
Anti-CMV CD8+ T-Cell Epitope
Specificities and T-Cell Receptor

Repertoires in African Study
Subjects

Amna Malik
Wolfson College, University of Oxford

Supervised by:

Prof. Philip J. R. Goulder
Dr. Philippa C. Matthews

This thesis is submitted in partial fulfilment of the requirements for
the degree of Doctor of Philosophy in Paediatrics

Michaelmas Term 2017



Anti-CMV CD8+ T-Cell Epitope Specificities and T-Cell Receptor Repertoires
in African Study Subjects
Amna Malik — Wolfson College — DPhil in Paediatrics – Michaelmas 2017

Abstract

This work focuses on chronic viral infection in populations in sub-Saharan Africa.

Although some of these viruses are endemic, there is a paucity of data charac-

terising the immune responses in the relevant populations affected. The primary

focus of this thesis is cytomegalovirus (CMV). Almost 90% of children in Africa

are infected by the age of 12 months. A strong virus-specific immune response

controls but does not clear CMV infection, and CMV typically remains latent; how-

ever, reactivation is possible, particularly in the context of HIV infection and other

states of immunosuppression. The high-frequency, immunodominant CD8+ T-cell

responses, the CMV epitopes targeted, and the T-cell receptor repertoires underly-

ing these responses have not previously been well defined in African populations.

Furthermore, it is not known how the T-cell repertoire changes over the course of

infection in response to CMV. To gain a better understanding of these aspects of

CMV infection and immunity, I defined the immunodominant CMV-specific CD8+

T-cell responses within a cohort of sub-Saharan African study subjects (Chapter

3). Using next-generation sequencing of the CMV-specific CD8+ T-cell receptor

(TCR) repertoire, focusing on a single immunodominant HLA-B*44:03-restricted

response, I studied TCR repertoire bias (Chapter 4) and the changes in the TCR

repertoire within children and adults followed longitudinally over 10 years (Chapter

5). Two other viruses, human Parvovirus 4 (PARV4) and Hepatitis B virus (HBV)

are also endemic in these populations, may, like CMV, also be of particular signifi-

cance in the setting of HIV co-infection, but are under-represented in the literature

for Africa. I present data that I contributed to projects setting out to improve our

understanding of the local epidemiology of these infections and to characterise

relevant CD8+ T-cell responses (Chapter 6). Together, this work contributes to-

wards a better understanding of immune responses that control chronic infections

prevalent in African populations.
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Chapter 1

Introduction

1.1 Chronic viral infections

Chronic viral infections result when the primary infection is not cleared by the adap-

tive immune response. Diseases caused by viruses such as HIV, hepatitis B and

C viruses and human herpesviruses include AIDS, chronic hepatitis, and cancer.

I studied the impact of three chronic viral infections: (i) CMV, (ii) PARV4 and, (iii)

Hepatitis B in sub-Saharan African populations. These opportunistic infections are

especially of a great concern in sub-Saharan African populations where HIV infec-

tion is also endemic. The immunodeficiency caused by chronic HIV infection in-

fluences the consequences of co-infection with CMV, HBV and PARV4, increasing

the risk of long-term morbidity and mortality. Despite these concerns, the burden

and impact of CMV, HBV and PARV4 in sub-Saharan Africa have not been well

characterised. I therefore set out to characterise the prevalence and characteris-

tics of CMV, PARV4 and HBV infection in a large cohort of African individuals, with

CMV being the main focus of this thesis.

1



1.2 CMV

1.2.1 History

Human cytomegalovirus (CMV) has been identified as an important human virus

for over a century. In 1881, Ribbert first identified inclusion-bearing, large cells in

sections of a kidney and parotid glands of children (Ribbert 1904). He was unable

to interpret them until a report by Jesionek and Kiolemenoglou (1904), where they

described similar cells as “protozoan cells” in the lungs, kidneys and liver of an

8-month luetic fetus. The eccentrically placed nuclei of these large cells contained

a “central nuclear body” surrounded by two well-defined zones, an inner dark and

an outer clear halo, which they named “owl's eye inclusion bodies”. Glahn and

Pappenheimer (1925) reported similar structures in the lungs, liver, and kidneys of

a 2 months old infant and suggested that these abnormal cells were produced by

viruses. This was the first indication that cells with intranuclear inclusions might

be related to a group of viruses. By 1923, several cases of large cells with similar

structures (containing the typical intranuclear inclusions) isolated from a variety of

organs were described. Wyatt et al. (1950) suggested the name, generalized cy-

tomegalic inclusion disease (CID), although the viral aetiology was still unknown.

The first confirmation that CID was caused by a virus came from Minder (1953).

Minder observed 199 nm particles by electron microscopy, suggestive of a virus, in

pancreatic cells (with intranuclear inclusion).

It was not until studies were carried out on human embryonic cell cultures by En-

ders et al. (1949) that virologists were able to culture viruses from the clinical cases

of CID. Smith in 1956, Rowe et al. in 1956, and Weller et al. in 1957 independently

isolated human CMV strains. Weller in 1960 named the virus “cytomegalovirus”

and subsequently isolated CMV from the urine of infants with generalised disease

2



(Weller 1970).

1.2.2 Classification

CMV or human herpesvirus 5 (HHV-5) is a member of the β-herpesvirus sub-family

of the Herpesviridae family. The other genus within β-herpesvirus group that in-

fects humans is Roseolovirus (which includes HHV-6 and HHV-7). Herpesviridae

comprise a large family of double-stranded DNA viruses that persist latently in the

host. There are 8 members of the herpesvirus family that routinely infect humans

(Table 1.1). These viruses are ancient and have co-evolved with their host for over

a millennium (McGeoch et al. 1995). All herpesviruses share characteristics of a

DNA genome encoding 100-200 genes and a virion structure that encapsulates the

genome within an enveloped icosahedral capsid. This classification was originally

based on species specificity and slow growth in cell culture. Advances in availabil-

ity of nucleotide data has now led to confirmation by genetic sequence homologies

to other herpesvirus genomes (Knipe and Howley 2007).

Table 1.1: Table of herpesviruses that affect human and their clinical mani-
festations.
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1.2.3 Genome

CMV has the largest genome of any known human virus, at 236 kb. The genome is

a linear, double-stranded DNA molecule consisting of two covalently linked unique

regions [Unique Long, (UL) and Unique Short (US)], which are flanked on one end

by terminal repeated sequences (TRL and TRS) and on the other end by internal

repeats (IRL and IRS) (Fig 1.1) (Dolan et al. 2004). The CMV genome encodes

approximately 165 genes. The virion structure ranges from 200 to 300 nanometer

in size and consists of a double-stranded linear DNA core in an icosahedral nu-

cleocapsid, enveloped by a proteinaceous matrix (tegument) (Chen et al. 1999).

These components are surrounded by host cell-derived lipid bilayer containing a

number of virus encoded surface glycoproteins which are incorporated during the

maturation process and are required for cell attachment and penetration (Crough

and Khanna 2009).

The most abundant tegument protein is the lower matrix phosphoprotein 65 (pp65),

also termed unique long 83 (UL83) (Varnum et al. 2004). The tegument also con-

sists of other major proteins (pp71, pp150 and UL48 gene products), proteins that

are present in small amounts and some cellular and viral RNA. Tegument proteins

play important roles in all stages of the viral life cycle, including, viral entry, gene

expression, immune evasion, assembly, and egress (Tomtishen 2012).

Productive infection leads to gene expression in three overlapping stages, based

on the time of synthesis after infection: immediate-early (IE), delayed early (E),

and late (L). IE genes are expressed during the first six hours post infection. De-

layed early genes are expressed within 24 hours of infection and late genes are

expressed after 24 hours of infection(Stinski 1978; Crough and Khanna 2009). IE

gene expression acts as a master regulator to initiate the lytic cycle of the virus.
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Figure 1.1: Schematic representation of structural components and genome
organisation of CMV. The model of CMV is showing various components of the
virus. The lettering within the individual regions of the genome represent the fol-
lowing features: terminal repeat long (TRL), unique long (UL), unique short (US),
internal repeat long (IRL), internal repeat short (IRS), terminal repeat short (TRS),
and internal repeat (IR). Figure adapted from Crough and Khanna 2009

1.2.4 Epidemiology

Several epidemiological studies have confirmed that human CMV is ubiquitous

among the world’s population, with varied seroprevalence, based on factors in-

cluding breast-feeding, hygiene, socio-economic status, living standards and age.

CMV is endemic in sub-Saharan African populations with almost two-thirds of in-

fants infected by 3 months of age and 85% infected by the time they are a year

old (Miles et al. 2007). By adolescence, CMV infection is virtually universal in

sub-Saharan Africa (Cannon et al. 2010). The prevalence of CMV infection is also

very high in developed countries (Cannon et al. 2010; Adland et al. 2015a) and

increases with age (Staras et al. 2006; Dollard et al. 2011). In the USA, Australia

and Europe, CMV seroprevalence among adults is estimated at between 36 and

77% (Adland et al. 2015a). Fig 1.2 shows the prevalence of CMV around the world.
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Figure 1.2: Seroprevalence of CMV worldwide in adult population. The map
represents studies of adults aged 16-50 years published between 2005 and 2015
from Australia, Belgium, Brazil, Canada, Cambodia, Chile, China, Finland, France,
Gambia, Germany, Ghana, India, Israel, Italy, Japan, Kenya, Mexico, Nigeria,
Panama, South Africa, Spain, Sweden, Taiwan, Tanzania, Turkey, UK, USA, Zam-
bia, and Zimbabwe. Figure from Adland et al. 2015a
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1.2.5 Transmission and risk factors

CMV can be transmitted via saliva, sexual contact, placental transfer, breast-feeding,

blood transfusion, solid-organ transplantation (SOT) and hematopoietic stem cell

transplantation (Adland et al. 2015a). Breastfeeding is a common route for CMV

transmission, particularly in populations with high CMV seroprevalence and high

rates of breastfeeding. In African studies, co-infection with HIV, poor nutrition,

low body weight and poor living conditions (overcrowding) are associated with in-

creased CMV seroprevalence (Tembo et al. 2015; Adland et al. 2015a). The stud-

ies carried out in the western countries show that rate of CMV seropositivity is

much higher among adults with HIV, suggesting that risk factors associated for ac-

quisition of HIV and CMV are shared (Compston et al. 2009; Gianella et al. 2015).

Alternatively, HIV infection may increase susceptibility to acquiring CMV infection,

or vice versa.

1.2.6 CMV latency and reactivation

CMV, like other herpesviruses, is able to establish a lifelong latency within the host

after primary infection, with periodic reactivation. The development of CMV latency

in children takes longer than adults (Prendergast et al. 2012). Primary CMV infec-

tion in young children leads to prolonged viral excretion continuing up to five years

(Pass et al. 1983; Tu et al. 2004). In contrast, adults with primary CMV infection

stop continual viral shedding by 3-6 months after acquisition (Revello et al. 1998),

and have only infrequent recurrences of shedding thereafter (Tu et al. 2004).

The immune response mounted during primary infection is able to limit lytic viral

replication, however latency is always established and the virus is never cleared.

During latency, viral gene expression is minimised to avoid immune surveillance.
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Viral latency can be defined as the ability of the viral genome to maintain itself

in the absence of production of infectious virions, but with the ability of the viral

genome to reactivate under certain conditions (Sinclair 2008).

Although all the sites of latency have not been fully established, the most com-

mon site for CMV to develop latency is in cells of myeloid lineage, CD34+ myeloid

progenitor cells and CD14+ monocytes. Studies have shown that viral DNA can

be found in myeloid cells from peripheral blood of healthy seropositive individuals

without any detectable infectious virus (Mendelson et al. 1996).

Three mechanisms have been proposed by which latency in CMV infection de-

velops. The first option involves entry of virus, following attachment, directly into a

latent state without expressing de novo viral genes. The second possibility is that

following its entry, the virus initiates productive infection that is prematurely inter-

rupted, which may subsequently lead to latency. Thirdly, following entry, the virus

expresses a subset of viral genes unrelated to productive infection but which are

necessary for successful establishment of latency (Reeves et al. 2005; Cheung

et al. 2006; Crough and Khanna 2009; Goodrum et al. 2011).

There is evidence suggesting that transcriptional repression of the viral major im-

mediate early promoter (MIEP), which would normally drive lytic cycle, through

post-translational modification of histones around the MIEP, is the key event in la-

tency (Sinclair and Sissons 2006; Sinclair 2010). A number of latency-associated

genes are detectable, including UL138 (first viral gene sequenced and proven to

be functionally required for CMV latency) and UL82AS (inhibits the expression of

the UL82 product pp71, which activates viral IE transcription) (Bego et al. 2005;

Goodrum et al. 2011). These latency associated unique genes are expressed in
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the absence of productive virus replication (Cheung et al. 2006). Another possible

latency-associated transcript has been identified which maps to the viral UL111.5A

gene; this gene encodes a putative viral homologue of the immunomodulatory cy-

tokine IL-10 (Rosa and Diamond 2012; Jenkins et al. 2008).

Differentiation of latently infected CD34+ cells or monocytes into macrophages or

dendritic cells can cause de-repression of the MIEP and triggers the initiation of

a cascade of viral genes including, immediate early, early and late gene products.

This leads to viral DNA replication and reactivation of de novo virus production

and lytic infection. CMV reactivation can be caused by a number of factors in-

cluding, immunosuppression (for example, haematopoietic bone marrow or solid

organ transplant recipients or patients with AIDS), stress, infection or inflammation

(Crough and Khanna 2009; Prösch et al. 2000; Kutza et al. 1998), although the ex-

act mechanism of reactivation is unclear. Stress catecholamines, epinephrine and

norepinephrine and proinflammatory prostaglandins contdribute to CMV reactiva-

tion by stimulating the IE enhancer/promoter via cyclic AMP-dependent signalling

pathways (Prösch et al. 2000; Kline et al. 1998). TNF-α is the key mediator of CMV

reactivation. It interacts with the TNF-α receptor on latently infected cells which is a

strong stimulus for the transcription factor NF-κB, which in turn plays an important

role in stimulating the IE enhancer/promoter (Fietze et al. 1994). The reactivation

of CMV from latency is a key step in pathogenesis from human CMV infection.

1.2.7 Pathogenesis

CMV is typically asymptomatic in healthy individuals, but can cause a self-limiting

“glandular fever” syndrome similar to another herpesvirus, EBV (Crough and Khanna

2009). Table 1.2 shows the clinical manifestation of CMV in different hosts. CMV

related disease is a major problem in immunocompromised individuals. CMV is
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Table 1.2: Clinical features of CMV infection. Source: Crough and Khanna 2009

a serious opportunistic infection in individuals with AIDS due to impaired immu-

nity and in addition CMV is associated with increased progression to AIDS (Detels

et al. 1994; Erice et al. 2003; Deayton et al. 2004; Fielding et al. 2011; Adland et al.

2015a).

CMV is a significant cause of chronic rejection of solid organ transplants (Broers

et al. 2000; Castro-Malaspina et al. 2002) and the most common infection in solid

organ transplant recipients. Due to the prolonged period of immunosuppression

required for organ transplant, transplant recipients are at a great risk of acquiring

CMV infection or reactivation. The risk of CMV related disease is most common

in a group of CMV seronegative individuals receiving an organ from a seropositive

donor (Crough and Khanna 2009).

Although CMV is generally not considered as an onco-accessory, it has been impli-

cated in malignant cancers (Pourgheysari et al. 2010; Michaelis et al. 2009). CMV

has been shown to be associated with glioblastoma multiforme (GBM)/astrocytoma
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grade IV, which is a malignant and lethal brain cancer, and it was implied that CMV

might play an oncomodulatory role in GBM (Ranganathan et al. 2012).

CMV is thought to induce systemic immune activation. During primary CMV in-

fection, there is an increase in type 1 cytokines in serum (van de Berg et al. 2010)

and the resultant systemic immune activation is associated with several vascular

diseases, including atherosclerosis. Recently, a study on aging showed that indi-

viduals with CMV IgG antibody titres in the highest quartile had a 1.43-fold greater

all-cause mortality, with a higher risk of cardiovascular mortality compared with

lower quartiles (Roberts et al. 2010).

CMV seropositivity has been shown to have a negative influence on immune pa-

rameters and is associated with ‘immune risk phenotype’ (IRP) in the elderly. The

parameters comprising the IRP include clonal expansion of CD8+ T-cells, inverted

CD4+/CD8+ T-cell ratio (<1), an increased proportion of highly differentiated CD8+

cells, and elevated levels of pro-inflammatory cytokines (Akbar and Fletcher 2005).

The Swedish longitudinal-ageing studies have shown that CMV is associated with

‘IRP’ (Olsson et al. 2000). The IRP is a predictor of increased mortality in indi-

viduals over the age of 80. CMV infection contributes to the significant expansion

of CD8+ T-cells in elderly. The co-existence of CMV in elderly individuals and its

association with IRP suggests that CMV infection may be a potential accelerator in

immune system ageing.

1.2.8 CMV life cycle

The life cycle of CMV initiates with a series of distinct steps, including attachment

and penetration to human cells via direct fusion or endocytic pathway, gene tran-

scription and DNA replication followed by virion assembly and egress (Compton
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2004).

Virally encoded glycoproteins in the lipid bilayer attach to their receptor (epidermal

growth factor receptor) on target cells, which triggers fusion and leads to internal-

isation of both the nucleocapsid and the tegument proteins into the cell (Varnum

et al. 2004). The nucleocapsids are translocated to the nucleus and viral DNA is

released, which initiates the expression of immediate early genes (IE1 and IE2).

The viral gene expression during productive infection occurs in an ordered cas-

cade, starting with immediate-early (IE), followed by delayed-early (E), and late (L)

genes. Initial transcription involving the expression of IE genes is not dependent on

the translation of other gene products, however delayed-early (E) genes require the

expression of functional products of IE gene (transcriptional regulatory proteins).

Early genes encode proteins that regulate viral DNA synthesis, while late genes

encode proteins for structural components of the virions and permit the assembly

and egress of newly formed progeny viral particles (Kalejta 2008). Replicated vi-

ral DNA molecules are encapsulated as capsids, which are then transported from

nucleus to the cytoplasm, where they undergo a second envelopment in the en-

doplasmic reticulum (ER)-Golgi intermediate compartment. This is followed by a

complex two-stage final envelopment and egress process of newly formed virions

(Crough and Khanna 2009; Compton 2004). In addition to infectious virions, dense

bodies are also produced from CMV-infected cell. Dense bodies are enveloped

tegument proteins that lack capsids, therefore do not contain viral genome (Kalejta

2008).

1.2.9 CMV cell tropism

Primary CMV infection induces a robust innate and adaptive immune response,

after which the virus establishes a life-long latency in the host. CMV infects a wide
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variety of cells, predominately endothelial cells, epithelial cells (including retinal

cells), smooth muscle cells, fibroblasts, dendritic cells and hematopoietic cells.

Primary CMV infection in healthy individuals usually initiates with replication in

mucosal epithelium and subsequently the virus disseminates to cells of myeloid

lineage including CD34+ progenitor bone marrow cells and monocytes where it

establishes life-long latency (Söderberg-Nauclér et al. 1997; Sinclair 2008). In-

fection of these cells along with endothelial cells facilitates systemic spread within

the host. The differentiation of these virus-infected CD34+ cells or monocytes to

macrophages or dendritic cells can initiate productive infection. Whether a cell

permits active viral replication is dependent directly on state of the cell differentia-

tion. Viral replication only takes place in differentiated cells. CMV is able to enter

undifferentiated cells but the cells are non-permissive for viral replication, however

cells that are not permissive for viral replication do play an important role in the

dissemination of the virus in the body (Sinclair and Sissons 2006).

1.3 Innate immune responses to CMV

The innate immune response is important in the defence against CMV and also

to prime adaptive immune responses. Antigen presenting cells (APCs) detect

virus particles or virus-associated dense bodies via toll-like receptors (TLRs) and

activate signal transduction pathways. TLRs are expressed on APCs, including

macrophages, dendritic cells (DCs), and B lymphocytes. To date, 10 functional

TLRs have been identified in humans. All TLRs consist of extracellular leucine-

rich repeats and a cytoplasmic Toll/Interleukin-1 Receptor (TIR) domain. Some

TLRs (TLR1, -2, -4, -5, -6, and -10) are expressed at the cell surface and gen-

erally recognise lipids, whereas those expressed intracellularly (TLR3, -7, -8, and

-9) recognise nucleic acids (Mogensen 2009). CMV virions are detected by TLR2
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(Compton 2004). Fig 1.3 shows their cellular localization and origin. Activated

TLRs induce the secretion of a range of inflammatory cytokines, and the upregula-

tion of costimulatory molecules such as CD80 and CD86, which are important for

the activation of adaptive immunity.

The components of the innate immune system include neutrophils, natural killer

cells (NK cells), monocytes, macrophages and DCs. NK cells are an integral part

of the innate immune response. Similar to CD8+ T-cells, NK cells are able to in-

duce apoptosis by secretion of cytotoxic cytokines such as TNFs or by delivery of

Fas ligands to infected cells (Topham and Hewitt 2009). According to the ‘missing

self’ hypothesis (Ljunggren and Karre 1990), NK cells selectively recognise and kill

infected cells that abrogate expression of surface major histocompatibility complex

(MHC) molecules in order to evade recognition by CD8+ T-cells. This recogni-

tion of infected cells is mediated by a complex balance of activating and inhibitory

receptors on NK cells (Ljunggren and Karre 1990). Recognition of MHC class I

molecules by inhibitory receptors on NK cells, suppresses the cytotoxicity activity

of NK cells and in contrast recognition by activating receptors induces NK cell me-

diated cytotoxicity activity.

The role of NK cells in control of human CMV is unclear but, in principle, NK

cells should be able to kill CMV infected cells that have downregulated expres-

sion of MHC molecules (Crough and Khanna 2009). NK cell activating KIR (killer-

cell immunoglobulin-like receptors) genotypes (aKIR2DS2 + aKIR2DS4) of donors

have been shown to control CMV reactivation in hematopoietic cell transplant re-

cipients (Zaia et al. 2009). Furthermore, in a study of 43 bone marrow transplant

patients with CMV reactivation, the levels of non-specific NK cell cytotoxicity cor-

related with recovery from CMV infection (Quinnan et al. 1982). Increased NK
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Figure 1.3: Microbial ligand specificities of human Toll-like receptors and
their location. TLRs 1, 2, 4, 5 and 6 are expressed on the host cell surface and
they recognize extracellular microbial structures. TLR1, TLR2 and TLR6 mostly
detect microbial cell wall components, such as lipoproteins, lipoteichoic acid (LTA),
fimbriae, or yeast zymosan. TLR4 recognises lipopolysaccharide (LPS) and TLR5
recognises bacterial flagellin, whereas ligand for TLR10 is yet to be identified.
TLRs 3, 7, 8 and 9 are expressed intracellularly on endocytic vesicles and they
specialise in detecting viral or bacterial nucleic acids. TLR7 and TLR8 recognise
single-stranded viral RNA, TLR3 recognizes double-stranded viral RNA and TLR9
detects microbial CpG DNA. (LPS, lipopolysaccharide; LTA, lipoteichoic acid). Fig-
ure from Krauss et al. 2010
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cell activity has also been reported in primary and recurrent CMV infection in re-

nal transplant patients (Venema et al. 1994). Taken together, these studies, along

with the fact that CMV employs multiple immune evasion mechanisms (see Sec-

tion 1.4.14.4) to avoid NK cell activation, indicate an important role of NK cells in

controlling CMV infection in humans.

Studies in animal models show a clear role for NK cells in control of murine CMV.

(Bukowski et al. 1983). Adoptive transfer of NK cells in MCMV infected mice was

shown to control MCMV infection (Bukowski et al. 1985).

1.4 Adaptive immune response to CMV

The adaptive immune system has evolved to deal with pathogens that evade the in-

nate immune responses. The adaptive response displays high specificity by virtue

of antigen-specific receptors expressed on the surfaces of T and B lymphocytes.

T-cells can be divided into two groups, αβ-receptor expressing T-cells and γδ-

receptor expressing T-cells. T-cells with the γδ-TCR have been characterised to

a lesser extent.

The αβ-receptor expressing T-cells can be further sub-divided into two groups

based on their cell surface expression, helper T-cells and cytotoxic T-cells, bearing

either CD4 or CD8 molecules on their surface, respectively.

1.4.1 Antigen presentation and MHC molecules

TCRs recognise fragments of foreign antigen presented on MHC by antigen pre-

senting cells (Parkin and Cohen 2001). Antigen presentation by MHC class I and

class II molecules occurs via two different pathways, but in each case resulting in
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the presentation of peptides with a core length of approximately 9 amino acids to

CD8+ and CD4+ T-cells. The open peptide-binding groove of MHC II means that

class II presented peptides are longer (Kisselev et al. 1999). Antigenic peptides

produced endogenously during an infection with an intracellular pathogen (viral or

tumour proteins) are complexed with MHC class I molecules through intracellular

processing pathways. Alternatively, exogenous antigens taken up by endocytosis

by the specialized professional APCs are complexed with MHC class II molecules

via a different pathway and are presented to CD4+ T-cells. Professional APCs

include dendritic cells, B cells and macrophages. These cells can also present

exogenous peptides via the MHC class I pathway, in a process called “cross pre-

sentation” (Heath and Carbone 2001). Similarly, endogenous peptides can be

presented using the MHC class II molecules when they are degraded through au-

tophagy (Nair-Gupta and Blander 2013; Heath and Carbone 2001). Antigens are

presented to the T-cells within the peptide binding groove of an MHC molecule (Fig

1.4).

MHC class I molecules are found on the cell surface of all nucleated cells in the

body, and present antigens to CD8+ T-cells. In humans, the MHC locus is termed

the Human Leukocyte Antigen (HLA) locus (Doherty and Zinkernagel 1975). A se-

ries of genes encode the MHC class I: HLA-A, HLA-B and HLA-C genes and the

less diverse and less variable HLA-E, -F, -G genes. These genes are highly poly-

morphic, reflecting the central role of CD8+ T-cells in the recognition of pathogens

and amelioration of disease (Doherty and Zinkernagel 1975). Differences between

HLA molecules have a critical influence on survival, hence the strong selection

pressure operating on the HLA gene loci over the course of human evolution.

MHC class I molecules comprise four domains, α1, α2 and α3, with β2M contribut-
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ing a fourth domain (Fig 1.4) (Jones 1997). The peptide-binding groove is formed

by α1 and α2 domains consisting of a sheet of eight β-pleated strands with two

flanking walls constituted by an α-helix and typically binds peptides of 8-11 amino

acids long. The transmembrane α3 domain together with β2-microglobulin sup-

ports the peptide binding site. MHC class I molecules possess pockets within the

peptide-binding groove, which preferentially bind particular amino acid residues,

usually at position 2 and at the C terminus of the peptide. The peptide-binding

groove forms six A-F pockets, although not every pocket is necessarily occupied,

depending on different HLA types. Due to different pockets in MHC I molecules,

they display differential preference to amino acids binding (Falk et al. 1991).

