1st rd Forward GGAAATGTGGAAAGGAAGGACA 2 
  Reverse TATCTGGTTGTGCTTGAATGATTC  
 1st rd Forward GACCATCAATGAGGAAGCTGCAGA 2.5 
  Reverse TATCTGGTTGTGCTTGAATGATTC  
 2nd rd Forward GGAAATGTGGAAAGGAAGGACA 2 
  Reverse CAGTAACATATCCTGCTTTTCCTAATT  
 2nd rd Forward GGAAATGTGGAAAGGAAGGACA 2 
  Reverse TATCTGGTTGTGCTTGAATGATTC  

Nef 1st rd Forward CCTGTGCCTCTTCAGCTACC 1 
  Reverse ACTACTTGAAGCACTCAAGGCAAGCTTTATTG  
 1st rd Forward GCTACCACCGCTTGAGAGAC 1 
  Reverse TACAGGCAAAAAGCAGCTGC  
 2nd rd Forward AGATGGGTGGCAAGTGGTC 1 
  Reverse TCAGCAGTTCTTGAAGTACTCCG  
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Table A-4. Sequencing summary information. 

  

Subject
% mapped 

reads
Total no. 

reads Gag Pol Nef Gag Pol Nef

Mother 1 97.39 150534 17740 20127 22.1 25.1
Child 1 94.56 445221 24056 26345 19935 74.3 81.4 61.6
Mother 2 89.63 953788 48030 50615 30733 11.6 12.3 7.4
Child 2 84 658059 39491 42038 3324 208.5 222.0 17.6
Mother 3 88.42 664236 33344 33567 31643 92.2 92.8 87.5
Child 3 87.51 776062 39458 41733 28022 17.1 18.0 12.1
Mother 4 97.9 688850 48620 23124 25803 23.5 11.2 12.5
Child 4 95.58 625887 35730 31597 49143 990.4 875.8 1362.2
Mother 5 96.42 2293531 214159 39946 112499 188.9 35.2 99.2
Child 5 96.45 775599 66377 13547 38431 22.7 4.6 13.1
Mother 6 96.96 161791 20794 21729
Child 6 95.28 508107 21429 46292 10342 5.9 12.7 2.8
Mother 7 91.57 830575 27998 37197 65514 2.8 3.8 6.6
Child 7 93.39 1110720 27076 48006 80465 12.1 21.5 36.0
Mother 8 96.67 793523 66634 21048 41323 16.3 5.1 10.1
Child 8 94.03 926398 22397 95826
Mother 9 94.78 810559 39563 41323 38920 74.6 77.9 73.4
Child 9 94.43 751184 40512 40118 33610 154.0 152.5 127.8
Mother 10 97.68 794941 61237 33251 25953 4.9 2.6 2.1
Child 10 97.14 721784 46487 25471 19682 0.5 0.3 0.2
Mother 11 98.33 673486 23509 59675 8235 2.4 6.0 0.8
Child 11 96.82 729340 49849 46629 13460 42.0 39.3 11.3
Mother 12 93.7 800436 32294 42033 36067 2.9 3.7 3.2
Child 12 84.92 875159 25289 52511 53662 25.2 52.3 53.4
Mother 13 97.5 1128534 67684 65167 21879 370.3 356.5 119.7
Child 13 97.94 760341 57167 38830 48688 31.8 21.6 27.1
Mother 14 96.04 183689 22420 16915 20593 98.6 74.4 90.6
Child 14 94.19 545010 21345 51520 13575 0.6 1.3 0.4
Mother 15 95.43 427379 15248 18599 42633 38.2 46.6 106.8
Child 15 96.25 454563 19296 28758 31740 120.4 179.4 198.0
Mother 16 96.24 524269 39649 28458 10019 37.8 27.2 9.6
Child 16 96.65 680861 14090 60358 16613 3.5 15.2 4.2
Mother 17 91.28 878600 27015 61482 19234 27.9 63.6 19.9
Child 17 88.62 784336 48971 37591 18453 67.8 52.0 25.5
Mother 18 29.91 334463 13065 30629 3773 274.9 644.5 79.4
Child 18 91.68 968742 36624 35928 129481 11.4 11.2 40.3
Mother 19 97.5 155718 26746 79548 16713 79.9 237.7 49.9
Child 19 94.92 449841 21237 39858 2267 5.7 10.7 0.6
Mother 20 94.82 905337 46902 40624 50879 554.1 480.0 601.1
Child 20 87.24 1197415 21215 74627 73698 14.1 49.8 49.1
Mother 21 94.78 923326 45507 40792 49048 18.8 16.8 20.3
Child 21 94.36 861200 43012 43696 43028 59.4 60.3 59.4
Mother 22 89.73 799709 45583 38647 41856 41.0 34.7 37.6
Child 22 92.62 735007 38035 40412 36301 43.1 45.8 41.1
Mother 23 86.82 1349359 40872 62543 63388 1982.2 3033.1 3074.1
Child 23 86.51 780271 21222 48934 35881 19.6 45.1 33.1
Mother 24 91.14 929039 43500 48552 47300 86.3 96.3 93.8
Child 24 86.99 1106142 51470 59132 57240 37.5 43.1 41.7
Mother 25 87.47 875322 35112 43359 34204 124.4 153.6 121.1
Child 25 89.04 807151 34252 42815 31206 57.0 71.2 51.9
Mother 26 98.19 947048 44952 49172 35127 14.1 15.5 11.0
Child 26 82.74 834501 49147 51177 18083 979.0 1019.5 360.2

