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Long-term non-progressors (LTPNs) in HIV infection target the structural protein Gag more 

frequently than individuals who progress to disease. However, the targeting of Gag per se does not 

always distinguish these two groups. Various factors have been put forth as likely explanations for 

this discrepancy including differences in the breadth and magnitude of observed responses, the 

HLA type of the host, the nature of the individual epitopes targeted and the ability of the virus to 

mutate these antigenic regions. 

 The purpose of this thesis was to examine, using PBMCs isolated from HIV-2 infected 

LTNPs and CTL clones established in vitro, the clonotypic architecture and quality of an 

immunodominant HIV-2 Gag-specific response directed towards the HLA-B*3501-restricted 

epitope NPVPVGNIY (NY9: Gag245-253). The data presented in this thesis show that in spite of 

the expression of multiple inhibitory receptors on the surface of NY9-specific CD8+ T-cells, the 

NY9-response, which is a clonotypically 'private' response, bears a signature characterised by an 

increased cytotoxic sensitivity and the production of an array of cytokines, most notably IFN-" and 

MIP-1!. Moreover, the results of this thesis indicate that the NY9-specific CD8+ T-cells are able 

to cross-recognise and lyse target B-cells pulsed with the corresponding HIV epitope PY9 and its 

variants at functional avidities (EC50) that are close to those exhibited by PY9-specific T-cells. 

However, not all mobilised TCR clonotypes are equally sensitive or equally cross-reactive. When 

individual CTL clones were studied it emerged that dominant clonotypes within the NY9-specific 

CD8+ T-cell memory pool possessed a higher avidity for tetramer and sensitivity for antigen than 

subdominant ones and demonstrated a better cross-reactive potential towards variants of the HIV-2 

epitope.  

 Hence, future HIV vaccine strategies may benefit from the inclusion of epitopes like NY9, 

the presentation of which appears to mobilise CD8+ T-cells with superior functional profiles.  
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Chapter 1:  Introduction 
 
 
1.1  The HIV-2 virus 
 
The Human Immunodeficiency Virus type-2 (HIV-2) is a human retrovirus that was 

first identified in 1985 (Barin et al., 1985). It is phylogenetically related to HIV-1, with 

which it shares a 30-60% sequence homology, depending on the viral region, (Guyader 

et al., 1987) and is thought to have emerged from the zoonotic entry of HIV-2 from 

sooty mangabeys (SIVsm) into the human population.  To date, eight groups have been 

described (HIV-2 A-H), the most common of which are clade A in Guinea-Bissau, 

Senegal and Cape Verde and clade B in Côte d’Ivoire/Ghana (Faria et al., 2012). These 

clades differ from each other between 12.4-24.3% and 17.7-34.6% in their consensus 

Gag and Env sequences respectively and each one is thought to represent a unique 

event of cross-species transmission of the virus from the sooty mangabey to humans 

(Chen et al., 1997). 

 The first cross-species transmission might have occurred as early as 1938 (Faria 

et al., 2012). However, socio-epidemiological and phylogenetic studies associate the 

main spread of HIV-2 with periods that are chronologically more recent and which 

coincide with events that might have facilitated the endogenous propagation and 

geographical dissemination of the virus such as the Guinea-Bissauan war of 

independence (1963-1974) and civil war (1998-1999) (Mansson et al., 2009; Poulsen et 

al., 2000; Valadas et al., 2009). It has also been proposed that parenteral iatrogenic 

transmission associated with pathogen control/eradication campaigns, and tribal rituals, 

such as excisions, might have assisted this spread among groups of certain age and/or 

ethnicity (Pepin et al., 2006). 
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Today, West Africa remains the epicentre of HIV-2 infection with some countries, such 

as Guinea-Bissau, reporting population infection rates for rural areas as high as 4.7% 

(Tienen et al., 2010). In Europe, the highest prevalences are found in Portugal and 

France where HIV-2 infection represented in the years 2007 and 2011 2.3% and 1.8% 

of the total HIV diagnoses respectively (Barin et al., 2007; Carvalho et al., 2011). A 

small number of cases has also been described for countries linked to West Africa 

through migratory routes such as Southern India (Kannangai et al., 2010), Brazil 

(Broutet et al., 1996), Mozambique (Maueia et al., 2011) and USA (CDC, 2011) (figure 

1.1). Hence, HIV-2 represents a virus that is endemic to West Africa and its rate is in 

steep contrast to that reported for HIV-1: in 2011 alone, 34 million individuals were 

living with HIV-1, 2.7 of which were new infections (UNAIDS, 2010). Nevertheless, 

the nature of HIV-2 as the only other circulating human lentivirus apart from HIV-1 

and most importantly the introduction of the disease through migration in more 

countries over the past years, for example Italy (Ciccozzi et al., 2011), Saudi Arabia 

Figure 1.1: HIV-2 Distribution  
[Data: CDC HIV-2 Factsheet, http://www.cdc.gov/hiv/topics/basic/#hiv2] 
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(Almaghrabi et al., 2011), United Kingdom (Dougan et al., 2005) and Korea (Kim et 

al., 2000) have placed this pathogen more prominently on the research agendas of 

affected countries over the past years (Camacho, 2012). Such emerging trends pose new 

dilemmas for national screening and treatment strategies, especially as the virus is 

resistant to some classes of anti-retroviral drugs such as non-nucleoside reverse 

transcriptase inhibitors (NNRTIs), fusion inhibitors and some protease inhibitors 

(Camacho, 2012),  

 
 
1.2  Viral life cycle and proteins 
 

HIV-2 has a genetic organization that is similar to that of HIV-1. The genetic material 

of the virus is a 9.7kB single-stranded RNA molecule that contains nine overlapping 

open reading frames (ORFs) that encode structural (Gag, Pol, Env), regulatory (Tat, 

Rev) and accessory (Vif, Vpr, Vpx, Nef) proteins (figure 1.2). The majority of these 

HIV-2 proteins have functions identical to their HIV-1 counterparts, with the exception 

of Vpx which is absent from HIV-1 (Guyader et al., 1987; Laguette et al., 2011). 
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Figure 1.2: HIV-2 genes and ORFs. The HIV-2 genes are flanked by two long-terminal repeats 
(LTRs) at the 5' and 3' ends respectively. These are short inverted repeats (5'-CTG CAG-3') that 
contain protein-binding elements, such as the promoter and enhancer that are critical for the 
regulation of viral transcription after T-cell and/or monocyte activation (Guyader et al., 1987; 
Markovitz et al., 1990). The remaining genes are organized in three major frames of expression 
(pol-rev, gag-vif-vpr-env and vpx-tat-nef) 
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1.2.1 Cell Attachment and Membrane Fusion 
 
 

HIV-2 infects cells by means of a membrane fusion process, which occurs when its 

envelope glycoprotein (gp125) interacts with the host glycoprotein CD4 and various 

other co-receptors on the surface of its target cell (figure 1.3). CD4 consists of four Ig-

like domains (D1-D4) the role of which is to mediate the recognition of MHC class II 

molecules. Gp125 attaches to the cells by interacting with the most amino-terminal of 

these four domains (D1) through a series of van der Waals contacts and hydrogen bonds 

that involve the CD4 residues Phe43 and Arg59 and a series of well-conserved 

envelope amino acids (Kwong et al., 1998). CD4 is not always necessary for infection 

since CD4-independent infection has been shown to occur for both lab-adapted strains 

such as HIV-2ROD/B and CBL-20/21/23 and primary isolates (Liu et al., 2000; Reeves et 

al., 1999).  

 The viral precursor of the gp125 glycoprotein (gp160) is encoded by the gene 

env. The latter shows only a 41.7% identity to its HIV-1 counterpart in terms of 

sequence (Guyader et al., 1987) but encodes proteins that despite being different in their 

predicted structural conformations from those seen in HIV-1 (Barroso et al., 2011), 

most likely assemble in a similar way to form highly N-glycosylated trimers on the 

viral surface (Doms et al., 1990). The mature gp125 in HIV-2 is organized into five 

variable (V1-V5) and five constant regions (C1-C5) with the CD4 binding site 

emerging from the interaction of the C2 and C3 regions (Barroso et al., 2011).  

 In terms of co-receptor usage, HIV-2 appears to be more promiscuous compared 

to HIV-1. The most frequently used co-receptors, especially by CD4-independent 

strains, are the G-protein coupled receptors (GPCRs) CCR5 and CXCR4. Additional 

receptors such as CCR1, CCR2b, CCR3, CCR9, BOB/GPR15, STRL33, US28, APJ, 
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BONZO/CXCR6 and ChemR23 and CCR8 have also been shown to allow infection in 

vitro (Calado et al., 2010; Edinger et al., 1999; Visseaux et al., 2012).  CXCR4-tropic 

strains are more cytopathic in vitro than CCR5 and CCR5 to CXCR4 switches are 

associated with an increased cytopathicity (Schramm et al., 2000). Such changes in co-

receptor usage (tropism) are determined by the genotype of the HIV-2 gp125 V3-loop 

with mutations at positions 18 (K/R), 19 (V>K/R), 24 (insertions) and a global net 

charge of more than +6 predicting a broadening in tropism and dual co-receptor usage 

(C5/X4) (Visseaux et al., 2012).  

 The binding of HIV-2 on the surface of the target cell triggers a cascade of 

events that culminate in the fusion of the viral envelope with the target cell membrane 

and the release of the capsid into the cell cytoplasm. For HIV-1, CD4 binding is 

followed by the formation of the gp120 co-receptor binding site and the induction of a 

6-helix bundle arrangement on the viral surface (fusion peptide). This enables the virus 

Figure 1.3 Life Cycle of HIV. Reprinted by permission from Macmillan Publishers 
Ltd: Nature Reviews Genetics (Rambaut et al., 2004), copyright 2004. 
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to move closer to its target membrane and ultimately fuse with it (Doms and Moore, 

2000).  

 Similar steps and conformational changes are thought to occur upon CD4 

engagement in HIV-2 infection. However, the two viruses do not share the same 

kinetics of conformational change. The HIV-2 gp125 shows a slower kinetics of co-

receptor binding and appears to assume a less stable 6- helix bundle formation than its 

HIV-1 counterpart (Gallo et al., 2006). In addition, the higher levels of immunogenicity 

of HIV-2 Env seen in natural infection, and the development of neutralizing antibodies 

for regions such as the V3-loop, CD4 binding site (CD4bs) and CD4i at levels much 

higher than those seen for HIV-1 (Kong et al., 2012) strongly suggest structural 

differences in the assumed conformations (Barroso et al., 2011). This is further 

supported by the fact that R5-tropic HIV-2 variants also show resistance to                    

!-chemokines such as RANTES and MIP-1! (Blaak et al., 2008) and fusion inhibitors 

such as the peptide T-20 (enfuvirtide) (Witvrouw et al., 2004). 

 
 
1.2.2 Uncoating and Reverse Transcription 

 
 
Once the viral core has been released into the cytoplasm, the process of uncoating 

begins. This involves the dissociation of the capsid proteins from the core and the 

release of the viral RNA, inside the host cell (Arhel, 2010).  Reverse transcription, is 

catalysed by the viral enzyme reverse transcriptase (RT) which is a heterodimer 

composed of two subunits with sizes 68 (p68) and 55 (p55) kDa. The enzyme functions 

both as a RNA- and DNA- dependent DNA polymerase as well as an RNAse H (Fan et 

al., 1995). Much like in HIV-1 infection however, the process of reverse transcription in 

HIV-2 infection is characterised by a low replication fidelity as the HIV-2 RT lacks a   
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3-5' exonuclease proofreading activity (Kati et al., 1992). As a result, the enzyme shows 

an high rate of nucleotide misincorporation, which ranges in vitro between 0.5x10-5 to 

2.9x10-5 mutations/bp/cycle (Svarovskaia et al., 2003). The first step in the process of 

reverse transcription is the conversion of the RNA into DNA which gives rise to a 

RNA/DNA hybrid. The RNA strand is then hydrolysed by the RNAse H domain of the 

enzyme and replaced by a second newly synthesized DNA strand. The resulting double-

strand DNA is assembled into a pre-integration complex and transported to the nucleus 

for integration in the host cell DNA (Harrich and Hooker, 2002).  

 

1.2.3 Integration, Activation and Protein Expression  
 

 
The integration of the viral DNA into the host genome is mediated by the viral enzyme 

integrase. As for HIV-1, the integration of the HIV-2 provirus occurs mainly within the 

transcriptional units of the host's genome and only rarely in heterochromatic sites 

(MacNeil et al., 2006). Initially, the transcription of the integrated viral DNA (proviral 

DNA) by the cellular RNA polymerase II gives rise to basal levels of Tat protein. This 

protein then binds to the LTR regions of the provirus (TAR elements) and enhances 

HIV-2 transcription. As with HIV-1, the early phases of HIV-2 transcription give rise to 

multiply-spliced mRNAs and expression of regulatory proteins such as Tat, Nef and 

Rev. It is only later that non-spliced/singly-spliced mRNAs such as those encoding the 

viral RNA and proteins such as Env, Gag and Pol are produced and transported in the 

cytoplasm for translation (Sierra et al., 2005). The viral protein Rev, a small, 

phosphorylated protein that is highly conserved among the family of retroviruses, 

assists this migration to the cytoplasm. Rev localizes to the nucleolus of the infected 

cells where it binds unspliced/incompletely spliced viral mRNAs that possess the Rev-
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response element (RRE) for cytoplasmic transport. Additionally, the protein contributes 

to the expression of structural genes such as gag, env and pol (Cochrane et al., 1990) 

and is also thought to mediate functions relating to the polyadenylation of viral 

mRNAs, RNA stability, translation and encapsidation in HIV-1 infection. However, to 

what extend these additional functionalities are also shared by HIV-2 Rev is still 

unknown (Groom et al., 2009). 

 

1.2.4 Assembly, Budding & Release 
 
 

The translation of the env, gag and pol mRNAs in the cytoplasm gives rise to the viral 

proteins protease (PR), reverse transcriptase (RT), RNase H and integrase (IN) (Weiss, 

2000).  Once this process has been completed, the Env proteins, full-length RNA 

molecules and viral enzymes migrate to the cellular membrane to form budding virions.  

 

1.2.4.1 Env 

The release of the new progeny out of the infected cells is assisted by the Env proteins, 

which apart from giving rise to the gp125 and gp35 glycoproteins of the viral spikes, 

also act to redirect tetherin (BST-2), an "- interferon-inducible host cell restriction 

protein that prevents the release of newly formed virions, away from the cell membrane 

where it is normally found (Hauser et al., 2010). These proteins originate from envelope 

precursors that are produced and glycosylated in the endoplasmic reticulum and 

transported to the cell surface through a secretory pathway. As they transit through the 

Golgi apparatus and endosomal compartments, they are cleaved by furin-like proteases 

to give rise to their mature forms which then modulate the membrane trafficking of 

tetherin (Le Tortorec and Neil, 2009).  
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1.2.4.2 Gag 

Gag is a viral protein that has also a key role in the assembly and budding of the 

nascent virions out of the infected cells.. It is available in abundance early in infection 

and is critical for the viral fitness and therefore highly conserved in terms of structure 

and function among different HIV strains (Borghans et al., 2007). Even though it is not 

currently known how many copies of Gag are packed within each immature HIV-2 

particle, studies on HIV-1 estimate the number to be close to 5000 copies/virion (Briggs 

et al., 2004). Gag is processed enzymatically at the end of the budding process by the 

viral protease to give rise to the structural components matrix (p17), capsid (p26), 

nucleocapsid (p7) and p6 (figure 1.4) of the virus. This step is necessary for the 

maturation and infectivity of the HIV-2 progeny (Sierra et al., 2005).  

 

 

Figure 1.4 Cryo-electron 
micrographs and schematic 
representations of the structural 
organisation of immature (a) 
mature (b) and in vitro 
assembled Gag HIV-1 particles 
(c). Blue: viral envelope 
proteins red: MA domain of 
Gag protein, black: CA domain 
of Gag protein, green: NC 
domain of Gag protein and 
yellow: lipid bilayer. Scale bar 
100nm Reprinted by permission 
from Macmillan Publishers Ltd: 
Nature Structural and Molecular 

                 Biology (Briggs et al., 2004), 
                 copyright 2004. 
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1.2.4.3 Matrix (MA) 

The viral matrix protein (MA) is a 132-amino acid protein that has both a shuttling and 

a structural role within HIV infected cells. It exists in two forms: a cellular form (cMA) 

and a mature virion form (vMA). The former possesses three transport signals: one for 

nuclear localization, one for nuclear export and one for membrane localization which 

are thought to determine the localization of the Gag precursor intracellularly, as well as 

its targeting to the membrane for assembly and packaging. The vMA form on the other 

hand stabilizes the viral particles into an icosahedral form and contributes, upon 

infection, to the early post-entry events of reverse transcription, nuclear import, 

chromosome binding and integration (Bukrinskaya, 2007). 