The polymorphic heavy chain (α chain) of MHC class-I molecule is stabilized by

the chaperone calnexin, prior to association with the β2-microglobulin. Endo-

plasmic reticulum resident chaperone proteins (calreticulin, Erp57, protein disul-

fide isomerase (PDI) and tapasin) facilitate the folding of MHC class-I molecules.

Tapasin is critical for linking the class-I/chaperone complex to TAP (transporter

associated with antigen presentation). Peptides generated in the cytosol by pro-

teasomes are translocated into the ER by TAP (Abele and Tampé 1999). These

translocated peptides may require further trimming in the ER before binding to the

newly synthesized MHC class I molecules, which is mediated by ER aminopepti-

dase (ERAP)(Reits et al. 2003; Rock et al. 1994). MHC molecules dissociate from

TAP after peptide loading. The peptide-MHC class I complex is then transported to

the plasma membrane via the Golgi apparatus (Spiliotis et al. 2000) so that it can

be presented to CD8+ T-cells, triggering CD8+ T-cell responses (Fig 1.5). In some

cases, MHC class I molecules never bind peptides and have to be degraded by the

ER-associated protein degradation (ERAD) system and sometimes peptides are

not able to associate with MHC class I and they have to be returned to the cytosol
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for degradation.

It should be noted that 30 to 70% of peptides presented by MHC class I molecules

are derived from defective ribosomal translation products (DRiPs), which are de-

graded by the multi-subunit proteasome complex in the cytosol due to defective

transcription and translation (Schubert et al. 2000). This process allows the MHC

class I pathway to sample proteins immediately after synthesis, thereby allowing

the viral peptides to be sampled and presented very quickly in an infected cell.

Figure 1.4: Schematic presentation of MHC class I molecule. MHC class I
molecules are herterodimers made up of α (heavy) and β2-microglobulin (β2m;
light) chains. The α chain consists of three polypeptide domains (α1, α2, α3) and
they are noncovalently linked with β2-microglobulin. The α3 domain is plasma
membrane-spanning and interacts with the CD8 co-receptor of T-cells. The α1
and α2 domains fold to make up a peptide groove, in which the antigen peptide is
presented. The α3-CD8 interaction holds the MHC I molecule in place while the
T-cell receptor on the CD8+ T-cells binds the peptide presented in the binding cleft.
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Figure 1.5: Schematic representation of MHC I antigen processing. Proteins
of intracellular pathogen are digested by the proteasome into peptides. The trans-
porter for antigen processing (TAP) then translocates them into the the lumen of the
endoplasmic reticulum (ER). Peptide is loaded onto MHC class I molecule present
in the ER, with the assistance of chaperone molecule. Subsequently, the MHC-
peptide complex is translocated via the Golgi apparatus to the cell surface and
presented to the CD8+ T-cells. Figure from Yewdell et al. 2003

1.4.2 Structure and assembly of TCR

The TCR is a heterodimer of one α and one β-chain, or one γ and one δ chain,

which are disulphide-linked. Most T-cells express α/β-TCRs (approximately 95%

of human T-cells express α/β-TCRs and 5% express γ/δ-TCRs). Each TCR chain

is composed of a large extracellular domain, made up of a constant and a variable

domain, followed by a membrane-spanning region and a short cytosolic tail (Fig

1.6A) (Kappler et al. 1983; Chothia et al. 1988; Raulet 1989). The β-chain com-
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prises of variable (V), diversity (D), joining (J), and constant (C) gene segments

whilst the α-chain comprises of variable (V), joining (J), and constant (C) gene

segments.

A complete TCR RNA transcript is divided into a leader sequence, a framework

region (FR) and a complementarity-determining region (CDR). Typically, four FRs

and three CDRs are juxtaposed in the sequence of FR1, CDR1, FR2, CDR2, FR3,

CDR3 and FR4 to form a TCR (Lefranc et al. 2003). The primary site of antigen

contact is thought to be the CDR regions and more specifically the CDR3 regions

(Fig 1.6B). The α and β chains pair soon after their biosynthesis to yield the αβ-

TCR heterodimer.

The production of antigen-specific receptors in T-cells is the result of a process of

random gene rearrangement (Hozumi and Tonegawa 1976) and splicing together

of multiple DNA segments that code for the antigen-binding areas of the recep-

tors (CDR). Gene rearrangement is facilitated by recombination-activating genes

(RAG1 and RAG2 genes). TCR chains are assembled somatically during T-cell

development (discussed later) before exposure to antigen, which enables a gener-

ation of a highly diverse receptor repertoire.
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Figure 1.6: TCR protein and gene structure. (A) The TCR is a disulfide-bound
heterodimer composed either of α and β or γ and δ, here showing alpha and beta
chain TCR. Each chain has a variable region and a constant region (designated Vα
and Cα, Vβ and Cβ etc.). Diversity within TCR molecules is mainly concentrated
at the short hairpin loops, complementarity determining regions (CDRs, colored)
of the α and β chains which also form the antigen binding cleft. (B) TCR chains
are assembled somatically during T-cell development by joining of V, (D) and J
gene segments. CDR1 and CDR2 are entirely encoded in the germline V genes,
whereas CDR3 lies at the junction between the rearranged V and J segments
(TCR-α) and V, D and J segments (TCR-β). The CDR3 junctional sites are assem-
bled by random addition and deletion of template and non-template nucleotides
(blue for TCR-α and orange for TCR-β). CDR, complementarity-determining re-
gion; TCR, T-cell receptor. Figure from Attaf et al. 2015

1.4.3 T-cell development

The T-cells originate from lymphoid progenitor cells in the bone marrow and mi-

grate to the thymus, through a process known as haematopoiesis (Fig 1.7). A

series of V(D)J recombination events take place in the thymus and T-cells develop

their specific markers, including TCR, CD3, CD4 or CD8 (Germain 2002; Pui et al.
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1999).

Committed T-cell precursors lack TCR, CD4 and CD8 and are termed double neg-

atives (DN; no CD4 or CD8). DN thymocytes differentiate in four sequential stages,

which are identified by their surface expression of CD44 (adhesion molecule) and

CD25 (interleukin 2 α-receptor): DN1, CD44+CD25-; DN2, CD44+CD25+; DN3,

CD44-CD25+; and DN4, CD44-CD25- (Godfrey et al. 1993). Double negative T-

cells give rise to either of αβ T-cells or γδ T-cells, which have different types of T-cell

receptors (van Oers et al. 1995). Cells that proceed along the αβ-TCR pathway,

can develop into two distinct functional subsets, CD4 and CD8 T-cells.

CD44+ CD25- cells at DN3 stage, along the αβ-TCR pathway, undergo a process

termed β-selection. The β-chain of the TCR is rearranged and upon successful

rearrangement, it is paired with a preTCR α-chain, allowing the assembly of a

complete preTCR (Huang et al. 2005). At the cell surface, the pre-TCR-αβ pair is

associated with CD3 molecules to provide a complete CD3:TCR receptor complex

that initiates signal transduction which halts any further β-chain rearrangement

(van Oers et al. 1995). This signalling is also critical for T-cell proliferation and

the expression of CD4 or CD8 molecules (double positive thymocytes). After suc-

cessful β-chain selection and subsequent cell proliferation, the pre TCR-α locus is

replaced with a newly rearranged TCR-α chain, which yields a complete αβ-TCR

(Huang et al. 2005).

These αβ-TCR+ CD4+ CD8+ double positive (DP) thymocytes then undergo thymic

selection which usually permits only one in a hundred thymocytes to enter the pe-

riphery (Goldrath and Bevan 1999). The factors that control this selection process

include the components of the antigen processing machinery (Attaf et al. 2015).
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MHC polymorphism (Messaoudi et al. 2002; Dyall et al. 2000), ER-associated

aminopeptidase 1 (ERAP1) polymorphism (Reeves et al. 2013), thymoproteasome

(Nitta et al. 2010) are all components of antigen processing machinery and deter-

mine the peptide diversity generated in the thymus. Peptide diversity in thymus

regulates the diversity of post-selection thymocyte population (Bevan 1997).

Thymocytes are selected for maturation and migration into peripheral lymphoid

tissues, through interaction with thymic epithelial cells expressing a wide variety of

self-peptide-MHC (Robey and Fowlkes 1994; von Boehmer et al. 1989). The ma-

jority (90%) of the generated thymocytes express TCR that bind with self-peptide-

MHC so weakly that the signal required to sustain viability is not generated, hence

causing their ‘death by neglect’. A small proportion of thymocytes bind self-peptide-

MHC so strongly as to pose an autoimmune risk if they were permitted to leave the

thymus. These thymocytes undergo rapid apoptotic death (negative selection).

Thymocytes that express TCR that recognise the self-peptide-MHC molecule with

appropriate intensity (intensity between those resulting in neglect or negative se-

lection) are selected (positive selection). DP cells that pass through thymic selec-

tion, ultimately differentiate into either CD4+ or CD8+ T-cells and leave to enter

the periphery (Singer et al. 2008). This system ensures a production T-cells with

a wide array of TCRs that are capable of recognition and activation in response to

diverse antigens.

1.4.4 V(D)J recombination

TCR genes, unlike the majority of other genes, are not germline encoded, instead

the loci consist of discontinuous sections of DNA that have been recombined to-

gether to form a complete coding sequence. The genes encoding the αβ-TCR are

generated by somatic recombination from several non-contiguous gene segments
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(Fig 1.8).

Recombination of gene segments can be initiated by recognition of conserved

recombination signal sequences (RSS) at the gene boundaries. Gene-segment

joining is carried out by the recombinase complex, the product of two recombi-

nase activating genes, RAG-1 and RAG-2, which work co-operatively to mediate

recombination between RSS (Oettinger et al. 1990; Fugmann et al. 2000; Gellert

2002). Gene segments of the α and β-chains are flanked by RSS. Each RSS is

composed of a conserved nonamer and heptamer nucleotide sequence, separated

by a space of either 12 or 23 nucleotides (Tonegawa 1983). Recombination only

occurs efficiently between different length spacers and this promotes correct order

of assembly, for example, recombination occurs only between 12-RSS and a 23-

RSS, known as the “12/23 rule” (Hiom and Gellert 1998). The distribution of RSS in

TCR-α chain directs recombination between the J-V gene segment. The distribu-

tion of RSS in the TCR-β chain first directs recombination between 3’ D-23RSS to

J-12RSS and then V-23RSS with 5’ D-12RSS gene, avoiding V-23RSS to J-12RSS

recombination. The mechanism of avoiding V-23RSS to J-12RSS recombination is

referred to as the “beyond 12/23 rule” (Olaru et al. 2005) and this ensures the in-

clusion of a D-β gene segment in the assembled TCR-β chain. Once the two RSSs

are cleaved together the intervening segment is cleaved out and the coding ends

are ligated by ubiquitously expressed non-homologous DNA end-joining (NHEJ)

proteins (Malu et al. 2012) which also results in addition or deletion of templated

nucleotides or addition of non-templated nucleotides.
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Figure 1.8: Overview of V(D)J recombination of TCR-α and -β chains. (A) VJ
recombination at the tra locus. The tra locus also has TCR-δ, or trd locus embed-
ded in it. It comprises a 5’ V gene segment cluster (46 TRAV segments) followed
by a central J cluster (51 TRAJ segments) and a single C gene segment (TRAC).
TCR-δ D and J segments (TRDD and TRDJ, respectively) present are also shown.
V to J recombination brings together one of many TRAV segments to one of many
TRAJ segments, splicing out the intervening sequences, producing a TCR-α tran-
script in which V, J and C segments are directly adjacent. (B) VDJ recombination
at the trb locus. The trb locus is composed of a 5’ V cluster (48 TRBV gene seg-
ments) followed by two 3’ TRBD-TRBJ-TRBC clusters. VDJ recombination is a
two-step, ordered process. Firstly, D to J recombination occurs, where TRBD1 is
brought to join one of the six TRBJ1 segments or TRBD2 to one the seven TRBJ2
segments. V to DJ recombination subsequently brings the rearranged DJ join to
one of many TRBV segments. The intervening sequences are then spliced out
which generates a TCR-β transcript with V, D, J and C segments directly adjacent
to each other. Figure adapted from Attaf et al. 2015
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1.4.5 TCR receptor diversity

V(D)J recombination gives rise to diversification of the CDR region in TCRs (Fig

1.8) (Market and Papavasiliou 2003), which is mainly generated by virtue of there

being multiple V, D and J genes. The theoretical diversity of human TCR reper-

toire is estimated at 1018 clonotypes (Sewell 2012); most of these specificities are

never used and it is estimated that human TCR repertoire is composed of 25 mil-

lion clonotypes (Arstila et al. 1999).

The α-locus comprises a 5’ V gene segment cluster (46 TRAV segments) followed

by a central J cluster (51 TRAJ segments) and a single C gene segment (TRAC)

(Lefranc et al. 2003). V to J recombination in the α-chain brings together one of the

46 TRAV segments to one of the 51 TRAJ segments, splicing out the intervening

segments, producing a TCR-α transcript in which V, J and C segments are adja-

cent.

The β-locus is composed of a 5’ V gene segment cluster (48 TRBV segments)

followed by two 3’ TRBD-TRBJ-TRBC clusters. The human TCR β-locus contains

48 V, 2 D, and 13 J segments (Lefranc et al. 2003). VDJ recombination in β-chain

is an ordered two-step process. D to J recombination in the β-chain occurs first

whereby TRBD1 is juxtaposed to one of the six TRBJ1 segments or TRBD2 to one

of the seven TRBJ2 segments. V to DJ recombination then brings the rearranged

DJ to join one of the 48 TRBV segments, splicing out any intervening segments to

produce a TCR-β transcript in which, V, D, J and C segments are directly adjacent

(Attaf et al. 2015).

Although V(D)J recombination is a major factor in TCR diversity, diversity of TCR is

significantly increased by random addition and deletion of nucleotides. There are
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two types of nucleotide additions, template and non-templated. Non-templated nu-

cleotides (N) are added by the enzyme terminal deoxynucleotidyl transferase (TdT)

(Desiderio et al. 1984; Repasky et al. 2004). TdT is able to add deoxynucleotides

without a template, with a preference for guanine residues that results in N regions

being generally GC-rich (Gilfillan et al. 1995). These insertions are relatively spe-

cific to V(D)J recombination as the expression of TdT is usually limited to early

lymphoid cells where V(D)J recombination is active (Davis and Bjorkman 1988).

Addition of template nucleotides is also found in the coding joint. The ends of the

coding DNA are converted to hairpins during recombination. These hairpins can

be nicked by a few bases, due to exonucleolytic activity of DNA repair enzymes,

which can lead to formation of ‘P-nucleotides’ at the recombining edges. These P

nucleotide insertions (P for palindromic) can be incorporated in the junction (Gellert

2002).Very little is known about the nucleotide deletion in the coding junction.

1.4.6 CD8+ T-cells

1.4.6.1 CD8+ T-cell differentiation

CD8+ T-cells that have not yet encountered their cognate antigen and have not

been activated are called antigen naive CD8+ T-cells. These T-cells leave the

thymus and circulate through blood and the lymphatic system providing immune

surveillance, and reside in secondary lymphoid organs (lymph node and spleen)

(Spits 2002; Boyman et al. 2009). APCs acquire antigens in non-lymphoid tis-

sue throughout the body and migrate into secondary lymphoid organs where they

present antigens to CD8+ T-cells. When a naive CD8+ T-cell recognises its spe-

cific antigen, presented by a TCR in context of MHC molecule on an APC, it

ceases migrating and undergoes extensive clonal expansion (Kaech et al. 2002;

Spits 2002). Interaction of the TCR with the cognate antigen triggers intracellu-
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lar signalling events that leads to activation and proliferation of these naive CD8+

T-cells (CD45RA+, CD27+, CD28+, CCR7+) into effector CD8+ T-cells. Short-

lived effector CD8+ T-cells migrate to a site of infection and carry out their effector

functions, such as cell-mediated cytotoxicity and production of cytokines such as

IFN-gamma. The majority of the effector CD8+ T-cells will die after the antigen

is cleared and the remaining will become memory CD8+ T-cells which serve to

protect the body against the same antigen in the future. These long-lived memory

CD8+ T-cells are able to mount a faster response than their naive counterparts and

therefore are able to clear the pathogen faster. Memory CD8+ T-cells consist of two

distinct subpopulations, central memory CD8+ T-cells (TCM) and effector memory

CD8+ T-cells (TEM). TCM and TEM can be distinguished based on their homing ca-

pacity and effector functions (Sallusto et al. 2004; Willinger et al. 2005).

CD8+ TCM are CD45RA-/CCR7+ memory cells that constitutively express two lymph

node-homing receptors (CCR7 and CD62L) and express co-stimulatory molecules

CD27 and CD28. Lymph node-homing receptors are required for migration of T-

cells to areas of secondary lymphoid organs (Sallusto et al. 1999). CD8+ TCM are

able to differentiate into TEM following TCR triggering. CD8+ TEM are CD45RA-

/CCR7- CD27+ CD28-/+, characterized by their rapid effector function and loss

of CCR7 expression, are heterogeneous for CD62L expression, and display char-

acteristic sets of chemokine receptors and adhesion molecules that allow them

to gain excess to inflamed peripheral tissues (Sallusto et al. 1999). In humans,

there is a third subset of T-cell memory compartment, effector memory RA (TEMRA),

which includes cells that re-express CD45RA+ but lack expression of CCR7 and

are CD27- CD28-. TEMRA are highly differentiated cells that have undergone exten-

sive cell division. They display potent effector function but have little proliferative

capacity and short telomeres (Appay et al. 2008). Markers that distinguish be-
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tween naive, effector, central memory, effector memory and TEMRA cells are shown

in Fig 1.9 (Appay et al. 2008).

Figure 1.9: The expression of surface markers associated with differentiation
is presented for CD8+ T-cells. Five distinct subsets of circulating CD8 T-cells are
defined based on expression of CD27, CD28, CCR7, and CD45RA. As the CD8+
T-cells become antigen experienced, they express different cell surface markers
and have different functional capacity. CM: Central memory; EM: Effector memory.
Figure adapted from Appay et al. 2008.

1.4.6.2 Effector mechanisms of CD8+ T-cells

The CD8+ T-cells, often called cytotoxic T lymphocytes (CTL), are very important

in immune defence against intracellular pathogens, including viruses and bacteria,

and are also vital in the destruction of tumour cells. Naive CD8+ T-cells are acti-

vated as a result of two distinct signals: (i) binding of TCR to peptide/MHC complex

on APC and (ii) signalling of a variety of co-stimulatory molecules expressed on T-

cells (e.g. CD28 to its ligand CD80 or CD86 on APC) (Andersen et al. 2006).

Upon activation, naive CD8+ T-cells undergo clonal expansion in the presence of
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Interleukin 2 (IL-2) and differentiate into effector cells (Broere et al. 2011). The

activated CD8+ T-cells can kill infected or malignant cells by direct cell-to-cell con-

tact or by production of cytokine. The CD8+ T-cells primarily produce TNF-α and

IFN-γ, which have anti-tumour and anti-viral effects. TNF-α is able to engage its

receptor on the target cells and initiate caspase cascade, leading to targeted cell

death. IFN-γ, on the other hand, induces transcriptional activation of the MHC

class I antigen presentation pathway and Fas in target cells. This leads to upreg-

ulation of antigen peptides by MHC class I and increased Fas-mediated target-cell

lysis (Andersen et al. 2006).

Although CD8+ T-cells are capable of producing cytokines, their main function ap-

pears to be largely driven towards elimination of infected cells by cytotoxic means.

This is most commonly accomplished by delivery of cytotoxic granule toxins into

the cytosol of the infected cell by a CD8+ T-cell. Upon contact with target cell, the

CD8+ T-cells form an immunological synapse and cytotoxic secretory granules are

released into the synaptic cleft. The cytotoxic secretory granules include pore form-

ing proteins, perforins, and other structurally related serine proteases, Granzyme

A and B. These toxic proteins diffuse into the cell membrane of infected cells in a

Ca2+ dependent manner. These proteins are highly cytotoxic and induce apop-

tosis in target cells through caspase-dependent and -independent routes (Trapani

and Smyth 2002). This method of killing by CD8+ T-cells is highly controlled, en-

suring killing of only the target cells in a rapid and efficient manner.

The other mechanism of cell-to-cell killing is mediated by Fas ligands, which are

expressed on the surface of CD8+ T-cells, and which bind to Fas receptors (Fas

CD95). This binding of Fas ligands to Fas receptors in target cells triggers apopto-

sis of target cells via the classical caspase cascade (Waring and Müllbacher 1999).
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Rapid expansion of CD8+ T-cells and the ability of a single CD8+ T-cell to de-

stroy many virally infected cells, while sparing “innocent” bystanders, make them

very efficient antigen-specific effector cells (Broere et al. 2011).

1.4.7 CD8+ T-cell responses to CMV

CD8+ T-cells are thought to be the principal mediator of protection against CMV.

The importance of CD8+ T-cell responses to CMV comes from observations in

animal models in which the elimination of CD8+ T-cells correlated with increased

levels of reactivation and dissemination of viral infection (Reddehase et al. 1985;

Barry et al. 2007).

Studies in humans have also established that deficiency of CMV-specific CD8+

T-cell responses correlate with CMV replication and CMV disease, suggesting an

important role for the CD8+ T-cell in control of CMV infection (Sester et al. 2002).

IFN-γ-producing CD8+ T-cells in patients with AIDS appear to protect against CMV

associated retinitis (Jacobson et al. 2004). Clinical data from bone marrow trans-

plant patients showed that development of CMV-specific CD8+ T-cell responses

protect them from CMV associated pneumonia (Reusser et al. 2015) and other

CMV-related disease (Li et al. 1994). In another study of bone marrow transplant

recipients, the presence of CD8+ T-cells correlated with recovery from CMV in-

fection (Quinnan et al. 1982). Furthermore, two pivotal studies in bone marrow

transplants patients by (Riddell et al. 1992) and (Walter et al. 1995) showed that

transferring donor derived CMV-specific CD8+ T-cells into recipients effectively re-

stored antigen specific CD8+ T-cell immunity and prevented CMV viraemia and

CMV disease. A similar important role of CD8+ T-cell immunity has been shown

in solid organ transplant recipient, where presence of CD8+ T-cells correlates with
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viral control and mediates protection from CMV disease (Reusser et al. 1999).

1.4.8 Proportion/size of CD8+ T-cells responses to CMV

The magnitude of CD8+ T-cell responses to CMV is unusually high, constituting

10% of the CD8+ T-cell memory compartment (Sylwester et al. 2005). The propor-

tion of CD8+ T-cell increases with age and CMV-specific CD8+ T-cell responses

are higher in the elderly, reaching up to 40% (Khan et al. 2004). It is not under-

stood what makes CMV so immunogenic and what impact this has on the host’s

response to other pathogens. Recent data using overlapping 15-mer peptides

from open reading frame (ORF) covering the whole proteome revealed that CMV-

specific CD8+ T-cell responses are diverse. Out of the 213 CMV ORFs assessed,

107 (50%) elicited at least one CD8+ T-cell response (Sylwester et al. 2005). This

and other studies have shown that CMV-specific CD8+ T-cell responses are highly

diverse, targeting a variety of proteins expressed at different stages of viral repli-

cation (IE, E, late), with diverse function such as structural, immune evasive and

regulatory (Elkington et al. 2003; Sylwester et al. 2005). There is an interesting

hierarchy of immunogenicity in CMV encoded proteins: UL48, UL83 (pp65), and

UL123 (IE1) have been shown to be the three most immunogenic CMV proteins

in a study by Sylwester et al. et al. (2005), recognised by more than 50% of the

subjects studied in the cohort. Fig 1.10 shows the schematic representation of the

hierarchy of the most frequently recognised CMV antigens.

1.4.9 Course of CMV infection

During an acute infection with CMV, naive T-cells recognise CMV epitopes, and

undergo proliferative expansion (Fig 1.11). Typically, during viral infections, the

establishment of a memory T-cell population in response to an antigen is thought
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Figure 1.10: Frequency of CMV ORF recognition by CD8+ T-cells. The graph
shows the percentage of CMV seropositive individuals (n=33) making a CD8+ T-
cell response to the 10 most frequently recognised CMV ORF. Source: Sylwester
et al. 2005

to involve expansion followed by contraction into a stable pool of memory cells,

after the infection is cleared. However, in CMV infection, the CD8+ T-cells spe-

cific for certain epitopes do not contract but are maintained at high frequencies

(O’Hara et al. 2012). This increase in CMV-specific CD8+ T-cell response is called

“memory inflation”. “Memory inflation” is a term derived from studies of murine

cytomegalovirus (MCMV) that detected unusually high numbers of MCMV-specific

CD8+ T-cells and maintenance of these CD8+ T-cells at high frequencies, in im-

mune competent mice (Karrer et al. 2003). It is now a well described phenomenon

in CMV positive humans (Klenerman and Oxenius 2016). Fig 1.11 shows the de-

velopment of memory CD8+ T-cell responses during the course of CMV infection.

The course of CMV infection involves clonal expansion of CMV-specific CD8+ T-

cells followed by contraction and subsequent maintenance of CMV-specific mem-

ory CD8+ T-cells. Despite the persistent nature of CMV infection, inflationary T-

cells lack features of exhaustion and they maintain their functionality. The fact that
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CMV can induce high CD8+T-cell responses can be exploited therapeutically. Rel-

atively high transmission of CMV together with the high inflationary CD8+ T-cell

response has led to consideration of the development of vaccines using CMV as a

vector (Karrer et al. 2004; Hansen et al. 2009; O’Hara et al. 2012).

Figure 1.11: Course of CMV infection. During CMV infection, non-inflationary
T-cells undergo expansion, contraction and formation of stable memory pools. By
contrast, inflationary T-cell pools are characterized by lack of contraction and grad-
ually accumulate in frequency over time aided by low levels of viral reactivation.
Characteristic phenotypic features of inflationary versus non-inflationary T-cells are
shown. Figure adapted from O’Hara et al. 2012

1.4.10 Phenotype of CMV-specific CD8+ T-cells

Typically, during an acute CMV infection, CMV-specific CD8+ T-cells exhibit a clas-

sical central memory response, displaying a CD45RA- CD45RO+ CD27+ CD28+

CCR7+ phenotype (Fig 1.11). Following resolution of CMV viraemia, CMV-specific

CD8+ T-cells are maintained (inflationary T-cells) and they display an effector mem-

ory phenotype (CD45RA-/+ CD27-, CD28-, CCR7-). Consistent with this pheno-
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type, they are present at higher quantities in blood and tissues (such as the liver

and lungs), compared with lymph nodes. These cells are characterised by gradual

downregulation in expression of co receptors CD27 and CD28 and upregulation in

expression of CD57 and KLRG1 (killer cell lectin-like receptor subfamily G mem-

ber 1) and effector molecules (such as perforin and granzyme). Together with

this, effector memory CMV-specific CD8+ T-cells are also deficient in expression of

CD62L (lymph node homing receptor) and CD127 (the IL-7-receptor α-chain).