Average no. reads Average no. reads per copy
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Table A-5. Number of adaptations examined by protein for each subject with those shared between 

mother and child in brackets. 

  

Gag Pol Nef
M1 14 (5)
C1 11
M2 4 (2) 18 (5) 16 (7)
C2 6 12 18
M3 5 (2) 28 (13) 27 (13)
C3 4 14 18
M4 6 (4) 18 (16) 13 *8)
C4 8 27 14
M5 6 (6) 16 (13) 10 (9)
C5 9 14 10
M6 17 (10)
C6 15
M7 14 (9) 16 (13) 28 (13)
C7 12 26 25
M8 8 (5)
C8 11
M9 10 (7) 12 (5) 24 (15)
C9 15 16 41

M10 10 (4) 25 (18) 31 (9)
C10 6 25 15
M11 7 (5) 9 (3) 20 (15)
C11 14 9 35
M12 11 (6) 17 (9) 30 (20)
C12 9 15 22
M13 11 (5) 17 (11) 40 (19)
C13 7 19 22
M14 8 (3) 21 (7) 28 (6)
C14 13 13 17
M15 17 (11) 21 (11) 46 (26)
C15 15 23 41
M16 11 (6) 7 (7) 12 (10)
C16 9 15 13
M17 12 (10) 7 (2) 30 (24)
C17 15 12 34
M18 9 (5) 20 (12) 21 (4)
C18 10 18 8
M19 8 (6) 15 (7) 19 (18)
C19 14 13 27
M20 11 (8) 20 (10) 26 (22)
C20 14 14 33
M21 10 (6) 12 (6) 36 (25)
C21 13 17 44
M22 10 (5) 29 (17) 26 (15)
C22 8 19 24
M23 7 (4) 13 (9) 11 (5)
C23 7 18 16
M24 5 (2) 20 (15) 15 (8)
C24 6 20 18
M25 9 (5) 10 (4) 24 (13)
C25 10 10 20
M26 7 (4) 13 (8) 14 (9)
C26 6 12 15
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Table A-6. Peptide pool tested. 

 

Adaptation position is in red. 

  

Subject Adaptation (HLA restriction) Protein Location Sequence
C9 Nef 77-85 RPMTYKGAM

83-91 GAFDLSHFL
83-91 GAMDLSHFL
83-91 GAVDLSHFL
77-85 RPMTYKGAV
77-85 RPMTYKGAF

85F, 85M (C*0802)
85M (B*1402)
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Table A-7. HIV sequence content of mother/child pairs for tested peptide pools. 

 

Red indicates a change from the epitope sequence; Y = response; N =  no response; MC = mother/child pair. 