 

1.2.4.4 Capsid (CA) 

The other main protein of the viral core is the capsid (CA). This consists of two 

independently folded domains separated by a flexible linker: an exposed N-terminal 

domain that forms the core surface of the mature virion and a C-terminal domain that is 

necessary for the multimerization and assembly of HIV particles. This C-terminal 

region also contains the major homology region (MHR), a domain that is highly 

conserved among retroviruses that is thought to play major roles in the Gag lattice 

formation, particle assembly and maturation (Ganser-Pornillos et al., 2008; Onyango et 

al., 2010).   
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1.2.4.5 Nucleocapsid (p8) and p6 

The NC protein (p8) is a 44 amino-acid protein involved in the recognition and 

packaging of the viral RNA, the initiation of Gag multimerization as well as in the 

maintenance of the viral core (Gottlinger, 2001).  It has a 67% sequence identity with 

its HIV-1 counterpart and folds into a similar structure that contains two zinc-finger 

motifs both of which are necessary for RNA binding (Matsui et al., 2009). On the other 

hand, the protein p6, initiates a late step in the budding process. This protein enables the 

dissociation of the newly formed virions from the host membrane by disrupting the 

tether that links them (Gottlinger, 2001).  

 

 
1.2.5 Accessory Proteins 

   

Three additional proteins exist in abundance inside the HIV-2 viral particles: Vpx, Vpu 

and Nef.  

 

1.2.5.1 Vpx 

Vpx is an accessory protein that is only found in members of the HIV-2/SIVsm family. 

It is incorporated in the HIV-2 virions by association with the Gag-p6 protein and its 

role is to facilitate the early post-entry events of the HIV-2 life cycle such as the reverse 

transcription, nuclear transport and localization of the pre-integration complexes (Fujita 

et al., 2008);(Fletcher et al., 1996).  Even though the exact mechanisms through which 

Vpx exerts its various functions are not entirely clear, studies in dentritic cells (DCs) 

and macrophages suggest that the protein enhances the levels of reverse transcription, 

and thus infection of these two subsets, by targeting SAMHD1, a viral DNA 
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phosphohydrolase and host restriction factor, for proteosomal destruction (Laguette and 

Benkirane, 2012; Sharifi et al., 2012).  

 

 
1.2.5.2 Vpr 

The nuclear import of viral DNA in terminally differentiated macrophages, is also 

assisted also by the protein Vpr. However, this protein exerts additionally another 

function as well: it alters the cell cycle and proliferation status of the infected cells by 

inhibiting the progression from the G2 to the M phase of the cell cycle (Fletcher et al., 

1996). This cell cycle arrest, which ensues once Vpr has associated with the CRL4 

ubiquitin ligase complex through the adapter protein DCAF1, mimics a DNA damage 

response and stalls the cell at a phase that is advantageous for viral gene expression 

(Sharifi et al., 2012). 

 

 
1.2.5.3 Nef 

Whereas Vpx and Vpr counteract intracellular restriction factors to allow a productive 

infection, HIV-2 Nef enables the virus to persist once infection has been established. 

Nef increases the rate of CD4/CD8 internalization and CD4/CD8/MHC class I 

trafficking towards lysosomal compartments in infected cells, which down-modulates 

the levels of CD4, HLA-A and HLA-B on their surface. This decreased MHC class I 

expression allows the virus to evade a CTL-mediated immune response (DeGottardi et 

al., 2008; Laguette et al., 2010). In addition, HIV-2 Nef down-regulates the TCR and 

CD3 expression on the surface of T-cells which renders T- cells less responsive to a 

TCR-induced activation and thus more resistant to immune activation (Feldmann et al., 

2009) and activation-induced cell death (Laguette et al., 2010). 
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1.2.5.4 Vif 

Vif on the other hand, is an accessory protein that localizes to the nucleus and 

cytoplasm of infected cells. In HIV-1 infection, Vif acts to enhance the viral infectivity 

by counteracting the host protein APOBEC3G, a cytidine deaminase that destabilizes 

the nascent minus strand viral DNA during reverse transcription through a cytidine to 

uracil base editing (Ribeiro et al., 2005). However, the role of Vif in HIV-2 infection is 

less clear. Cell lines appear to be permissive to the virus when Vif is absent which 

suggests that APOBEC3G does not have the same effect on HIV-2 replication as it does 

for HIV-1 (Ribeiro et al., 2005; Wiegand et al., 2004). Nevertheless, it does suppress 

the virion incorporation of another member of the same restriction family, that of 

APOBEC3F, by causing it to sequester away from the budding virions (Wiegand et al., 

2004). 

 

1.3  Transmission and disease course 
 
 
HIV-2 uses the same routes of transmission as HIV-1.  It is transmitted through blood 

and blood products, sexual contact and vertically from mother to child during 

pregnancy and/or delivery. Earlier studies of HIV-2 had identified heterosexual contact 

and transfusion as the main routes of HIV-2 transmission (Poulsen et al., 1992). 

However, the introduction and implementation of blood screening for HIV-2 has led to 

a considerable decrease in the number of transfusion-related cases over the past decade 

(Carvalho et al., 2011).  

 Chronic HIV-2 infection increases the mortality rate of HIV-2 patients by two-

fold compared to that of healthy, uninfected individuals (Poulsen et al., 1997; van der 

Loeff et al., 2010) but patients experience a slower rate of CD4 decline and lower 
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chronic levels of viraemia than HIV-1 patients (Drylewicz et al., 2008; Popper et al., 

1999). In addition, its asymptomatic carriers disseminate the virus less readily than 

HIV-1 carriers, even in high-risk groups such as prostitutes (Kanki et al., 1994) and 

discordant couples (Kashyap et al., 2010). The incidence of HIV-2 acquisition per 

sexual act is five- to nine-fold lower than the one observed for HIV-1 (Marlink et al., 

1994) which is most likely due to a lower level of viral shedding in the semen (Gottlieb 

et al., 2006) and female genital tract (Hawes et al., 2008). HIV-2 seropositivity is not 

associated with a higher risk for abortion or child death and children born to 

seropositive mothers do not appear to have a higher mortality rate than those born to 

seronegative mothers (Poulsen et al., 1992). In the absence of ART or HAART, the 

mother-to-child transmission rate of HIV-2 ranges between 0.6-4%. Mothers are more 

likely to pass on the virus to the neonates upon delivery or breastfeeding if they are 

immunocompromised and not adhering to therapy (Burgard et al., 2010; O'Donovan et 

al., 2000).  

 However, despite the low transmission efficiency of HIV-2 and more favourable 

prognosis for the majority of patients (Popper et al., 1999), infection with the virus 

ultimately leads to CD4 T-cell loss and AIDS. The same pathology is also observed in 

animals (baboons) that have been inoculated with either HIV-2UC2 or HIV-2UC3. The 

acquisition of HIV-2 is followed by seroconversion and viral persistence that 

culminates in a disease that resembles HIV-1 AIDS in which the virus spreads in 

lymphoid tissues causing CD4 counts to drop profoundly (Barnett et al., 1994). Hence, 

even though HIV-2 viruses rank below HIV-1 group M viruses in terms of fitness 

(Arien et al., 2005) and some clades (e.g. B-E) show a lower replication potential of 

compared to others (e.g. clade A), HIV-2 is not merely an 'attenuated' retrovirus (Gao et 

al., 1994).  
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The poorest outcome is seen in patients with viral loads # 10.000 copies/ ml (Berry et 

al., 2002). At such high loads, the transmission of the virus, such as in mother-to-child 

transmission, is no longer different to that of HIV-1 (O'Donovan et al., 2000). HIV-2 

AIDS patients do not differ from HIV-1 AIDS patients in terms of clinical presentation 

either. The hallmark of HIV-2 AIDS is wasting whereas pulmonary tuberculosis (PTB) 

is the most frequent opportunistic infection. Other opportunistic infections include 

oesophageal candidiasis, cerebral toxoplasmosis, recurrent bacterial pneumonia, 

cryptosporidiosis, CMV disease and cryptococcosis (Matheron et al., 2003). CXCR4 

HIV-2 isolates also infect human astrocytes and cause neurological disease with a 

mechanism similar to than employed by HIV-1 (Alvarez et al., 2008). However, HIV-2 

AIDS patients are 12.4 times less likely to have Kaposi's sarcoma and vaginal 

candidiasis than HIV-1 infected patients (Ariyoshi et al., 1998; De Cock et al., 1993; 

Hawes et al., 2008; Martinez-Steele et al., 2007) 

 HIV-2 variants isolated from HIV-2 long-term non-progressors infect PBMCs in 

vitro with an entry efficiency that equals that of replication competent HIV-1 variants 

(Duvall et al., 2007). Moreover, CXCR4-tropic HIV-2 variants from progressors 

replicate in rates much higher than those recorded for some HIV-1 strains (0.77log10 

pg/ml RT vs 0.32-0.58 log10 pg/ml respectively)(Blaak et al., 2006). In humans, the rate 

of progression appears to be faster in younger individuals (<50 years old) than old 

(Jaffar et al., 1997) and PBMC and plasma viral loads have been shown to contribute 

independently and be predictive of the rate of CD4+ T-cell decline (Gottlieb et al., 

2002). Patients with CD4 T-cell counts <200 cells/µl have the same mortality rate and 

rate of CD4 decline as HIV-1 patients (Gottlieb et al., 2002; Martinez-Steele et al., 

2007) as well as higher levels of proviral DNA (mean proviral load 663.3 copies/105 

CD4 cells) compared to long-term non-progressors (Ariyoshi et al., 1996). In addition, 
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chronic and AIDS-stage patients have elevated LPS levels in their plasma, which is 

indicative of microbial translocation and a decreased responsiveness to innate stimuli 

such as TLR signalling (Nowroozalizadeh et al., 2010).  

 The expression of anti-viral cytokines such as IFN-", IL-12 and MIP-1! is also 

compromised in progressive HIV-2 disease (Nowroozalizadeh et al., 2010). As CD4 

counts drop, the sizes of naive and memory T repertoires become imbalanced and 

immune activation sets in.  T-cells in HIV-2 infection upregulate a series of activation 

markers such as HLA-DR, CD38, CD69 and Fas and the frequency of cycling CD4+ T-

cells (Ki67+) increases (Jaffar et al., 2005; Leligdowicz et al., 2010a; Sousa et al., 

2002). Systemic markers of immune activation such as !2m-microglobulin, neopterin 

and suPAR also increase in the plasma of affected individuals (Jaffar et al., 2005).  

 

 
1.4  Long-term non-progression in HIV-2 infection 
 

Despite similar levels of proviral DNA in HIV-1 and HIV-2 infection however, chronic 

plasma viral load is approximately 30-fold lower in HIV-2 than HIV-1 infected 

patients. The majority of HIV-2 patients thus goes on to develop a long-term quiescent 

infection (Popper et al., 2000) with CD4 percentages #14%, low stable viral loads and 

no symptoms (eg. generalized lymphadenopathy, abdominal organomegaly or 

opportunistic infections) for at least 5 years after seroconversion (Ariyoshi et al., 1996; 

Berry et al., 2002; Marlink et al., 1994; Marlink et al., 1988; van der Loeff et al., 2010).  

A good predictor of outcome in HIV-1 infection is the viral load reached after the 

resolution of peak viremia (set point). Lower set points associate with a better prognosis 

and a longer incubation period (Mellors et al., 1996) and it has been shown that HIV-2 

seroconverters reach a 28-fold lower set point than the one recorded for HIV-1 infection 
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(2500 versus 70.000 RNA copies/ml) (Andersson et al., 2000). The predicted mortality 

rate for those >60 years-old is similar to that of uninfected individuals and patients that 

live disease-free for 18-36 years are not uncommon (Utsumi et al., 2007; van der Loeff 

et al., 2010). Several explanations have been put forward to account for this 

phenomenon. It has been suggested that HIV-2 proviruses might be transcriptionally 

less active than HIV-1 proviruses, that some HIV-2 strains might be naturally less 

virulent or rendered less virulent through a mutational accumulation or that the adaptive 

immune response is better at clearing HIV-2 plasma viruses and controlling replication 

than in HIV-1 infection (Gottlieb et al., 2002; Onyango et al., 2010; Popper et al., 2000) 

 

1.4.1 HIV-2 Replication Kinetics 
 

The virulence of HIV strains depends on several genotypic elements. For HIV-2, some 

of these elements are regulatory and structural polymorphisms that lie within the LTR, 

env and gag regions of the virus (Grassly et al., 1998).  

 HIV-2 differs from HIV-1 in the number, as well as the identity of its regulatory 

elements (Popper et al., 2000). Its LTR regions are larger (Guyader et al., 1987) and 

contain only one kB site of transcriptional initiation as opposed to HIV-1 that has two. 

It also contains one more upstream site in its promoter, termed CD3R that is not found 

in HIV-1. The role of this element is to mediate the transcriptional response to TCR- 

activation but its action is much weaker than that of a kB site (Markovitz et al., 1990). 

Since the HIV-2 LTRs respond differently than HIV-1 to cellular stimuli such as, for 

instance, tumour necrosis factor alpha activation (Popper et al., 2000) it has been 

proposed that the low viral loads seen in HIV-2 infection might stem from differences 

in the transcriptional control of the two viruses especially as both HIV-1 and HIV-2 
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share a similar entry (Blaak et al., 2006) and proviral integration efficiency at 

transcriptionally active sites (MacNeil et al., 2006). This is further supported by HIV-2 

replication studies that demonstrate the existence of lower levels of intermediate nucleic 

acids, such as mRNA, and reverse transcriptase accumulation per round of infectivity 

inside HIV-2 infected cells as opposed to cells infected with HIV-1 (MacNeil et al., 

2007). Post-transcriptional events such as the rate of translation and genomic RNA 

packaging are also slower in HIV-2 infection (Soto-Rifo et al., 2011). 

 Another hypothesis that has been put forth as a likely explanation for the poor 

replication and low transmissibility of HIV-2 is the inability of the virus to fix 

mutations that that could increase its virulence (Barroso et al., 2011).  Even though 

HIV-2 has a higher evolution rate than HIV-1 in advanced stages of disease (Skar et al., 

2010), reaching up to 0.014 substitutions/site/year for envelope regions such as the C2 

and C3, the quasi-species complexity in most patients is very low (Borrego et al., 2008) 

which suggests that occurring mutations are either synonymous or mutations that 

decrease viral fitness (Skar et al., 2010) 

 

1.4.2 Host Restriction Factors 
 

A number of host restriction factors have been identified in HIV-2 infection. These 

include TRIM factors as well as the restriction factors Lv2 and tetherin (Chakrabarti 

and Simon, 2010). TRIM5" is a host protein that belongs to the tripartite-motif family 

of proteins. It consists of a RING, a B-box, a coiled-coil, and a PRYSPRY (B30.2) 

domain that assemble into a trimer that mediates the restriction of the incoming viral 

capsids through its C-terminal SPRY motif (Reymond et al., 2001).  This latter domain 

is also responsible for the species-specific retroviral function of TRIM5" and small 
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differences in its amino-acid sequence can affect the binding of the protein on the 

various retroviral capsids (Lukic and Campbell, 2012). HIV-2 isolates however do not 

show the same sensitivity to all restriction factors. For instance, HIV-2 isolates such as 

GH123 and UC12 are sensitive to the cynomolgus monkey (CM) TRIM5" and human 

TRIM5" whereas others are completely resistant (Chakrabarti and Simon, 2010).  

 One factor that determines TRIM5" resistance is the presence or absence of 

proline at the p26 capsid position 119, with its presence denoting TRIM5" sensitivity 

and its absence resistance.  This residue retains its role as a determinant of TRIM5" 

sensitivity in other related viruses as well, such as for example SIVmac239 

(Chakrabarti and Simon, 2010; Onyango et al., 2010) possibly by altering the level of 

capsid stability (Onyango et al., 2010). 

Another host restriction factor that has been shown to limit HIV-2 replication of 

primary isolates in vitro such as CBL-23 is Lv2. Even though its exact mechanism of 

action has not been fully elucidated, Lv2 appears to interfere with the steps following 

viral reverse transcription. Restriction is dependent upon the route used for cytosolic 

entry and requires the entry of HIV-2 in endosomal compartments (Harrison and 

McKnight, 2011; Schmitz et al., 2004). However, as for TRIM5", single amino-acid 

substitutions can also abolish an Lv2-mediated restriction. Such amino-acid 

substitutions have been mapped at envelope position 74 (G74E) and Gag position 207 

(V207I) (Harrison and McKnight, 2011; Reuter et al., 2005). 

 Finally, tetherin (BST-2) is a type II transmembrane protein that immobilizes 

virions by infiltrating their lipid bilayers with its glycophosphatidylinositol (GPI) 

anchor and tethering them to the cell membrane of the host. However, as the protein 

HIV-2 Env usually counteracts tetherin, its role in HIV-2 infection is limited (Evans et 

al., 2010; Liberatore and Bieniasz, 2011). 
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1.4.3 HLA alleles and susceptibility genes 
 
 
HLA class I alleles, and in particular the more diverse alleles of the B locus, have been 

long shown to influence the outcome of HIV disease (Kiepiela et al., 2004). The MHC 

class I molecules are proteins expressed on the surface of all nucleated cells and 

especially on cells of haematopoietic lineage with an antigen-presenting role (APCs) 

such as macrophages, dendritic cells, B-cells and CD4 T-cells (Murphy et al., 2008). 

 MHC class I molecules are composed of a heavy chain (HC) that is encoded by 

MHC genes and a copy of the protein !2-microglobulin. These fold together to generate 

a four domain structure, the role of which is to mediate the immune recognition of 

foreign as well as self- epitopes 8-10 amino-acids long by CD8+ T-cells (Murphy et al., 

2008).   