Another defining feature of these inflationary CMV-specific CD8+ T-cells is the re-

version of expression of CD45RA (which is associated with naive T-cells) therefore

being known as “revertant” memory cells (TEMRA) (Appay et al. 2002; Moss and

Khan 2004; Rosa and Diamond 2012). CMV-specific CD8+ T-cells do not show

features of exhaustion, and retain their proliferative and cytotoxic capacity, includ-

ing the ability to secrete cytokines (Hertoghs et al. 2010; O’Hara et al. 2012; Klen-

erman and Oxenius 2016). Furthermore, they display low PD-1 expression (pro-

gramme death receptor) which is usually found on differentiated cells and serves

as a negative regulator of T-cell activation (Hertoghs et al. 2010; O’Hara et al.

2012). A common transcriptional signature found in human CMV-specific T-cells

seems to be driven by a small number of transcriptional regulators including T-bet,

EOMES and BLIMP1 (Hertoghs et al. 2010; O’Hara et al. 2012).

1.4.11 Factors involved in memory inflation

1.4.11.1 Antigen exposure

The underlying mechanisms of memory T-cell inflation are not yet fully elucidated.

The major driving force of this phenomenon must relate to repetitive antigen expo-

sure (Klenerman and Hill 2005). This notion that CMV-specific memory T-cell infla-
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tion is caused by repetitive antigen exposure has been investigated using murine

models. It was demonstrated that adoptive transfer of MCMV-driven inflationary T-

cells into naive recipients resulted in their failure to divide and survive, whereas the

same cells survived in chronically infected mice, indicating that antigen stimulation

is required for memory inflation (Snyder et al. 2008; Kim et al. 2015). Furthermore,

the dose of viral inoculum seems to influence the magnitude of memory inflation

in CMV infection. Recently, a study conducted using low dose of MCMV infection

severely hampered the accumulation of inflationary memory T-cells (Redeker et al.

2014).

1.4.11.2 Naive and memory T-cells

It has been reported that inflationary T-cells are functional, short-lived cells with a

half-life of approximately 40-50 days (O’Hara et al. 2012). Naive T-cells contribute

to maintenance of the inflationary T-cell population during chronic CMV infection by

replacing the decaying short-lived pool, however they are not crucial. The memory

cells that are primed early in infection are the main contributors to maintenance of

the total population (Snyder et al. 2008; Loewendorf et al. 2011). Adoptive transfer

of MCMV-specific memory CD8+ T-cells into latently infected mice leads to their

differentiation into TEM. Differentiated cells proliferate and migrate to peripheral

tissues. This suggests that new TEM cells are derived from the restimulation and

differentiation of CMV-specific TCM cells after viral reactivation events (Snyder et al.

2008; Klenerman and Oxenius 2016).

Despite the fact that CMV can acquire potent evasion mechanisms that interfere

with MHC class I-restricted antigen presentation, strong CMV-specific CD8+T-cell

are still elicited. This suggests that CMV-specific CD8+ T-cells are primed by cross-

presentation of CMV antigens by professional APCs. However, cross-presenting
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antigen presenting cells alone cannot elicit a CD8+ T-cell response. The role of

cross-priming in memory inflation has been analysed using Batf3(-/-) mice (Torti

et al. 2011). These mice have impaired cross-presentation owing to the lack of

CD8α+ and CD103+ DCs. Even in the absence of cross-presenting DCs, infla-

tion of two immunodominant MCMV-specific CD8+ T-cell populations was largely

normal, suggesting that inflation during latency was mainly dependent on direct

antigen presentation.

1.4.11.3 Co-stimulatory molecules and inflammatory cytokines

In addition to antigen presentation, co-stimulatory molecules and inflammatory

cytokines are involved in CMV-specific inflationary CD8+ T-cell responses. The

main co-stimulatory receptor for T-cells is CD28, however, terminally differentiated

inflationary CD8+ T-cells lose their ability to express CD28. Instead, other co-

stimulatory molecules CD137 (4-1BB) and OX40 are up-regulated on inflationary

T-cells upon TCR triggering, which are important for CMV-specific memory infla-

tion. Co-stimulatory molecules mediated signalling contributes to the restimulation

of CMV-specific CD8+ T-cells and thus contributes to the size of inflationary CMV-

specific CD8+ T-cell pool (Humphreys et al. 2007; Waller et al. 2007; Klenerman

and Oxenius 2016).

CMV-specific inflationary T-cell responses depend on IL-2, a key cytokine for T-cell

proliferation. Chimeric mice harbouring both IL-2R-competent and IL-2R-deficient

T-cells were used to assess the CMV-specific inflationary T-cell response. Absence

of high-affinity IL-2 receptors in mice led to a reduction of the CMV-specific infla-

tionary response (Bachmann et al. 2007). Interestingly, it has been shown that

that autocrine IL-2, but not CD4+ T-cell or DC-derived IL-2, is important for opti-

mal secondary expansion of CMV-specific memory CD8+ T-cell populations (Feau
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et al. 2011). Furthermore, the presence of IL-2 is not only important for priming

of CMV-specific memory T-cells, but also for dictating the proliferative capacity of

these cells. This is suggested by a study showing that, in the absence of IL-2,

these T-cells exhibit an anergic phenotype (Bachmann et al. 2007).

1.4.12 Oligoclonality of CMV-specific repertoire

Inflationary CMV-specific CD8+ T-cells often show restricted TCR usage, targeting

immunodominant CMV epitopes (O’Hara et al. 2012). The expansion of CMV-

specific CD8+ T-cells is usually oligoclonal although in some cases it can be mon-

oclonal (Khan et al. 2002). Analysis of the clonal composition of the memory CD8+

T-cell repertoire specific to HLA-A2- and HLA-B7-restricted immunodominant pp65

epitopes has shown a high degree of clonal focusing, with selection of TCRs con-

taining conserved amino acid motifs in their TCR hypervariable regions that are

shared between individuals, known as public TCRs (Day et al. 2007). Dominant

CMV-specific clonotypes selected into the long-term memory pool are distinct from

subdominant clonotypes observed during acute infection, with higher functional

avidity of dominant clonotypes (Day et al. 2007).

The marked clonal expansion of CMV-specific CD8+ T-cells, with subsequent re-

duction in naive cells and a highly differentiated phenotype (CD8+ CD28- CD57+),

has been implicated in immunosenescence (Looney et al. 1999). Immunosenes-

cence is characterised by a reduction in levels of naive cells, the accumulation of

clonally expanded CD28- memory T-cells, and a decline in immune responsiveness

(Crough and Khanna 2009).
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1.4.13 Other host defences to CMV

1.4.13.1 CD4+ T-cell responses to CMV

Although the role of CD8+ T-cells in control of CMV infection is clearly evident

and predominant, CD4+ T-cells also play a critical part. As with the CD8+ T-cells,

the frequency of CMV-specific CD4+ T-cell responses is also unusually high, con-

stituting 10% of the CD4+ T-cell memory compartments in adult peripheral blood

(Sylwester et al. 2005). The delayed appearance of CD4+ T-cells is associated

with CMV reactivation and with symptomatic infection in immunocompromised in-

dividuals with primary infection (Antoine et al. 2012). The HIV-infected individuals

with absolute CD4 counts below 50 cells/mm3 are at high risk of CMV retinitis. Evi-

dence of CMV pneumonitis is a frequent finding at autopsy in AIDS cases (Wallace

and Hannah 1987). In children, the low frequency of CMV-specific CD4+ T-cells is

associated with delayed clearance of CMV from the urine until approximately 5yrs

of age (Chen et al. 2004). CMV-specific CD4+ T-cells play an important protective

role in renal transplant, where low levels of CD4+ T-cells correlate significantly with

CMV associated disease (Gamadia et al. 2003; Sester et al. 2005). Furthermore,

adoptive transfer of predominantly CD4+ T-cells was shown to result in reduction of

CMV viraemia in five out of the seven recipients (Einsele et al. 2002), suggesting

a role of CD4+ T-cells in the control of CMV infection.

1.4.13.2 Delta T-cell responses to CMV

As mentioned earlier, an alternative to the αβ-chain T-cell is the γδ T-cell, which is

composed of the rearranged products of the gamma and delta chain genes. The γδ

T-cells comprise a small fraction (0.5-6%) of peripheral blood in humans, however

it represents a greater proportion of lymphoid cells in areas of the body exposed

to the external milieu, such as the intestinal mucosa in humans (Déchanet et al.
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1999). γδ T-cells have been shown to play an important protective role in murine

herpes simplex virus type 1 infection (Sciammas et al. 1997). Additionally, a protec-

tive role of circulating γδ T-cells has been suggested in renal transplant patients, as

marked expansion of these cells is associated with active CMV infection (Dechanet

et al. 1999). In these patients, the delayed γδ T-cell expansion was associated

with prolonged and elevated antigenemias and increased severity of CMV disease

thus suggesting a protective role of circulating γδ T-cells in a CMV infected person

whose α/β T-cell response has been weakened by immunosuppression (Dechanet

et al. 1999).

1.4.13.3 Humoral immune responses to CMV

CMV triggers all arms of the immune system, including humoral immunity. Hu-

moral immune responses are important in preventing viral dissemination and clin-

ical manifestations of CMV-related disease (Jonjić et al. 1994; Gerna et al. 2008).

Antibodies specific to structural tegument proteins (pp65 and pp150), envelope

glycoproteins and IE proteins are elicited during primary CMV infection (Rosa and

Diamond 2012). CMV glycoproteins gB and gH are the main target for neutraliz-

ing antibodies. The glycoproteins gB and gH are involved in cell attachment and

penetration, and fusion of the viral envelope with the host cell membrane, respec-

tively (Britt et al. 1990; Crough and Khanna 2009). The importance of neutralising

antibodies in humans was displayed when the transfer of antibodies from a CMV-

seropositive mother to a new-born infant protected against CMV infection caused

by a seropositive blood transfusion (Yeager et al. 1981). Furthermore, antibody

response of low avidity and poor neutralizing activity is associated with a higher

chance of CMV transmission from the mother to foetus (Boppana and Britt 1995).

However, infants born to CMV-seropositive mothers are not protected from CMV

infection in the first months of life from transplacentally acquired maternal IgG an-
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tibodies.

1.4.14 Immune evasion techniques

1.4.14.1 MHC class I pathway

An effective mechanism for clearing CMV infection involves CD8+ T-cell detection

of viral antigens presented on infected cells. A major evasion mechanism is fo-

cused on decreasing cell-surface expression of MHC class I molecules. CMV is

able to remain undetected by interfering with proteasome thus preventing antigen

presentation. PP65 has a kinase activity and can phosphorylate the IE1 protein

which in turn selectively blocks the processing and presentation of IE-derived anti-

genic peptides via the MHC class I pathway and hence prevents an IE1-specific

CD8+ T-cell response (Gilbert et al. 1996).

CMV encodes five immunomodulatory proteins, glycoprotein (gp) US2, gpUS3,

gpUS6, gpUS10 and gpUS11, that can alter MHC class I expression. In the pres-

ence of these viral proteins, there is an inhibition in generation of antigenic epitope,

blockage of TAP, retention of MHC class I molecules in the endoplasmic reticulum,

and recycling of nascent class I heavy chains back to the cytosol where they are

degraded by proteasomes. As a result, MHC class I protein expression on the in-

fected cell surface is downregulated (Tomasec et al. 2000; Tortorella et al. 2000;

Mocarski 2002; Chevalier and Johnson 2003).

1.4.14.2 MHC class II pathway

As observed with MHC class I regulation, CMV has also evolved multiple mecha-

nisms by which to interfere with antigen presentation via the MHC class II pathway

to evade recognition by CD4+ T-cells. CMV encodes a variety of proteins that
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can downregulate MHC II cell surface expression, including US2 which targets the

MHC class II DR-α and DM-αmolecules resulting in proteasome-dependent degra-

dation of MHC class II molecules in a number of different cell types (Tomazin et al.

1999). Another CMV encoded protein gpUS3 binds newly synthesized class II het-

erodimers in the ER and reduce their association with the invariant chain. Loss

of invariant chain causes class II complexes to be inefficiently sorted to the MHC

class II loading compartment (Hegde et al. 2002; Chevalier and Johnson 2003).

CMV pp65 protein also downregulates MHC class II expression by trafficking MHC

class II molecules to lysosomes causing their destruction (Odeberg et al. 2003;

Miller-Kittrell and Sparer 2009) .

1.4.14.3 NK cells

As discussed earlier, NK cells play an important role in control of CMV infection.

NK cells selectively recognise and kill targets that lack expression of MHC class

I molecules (Ljunggren and Karre 1990). The downregulation of MHC class I in

CMV-infected cells should therefore result in increased susceptibility to attack by

NK cells. However, CMV-infected cells evade NK cell recognition via the production

of virus-encoded homologues of MHC class I molecules that act as decoy proteins

(Tortorella et al. 2000; Crough and Khanna 2009). Other mechanisms used by

CMV to evade NK cell recognition include:(i) CMV encoded UL142-mediated inhi-

bition of NK cell mediated lysis, (ii) CMV encoded pp65 protein-mediated inhibition

of the NK cell mediated cytotoxicity by an interaction with receptor NKp30 and (iii)

CMV UL141-mediated blocking of the surface expression of CD155, a ligand for

activating NK receptors (Arnon et al. 2005; Wills et al. 2005; Tomasec et al. 2010)
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1.4.14.4 Homologues

CMV can encode a wide range of other homologues to subvert the host immune

response and facilitate persistence. These homologues have distinct functions and

can mimic the behaviour of host proteins. Examples of these include:

1. CMV UL111a, which encodes a homologue of the cytokine IL-10, a power-

ful anti-inflammatory agent and a potent immunosuppressor (Kotenko et al.

2000),

2. CMV UL146 encodes a potent IL-8-like chemokine, viral CXC-1, which in-

duces the chemotaxis of human peripheral blood neutrophils, thereby provid-

ing for efficient viral dissemination (Penfold et al. 1999),

3. CMV UL36 and UL37 which encode various anti-apoptotic gene products,

vMIA and vICA, and inhibit Fas-mediated apoptosis (Goldmacher et al. 1999;

Skaletskaya et al. 2001),

4. CMV UL40 gene encodes a sequence homologous to signal peptides, which

upregulates the expression of a non-classical MHC class I molecule, HLA-E.

Surface expressed HLA-E suppresses NK cell recognition of virus-infected

cells by binding to inhibitory NKG2A receptors on NK cells (Tomasec et al.

2000).
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1.5 TCR repertoire of antigen-specific CD8+ T-cell

responses

1.5.1 Diversity of TCR repertoire and efficacy of immune re-

sponse

The first evidence for a link between TCR diversity and protection from infection

was reported by Messaoudi et al. (2002), using a mouse model of Herpes simplex

virus (HVH-1) infection. The B6 mice, with H-2Kb background, were more suscep-

tible to HVH infection whereas bm8 mice, with H-2Kbm8 background, were resistant

(Messaoudi et al. 2002). C57BL/6 mice expressing H-2Kb (B6; mhc haplotype H-

2b) or H-2Kbm8 (bm8; mhc H-2bm8) differ from each other only by four amino acids.

Both haplotypes can both present the immunodominant HVH epitope (SSIEFARL),

with similar binding affinity, thus, ruling out differential binding of HVH epitope to

H-2Kb and H-2K as the cause of the differences observed in CD8+ T-cell-mediated

HVH-1 resistance. Increased resistance in bm8 mice was shown to be linked to

greater TCR diversity and selection of higher avidity gB-specific CD8+ T-cell (Mes-

saoudi et al. 2002).

Several other studies have presented evidence that a diverse TCR repertoire cor-

relates with immune protection against viral escape (Meyer-Olson et al. 2006; Price

et al. 2004). Large-scale analysis in a simian immunodeficiency virus (SIV)-Rhesus

macaque model using TL8 (TTPESANL) and CM9 (CTPYDINQM) epitope specific

TCR sequences (Price et al. 2004) showed that the CD8+ T-cells which recognise

CM9 epitope exhibit a diverse TCR repertoire with a diverse array of CDR3-β se-

quences; whereas the TL8 specific CD8+ T-cells display a highly conserved TCR-β

CDR3 motif. The narrow TCR repertoire of CD8+ T-cells responding to the TL8
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epitope was associated with rapid selection of TL8 escape variants, whereas, the

more diverse clonotypic TCR repertoire of CM9-specific CD8+ T-cells was not as-

sociated with viral escape. A likely explanation for this difference is that the more

diverse TCR repertoire contains TCRs capable of cross-reacting with epitope vari-

ants, thus preventing the emergence of escape variants (Turner et al. 2009).

1.5.2 Diversity of TCR repertoire and magnitude of CD8+ T-cell

response

It is unclear whether a relationship exists between TCR diversity and the mag-

nitude of CD8+ T-cells. With respect to the HLA A11-restricted CD8+ T-cell re-

sponses against Epstein-Barr virus (EBV) nuclear antigen-4, the subdominant re-

sponse (to epitope EBNA4 399-408) was populated with a narrow range of TCRs

with conserved Vβ usage and identical length amino acid motifs in the CDR3 re-

gions, whereas CD8+ T-cells specific for the dominant epitope (EBNA4 416-424)

utilized a diverse TCR repertoire, based on different combinations of TCR-α/β V

and J segments and CDR3 regions (Campos-Lima et al. 1997). On the other hand,

some studies have observed a correlation between immunodominant epitopes and

restricted TCR repertoire. In murine influenza A virus infection, CD8+ T-cell re-

sponses to a sub-dominant epitope (DbPA224) displayed a relatively higher TCR

diversity than the immunodominant (DbNP366) epitope (La Gruta et al. 2006). In

HIV-infected humans expressing HLA-B*42:01, the immunodominant Gag-specific

TL9 response was more likely to be populated by public TCRs than the subdomi-

nant responses (Kloverpris et al. 2015).
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1.5.3 Affinity of TCR repertoire influences immune protection

Selection of a diverse TCR repertoire conferring high-affinity TCRs determines

viraemic control of HIV infection and limits the emergence of escape mutations

(Varela-Rohena et al. 2008; Ladell et al. 2013). A study showed that a high affinity

TCR specific for the immunodominant HLA-A*02-restricted HIV gag epitope SL9

(SLYNTVATL) could recognise all common variants of the epitope and produce a

greater range of soluble factors and more IL-2 than the wild-type TCR (Varela-

Rohena et al. 2008). Studies of immune-mediated control in HLA-B*27-positive

individuals, in whom the immunodominant response is towards the Gag KK10 epi-

tope (Gag 263-272), have shown a similar impact of the TCR avidity on outcome.

Escape from the HLA-B*27-restricted Gag KK10-specific public TCRs, that were

high avidity, via the L268M Gag mutation, typically results in the emergence of

a L268M-variant-specific response. However the TCR clonotypes underlying this

L268M-specific response are lower avidity and less effective in control of viraemia

(Iglesias et al. 2011).

1.5.4 Cross reactivity

To be effective the TCR repertoire needs to include a sufficient number of TCRs to

recognise a wide range of foreign antigens, but simultaneously needs to be highly

selective so that it can distinguish between self and non-self-antigens (Nikolich-

Žugich 2008). A TCR has the ability to recognise different peptides bound to MHC

molecules which gives rise to functional diversity, known as cross-reactivity (Mason

1998; Jones et al. 2008). Cross-reactivity can potentially operate to ensure T-cell

reactivity to epitope variants that arise as a result of virus escape. An example

of this was described above in Mamu-A*01 Rhesus monkeys infected with SIV

(Charini et al. 2001). In this study, a strong CD8+ T-cell response was observed
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to the immunodominant wild type epitope Gag-p11C (CTPYDINQM) together with

a strong response to its variant. The T-cell recognition of the wild type and variant

epitope was attributed to the discrete subsets of p11C-specific T-cells that cross-

react with cells presenting variant peptides, suggesting that cross reactive CD8+

T-cells are important for recognition of immune escape variants.

1.5.5 Size of naive T-cell repertoire and antigen-specific CD8+

T-cell repertoire

The magnitude of the antigen-specific T-cell repertoire in mature T-cells correlates

with the size of corresponding naive T-cell repertoire (Marc and Moon 2012; Moon

and Jenkins 2015). An example of this comes from Lymphocytic Choriomeningitis

Virus (LCMV) mouse model (Kotturi et al. 2008), in which CD8+ T-cells responded

to at least 28 different epitopes, however about one third of the total response was

directed towards three of the dominant epitopes. These three dominant peptides

displayed similar binding affinity to MHC molecules as the other subdominant epi-

topes, suggesting that dominance in the CD8+ T-cell response was not entirely

due to the peptide-MHC binding affinity. Instead the magnitude of CD8+ T-cell re-

sponses to each of 28 identified epitopes was found to correlate with naive CD8+

T-cell precursor frequency. The naive precursor population specific for the domi-

nant peptides was about 10 times larger than those specific for the less dominant

peptides (Kotturi et al. 2008). This correlation has also been seen in responses to

other viruses, including an experimental model of influenza virus infection in hu-

manized HLA-transgenic mice (Tan et al. 2011) and humans infected with hepatitis

C virus (Schmidt et al. 2011).

There is evidence that naive T-cell precursor frequency can also profoundly in-
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fluence the pathway along which CD8+ memory T-cells develop. Adoptive transfer

of naive TCR-transgenic T-cells in a LCMV mouse model correlates with increased

differentiation of TEM cells to TCM (Marzo et al. 2005). These mice usually show a

linear differentiation pathway from naive to TEM and then to TCM cells.

Together with the size of the naive T-cell repertoire, the extent of naive epitope

specific precursor T-cell recruitment from the available pool and/or ongoing pro-

liferation through the course of the primary host response also determines the

magnitude of antigen driven T-cell responses (La Gruta et al. 2010). The failure to

recruit the complete naive precursor pool and an inability to sustain proliferative re-

sponses were the reason for influenza DbPB1-F262- and KbNS2114 epitope-specific

subdominant responses in virus-infected B6 mice (La Gruta et al. 2010).

1.5.6 Genetic influence on naive repertoire

Since generation of the TCR repertoire involves negative selection of autoreac-

tive T-cell populations, the genetic background of the host can also have a strong

influence on the composition of the TCR repertoire. MHC molecules are hugely

polymorphic, and each of them preferentially selects some and deletes other TCR

specificities. Such deletions are referred to as a “hole” in the repertoire (Nikolich-

Žugich 2008).

A mouse study demonstrated that the spectrum of MHC alleles expressed can

modify the magnitude of the CD8+ T-cell response to an individual epitope (Belz

et al. 2000). There was a diminished CD8+ T-cell response to H-2Db-restricted

influenza virus epitope in F1 MHC I-heterozygous mice compared to the homozy-

gous mice. This reduction in response was characterized by the deletion of a

predominant clonotype in the TCR repertoire of the F1 mice (Belz et al. 2000).
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An example of MHC induced alteration in TCR repertoire has been demonstrated

in human CD8+ T-cell responses to EBV. In EBV seropositive individuals express-

ing HLA-B*08 and HLA-B*44:02, there was a deletion of CD8+ T-cells expressing

a dominant public TCR β-chain specific for a HLA-B*08-restricted EBV epitope

(FLRGRAYGL). The CD8+ T-cells using this conserved TCR β-chain were found

to be cross-reactive with the alloantigen HLA-B*44:02. This is an example of self-

tolerance creating a potential “hole” in the TCR repertoire for foreign antigen with

self-homology (Burrows et al. 1994).

1.6 Immune ontogeny in children

Understanding the ontogeny of the human immune system is fundamental to de-

veloping interventions aimed at providing long-term protection against infectious

pathogens causing infection in early life (Marchant and Kollmann 2015). The mor-

tality and morbidity of a range of human infectious diseases are both strongly af-

fected by the age at which infection arises. Viruses like CMV and HSV can cause

severe infection if these arise in utero or in the neonatal period, whereas they

are often asymptomatic if they arise later in childhood. Prolonged replication of

HBV and CMV viruses is also commonly observed in early childhood (Marchant

and Goldman 2005). There exists a so-called “honeymoon period” of infectious

diseases in which levels of disease decreases from infancy to a nadir in early to

mid-childhood (3-5yo), increasing again to high levels in teenage years and adult-

hood (Ahmed et al. 2007; Muenchhoff and Goulder 2014; Marchant and Kollmann

2015) (Fig 1.12). What causes this “honeymoon period” is not well understood due

to the paucity of data collected during the childhood years.
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Figure 1.12: Evolution of the immune system. (A) Graphic representation of
ages of woman. (B) Excess deaths from seasonal or pandemic influenza over the
lifetime of an individual represented as number of deaths per 1000 persons. (C)
Changes in immune response to influenza over the lifetime of an individual. Figure
from Simon et al. 2015

The innate immune response of newborns differs to that of adults (Fig 1.13). TLR

stimulation studies reveal quantitative and qualitative differences between neonatal

and adult cells (Prendergast et al. 2012). In response to TLR activation, neonatal

plasmacytoid DCs produce lower amounts of type I interferons (IFN), in comparison

to those of adults (Kollmann et al. 2009). Type I interferons are important for the

prevention of viral spread and the induction of antiviral adaptive immune responses

(Stetson and Medzhitov 2006). Neonatal innate immune cells also produce lower

levels of IFNγ and IL-12, cytokines that support Th1 cell differentiation, and higher

levels of IL-6, IL-23 and IL-1β, which support Th17 cell differentiation (Kollmann

et al. 2009). Overall, neonates express an innate Th2 and Th17 cell polarization,

weak Th1-polarization, and low innate antiviral type 1 interferon response (Pren-
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Figure 1.13: Age-dependent changes in TLR-induced immune regulatory
function. Figure from Kollmann et al. 2012

dergast et al. 2012). Impaired Th1 responses and lower amount of Type I IFNs

in newborns correspond to increased risk of infection with intracellular pathogens

such as Listeria monocytogenes (David and Levy 2014), Mycobacterium tuber-

culosis (Donald et al. 2010) and herpes simplex virus (Corey and Wald 2009).

Consistent with reduced pro-inflammatory/T helper 1 (Th1) cell-polarizing function,

impaired responses to vaccines given around birth have also been noted (Siegrist

2001; Levy 2007). Overall, neonates express distinct innate immune defences

which enable protection against extracellular bacterial pathogens rather than intra-

cellular bacterial pathogens and viruses, and this is presumably to provide a sur-

vival advantage in early life against rapidly fatal bacterial infections (Zhang et al.

2017).