  

HLA Peptide Location Position Sequence Mothers Seq. Childs Seq. Mother Child HLA Peptide Location Position Sequence Mothers Seq. Childs Seq. Mother Child
MC2 B*18 FK10 Gag p24 293-302 FRDYVDRFYK FRDYVDRFYK FRDYVDRFYK N N

YY9 Nef 135-143 YPLTFGWCY YPLTFGWCF YPLTFGWCF
MC3 A*02 AM9 RT 188-196 ALVEICTEM ALVEICTEM ALVEICTEM

ALLEICTEM
Y N B*51 EI9 RT 197-205 EKEGKISKI EKEGKISKI EKEGKISKI Y N

IV9 RT 464-472 ILKEPVHGV ILKEPVHGV ILKEPVHGV TI8 RT 283-290 TAFTIPSI TAFTIPSR TAFTIPSR
PL10 Nef 136-145 PLTFGWCYKL PLTFGWCFKL PLTFGWCFKL
VL10 Nef 180-189 VLEWRFDSRL VLVWRFDSRL VLVWRFDSRL

VLVWKFDSRL

VL9 RT 334-342 VIYQYMDDL VIYQYMDDL
VICQYMDDL

VICQYVDDL
IICQYVDDL

MC4 A*03 AK11 RT 188-198 ALVEICTEMEK ALTEICTEMEK
ALIEICTEMEK
ALVEICTEMEK

ALVEICTEMEK Y N B*44 AW11 Gag p24 306-316 AEQASQDVKNW AEQASQEVKNW
AQEATQEVKNW

AEQASQEVKNW Y N

ATK9 RT 313-321 AIFQSSMTK AIFQSSMTK AIFQSSMTK RL11 Gag p24 294-304 RDYVDRFYKTL RDYVDRFYKTL RDYVDRFYKTL
GK9 RT 248-256 GIPHPAGLK GIPHPAGLK GIPHPAGLK
KK9 Gag p17 18-26 KIRLRPGGK no sequence no sequence
QK10 Nef 73-82 QVPLRPMTYK QVPLRPMTYK QAPLRPMTYK
QR9 RT 424-432 QIYPGIKVR QIYPGIKVR QIYPGIKVR
RK9 Gag p17 20-28 RLRPGGKKK no sequence no sequence
RY10 Gag p17 20-29 RLRPGGKKKY no sequence no sequence

MC5 A*68 DL9 RT 86-94 DTVLEEMNL DTVLEEMNL DTVLEEMNL Y N B*42 TL10 Nef 128-137 TPGPGVRYPL TPGPGTRFPL TPGPGTRFPL
TPGPGIRFPL

Y Y

DWL9 PR 86-94 DTVLEEWNL DTVLEEMNL DTVLEEMNL TL9 Gag p24 180-188 TPQDLNTML TPQDLNCML
TPQDLNTML

TPQDLNCML

IV9 PR 59-67 ITLWQRPLV ITLWQRPLV ITLWQRPLV YL9 RT 426-434 YPGIKVRQL YAGIKVKQL YAGIKVKQL
QV9 Gag p17 127-135 QVSQNYPIV QVSQNYPIV QVSQNYPIV B*53 QW9 Gag p24 308-316 QASQEVKNW QASQEVKNW

QASQEVKGW
QASQEVKGW

MC6 A*01 GY9 Gag p17 71-79 GSEELRSLY GSEELKSLY GSEELKSLW
GSEELKSLF

N N B*08 GL8 Gag p17 24-32 GGKKKYKL no sequence no sequence Y N

YT9 (10) Nef 120-128? YFPDWQNYT YFPDWQNYT YLPDWQCYT EV9 Gag p17 74-82 ELRSLYNTV ELKSLYNTV ELKSLWNTV
ELKSLFNAI

WH10 Nef 183-192 WRFDSRLAFH WKFDSRLAFH WKFDSRLAFH
WKFDSRLACH

MC8 A*68 DL9 RT 86-94 DTVLEEMNL DTVLEEMNL DTVLEEMNL N Y
DWL9 PR 86-94 DTVLEEWNL DTVLEEMNL DTVLEEMNL
IV9 PR 59-67 ITLWQRPLV ITLWQRPLV ITLWQRPLV
QV9 Gag p17 127-135 QVSQNYPIV QVSQNYPIV QVSQNYPIV