 For antigen presentation to occur, HIV proteins must first be degraded to give 

rise to individual peptides. Two multi-domain complexes are responsible for the 

degradation of polyubiquitinylated proteins intracellularly: the proteasome and the 

immunoproteasome. The first consists of a polyprotein core (20S) and two attached 

protein complexes (19S) that specialize in the binding and unfolding of ubiquinated 

substrates (Kloetzel and Ossendorp, 2004). The second arises when IFN-$ activation 

triggers the replacement of three of the 20S subunits by the proteins LMP2, LMP7 and 

MECL-1 and induction of the proteasome activator complex (PAC, PA28), all of which 

act to increase the efficiency of antigen-processing and presentation (Kloetzel and 

Ossendorp, 2004). Poly-ubiquitinylated proteins such as those damaged by IFN-$ 

induced reactive oxygen species (Seifert et al., 2010) and defective ribosomal products 

(DRiPs), such as unfolded or misfolded proteins or proper length and sequence, 

proteins with sequence and prost-translational modification errors, prematurely 
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terminated proteins, proteins containing frame-shift errors and out-of-frame proteins, 

are all substrates for proteasome/immunoproteasome processing (Dolan et al., 2011). 

The resulting products associate with the peptide transporter TAP and translocate into 

the endoplasmic reticulum (ER) where they are further trimmed at their N-termini by 

proteases such as the ER-associated amino peptidases ERAAP1 and 2 to generate the 

epitopes that will finally be loaded onto the MHC class I molecules (Rock et al., 2010).  

 In the ER, the MHC class I chains fold partially and associate non-covalently 

with molecules of !2m. Most MHC class I chains in the ER are unstable in the absence 

of peptide and are thus stabilised by forming complexes with chaperone proteins such 

as calreticulin, ERp57, protein disulphide isomerase (PDI) and tapasin. These peptide- 

loading complexes (PLCs) not only stabilize the early conformations assumed by folded 

MHC I molecules but also ensure that the molecules are ultimately loaded with peptides 

of high affinity (Neefjes et al., 2011). Once peptide loading has occurred the MHC class 

I molecules are ready to leave the ER for presentation onto the cell surface. Inside the 

groove, the peptide is stabilized through a series of hydrogen bonds and ionic 

interactions that occur between the MHC class I cleft and its main anchor amino-acids 

and N- and C-termini (Murphy et al., 2008).  

 MHC class I members of the same or different HLA allotype can be 

differentiated with respect to their ability to control viral replication based on their 

individual peptide-binding groove amino-acid landscapes. For instance, the B*35 

alleles B*3501 and B*3503 which differ by one amino acid at position 116 show 

different susceptibilities to disease progression and associate with different signatures 

of molecular evolution of at least one RT epitope in HIV-1 infection (Moore et al., 

2002). Similar findings have been reported for the allelic pairs HLA-B*5702/B*5703 

(Kloverpris et al., 2012) and HLA-B*4402/B*4403 (Macdonald et al., 2003). Likewise, 



Introduction 

   22 

a three amino-acid difference between B*1510 and B*1503 translates into a differential 

association with viral control in individuals infected with HIV-2 (Yindom et al., 2010).  

 The strongest associations with effective viral control in HIV-1 infection have 

been noted for alleles, such as HLA-B*5701, B*5801 and B*63 (Gillespie et al., 2002) 

that have an inherent ability to accommodate peptides with a greater variety of residues, 

such as hydrophobic, negatively or positively charged and/or proline (Kiepiela et al., 

2004). Other alleles, such as HLA-B*2705 owe their protective profile to their ability to 

preferentially present epitopes to CD8+ T-cells from structural viral proteins (eg. gag 

capsid proteins), the mutation of which bears a high fitness cost for the virus (Borghans 

et al., 2007). Protective alleles restrict immunodominant antigens and contribute more 

than non-protective alleles to the total CD8+ T-cell response in the early phases of 

HIV-1 infection (Altfeld et al., 2006). Finally, HLA allele heterozygosity is also 

thought to restrict viral replication by allowing for a greater variety of viral epitopes to 

be presented (Carrington et al., 1999).  

 Studies of HLA class I association with viral control in HIV-2 infection in 

patients of West African origin (Guinea-Bissauan) reveal similar allelic hierarchies. 

Despite being relatively infrequent in such populations, HLA-B*5701 and B*14 tend to 

correlate with higher CD4 counts and lower mean log viral loads. The reverse however 

is true for alleles such as B*1503 and B*0801 (Yindom et al., 2010).  

 Despite restricting qualitatively superior CD8+ T-cell responses (Almeida et al., 

2007) however, protective alleles are not sufficient by themselves to provide a long-

term restriction of viral replication (Migueles et al., 2000). SNPs located upstream or 

downstream of their genes are also important for disease susceptibility. One SNP 

(rs2395029) that has been shown to associate with a lower viral set point viral and long- 
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term non-progression in HIV-1 infection lies within the HERV-derived gene HCP5. 

This gene, whose function is still largely unknown, is in high linkage disequilibrium 

with the protective HLA-B*5701 allele and thought to contribute to its ability to limit 

viral replication (Fellay et al., 2007; Guergnon et al., 2012). The minor variant of this 

allele (G) is an independent predictor of disease progression (van Manen et al., 2009). 

 Another factor associated with a low infectivity and resistance to HIV-1 

infection is the presence of a 32bp deletion within the CCR5 gene (%32). This mutation 

shifts the CCR5 ORF to introduce a premature stop codon that results in a truncated 

version of the CCR5 that the virus cannot bind. However, the absence of this deletion in 

African patients makes it less likely that it contributes to the viral control seen in HIV-2 

infection (Rowland-Jones et al., 1998b). 

 On the other hand, SNPs, such as the intronic C>T CD4 SNP rs2255301 and the 

CD209 SNP rs8105483, are enriched in HIV-2 infected patients compared to uninfected 

controls. The first lies between the exons encoding the amino-terminal domain (D1) of 

the CD4 receptor and is thought to impact on the HIV-2 susceptibility to CD4 

dependent viruses. The second, is located within the gene encoding for the C-type lectin 

DC-SIGN that is expressed on macrophages and dendritic cells and believed to play a 

role in the transport of HIV from the periphery to the lymph nodes. Patients with lower 

CD4 counts have a higher frequency of the G-A rs8105483 haplotype than patients who 

maintain higher CD4 counts (G-G) (Hennig et al., 2011).  

  



Introduction 

   24 

1.5 The Immune Response to HIV-2 
 
 
HIV-2 infection triggers both an innate and an adaptive immune response within its 

infected hosts. As with HIV-1 infection, they main targets of the virus are cells bearing 

the CD4-receptor such as dendritic cells (DCs), macrophages and CD4+ T-cells. 

  

1.5.1 Dendritic cells 

Dendritic cells belong to the innate arm of immunity and play a key role in the initiation 

of immune responses. Both plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) 

present antigens to CD4+ T-cells and contribute to the immune response by producing 

antiviral factors such as IFN-" (pDCs) and IL-12 (mDCs) (Nowroozalizadeh et al., 

2009).   In the context of HIV-1 infection, DCs have been shown to contribute to the 

dissemination of the virus either by becoming infected or by transporting the virus in 

sites of CD4 T-cell activation (Duvall et al., 2007). They have also been shown to 

associate with the development of immune activation and induction of cellular 

apoptosis (Cavaleiro et al., 2009b).  

DCs become activated when their intracellular pattern recognition receptors (PRRs) 

recognize a number of signature pathogen associated molecular patterns (PAMPs) on 

invading pathogens. For instance, Toll-like receptors (TLRs) such as TLR7/8 and TLR9 

recognize single stranded RNA and unmethylated DNA respectively (Cavaleiro et al., 

2009b; Nowroozalizadeh et al., 2009). HIV-1 env and capsid proteins have also the 

ability to activate DCs either through a bystander effect (Env) or through a cyclophilin-

A (CYPA)- IRF3 (transcription factor interferon-regulatory factor 3) capsid-dependent 

mechanism (Bordon, 2010; Cavaleiro et al., 2009b). 
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The role of DCs in HIV-2 infection is less clear.  Contrary to monocyte-derived 

macrophages (MDMs), which can be productively infected by HIV-2, immature and 

activated DCs in HIV-2 infection resist infection by primary and lab adapted strains and 

do not pass the virus onto CD4 T-cells (Duvall et al., 2007). When it occurs, infection is 

CD4-dependent and characterised by a much lower level of viral replication than the 

one seen in HIV-1 infection (Duvall et al., 2007). pDC depletion (Cavaleiro et al., 

2009b) in HIV-2 infection can be observed in both aviraemic/ asymptomatic patients 

and progressors and thus is more likely virus-independent (Cavaleiro et al., 2009b).  In 

terms of phenotype, pDCs display an activated profile (CD86+ PD-1L+) which 

suggests that they are either incompletely differentiated or tolerogenic (Cavaleiro et al., 

2009a).  The upregulation of CD40 after CpG-A stimulation is impaired (Cavaleiro et 

al., 2009b) and TLR9 responsiveness also wanes in advanced stages of HIV-2 disease 

(CD4 counts  <200 cells/µl), (Cavaleiro et al., 2009b; Nowroozalizadeh et al., 2009). 

Myeloid DCs, on the other hand, appear to be better preserved, especially with regard to 

their resistance to Env (gp125)-mediated effects. There is no change in their 

morphology, expression of co-stimulatory markers, cytokine production or 

allostimulatory ability in the presence of HIV-2 envelope and it has been proposed that 

this might be one of the factors leading to the better outcomes observed in HIV-2 

disease (Cavaleiro et al., 2009a).  

 

1.5.2 Neutralising Antibodies 

Chronic HIV-2 patients harbour primary HIV-2 variants that are sensitive to polyclonal 

and monoclonal neutralisation (de Silva et al., 2012; Kong et al., 2012; Ozkaya Sahin et 

al., 2012). Neutralisation is seen with longitudinal and contemporaneous plasma 

samples from HIV-2 infected patients as well as with plasma from HIV-1 infected 
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patients (intertype neutralisation) (Ozkaya Sahin et al., 2012). Such profiles of HIV-2 

neutralisation have been shown to remain stable for up to 10 years (Ozkaya Sahin et al., 

2012) and to reach reciprocal titers for some isolates as high as 106 (Ozkaya Sahin et 

al., 2012). Therefore, HIV-2 displays a high immunogenicity in natural infection (Kong 

et al., 2012). Even though the exact nature of these neutralising antibodies is not known 

at present, they are thought to share similar specificities to those of IgG antibodies that 

target regions such as the V3, V4 and CD4bs of HIV-1 (Kong et al., 2012).   

  Contrary to HIV-1 however, in HIV-2 infection there is no evidence of escape 

from neutralising antibodies (de Silva et al., 2012). Resistance seems to be an inherent 

characteristic of some envelopes, such as the envelope expressed by the clade A virus 

HIV-2ROD but patients are able to raise potent neutralising antibodies even in the 

presence of such resistant variants (de Silva et al., 2012), most likely due to their longer 

viral incubation period, different conformations assumed by the HIV-2 envelope (eg 

more open and accessible V3 loop, differences in glycan shield density) (Ozkaya Sahin 

et al., 2012) and/or due to a higher degree of exposure of broadly cross-reactive 

epitopes on the surface of HIV-2 Env trimers. (Kong et al., 2012). Variants expressing 

resistant envelopes appear to circulate more frequently in patients with higher plasma 

viraemias and in patients with progressive HIV-2 disease (de Silva et al., 2012). 

Nevertheless, there is no association between the potency and breadth of neutralisation 

with viral load and progression in HIV-2 infection which has led to the conclusion that 

additional arms of immunity must be responsible for the dichotomy of disease 

outcomes seen in HIV-2 patients (Kong et al., 2012). 
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1.5.3 Natural Killer (NK) Cells  

Even though NK cell percentages are lower in HIV-2 patients compared to healthy 

controls, at CD4 counts >500 cells/µl NK cytotoxicity is well preserved and cytokine 

producing NK CD56bright cells produce more IFN-$, MIP-1! and RANTES than in HIV-

1 infection. Hence, it has been postulated that NK cells might play an important role in 

early HIV-2 infection (Nuvor et al., 2006). The Killer Immunoglobulin-like receptors 

(KIRs) have also been implicated in the effectiveness of the HIV-2 specific immune 

response. Their role is to regulate the NK cell target recognition positively or negatively 

depending on their individual nature. Inhibitory KIRs such as KIR2DL and KIR3DL 

prevent NK function whereas activatory KIRs, such as KIR2DS and KIR3DS, provide 

activating signals to the NK cells. Both functions are necessary for host protection 

(Bashirova et al., 2011) and the recognition of HLA-B targets by KIRs is serologically 

defined. For instance, NK cells expressing the KIR3DS1 molecule specifically 

recognize Bw4 molecules with an isoleucine at position 80 (Bw4-80I) (Bashirova et al., 

2011). Such activating KIRs may confer a protective advantage to populations 

harbouring higher frequencies of these alleles in HIV-2 infection (Yindom et al., 2010).  

 

1.5.4 CD4 T-cells  

During HIV-2 infection, the absolute numbers of naive CD4 and CD8 T-cells 

(CD45RA+CD62L+) in the peripheral blood of infected patients decrease (Sousa et al., 

2002) and memory CD4 T-cells acquire an 'early differentiated' phenotype that is 

characterized by low levels of CD27 expression, CD45RO expression, lack of CD57 

expression (Duvall et al., 2008) and an ability to produce IFN-$ and IL-2 (Alatrakchi et 

al., 2006). Terminally differentiated memory CD4 T-cells (CD57+CD45RO-) also 

develop in HIV-2 infected patients and these cells are characterised by higher levels of 
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CD4 polyfunctionality (Duvall et al., 2008) than their HIV-1 counterparts. This profile 

of higher IFN-$, TNF-", MIP-1! and IL-2 production and greater proliferative potential 

is especially true for Gag-specific CD4+ T-cells and CD4+ T-cells in asymptomatic 

patients with undetectable viral loads (Alatrakchi et al., 2006; Duvall et al., 2006; 

Duvall et al., 2008). However, as CD4+ CD45RA- T-cells are also enriched in CCR5+ 

expression, they are more likely to serve as HIV-2 infection targets (Soares et al., 

2006). This coupled with the fact that their maintenance does not seem to translate into 

more polyfunctional CD8+ T-cell response or a better CD8 T-cell proliferative ability 

has led to the assumption that their preserved functionality might not fully account for 

the better outcomes observed in HIV-2 infection (Duvall et al., 2006). 

  

1.5.5 CD8 T-cells 

CD8+ cytotoxic T- lymphocytes (CTLs) are an equally important T-cell subset of 

antiviral immunity. Their appearance in primary HIV and SIV infection coincides with 

the decline of viral load at a time when HIV-specific antibodies are still undetectable 

(Borrow et al., 1994; Koup et al., 1994). In vitro, CTLs from humans and baboons 

inhibit the replication of HIV-1 and HIV-2 in autologous CD4+ T-lymphocytes 

(Blackbourn et al., 1997; Walker et al., 1986). In vivo these cells localise around the 

splenic white pulp where most infected CD4+ T-cells reside, and mediate their 

elimination (Cheynier et al., 1994). In addition, in vivo depletion of CD8+ T-cells in 

SIV-infected macaques leads to a rapid and dramatic increase in plasma viraemia, 

which further supports the importance of CTLs in setting viral replication under control 

(Jin et al., 1999; Schmitz et al., 1999). Viral epitopes targeted by CD8+ T-cells mutate 

rapidly, which indicates that CTLs exert considerable pressure on the virus in both 

HIV-1 and SIV infections (Goulder et al., 1997; Price et al., 2004).  
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CD8+ T-cells use T-cell receptors (TCR) to recognize target cells. The classic human 

TCR is a heterodimer composed of two chains; an "-chain and a !-chain.  TCR ! chains 

are encoded in the genome as variable (V), diversity (D), joining (J) and constant (C) 

gene segments whereas TCR " chains are encoded by variable (V), joining (J) and 

constant (C) gene segments only. There are approximately 42 different TRAV gene 

segments and 47 different TRBV segments dispersed in chromosomes 14 and 7 

respectively (Arden et al., 1995). All V, D and J segments are flanked by recombination 

signal sequences (RSSs) that are seven and nine bases long and separated by 12-23 

nucleotide spacers. These are recognized by RAG1 and RAG2, two recombination 

enzymes which act, along with high mobility group proteins, to assemble dissimilar 

segments separated by 12 and 23 bp spacers (12/23 rule) into synaptic complexes for 

recombination and non-homologous gene end-joining (Krangel, 2003). The random 

association of these V segments with D, J and C segments and the addition of non-

germline nucleotides at the V (D) and J junctions (N diversity) produces each TCR 

chain (figure 1.5).  This process also gives rise to three regions of hypervariability 

within the V segments, which are known as complementarity-determining regions 

(CDRs). The CDR1 and CDR2 regions are constant for each type of chain and contain 

germline-encoded residues whereas the CDR3 regions (loops) vary in their sequence 

and are involved in the recognition of the foreign peptides presented by MHC 

molecules on infected target cells (Arden et al., 1995; Garcia and Adams, 2005).  