The weak innate Th1-polarizing cytokine production observed in neonates strength-

ens relatively slowly through childhood, not reaching adult levels until past ado-

lescence. Type I IFN production, however, reaches adult levels in infancy, and
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the production of Th17 cell-supporting cytokines, IL-6 and IL-23, and of the anti-

inflammatory cytokine IL-10, also reduce rapidly in infancy (Corbett et al. 2010;

Kollmann et al. 2012; Prendergast et al. 2012). There is a marked increase in an-

tiviral capacity after the neonatal period, owing to increased type I IFN production,

and a gradual increase in responses to intracellular pathogens, although in early

childhood these responses remain below adult levels (Prendergast et al. 2012).

The adaptive value of this pattern of immune changes through childhood is illus-

trated by the modest paediatric immune response to common childhood viruses

such VZV that cause chicken pox. The average age of infection in countries such

as UK, in temperate zones, is 4 years, at which time most children experience min-

imal disease. In contrast, adults becoming infected with VZV may suffer significant

immunopathology. In countries such as Sri Lanka where 50% of VZV infections oc-

cur in adults, chickenpox is the commonest cause of hospital admission (Welgama

et al. 2003).

Due to limited exposure to antigens in utero, required to prime adaptive immune re-

sponses, infants are strongly dependent on transplacentally acquired maternal an-

tibody and innate immunity for protection against infections (David and Levy 2014).

As would be expected, low numbers of memory-effector T and B cells are detected

after birth into early infancy and the T-cell and B cell lymphocyte compartments

display age-dependent maturation (Adkins 2007). However, as far as CMV is con-

cerned, the CMV-specific CD8+ T-cell populations in infancy are similar to those of

adults in terms of size, phenotype and function (Appay et al. 2002; Komatsu et al.

2006; Miles et al. 2007, 2008). In chronically infected immunocompetent children,

aged 1.5-4yrs, CMV-specific CD8+ T-cell responses were similar in magnitude to

those observed in infected adults. However, the CD4+ T-cell response in children

at this age, when CMV can still be detected in the urine, was less than 10% of the
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magnitude of responses observed in infected adults.

Studies of the TCR repertoire in childhood have been very limited and those that

have been undertaken pre-date the next generation sequencing era. From birth on-

wards, the TCR repertoire gradually changes, particularly in terms of its diversity

(Wedderburn et al. 2001). The neonatal TCR repertoire is highly diverse (Garderet

et al. 1998). Over the course of early childhood into adulthood and later in life,

the clonal composition of the TCR repertoire changes, becoming less diverse and

more oligoclonal (Monteiro et al. 1995), reflecting the experience of the immune

system. The changes in TCR repertoire are thought to be associated with clonal

expansions of CD8+ T-cells that are a result of immune responses to infections with

viruses, such as the herpesviruses, EBV (Callan et al. 1996) and CMV (Wang et al.

1995). Clonally expanded CD8+ T-cell populations are predominantly within the

CD8+ CD28- subpopulation and generally oligoclonal, arising from a very limited

number of unique TCR clonotypes (Morley et al. 1995; Wedderburn et al. 2001).

Clonal T-cell expansions are generally not detectable in neonatal blood with the

exception of oligoclonal CD8+ T-cell expansions observed during congenital CMV

infection (Shen et al. 1998; Marchant et al. 2003; Huygens et al. 2015). Oligo-

clonal TCR expression in children have previously been associated either with HIV

infection (Niehues et al. 2000), autoimmunity (Wedderburn et al. 1999) or immun-

odeficiency (Bousso et al. 2000).
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1.7 Hypotheses and Aims

The aims and hypotheses are as follow:

i.) Hypothesis: Immunodominant CD8+ T-cell epitopes in CMV in African pop-

ulations will be novel and differ from those published to date from studies of

Caucasian subjects.

Aim: To define immunodominant CMV-specific CD8+ T-cell responses in a

study cohort comprising Southern African individuals, focusing on three of the

most immunogenic CMV proteins pp65, IE1 and IE2.

ii.) Hypothesis: High frequency CD8+ T-cells responses to immunodominant

CMV epitopes arise as a result of the use of public TCRs.

Aim: Focusing on a single, novel, immunodominant HLA-B*44:03-restricted

CMV-specific response, to analyse the TCR sequences of individuals showing

a response to those immunodominant epitope and to determine whether TCR

repertoire bias is evident in these individuals.

iii.) Hypothesis: The TCR repertoire populating adult CMV-specific responses

remains stable over a decade of chronic infection, whilst that of children alters

over the first decade of life.

Aim: To track changes in the TCR repertoire in HLA-B*44:03-positive mother-

child pairs over a 10-year period

iv.) Hypothesis: PARV4 and HBV are highly prevalent in sub-Saharan African

populations, eliciting potent immune responses like CMV.

Aims: To study the prevalence of PARV4 and HBV in sub-Saharan African

populations and to further the understanding of CD8+ T-cell immune responses

directed at them.
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Chapter 2

Materials and methods

Chapter-specific methods are presented in the methods section of the relevant

chapters.

2.1 Study subjects

Subjects from the following cohorts were studied, and approved by the University

of Oxford Research Ethics Committees:

• Thames Valley cohort (Payne et al. 2010): Chronically HIV-infected ART-

nave adults recruited from the Royal Berkshire Hospital, Reading, UK; Northamp-

ton General Hospital, Northampton, UK; Churchill Hospital, Oxford, UK; and

Wycombe Hospital, High Wycombe, UK. Samples from this study were used

to study CMV-specific CD8+ T-cell responses in chapter 3.

• Kimberley HIV-positive cohort (Adland et al. 2015b; Matthews et al. 2011):

HIV-positive children and their mother attending paediatric HIV clinics in Kim-

berley, South Africa. Samples from this cohort were used to study CMV-

specific CD8+ T-cell responses in chapter 3 and to study PARV4/hepatitis B
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prevalence. Ethics approval was given by the University of the Free State

Ethics Committee, Bloemfontein.

• Gateway Cohort (Payne et al. 2014): Chronically HIV-infected women re-

cruited in Durban, South Africa. Samples from this cohort were used to

study CMV-specific CD8+ T-cell responses in chapter 3 and for TCR reper-

toire studies in chapter 4. Ethics approval was given by the University of

KwaZulu-Natal Biomedical Research Ethics Committee.

• Paediatric early HAART and strategic interruption study (PHESS) cohort

(Prendergast et al. 2008): HIV-infected infants born to HIV-positive mothers

at St Mary’s and Prince Mshiyeni Hospitals in KwaZulu-Natal, South Africa,

in 2003-2005. Pregnant mothers and infants were recruited and followed up.

Samples from this cohort were used in TCR repertoire studies in chapter 5.

This study was approved by the Biomedical Research Ethics Committee of

the University of KwaZulu-Natal.

• Gaborone cohort (Shapiro et al. 2010): Chronically HIV-positive women re-

cruited from the antenatal clinics in Gaborone, Botswana. Samples from this

cohort were used to study PARV4/hepatitis B prevalence in chapter 6. The

study was approved by the Office of Human Research Administration, Har-

vard School of Public Health, Boston, USA; and the Health Research Devel-

opment Committee, Botswana Ministry of Health, Gaborone, Botswana.

• Sinikithemba cohort (Brumme et al. 2010; Kiepiela et al. 2007): Chronically

HIV-positive women recruited at antenatal clinics in Durban, South Africa.

Samples from this cohort were used to study PARV4/hepatitis B prevalence

in chapter 6. Ethics approval was given by the Biomedical Research Ethics

Committee of the University of KwaZulu-Natal.
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• Masibambisane cohort: HIV-negative women recruited from antenatal clin-

ics in Durban. Samples from this cohort were used to study PARV4/hepatitis

B prevalence in chapter 6. Ethics approval was given by the Biomedical Re-

search Ethics Committee of the University of KwaZulu-Natal.

• Kimberley Respiratory (KReC) cohort: HIV-negative children, aged be-

tween 9 and 48 months, recruited in the paediatric department at Kimberley

Hospital following respiratory tract infection. Samples from this cohort were

used to study PARV4/hepatitis B prevalence in chapter 6. The study was ap-

proved by the University of the Free State Ethics Committee, Bloemfontein.

All adult subjects, or the parent/guardian for children, provided written informed

consent for participation.

2.2 Blood processing

2.2.1 PBMC extraction

Fresh whole blood samples were processed within 24 hours of collection in heparin

containers. Prior to the peripheral blood mononuclear cells (PBMC) separation, 3

ml blood was taken and preserved for subsequent DNA extraction. Whole blood

was pooled together in a 50 ml falcon tube and spun at 2000 rpm for 10 min to

separate plasma. The plasma layer was removed and aliquoted in 1.5 ml cryovials

and stored at -80°C for further use. The remaining sample was diluted with PBS

and layered onto Lymphoprep (Axis-Shield, Norway) at a blood: PBS: Lymphoprep

ratio of 1:1:1 and spun for 24 min at 2000 rpm using the slowest brake setting. The

buffy coat layer containing PBMC was collected with a Pasteur pipette, transferred

to a new 50 ml falcon tube and washed three times in RPMI-1640. After the final

wash, cells were re-suspended in R10 (RPMI-1640, 100 µ/ml penicillin, 100µg/ml
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streptomycin, 2mM L- Glutamine, 10% heat-inactivated filtered foetal calf serum),

and manually counted using Trypan blue staining under a light microscope.

2.2.2 Cyropreservation of cells

5-10×106 cells were re-suspended in cold heat-inactivated filtered foetal calf serum

(0.45 µm, Sigma) containing 10% DMSO (Sigma, USA) in a drop-wise manner,

transferred to pre-chilled cryovials and placed into a pre-chilled Mr Frosty container

(Nalgene, USA) at -80°C for at least 80 min before transferring into liquid nitrogen

for long-term storage. To thaw, a cryovial with frozen cells was placed in a 37°C

water bath to loosen frozen cells, quickly transferred to pre-warmed R10 and spun

at 2000 rpm for 5 min. Cells were further washed twice with pre-warmed R10.

2.2.3 DNA extraction

Genomic DNA was extracted from 3 ml of fresh whole blood using QIAmp DNA

Blood reagents (Qiagen, Germany). The blood was mixed well with 9 ml red blood

cell lysis solution and incubated for 10 min at room temperature. Following the

incubation, the mixture was pelleted at 2000 rpm spin for 10 min and re-suspended

in 3 ml of white blood cell lysis solution for more than 48 hours at room temperature.

Protein precipitation solution of 1 ml was added to the sample and mixed well by

vortexing for 20 seconds. The supernatant was then extracted by spinning down

the sample at 2000 rpm for 10 min and transferred into 3 ml of isopropanol and

inverted at least 50 times until threads of DNA were visible. The sample was then

pelleted at 2000 rpm for 3 min and washed with 70% ethanol. The DNA pellet was

left to air-dry at room temperature overnight and re-hydrated in RNase/DNase free

water (Thermo Fisher, USA). The concentration and quality of DNA were measured

on Thermo Scientific NanoDrop 1000 spectrophtometer. DNA was kept at -20°C
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for long-term storage or 4°C for immediate use.

2.3 HLA typing

Four-digit high resolution Sequence Based Typing of HLA-A, -B, and -C was per-

formed from genomic DNA in the CLIA/ASHI accredited laboratory of William Hilde-

brand, PhD, (ABHI) at the University of Oklahoma Health Sciences Centre using

a locus-specific PCR amplification strategy and a heterozygous DNA sequencing

methodology for exon 2 and 3 of the class I PCR amplicon. Relevant ambiguities

(Cano et al. 2007) were resolved by homozygous sequencing.

2.4 CD4+ T-cell counts and viral load determinations

CD4+ T-cell counts were determined by flow cytometry using standard clinical pro-

tocol. HIV plasma viral load was measured using the Roche Amplicor version 1.5

assay with COBAS Amplicor. Data of CD4+ T-cell count and viral load were pro-

vided by each centre providing clinical care.

2.5 Interferon-gamma (IFN-γ) enzyme-linked immunosor-

bent spot (ELISpot assay)

2.5.1 ELISpot procedure

ELISpot assays (Altfeld et al. 2000) were performed using a panel of overlap-

ping CMV peptides (see below). ELISpot assays were performed using sterile

96-well plates with a polyvinylidene fluoride membrane (MiIlipore, USA). The plate

was pre-coated with anti-human IFN-γ monoclonal antibody (Mabtech, Sweden) in
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PBS at 1:2000 and incubated at 4°C overnight. Prior to use, the plate was washed

with blocking buffer (1% heat-inactivated filtered foetal calf serum in PBS) 6 times

and 50 µl of R10 was added to each well. Peptides were added to a final con-

centration of 40 µg/ml per well. Each plate contained two positive controls with

250 µg/ml of CMV lysate (Virusys) and 250 µg/ml of phytohaemagglutinin (PHA);

and four negative controls with no peptide/CMV lysate. 0.5-1x105 PBMC per well

were added and the plate was incubated for 14-16 hours in a humidified incuba-

tor at 37°C 5% CO2. After 6 washes with PBS, biotinylated anti- IFN-γ-antibody

(Mabtech, Sweden) in PBS at 1:2000 was added and incubated and room temper-

ature for 90 min in the dark. The plate was washed 6 times with PBS, incubated

with streptavidin-alkaline phosphatase conjugate (Mabtech, Sweden) in PBS at

1:2000 for 45 min at room temperature in the dark, washed as before and devel-

oped using substrate colour solution (Bio-Rad laboratories, UK) and read using

ELISpot reader (ELISpot v.4.0, Autoimmune Diagnostika, Germany) and manually

checked. Background (mean of the four negative controls + 3 x standard deviation)

was subtracted from values of all wells) and final result was expressed as number

of spot forming cells (SFC) per million PBMC.

2.5.2 Peptide dilution and screening for CMV-specific responses

by megamatrix

Peptides were synthesised by Schafer-N (Denmark) in powder form. In vitro CMV-

specific CD8+ T-cell responses were determined using a panel of 401 overlapping

15mer OLPs spanning the CMV pp65, IE1 and IE2 proteins synthesised. Following

dilution to 400 µg/ml, peptide pools were produced with each pool containing 100

µl of 11-12 separate peptides, with each peptide present in two different pools.

The peptide pools were generated as followed: 120 peptides in IE1 making 22
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Figure 2.1: Example of megamatrix setup. (A) ELISpot 96-well plate layout with
CMV-specific peptide pools shown as A1-A12, B1-B12, C1-C2, etc. “+” indicates
positive control wells, “-” indicates negative controls. Blue shading shows positive
responses (pool A1, A3 and B5). (B) Overlapping 15mer peptides constituting pool
table is shown (only Pools A1-A12 and B1-B7 are shown for convenience). Blue
shading indicates the four positive responses in (A). Responses to pools A1/B5
and A3/B5 identify reactivity to OLP 49 and 51, respectively. OLP 49 and 51 would
then be used for subsequent confirmatory ELISpot assay.

pools; 143 peptides in IE2 making 24 pools and 138 peptides in pp65 making 23

pools. A peptide was identified as reactive by the positive responses in the two

corresponding pools. An example is shown in Fig 2.1. OLPs identified by the

megamatrix approach were then tested individually by ELISpot assay.

2.5.3 ELISpot peptide titration assay

The peptide titration assay was performed using the methods described above,

with the exception that addition of OLP peptides occurred in progressively diluted

quantities. Six 1 in 10 dilutions ranging from 100-0.001 µg/ml were used. The test

was carried out 3 times for each sample on separate plates at all peptide dilutions.
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2.6 Intracellular cytokine staining (ICS) assay

ICS assays to measure IFN-γ and TNF-α production after stimulation with opti-

mal peptides of purified PBMC were performed. PBMC were incubated with op-

timal peptide pools (ranging from 100-0.001µg/ml). After 5 hours of incubation

at 37°C, brefeldin A (5 µg/ml; Sigma-Aldrich) was added, and the cells were in-

cubated for a further 5 hours before 2 mM EDTA was added for 15 min at room

temperature. Cells were then washed twice and subsequently stained with surface

antibodies against CD3/Alexa Flour 700 (UCHT1, BD Pharmingen), CD4-Qdot605

(S3.5, Life Technologies), and CD8-Pacific Blue (RPA-T8, BD Biosciences). After

a 20-min incubation at room temperature in the dark, cells were washed twice and

resuspended in Fix/Perm solution (BD Biosciences) for 20 min at 4°C. Cells were

then washed twice and resuspended in the ICS antibody mix with fluorescence-

conjugated antibodies against IFN-γ/PE-Cy7 (4S.B3, eBioscience), and TNF-α/Alexa

Flour 647 (MAb11, BioLegend) for 30 min at room temperature in the dark. Cells

were then washed twice with PBS, re-suspended in 2% PFA, acquired on BD LSRII

within 24 hours and analysed on FlowJo 8.8.7.

2.7 Tetramer synthesis

Tetramers were synthesized at the University of Copenhagen, Denmark in the lab-

oratory of Prof. Soren Buus according to their published approach (Leisner et al.

2008). Briefly, biotinylated MHC class I monomers were tetramerised by stepwise

addition (1/10th volume every 10 min) of extravidin-phycoerythrin (PE) (Sigma),

streptavidin-allophycocyanin (APC) (Sigma-Aldritch, USA) at 1:1 molar ratio of bi-

otinylated MHC to biotin binding sites. Tetramers were stored at 4°C. Tetramerisa-

tion was checked using compensation beads (BD Biosciences, UK).
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2.8 Cell staining

Frozen PBMCs were thawed into R10 medium, rested for 1 h at 37°C in a 5%

CO2 atmosphere. For tetramer staining, 1-10×105 PBMC were re-suspended in 50

µl/well of R10 in a 96-well plate and washed twice in cold FACS buffer (PBS, 1%

BSA, 0.01% NaN3). Cells were then re-suspended in 50µl/well in FACS buffer con-

taining corresponding tet-PE or tet-APC (25µl of a 35nM tetramer) and incubated

for 20 min at room temperature in the dark and then washed with FACS buffer. Cells

were surface stained with CD3-Pacific Orange (Invitrogen, USA), CD8-Pacific Blue

(BD Horizon, USA), and LIVE/Dead cell marker (Invitrogen, USA) in a mastermix

of 50µl/well of PBS and incubated at 4°C for 30 min in the dark. Cells were then

washed twice with PBS, re-suspended in 2% PFA, acquired on BD LSRII using

FACSDiva software (BD Biosciences, UK) within 24 hours and analysed on FlowJo

8.8.7. The cells were hierarchically gated on singlets, lymphocytes, live cells, and

distinct tetramer-specific CD8+ T-cells. The spectral overlap between all channels

was calculated automatically by the BD FACSDiva software, after measuring neg-

ative and single-color controls. The gating strategy is shown in Fig 2.2.

2.9 Cell sorting

Peptide-MHC tetramers were generated as previously described (Leisner et al.

2008). Cryopreserved PBMC (1 million per staining condition) from the recipients

were stained with PE-conjugated or APC-conjugated peptide-MHC tetramers, anti-

CD3 Pacific Orange (Invitrogen, UK), anti-CD8 V450 (BD Biosciences, Oxford, UK)

antibodies and near-IR Live/Dead marker (Invitrogen, Paisley, UK). The samples

were sorted on BD FACSAria (BD Biosciences, Paisley, UK) and tetramer+ CD8+

T-cells were collected in 350µl of RLT lysis buffer (QIAGEN, Hilden, Germany.

65



Figure 2.2: Representative example of the gating strategy. Gated on sin-
glets (FSC-A/FSC-H), lymphocytes (FSC-A/SSC-A), live cells (SSC-A/APC-cy7.7),
CD3+ cells (SSC-A/pacific orange). Tetramer positive cells expressed as a per-
centage of live CD3+CD8+ cells.

2.10 RNA extraction

Tetramer sorted cells were collected in 350 µl Buffer RLT and lysed using vortex.

RNA extraction was carried out using RNeasy Plus Micro kit following manufac-

turer’s instructions (Qiagen, Germany). RNA was stored at -80°C until further use.

2.11 TCR sequencing

2.11.1 cDNA synthesis

The cDNA was synthesised using the 5’/3’ SMARTer kit (Takara Bio, USA) ac-

cording to the manufacturer’s instructions. The SMARTer approach used a Murine

Moloney Leukaemia Virus (MMLV) reverse transcriptase, a 3’ oligo-dT primer and
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a 5’ oligonucleotide to generate cDNA templates flanked by a known, universal

anchor sequence (Fig 2.3). This approach paired with a C-gene-specific 3’ primer

allows PCR amplification without bias. For cDNA synthesis: 1.0 µl of 5’-CDS primer

A (12 µM) and 10 µl of RNA was cycled as shown in Table 2.1. Subsequently, 11

µl 5’ RACE-Ready cDNA synthesis reaction mixture was added to 9µl master mix

(Table 2.2) and cycled as shown in Table 2.3.

Figure 2.3: cDNA synthesis. A modified oligo (dT) primer, MMLV-derived
SMARTScribe Reverse Transcriptase (RT) and the SMART II A Oligonucleotide
are used for cDNA synthesis. RT adds non-templated nucleotides when it reaches
the 5’ end of the mRNA template. The SMART II A Oligonucleotide is enhanced
with Locked Nucleic Acid (LNA) technology for increased sensitivity and speci-
ficity. It contains a terminal stretch of modified bases that then anneals to the non-
templated nucleotides and serves as an extended template for RT. The RT switches
template from the mRNA molecule to the SMARTer oligo (this is the template-
switching step) generating a complete CDNA copy the original RNA with the addi-
tional SMARTer sequence at the end. The additional “SMART sequence” added
at the end serves as a primer-annealing site for subsequent rounds of PCR, en-
suring that only sequences from full-length cDNAs undergo amplification. Source:
www.clonotech.com
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2.11.2 Primer design

Primers were designed using QuikChange Primer Design online tool

(http://www.genomics.agilent.com/primerDesignProgram.jsp) based on SMARTer

RACE (Rapid amplification of CDNA ends) 5’3’ kit (Clonotech, USA) recommen-

dations. The primer sequences were visualised in SnapGene Viewer software

v3.1.4 and IDT OligoAnalyzer 3.1 (http://eu.idtdna.com/calc/analyzer) and Align

Sequenced Nucleotide BLAST (NCBI) was used to analyse physical characteris-

tics of oligo sequence, including length, GC content, melting temperature range

and possible hairpins and dimers formed by my oligo. Primers were synthesised

by Eurofins Genomics.

Table 2.1: PCR cycling condition for first step of cDNA synthesis.

Table 2.2: cDNA synthesis master mix reaction
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Table 2.3: PCR cycling condition for second step of cDNA synthesis
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2.11.3 PCR amplification of TCR-α and TCR-β chains

The PCR amplification was carried out in two steps. A TCR-α/β constant region-

specific reverse primer (Eurofins Genomics, Germany) and an anchor-specific for-

ward primer (Takara, USA) were used in the first PCR reaction. Subsequently,

2.5 µL of the first round PCR products were taken out to set up a nested PCR as

above, using a nested primer pair. Mastermix reaction composition used for step-

out (Table 2.4) and nest amplification (Table 2.5) of TCR-α and TCR-β chains,

amplification primers (Table 2.6) and PCR conditions (Table 2.7-2.8) are shown.

Table 2.4: Step-out PCR master mix reaction
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Table 2.5: Nested PCR master mix reaction

Table 2.6: PCR primers for amplifying TCR-α and TCR-β chains
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Table 2.7: PCR cycling conditions for step-out PCR

Table 2.8: PCR cycling conditions for Nested PCR
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2.11.4 Agarose gel electrophoresis

After amplification, 47 µl of PCR products were mixed with 5x sample loading buffer

(Bioline, UK) and run on agrose gel. Electrophoresis gels were prepared as 1%

agarose powder (Invitrogen) dissolved in TAE buffer (Promega, USA). For DNA

visualisation, Sybr Safe (Invitrogen) was added (5 µl/250ml gel) before allowing the

gels to set. Samples were allowed to run at 70V for 40 min on the gel along with 5 µl

of DNA hyperladder I (Bioline, UK) as the indicator for the size of amplicons. Gels

were visualised under the Safe Imager blue light transilluminator (ThermoFisher,

UK).

2.11.5 DNA gel extraction

DNA fragments of the correct size (400bp) run on agarose gels were excised us-

ing a size 11 disposable scalpel and purified using the NucleoSpin Gel and PCR

Clean-up kit (Macherey-Nagel, Germany) following the manufacturer’s instructions.

DNA was stored at 4°C until further use.

2.12 llumina high-throughput sequencing

Purified DNA products were barcoded, pooled and sequenced on an Illumina MiSeq

instrument using the MiSeq v2 reagent kit (Illumina, Cambridge, UK). This was car-

ried by Dr. Meriem Attaf at Cardiff University, Cardiff, UK.

2.13 TCR sequence analysis

Analysis of the raw TCR sequences in FASTQ format and assignment of TCR gene

usage was performed using the web-based software MiXCR [http://mixcr.milaboratory.com]
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(Bolotin et al. 2015). MiXCR employs a built-in library of reference germline V, D, J

and C gene sequences for humans based on corresponding loci from the ImMuno-

GeneTics (IMGT) database (imgt.org). The IMGT nomenclature for TCR gene

segments was used throughout the study (Lefranc et al. 2003).

2.14 Statistical analyses

All analyses were performed in Prism (v6.0c, GraphPad). Data were first run to

determine the distribution was parametric or non-parametric (D’Agostino and Pear-

son’s omnibus normality test). For two-group analyses, student’s t-test (paramet-

ric) or Mann-Whitney U test (non-parametric) was performed; for ≥3 group anal-

yses, one-way ANOVA (parametric) or Kruskal-Wallis (non-parametric) followed

by post-hoc test was performed. Nominal data categorised in two distinct ways

were compared by Fisher’s exact test. p values <0.05 were considered signifi-

cant. Strength of association between two variables was analysed by Spearman

(parametric) and Pearson (non-parametric) correlation. Other statistical analyses

performed are specified in relevant chapters.
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Chapter 3

Immunodominant

cytomegalovirus-specific CD8+

T-cell responses in sub-Saharan

African populations

3.1 Introduction

The prevalence of CMV infection is very high in developing countries (Cannon et al.

2010; Adland et al. 2015a) and is endemic in sub-Saharan African populations,

with almost two-thirds of infants infected by 3 months of age and 85% infected by

a year (Miles et al. 2008). Once adolescence is reached, CMV infection is virtually

universal in sub-Saharan Africa (Cannon et al. 2010).

CMV infection is usually asymptomatic but can lead to severe clinical complica-

tions in patients who are immunocompromised (Detels et al. 1994; Deayton et al.

2004). In this study, the focus is on the CMV-specific CD8+ T-cell response pri-
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marily because T-cell immunity plays an important role in controlling CMV infection

and preventing symptomatic, disseminated CMV disease (Riddell and Greenberg

1997; Chen et al. 2004; Reusser et al. 2015). Secondly, the frequency of CMV-

specific T-cell responses is unusually high, in adults constituting up to 10% of the

CD4+ and CD8+ T-cell memory compartments in peripheral blood (Sylwester et al.