A*74 IV9 PR 59-67 ITLWQRPLV ITLWQRPLV ITLWQRPLV
MC9 B*58 TW10 Gag p24 108-117 TSTLQEQIGW TSNLQEQIGW TSNLQEQIGW

TSNLQEQIAW
N N

MC10 B*44 AW11 Gag p24 306-316 AEQASQDVKNW AEQASQEVKHW
AEQASQEVKNW

AEQASQEVKHW N N

RL11 Gag p24 294-304 RDYVDRFYKTL RDYVDRFYKTL RDYVDRFYKTL
MC11 A*74 IV9 PR 59-67 ITLWQRPLV ITLWQRPLV ITLWQRPLV N N B*53 QW9 Gag p24 308-316 QASQEVKNW QASQEVKNW QASQEVKNW Y N
MC16 A*02 AM9 RT 188-196 ALVEICTEM ALVEICTEM ALVEICTEM Y Y B*42 TL10 Nef 128-137 TPGPGVRYPL TPGPGERYPL

TPGPGERFPL
TPGPGERYPL N N

IV9 RT 464-472 ILKEPVHGV ILKEPVHGV ILKEPVHGV TL9 Gag p24 180-188 TPQDLNTML TPQDLNTML TPQDLNTML
PL10 Nef 136-145 PLTFGWCYKL PLCFGWCFKL PLCFGWCFKL YL9 RT 426-434 YPGIKVRQL YAGIKVKQL YAGIKVKQL

YPGIKVKQL

VL10 Nef 180-189 VLEWRFDSRL VLVWKFDSRL VLVWKFDSRL B*53 QW9 Gag p24 308-316 QASQEVKNW QASQEVKGW
QATQDVKNW

QASQEVKGW

VL9 RT 334-342 VIYQYMDDL VIYQYMDDL VIYQYVDDL
VICQYVDDL

MC18 A*30 KVIY9 RT 328-336 KQNPDIVIY KRNPDIVIY KQNPDIVIY Y N B*42 TL10 Nef 128-137 TPGPGVRYPL TPGPGTRYPL TPGPGTRFPL Y Y
KY9 RT 418-426 KLNWASQIY KLNWASQIY KLNWASQIY TL9 Gag p24 180-188 TPQDLNTML TPQDLNTML TPQDLNTML
RY11 Gag p17 76-86 RSLYNTVATLY KSLFNTVATLY KSLFNTVATLY YL9 RT 426-434 YPGIKVRQL YAGIKVKQL

YAGIQVKQL
YAGIKVKQL

B*58 TW10 Gag p24 240-249 TSTLQEQIGW TSNLQEQIAW TSTLQEQIAW
MC20 A*03 AK11 RT 188-198 ALVEICTEMEK ALVEICTEMEK ALVEICTEMEK Y N B*35 HY9 RT 330-338 HPDIVIYQY NPEVVIYQY

NPELVIYQY
NPEVIIYQY
NPEIVIYQY

Y N

ATK9 RT 313-321 AIFQSSMTK AIFQSSMTK
AIFQSSMTR

AIFQSSMTK NY9 Gag p17 124-132 NSSKVSQNY NNNKVSQNY
NNNQVSQNY

NNNKVSQNY

GK9 RT 248-256 GIPHPAGLK GIPHPAGLK GIPHPAGLK NY9 Gag p24 254-262 NPVPVGNIY PPIPVGEIY PPIPVGEIY
KK9 Gag p17 18-26 KIRLRPGGK no sequence no sequence NY9 RT 330-338 NPDIVIYQY NPEVVIYQY

NPELVIYQY
NPEVIIYQY
NPEIVIYQY

QK10 Nef 73-82 QVPLRPMTYK QVPLRPMTFK QVPLRPMTFK
QVPLRPMTYK

PY9 Gag p24 254-262 PPIPVGDIY PPIPVGEIY PPIPVGEIY

QR9 RT 424-432 QIYPGIKVR QIYSGIKVR QIYSGIKVR TY9 RT 262-270 TVLDVGDAY TVLDVGDAY TVLDVGDAY
RK9 Gag p17 20-28 RLRPGGKKK no sequence no sequence VY10 RT 273-282 VPLDEDFRKY VPLDKSFRKY