In addition, the "! TCR is also non-covalently associated with a complex of CD3 

protein subunits ($&, '&, ((), which carry ITAM motifs (Immunoreceptor tyrosine-based 

activation motifs) in their cytoplasmic portions. These are indispensable for the 

function of the TCR complex and the intracellular transduction and amplification of the 

"! TCR ligation signals (Smith-Garvin et al., 2009)  
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Naive CD8+ T-cells develop in the thymus from bone marrow lymphoid progenitors 

that commit to a CD8 lineage before exiting to the periphery. They carry "! TCRs that 

have a diminished potential to cause pathology upon tissue migration having been 

positively selected for their MHC class I restriction and negatively selected on  

 

 

 

Figure 1.5  Gene rearrangement of the "! TCR. L: leader sequence. 

 
 
 
their ability for self-antigen recognition (Wang et al., 2009).  In order to become 

activated, naive CD8+ T-cells that circulate between the blood and secondary lymphoid 

tissues must first encounter antigen and become 'instructed' by activated APCs. Three 

signals are necessary for their activation: a signal ensuing from the interaction of their 

TCR with the pMHC complex on the surface of APCs, a co-stimulatory signal that is 
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2007).  

CDR1 CDR2 CDR3 

V! J! C! 

TRAV 
!"

TRAJ 
!"

TRAC L 

V" D" J" C" 

CDR1  CDR2 CDR3 

#"
TRBV 

!"
TRBD TRBJ 

!"
TRBC L 

TCR 

C! !""
#""#!"

Chain ! Chain " 



Introduction 

   31 

Instruction of CD8+ T cells by CD4 T-cells is also necessary for increased CD8+ T-cell 

functionality. For instance, it has been shown that the CD4 T-cell mediated help favours 

a phenotype of enhanced IFN-$ and IL-2 responsiveness by CD8+ T-cells by promoting 

the histone acetylation of such loci during CD8+ T- cell differentiation (Northrop et al., 

2006). However, the exact timing for this type of help is still debatable, as experimental 

evidence suggests both an involvement in the early phases of immunity during DC 

differentiation as well as in later stages of memory CD8+ T-cell development 

(Castellino and Germain, 2006). 

 Activated CD8+ T-cells utilise a variety of methods to kill infected cells and can 

undergo repeated cycles of antigen recognition and cytolysis during the acute and 

chronic phase of responses (figure 1.6) (Huse et al., 2008). The cytotoxic mechanisms 

that are triggered upon MHC recognition rely on the production of cytotoxic molecules 

such as perforin and granzyme as well as on cell-to-cell interactions between the CD8+ 

TNFR receptor Fas (Apo-1 or CD95) and its ligand. The first two factors 

(perforin/granzyme) cause the necrotic death of target cells by promoting the 

permeabilisation of the target membrane through the formation of pores, whereas Fas 

(CD95) triggers a program of necrotic death within infected cells (Kagi et al., 1996). 

 Target recognition also induces the concurrent production of an array of 

antiviral factors ()FN-$) and chemokines (MIP-1", RANTES) that are either secreted 

within the immunological synapse (IS) for cell killing and intercellular communication 
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or produced systemically for bystander activation and the establishment of chemokine 

gradients (Huse et al., 2008).  

 HIV-2 patients have strong non-cytotoxic CD8+ T-cell antiviral activity. Cell-

free culture supernatants suppress the replication of R5 and X4-tropic virus and it has 

been proposed that !-chemokines, which are produced with a higher magnitude in 

asymptomatic patients that maintain high CD4 counts, such as RANTES, MIP-1" and 

MIP-1!, may contribute to the containment of viral replication (Ahmed et al., 2005). 

CD4+ T-cell count 

Plasma Viremia 

Primary 
Infection Clinical Latency Symptomatic 

Phase 
 

AIDS 

CD8+ T-cell count 

Infection 

TRBV5 

TRBV14 

CD8+ T-cell activation  
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     TCR 
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Progressive Disease 
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Figure 1.6 (a) CD8+ T-cell mobilisation over time (b) and course of infection. The acute 
phase of the HIV infection is characterised by high levels of viraemia and a profound drop in 
the numbers of CD4 helper T-cells. CD8+ T-cell mobilisation occurs approximately 1-2 
weeks after infection and this initial wave of CTL recruitment coincides with the reduction 
of plasma virus levels and the restoration of CD4 T-cell counts. The chronic stage of the 
infection lasts between 2-10 years.  During this time, CD4+ T-cell counts remain stable or 
fall slowly and viraemia fluctuates or is slowly rising. At the same time, CD8 TCR usage 
remains stable or fluctuates in response to bouts of viral replication but it is not until the 
symptomatic phase has began that major CD4 and CD8+ T-cell depletions and turbulences 
are seen (Poli et al., 1993; Sabin et al., 2000). 
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However, their role and contribution still remains debatable as it has also been shown 

that HIV-2 variants isolated from aviraemic patients resist inhibition by such 

chemokines (Blaak et al., 2008). In patients with CD4+ T-cell depletion the levels of 

plasma IL-7 are also elevated. However, this change in the IL-7 levels does not 

influence the homeostasis of differentiated CD8+ T-cells, as these progressively lose 

their IL-7R" expression and thus their ability to respond to the cytokine. Hence, 

similarly to the !-chemokines, the role of these higher levels of IL-7 in HIV-2 infection 

remains unclear (Drylewicz et al., 2008).   

 The cytototoxic function of CD8+ T-cells in HIV-2 infection is better 

documented. HIV-2 infected patients have strong Gag-specific CD8+ T-cell IFN-$ 

responses that correlate well with the control of viraemia (Leligdowicz et al., 2007). 

However, studies involving Gambian patients have shown that at high CD4 percentages 

(>20%) there are no differences in the levels of immune responses or frequency of  

IFN-$ producing cells between HIV-1 and HIV-2 infection, despite the better control of 

viral replication observed in the latter infection (Jaye et al., 2004). In addition, Gag-

specific CD8+ T-cells in HIV-2 are more polyfunctional but produce no IL-2 and show 

no differences in their proliferative capacity in comparison to their HIV-1 counterparts 

(Duvall et al., 2006). These cells are of a central memory or effector memory phenotype 

(Duvall et al., 2008)  and are characterised by an intermediate phenotype (CD27+ 

perforinlow CD28+ variable) similar to that described in HIV-1 infection (Gillespie et 

al., 2005), as well as by an early differentiation phenotype (CD27+CD28+) 

(Leligdowicz et al., 2010b). The more polyfunctional population is the one that is 

terminally differentiated (CD57+) and degranulates more readily (Duvall et al., 2008).  

 The cross-recognition of variant epitopes has also been documented in HIV-2 

infection where CD8+ T-cells have been shown to produce IFN-$ in response to not 
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only HIV-2 variant epitopes but to corresponding HIV-1 epitopes as well (Rowland-

Jones et al., 1998a). In terms of CD8+TCR usage, a more polyclonal response has been 

proposed for HIV-2 infection, which was also put forward as a likely explanation for 

this enhanced capacity of CD8+ T-cell populations to tolerate substitutions (Lopes et 

al., 2003). However, the breadth of this response, in terms of number of TCR families 

mobilised, does not correlate with CD4 count or viral load and hence factors beyond 

this one must play a role in the control of viral replication (Lopes et al., 2003). 

Moreover, the overall magnitude of the responses does not predict the viral load (Jaye 

et al., 2004).  

 Hence, in HIV-2 infection the most robust T-cell responses identified to date are 

those directed towards the Gag protein. At higher CD4+ T-cell counts, Gag-specific T-

cells are polyfunctional with the highest frequencies of IFN-$ production reported in 

individuals harboring lower viral loads (Leligdowicz et al., 2007). However, whether or 

not this association with viral load, which is thought to result from a CD8+ T- cell 

mediated response, mirrors a causal relationship between immune function and viral 

control remains debatable. This is because studies of acute HIV-2 infection are not 

currently available and most chronic infection studies published to date are cross-

sectional and hence unable to offer a clear distinction between cause and effect. 

Nevertheless, the role of CD8+ T-cells in SIV infection and their documented 

contribution to the control of viral replication in macaques (Friedrich et al., 2007; 

Yamamoto et al., 2012) and the association of their function with viral suppression in 

HIV-1 infection (Borrow et al., 1994; Borrow et al., 1997; Koup et al., 1994; Saez-

Cirion et al., 2007; Yang et al., 2012) as well as with viral clearance in infections such 

as CMV (Schmitt et al., 2011), render it plausible that this subset could potentially have 

an active role in the curtailment of viral replication in chronic HIV-2 infection. Thus, 
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the functional characteristics of HIV-2 specific CD8+ T-cells warrant further 

investigation especially as it has been previously proposed that successful immune 

responses to viruses depend on the quality, rather than quantity, of responding T-cells 

(Appay and Iglesias, 2011; Betts et al., 2006; Rowland-Jones et al., 2001). However, 

detailed, clonotypic studies in HIV-2 infection addressing the quality of CD8+ T-cells 

as well as their maintenance over time are currently lacking.  

 

1.6 Aims of the thesis 
 
 
The purpose of this thesis was to advance the current understanding on the function of 

HIV-2 specific Gag-restricted CD8+ T-cell immunity, as this has been shown to 

correlate with lower viral loads. More specifically, the aim was to investigate the 

quality of an HLA-B*3501 restricted HIV-2 specific Gag CD8+ T-cell response in 

terms of function and evolution and inform the rational design of follow-up studies.  

 The selection of the Gag epitope under study, namely of NPVPVGNIY (NY9), 

was guided by reports correlating its antigenic presentation with long-term non-

progression (Leligdowicz et al., 2007; Rowland-Jones et al., 1995) as well as by the 

availability of reagents at the time of study initiation (i.e. HLA-B3501 expression 

constructs). In addition, the study was designed to look at qualitative aspects previously 

associated with HIV-1 control and with antiviral efficacy such as clonotypic 

constitution (Price et al., 2009b), polyfunctionality (Betts et al., 2006), functional 

avidity and sensitivity (Yang et al., 2003) and potential for cross-recognition (Rowland-

Jones et al., 1998b). More specifically, this D.Phil. project aimed at answering the 

following questions: 
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• Is there selection of public NY9-specific TCRs in HLA-B*3501 individuals or is the 

mobilised repertoire 'private' in its nature? (Chapter 3) 

• Are there phenotypic differences between the different TRBV families that become 

mobilised in response to NY9 presentation? (Chapter 3) 

• Is there HIV-1 cross-recognition by HIV-2 specific CD8+ T-cell clones (Chapter 3). 

• Is there maintenance of TRBV usage over time in HIV-2 long-term non-

progressors? (Chapter 4) 

• Are there functional differences between different B*3501, NY9-restricted TRBV 

subsets in terms of cytotoxicity, avidity, sensitivity, cytokine production and cross-

reactivity? (Chapter 4) 

• What are the structural elements that define the observed readings of avidity and 

function (ie cross-recognition)?  (Chapter 5) 

 
Hence, the ultimate aim was to determine, which qualitative attributes are present in 

asymptomatic chronic HIV-2 infection and which are not in an attempt to identify 

factors that a vaccine should be aiming to boost for prevention and/or therapy of HIV 

infection. 
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Chapter 2: Materials and Methods 
 
 
2.1 Study Participants 
 
 
Study participants were recruited from the Caio community-cohort in Guinea-Bissau. 

They were of the Manjako ethnic group, HIV-2 infected and ART-naive. Their 

selection was based on their HLA haplotype and expression of the HLA-B*3501 allele. 

In addition, some of them had previously shown a positive IFN-$ ELISpot response to 

the HIV-2 gag epitope NPVPGNIY. Ethical approval for the study was obtained from 

the Gambia Government/MRC Laboratories Joint Ethics Committee, the Ministry of 

health of Guinea-Bissau and the Oxford Tropical Research Ethics Committee. An 

additional sample obtained in 2005 from a B*3501 HIV-1 infected patient attending the 

John Warin Ward Clinic in Oxford was also used in the study. At the time of collection, 

the patient was on triple therapy with zidovudine, lopinavir and lamivudine. Ethical 

approval was obtained from the Oxford Research Ethics Committee. 

 
 
2.2 Peripheral blood mononuclear cell (PBMC) isolation 
 
 
Fiftheen milliliters of peripheral blood were collected by venipuncture into EDTA-

containing vacutainer tubes (BD Biosciences). Plasma was separated by centrifugation 

at 1600rpm for 10min and then samples were diluted at a 1:1 ratio with H10 (RPMI 

1640, 10% heat inactivated human serum) and transferred into 50ml Leucosep tubes 

(Greiner, Germany) preloaded with 15ml Ficoll-Hypaque. (Lymphoprep; Nycomed 

Pharma AS, Oslo, Norway). Tubes were centrifuged at 2000rpm for 20min with no 

brake and then PBMCs were collected from the plasma- Ficoll interface. The collected 
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cells were washed with H10 once and resuspended in 1ml freezing medium (FCS 

containing 10% DMSO) for cryopreservation. 

 
2.3 CD4 Staining  
 
 
For CD4 staining 500ul of fresh blood was mixed with 100ul Transfix and kept at 4oC 

until analysis. CD4 T-cell percentages and absolute values were enumerated using the 

BD FACSCount system, as recommended by the manufacturer. Briefly, 50ul of whole 

blood, collected in EDTA, was mixed with the CD4 test kit reagents and incubated for 1 

hr in the dark at room temperature. The samples were then fixed with 50ul fixative and 

ran on a FACs Count machine. 

 

2.4 Generation of peptide- MHC class I tetrameric complexes 
 
 
For protein expression, BL21(DE3)pLysS competent cells (Invitrogen,CA) were 

transformed with pGMT7 plasmids encoding either the HLA- B*3501 heavy chain or 

!2-microglobulin according to the manufacturer’s instructions. The cells were 

subsequently streaked on LB agar/ampicillin plates and incubated at 37oC for 14 hours. 

Liquid cultures were then set up and left to grow until an OD600 of 0,6 had been 

reached. The cells were induced with 1M IPTG. For protein recovery bacterial cells 

were sonicated, washed with 0.5% Triton X-100 thrice and resuspended in resuspension 

buffer (500mM Tris, 100mM NaCl, 1mM EDTA, 1mM DTT) and 4M Urea 

(Amersham Inc.).   

Protein refolding was performed by adding 15mg of peptide (NPVPVGNIY) to 

1lt of refolding buffer (100mM Tris, 400mM L-Arginine, 2mM EDTA, 5mM reduced 

and 0.5mM oxidised L-Glutathione) along with 25ug !2-microglobulin and 34ug B*35 

heavy chain.  Refolding was performed for 72 hours at 4oC, after which time the protein 
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was concentrated down to a final volume of 5ml using a stirred cell ultrafiltration unit 

(Amicon). The concentrated protein was then purified by gel filtration and biotinylated 

overnight at room temperature using the enzyme BirA (Avidity, CO).  Monomers were 

purified on an FPLC machine using a Superdex G75 column, concentrated and 

subjected to tetramerization. For tetramerization the biotinylated monomers were 

incubated at 4oC with phycoerythrin (PE)-conjugated extravidin (Sigma) at a 4:1 molar 

ratio. Once ready, the tetramers were stored at 4oC until use. 

 
 
 
2.5 Establishment of EBV-transformed B-cell lines, short-term lines and  

CD8+ T-cell clones 

 
Cryopreserved PBMCs (5 x 106 cells) were thawed and washed once with H10 

(RPMI 1640, 10% Human AB Serum, 2mM L-Glutamine, 50U/ml 

penicillin/streptomycin). Subsequently, 50ul of 200ug/ml peptide were added to the 

PBMC pellet and the cells were incubated for 2.5hrs at 37oC.  Incubation was followed 

by the dilution of cells in 1ml H10, and transfer into wells of a 24-well plate. Three 

days after the initial seeding, IL-2 was added to the culture at a final concentration of 

200U/ml and the short-term line was then maintained by restimulating the cells every 3 

weeks with irradiated peptide-loaded EBV transformed B-cells. 

For B-cell line production, 106 PBMCs were incubated with 200ul EBV 

supernatant for 3 hours at 37oC / 5% C02.  This initial incubation step was followed by 

the addition of 200ul R15 to the cells (R15: RPMI 1640, 15% FCS, 2mM L-glutamine, 

50U/ml penicillin/streptomycin) containing a final concentration of 2ug/ml Cyclosporin 

A (SandImmune). The transformed cells were then seeded into two wells of a 96-well 

round bottom plate and incubated for 2 weeks, after which time cell media was replaced 
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by R10 (RPMI 1640, 10% FCS, 2mM L-glutamine, 50U/ml penicillin/streptomycin). 

Confluent cells were first re-seeded into the wells of a 24-well plate and then to a T25 

flask where they were maintained in culture until cryopreservation. 