2005). The high magnitude CMV-specific T-cell responses has also been demon-

strated in infancy (Huygens et al. 2014). While the high frequency T-cell responses

are of paramount importance in protecting healthy people from subsequent dis-

ease, CMV develops life-long persistence and latent infection. Understanding the

immune response to CMV is vital due to the prevalence of this virus, the impact

it has on the immune system, and the deleterious effects it has on long-term health.

Although the prevalence of CMV is high in sub-Saharan African populations from

infancy, most previous studies defining CMV-specific CD8+ T-cell epitopes have fo-

cused on human leukocyte antigen (HLA) class I alleles that are common in white

populations (Kern et al. 1999; Akiyama et al. 2002; Wills et al. 2002; Kondo et al.

2004; Khan et al. 2007; Braendstrup et al. 2014). The main aim of this chapter

was therefore to identify the immunodominant CMV-specific CD8+ T-cell epitopes

in a study cohort of African subjects.

To identify the immunodominant CMV-specific CD8+ T-cell epitopes in a study co-

hort of African subjects, the IFN-γ responses in >250 Southern African individ-

uals were determined by ELISpot assay against a panel of overlapping peptides

spanning the phosphoprotein 65 (pp65), 72-kDa immediate early (IE1) and 86-

kDa immediate early (IE2) CMV proteins. The reasons for choosing pp65, IE1 and

IE2 proteins in this study were two-fold: (i) these proteins have previously been

shown to be three of the most immunogenic CMV proteins (Sylwester et al. 2005)
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(Fig 1.10); and (ii) I wanted to broaden the study to include IE1 and IE2 as well

as pp65 since most of previous studies have focused primarily on the pp65 (Wills

et al. 2002; Akiyama et al. 2002). These proteins are important for the structural

assembly and replicative capacity of the virus (Crough and Khanna 2009).

3.2 Materials and methods

3.2.1 Study subjects

I studied 257 HIV-infected ART-naive adult and paediatric subjects recruited via

three cohorts (Table 3.1):

1. Kimberley, South Africa, n=69 (Adland et al. 2015b)

2. Durban, South Africa, n=84 (Payne et al. 2014)

3. Thames Valley cohort (southern African subjects attending outpatient HIV

clinics in the Thames Valley area of the U.K, originating from Botswana,

Malawi, South Africa, Kenya, Zambia and Zimbabwe), n=104 (Payne et al.

2010).

In total, I used 62 paediatric (all from the Kimberley cohort) and 195 adult sub-

ject samples for ELISpot studies. I used an additional 37 subject samples from

Durban cohort for NW8-tetramer staining. The samples were collected between

2009-2014. HIV viral load was measured using the Roche Amplicor version 1.5

assay according the manufacturer’s instructions; CD4+ T-cell counts were mea-

sured by flow cytometry. The CD4% is calculated as the percentage of live CD3+

CD4+ T-cells in total lymphocytes. The CD4% in children were recorded at the

recruitment site.
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3.2.2 Epitope Prediction using HLA-Restrictor — a tool for pre-

diction of HLA restriction elements and optimal epitopes

within peptides

The HLA-Restrictor prediction tool (Larsen et al. 2011) was employed to predict

the epitopes within the OLPs (OLP sequences are presented in appendix table

A2) with a significant HLA restriction. As input it requires four-digit HLA typing and

the amino acid sequence of the overlapping 15mer peptide in question. It then

predicts the peptide-MHC binding avidity for all possible 8-11mer peptides within

the 15mer and on this basis, calculates the likelihood of the optimal epitope.

3.2.3 Statistical analysis

Analysis was performed using Graph-Pad Prism v5.0c (GraphPad Software, Inc.).

Associations between peptide recognition and expression of particular HLA class I

molecules were calculated with Fisher’s exact test using a 2x2 contingency table (p

values shown in Table 3.2 and 3.3). In order to correct for multiple comparisons, the

Bonferroni correction was applied to give a p value threshold of 0.0009 (calculated

as the uncorrected p value of 0.05 divided by the number of HLA class I alleles

being studied, n=55).

3.3 Results

3.3.1 Immunodominant CMV-specific CD8+ T-cell responses within

pp65, IE1 and IE2

All but two of the 257 HIV-infected subjects studied made responses to one or

more of the three CMV proteins tested. The proportion of the individuals studied
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who showed responses to each of the three proteins tested was 98% for pp65

(n=152), 82% for IE1 (n=95) and 64% for IE2 (n=92) (Fig 3.1A). Fig 3.1B-D show

the overlapping peptides that were targeted by more than 4% of individuals tested

for pp65 and more than 3% of individuals tested for IE1 and IE2. Within each

protein, certain 15mer overlapping peptides were immunodominant: within pp65,

two peptides were recognised by 23% of the study population (pp65 OLP-66, and

OLP-123), within IE1, one 15mer was recognised by 17% of the study cohort (IE2

OLP-215), and within IE2, one 15mer was recognised by 10% of the subjects stud-

ied (IE1 OLP-343) (Fig 3.1B-D). The OLPs adjacent to immunodominant ones were

also recognised, and the majority of the subjects making a response to these were

within the group who recognised immunodominant OLPs. For example, 70% of the

individuals responding to OLP-67 also responded to OLP-66, 88% of the individ-

uals responding to OLP-124 also responded to OLP-123, 92% of the individuals

responding to OLP-216 also responded to OLP-215 and 50% of the individuals

responding to OLP-342 also responded to OLP-343. Recognition of two adjacent

OLPs indicates the location of the 8-11mer optimal epitope, at least in part, within

both 15mers.

Recognition of these 15mers in the ELISpot assays was in each case strongly

associated with expression of particular HLA class I molecules (Table 3.2). An epi-

tope predictor tool HLA-Restrictor (Larsen et al. 2011) was then used to predict

the optimal epitope from within the 15mers that would be presented by the relevant

HLA class I molecule. This yielded 3 well-characterised and previously described

epitopes (Weekes et al. 1999; Ameres et al. 2013) including the HLA-A*02:01-

restricted epitope NLVPMVATV (Weekes et al. 1999) and the HLA-B*07:02-restricted

epitope RPHERNGFTVL (Weekes et al. 1999), both in pp65. Two novel epitope

candidates emerged also from this analysis, an HLA-B*42:01-restricted epitope
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RPHERNGFTVL in pp65 and an HLA-A*30:01-restricted epitope KVRNIMKDK

within IE2. The respective peptide-MHC tetramers were synthesised and used

to stain PBMC in subjects who had shown responses to the 15mer peptides; in

each case, these tetramers confirmed the optimal epitope and the HLA restriction

of the response (Fig 3.2). One subject per epitope was tested with the correspond-

ing tetramer.

This approach to defining the optimal CMV-specific epitopes within a Southern

African study cohort therefore was validated for the 15mer overlapping peptides

that were best recognised within the three CMV proteins studied.

3.3.2 Identification of additional novel CD8+ T-cell epitopes within

pp65, IE1 and IE2

Due to the encouraging results, I decided to additionally analyse the remaining

15mer peptides to which responses were observed in ≥4% of the study cohort.

This threshold was chosen because, at <4% recognition, the number of subjects

studied did not provide sufficient statistical power to detect associations between

peptide recognition and expression of particular HLA class I molecules that would

remain significant (p<0.05) after correction for multiple tests (uncorrected p value

<0.0009: see Methods). In addition to the five epitopes described above (Table

3.2), I identified responses to 18 predicted CMV-specific CD8+ T-cell epitopes that

were significantly associated with expression of particular HLA class I molecules

(uncorrected p<0.0009, corrected p<0.05) (Table 3.3). Using epitope predictor

tool, I found that 14 predicted epitopes are novel and four have been previously

described in the literature (Table 3.3). A subset of the novel epitopes was con-

firmed using peptide-MHC tetramers or via intracellular cytokine staining (Fig 3.3).
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Figure 3.2: Validation of novel CD8+ T-cell epitopes in CMV using HLA-
Class I tetramers. (A) Flow cytometry plot of CD8+ T-cell responses from a
Durban cohort subject SK-251 (HLA-A*02:05, -A*30:01, -B*42:01, -B*58:01, -
C*07:01, -C*017:01) to HLA-A*30:01-restricted IE2-342/343 epitope-KK9 and an
HLA-mismatched tetramer stain as a control. (B) Flow cytometry plot from a
Durban cohort subject SK-331 (HLA-A*30:01, -A*66:01, -B*42:01, -B*58:02, -
C*06:02, -C*017:01) to B*42:01-restricted pp65-66/67 epitope RL11 and an HLA-
mismatched tetramer stain as a control. The plots show gated live CD3+ T-cells;
the number shown above each gate is the percentage of live CD3+ CD8+ cells that
are tetramer-specific.
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In summary, across both experiments, we found that seven of the yielded epi-

topes had been previously described and the remaining 16 predicted epitopes are

novel. As might be expected, the previously described epitopes are presented

by HLA class I molecules that are highly prevalent in white populations whilst the

novel predicted epitopes are restricted by HLA class I molecules that are in many

cases broadly African-specific. The PF of the HLA alleles presenting the CMV-

specific epitopes identified in this study are shown in Fig 3.4 (the figure shows the

PF of HLA alleles presenting the CMV-specific epitopes in a representative white

population (Cao et al. 2001) and our African cohort).

3.3.3 Closely related HLA I molecules shape distinct CMV-specific

CD8+ T-cell hierarchies

Comparison of the HLA class I molecules prevalent in white and sub-Saharan

African populations in many cases reveals substantial differences in phenotypic fre-

quency between the closely-related HLA alleles. Among HLA-A*02-positive white

individuals, for example, 97% express HLA-A*02:01 (Cao et al. 2001), whereas

approximately 50% of HLA-A*02-positive individuals in our African cohort express

HLA-A*02:02 or HLA-A*02:05, HLA-A*02 molecules that differ only by 3 and 4

amino acids, respectively, from HLA-A*02:01 (Fig 3.5A). Nonetheless, they may

not share the same pattern of immunodominance. For example, it is clear from

this study that the immunodominant HLA-A*02:01-restricted response is towards

the pp65 OLP-123/124 peptide (NLVPMVATV), as described previously (Weekes

et al. 1999), whereas we suggest here that the immunodominant HLA-A*02:05-

restricted response, more prevalent in Africans, is towards the pp65 OLP-46/47

peptide (FVFPTKDV) (Fig 3.5B).
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Table 3.3: HLA associations with the remaining 15-mer OLP’s in CMV pp65,
IE1 and IE2 that were targeted by ≥4% of the study cohort. The table shows
additional predicted epitopes identified using the remaining 15mer peptides that
were targeted by ≥4% of the study cohort. We identified an additional 14 novel
predicted epitopes, and four previously published epitopes (a - Gavin et al. 1993;
b - Longmate et al. 2001; c - Elkington et al. 2003; d - Rist et al. 2009).
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Figure 3.3: Validation of additional novel CD8+ T-cell epitopes in CMV using
HLA-Class I tetramers and intracellular cytokine assay. (A) Flow cytometry
plots of CD8+ T-cell responses from HLA matched and HLA mismatched donors
to B*81:01-restricted pp65-4 epitope GL8 and HLA-B*39:10-restricted pp65-4 epi-
tope GL8. The plots show gated CD3+ T-cells; the number shown above each
gate is the percentage of total lymphocytes that are tetramer-specific (tetramer
positive cells expressed as a percentage of live CD3+CD8+ cells). (B) Titration
curves of IFN-γ and TNF-α cytokine responses from HLA matched donor to HLA
B*42:01 restricted IE1-212/213 epitope TL9, HLA A*23:01 restricted IE1-200 AI9
and HLA C*07:02 restricted IE1-226 QL9. The titration curves show the magnitude
of responses to optimal peptides ranging from 100-0.0001µg/ml in an intracellular
cytokine assay.
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Figure 3.4: Phenotypic frequencies of the class I HLA molecules in the
African study cohort and a representative white population. (A) Phenotypic
frequencies of HLA-A molecules, (B) Phenotypic frequencies of HLA-B molecules,
(C) Phenotypic frequencies of HLA-C molecules; Phenotypic frequencies of HLA
alleles highlighted in Table 3.2 and Table 3.3.
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Similarly, among HLA class I molecules within the B7 superfamily, only HLA-

B*07:02-restricted responses have been well characterised to date. The HLA-

B*07:02 allele is the most common allele in B7 superfamily in white populations

(Cao et al. 2001). There are two pp65-specific HLA-B*07:02-retricted epitopes that

are both targeted by >50% of subjects expressing HLA-B*07:02. However, one

of these two epitopes is clearly immunodominant among HLA-B*42:01-restricted

CMV-specific responses, and neither is significantly targeted by subjects express-

ing either HLA-B*39:10, HLA-B*81:01 or HLAB*35:01 (Fig 3.5D). HLA-B*39:10,

HLA-B*81:01 and HLA-B*35:01 alleles are part of the B7 superfamily and relatively

common African alleles. Thus, as might be expected and shown previously in rela-

tion to other virus-specific CD8+ T-cell responses (Leslie et al. 2006; Carlson et al.

2012), the difference of even a few amino acids between closely-related HLA class

I molecules can have a substantial impact on the CD8+ T-cell immunodominance

hierarchy observed.

3.3.4 Definition of a high frequency HLA-B*44:03-restricted IE2-

specific response

One of the novel epitopes identified in these studies is the epitope NEGVKAAW

(NW8) in IE2 restricted by HLA-B*44:03. The responses to this epitope were un-

usually high, even for CMV-specific CD8+ T-cell responses that are generally high

magnitude responses, in one individual accounting for 18.8% of CD8+ T-cells (Fig

3.6A). As controls, I show representative FACS plots of a HLA-B*44:03 express-

ing individual stained with an HLA-mismatched tetramer and a non-HLA-B*44:03

expressing individual stained with the NW8-tetramer (3.6B-C). I tested a subset of

37 individuals from the Durban cohort with the NW8-epitope tetramer, that were
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Figure 3.5: Phenotypic frequencies of closely related HLA I molecules and
their impact on CMV specific CD8+ T-cell hierarchies. (A) The phenotypic fre-
quency of some of the HLA class I molecules in A2 superfamily in white populations
(Cao et al. 2001) and our African cohort. (B) The percentage of subjects with HLA
alleles A*02:01 (n=23), A*02:02 (n=10) and A*02:05 (n=16), responding to epi-
tope (NLVPMVATV) in pp65-123/124 peptide and predicted epitope (FVFPTKDV)
in pp65-46/47 peptide. (C) The phenotypic frequency of the HLA class I molecules
in B07 superfamily in white populations (Cao et al. 2001) and our African cohort.
(D) The percentage of subjects with B*07:02 (n=21), B*35:01 (n=10), B*39:10
(n=6), B*42:01 (n=26) and B*81:01(n=12) alleles in our African cohort responding
to predicted epitopes in pp65, GPISGHVL (OLP-4), RPHERNGFTVL (OLP-66/67)
and TPRVTGGGAM (OLP-104/105). The percentage of subjects in our African co-
hort responding to predicted epitope in IE1, TMYGGISLL (OLP-212/213) with HLA-
B*07:02 (n=11), B*35:01 (n=6) B*39:10 (n=5), B*42:01 (n=19) and B*81:01(n=1)
alleles.
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not part of the ELISpot studies. Among the 37 subjects tested, 35 (95%) made

responses above the positive threshold of >0.02% of CD8+ T-cells to this epitope,

with a mean CD8+ T-cell response of 3.4% (Fig 3.6D).

3.3.5 Relative contribution of HLA-A, -B and -C alleles to im-

mune recognition of CMV

As described above, I identified significant associations between expression of the

particular class I alleles and recognition of certain CMV-specific peptides in pp65,

IE1 and IE2. These 20 statistically significant HLA-peptide associations reflect true

HLA class I restricted CD8+ T-cell responses, as confirmed by tetramer staining.

I then calculated from these data the relative contribution of HLA alleles in im-

mune recognition of CMV (Fig 3.7). The majority (12/20) of the 20 CMV-specific

responses identified in the study cohort were restricted by HLA-B alleles. The

HLA-B-restricted responses were more frequent than those restricted by HLA-C

(12/20 versus 2/20, p value = 0.01, two-tailed unpaired t-test; mean peptide as-

sociations per allele, 0.75 versus 0.15) and also than those restricted by HLA-A

alleles (12/20 versus 6/20, p value = 0.08; mean peptide associations per allele,

0.75 versus 0.3). There was no difference observed between HLA-A and HLA-C

(p value = 0.23). Overall, our data suggested that HLA-B alleles contribute more

than the HLA-A and -C alleles to immune recognition of CMV.
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Figure 3.6: Individuals making CD8+ T-cell responses against CMV IE2 epi-
tope HLA-B*44:03-NW8. (A) Representative FACS plot of a Durban cohort sub-
ject 202-30-0064 (expressing HLA-B*44:03/B*58:01) to HLA-B*44:03-restricted
NW8 tetramer. (B) FACS plot of subject R048 (HLA-A*29:02, -A*6802, -B*15:03,
-B*44:03, -C*02:10, -C07:01) with NW8 tetramer and HLA-mismatched tetramer.
(C) FACS plot of a TVC subject R112 (HLA-A*23:01, -A*3002, -B*18:01, -B*18:01,
-C*02:02, -C07:04) to HLA-B*44:03-restricted NW8 tetramer, as B*44:03-negative
control. The FACS plots show tetramer-specific cells expressed as the percentage
of live CD3+ CD8+ T-cells. (D) Percentage of live CD3+ CD8+ tetramer-specific
T-cells in individuals expressing HLA-B*44:03 measured using the B*44:03-NW8
tetramer.
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Figure 3.7: Number of peptides recognised in association with individual
HLA allele expression. The figure shows the HLA-A (blue), HLA-B (red) and
HLA-C alleles (black) that were targeted by more than 4% of the study popula-
tion. The number of peptides recognised in association with these HLA alleles with
statistical significance (p value=0.0009) are shown. From a total of 20 peptide-
HLA associations identified, 12 were HLA-B allele restricted, six were HLA-A allele
restricted and two were HLA-C allele restricted.
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3.4 Discussion

One aim of this study was to define the immunodominant CMV-specific CD8+ T-cell

responses in a study cohort comprising Southern African individuals, focusing on

three of the most immunogenic CMV proteins pp65, IE1 and IE2. The strategy of

using a functional screen first and a bioinformatics screen second, was an efficient

approach to the identification of CD8+ T-cell epitopes and their HLA restriction

elements. I validated some of these immunodominant responses using peptide-

MHC-class I tetramers and intracellular cytokine assays. In this way, I identified

16 novel CMV-specific epitopes within CMV pp65, IE1 and IE2 proteins. Using a

population of HIV-infected subjects, all of whom have sub-Saharan African origin,

it has been possible, for the first time, to investigate HLA restrictions for the most

prevalent alleles in sub-Saharan Africa. The resulting epitopes will underpin fur-

ther understanding of CMV specific T-cell immunity, which is of particular interest

considering the high frequency of CD8+ T-cells that recognise these epitopes.

One of the validated epitopes was an IE2 epitope restricted by the predominantly

African allele, HLA*B*44:03, that induced consistently high CD8+ T-cell responses

in individuals expressing HLA-B*44:03, in one individual approaching 19% of their

CD8+ cells. Typically, during viral infections, the establishment of a memory T-

cell population in response to an antigen is thought to involve expansion followed

by contraction into a stable pool of memory cells, once the infection is cleared

(O’Hara et al. 2012). However, in CMV infection, CD8+ T-cells specific for certain

epitopes do not contract but instead are maintained at high frequencies. This in-

crease in CMV specific CD8+ T-cell response has been termed “memory inflation”

(Karrer et al. 2003). “Memory inflation” is a term derived from studies of murine

cytomegalovirus (MCMV) that detected unusually high numbers of MCMV-specific
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CD8+ T-cells and eventual stabilization of memory CD8+ T-cells at high frequen-

cies, in immune competent mice (Karrer et al. 2003). The underlying mechanisms

of memory T-cell inflation in humans are not yet fully elucidated. However, one

feature described is restricted TCR usage (Weekes et al. 1999; Klenerman and

Oxenius 2016), and investigating the underlying TCR sequences would help in the

understanding of this unusual phenomenon. We looked for evidence of memory

inflation in our cohort but found no association between the size of CD8+ T-cell

responses in relation to the age of the individuals. This may be due to the adults in

our study cohort being relatively young (median age of 26 years).

HLA-B*44:03, a common allele in African populations, forms a part of HLA-B*44

supertype family. The predominant HLA-B*44 allele in white populations is HLA-

B*44:02. Although these two HLA-B44 allotypes differ only at one position, residue

156 (HLA-B*44:02: 156-Asp; HLA-B*44:03: 156-Leu), the impact of this microp-

olymorphism appears to be that HLA-B*44:03 presents virtually all the peptides

that are presented by HLA-B*44:02, plus some additional peptides not presented

by HLA-B*44:02 (Macdonald et al. 2003). The one HLA-B*44:02-positive subject

tested made no IFN-γ ELISpot response to the overlapping peptides containing

NW8.

Examining the influence of HLA alleles on immune recognition of CMV revealed

a somewhat dominant role for HLA-B alleles in CMV infection. This is in line with

previously reported data that HLA-B-restricted CD8+ T-cell responses are the most

important in shaping the evolution of HIV infection (Kiepiela et al. 2004). Greater

diversity in peptides that bind HLA-B alleles might explain the mechanism for the

dominant HLA-B allele effect. In contrast to HLA-A alleles, the amino acids binding

the B, F, C and D pockets of HLA-B are more varied. This diversity in HLA-B alleles
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arises from the intralocus recombination events within exon 3 which mainly affects

the F, C and D pockets (Marsh et al. 1999). The one amino acid difference at posi-

tion 156 between HLA-B*44:02 and B*44:03, for example, would be predicted only

to affect the D pocket (Macdonald et al. 2003). The greater functional diversity of

HLA-B alleles means that CMV is less likely to evade immune recognition by them.

These studies were undertaken in a cohort of HIV-infected African subjects, prompt-

ing the question of whether the CMV-specific CD8+ T-cell responses might be af-

fected. It is well established that, at extremely low absolute CD4 count (<50 CD4

T-cells/mm3) HIV-infected individuals are at risk of opportunistic CMV infections

such as CMV retinitis (Crough and Khanna 2009). However, the HIV-infected in-

dividuals studied did not include such severely immunocompromised subjects (the

mean absolute CD4 count among the adults studied was 540 T-cells/mm3). In-

deed, HIV-infected subjects who are infected with CMV typically have a higher

magnitude CMV response than their HIV-uninfected counterparts (Kovacs et al.

1999). For these reasons, I believe the identification of CMV-specific CD8+ T-cell

epitope would not be substantially affected in such a study cohort. Further evi-

dence for the validity of the overall approach comes from the identification of the

previously well-characterised HLA-A*02:01-restricted NLVPMVATV and the HLA-

B*07:02-restricted RPHERNGFTVL epitopes (Weekes et al. 1999), as described

above.

Although the work presented here involves a comprehensive study of peptide im-

munodominance against 3 CMV-encoded proteins in a large African cohort, there

were some limitations beyond our control. I was not able to test all subjects for

all three CMV proteins due to a lack of PBMC availability. Testing each protein for

all subjects could help us identify more novel epitopes in pp65, IE1 and IE2. The

96



ELISpot assays were performed without CD8+ T-cell enrichment so CD4+ T-cell

cross reactivity with the overlapping peptides cannot be ruled out, however, the

tetramer staining for some of the epitopes is unequivocal evidence for CD8+ T-cell

specificity. The HLA class I associations with recognition of particular peptides is

further evidence against these being CD4+ T helper responses. A CMV negative

control to test the tetramers would have been desirable but it is not feasible to find

a CMV negative subject in an African cohort.

These new findings facilitate further analysis of CMV-specific CD8+ T-cell responses

in African populations where most infants are CMV-infected within the first few

months of life and approaching 90% are CMV-infected by 1 year of age. CMV is a

major cause for concern in sub-Saharan African populations, due to high preva-

lence of HIV infection in these populations. The immunodeficiency caused by

chronic HIV infection influences the consequences of co-infection, increasing the

risk of long-term morbidity and mortality. Identification of novel epitopes reported

here that are restricted by common HLA alleles could pave the way to immune-

mediated prevention and/or therapy of CMV infection.
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Chapter 4

TCR bias within the

immunodominant

HLA-B*44:03-restricted,

CMV-specific CD8+ T-cell response

4.1 Introduction

Human cytomegalovirus (CMV) is a ubiquitous and highly prevalent β-herpesvirus

(Miles et al. 2008; Cannon et al. 2010; Adland et al. 2015a). Although CMV in-

fection can lead to severe clinical complications in immunocompromised patients

such as in the setting of AIDS (Detels et al. 1994; Deayton et al. 2004; Griffiths

2006), in transplant patients on immunosuppressive regimens (Brown et al. 2010;

McGoldrick et al. 2013) or following congenital infection (Boppana and Britt 1995;

Fowler and Boppana 2006), it is usually asymptomatic. CD8+ T-cells play a cen-

tral part of protection against CMV disease (Riddell et al. 1992; Walter et al. 1995).

Adoptive transfer of donor derived CMV-specific CD8+ T-cells into immunodeficient
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recipients effectively restores antigen-specific CD8+ T-cell immunity and reduces

CMV viraemia and prevents disease. Conversely, lack of CD8+ T-cell-mediated re-

sponses correlates with CMV replication and disease progression. The frequency

of CMV-specific CD8+ T-cells following natural infection is unusually high, consti-

tuting up to 10% of the CD8+ T-cell memory compartments in peripheral blood in

adults (Gillespie et al. 2000; Sylwester et al. 2005; Huygens et al. 2014). These

responses are maintained for decades, and in the case of certain specificities may

increase in frequency even further over the course of time (Karrer et al. 2003;

O’Hara et al. 2012; Klenerman and Oxenius 2016).

The overall impact of the size of this CMV-specific T-cell response on the ability

of the immune system to mount effective responses against other pathogens is

unclear, but it is apparent that HIV disease progression is substantially more rapid

in the case of HIV-CMV co-infection (Kovacs et al. 1999). The contribution of CMV

to immunosenescence and increased susceptibility in the elderly to mortality from

infectious diseases (Looney et al. 1999) remains a topic of active debate (Pawelec

2014). In view of the fact that the human T-cell receptor (TCRs) repertoire is finite,

and limited to approximately 25 million TCRs (Attaf et al. 2015), it is possible that,

in individuals in whom 10% or more of CD8+ T-cell responses are dedicated to

control of CMV infection, the availability of optimal TCRs to control non-CMV infec-

tions might be constrained.