VPLDKNFRKY
VPLDKSFRKY
VPLDESFRKY

RY10 Gag p17 20-29 RLRPGGKKKY no sequence no sequence VY8 Nef 74-81 VPLRPMTY VPLRPMTF VPLRPMTF
VPLRPMTY

WF9 Gag p17 36-44 WASRELERF WASRELERF WASRELERF
MC21 A*68 DL9 RT 86-94 DTVLEEMNL DTVLEEMSL DTVLEEMSL N N

DWL9 PR 86-94 DTVLEEWNL DTVLEEMSL DTVLEEMSL
IV9 PR 59-67 ITLWQRPLV ITLWQRPLV ITLWQRPLV
QV9 Gag p17 127-135 QVSQNYPIV QVSQNYPIV QVSQNYPIV

MC22 B*44 AW11 Gag p24 306-316 AEQASQDVKNW AEQASQEVKNW
AEQATQDVKNW

AEQASQDVKNW Y Y

RL11 Gag p24 294-304 RDYVDRFYKTL RDYVDRFYKTL RDYVDRFYKTL
MC23 A*30 KVIY9 RT 328-336 KQNPDIVIY KQNPDIVIY

KQNPEIVIY
KQNPDIVIY Y N B*81 TL9 Gag p24 180-188 TPQDLNTML TPSDLNSML TPSDLNSML Y N

KY9 RT 418-426 KLNWASQIY KLNWASQIY KLNWASQIY
RY11 Gag p17 76-86 RSLYNTVATLY RSLYNTVATLY RSLYNTVATLY

MC24 A*24 KW9 Gag p17 28-36 KYKLKHIVW KYRLKHIVW
KYQLKHMVW
KYKLKHIVW

KYRLKHIVW
QYKLKDMVW
KYQLKHIVW

N N B*44 AW11 Gag p24 306-316 AEQASQDVKNW AEQASQEVKNW AEQASQDVKNW
AEQATQEVKNW

N Y

RL11 Gag p24 294-304 RDYVDRFFKTL RDYVDRFYKTL RDYVDRFYKTL RL11 Gag p24 294-304 RDYVDRFYKTL RDYVDRFYKTL RDYVDRFYKTL
RW8 Nef 134-141 RYPLTFGW RYPLTLGW

RFPLTFGW
RFPLTFGW

MC25 A*02 AM9 RT 188-196 ALVEICTEM ALVEICTEM
ALVKICTEM

ALVEICTEM Y N B*57 HQ10 Nef 116-125 HTQGYFPDWQ HTQGYFPDWQ HTQGIFPDWQ
HTQGFFPDWQ
HTQGYFPDWQ

N N

IV9 RT 464-472 ILKEPVHGV ILKEPVHGV ILKEPVHGV IW9 RT 399-407 IVLPEKDSW IELPEKDSW IELPEKDSW
PL10 Nef 136-145 PLTFGWCYKL PLTFGWCFKL PLTFGWCFKL QW9 Gag p24 308-316 QASQEVKNW QASQDVKNW QASQDVKNW
VL10 Nef 180-189 VLEWRFDSRL VLVWKFDSHL

VLVWKFDSYL
VLVWKFDSRL TW10 Gag p24 240-249 TSTLQEQIGW TSNLQEQIGW TSNLQEQIGW

VL9 RT 334-342 VIYQYMDDL VIYQYMDDL VIYQYMDDL

HLA-A HLA-B
IFN-ɣ Response IFN-ɣ Response
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Table A-8. ERAP1 allotypes for mother/child pairs. 