Clones were generated from sorted CD8+ IFN-" + CTL cells or CD8+ tetramer+ 

cells using the limiting dilution method.   Where a tetramer was not available antigen 

specific CD8+ T-cells were sorted based on IFN-$ secretion. For this purpose 2 x 106 

CTL cells at 37oC / 5% C02 for 3 hours with peptide-loaded autologous B-cells. The 

latter had been previously prepared by incubating the BCL cells for 1hr at 37oC / 5% 

C02 in the presence of peptide at a final concentration of 20ug/ml. Three hours later, 

CTL cells were washed once with cold PBS containing 1mM EDTA and labeled for 

IFN-" and the marker CD8 using a PE-conjugated anti- IFN-" antibody (MACs 

Cytokine secretion Assay) and 5ul of APC-conjugated anti-CD8 antibody (BD 

Biosciences). IFN-" labeling was carried out according to the manufacturer’s 

instructions (Miltenyi Biotec). Briefly, cells were first incubated with 20ul of Cytokine 

Catch Reagent (Miltenyi Biotec) for 5min on ice and then diluted with 1ml H5 (RPMI 

1640, 5% Human AB serum, 2mM L-glutamine, 50U/ml penicillin/streptomycin). An 

additional 45min incubation at 37oC under slow continuous rotation followed, at the 

end of which time, cells were washed once with cold PBS/ EDTA buffer and stained 

with 20ul of PE- conjugated IFN-" Detection Antibody (Miltenyi Biotec) for sorting.  A 

different strategy was followed when tetramer was available. In those cases, thawed 

PBMCs were washed once in H10 and stained before sorting with 2ul PE-conjugated 

NY9 tetramer for 15min at 37oC, and then with 0.4ul CD8-APC (BD Bioscience, clone 

SK1) for 20 min at room temperature. 

After sorting, all cells were seeded in a 96-well round bottom plate at a 

concentration of 1cell/well in the presence of 100ul cloning mix (feeders). The latter 
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consisted of 2x106 mixed allogeneic irradiated PBMCs from three donors and 50ug/ml 

PHA. After two weeks, growing cells were plated out in 1ml of cloning mix, then 

maintained by weekly restimulations with feeders and IL-2 at a 200U/ml final 

concentration. 

 
 
 
2.6 TCR Clonotyping 
 

TCR clonotyping was performed on sorted CD8+ T-cells according to a protocol 

developed by the lab of Dr. Douek at the Vaccine Research Centre/NIH (MD, USA) in 

collaboration with Dr. Jorge Almeida and David Wolinsky. More specifically, PBMCs 

were thawed in 10ml cold FCS containing 10ul of DNAse I (Roche Applied Science), 

washed twice with H10 and stained with the live-dead stain ViViD (Molecular Probes) 

as well as with CD8-QD655, CD4-QD605, CD3-H7APC, CD14-PB, CD19-PB (BD 

Bioscience; Qdots from Invitrogen). Sorting was performed at the NIH Flow Cytometry 

facility and involved the selection of the CD3+CD4-CD8+Tet+ population. Between 

350 and 6000 cells were sorted in 100ul RNAlater solution (QIAGEN). For TCR 

amplicon preparation, mRNA was isolated from the sorted cells using a uMACs mRNA 

isolation kit (Miltenyi Biotec) as per the manufacturer's instructions and subjected to 

reverse transcription and first round cDNA synthesis using the SMARTer cDNA 

synthesis kit (Clontech). Then a second PCR reaction was set up using the SMARTer 

primer 5’ PCR Primer II A (5'-AAGCAGTGGTATCAACGCAGA GT-3') and either a 

TRAC-region primer or a TRBC-region primer (5'-GCTTCTGATGGGTCAAA 

CACAGCGACCTC-3'). The amplification conditions were as follows:  
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Following to the amplification, PCR products were visualized on a 1% agarose gel, 

purified using the Nucleospin Extract II kit (Macherey-Nagel) and cloned into pGEM-T 

Easy vectors (Promega) for bacterial transformation. The ligation for each TRAV and 

TRBV amplicon was carried out by setting up a 10.5ul reaction that contained a 5:1 

cDNA to PGEM-T Easy vector ratio, and 1.5ul of T4 Ligase (Roche Applied Science). 

The ligated vectors were then used to transform 50ul of DH5a competent cells 

(Invitrogen) as per Invitrogen's instructions. The plates containing the transformed 

bacteria were incubated overnight at 37oC and screened the following day for insert 

incorporation using colony PCR.  This PCR was performed on a 96-well plate and for 

each colony a 25uL reaction was set up containing 2.5ul of 10x High-Fidelity buffer, 

1ul of 50mM MgSO4, 0.14ul High- Fidelity Taq Polymerase (Roche Applied Science), 

0.5ul dNTPs (Invitrogen), 18.86uL water and 1ul of each of the primers M13F (5´-

TTTTCCCAGTCACGAC-3´and M13R (5´-CAGGAAACAGCTATGAC-3´). The 

conditions for the PCR were as follows: denaturation at 94oC for 5min, then 35 cycles 

of denaturation at 94oC for 30sec, annealing at 57oC for 30sec and extension at 68oC for 

2min followed by a final step of extension at 72oC for 3min. Colonies confirmed as 

positive during this PCR screen were sent to Beckman Genomics in Massachusetts for 

Sanger sequencing. The returned TRAV and TRBV sequences were aligned and 

T (oC) Time Number of Cycles 

95oC 30sec 1 cycle 
95oC 5sec 5 cycles 72oC 2min 
95oC 5sec 

5 cycles 70oC 10sec 
72oC 1min 
95oC 95sec 

35 cycles 68oC 10sec 
72oC 1min 
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analysed using the program Geneious v4.8 (Biomatters, Ltd). Incomplete, out of frame 

and other 'nonfunctional' sequences that could not be resolved by the individual 

chromatograms were excluded from the analysis. All results conform to the IMGT TCR 

nomenclature. 

 
 
2.7 Tetramer Binding Assay 
 
 

The avidity of the pMHC/TCR interaction was determined by staining each of the 

CD8+ T-cell clones with decreasing amounts of tetramer. For each stain, 105 cells were 

suspended in 100ul PBS and stained with fourteen 2-fold dilutions of PE-conjugated 

NY9 tetramer starting at a final concentration of 10ug/ml. Stains were performed for 

15min at 37oC after which time cells were washed with FACs buffer (PBS, 1% BSA, 

0.1% NaN3) and stained with 0.3ul CD8-APC. Background (non-specific) staining was 

controlled through the incubation of an irrelevant, NY9-non-specific CD8+ T-cell clone 

with 10ug/ml NY9 tetramer. An irrelevant tetramer (B*07 RPM) was also used in the 

NY9-specific stains as a guide for gating (unstained). After staining cells were washed 

once with FACs buffer and fixed using 2% paraformaldehyde.  Events were acquired 

on a CyAn Flow Cytometer (Beckman-Coulter) using the program Summit. The 

analysis of the results was carried out with the program FlowJo (Treestar Inc.) and 

gating was based on the unstained sample (irrelevant tetramer B*07 RPM). 

 

 
2.8 TCR sequencing  
 
 

For CD8+ TCR sequencing 2-3x106 cells were harvested from each CTL clone culture 

and used for total mRNA isolation using the RNeasy Mini Kit (Qiagen) as per the 
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manufacturer's instructions. The isolated mRNA was then reverse-transcribed into 

cDNA using the SMARTer cDNA amplification kit (Clontech) as outlined in the 

manual. TRAV/TRBV amplicons were generated during the second strand PCR 

reaction by incorporating in the master mix either the primer TRAV:  5'- GTC CAT 

AGA CCT CAT GTC TAG -3' or TRBV: 5'-TCT GCT TCT GAT GGC TCA A-3' 

depending on the chain that required characterization. The conditions for this PCR were 

as follows:  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

The amplification products were then run on a 1.5% agarose gel and bands at 600 and 

500kb respectively were excised from the gel and purified using the Nucleospin Gel 

and PCR Clean-Up kit (Macherey-Nagel). Purified DNA amplicons were cloned into 

TA TOPO vectors (Invitrogen) and used to transform TOP10 competent cells 

(Invitrogen). Transformed cells were plated on ampicillin containing plates (100ug/ml) 

and incubated overnight at 37oC. The next day, up to 14 different colonies were 

selected from each plate and used for small-scale culture preparation (10ml).  Plasmids 

were isolated from the cultures at 14-16hrs post-inoculation using the Qiaprep Spin 

Mini Prep kit (Qiagen) and sent for sequencing. Sequencing was performed with the 

Step Temperature Time Cycles 
Initial Den 95oC 1’ x10 
Denaturation 95 oC 30’’ 
Annealing 68 oC 30’’ 
Extension 68 oC 2’ 
    
Denaturation 95 oC 30’’ x20 
Annealing 55 oC 30’’ 
Extension 68 oC 2’ 
    
Denaturation 95 oC 30’’ x 1 then at 4oC 
Annealing 55 oC 30’’ 
Extension 68 oC 7' 
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primers T3 (5'-ATTAACC CTCACTAAAGGGA-3´) and T7 (5'-

TAATACGACTCACTATAGGG-3') by John Frankland at the Weatherall Institute of 

Molecular Medicine (WIMM) sequencing facility using an automated ABI-377 DNA 

sequencer (Applied Biosciences Inc, USA). Sequences were analyzed using the 

program Geneious v4.8 (Biomatters, Ltd). CTL clones with two or more TRBV 

populations or with chromatograms that could not be fully resolved were characterized 

'non-clonal' and were excluded from subsequent studies.  

 
 
2.9 IFN-! ELISpot Assay 
 
 
ELISpot plates (MAIPN4550, Millipore, UK) were coated with 15ug/ml anti- human 

IFN-" monoclonal antibody (1-DIK,MABTech, Sweden) and incubated for 2 hours at 

37oC. This incubation was followed by six PBS (Sigma) washing steps and blocking of 

the plate with 100ul/well warm R10 for 1h at room temperature.  Plates were then 

seeded with CTL clones (500 cells/well) and HLA-matched peptide-laden BCL cells 

(10.000 cells/well) and incubated for 6hrs at 37oC / 5% C02. Before adding to the wells, 

B-cells were pre-pulsed with peptide titrations or 10ug/ml peptide (add peptide) for 1h 

at 37oC. Wells without peptide were also included in the assay as a control for peptide-

dependence of interferon-$ secretion. Additional controls included wells containing 

RPMI 1640 media only (negative control) as well as PMA/Ionomycin (Sigma-Aldrich) 

stimulated clones (positive control: PMA; 0.05ug/ml, Ionomycin; 1ug/ml final 

concentration). At the end of the 6-hour incubation the cells were removed from the 

wells and plates were washed six times with PBS. A solution of 1 *g/ml of biotinylated 

anti-human IFN-" monoclonal antibody was then added to the wells and the plates were 

incubated for an additional 2 hours at room temperature. After six further washes with 

PBS, a 1ug/ml of streptavidin-conjugated alkaline-phosphatase antibody (MABTech, 
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Sweden) was added to the plates, which were then incubated for one more hour at room 

temperature. At the end of this final incubation, plates were washed six times with PBS 

and developed with streptavidin-alkaline phosphatase and colorimetric substrate (Bio-

Rad laboratories, CA). The number of spots was determined using an AID ELISpot 

reader system (Autoimmune Diagnostika, GmbH). A response was considered positive 

if R>3D and R-D>20 where R=SFU/5x102 clones and D=SFU media. Results were 

expressed as %maximal IFN-$. 

 
 
2.10 51Cr Release Assay  
 
 
51Cr release assays were performed in 96-well round bottom plates with HLA-matched 

BCLs labelled with 7.4MBq 51Cr (PerkinElmer) for 1h at 37oC and pulsed with 

individual peptides at 10ug/ml final concentration or with titrated peptides covering a 

range between 1.28x10-4uM and 10uM. The following peptides were used: 

 
 
 
 
 
 
 
 
 
 

 
B-cells were plated at 5000 cells per well and clones were added at a 5:1 effector-to-

target ratio with the final incubation volume being adjusted to 100ul. Control wells 

were also included in the assay and comprised target cells in R10 for spontaneous 

background 51Cr release as well as target cells in 5% Triton-X for maximal 51Cr release.  

Plates were incubated at 37oC / 5% C02 for 4 hours, at the end of which time, a total of 

40ul of supernatant was removed from each well and transferred into a 96-well PET 

 HIV-2 HIV-1 
Index NPVPVGNIY e   PPIPVGEIY (B/D clade) 

Variant NPVPVGSIY PPIPVGDIY (A/C clade) 
 NPIPVGNIY PAIPVGEIY  
 NPVPVRNIY PPAPVGEIY 
 NPIPVRNIY NPIPVGEIY 
 SPIPVGNIY PPVPVGDIY 
  PAIPVGDIY 

NPIPVGDIY 
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microplate (PerkinElmer) along with 150ul of Supermix solution (PerkinElmer).  Plates 

were read using a Beta counter (PerkinElmer). 

All assays were performed in duplicate and background 51Cr release was always 

less than 20%. The percent lysis was calculated from the formula (E-M/T-M) x 100, 

where E is the experimental release, M is the spontaneous release in the presence of 

R10 medium, and T is release in the presence of 5% Triton X.  

 

 
2.11 Cytokine Bead Array Assay (Bio-Plex) 

 

The levels of 27 cytokines, namely PDGF-b, IL-1b, IL-1a, IL-2, IL-4,  IL-5, IL-6, IL-7, 

IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, Eotaxin, FGF-basic, G-CSF, GM-CSF, 

TNF-#, IFN-", IP10, MCP-1, MIP-1a, MIP-1b, RANTES, VEGF were determined in 

culture supernatants using a Bio-Plex Cytokine Assay (Bio-Rad laboratories,CA) 

according to the manufacturer’s instructions. More specifically, CTL clones (effectors) 

and autologous EBV-transformed B- cells (targets) were plated at a 5: 1 effector to 

target ratio and cultured at 37oC, 5% CO2 for 24 hours either in the presence or in the 

absence of peptides. Control wells including B-cells with peptide and B-cells without 

peptide in R10 medium were also included in the assay to account for background B-

cell cytokine production. Following the 24hour incubation, supernatants were removed 

from the assay wells and were centrifuged at 13.000rpm for 5 min to remove 

contaminating cells and stored at -80oC.  

On the day of the analysis standards, the working bead solution and detection 

antibodies for the assay were prepared and cytokine-specific beads were added to the 

wells of a 96-well filter plate (Bio-Rad laboratories) designated for the assay at a total 

volume of 50ul/well and vacuum washed twice. Next, samples and standards 
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(50ul/well) were added and incubated with the beads for 2 hours at room temperature. 

The incubation was followed by the addition of the detection antibody (50ul/well), a 

30min rocking incubation at room temperature and addition of the streptavidin-PE 

antibody. Finally, a 10-minute incubation was performed and then the plate was washed 

three times with 100ul Bio-plex wash buffer in order to remove any unbound 

antibodies. For the analysis, the beads were resuspended in 125ul of Bio-Plex Assay 

buffer. Plate reading was performed at a CAL2/RP1 low setting and standard curves 

were constructed using the reference cytokine concentrations provided in the kit. 

Analysis of the results was performed using the Prism Software. (GraphPad, San Diego, 

CA). 

 
2.12 Intracellular Staining  
 
 
For intracellular staining, 2x106 PBMCs were stimulated with either 2ug/ml peptide or 

10ug/ml SEB (Sigma-Aldrich) for 1hr at 37oC in the presence of CD107a-Alx680. 

Brefeldin A (Sigma-Aldrich) was then added at a final concentration of 1ug/ml and the 

cells were incubated for an additional 5 hours at 37oC, 5% CO2. At the end of the 

incubation, the cells were washed and stained with the live/dead dye aqua (Invitrogen) 

and an anti-TCRVb-FITC antibody (IoTest, Beckman Coulter) for 30min at 4oC before 

being labelled with the surface antibodies anti-CD4-Cy55PE, CD8-QD705, CD27-

Cy5PE (Beckman-Coulter) and CD45RO-TRPE (Beckman-Coulter) for 20min at room 

temperature. The CD8-QD705 antibody was conjugated in-house with CD8 purchased 

from BD Bioscience and QD fluorochome purchased from Invitrogen. The surface 

labelling was followed by the permeabilization of the cells at 4oC for 30min. This step 

was carried out using the Cytofix/Cytoperm kit (BD Biosciences). Subsequently, the 

cells were labelled with CD3-H7APC (BD Biosciences), IFN-$-PB (eBioscience), 
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TNF"-Cy7PE (BD), IL2-APC (BD) and MIP-1!-PE (BD) for 20min at room 

temperature, then washed twice and fixed with 1% formaldehyde. Cells were acquired 

on an LSRII flow cytometer and data were analysed using the software FlowJo version 

8.7 (Treestar Inc).  

 For CTL clone intracellular cytokine staining, 0.5x105 autologous B-cells were 

pulsed with seven 10-fold dilutions of the peptide NPVPVNGIY or 10ug/ml SEB 

(Sigma-Aldrich) for 1hr at 37oC before being added to 105 NY9-specific CTL clone 

cells. For the peptide stimulated samples the starting concentration was 10ug/ml. An 

unstimulated (no peptide, no SEB) control was also included in the assay. One hour 

later, 1ul GolgiSTOP (Monensin; BD Biosciences), 1ul GolgiPLUG (Brefeldin A; BD 

Biosciences) and 3ul CD107a-APC (BD Biosciences) were added to the culture. Cells 

were then incubated for an additional 5hrs at 37oC, 5% CO2 following to which cells 

were washed and stained with anti-CD8-PB (BD Pharmingen) for 15min at room 

temperature. Then, cells were permeabilized using 250ul permeabilizing solution 

(Cytofix/Cytoperm; BD Biosciences) for 20min at 4oC, washed and stained with the 

antibodies IFN-$-FITC (BD Bioscience), TNF"-PECy7 (eBioscience) and IL-2 PE (BD 

Pharmingen) for 20min at room temperature. Cells were then washed twice and 

resuspended in 300ul 2% parafolmaldehyde. Events were acquired on a DAKO Cyan 

flow cytometer (Beckman Coulter) with the program Summit. Gating was based on 

CD8+ cells and at least 30.000 events were collected for each sample. The analysis of 

the results was carried out using the program Flow Jo (Treestar Inc). 