Studies analysing the TCR usage following CMV infection are relatively few, es-

pecially in populations where CMV is endemic from infancy (Wynn et al. 2008;

Babel et al. 2009; Yang et al. 2015; Chen et al. 2017). In sub-Saharan Africa,

most children become CMV infected in the first 3 months of life and CMV infection

approaches 90% in infants reaching 12 months of age (Miles et al. 2007; Cannon
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et al. 2010). I here studied the TCR repertoire of CD8+ T-cells specific for an im-

munodominant CMV-specific response in African populations that is restricted by

HLA-B*44:03 (Malik et al, 2017[currently under review]). This HLA class I molecule

is expressed in approximately 15% of African populations (Kiepiela et al. 2004) and

differs by a single amino acid from the closely-related HLA-B*44:02 (Macdonald

et al. 2003), the more prevalent HLA-B*44 subtype in White populations. Previous

studies have shown that, among individuals expressing HLA-B*44:03, up to 18%

of CD8+ T-cells are specific for the IE2 epitope NEGVKAAW (NW8) (IE2 residues

466-473).

In this chapter, I present the TCR deep sequencing data of tetramer-sorted NW8-

HLA-B*44:03-specific CD8+ T-cells from 20 HLA-B*44:03+ CMV-infected African

individuals. It was observed that the TCR repertoire of NW8-specific CD8+ T-cells

displayed limited clonal diversity and usage of restricted set of V and J genes.

The response was characterised by the presence of identical or ‘public’ TCRs in

multiple unrelated individuals (Venturi et al. 2008b).

4.2 Materials and methods

4.2.1 Study subjects

20 HIV-infected ART-naive adult subjects from a previously described cohort in

Durban (South Africa) (Payne et al. 2014) were studied. The subjects studied had

a mean age of 23 years (IQR, 21-31 years), a mean absolute CD4+ T-cell count

of 477/mm3 (IQR, 2025-107,500) and a median HIV viral load of 20,500 copies/ml

(IQR 816-23,000). HIV viral load was measured using the Roche Amplicor version

1.5 assay according the manufacturer’s instructions; CD4+ T-cell counts were mea-
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sured by flow cytometry. Ethics approval was given by the KwaZulu-Natal Review

Board (Durban cohort). All subjects provided written informed consent.

4.2.2 Statistical analysis

TCR repertoire clonality is given by the Shannon evenness index (J’):

J ′ =
H ′

ln (n)
, H ′ =

n∑
i=1

pi ln(pi) (4.1)

Where pi is the frequency of the i-th clonotype in a population of n clonotypes.

Compositional similarity between TCR repertoires were assessed using the Morisita-

Horn similarity index (CMH) (Venturi et al. 2008b):

CMH =

∑c
i=1 figi∑c

i=1(f
2
i + g2i )

(4.2)

where fi = n1i/N1 and gi = n2i/N2, n1i and n2i are the number of copies of the i-th

clonotype in samples 1 and 2, and N1 and N2 are the total number of TCRs in sam-

ples 1 and 2, respectively. The summations in the numerator and the denominator

are over the unique clonotypes (c) in both samples. The similarity indices range

in value from 0 (minimal similarity) to 1 (maximal similarity). The Morisita-Horn

similarity index accounts for both the number of common clonotypes and the dis-

tribution of clone sizes, and it is most sensitive to the clone sizes of the dominant

clonotypes. The similarity analyses were performed using the numpy package in

Python.
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4.2.3 Data analysis

All analyses were performed in Prism v5.0 (GraphPad, San Diego, USA) unless

stated otherwise. Strength of association between two variables was analysed by

Spearman’s rank test. P values <0.05 were considered significant.

4.3 Results

4.3.1 NW8-specific T-cells display limited TCR diversity

The TCR-α and TCR-β chain repertoires of NW8-specific CD8+ T-cells sorted

from 20 HLA-B*44:03 positive individuals from Durban, South Africa was deep

sequenced. The mean size of the tetramer+ population was 3.88% of CD3+ CD8+

T-cells (IQR 0.36-6.05) and the number of cells sorted for sequencing was a mean

of 101,69 cells (IQR 327-117,91) (Table 4.1). In total, 1,650,000 reads from TCR-α

chain samples and 500,000 from TCR-β chains were generated using the Illumina

MiSeq platform from these samples. This translated into 316,149 functional, in-

frame TCR-α chain sequences and 90,864 TCR-β chains.

A total of 65 TCR-α chain clonotypes were identified in 16 individuals and 51

TCR-β clonotypes in 18 individuals (Figs 4.1-4.2). The number of clonotypes per

patient varied widely across the cohort, from 1 to 43. Although in part this can

be attributed to variation in the number of sorted cells, the number of TCR-α and

TCR-β chains clonotypes was not significantly associated with the number of cells

sequenced (r=0.381 (p=0.181), r=-0.082 (p=0.76) respectively; Spearman correla-

tion). TCR clonality was evaluated using the Shannon evenness index (J’). J’ is 0

when the sample is monoclonal and is 1 when all clonotypes have the same fre-

quency. Three out of 16 TCR-α and four out of 18 TCR-β repertoires were strictly
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Table 4.1: Subject Characteristics. All subjects (n=20) were recruited from Dur-
ban, South Africa, with a mean age of 23 years (IQR, 21-31 years). (A) Frequency
of tetramer+ cells in CD8+CD3+ T-cells. (B) Number of sequencing reads aligning
to the trb locus. (C) Number of sequencing reads aligning to the tra locus.
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monoclonal (Figs 1-2). Other repertoires showed evidence of preferential expan-

sion of a limited set of clonotypes, as suggested by low J values. Thus, both the

TCR-α and the TCR-β repertoires on NW8-specific CD8+ T-cells displayed evi-

dence of clonotypic bias.

4.3.2 The NW8-specific CD8+ T-cell repertoire is characterised

by restricted V and J segment usage

Antigen-driven selection of TCR clonotypes often leads to skewed distributions

of V and J genes (Moss et al. 1991; Argaet et al. 1994; Lehner et al. 1995).

NW8-specific responses displayed such bias (Fig 4.3). Out of the 16 individu-

als sequenced, 14 expressed TRAV20 gene segment. Similarly, TRBV19 gene

segment was found in 15 out of the 18 individuals sequenced. Nearly a third of all

TCR-α chains were encoded by the TRAV20 gene segment (32% of sequences)

(Fig 4.3A). Similarly, TCR-β chains were heavily biased towards TRBV19 (43% of

sequences) (Fig 4.3B). As expected, certain V-J gene combinations were more

frequent than others. Among TCR-α chain repertoires (Fig 4.3C), the TRAV20-

TRAJ39 and TRAV5-TRAJ7 pairs were highly prevalent (34% and 15% of all pair-

ings, respectively). Among TCR-β sequences (Fig 4.3D), TRBV19-TRBJ2.2 and

TRBV20.1-TRBJ1.4 were common pairings (27% and 21%, respectively). Thus,

the NW8-specific CD8+ T-cell repertoire is characterised by restricted V and J seg-

ment usage.
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4.3.3 TCR sharing in NW8-specific T-cell responses

The Morisita-Horn similarity-index (CMH) (Venturi et al. 2008a) was used to per-

form pairwise comparisons between every combination of two donors, as a mea-

sure of compositional similarity, or overlap (Fig 4.4). CMH values lie between 0

(absolutely different populations; shown in white colour) and 1 (identical popula-

tions; shown in black colour). The CMH value for every combination of two donors

(120 pairwise combinations for TCR-α chain and 153 pairwise for TCR-β chain

calculated using equation 4.3) was calculated and the mean CMH value of the

TCR-α chain repertoire was 0.20± 0.02 (Fig 4.4A) and the mean CMH value of the

TCR-β repertoire was 0.09 ± 0.1 (Fig 4.4B). These results indicated that the there

was a degree of overlap between NW8-specific repertoires and that the TCR-α

chain repertoires were more similar between individuals compared to the TCR-β

repertoires (0.20± 0.02 vs 0.09± 0.01 P<0.0001; Mann-Whitney U test).

x = n(n− 1)/2 (4.3)

4.3.4 High-frequency TCR-α chains are highly shared amongst

HLA-B*44:03-infected individuals

Multiple public TCRs shared amongst different subsets of individuals were identi-

fied (Fig 4.1 and 4.2). 35 out of 52 TCR-α chain clonotypes and 6 out of 48 TCR-

β chains were public. The public clonotype, CAVGNNAGNMLTF, was the most

abundant clone (30.4% of all clones sequenced). This and another closely related

clonotype, CAVGANAGNMLTF (both TRAV20/TRAJ39), were also the most ex-

tensively shared. CAVGNNAGNMLTF was found in 12/16 of subjects studied and

CAVGANAGNMLTF in 7/16. Similarly, the most abundant public TCR-β clonotypes,

CASSIFGEQFF and CASSIFGELFF (TRBV19/TRBJ2-1 and TRBV19/TRBJ2-2,
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Figure 4.4: TCR sharing amongst NW8-specific CD8+ T-cells from CMV-
infected individuals. Compositional similarity amongst (A) TCR-α and (B) TCR-β
chains was assessed using the Morisita-Horn (CMH) index and illustrated as a heat
map. Patient IDs are shown along the x and y-axes. CMH values range from 0 (no
overlap) to 1 (perfect overlap).

respectively), were shared by 6/18 and 5/18 of individuals studied, respectively.

As expected, and as previously observed (Venturi et al. 2008b), the higher the fre-

quency of a given clonotype, the greater the likelihood that this would be a public

TCR sequence. The correlation between clonotype frequency and publicity of the

TCR was statistically significant for the TCR-α and TCR-β chains (Fig 4.5).

4.3.5 Public NW8-specific TCRs are produced by convergent

recombination

The public amino acid sequences were often encoded by more than one distinct

nucleotide sequence. For example, the most prevalent public TCR-β clonotype,

CASSIFGEQFF, was encoded by 4 different nucleotide sequences. Similarly, the

most frequently occurring TCR-α public clonotype, CAVGNNAGNMLTF, was en-

coded by 4 different nucleotide sequences. The clonotypes that occurred in a

greater number of individuals tended to also be encoded by a greater number of
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Figure 4.5: Clonal dominance and TCR publicity. The frequency of a given
clonotype is plotted against the number of individuals sharing that clonotype, for
(A) TCR-α chains (n=65) and (B) TCR-β chains (n=51). Spearman’s rho and p-
values are shown above each graph.

distinct nucleotide sequences. For TCR-β chains, this association was statisti-

cally significant (r=0.798, p<0.0001, Fig 4.6). This may be explained by recombi-

nant convergence, whereby multiple nucleotide sequences can encode the same

CDR3 amino acid sequence (Venturi et al. 2006). This is further evidence of the

strong selection for particular TCR amino acid sequences by the HLA-B*44:03-

NW8 peptide-MHC complex.

4.3.6 Public CDR3 motifs are strictly conserved amongst HLA-

B*44:03-positive individuals

TCR repertoire bias often includes the conservation of amino acid motifs within

CDR3 loops (Venturi et al. 2006; Li et al. 2012). Several TCR-α chain clono-

types contained the sequence motif Asn-Ala-Gly (referred to as “NAG” thereafter)

or Gly-Gly-Ser (“GGS”) were observed. TCR-α chains with the “NAG” motif were

shared across more individuals than those with no motif (p<0.0001) or with the

“GGS” motif (p<0.0011) (Fig 4.7A). This also held true for TCR-β chains contain-
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Figure 4.6: Number of nucleotide sequences and TCR publicity. The number
of nucleotide sequences encoding a given clonotype is plotted against the number
of individuals sharing that clonotype, for (A) TCR-α chains and (B) TCR-β chains.
Spearman’s rho and p-values are shown above each graph.

ing the Ile-Phe-Gly motif (“IFG”, Fig 4.7B). Most TCR chains with a conserved mo-

tif were public. Conversely, private TCR chains displayed no apparent motif. The

“NAG” motif was entirely encoded by the TRAJ region, specifically the TRAJ39

segment in 93.5% of clonotypes. Similarly, the “GGS” motif was largely encoded

by TRAJ42. Strikingly, V gene usage was not conserved. “NAG” clonotypes were

encoded by three different TRAV genes and “GGS” by as many as seven TRAV

genes (Fig 4.7C). This excludes the possibility of a germline-encoded interaction

between TCR-α CDR1 and -2 loops with MHC and suggests a more prominent

role for CDR3 loops in NW8 recognition.

TCR-β chains clonotypes with the “IFG” motif were strictly encoded by TRBV19,

while TRBJ usage was less conserved (Fig 4.7D). The central phenylalanine residue

at position 6 was not germline-encoded in all cases and resulted from two codons.

The conservation of a non-germline residue again argues for structurally-imposed,

antigen-driven selection of clonotypes bearing this amino acid at this position.
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4.4 Discussion

In this chapter, I sought to characterise the TCR repertoire of CD8+ T-cells re-

sponding to an immunodominant CMV epitope in HLA B*44:03+ individuals. Using

high throughput sequencing, the NW8-specific TCR-α and -β chain repertoires of

a total of 20 CMV-infected subjects was dissected. These repertoires were found

to be highly skewed, as indicated by preferential use of V and J genes, extensive

TCR sharing and conservation of CDR3 motifs.

TCR diversity and the specificity it underlies are the distinguishing feature of αβ

T-cells. Diversity in T-cell responses has long been thought of as a strict require-

ment for the provision of protective immunity and full immune coverage. Nonethe-

less, it is now well established that human viral infections can give rise to narrow

and skewed repertoires, often associated with TCR sharing in different individu-

als. Thus, the repertoire is often shaped towards a single or focused solution for

the recognition of peptide-HLA complexes (Li et al. 2012; Venturi et al. 2008b).

Reports of TCR publicity in immune responses have accumulated in the literature,

such that TCR sharing across individuals can now almost be taken as a rule, rather

than the exception.

The occurrence of public TCRs is nearly 103 times more likely than expected if all

rearrangements were equiprobable, irrespective of HLA type (Robins et al. 2010).

A TCR sequence will indeed have a higher likelihood of being produced if it is

encoded by a nucleotide sequence with few additions and deletions or if multiple

nucleotide sequences give rise to the same TCR sequence. It has been suggested

that V(D)J recombination events ‘converge’ to give rise to the same TCR (Venturi

et al. 2008b; Miles et al. 2010; Venturi et al. 2006). There are three types of con-
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vergent recombination events. The first involves different splicings of the germline

V(D)J gene segments with random addition of nucleotides that “converge” with

the same resultant nucleotide sequence. Second, many different nucleotide se-

quences “converge” to encode the same amino-acid sequence. The last level of

convergent recombination is at the level of TCR repertoire in which the V(D)J re-

combination process facilitate some of the amino acids to conform to the amino-

acid motif which are more frequently associated with public T-cell responses.

Redundancy in the genetic code also explains why TCR chains containing residues

encoded by multiple codons (such as Gly or Ala) are very commonly produced and

can occur at high frequency (Venturi et al. 2006; Li et al. 2012).

TCR production frequency is an important determinant of TCR sharing (Venturi

et al. 2008b). Indeed, public chains described in this study were encoded by

convergent recombination and the public chains were nearly entirely germline-

encoded or involved very limited changes at the CDR3 junction. This was effec-

tively mirrored by the conservation of amino acid motifs. The TCR-α chain “NAG”

motif described here was found to be entirely encoded by the J segment, and the

“IFG” motif found in TCR-β chains only contained one added amino acid.

The germline nature of these public chains again highlights the importance of TCR

generation efficiency. In the case of “NAG” TCR-α chains, the conservation of the

J segment, but not the V segment, excludes a potential role for CDR1 and CDR2

in recognition of HLA-B*44:03. Rather, this emphasises the starring role of the

CDR3 loop in antigen recognition and structural constraints favouring the selection

of public clonotypes with these conserved motifs.
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The other distinguishing feature of NW8-specific repertoires was their extremely

limited diversity. In some individuals, TCR-α and TCR-β chain repertoires were

even monoclonal. This was notably the case of patient 6, with a tetramer re-

sponse of 16.8% (equivalent to 31,480 sorted cells) composed of a single TCR,

CAVGANAGMLTF-CASSIFGEQFF. This, to our knowledge, is the largest reported

T-cell response mounted by a single public T-cell clone in humans, which initially led

us to envisage a positive relationship between TCR publicity and the magnitude of

the T-cell response. However, this was not the case, as the number of public TCRs

did not correlate with the percentage of tetramer-positive cells or with the number

of sorted cells. Instead, the frequency of a given clonotype positively correlated

with the extent to which it is shared (i.e. the number of individuals harbouring

that clonotype). Altogether, these results suggest that publicity in T-cell responses

does not necessarily equate to superior immunity. Rather, the dominance of public

TCRs within an individual and across individuals can be explained merely by their

high precursor frequency, or in other words, by a numerical competitive advantage.

Intuitively, that highly prevalent pathogens such as CMV are best dealt with by

TCRs which are highly prevalent across a population appears to be a beneficial

trait. Whether public TCRs represent a built-in bank of receptors which can read-

ily be mobilised against pathogens remains to be determined. Understanding the

molecular rules which govern how TCRs are generated and selected to seed the

periphery will be crucial in our understanding of public T-cell responses.

115



Chapter 5

Studying changes in CMV-specific

TCR repertoires in mother-child

pairs over a span of 10+ years

5.1 Introduction

Changes in the TCR repertoire of antiviral CD8+ T-cell responses over the course

of an infection have been studied for various systems in humans. However, most

of these studies have been done before the next generation sequencing era, lim-

iting their scope. Primary infection with HIV results in oligoclonal expansions with

the use of a limited subset of V gene segments (Pantaleo et al. 1994). Longitudi-

nal studies reveal that HIV-1-specific CD8+ T-cell repertoires are characterised by

changes in clonal composition, with expansions and contractions of distinct clono-

types (Pantaleo et al. 1997; Meyer-Olson et al. 2004; Costa et al. 2015). Another

study, however, reported that the HIV-specific TCR repertoire is stable and distinct

HIV-specific clonotypes can persist for many years (van Bockel et al. 2011).
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Similarly, primary infection with EBV also results in oligoclonal expansions, with

restricted TCR usage (Callan et al. 1996). Some longitudinal repertoire studies

have indicated that the EBV-specific dominant CD8+ T-cell clones are stable over

time (Silins et al. 1996; Levitsky et al. 1998), whereas another suggests that there

are changing patterns of clonal composition over the first two years following EBV

infection (Annels et al. 2000).

Relatively little is known about the changes in the epitope-specific T-cell repertoire

following CMV infection, particularly in children. CMV infection is characterised

by marked oligoclonal, or in some cases monoclonal, expansions, with restricted

TCR usage, as reported earlier (Khan et al. 2002; O’Hara et al. 2012) and also

as shown in chapter 4. One longitudinal study carried out on CMV-infected indi-

viduals, using the traditional clonal sequencing method, revealed a high degree of

clonal focusing, with selection of public TCRs, following primary infection. These

were maintained long-term, with some being detectable 5 years after primary in-

fection (Day et al. 2007). Similarly, in other studies, CMV-specific repertoires were

shown to be highly stable, some clones detected early during primary infection

being maintained at high frequencies even 5 years later (Iancu et al. 2009; Klaren-

beek et al. 2012). In a study of elderly individuals (nonagenarians), the clonal

compositions of CMV-specific CD8+ T-cells were reported to be stable over a time

period of two years (Hadrup et al. 2006).

The HLA-B*44:03-restricted NW8 epitope elicits a potent CD8+ T-cell response in

CMV-infected individuals, which allows easy identification of epitope-specific CD8+

T-cells, thus facilitating longitudinal analysis. In this chapter, I studied the changes

in TCR usage of HLA-B*4403-restricted CMV-specific NW8 response over time in

mother-child pairs, with the aim of addressing the following questions:
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1. Is TCR usage stable over time following CMV infection?

Hypothesis: The CMV-specific TCR usage will remain stable over time fol-

lowing CMV infection.

2. Is TCR usage more stable over time in adulthood, decades after infection

occurred, than in childhood?

Hypothesis: The TCR usage in childhood will undergo variations, whereas in

mothers, the TCR usage will remain largely stable.

3. Does the TCR usage fluctuate randomly over time or is there a clear tendency

for particular public TCRs to expand over time and dominate the repertoire?

Hypothesis: Public TCRs will expand over time and dominate the repertoire.

4. Is there any difference in the TCR usage (the CDR3 sequences) between

children (as a group) and the mothers (as a group)?

Hypothesis: The overall TCR-CDR3 sequence usage in children will harbour

fewer public TCRs compared to those in mothers.

5. Are particular mother-child pairs more likely to share public TCRs compared

to unrelated individuals?

Hypothesis: The TCR repertoire of related mother-child pairs will show greater

degree of overlap in comparison to unrelated individuals.

In order to address these questions, the NW8-epitope tetramer was used to stain

and sort virus specific CD8+ T-cells in four mother-child pairs over the span of 10+

years, followed by high-throughput sequencing.

118



5.2 Materials and methods

5.2.1 Study subjects

We studied four mother-child pairs over the course of 10+ years (Table 5.1). All

the children and their mothers were of sub-Saharan African origin. The study par-

ticipants were HIV infected, ART-naive individuals. The table 5.1 shows the age,

HLA type, viral load, CD4 T-cell count and CD3+ CD8+ tet+ positive percentages

measured at different time points for children and their mothers.

5.2.2 TCR sequencing

TCR sequencing and analysis were conducted using the techniques detailed in

section 2.11.

5.3 Results

5.3.1 Analysis of NW8-specific CD8+ T-cell responses

The magnitude of the NW8-specific CD8+ T-cell response in children (age 1-11

years, n=5) and their mothers (age 17-44 years, n=4) was assessed with the NW8-

tetramer (Table 5.1). In addition to the four mother-child pairs, in one family there

was an HIV-uninfected, HLA-B*44:03+ sibling of the child that was also studied. All

of the nine HLA-B*44:03+ donors studied made a detectable CMV-specific CD8+ T-

cell response, with frequencies ranging from 0.8 to 6.32% of the total CD8+ subset

(mean 1.7%) (Table 5.1). CD8+ T-cell responses varied between the early and late

time points without a common tendency to increase or decrease.
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5.3.2 Characteristics of NW8-repertoires in children and adults

The TCR-α and -β chain repertoires of NW8-specific CD8+ T-cells were sorted

and sequenced from four mother-child pairs and one HIV-negative sibling, all ex-

pressing HLA-B*44:03. In total, 1,650,000 reads from TCR-α chain samples and

900,000 from TCR-β chains were generated using the Illumina MiSeq platform

from these samples. This translated into 605,219 functional, in-frame TCR-α chain

sequences and 339,573 TCR-β chains. A total of 76 TCR-α chain clonotypes and

132 TCR-β clonotypes were identified.

Skewing of the TCR repertoire after the acute/early CMV infection, and long-term

persistence of a number of CMV-specific clones has been reported in the past

(Day et al. 2007; Klarenbeek et al. 2012). Our data also reflected that most reper-

toires were preferentially expanded with a limited set of clonotypes, which was

also shown previously in chapter 4 (Fig 5.1). The NW8 CMV-specific TCR reper-

toire was invariably oligoclonal, often with a single TCR-α/-β chain comprising over

50% of the repertoire of several individuals (Figure 5.1A). In general, a single pri-

mary TCR-α/-β chain dominates more than half of the repertoire of an individual. In

some cases, there seems to be a secondary TCR-α/-β chain that acts in compe-

tition to the primary chain (Fig 5.1). For example, in Child-2, TRBV12-4/TRBJ2-

3 and TRBV19/TRBJ2-1 appear to compete with each other and in Mother-2,

TRAV1-2/TRAJ10 similarly competes with TRAV4/TRAJ6.
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Figure 5.1A: Mother-Child Pair 1

Figure 5.1B: Mother-Child Pair 2
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Figure 5.1C: Mother-Child Pair 3
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Figure 5.1D: Mother-Child Pair 4

Figure 5.1: Distribution of TCR-α and TCR-β chains in mother-child pairs over
the course of 10+ years. Frequency of TCR-α and -β chains obtained from chil-
dren (n=5) and their mothers (n=4). (A) Mother-Child Pair 1, (B) Mother-Child Pair
2, (C) Mother-Child Pair 3, (D) Mother-Children Pair 4. Frequencies are calculated
as a percentage of aligned sequencing reads.
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Consistent with the data in chapter 4, we found a skewed distribution of V and

J genes. Out of the nine individuals sequenced, all nine expressed the TRAV20

gene segment. Similarly, the TRBV19 gene segment was found in all nine out

of the nine individuals sequenced. As expected, certain V-J gene combinations

were more frequent than others. Among TCR-α chain repertoires (Fig 5.2A), the

TRAV20-TRAJ39 pairs were highly prevalent (22% of all pairings, respectively).

Among TCR-β chains (Fig 5.2B), TRBV19-TRBJ2.2 and TRBV19-TRBJ2.1 were

common pairings (18% and 17%, respectively). Discordant patterns of J and V

gene usage were apparent within each subject. For example, the TRAV17/TRAJ57

genes in Mother-4 showed minimal changes in clonotypic representation over time,

whereas the rest of the TRAV and TRAJ genes varied.

In some cases, the changes in frequency of an α chain over time were mir-

rored by the by a β chain (Fig 5.3), suggesting that these particular α and β chains

are pairs. Based on this observation, the following TCR-α and -β chain pairs were

inferred (Fig 5.3):

• TRAV20/TRAJ39 (CAVGNNAGNMLTF) with TRBV19/TRBJ2-2 (CASSIFGELFF)

in Mother-1, Child-1 and Child-4;

• TRAV13-1/TRAJ20 (CAARANDYKLSF) with TRBV12-4/TRBJ2-3

(CASTERGVLTDTQYF) in Child-2; and with TRBV12-4/TRBJ2-3 (CASSLRGVWT-

DTQYF) in Mother-3;

• TRAV35/TRAJ42 with TRBV19/TRBJ2.1 in Child-2. In this example, how-

ever, the CDR3 sequence was variable even though the V-J gene segments

appeared likely pairings.
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Figure 5.2: V and J gene usage in TCR-α and -β chain repertoires of HLA-
B*44:03-NW8-specific CD8+ T-cells. (A) TRAV-TRAJ co-occurrence frequencies.
(B) TRBV-TRBJ co-occurrence frequencies. V-J pair frequencies are represented
as heats maps.
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Figure 5.3: TCR-α and -β chain pairings. The individual cases of predicted
TCR-α and -β chain pairs (n=3) are shown in six individuals. The TCR frequencies
are shown on the y-axis. Frequencies were calculated as a percentage of aligned
sequencing reads.
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In the example of the most commonly observed combination observed here,

TRAV20/TRAJ39 (CAVGNNAGNMLTF) with TRBV19/TRBJ2-2 (CASSIFGELFF),

this was seen also in the unrelated adults studied (Patient 5, Patient 14, Patient

18, and Patient 20 in Chapter 4). However, in these subjects, the frequency of

these particular pairs does not correspond especially well, suggesting that these α

and β chains do not necessarily need to be paired.