  

Subject
M349V

rs2287987
K528R
rs30187

D575N
rs10050860

R725Q
rs17482078

Q730E
rs27044 Phenotype

Mother 1 MM RR DD RR EE hyperactive/hyperactive
Child 1 MM RR DD RR EE hyperactive/hyperactive
Mother 2 MM RR DD RR EE hyperactive/hyperactive
Child 2 MM RR DD RR EE hyperactive/hyperactive
Mother 3 MM KR DD RR QE wildtype/hyperactive
Child 3 MM KR DD RR QE wildtype/hyperactive
Mother 4 MM KR DD RR QE wildtype/hyperactive
Child 4 MM KR DD RR QE wildtype/hyperactive
Mother 5 MM KR DD RR EE hyperactive/unknown
Child 5 MM KK DD RR EE unknown/unknown
Mother 6 MM RR DD RR EE hyperactive/hyperactive
Child 6 MM RR DD RR EE hyperactive/hyperactive
Mother 7 MM RR DD RR EE hyperactive/hyperactive
Child 7 MM KR DD RR EE hyperactive/unknown
Mother 8 MM KK DD RR QE wildtype/unknown
Child 8 MM KR DD RR QE wildtype/hyperactive
Mother 9 MM KR DD RR QE wildtype/hyperactive
Child 9 MM RR DD RR EE hyperactive/hyperactive
Mother 10 MM KR DD RR EE hyperactive/unknown
Child 10 MM RR DD RR EE hyperactive/hyperactive
Mother 11 MM KK DD RR QQ wildtype/wildtype
Child 11 MM KR DD RR QE wildtype/hyperactive
Mother 12 MM RR DD QR EE hyperactive/unknown
Child 12 MM RR DD QR EE hyperactive/unknown
Mother 13 MV RR DN QR EE hyperactive/hyperactive
Child 13 MV RR DN QR EE hyperactive/hyperactive
Mother 14 MM KR DD RR QE wildtype/hyperactive
Child 14 MM RR DD RR EE hyperactive/hyperactive
Mother 15 MM KR DD RR EE hyperactive/unknown
Child 15 MM KK DD RR EE unknown/unknown
Mother 16 MM RR DD QR EE unknown/hyperactive
Child 16 MM RR DD RR EE hyperactive/hyperactive
Mother 17 MM KR DD RR QE wildtype/hyperactive
Child 17 MM KR DD RR QE wildtype/hyperactive
Mother 18  
Child 18  
Mother 19 MM KR DD RR QE wildtype/hyperactive
Child 19 MM KR DD RR QE wildtype/hyperactive
Mother 20 MM KR DD RR EE unknown/hyperactive
Child 20 MM RR DD RR EE hyperactive/hyperactive
Mother 21 MM KR DD RR QE wildtype/hyperactive
Child 21 MM KR DD RR QE wildtype/hyperactive
Mother 22 MM RR DD RR EE hyperactive/hyperactive
Child 22 MM KR DD RR QE wildtype/hyperactive
Mother 23 MM RR DD RR EE hyperactive/hyperactive
Child 23 MM RR DD RR EE hyperactive/hyperactive
Mother 24 MM KR DD RR QE wildtype/hyperactive
Child 24 MM KR DD RR QE wildtype/hyperactive
Mother 25 MM KK DD RR QE wildtype/unknown
Child 25 MM KR DD RR QE wildtype/hyperactive
Mother 26
Child 26
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7.2 APPENDIX B – CHAPTER 3 

Table B-1. HLA CLASS I genotypes for the loci HLA-A, -B and –C. 

 

  

Subject HLA-A HLA-A HLA-B HLA-B HLA-C HLA-C
A1 0202 7401 3501 5301 0401 1601
A2 0101 1101 3501 3701 0401 0602
A3 2301 8001 0702 0801 0302 1502
A4 0101 2301 0801 5201 0701 1202
C1 0101 0301 0702 0801 0701 0702
C2 2901 6802 0702 5501 0701 15
C3 0201 0301 0702 1501 0303 0702
C4 1101 2301 1402 3501 0401 0802
C5 0201 0302 0702 4402 0501 0702
C6 3402 7401 4403 5301 0304 0701
C7 0201 7401 3501 0702 1601 0702
C8 6602 7401 5801 1503 0701 0210
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Table B-2. Median read count (interquartile range) and average per well by subject included for 

RNAseq analysis for TL10, RF10 and TY8. 