 
 
2.13 Polychromatic Flow Cytometry  
 

The panel used for the ex-vivo phenotypic analysis consisted of the antibodies PD-1 

biotin /SA-PECy7 (R&D Systems, Invitrogen), anti-TCRVb-FITC (Beckman-Coulter), 
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CD3-H7APC (BD Biosciences), CD4-Cy55PE (Caltag), CD8-QD705, CD27Cy5PE, 

CD45RO-TRPE, 2B4-Cy5PE (Beckman-Coulter), CD160-Alx647 (Biolegend), CD57-

QD565, CD127-PB (eBioscience). For TCR staining the monoclonal antibodies Vb5.1, 

Vb14, Vb13.1 and Vb17- FITC were used (IoTest, Beckman-Coulter). PBMCs (2x106) 

were initially stained with the live/dead fluorescent dye aqua (Invitrogen) for 3minutes 

and then with PD-1 biotin /SA and anti-TCRVb for 30min at 4oC. Cells were then 

washed once with FACS buffer and stained with NY9 tetramer-PE for 20min at room 

temperature. This was followed by a second wash after which cells were stained with 

CD3/CD4/CD8/CD27/CD45RO/2B4/CD160/CD57/ CD127 for 20min at room 

temperature. After one last wash cells were fixed with 1% formaldehyde and acquired 

on an LSRII flow cytometer (BD Immunocytometry Systems). Forward scatter area 

versus forward scatter height was used to gate out cell aggregates. Dead cells were also 

removed from the analysis to reduce the background noise.  Gating was performed on 

CD3+ CD8+ CD4- cells and 106 events were collected in total. The compensation was 

performed electronically with antibody capture beads (BD Biosciences) that were 

separately stained with each one of the monoclonal antibodies used in the stainings.  

The acquired data were analysed with the program FlowJo version 8.7 (Treestar Inc).  
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Chapter 3: Ex-vivo characterization of a conserved HIV-2 gag 
response: clonality, functionality and phenotype.  
 
 
 
3.1  Introduction 
 
Unlike viruses that are successfully cleared by the immune system of the host, such as 

Influenza, and viruses that are chronically controlled, such as EBV and CMV, HIV-1 

and HIV-2 bring about a life-long infection that is characterised by immune evasion, 

continuous viral replication and immunological modulation. Among those infected 

with HIV only a small minority, the long-term non-progressors (LTNPs), will go on to 

control the virus for 8 years or more in the absence of anti-retroviral therapy (Grabar et 

al., 2009; Madec et al., 2009; Virgin et al., 2009).  

LTNPs are HIV infected individuals that share a number of immunological and 

virological characteristics: they have CD4+ T-cell counts of 500 cells/µl or more, 

strong CD4+ and CD8+ T-cell responses, a higher CD4:CD8 ratio than progressors, 

lower levels of immune activation, an absence of spontaneous lymphocyte apoptosis, 

and low or even undetectable viral loads (Altfeld, 2003; Altfeld et al., 2003; 

Easterbrook, 1999; Madec et al., 2009). However, such individuals represent less than 

2% of most cohorts and less than 5% of all HIV infected individuals (Grabar et al., 

2009; Riva et al., 2011; Rowland-Jones, 1999; Rowland-Jones and Whittle, 2007) and 

their stratification is not always easy as multiple mechanisms of delayed disease 

progression and LTNP definitions have been proposed (figure 3.1) (Baker et al., 2009; 

Grabar et al., 2009).  

Today, one community that represents a unique pool of HIV-infected long-term 

non-progressors is Caio. The village of Caio is situated in the northwestern part of 

Guinea-Bissau, approximately 100km from the capital Bissau and is a community-
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based cohort with a high prevalence of HIV-2 that was established in 1989 by Dr. 

Dominique Ricard and followed ever since. The population is ethnically homogenous 

(Manjako) and dispersed among several zones that cover an area of approximately 

9km. The HIV-2 prevalence among the inhabitants was 7.9% in 1989 but has since 

dropped to 4.7% (Tienen et al., 2010) and all patients are infected with clade A HIV-2 

(Onyango et al., 2010). The high prevalence of the virus in the village has been 

attributed to an increased spread that took place during the war of independence (1963-

74) (Poulsen et al., 2000). 

Partial viral control after acute HIV-1 infection is often associated with 

persistent and strong CD8+ T-cell responses directed against several HIV epitopes. 

However, the overall breadth of the CD8+ T-cell responses or the presence of a 

protective allele alone, such as HLA-B*5703 for example, cannot predict the chronic 

viral load (Kiepiela et al., 2007). 

 It is now well established that responses directed against the structural protein 

p24 Gag in HIV-1 infection correlate positively with markers of delayed progression 

Figure 3.1  Slow progressor and LTNP classification currently used in the literature. Reproduced 
from (Mandalia et al., 2012) PloS ONE 7(2): e29844.doi:10.1371/journal.pone.0029844 
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such as low viral load and a higher CD4 count in both chronic and elite HIV-1 

controllers in the absence of therapy (Edwards et al., 2002; Kiepiela et al., 2007; Klein 

et al., 1995; Leligdowicz et al., 2007; Riviere et al., 1995). The correlation with the 

viral load is especially true when responses are mounted against three or more Gag 

epitopes (Kiepiela et al., 2007) and is independent of viral strain or clade (Boufassa et 

al., 2011; Dyer et al., 2008; Jia et al., 2012; Serwanga et al., 2009). Furthermore, when 

these responses are lost, an accelerated drop in CD4 counts and severe deterioration of 

T-cell function is normally observed (Klein et al., 1995).  

HIV-2 infected patients also mount broad and strong homologous Gag-specific 

T-cell responses that are polyfunctional with over 60% of responding cells producing 

cytokines such as IFN-$, TNF-", MIP-1! and CD107" upon stimulation with the 

cognate antigen (Duvall et al., 2008). Among those responding to the Gag protein in 

the Caio cohort are individuals expressing the HLA-B*3501 allele (Leligdowicz et al., 

2010b).  

The HLA-B*35 molecules belong to the HLA-B7 supertype and comprise 8 

main subtypes (B*3501-08), the most common of which is HLA-B*3501 which is also 

the most common class I molecule in much of West Africa (Allsopp et al., 1992; Hill et 

al., 1991). The HLA-B*35 alleles have been associated with a wide range of diseases 

including autoimmune conditions such as glomerulonephritis and thyroiditis (Amoli et 

al., 2002; Berthoux et al., 1983; Kramer et al., 2004; Mota et al., 1987). In HIV-1 

infection, these alleles contribute to CD8+ T-cell responses to a level equivalent to that 

of protective alleles such as HLA-B*57 and HLA-B*27 in both infected individuals 

and vaccinated healthy seronegative volunteers (Friedrich et al., 2011; Zhai et al., 

2008).  In contrast, however, and despite their propensity to restrict immunodominant 

responses, their expression has been historically associated with a much faster disease 
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progression (Scorza-Smeraldi, 1988). Additional studies however revealed that only 

B*35 alleles that harbour Asn and either Phe or Tyr at heavy chain positions 114 and 

116 contribute to an accelerated disease progression due to their peptide-binding 

profiles and their ability to down-modulate the function and proliferation of DCs and 

T-cells by binding the inhibitory monomyelocytic receptor ILT4 on their surfaces 

(Huang et al., 2009). Alleles such as B*3501 and B*3508 which preferentially bind 

peptides that contain P in position 2 and Tyrosine in position 9 (B*35-PY) have been 

shown to lack similar effects (Gao et al., 2001) and have been associated with a better 

clinical and immunological outcome (Jin et al., 2002; Rowland-Jones et al., 1998b).  

 Both gag and pol-derived peptides have been identified as B*3501-restricted in 

HIV-2 infection. Of particular interest among these epitopes is the Gag-derived epitope 

NPVPVGNIY (Gag245-253) (Rowland-Jones et al., 1995), which is located in the 

structural helix (h7) that precedes the major homology region of HIV-2 (Price et al., 

2009a). Previous HIV-2 studies involving the NPVPVGNIY epitope as well as the 

closely related HIV-1 peptide PPIPVGDIY (PY9; Gag254-262) have established a 

correlation between the targeting of these peptides, a more broad IFN-" production and 

the detection of cross-reactive responses (Rowland-Jones et al., 1999). More recently, 

Goepfert et al. proposed that the transmission in a discordant couple of a clade C virus 

with a B*35-restricted CTL-derived mutation in the PY9 epitope 

(TSNPPIPVGDIYKRW) from a B*35 individual to a non-B*35 partner may have 

contributed to the lower peak viral load observed in the recipient. Hence, conservation 

of this epitope might be important for viral fitness (Goepfert et al., 2008).  

 In the Caio cohort, studies involving this epitope have revealed an oligoclonal, 

and highly avid profile of IFN-$ production for NY9-specific CD8+ T-cells. In 

addition, these cells have been shown to share an early-differentiated phenotype 
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(Leligdowicz et al., 2010b). However, no previous study has addressed if the NY9 

response is maintained over time. It is also unknown whether or not the ex-vivo 

polyfunctional signature that characterises Gag-specific responses in HIV-2 infection 

applies to this response as well and if the response is private or public in terms of its 

constituent clonotypes. Moreover, it is not clear at present to what extent the high 

functional avidity of IFN-$ production translates into an increased cytotoxicity and 

whether or not the various TRBV families mobilised in response to the NY9 epitope 

presentation differ between them in terms of phenotype. The purpose of this chapter 

was to address all these questions. 
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3.2  Results 
 
 
 
 
3.2.1 The NY9-specific population persists in HLA-B*3501, HIV-2 

infected patients for at least three years after their initial recruitment. 

 
 
Eight HIV-2 infected patients, carriers of the HLA-B*3501 allele, were recruited for 

the purpose of this study. Of those, five (1,15,17, 21 and 30) had been previously 

shown to respond to the NY9 epitope whereas the remaining three (12, 26 and 27) were 

recruited as potential NY9 responders based on their HLA profile (figure 3.2). The 

classification of the patients as LTNPs followed that previously proposed by 

Leligdowicz et al (Leligdowicz et al., 2010b): all patients were infected with HIV-2 for 

an average of 13 years, were asymptomatic and had an undetectable viral load. The 

only patient that was found not to conform to this criterion was patient 26 who, at the 

time of the recruitment, had a CD4 count of 136 cells/µl.  

 Staining with NY9 tetramers confirmed the presence of NY9-specific CD8+ T-

cells in 7/8 HIV-2 LTNPs. The sizes of the tetramer specific populations among 

circulating CD8+ T-cells ranged between 0.1-1.32%. A direct comparison between 

these frequencies and those detected in samples from a previous recruitment in 2006  

was not possible however due to differences in the reagents (tetramers) and methods 

used. 
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3.2.2 NY9-specific CD8+ T-cells produce an array of different 

cytokines.    

 
CD8+ T-cell Gag-specific responses have previously been shown to carry a 

polyfunctional signature characterised by an increased production of CD107", IFN-$ 

and MIP-1! (Duvall et al., 2008). To determine if the NY9-specific response was 

sharing this signature of polyfunctionality, PBMCs from four HIV-2 patients were 

thawed, stimulated with 2µM NY9-peptide and stained intracellularly for CD107" and 

an array of cytokines including IFN-$, TNF-", IL-2. and MIP-1!. As can be seen in 

figures 3.3b and 3.3c, NY9-specific CD8+ T-cells produced a variety of cytokines in 
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response to cognate antigen recognition. Subsets with four and three functions were 

detected and these made up an average of 13.45% of the NY9-specific response. In 

addition, and in line with what was previously proposed by Duvall et al, the most 

frequently produced cytokines were IFN-$ and MIP-1! (46.25% and 45.23% of the 

total NY9-response respectively), followed by TNF-" and IL-2 which were produced at 

much lower frequencies (8.64% and 2.84%). Degranulating CD8+ T-cells represented 

58.01% of the total antigen-specific population and CD107" was detected in both 

polyfunctional and monofunctional populations.   

 When the individual profiles of the patients (figure 3.3c) were studied, some 

variations did however emerge. The two patients with the highest tetramer percentages 

(p21 and p30) appeared to have the most polyfunctional profiles. In particular, the 

pattern seen in patient 30 resembled the cytokine secretion profile obtained after SEB 

stimulation, which suggested a possible lack of functional impairment. On the other 

hand, patients 12 and 15, who had lower levels of NY9+ specific CD8+ T-cells, had a 

higher proportion of bi- and mono-functional CD8+ T-cells. Hence, NY9-specific 

CD8+ T-cells can produce an array of cytokines in response to their cognate antigen, 

most notably IFN-$ and MIP-1!. However, individuals mounting an NY9 response 

differ in their levels of polyfunctionality. 
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Figure 3.3  (a) The gating strategy used for the identification of CD8+cytokine+ subsets. (b) Boolean 
gating was used to create a total of 31 possible cytokine combinations for the cytokines under study. Graph 
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detected in each patient (p12,p15, p21, p30). Slice colours follow those of individual cytokine combinations 
as given in b.  Arcs denote individual functionalities .SEB: Staphylococcal Enterotoxin B. The program 
SPICE (NIH) was used for the analysis. 
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3.2.3 Clonotypes with public TCR features are rare among the NY9-

specific CTLs despite the oligoclonal nature and chronic maintenance 

of the NY9 response. 

 

To gain a better understanding on the nature of the individual clonotypes that 

contribute to the NY9-response, the TCR usage of NY9-specific populations was 

determined for seven of the patients under study (figure 3.4). The analysis confirmed 

the previously published oligoclonal profile of responses (Leligdowicz et al., 2010b) 

and extended these findings at a sequence level. It also revealed a diverse, 'private' 

TCR usage among NY9 responding populations. The NY9-response comprised a mean 

of 4-clonotypes/ patient. The only patient displaying a broader, more polyclonal usage 

was patient 26 who, at the time of sample collection, had started progressing towards 

disease. Nevertheless, public TCRs were not completely absent. Two out of seven 

patients (12 and 17) shared an identical TRAV sequence (TRAV12.3/TRAJ44-1) 

whereas patients 1 and 17 shared an identical TRBV (TRBV29.1/TRBJ1-1) sequence. 

These results suggest that public TCRs can be recruited in response to Gag epitopes 

such as NY9 in chronic HIV-2 infection but their frequency is low and their inter-

patient sharing limited. 

 

3.2.4 NY9-specific cells display an increased sensitivity for antigen, 

which appears to be several times higher than the sensitivity of HIV-1 

CTL clones targeting the corresponding HIV-1 epitope.  

 

 
Next, the ability of the individual NY9-specific clonotypes to lyse targets exogenously 

loaded with NY9 was assessed. For this purpose, tetramer-sorted PBMCs were used for 

the establishment of CD8+ T-cell clones using the limiting dilution method.  Signs of 
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growth were observed approximately two weeks after sorting, in five of the six plates 

seeded (1,15,17,21 and 30). Each plate represented each of the patients under study. 

The expanding CTL clones were then screened using tetramers and V!-specific 

antibodies for NY9-specificity and TCR usage. Where the identification of TCR usage 

Figure 3.4 TCR V! and V" repertoire of tetramer positive NY9-specific CD8+ T-cells 
(CD3+CD8+Tet+) in 7 HIV-2 infected patients expressing the HLA-B*3501 allele. Public 
clonotypes (TRAV CDR3 or TRBV CDR3 identity)  are shown in red. 