5.3.3 TCR publicity

As expected and previously shown in Chapter 4, TCR sequence analysis showed

that the most expanded clones were often public TCRs. I observed that the higher

the frequency of a given clonotype, the greater the likelihood that this would be a

public TCR sequence. This relationship was statistically significant for TCR-α and

-β chains (Fig 5.4A). The average frequency of public TCR-α and -β chain clono-

types was significantly higher than the private clonotypes (Fig 5.4B).

Multiple public TCRs were identified: 25 out of 76 TCR-α chain clonotypes and

35 out of 132 TCR-β chains were public. The clonotype CAVGNNAGNMLTF

(TRAV20/TRAJ39), was the most abundant clonotype and was also the most ex-

tensively shared. CAVGNNAGNMLTF was found in 8/9 (22% of all assigned clono-

types) of subjects studied. Similarly, the most abundant public TCR-β clonotypes,

CASSIFGELFF and CASSIFGEQFF (TRBV19/TRBJ2-2 and TRBV19/TRBJ2-1,

respectively), were both shared by 7/9 of individuals studied. The average number

of public TCR-α chains were more prevalent in mothers compared to children, al-

though this didn’t reach statistical significance (Fig 5.4C).

The high degree of sharing of common clonotypes arise from multiple public clono-

types produced by convergent recombination (Venturi et al. 2006, Venturi et al.
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Figure 5.4: Clonal dominance and TCR publicity. (A) Average frequency of a
given clonotype plotted against the number of individuals sharing that clonotype for
TCR-α chains (n=76) and TCR-β chains (n=132). (B) Frequencies of private and
public TCR-α and TCR-β chain clonotypes. The horizontal bar represents IQR.
(C) Average number of TCR-α and TCR-β public clonotypes in children and adults.
p-values in (B) and (C) are calculated using Mann-Whitney U test.

129



Figure 5.5: Number of nucleotide sequences and TCR publicity. Number of
TCR-α and -β nucleotide sequences encoding a given clonotype plotted against
the number of individuals sharing that clonotype. Spearman’s rho and p-values
are shown above each graph.

2008a). Indeed, we found clonotypes that were more frequently shared in individ-

uals were also encoded by a greater number of distinct nucleotide sequences (Fig

5.5).

5.3.4 Changes in NW8-specific TCR repertoire diversity

The TCR repertoire diversity is known to change with exposure to viral antigens

(Monteiro et al. 1995; Messaoudi et al. 2004). To address how the TCR usage

changes over time following CMV infection and to examine whether the TCR us-

age is more stable over time in adulthood than in childhood, the diversity of TCR-α

and -β chain clonotypes was calculated at every time point using the Shannon

evenness index (J’) (as explained previously in chapter 4). Briefly, J’ is 0 when the

sample is monoclonal and is 1 when all clonotypes have the same frequency. Most

repertoires were preferentially expanded with a limited set of clonotypes, as sug-

gested by low J’ values. The TCR usage varied from individual to individual, with

public clones often occupying a greater homeostatic space in the NW8-specific
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repertoire. When observing the changes in TCR repertoire diversity in a single

child and mother over the span of 10 years, significant fluctuations were seen in

both (Fig 5.6A).

Overall, the TCR-α chain repertoire diversity undergoes more fluctuations in chil-

dren, than mothers. However, the variation in TCR-β chain repertoire diversity is

the same in children and mothers (Fig 5.6B). A general trend of increase in diver-

sity of TCR- α and TCR-β repertoire with age was observed. For TCR-β chains,

this association was statistically significant (r=0.39, p=0.02, Fig 5.6C).

5.3.5 The relationship between CD8+ T-cell response magni-

tude and TCR repertoire diversity in children and moth-

ers

The TCR diversity has been related to the magnitude of the CD8+ T-cell response

(Costa et al. 2015). Therefore, I studied how changes in TCR diversity (measured

as the Shannon evenness index) related to longitudinal changes in CD8+ T-cell re-

sponse magnitude in children and mothers (Fig 5.7A-B). In mothers, a significant

negative correlation was observed between TCR-α repertoire diversity and CD8+

response magnitude (p=0.002, r=0.710, Spearman’s rank correlation; Fig 5.7B).

This indicates that the TCR-α chain repertoires of mothers became less diverse

with CD8+ T-cell expansion and more diverse with contraction. On this basis, the

longitudinal CD8+ T-cell responses per person and the corresponding TCR-α/-β

repertoire compositions were compared. The shifts in CD8+ T-cell response mag-

nitude over time were associated with inflation or deflation of particular clonotypes

in some, but not all mothers (Fig 5.8). For example, the decreasing response in

Mother-3 (between 2008-2013) was accompanied by deflation of a dominant TCR-
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Figure 5.6: Changes in diversity of TCR-α and -β chain clonotypes in children
and their mothers over the course of 10+ years. (A) The diversity of TCR-α and
-β chain repertoires of children (n=5) and their mothers (n=4). (B) Variation in
TCR repertoire diversities expressed by standard deviations of Shannon diversity
indices (J’) in children (n=3) and mothers (n=3). (C) The diversities of TCR-α
and -β chain repertoires plotted against the age. Diversities are calculated using
Shannon evenness index. J’ is 0 when the sample is monoclonal and is 1 when all
clonotypes have the same frequency.
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α (CARSNDYKLSF) and -β clonotype (CASSLRGVWTDTQYF) (Fig 5.8C) and the

increasing response (between 2006-2008) was accompanied by inflation of these

dominant clonotypes. This relationship was not found at all in the children studied.

5.3.6 Overlap of TCR-β repertoires for related and unrelated

mother-child pairs

In the past, a number of studies have revealed that unrelated individuals widely

share TCR repertoires (Venturi et al. 2008a, 2008b, 2011; Li et al. 2012) However,

it is not clear whether the repertoires of haploidentical individuals (i.e. mother-

child) are characterised by a higher level of overlap compared to unrelated indi-

viduals. To address this, the degree of overlap in TCR-α and -β chain repertoires

of related and unrelated individuals was compared using Morisita-Horn similarity-

index (CMH) (explained in chapter 4). There was a greater degree of overlap in

the TCR-α and -β repertoires of related individuals compared to unrelated indi-

viduals, however, it did not reach statistical significance (Fig 5.9; Mann-Whitney

U test). The greatest relative overlap of TCR repertoires was observed among

high-frequency clonotypes, defined as those present at >10%. This finding can be

attributed to favourable selection of high-frequency clonotypes during T-cell devel-

opment, which leads to higher representation of these common clonotypes both

within and between individuals (Venturi et al. 2011).
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Figure 5.7: The relationship between CD8+ T-cell response magnitude and
TCR repertoire diversity in children and mothers. (A) The diversity of TCR-α
and -β chain repertoires is plotted against the magnitude of CD8+ T-cell response
in children. (B) The diversity of TCR-α and -β chain repertoires is plotted against
the magnitude of CD8+ T-cell response in adults. Diversities are calculated using
Shannon evenness index (J’); J’ is 0 when the sample is monoclonal and is 1 when
all clonotypes have the same frequency. Spearman’s rho and p-values are shown
above each graph.
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Figure 5.8A: Mother-Child Pair 1
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Figure 5.8B: Mother-Child Pair 2
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Figure 5.8C: Mother-Child Pair 3
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Figure 5.8D: Mother-Child Pair 4

Figure 5.8: CD8+ T-cell response magnitude and composition of TCR-α and
-β chain clonotypes. The magnitude of CD8+ T-cell response is shown in the
top panel, composition of TCR-α chain clonotypes, in the middle panel, and TCR-
β chain clonotypes, in the lower panel. Public clonotypes are shown with (**).
Shannon evenness index (J’) is shown under each pie chart. Colours are assigned
randomly and do not correspond to a fixed a sequence.
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Figure 5.9: TCR sharing amongst NW8-specific CD8+ T-cells from related ver-
sus unrelated mother-child pairs. (A) Compositional similarity amongst TCR-α
clonotypes in related and unrelated mother-child pairs. (B) Compositional similar-
ity amongst TCR-β clonotypes in related and unrelated mother-child pairs. The
compositional similarity is assessed using the Morisita-Horn (CMH) index. CMH
values range from 0 (no overlap) to 1 (perfect overlap). p-values are calculated
using Mann-Whitney U test are shown above each graph.

5.4 Discussion

The evolution over a span of 10 years of the clonal composition of CD8+ T-cells

responding to an immunodominant CMV epitope was assessed in children and

their mothers. All the individuals made a detectable response to the CMV NW8-

epitope at all time points. Contrary to previous findings (O’Hara et al. 2012), we

found no increase in the magnitude of CMV-specific CD8+ T-cell response with

age. In the children studied, the highest responses were observed during the first

the 1-2 years of life.

Is TCR usage stable over time following CMV infection?

Overall, there was a great degree of fluctuation in the TCR usage over time follow-

ing CMV infection, both in children and mothers. Some individual cases did exhibit
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stability in TCR usage, for example, the TCR-α chain usage in Mother-4 and in

Child-2. However, this stability was not reflected in the TCR-β chains of these in-

dividuals. Public TCRs often occupied the greatest space in the TCR repertoire.

However, the public TCR usage varied from individual to individual.

Is TCR usage more stable over time in adulthood, decades after infection

occurred, than in childhood?

The TCR usage in children varied greatly over time. Whilst this is expected in

children that were recently exposed to CMV, this variation was also observed in

mothers who have been exposed to CMV for multiple decades. The individual

TCR-α chain repertoires of children (aged 1-11 years) undergo more variations

compared to mothers, however, the overall variation in TCR-β chain repertoire is

similar. Despite the presence of strong inter-individual variation in the overall fea-

tures of the TCR repertoires in all of the individuals, there was a trend of increase

in repertoire diversity of TCR-β chains with age. Studies in the past have reported

contrary findings, whereby, the TCR repertoire diversity is either well maintained

till the age of 65 followed by dramatic contraction (Naylor et al. 2005) or there is

a linear decrease in repertoire diversity with age (Britanova et al. 2014; Britanova

et al. 2016).

Does the TCR usage fluctuate randomly over time or is there a clear tendency

for particular public TCRs to expand over time and dominate the repertoire?

A study by Day et al. ( 2007) had shown that public TCRs rapidly expand following

acute CMV infection and dominate the CMV-specific TCR-repertoire. Consistent

with these findings, the TCR-α and -β chain repertoires were found to be highly

skewed in both children and mothers in the study described herein, as indicated by

preferential use of V and J genes and extensive TCR sharing. Public TCRs were
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often the highest frequency clonotypes within individuals, however, there were vari-

able patterns of public TCR usage for each individual.

Is there any difference in the TCR usage (the CDR3 sequences) between chil-

dren (as a group) and mothers (as a group)?

The comparison between children and mothers demonstrates that individual adult

and child NW8-specific TCR repertoires have the same basic features. Namely,

the overall NW8-specific TCR-α and -β chain repertoires of children and adults

are largely determined by public TCR clonotypes that are often shared between

children and mothers. For example, the most frequent TCR-α chain clonotype

CAVGNNAGNMLTF was shared by all of the five children and three out of the four

mothers. Similarly, one of the most frequent TCR-β chain clonotype

CASSIFGEQFF was shared by three out of six children and all of the four mothers.

Is there any similarity in the TCR usage within particular mother-child pairs

compared to between unrelated individuals?

A higher number of shared clonotypes were observed in related versus unrelated

mother-child pairs, with the greatest overlap amongst high-frequency clonotypes.

These findings are consistent with previously published studies (Robins et al. 2010;

Putintseva et al. 2013). The higher overlap among the high-frequency clonotypes

can be attributed to their higher production frequency, which is an important deter-

minant of TCR sharing (Venturi et al. 2008a).

The involvement of shared clonotypes in NW8 repertoires can be explained by

the number of ways shared clonotypes are produced more favourably and effi-

ciently, such as recombinant recombination (Venturi et al. 2008b, Venturi et al.

2011) or if encoded by a nucleotide sequence with few additions and deletions

141



(Venturi et al. 2006; Li et al. 2012). Indeed, there was an increase in the level of

convergent recombination with the increase in sharing of a given clonotype. Fur-

thermore, the public chains were nearly entirely germline-encoded or involved very

limited changes at the CDR3 junction. Thus, it is possible that the clonotypes that

are more frequently produced with higher efficiency become overrepresented as

thymic output decreases in older individuals (Rudd et al. 2011). Public TCRs are

of higher affinity (Kloverpris et al. 2015) and because TCR signalling dampens with

age, it is also possible that high affinity public TCRs are required to obtain sufficient

levels of TCR signalling strength for both homeostatic maintenance and activation

(Murasko et al. 1987; Rudd et al. 2011). Given that this is the case, it may provide

an explanation for the emergence of more public clonotypes in older individuals.

Certain TCR-α and -β chain pairs were observed where changes in α/β frequen-

cies mirrored each other. These were chosen conservatively by observing the

frequencies over time in individuals. There may be more pairs, e.g. TRAV4/TRAJ6

with TRBV5-5/TRBJ2-7 in Mother-2 but more time points are needed to strengthen

the hypothesis and single cell TCR sequencing could confirm these hypotheses.

Accurate assignment of paired alpha and beta genes would be very useful to track

TCR “signatures” associated with specific human diseases. This can be a particu-

larly useful approach in diseases where pathogenesis is usually slow, particularly

autoimmunity, where it takes several years from symptoms to make a clinical di-

agnosis. With the recent advances in high-throughput sequencing, the study of

TCR repertoires in response to infections has been revolutionised (Miconnet 2012).

These new advances will facilitate practical TCR-based diagnoses.

Overall, the NW8-specific TCR repertoires exhibited a greater degree of change

among adults than expected, and similar features among children and adults. Con-
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trary to previous findings, the CMV-specific TCR repertoire of young children was

highly skewed with limited repertoire diversity.
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Chapter 6

PARV4 and Hepatitis-B prevalence,

CD8+ T-cell responses and

co-infection with HIV and CMV in

African children and adults

6.1 Introduction

The main focus of the work described in my thesis has been to further the un-

derstanding of CD8+ T-cell responses to a chronic virus, CMV, in African popula-

tions. Although my research has therefore primarily been concentrated on CMV,

I have also contributed to a wider effort to characterise the immune responses to

other chronic viral infection, namely, Human parvovirus 4 (PARV4) and Hepatitis B

(HBV), which, like CMV, have been, and to some extent still are, common child-

hood infections in sub-Saharan African populations. This is of particular relevance

because of the high prevalence of HIV infection in these same populations. The

immunodeficiency caused by chronic HIV infection influences the consequences
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of co-infection, and vice versa, increasing the risk of long-term morbidity and mor-

tality. Despite these concerns, the burden and impact of HBV and PARV4 in sub-

Saharan Africa have not been well characterised in adults and even less so in

children.

6.1.1 Parvovirus 4 (PARV4)

PARV4 is a single-stranded DNA virus in the Parvoviridae family, first reported in

2005 in a HBV-positive injecting drug user (IDU) (Jones et al. 2005). There are

number of studies that suggest that PARV4 operates as a chronic latent infection

(Simmons et al. 2011, 2013; Yang et al. 2011; Chen et al. 2015). Studies have

demonstrated a sustained high-magnitude ex vivo CD8+ T-cell response to PARV4

non-structural (NS) peptides, which suggests a persistent or relapsing exposure to

viral antigen (Simmons et al. 2011; Simmons et al. 2013). Furthermore, in a study

of Taiwanese healthcare workers, PARV4 IgG antibody was detected in 60% of

individuals, and PARV4 DNA was detected in half of these, suggesting persistent

PARV4 replication or reactivation of a latent PARV4 infection (Chen et al. 2015).

The clinical impact or risk factors for transmission for PARV4 have not been clearly

determined. However, individuals with evidence of past or current PARV4 infection

exhibit a range of clinical symptoms (Matthews et al. 2014b) (Table 6.1).

A number of previous studies have reported an increased prevalence of PARV4 IgG

in people infected with HIV (Manning et al. 2007; Simmons et al. 2012) and HCV

(Fryer et al. 2007; Simmonds et al. 2007; Lurcharchaiwong et al. 2008; Schneider

et al. 2008; Simmons et al. 2011; Servant-Delmas et al. 2014) in North American

and European populations. In individuals infected with PARV4, a faster progres-

sion to HIV CDC-B symptoms has been observed (Simmons et al. 2012), although

this effect is not consistent across cohorts and may be confounded by HCV co-
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infection. The strong association of PARV4 with HIV and the potential clinical im-

pact of PARV4 on HIV reported in European studies are of particular concern in a

setting where these viruses are co-endemic. The general rate of PARV4 infection

in sub-Saharan African populations is high but varies depending on location [Ta-

ble 6.2] (Simmonds et al. 2008; Panning et al. 2010; Sharp et al. 2010b; Drexler

et al. 2012; Lavoie et al. 2012; May et al. 2012; Matthews et al. 2015b). Given that

a strong association between PARV4 and HIV has been reported in previous Eu-

ropean studies, I have contributed to the further investigation of the prevalence of

PARV4/HIV co-infection and investigated the impact of PARV4 infection on HIV dis-

ease progression and HIV-specific CD8+ T-cell responses in sub-Saharan African

populations.

PARV4 can be sub classified into three genotypes: genotypes 1 and 2 are predomi-

nant in Europe, North America, and Asia and genotype 3 is the most widespread in

Africa (Simmonds et al. 2008). PARV4 contains two open reading frames (ORFs),

ORF1 and ORF2, that encode NS and viral capsid (VP) proteins, respectively (Fig

6.1). NS is essential for viral replication and potential cytopathic effects (Lou et al.

2012) and thought to be the preferential target of CD8+ T-cells (Simmons et al.

2011, 2013). VP1 and VP2 are structural capsid proteins and therefore expected

to be the main target of an antibody response (Lou et al. 2012). Previous studies

have defined CD8+ T-cell responses to PARV4 NS protein in PARV4 IgG positive

adults (Simmons et al. 2011, 2013). However, in some of the PARV4 IgG positive

individuals, no PARV4 NS-specific T-cell responses were observed (Simmons et al.

2011, 2013). It was speculated that this may be in part due to VP-specific T-cells

rather than NS-specific T-cells, however, no VP-specific responses were studied

(Simmons et al. 2011). To further our understanding of PARV4-specific responses,

I built upon previous work in three aspects: 1) the study of the entire PARV4 pro-
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teome instead of just the NS protein, 2) the inclusion of CD8+ T-cell responses to

PARV4 proteome in children as well as adults, and 3) a focus on African subjects.

6.1.2 Hepatitis B virus (HBV)

Hepatitis B virus (HBV) is a hepatotropic virus of the Hepadnaviridae family that

causes variable degrees of liver disease in humans (Busca and Kumar 2014).

HBV is a partly double-stranded DNA virus with several serological markers (Trepo

et al. 2014) (Table 6.3). The presence of HBV surface antigen (HbsAg) is the

characteristic hallmark of HBV infection. Infection with HBV can be either acute

or chronic. The outcome of HBV infection depends on the age and immune sta-

tus of the individual; infection in immunocompetent adults has a relatively low rate

of chronicity, while neonatal infections usually have a high persistence rate (Trepo

et al. 2014). Chronic HBV is characterised by fluctuations in liver enzymes, mainly

alanine aminotransferase (ALT) (Trepo et al. 2014). Recurrent ALT flares reflect

episodes of inflammation that increase the risk of cirrhosis and hepatocellular car-

cinoma (Chang and Liaw 2014).

Throughout the world there is a high prevalence of HBV, with an estimated 257

million people living with HBV infection (WHO)

(http://www.who.int/mediacentre/factsheets/fs204/en/). In the sub-Saharan African

population, chronic HBV is considered to be highly endemic with ≥8% population

prevalence in adults (Matthews et al. 2014a). Due to the high prevalence of HIV in

the same population, HIV/HBV co-infection is a major concern (Ocama et al. 2011;

Stabinski et al. 2011; Hawkins et al. 2013; Ladep et al. 2013). The existing litera-

ture on HBV infection is generally based on small studies of disparate populations

(Matthews et al. 2014a). Therefore, I contributed to a study of a large cohort of
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Table 6.3: Serological markers associated with HBV infection. Source:
(http://www.oxfordmedicaleducation.com)

HIV-positive African women and children and a small control group of HIV-negative

individuals to characterise the prevalence, rate of co-infection with HIV/PARV4 and

the impact of HBV infection on HIV disease outcome.

The Sustainable Development Goals initiative and the World Health Organisation

(WHO) have set the goal to eliminate HBV by 2030. Based on the current preva-

lence rate, this will require an increase in research to find a cure and improve

robust administration of prophylactic vaccinations. Currently, the only therapeutic

option for chronic HBV is prolonged (often lifelong) anti-viral treatment to suppress

virus replication [https://www.nice.org.uk/guidance/cg165]. Therefore, it is impor-

tant to work towards a therapeutic vaccine, underpinning the urgent need for more

research on HBV-specific immune responses. The immune determinants for suc-

cessful clearance of HBV are not fully understood, but both innate and adaptive

immune responses may be important. HBV replication itself is not directly cyto-

toxic to cells, but host immune responses to HBV antigens and to viral replication

in infected hepatocytes are likely to be the main determinants of hepatocellular in-

jury and HBV pathogenesis (Chisari et al. 2010).
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Strong CD8+ T-cell responses to several HBV epitopes in different regions of the

HBV genome are associated with recovery from acute HBV infection (Ferrari et al.

1990; Jung et al. 1991; Maini et al. 1999; Thimme et al. 2003; Trepo et al. 2014).

In chronic HBV, HBV-specific T-cell responses are significantly reduced (Boni et al.

2007; Yang et al. 2010), making it difficult to study CD8+ T-cell responses. It is

evident that clearance of HBV depends on robust and sustained CD8+ T-cell ac-

tivity (Thimme et al. 2003), therefore, therapeutic vaccines that can stimulate or

mimic the multi-epitope specific responses may help resolve chronic HBV infection

(Barnes 2015). Advancing our understanding of HBV-specific T-cell responses that

are associated with containment and/or clearance are important for the develop-

ment of a therapeutic vaccine.

The HIV Molecular Immunology Database is a public database on HIV epitopes

(https://www.hiv.lanl.gov/content/immunology/ctl search). This database enables

increased collaborations and knowledge pooling in the field of HIV T-cell immunol-

ogy. There are no such public databases documenting HBV epitopes, which hin-

ders the study of HBV-specific T-cell immunology. We recognised the need for an

equivalent resource for HBV. Therefore, a project involving the process of collating

HBV class I epitopes was initiated, with the aim to provide a detailed and compre-

hensive database of epitopes that have been identified to date.

6.2 Materials and methods

6.2.1 Patient cohorts

i. Durban HIV-positive cohort: HIV-positive women at Cato Manor and Sinikithemba

attending antenatal clinics in Durban, South Africa (Brumme et al. 2010; Kiepiela
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et al. 2007).

ii. Kimberley HIV-positive cohort: HIV-positive women recruited as mothers of

children attending paediatric HIV clinics in Kimberley, South Africa (Matthews

et al. 2011); 2012.

iii. Gaborone HIV-positive cohort: HIV-positive women recruited via the Mma

Bana Study (Shapiro et al. 2010), attending antenatal clinics in Gaborone,

Botswana.

iv. HIV-negative adults and children: HIV-negative women were recruited from

antenatal clinics in Durban (Masibambisane cohort) and HIV-negative children

were recruited via Kimberley Respiratory Cohort (KReC). KReC comprises

children aged between 9 and 48 months who were seen in the paediatric de-

partment at Kimberley Hospital following respiratory tract infection.

6.2.2 PARV4 IgG assay

Indirect ELISA assays were carried out by Dr. Colin Sharp at Edinburgh Univer-

sity (Sharp et al. 2010a; Matthews et al. 2015b) . The samples were screened

in duplicate using baculovirus-expressed VP2 and control antigens; arbitrary unit

(AU) values were calculated relative to a control sample. Due to a high background

reactivity observed in our cohorts, an additional stipulation that positive samples

must demonstrate a VP2-to-control optical density ratio (ODR) greater than 1.2

was added; samples falling below this cut-off were considered negative.

6.2.3 HBV testing

The South African cohorts underwent testing for Hepatitis B surface antigen (HB-

sAg) retrospectively from frozen sera using the Biokit enzyme immune assay (Barcelona,
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Spain), following the manufacturer’s instructions. For the Botswana cohort, HBsAg

results were performed in Gaborone, using the Murex HBsAg v3 (DiaSorin) assay.

6.2.4 PARV4 IFN-γ ELISpot assays

Using methods as previously described (Section 2.5), IFN-γ responses to a bank

of PARV4 overlapping peptides (OLPs) spanning PARV4 NS, VP and ARF proteins

were quantified. The overlapping peptides in the reactive NS pools were tested

in a confirmatory ELISpot assay and HLA-predictor tool was employed to predict

the optimal epitopes (Larsen et al. 2011). OLPs in the reactive VP and ARF pools

were not tested due to limited PBMC availability. Based on high magnitude re-

sponses by HLA-B*5703-positive subjects, a putative epitope within OLPs 9.6 and

9.7 was tested. Three truncations of this epitope (supplied by Schafer-N, Denmark;

>80% purity) were synthesised as follows: 8-mer TRITMFQF, 9-mer QTRITMFQF,

and 10-mer LQTRITMFQF that most closely matched the binding motif for HLA-

B*57:03. Using cells from a PARV4 IgG-positive subject recruited from the Thames

Valley Cohort (Patient ID N087), I tested IFN-γ ELISpot responses to serial dilu-

tions of these three putative optimal epitope truncations.

6.2.5 PARV4 DNA

DNA was extracted from pooled serum samples (50µl each of 10 samples) using

the DNeasy blood and tissue kit (Qiagen), according to the manufacturer’s protocol.

PCR reactions were performed in Edinburgh by Dr. Colin Sharp (Sharp et al. 2012).

6.2.6 HIV status

HIV-status had been ascertained prior to recruitment and was recorded prospec-

tively. KReC children were deemed to be HIV-negative at the point of presentation
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to hospital. The majority of these were also screened for HIV infection during their

hospital admission episode, with the exception of three children for whom we did

not confirm HIV status (these children were included in the HIV-negative group for

analysis, based on the clinical data available at the time of admission).

6.2.7 HIV-viral load and CD4 T-cell count

HIV-1 RNA viral load was determined by Roche Amplicor Version 1.5 assay (Rotkreuz,

Switzerland) or Abbott Laboratories m2000 platform (Abbott Park, IL, USA). CD4+

T-cell counts and percentages were measured by flow cytometry as part of routine

clinical diagnostics at the recruitment centre.