 

  

Subject Epitope
Peptide/
tetramer Variant Median (IQR) Average

A1 TY8 Tetramer NAE 2276 (1637-3602) 2856
Tetramer NAE/AE 1215 (755-1589) 1323

A2 TY8 Tetramer AE 1660 (1035-2428) 1958
Tetramer NAE/AE 2071 (1254-3116) 2520

A3 RF10 Tetramer NAE/AE 24856 (12193-42956) 29317
A4 RF10 Tetramer NAE/AE 28103 (11418-53018) 11418
C1 TL10 Peptide NAE 17986 (11048-33331) 27035

Peptide AE 7155 (4298-13869) 15979
Tetramer NAE/AE 17852 (10753-58690) 41436

C2 TL10 Peptide NAE 14030 (7727-24873) 20886
Peptide AE 12653 (7514-19486) 20368

Tetramer NAE/AE 12794 (7963-21257) 17710
C3 TL10 Tetramer NAE/AE 15788 (9624-33430) 27178
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7.3 APPENDIC C – CHAPTER 4 

Table C-1. The number of unique and total CDR3s identified for each subject by condition. 

 

Subject Year Day State
No. unique 

CDR3s
Total CDR3s

activated 360 481
resting 6016 8186
activated 40 50
resting 66 71
activated 28 34
resting 299 381
activated 174 223
resting 3001 4148
activated 93 112
resting 2005 2815
activated 287 387
resting 1909 2511
activated 132 161
resting 2219 2942
activated 29 37
resting 350 476
activated 134 159
resting 5587 7835
activated 532 784
resting 6987 9963
activated 573 731
resting 10728 16717
activated 186 202
resting 5607 7984
activated 1133 1332
resting 22715 30442
activated 4675 9327
resting 21034 27635
activated 2089 2539
resting 26777 37528
activated 1385 1619
resting 17742 23698
activated 628 719
resting 25431 36637
activated 1810 4056
resting 14879 20002
activated 291 327
resting 17152 24280
activated 492 543
resting 11023 14645
activated 195 225
resting 4222 5710
activated 1806 2710
resting 4960 6859
activated 0 0
resting 19258 27391
activated 1186 1681
resting 2535 3614

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17

2017-18

d0

d7

d0

d7

2

3

4

5

6

7
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Subject Year Day State
No. unique 

CDR3s
Total CDR3s

activated 101 119
resting 1170 1447
activated 137 158
resting 2732 3311
activated 129 139
resting 4591 5742
activated 555 812
resting 3133 4147
activated 498 668
resting 25941 38598
activated 3355 5479
resting 36368 53693
activated 890 1204
resting 38586 57739
activated 858 1227
resting 36564 54700
activated 3014 6088
resting 17870 23546
activated 667 888
resting 3207 3849
activated 273 319
resting 6637 8253
activated 1512 2325
resting 9436 11724
activated 575 655
resting 9855 12698
activated 872 1079
resting 6229 8039
activated 1067 1332
resting 8472 11121
activated 1520 1937
resting 3950 4508
activated 1328 1897
resting 16699 24959
activated 177 220
resting 29178 41424
activated 2237 3629
resting 7267 9970
activated 3632 5792
resting 20562 27912
activated 32 36
resting 3122 4286
activated 578 737
resting 1187 1486
activated 800 956
resting 8265 12977
activated 589 780
resting 4782 6289

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

2016-17
d0

d7

2017-18
d0

d7

8

9

10

11

12

14
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Table C-2. Median read count (interquartile range) and average per well by subject included for 

RNAseq analysis for resting and activated cTfh cells. 

 

 

Subject Year State Median (IQR) Average
resting 4221 (2387-6863) 5219

activated 3210 (1960-7066) 4796
resting 3272 (1611-5700) 4259

activated 2756 (1793-3708) 3005
resting 2092 (1204-3558) 2691

activated 2498 (1322-3433) 2574
resting 1881 (1164-2889) 2689

activated 2640 (1345-4191) 3418
2016-17

8

10

11

2016-176

2017-18

2017-18