 

ID TRAV CDR3 TRAJ Freq ID TRBV CDR3 TRBJ Freq
12-2 CAVQLL 16-1 42 EM-1 5-1 CASSSLLGGSEAFF 1-1 54
8-6 CAVSDA 37-1 18 29-1 CSVGYGNTEAFF 1-1 24
6 CALDMMG 44-1 11 7-2 CASSPVGGGGADGYTF 1-2 1

1-2 CAVD 44-1 3 19 CASSSQGNQPQHF 1-5 1
12-2 CAAQLL 16-1 1 29-1 CSVEDAPGRADTQYF 2-3 3

Seqs: 75
12-3 CAMD 44-1 23 EM-12 7-2 CASSLSPGWSEAFF 1-1 82

4 CLVGEGL 29-1 20 6-1 CASSEDVPGNEQFF 2-1 4
12-2 CAV 31-1 19 7-2 CASSLDGKSYEQYF 2-7 1
26-1 CIVRVE 53-1 16 7-9 CASSSYQGAGTEAFF 1-1 1
29 CAASS 57-1 2
4 CLVGEGR 29-1 1

13-2 CAER 39-1 1
Seqs: 82 Seqs: 88

29 CAASE 57-1 58 EM-15 5-1 CASTFEAGGPYNEQFF 2-1 47
12-1 CVVNFE 9-01 13 7-9 CASSLYQGAGTEAFF 1-1 37
12-3 CAMSVT 34-1 11 19 CASSRQEFAGNEQFF 2-1 2
8-1 CAVNA 8-1 4 27 CASSLTYDAGNTIYF 1-3 2
12-1 CVANFE 9-01 1

Seqs: 87 Seqs: 88
12-3 CAMD 44-1 74 EM-17 7-2 CASSLSPGWNEQFF 2-1 41
8-6 CAVS 18-1 2 29-1 CSVAWGNTEAFF 1-1 34
8-6 CAVS 37-1 3 29-1 CSVGYGNTEAFF 1-1 10
13-2 CAEN 32-1 2 10-2 CASSWTSTYNEQFF 2-1 2

7-2 CAGSLSPGWNEQFF 2-1 1
Seqs: 81 Seqs: 88

EM-21 13-2 CAVDCGD 9-1 58 EM-21 27 CASSPTIDSYEQYF 2-7 41
12-3 CAMSPLY 43-1 11 11-2 CASSFDSHPNTEAFF 1-1 32
10 CVVSAMSS 33-1 16 29-1 CSAAYGNTEAFF 1-1 10

10-3 CAINEGAGDTQYF 2-3 1
7-9 CASSLYQGAACEQYF 2-7 2

Seqs: 85 Seqs: 86
EM-26 26-2 CILREG 32-1 16 EM-26 6-5 CASSYMSSYEQYF 2-7 12

29 CAALL 39-1 10 5-1 CASSLEGMFGGYNEQFF 2-1 11
8-1 CAF 28-1 8 4-1 CASSQGTDTGGEKLFF 1-4 9
30 CGTVG 6-1 8 4-1 CASSQAEGQGWGGEQYF 2-7 8

38-2 CAYRS 24-2 5 19 CASSMGQGYNEQFF 2-1 7
38-2 CAYRRD 44-1 5 16 CASSPGAAGMRYEQYF 2-7 6
8-4 CAL 9-1 5 7-9 CASSPPRGGNNEQFF 2-1 6
21 CAVRY 27-1 4 6-5 CASKSRGVNTEAFF 1-1 5

13-1 CAAH 24-2 4 20-1 CSAMGPWGSMGRYQNEQFF2-1 4
12-2 CAVNAL 16-1 4 6-5 CASSQGVFDEQYF 2-7 3
14 CAMREGQ 17-1 2 20-1 CSAREGLYSNQPQHF 1-5 2
39 CAVDR 12-1 2 29-1 CSVGDRGSGTEAFF 1-1 2
25 CAG 17-1 1 11-2 CASSLGDRDNEKLFF 1-4 1

4-2 CASSPQPAGGSNTGELFF 2-2 1
7-6 CASSISGPWDHDEQFF 2-1 1

Seqs: 74 Seqs: 78
EM-30 13-1 CAANRH 50-1 53 EM-30 19 CASSPQHGDTQYF 2-3 94

10 CVVSAML 40-1 36

Seqs: 89 Seqs: 94

EM-1

EM-12
Seqs: 83

EM-15

EM-17
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with V!-specific antibodies was not possible, a different approach was used, which 

involved the sequencing of individuals TCRs using a PCR method designed to amplify 

TCR chains in a non-selective way (chapter 4). The sequencing of the obtained TCR 

amplicons confirmed the overepresentation of dominant TCRs among the established 

CTL clones and established that the two shared chains (TRAV12.3 and TRBV29.1) 

were independent parts of two different TCRs (figure 3.5).  

 When the functional avidity of the NY9-clonotypes for their target antigens was 

determined using 51Cr release assays, all patients studied were found to harbour CTLs 

that were cytotoxic and which possessed a high functional avidity (EC50) for the 

cognate epitope. This avidity was ranking high among several functional avidities 

published to date and most importantly among a range of HIV-1 specific functional 

 

ID TRAV CDR3 sequence (aa) TRAJ TRBV CDR3 sequence (aa) TRBJ 
1.3 8-6 C A V S D A G N T G K L I 37-1 29-1 C S V G Y G N T E A F F  1-1 

15.1 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 
15.2 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 
15.4 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 
15.6 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 

15.28 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 
15.31 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 
15.33 29 C A A S E Q G G S E K L V F 57-1 7-9 C A S S LY Q G A G T E A F 1-1 
15.17 8-1 C A V N A N A G F Q K L V F 8-1 5-1 C A S T F E A G G P Y N E Q F F 2-1 
15.22 8-1 C A V N A N A G F Q K L V F 8-1 5-1 C A S T F E A G G P Y N E Q F F 2-1 
15.18 12-3 C A M R A D T G G F K T I F 9-1 5-1 C A S S L D P T V R D T Q Y F 2-3 
15.26 12-3 C A M R A D T G G F K T I F 9-1 5-1 C A S S L D P T V R D T Q Y F 2-3 
17.5 8-6 C A V S D R S T L G R L Y 18-1 29-1 C S V A W G N T E A F F   1-1 

17.28 12-3 C A M D T G T A S K L T F 44-1 7-2 C A S S L S P G W N E Q F F 2-1 
17.12 12-3 C A M D T G T A S K L T F 44-1 7-2 C A S S L S P G W N E Q F F 2-1 
17.30 12-3 C A M D T G T A S K L T F 44-1 7-2 C A S S L S P G W N E Q F F 2-1 
17.27 12-3 C A M D T G T A S K L T F 44-1 7-2 C A S S L S P G W N E Q F F 2-1 
17.33 12-3 C A M D T G T A S K L T F 44-1 7-2 C A S S L S P G W N E Q F F 2-1 
17.15 12-3 C A M D T G T A S K L T F 44-1 7-2 C A S S L S P G R N E Q F F 2-1 
17.22 24 C A S G Y G Q N F V F  26-1 4-3 C A S S E T G G Y S P L H F  1-6 
17.10 24 C A S G Y G Q N F V F  26-1 4-3 C A S S E T G G Y S P L H F 1-6 
17.26 24 C A S G Y G Q N F V F  26-1 4-3 C A S S E T G G Y S P L H F 1-6 
21.5 8-1 C A V D I K A A G N K L T 17-1 11-2 C A S S F D S H P N T E A F F 1-1 

30.10 13-1 C A A N R H D K V I F  50-1 19 C A S S P Q H G D T Q Y F  2-3 10 C V V S A M L S G T Y K Y 40-1 
30.9 13.1  C A A N R H D K V I F  50-1 19 C A S S P Q H G D T Q Y F  2-3 

30.11 13.1 C A A N R H D K V I F  50-1 19 C A S S P Q H G D T Q Y F  2-3 
30.1 10 C V V S A M L S G T Y K Y 40-1 19 C A S S P Q Q G D T Q Y F  2-3 

30.50 39 C A V D F G G T S Y G K L 52-1 20-1 C S A S N Q G N G G E L F F 2-2 
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Figure 3.5 !!" TCRs expressed by NY9-specific CTL clones. Public TCR sequences 
determined by clonotyping are shown in red. Dominant TCR families (eg 
TRAV29/TRBV7-9) were overrepresented among the established CTL clones 
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avidities previously measured in our lab using the same method and E:T ratios (Dr. Tao 

Dong). In addition, when CTL clones established from an HIV-1 LTNP (patient J038), 

specific for the corresponding HIV-1 epitope PPIPVGEIY (PY9) were assessed for 

their strength of recognition, the recorded EC50 values were found to be much lower 

than those recorded for the HIV-2 specific CTL clones (figures 3.6 & 3.7). Therefore 

NY9-specific CD8+ T-cells are polyfunctional and able to lyse target cells with an 

increased sensitivity.  
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Figure 3.6  (a) Functional avidities (EC50) of established CD8+ T-cell clones for the NY9 epitope 
in 5 HIV-2 patients (1,15,17,21 and 30) as determined by the 51Cr release assay. The horizontal 
lines represent mean values and the functional avidities of PY9-specific CTL clones from an HIV-1 
LTNP (J038) for the HIV-1 epitope PY9 are also given for comparison   
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3.2.5 The HIV-1 epitope PY9 and its variants are effectively cross-

recognised by the highly avid NY9-specific CTL clones. 

 

Another aspect that characterises CD8+ T-cells responses in HIV-2 infection is cross-

reactivity to HIV-1 antigens. To find out whether or not the NY9-specific CD8+ T-

cells had the potential to cross-recognise the corresponding HIV-1 epitope (PY9) and 

its naturally occurring variants in a concentration dependent manner as previously 

suggested (Rowland-Jones et al., 1999), the established CTL clones were tested for 

their ability to produce IFN-$ and lyse B-cell targets in response to these epitopes 

(figure 3.8a). Even though cross-reactivity was seen in all patients for which clones 

 Figure 3.7 Comparison of published functional avidities (HIV-1 B*35) and of avidities 
previously measured in our lab (Influenza A/HIV-1/Dengue) with the functional avidities 
measured in the HIV-2 patients studied.  Bars represent EC50 values (51Cr release assays 
using CTL clones). The corresponding epitope and HLA restriction of each response is 
given on the X-axis. Bars within the red boxes represent functional avidities for HLA-
B35-restricted epitopes. The HLA-B35/PY9 data denote the avidities of the PY9-specific 
HIV-1 CTL clones described earlier in this chapter whereas the data for the HLA-B35 
VY9/RY11 restricted TCRs are from (Motozono et al., 2009). CMV-specific avidities are 
from (Day et al., 2007) 
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grew (3/3), clonotypes did not all share all the same cross-reactive potential, as each 

TCR recognized a different set of the variants tested. Overall, the clade B PY9 epitope 

was better recognized than the clade A/C epitope in both IFN-$ ELISPOT and 51Cr 

release assays by both HIV-1 PY9 and HIV-2 NY9 specific CTLs (figure 3.8 b,c). 

These two epitopes differ in their respective amino-acids at position 7: in clade B/D 

variants this position is occupied by glutamic acid (E) whereas clade A/D variants have 

aspartic acid (D). However, as these residues form contacts with one of the MHC 

binding pockets (pocket E) (Schonbach et al., 1995), it is not clear if this particular 

difference in recognition mirrors differences in the TCR recognition or differences in 

MHC binding. The most cross-reactive TCR was found to be TRBV19, which showed 

a superior profile of cross-reactivity towards the clade B PY9 epitope independent of 

assay used (figure 3.8 b/c). However, when additional PY9 variants were tested, the 

emerging profiles were less consistent as different TCRs cross-recognised different 

variants with different efficiencies (figure 3.9). The most frequently recognised variant 

was PPVPVGEIY (3/3 HIV-2 specific TCRs) whereas PAVPVGEIY the least 

recognized (1/3 TCRs). Hence, the HIV-1 epitope PY9 and its naturally occurring 

variants can be effectively cross-recognised by NY9-specific CTL clones and at 

functional avidities that are comparable to those of HIV-1 specific CTLs. However, the 

nature of this cross-recognition heavily depends on the individual TCRs expressed.  
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Figure 3.8 Heterologous cross-reactivity of HIV-2 clones (patients 15,17 and 30) for the  
HIV-1 epitope PY9 as measured by (b) ELISPOT and (c)  51Cr release assay. The red and 
the blue lines on the graphs denote the autologous recognition of the epitopes by HIV-1, 
PY9-specific CTL clones. The TRBV family with the highest cross-reactivity observed 
(TRBV19) and the functional avidities (EC50) for the autologous and heterologous 
recognitions are also given (black arrows and tables respectively). 
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3.2.6 The expression of inhibitory molecules on the surface of CD8+ 

T-cells in HIV-2 infection is not associated with an impaired cytokine 

production, a decreased cytotoxicity or a lack of cross-reactivity. 

 

One way to assess individual CTL clonotypes within a particular response with regard 

to their history of antigen encounter is by assessing their phenotype. Even though 

phenotype alone, and more specifically phenotypic aspects such as their status of 

differentiation do not always predict function (i.e. cytotoxic potential), it is thought that 

the expression and upregulation of molecules, such as the marker PD-1, denotes cells  
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Figure 3.9 Cross-recognition of PY9 and of its naturally occurring variants by HIV-1 PY9-
specific (red) and HIV-2 NY9-specific (green, pink, purple) CTL clones. Cytotoxicity was 
measured using 4hr 51Cr release assays. For each peptide a titration was performed (1.28x10-4 to 
10ug/ml) and EC50 values were calculated by plotting the normalized maximal specific lysis 
against the concentration of the peptide (uM) and determining the concentration of each peptide 
required for half-maximal cytotoxicity 
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that have previously contributed to an antiviral response (Appay et al., 2002; Petrovas 

et al., 2007). Previous studies involving the NY9-specific CD8+ T-cell population in 

HIV-2 infected patients suggested that NY9-specific cells share an overall early-

differentiated phenotype (CD27+CD28+) that is additionally characterised by an 

increased expression of the marker PD-1 and the apoptotic marker CD95 (Leligdowicz 

et al., 2010b). To determine whether or not the dominance of particular clonotypes 

within the NY9-specific populations resulted in phenotypic characteristics that set them  

Figure 3.10  Patients and TRBV families studied 
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Figure 3.11 Gating strategy used for the identification of the different CD8+ T-cell memory 
populations. 
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apart from other NY9-specific T-cells, populations expressing dominant or 

subdominant TRBVs were stained using available TRBV-specific antibodies and a 

panel of surface antibodies specific for the differentiation markers CD27, CD45RO and 

inhibitory receptors PD-1, 2B4, CD160, CD127 (figures 3.10-11).  Memory subsets 

were defined on the basis of CD27+ and CD45RO+ expression as these two markers 

have been shown previously to differentiate between naive and memory subsets with 

an increased accuracy (>90%) (De Rosa et al., 2001).  

 The analysis of the acquired data confirmed the previously proposed early-

differentiated, 'immature' memory phenotype (CD27highCD45ROhigh) for NY9-specific  
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Figure 3.12 Differentiation stage of CD8+ NY9+ TCR+ and TCR- populations 
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CTLs. The proportion (average±SD) of CD27highCD45ROhigh cells among tetramer-

specific TCRhighCD8+ T-cells was 40.8±9.4% versus 7.8±6.9% for terminally 

differentiated CD8+ T-cells (CD27lowCD45ROlow). Similarly, among the NY9-specific 

TCRlow population, the proportions were 39.7±14% for CD27highCD45ROhigh versus 

14.7±5% for CD27lowCD45ROlow T-cells (figure 3.12). In patient 30, the expression of 

CD57 was higher among TCR+ antigen-specific CD8+ T-cells than in TCR- cells and 

there was also a trend for a higher PD-1 expression among Tet+TCR+ CD8+ T-cells. 

In addition, the expression of CD160 was lower in subdominant clonotypes and the 

levels of CD127 were lower in Tet+ populations (figure 3.13). However, a statistical 

analysis was not possible due to sample size limitations. To gain a better understanding 

into the different combinations of inhibitory molecules expressed on NY9-specific 

Figure 3.13 Histogram overlays depicting the expression levels of PD-1, 2B4, CD160, CD57 and 
CD127 on total memory NY9+ specific CD8+ T-cells and NY9- CD8+ populations. Colours 
represent the patients under study; gray: naïve, green: patient 30, blue: patient 15 and red: patient 
12. The upregulation of the markers PD-1, 2B4 and CD160 on NY9-specific memory CD8+ subsets 
is independent of TCR usage. 
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TCR+ and TCR- CD8+ T-cells, Boolean analysis was performed to create an array of 

32 different phenotypic combinations of the markers under study. Overall, Tet+ 

populations were found to possess a higher frequency of cells expressing a 

simultaneous combination of 4 or 5 inhibitory molecules as well as a higher frequency 

of PD-1+CD127+ CD57+ cells. Moreover, memory NY9-specific CTLs expressing 

dominant TRBVs had a greater proportion of PD-1+CD57+ cells compared to those 

expressing subdominant TRBVs (TCR-) (25 vs 14%) and a higher frequency of 

2B4+CD160+CD127+CD57+ T-cells that had downregulated the PD-1 marker (figure 

3.14). Hence, specificity for a conserved Gag epitope in HIV-2 infection is associated 

with the upregulation of a series of inhibitory receptors. This phenotype appears to be 

shared by all NY9-specific cells, irrespective of dominance, and is not associated with 

an impaired cytokine secretion or a lack of cytotoxicity. 
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Figure 3.14  Graph representation of the frequency of expression (mean %) of PD-1, 2B4, 
CD160, CD57 and CD127 on bulk memory CD8+ T-cell populations in three patients (12, 
15 & 30) subsequent to Boolean gating. The phenotypic markers studied are listed 
underneath the x-axis along with each of their respective combinations. Bars and pie chart 
slices represent the fraction of the total CD8+ T-cells expressing each of the 32 possible 
combinations.  
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3.3  Discussion 
 
 

Conserved epitopes, such as the structural epitopes of Gag, have long been included in 

vaccination strategies for the induction of broader and more sustained CD8+ T-cell 

responses in both primate and human clinical trials (Dahirel et al., 2011; Goonetilleke 

et al., 2006; Knudsen et al., 2012; Niu et al., 2011; Rosario et al., 2010; Salmon-Ceron 

et al., 2009; Yang et al., 2011). The purpose of this chapter was to study in detail the 

natural response towards a relatively conserved HIV-2 Gag epitope and characterise 

attributes that could potentially contribute to viral control.  