6.2.8 Systematic literature review for “Hepitopes” database

A systematic literature review using two online databases, Medline and Embase

was carried out to identify HBV-specific CD8+ T-cell epitopes. All the epitopes

published between 1946-2016 were included in the search. Using this approach,

in total 447 papers were identified. From this initial set, duplicates (n=113), papers

that were not relevant or missing essential data (n=177), publications not written

in English (n=26) and those that we were unable to access (n=19) were excluded,

resulting in a final set of 112 papers. The following details were extracted from

each of the papers in the final set:

• Citation

• Epitope location and sequence

• HLA restriction

• Experimental approach used to confirm the epitope

• Any documented association with stage of HBV disease
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6.2.9 Statistical analysis

Data were analysed using GraphPad Prism v.6.0 and Fisher’s exact test was used

to compute significance for categorical variables in 2x2 contingency tables and

Mann-Whitney U test for continuous non-parametric data.

6.3 Results

6.3.1 Determination of the level of PARV4, HBV, CMV and HIV

co-infection in South Africa

A total of 632 adults and children from the Durban, Kimberley and Botswana co-

horts were studied for PARV4 IgG prevalence and detection of PARV4 DNA. Of

these 632 individuals, 593 adults and children were also tested for HBsAg preva-

lence. An additional set of 651 women from the Kimberley, Durban and Botswana

cohorts were included in the study for HBsAg prevalence.

The overall prevalence of PARV4 IgG (43%) across all our cohorts was broadly

comparable with that reported in the past for sub-Saharan African populations

(Sharp et al. 2010b). The prevalence of PARV4 IgG was significantly higher in

adults (55%) compared to children [p<0.0001, Fisher’s exact test (Fig 6.2A)]. The

prevalence of PARV4 IgG was higher in the HIV positive group vs. HIV-negative

sub-group [52% vs. 24% (Table 6.1)]. A significant association between PARV4-

IgG status and HIV infection was observed in adults [p=0.002, Fisher’s exact test

(Fig 6.2B)]. Although there was a trend towards higher PARV4-IgG positivity in chil-

dren in the context of HIV infection, it did not reach statistical significance [p=0.1;

Fisher’s exact test (Fig 6.2B)]. PARV4 viraemia was detected in five out of the 695

subjects tested. Four of these were children and one was an adult woman.
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All but one of the children tested [221/222, (99.6%)] were HBsAg negative. The

exception was an HIV uninfected child from the KReC cohort and the Hepatitis B

vaccination status of this child was not known. The child was 20 months old at the

time of sampling, therefore the child should have been vaccinated by this stage.

However, the first dose of HBV vaccine in South Africa is not administered until

age 6 weeks, by which time vertical transmission may already have occurred. The

overall prevalence of HBsAg in adults (7%, Fig 6.2C) was in line with previously

reported data from African populations (Matthews et al. 2014a). The HBsAg status

was not significantly different between HIV-positive vs. HIV-negative sub-groups

[6.9% vs. 8.3%; p = 0.6, Fisher’s exact test; (Fig 6.2D). HBV infections were not

statistically associated with PARV4 infection (Figure 6.3). Although a different sub-

set of cohort for CMV was tested, the prevalence of CMV in sub-Saharan Africans

was close to 100% (Table 6.1) which is also similar to previously reported data

(Cannon et al. 2010), thus almost all the individuals infected with PARV4 and HBV

would be co-infected with CMV (Fig 6.3).

6.3.2 Impact of PARV4 and HBV on HIV disease progression

To assess what effect PARV4 status has on HIV disease progression in children

and adults, the CD4+ T-cell counts and HIV-viral loads were assessed in the con-

text of PARV4 IgG status. PARV4 IgG positivity had no impact on CD4% or HIV-viral

load (p=0.6, p=0.7, respectively; Mann-Whitney U test) in HIV infected children.

The adults infected with PARV4 had a lower CD4+ T-cell count (median 310 vs.

373, p=0.01, Mann-Whitney U test) and a higher HIV-viral load (median 30600 vs.

13635, p=0.0003, Mann-Whitney U test] compared to adults who were PARV4 un-

infected.
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Figure 6.2: Relationship of PARV4 IgG status and HBsAg status with age and
HIV status. (A) The pie charts show the prevalence of PARV4 IgG in adults and
children. (B) The plot shows the relationship between PARV4 IgG status and HIV
status in adults and children. (C) The pie chart shows the prevalence of HBV in
adults. (D) The plot shows the relationship between HBsAg status and HIV status
in adults. The denominator stated on each panel varies according to availability of
relevant data.
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Figure 6.3: Venn diagram of CMV, HIV, PARV4 and HBV prevalence and co-
infection in multicentre sub-Saharan African cohort. The Venn diagram was
made using the matplotlib-venn package in Python. The circles are proportional
to the parentages presented. The diagram represents: 280 HIV infected adults
and 68 HIV infected children; 204 PARV4 IgG positive adults and 32 PARV4 IgG
positive children; 43 HBsAg positive adults and 1 HBsAg positive child.
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To assess what effect HBV infection has on HIV disease progression in adults,

CD4+ T-cell counts were assessed in the context of HBV infection. Studies in the

past have shown that HBV/HIV co-infection has an adverse effect on HIV related

disease outcome (Bonacini et al. 2004; Chun et al. 2012; Matthews et al. 2014a).

However, in this study HBsAg positivity had no significant impact on the CD4+

T-cell count or HIV-viral load in HIV infected adults.

6.3.3 High breadth and magnitude of PARV4-specific CD8+ T-

cell responses in children and adults

IFN-γ ELISpot assays were used to characterise PARV4-specific CD8+ T-cell re-

sponses using a panel of overlapping peptides spanning the entire PARV4 pro-

teome in 14 PARV4 IgG positive individuals (seven children from Kimberley, South

Africa, and seven adults enrolled via the Thames Valley Cohort). We used a com-

bination of ELISpot assays, peptide-HLA class I binding studies, and bioinformat-

ics prediction to predict novel CD8+ T-cell epitopes in PARV4 (described in more

detail in section 3.2.2). Among adults and children screened for ex vivo CD8+ T-

cell responses, high magnitude IFN-γ ELISpot responses to peptides spanning all

three PARV4 proteins were observed, particularly within NS and ARF proteins (Fig

6.4A,C). The magnitude of PARV4 specific CD8+ T-cell responses was higher in

children compared to adults (median 525 vs. 465 SFC/106 PBMCs), however this

did not reach statistical significance [p=0.7, Mann-Whitney U test] (Fig 6.4E). Sim-

ilarly, the number of PARV4 specific CD8+ T-cell responses was higher in children

compared to adults (median 6 vs. 3), but this difference was also not statistically

significant [p=0.12, Mann-Whitney U test] (Fig 6.4F).

The individual 15mer OLPs in the reactive NS pools that were most targeted
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Figure 6.4: IFN-γ CD8+ T-cell responses to PARV4 peptides determined by
ELISpot assay. (A) The magnitude of PARV4-specific CD8+ T-cell responses in
children. (B) Percentage of PARV4 IgG positive children (n=7) who made a re-
sponse to PARV4 peptides. (C) The magnitude of PARV4-specific CD8+ T-cell
responses in adults. (D) Percentage of PARV4 IgG positive adults (n=7) who made
a response to PARV4 peptides. (E) The plot shows the difference in magnitude
of responses between children and adults. (F) The plot shows the difference in
number of PARV4-specific CD8+ T-cell responses between adults and children.
Boxes represent the median and whiskers represent the IQR. Responses to NS
peptides are shown in grey, to VP peptides in black, and to ARF in blue. P-values
by Mann-Whitney U test.
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were tested using an ELISpot assay; we were unable to test the remaining re-

active pools due to insufficient availability of PBMC. Table 6.4 shows the predicted

optimal epitopes presented by the relevant HLA class I molecule. One predicted

optimal epitope was tested using three possible peptide truncations found within

OLPs 9.6 and 9.7: 8-mer TRITMFQF, 9-mer QTRITMFQF, and 10-mer LQTRITM-

FQF. This epitope was selected due to high magnitude responses directed at the

OLPs corresponding to this epitope. These three truncations matched most closely

with the binding motif for HLA-B*57:03 (namely A/S/T at position 2 and F/W/Y at

the C-terminal position of the epitope) (Kloverpris et al. 2012). The epitope QF9

(QTRITMFQF) is the most likely HLA-B*57:03 restricted epitope as shown by the

IFN-γ ELISpot responses to serial dilutions of epitope truncations (Fig 6.5). All

the published PARV4 Genotype 3 sequences were downloaded from GenBank to

assess the variability in the region where the predicted epitope sits. Analysis of 11

downloaded sequences revealed that the QF9 epitope sits in the NS protein be-

tween residue 442-450 (Fig 6.1). The downloaded sequences were from Ghana,

South Africa and Cote d’Ivoire and showed no sequence polymorphism in the re-

gion where the epitope sits, or the flanking regions.

6.3.4 Impact of PARV4 infection on CMV- and HIV-specific CD8+

T-cell responses

Given the high co-infection rate of PARV4 with CMV and HIV in sub-Saharan Africa,

I looked at the effect of PARV4 IgG positivity on CMV- and HIV-specific CD8+ T-

cell responses. Overall, the PARV4 specific CD8+ T-cell responses were similar in

magnitude and breadth to CMV-specific CD8+ T-cell responses (Fig 6.6A-B) [p =

0.4, p=0.7, respectively; Mann-Whitney U test].
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Table 6.4: HLA associations with the immunogenic 15mer OLPs in NS. The
table shows the OLPs that were observed to be immunogenic in a confirmatory
ELISpot assay. The HLA associations and the optimal epitopes predicted with
HLA-Restrictor tool are shown.
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Figure 6.5: Validation of a novel HLA-B*5703-restricted epitope in PARV4 NS
protein using peptide titration assay. PBMCs from PARV4 IgG-positive adult
subject N087 (HIV-positive adult recruited via the Thames Valley cohort, HLA
class I genotype HLA-A*0301/-A*3001/-B*5703/-B*5801/-C*0602/-C*1801) were
screened by IFN-γ ELISpot for responses to peptide truncations derived from the
PARV4 NS protein (sequences within OLPs 9.6 and 9.7) at different concentrations.
Plots and error bars show the mean and SEM of assays performed in triplicate and
confirm QF9 as the likely optimal epitope.
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The magnitude of CMV-specific CD8+ T-cell responses was significantly higher

in PARV4 IgG+ children (n=4) compared to PARV4 IgG- children (n=16) (Fig 6.6C;

median 800 vs 180 SFC/106 PBMC, p=0.01; Mann-Whitney U test). In adults, the

magnitude of CMV specific CD8+ T-cell responses were not statistically different

between PARV4 IgG+ group (n=6) and PARV4 IgG- group (n=40).

The number of HIV-specific CD8+ T-cell responses were similar in the PARV

IgG+(n=10) and PARV IgG- children (n=29) [p=0.5, Mann-Whitney U test]. Simi-

larly, in adults, the HIV-specific CD8+ T-cell responses in PARV+ (n=17) and PARV4-

(n=17) were similar (p=0.7, Mann-Whitney U test).

6.3.5 Impact of HBV on HIV-specific CD8+ T-cell responses

CD8+ T-cell responses are well recognised as an important mediator of HIV dis-

ease control (Kiepiela et al. 2007; Payne et al. 2009; Goulder and Walker 2012).

Considering that HBV/HIV co-infection leads to worse HIV disease outcome (Bonacini

et al. 2004; Chun et al. 2012; Matthews et al. 2014a), it was hypothesised that there

would be lower magnitude CD8+ responses in HIV/HBV co-infected patients. The

impact of HBV co-infection on HIV-specific CD8+ T-cell responses was measured

using IFN-γ ELISpot assays for 325 subjects from the Durban cohort. However,

there was no significant difference in the breadth, magnitude, or protein-specificity

of IFN-γ responses to HIV in the presence or absence of HBsAg.

6.3.6 HBV epitopes

The live interactive database “Hepitopes” containing all the published class I epi-

topes in HBV is available online [http://www.expmedndm.ox.ac.uk/hepitopes] (Lum-

ley et al. 2016). Each HBV epitope entry contains the optimal and/or overlapping
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Figure 6.6: Impact of PARV4 IgG serostatus on CMV and PARV4-specfic CD8+
T-cell responses. (A) The magnitude of CD8+ T-cell responses to CMV (pp65, IE1
and IE2) and PARV4 (NS, VP and ARF) proteins. (B) The percentage of PARV4
IgG+ individuals reacting to PARV4 proteins (NS, VP and ARF) and percentage of
CMV+ individuals reacting to CMV proteins (pp65, IE1 and IE2). CMV responses
are shown in black and PARV4 responses in blue. (C) The magnitude of CMV-
specific responses in PARV4 IgG+ and PARV4 IgG- group. The responses in adults
are shown in black and the responses in children are shown in blue. Boxes rep-
resent the median and whiskers represent the IQR. P-values by Mann-Whitney U
test.
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peptide sequence and defined HLA-class I restriction (Fig 6.7). Currently 199 dis-

tinct epitopes have been identified and the majority of epitopes are in HBV Pol

protein (89/199; 44%). The most commonly published epitopes are HLA-A*02

restricted (n=87/199; 44%), but this likely reflects a bias in experimental work fo-

cusing on this common allele rather than a true biological enrichment of HLA-A*02

alleles in HBV.

Given the high magnitude HLA-B*4403 mediated T-cell response to CMV, and

the enrichment of this allele in African populations, I sought evidence for a B*44

restricted response to HBV. The two identified HLA-B*44:03-restricted epitopes,

VELLSFLPSDF and AELLAACF(A) (Sidney et al. 2003), both have glutamic acid

at position 2, similar to the CMV-HLA-B*44:03 restricted NW8-epitope. The HBV

HLA-B*44:03-restricted epitopes were shown to also be restricted by other HLA

alleles in the B44 superfamily (HLA-B*1801, B*4002, B*4402, B*4501) (Sidney

et al. 2003). This phenomenon of an epitope being targeted by multiple closely

related alleles in a superfamily is rare in relation to other virus-specific CD8+ T-

cell responses. The data shown in chapter 3 and previous studies have reported

that the difference of even a few amino acids between closely-related HLA class

I molecules can have a substantial impact on the CD8+ T-cell immunodominance

hierarchy (Leslie et al. 2006; Carlson et al. 2012).
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6.4 Discussion

The PARV4 IgG seroprevalence in our African cohort was in line with previously

reported African studies (Sharp et al. 2010b) but higher than in published studies

of Western European populations. The prevalence of PARV4 was higher in adults

and strongly associated with HIV infection in adults, but no association was ob-

served with HBV. PARV4 serostatus was associated with HIV disease progression

in terms of lower CD4+ T-cell counts and higher viral load, but this effect was seen

in adults only. PARV4 infection had no impact on the HIV-specific CD8+ T-cell re-

sponses in adults or children.

The CD8+ T-cell responses to PARV4 spanned the entire viral proteome in children

and adults. The responses were of particularly high magnitude in certain regions

of NS and ARF proteins in children. Using a peptide titration assay, a novel PARV4

NS-specific HLA-B*57:03-restricted epitope was confirmed. The next experimental

step would involve synthesising the tetramer to confirm and better characterise this

PARV4 CD8+ T-cell response.

The PARV4-specific CD8+ T-cell responses were observed in the absence of de-

tectable viraemia in children and adults. This supports the view that PARV4 may

behave similarly to chronic herpes viruses, including CMV, in which a latent reser-

voir triggers episodic reactivation, maintaining T-cell responses in the long term

(Adland et al. 2015a). Furthermore, the PARV4-specific CD8+ T-cell responses

in subjects from our cohorts were similar in terms of magnitude and breadth to

CMV-specific responses in a different subset of subjects from the same cohorts

(Kimberley and TVC cohort). The magnitude of PARV4-specific CD8+ T-cell re-

sponses was slightly smaller in adults compared to children. This is in contrast
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to what is seen in CMV, where the size of CD8+ T-cell responses is significantly

bigger in adults, due to memory inflation with age (Klenerman and Oxenius 2016).

Interestingly, in PARV4 IgG+ children, the magnitude of CMV-specific CD8+ T-cell

responses was higher compared to the PARV4 IgG- children (both groups were

HIV positive). A similar increase in magnitude of CMV-specific CD8+ T-cell re-

sponses is usually expected in context of HIV infection (Gerna et al. 1998). The in-

crease seen during HIV infection is attributed to immunosuppression and increase

in immune activation (Paiardini and Müller-Trutwin 2013; Giorgi and Detels 1989),

which results in suboptimal control of CMV leading to increase in magnitude of

CMV-specific CD8+ T-cells. However, the increase in magnitude of CMV-specific

CD8+ T-cell responses in the context of PARV4 infection has not been previously

reported.

The work presented here adds to our understanding of PARV4-specific CD8+ T-

cell responses in children and the impact of PARV4 infection on HIV, CMV and

HBV, but more studies with greater sample numbers are required.

The overall prevalence of HBsAg in adults from our African cohorts was 7%, which

is in line with previously published data on African populations (Matthews et al.

2014a). The prevalence of HBsAg in children was very low (0.4%), which was

expected, as the introduction of prophylactic HBV vaccinations in South African

infants since 1995 has significantly reduced the HBsAg prevalence in children

(Amponsah-Dacosta et al. 2014). HBV was not associated with HIV disease pro-

gression in terms of CD4+ T-cell counts or HIV viral loads. HBsAg positivity had no

impact on the HIV-specific CD8+ T-cell responses and we had no data to study the

impact of HBV on CMV-specific CD8+ T-cell responses.
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Although, HBV — like CMV, PARV4 and HIV — is a chronic viral infection, the

size of HBV-specific CD8+ T-cell responses during chronic infection is significantly

less. It is believed that during chronic HBV infection, there is a large intrahep-

atic influx of non-antigen specific CD8+ T-cells (Maini et al. 2000). Owing to the

inflamed microenvironment, the ability to produce IL-2 is impaired in these cells

(Das et al. 2008). IL-2 is required to drive CD8+ T-cells to proliferate in settings

of impaired CD4 help (Zimmerli et al. 2005), such as the CD4-depleted liver envi-

ronment in chronic HBV (Doherty et al. 1999). The impairment in IL-2 production

manifested by non-antigen-specific CD8+ T-cells could therefore prevent the HBV-

specific CD8+ T-cells from expanding and surviving (Das et al. 2008). It is, there-

fore important to study HBV-specific CD8+ T-cells in chronic HBV for successful

development of therapeutic HBV vaccines.

In summary, the data presented here adds to our knowledge, however, the sample

size is limited for some of the analysis. Furthermore, the attempt to combine anal-

ysis of individuals from different geographical locations could be misleading as the

cohort demographics vary. Despite the limitations, the dataset presented here is

of importance in providing insight into the extent and characteristics of CMV, HIV,

HBV and CMV co-infections in certain African populations of children and adults,

where these infections are co-endemic.
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Chapter 7

Conclusions

The high prevalence of chronic viral infection and co-infection in Africa is associ-

ated with long-term morbidity and mortality. Pathogens such as CMV, HBV and

PARV4 are co-endemic in this region. However, very little is known about the

prevalence and immunology related to these chronic viruses in African populations.

There is a need to advance or identify new therapeutic interventions/vaccines in in-

stances where these viruses are detrimental to health.

In this thesis, I have focused primarily on characterising the CD8+ T-cell immune

responses to CMV. By adolescence, CMV infection is almost universal in African

individuals. I studied the high-frequency CMV specific CD8+ T-cell responses in

African cohorts and identified novel epitopes that will increase our understanding

of CMV-specific CD8+ T-cell response in African populations. The rationale be-

hind this study was to develop a better insight into the immunological response

to CMV in African cohorts, with the aim of furthering our understanding of the in-

terplay between host and virus. Studying the immune response against CMV is

also important because of its pathogenic potential in context of other viral infec-

tions/immunosuppression.
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I found that CMV leads to oligoclonal expansions that can constitute up to 18%

of the total CD8+ T-cell population, similar to what has been reported in earlier

studies (Khan et al. 2002; Karrer et al. 2003). Similar to adults, the high magnitude

CMV-specific CD8+ T-cell responses were also observed among children. These

findings are consistent with previous studies of children (Appay et al. 2002; Ko-

matsu et al. 2006; Miles et al. 2007, 2008).

Given that the CMV-specific CD8+ T-cell responses are of a high magnitude, it may

impact the ability of the immune system to respond effectively to other pathogens.

CMV disrupts the CD4/CD8 ratio and is therefore associated with “immune risk

profile” (IRP) (Olsson et al. 2000) in older adults. “IRP” predicts higher mortality

from infectious diseases (Looney et al. 1999; Pawelec 2014). The fact that a large

proportion of the CD8+ T-cell population is focused on one virus in early child-

hood is somewhat surprising (Appay et al. 2002; Komatsu et al. 2006; Miles et al.

2007, 2008). On one hand, this can be detrimental, because the TCR repertoire

is made up of approximately 25 million TCRs (Attaf et al. 2015), and if a single

CMV response predominates, it may impair the ability to respond to non-CMV in-

fections. For example, in the context of CMV/HIV co-infection, there is a worse

HIV disease outcome (Kovacs et al. 1999) and CMV has also been implicated in

malignant tumours (Michaelis et al. 2009; Pourgheysari et al. 2010; Ranganathan

et al. 2012). On the other hand, CMV is thought to underlie rudimentary aspects of

immunosenescence (Looney et al. 1999; Turner et al. 2014). Whilst this remains

controversial (Pawelec 2014), one can speculate that the maturation of the immune

system driven by CMV could help protect against early life infections in childhood

(Furman et al. 2015). CMV can therefore be considered essential for immune

maturation, in a similar way to gut microflora shaping the host mucosal immunity
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(Prendergast et al. 2012). Whether CMV plays a beneficial and/or detrimental role,

these studies indicate that there is a need to understand how CMV modulates the

human immune system.

The TCR repertoire that shapes the clonal composition of CMV-specific CD8+

T-cell responses conferring immunodominance still remains elusive especially in

African populations. Therefore, I dissected the TCR repertoire composition under-

lying one immunodominant epitope, namely NW8 restricted by a common African

allele HLA-B*44:03, using high-throughput sequencing. The TCR repertoire anal-

ysis revealed a preferential use of a restricted set of V and J gene segments and

a large number of shared (“public”) TCRs in multiple individuals. The observation

that recognition of the virus by the host is restricted to a particular set of TCRs

is a point of interest (Venturi et al. 2008b). CMV-specific clonal expansions have

been implicated in post stem cell transplant (SCT) immune dysfunction (Suess-

muth et al. 2015). CMV-specific public clonotypes shared amongst certain individ-

uals could prove to be beneficial for monitoring SCT outcomes. Considering that

public TCRs have high affinities for their ligands, they can also prove to be of a use

in the development of vaccines and adoptive therapies (Miles et al. 2006). From

the perspective of clinical application, with enough number of patients and follow

up, identification of public TCRs might have both prognostic value and can aid in

development of adoptive therapies (Dong et al. 2004; Price et al. 2009; van Bockel

et al. 2011).

Given that nearly 90% of the African children acquire CMV by one year of age,

CMV is one of the first immune challenges their immune systems are exposed

to. Furthermore, the timing of CMV acquisition in African children coincides with

the timing of vaccinations. Therefore, studying the ontogeny of CMV responses in
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early childhood may provide us with an insight into how the immune system devel-

ops in response to natural infections and vaccinations during childhood. Studies

looking at the changes of the CMV specific TCR repertoire have been very limited

and those that have been undertaken (Hadrup et al. 2006; Day et al. 2007; Iancu

et al. 2009; Klarenbeek et al. 2012) are usually in adults and pre-date the next

generation sequencing era.

I studied the evolution of TCR repertoire in children and mothers over a span of

10 years using TCR-α and TCR-β chain next generation sequencing. I found that

the TCR repertoires of children and mothers exhibit similarities, often dominated

with public TCRs. The TCR usage over the course of CMV infection in both children

and mothers displayed fluctuations. Considering that the adults had been infected

with CMV for multiple decades, it was anticipated that their immune system would

adapt to the virus and TCR usage would exhibit stability over time, however, a great

degree of change in TCR usage was observed among adults. Contrary to previ-

ous findings, the TCR repertoires of children were highly skewed with limited TCR

diversity. To my knowledge, this study was the first to delineate the CMV specific

TCR-repertoire changes in the first 10 years of life. Next steps in TCR repertoire

studies need to include high-throughput sequencing of both the TCR-α and TCR-

β chains, simultaneously. To date, the available methods for combined TCRα/β

sequencing are through single cell emulsion PCR where amplification products of

both chains are fused with a chimeric primer through bridge PCR (Turchaninova

et al. 2013). This approach is currently low-throughput but it has the potential for

high-throughput application.

In this thesis, although the main focus was to further the understanding of CD8+

T-cell responses to CMV during early life, I describe my contribution to studies to
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characterise PARV4 and HBV in African cohorts of children and adults that have

high co-infection rates of HIV and CMV. There are multiple compelling reasons to

further our understanding of characteristics and immune responses that control

PARV4 and HBV infection: (i) pathogenesis that might be particularly relevant in

high risk individuals, including children and those infected with chronic viral infec-

tion, such as CMV and HIV; (ii) the potential impact these viruses may have on the

immune ontogeny, outcome of other viral infections and vaccinations.

I contributed to a study to characterise the prevalence of HBV, PARV4 and rate

of co-infection with HIV/CMV (Matthews et al. 2014b, 2015b, 2015a, 2016; Lum-

ley et al. 2016; Sharp et al. 2017). PARV4 was more prevalent and strongly as-

sociated with HIV infection in adults (55% in adults vs. 21%). An association

between positive PARV4 IgG status and more advanced HIV disease has pre-

viously been reported in European studies but this was attributed to the potential

confounding influence of co-infecting HCV in PARV4-positive individuals (Simmons

et al. 2012). The HBV prevalence was determined in a large composite cohort of

African women and children. As expected, the prevalence in children was low due

to introduction of prophylactic vaccine since 1995, and in adults, the prevalence

of 7% was comparable to previously reported studies (Matthews et al. 2014a). I

studied the PARV4 specific CD8+ T-cell responses in children and adults and iden-

tified a novel PARV4 epitope which can be used in T-cell assays to characterise

the PARV4-specific immune responses in African individuals, which are still largely

undetermined. Overall, the data presented in chapter 6 will further our knowledge

about the extent and characteristics of CMV, HIV, HBV and PARV4 co-infections

in certain African populations of children and adults, where these infections are

co-endemic. Looking forward, there are still a number of unresolved questions: (1)

What is the pathogenic role of PARV4, if any? (2) The impact of PARV4 infection
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on other pathogen disease outcomes and vaccinations, and (3) the role of PARV4-

specific CD8+ T-cells or other immune responses in controlling PARV4 infection.

In summary, this thesis furthers the understanding of the CD8+ T-cell responses

to chronic viral infections prevalent in Africa, where there is a paucity of data. The

TCR studies revealed that CMV-specific responses in children and adults are not

stable and undergo changes, indicating that CMV can continuously modulate the

TCR repertoire.
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Appendix

Table A1: HLA frequencies of cohort (Chapter 3)
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Table A2: Overlapping peptide sequences (Chapter 3)
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