 In line with previous findings (Pontesilli et al., 1998), in the absence of overt 

viral replication the NY9 response remained relatively stable over time in the patients 

under study. Research on the corresponding epitope in HIV-1 infection has established 

that immunoproteasomes within mature DCs and activated CD4+ T-cells have the 

potential to generate peptides containing an intact PPIPVGEIY (PY9) epitope 

(TNNPPIPVGEIYKRWIILG) at a high frequency. In addition, this epitope, has been 

shown to rank among the ten most frequently produced in proteosomal degradation 

experiments in vitro, along with peptides such as the HLA-B*27 restricted Gag peptide 

KK10 (Steers et al., 2011). Hence, it would not be unreasonable to hypothesise that the 

persistence of the NY9 response could potentially emerge from a similar profile of high 

frequency production within infected HLA-B*3501 patients. There are two possible 

explanations that could account for the lack of escape however: it could either be that 

the region is resistant to mutation due to its structural importance (Martinez-Picado et 

al., 2006), or that the mutations that arise are not selected (Bailey et al., 2006).  

 Even though the effective processing and presentation would enable the 

maintenance of the NY9 response, the generation and presentation of a Gag epitope 
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alone does not necessarily guarantee a better outcome. Studies in HIV-1 infection 

suggest that even though Gag p24 epitopes are targeted with a higher frequency in 

controllers than non-controllers, this targeting per se does not distinguish the two 

groups nor predicts outcome (Mothe et al., 2012). In agreement with these findings, 

strong Gag T-cell responses have previously been reported in viraemic HIV-2 patients 

(Jennes et al., 2008) and at least one of the patients under study (patient 26) showed 

signs of progression despite the presence of the NY9 response. Thus, it could be that in 

some B*3501 patients the NY9 response is qualitatively different and that the observed 

persistence mirrors the maintenance of an exceptionally active and long-lasting pool of 

CD8+ T-cells. Such a population could be maintained due to an ability to respond to 

minimal amounts of antigen and possibly escape variants as well. 

 The availability of TCR clonotypes in the periphery depends on a number of 

factors: on their production frequency (Quigley et al., 2010; Venturi et al., 2008), their 

thymic selection (Kosmrlj et al., 2010), the timing of their entry into the immune 

repertoire (time of first division) (Bousso et al., 1999), their avidity for particular 

peptide:MHC complexes (Alexander-Miller et al., 1996a), the initial antigen density 

triggering the activation (Bullock et al., 2003), as well as the nature of environmental 

antigens encountered previously by each individual (immunological history) (Lim et 

al., 2000). The initial response to HIV-1 infection is broad in terms of clonotypes 

(Schaubert et al., 2007) and during the chronic phase of infection the epitope-specific 

response becomes more focused (Day et al., 2007; Rudd et al., 2011). This focusing is 

not always reversible even when HAART is implemented (Giacoia-Gripp et al., 2005). 

The NY9-specific populations of the HIV-2 patients under study contained 4 different 

clonotypes on average. Hence, the results of this chapter on clonality parallel those of 

studies in chronic persistent infection such as EBV, CMV, HIV-1, HCV, LCMV and 
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SIV in that they demonstrate the development of a narrow, oligoclonal TCR repertoire 

over time (Berger et al., 2011; Leligdowicz et al., 2010b; Turnbull et al., 2006).  

 The TCR landscape of an oligoclonal response can be either 'flat' or 

'hierarchical'. The former case differs from the latter in that all clonotypes are 

represented equally within the antigen-specific population as opposed to one or two 

clonotypes dominating the response. The NY9-restricted responses, presented in this 

chapter fall under the second category. Such hierarchical responses have often been 

associated with the presence of 'public' TCRs, namely TCRs shared by multiple 

individuals (Lim et al., 2000). Such 'public' TCRs have been shown to dominate 

several viral chronic responses towards immunodominant epitopes in a number of 

infections such as HIV-1, EBV, CMV and HSV-2 (Dong et al., 2010; Dong et al., 

2004; Lim et al., 2000; Trautmann et al., 2005). However, the exact role of these 

'public' TCRs is still at large unknown with some studies associating their presence 

with an increased control of viral replication (Price et al., 2009b) and others with less 

positive outcomes such as escape (Iglesias et al., 2011). Nevertheless, the 

determination of the clonotypic nature of a response is of paramount importance as it 

offers valuable insights into the principles that govern the recruitment of CD8+ T-cells 

over time and the efficacy of a given response. For instance, it has been suggested that 

for some epitopes, such as the Db -restricted influenza A nucleoprotein epitope NP366–

374 in mice and the HLA-A*0201 matrix protein M158-66 in humans, the selection and 

development of a narrow, 'public' TCR V! response over time is associated with 

protection and viral clearance (Lawson et al., 2001; Zhong and Reinherz, 2004). 

However, a similar public narrowing is not always advantageous as in some cases, it 

can facilitates viral escape over time as in the case of the HLA-B*2705 restricted HIV 

p24 gag epitope KK10 (Iglesias et al., 2011). Understanding what type of response (ie. 
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public or private) lies behind a given clinical outcome, whether it is protection or 

progression, is necessary for rational vaccine design. 

When the clonotypic constitution of NY9 response was examined, shared TCRs were 

not found to dominate, despite it being chronic and persistent. There was a very limited 

usage of public TCRs among the patients under study and most CD8+ T-cells 

expressed TCRs that were of a 'private' nature. Hence, if NY9-specific CD8+ T-cells 

play a role in the curtailment of viral replication in the patients under study then this is 

most likely achieved through a varied, 'private' response. On the other hand, the lack of 

dominant public clonotypes in this chronic infection could mean that either some 

CD8+ T-cells bearing public TCRs were recruited but became extinct over the years 

due to exhaustion and clonal turnover (Almeida et al., 2007) or that environmental 

factors promoted a differential modulation of individual repertoires in these West 

African patients in a way similar to that shown for monozygotic twins (Monteiro et al., 

1995).  

 The structure of the epitope may also have contributed to the development and 

maintenance of a 'private' repertoire. Even though the structure of the NY9 epitope in 

complex with the HLA-B*3501 allele is not currently known, studies led by Turner et 

al, have demonstrated that the structural landscape of the epitope in complex with a 

particular HLA allele can play a significant role in the selection of public versus 

private TCRs. For instance, the presentation of a 'flat' H-2Db influenza A epitope in 

mice triggers the development of an oligoclonal, 'public' TCR repertoire whereas the 

presentation of a protruding epitope such as the acid polymerase epitope PA224, 

favours the recruitment of TCRs with private specificities. The hypothesis put forward 

for this phenomenon is that a flat epitope would require more contacts with MHC "-

helices for specificity and avidity. However, as most T-cells in the naive repertoire 
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with higher MHC affinities may have been negatively selected during thymic 

development only a few precursors would be able to meet this requirement for 

mobilisation (Turner et al., 2005).  The high avidity of the NY9-specific CTL clones 

on the other hand was an avidity for antigen rather than MHC. In addition, the recorded 

avidity was much higher than that observed for HIV-1 clones targeting the 

corresponding HIV-1 epitope and also ranked high among many functional avidities 

reported to date by both our lab and those of others (Day et al., 2007; Motozono et al., 

2009). In addition, in a recent study by Friedrich et al, B*35-restricted T-cells specific 

for the epitopes Env DL9 and Pol IL9 raised after vaccination with a tetravalent 

recombinant adenovirus vaccine (VRC-HIVADV014-VP) were also shown to possess 

a higher avidity compared to T-cells restricted by other alleles (Friedrich et al., 2011). 

It appears thus that when in complex with certain HIV epitopes, B*35 alleles may have 

the potential to restrict high avidity cytotoxic responses, much like protective alleles 

such as B*2701 (Almeida et al., 2007). 

 However, some caution is needed in the interpretation of this interesting 

finding. To begin with, only a small number of HIV-1 specific CTLs from a single 

HIV-1 patient was studied, and hence, there is a potential for bias arising from the 

restricted availability of HIV-1 samples. There is also a possibility that the observed 

differences between the HIV-2 CTL values recorded in this study and those published 

elsewhere could reflect methodological variations, such as for example differences in 

the E:T ratios, and not functional differences per se. Hence, it is not possible to 

conclude at present with confidence whether or not the finding of high functional 

avidity of B*3501 restricted, NY9-specific CD8+ T-cells can be more generally 

extrapolated to HIV-2 and HIV-1 specific CTLs.  
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The experimental approach followed in this chapter allowed a complete dissection of 

the profiles of functional avidities of cells bearing distinct TCRs, something that would 

have otherwise been impossible due to reagent (V! antibodies) and sample limitations. 

However, one potential argument against this in vitro approach is that functional 

avidities may have been modulated during culturing in vitro. Such an effect has 

previously been shown for HCV specific CD8+ T-cells (Yerly et al., 2008). However, 

as both the HIV-1 and HIV-2 CD8+ T-cell clones were expanded under the same 

conditions and for the same amount of time, it seems highly unlikely that their avidity 

differences are an artefact. No differences in the functional avidities were observed 

either after one, two or three rounds of in vitro expansion. 

 It is often said that highly avid CTLs might be better at limiting virus in the 

early stages of infection (Belyakov et al., 2006; Derby et al., 2001a). In latent HCMV 

infection, highly avid CD8+ T-cells have been shown to survive longer in long-term 

memory (Day et al., 2007) and in HCV infection such cells can be readily detected in 

patients clearing the pathogen (Yerly et al., 2008). Nevertheless, other studies point out 

that a high functional or structural avidity alone does not necessarily translate into a 

better outcome. For example, Mamu-A*01 macaques vaccinated with SIVmac239 Gag 

and challenged with SIVsmE660, fail to control viral replication in vivo despite a high 

frequency of highly avid GagCM9-specific CD8+ T-cells (Vojnov et al., 2011).  

Likewise, it has been proposed that highly avid TCR interactions might lead to a 

decreased functional responsiveness due to an up-regulation of inhibitory receptors 

(Ueno et al., 2004) and an increased rate of apoptosis (Alexander-Miller et al., 1996b; 

Lichterfeld et al., 2007). However, when functionality was assessed in the patients 

under study, no functional impairment was detected despite the high avidity. To the 

contrary, NY9-stimulated CD8+ T-cells were able to produce an array of cytokines in 
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response to 2µM of antigen. Hence, the results of this chapter reiterate that high avidity 

is an important element of an effective anti-viral response especially when 

accompanied by polyfunctionality, which has also been associated with HIV control 

(Betts et al., 2006).  

 Another attribute that has been associated with a better outcome in HIV-1 

infection is cross-reactivity for homologous and heterologous antigens. In a recent 

study by Mothe et al. HIV-1 controllers were shown to raise Gag p24 responses that 

were characterised by an increased cross-reactivity for epitope variants compared to 

non-controllers (Mothe et al., 2012). Similarly, in rhesus macaques, immunisation with 

NYVAC and ALVAC HIV-1 constructs confers protection against HIV-2, which is 

thought to arise from the development of tissue-specific cross-reactive CTL responses 

in the vaccinated animals (Abimiku et al., 1995), and in HIV-2 infection, polyclonal 

CTL lines derived from patients expressing the HLA-B58 allele successfully recognize 

HIV-1 Gag epitopes such as the clade B Gag240-249 epitope TW10 (Bertoletti et al., 

1998). 

 However, not all HLA-alleles and HIV epitopes associate with a potential for 

cross-recognition. For instance, past studies have shown strong homologous cross-

reactivity for variants of the HLA-B57-restricted KF11 epitope but not so much for the 

HLA-B57 restricted Gag p24 epitope ISPRTLNAW (Gillespie et al., 2002; Turnbull et 

al., 2006). The NY9 epitope has previously been implicated in cross-reactive responses 

in HIV-2 infection (Rowland-Jones et al., 1999) and it has been argued that such a 

cross-recognition might be associated with a broader and more diverse TCR usage 

(Lopes et al., 2003). However, these earlier studies did not assess TCR usage at a 

clonotypic level and those that did, did not address cytotoxicity. In this study, NY9-

specific CTLs were found to possess an increased potential for heterologous (PY9) 
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variant cross-recognition and for some TCRs, such as the TRBV19 TCR, this 

recognition was functionally more avid than the autologous recognition by HIV-1 

specific CTLs. As far as the TRBV19 TCR is concerned, it is plausible that this family 

is inherently more cross-reactive, as 'public' and 'private' TRBV19 (V!17) receptors 

have been implicated in homologous and heterologous cross-reactive responses in 

infections as diverse as EBV, HIV-1 and influenza A (Clute et al., 2010; Gillespie et 

al., 2006; Petrova et al., 2011). Hence, the results of this chapter suggest that cross-

reactivity is not a function of a broader TCR usage alone but depends to a large extent -

much as has been proposed for HIV-1 infection- on the individual TCRs used. Without 

the cross-reactive TCRs, a polyclonal response would not necessarily confer an 

adequate coverage, as each responding TCR would need to be recruited de novo from 

the naive subset (Turnbull et al., 2006). Pre-existing memory cross-reactive T-cells 

however, would be expected to expand faster than naive cells in the event of HIV-1 

acquisition and hence, would have an advantage compared to newly primed CTLs. 

However whether or not this could prove ultimately beneficial remains unknown 

(Cornberg et al., 2006).  

 The fact that the lysis of the target cells by the NY9-specific CTLs occurred at 

low EC50 values, comparable or greater to those exhibited by HIV-1, PY9-specific 

CTLs, and in a concentration-dependent manner also hints towards a potentially 

physiological significance of this cross-reactivity. Furthermore, it establishes that this 

phenomenon was not an artefact of the use of high peptide concentrations. However, a 

previous study by Jennes et al., indicated that the overall frequency of such cross-

reactive responses in vivo is low and thus their true contribution to natural cross-

protection might be lower than that estimated in vitro (Jennes et al., 2008).  Even so, 

the detection of HIV-2-specific CD8+ T-cells bearing TCRs with a potential for cross-
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recognition warrants further attention. Such clonotypes may have a greater potential to 

limit escape within HIV-2 hosts if present at adequate frequencies, and this latter 

attribute could potentially be modulated by vaccination.  

 Chronic antigenic stimulation enriches the expression of inhibitory molecules 

on the surface of CD8+ T-cells such as PD-1, 2B4, CD160 (Salisch et al., 2010). PD-1 

is a member of the CD28 family of molecules that was first recognized in the context 

of HIV-1 infection as a negative regulator of T-cell function and survival (Day et al., 

2006; Petrovas et al., 2006) and 2B4, which belongs to the SLAM/CD150 family of 

receptors (Mathew et al., 1993), has also been associated with  a defective cytokine 

production by HIV-specific CTLs (Aldy et al., 2011). Since the upregulation of these 

receptors as well as of CD160 had been previously linked with immune 'exhaustion', a 

state characterised by a loss of effector functions and proliferative potential 

(Yamamoto et al., 2011), the question of whether or not differences in the expression 

of these markers could account for the observed segregation of NY9-specific T-cells 

into dominant and subdominant populations arose. The phenotypic analysis of NY9-

specific CD8+ T-cell populations in three HIV-2 infected patients revealed an early, 

'immature' phenotype and an overall up-regulated expression of PD-1, 2B4 and CD160 

on NY9-specific populations. This was largely independent of TRBV family usage and 

dominance. However, memory NY9-restricted CTLs expressing dominant TRBVs had 

a greater proportion of CD57+PD-1+ cells and a trend for higher CD160 levels than 

subdominant TCRs, which potentially indicates the ability of these cells to respond 

more frequently to antigen. This is in line with previous studies suggesting an 

increased expression of PD-1+ and CD57+ in dominant HIV specific CD8+ T-cells 

(Conrad et al., 2011). However, contrary to these studies, the dominant TCRs in the 

HIV-2 infected patients did not exhibit a reduced potential for cross-recognition or low 
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CD127 expression. CD127 was upregulated in 66.7% of the total TCR+ NY9-specific 

T-cells, which suggests that these cells probably maintain a potential for increased 

homeostatic proliferation (Kaech et al., 2003) despite the upregulation of inhibitory 

markers such as PD-1 and 2B4. 

 In addition, the PD-1 upregulation was not associated with an impaired 

function. This finding supports a number of previously published observations on the 

expression of PD-1 within healthy individuals as well as HIV-1 infected elite 

controllers and asymptomatic HIV-2 patients that maintain undetectable viral loads 

(Duraiswamy et al., 2011; Salisch et al., 2010; Tendeiro et al., 2012). It is however at 

odds with reports proposing a role for PD-1 as a marker of exhaustion and disease 

progression (Day et al., 2006; Peretz et al., 2012; Trautmann et al., 2006). Indeed, PD-

1 expression on CD8+ T-cells has long been associated with reduced levels of 

functionality in a number of chronic infection settings including HIV-1 (Day et al., 

2006) and HCV (Golden-Mason et al., 2007). In addition, blockade of the PD-1 

pathway has been shown to enhance the function of CD8+ T-cells in SIV-infected 

macaques (Velu et al., 2009). Hence, the observation that NY9-specific CD8+ T-cells 

retain functionality despite the observed PD-1 upregulation is noteworthy and warrants 

further investigation as the small number of patients studied for PD-1 expression in this 

thesis (n=3) makes it hard to deduce if the observed functionality of PD-1+ cells is a 

global characteristic of HIV-2 specific CD8+ T-cells or a characteristic of the studied 

NY9-specific subset alone. One possibility however is that the expression of this 

marker on NY9-specific CD8+ T-cells in asymptomatic HIV-2 infection denotes either 

their high avidity for antigen, as it has been previously suggested for HIV-1-specific 

CD8+ T-cells (Conrad et al., 2011) or an ongoing viral replication and a lack of escape 

from CD8+ T-cell recognition as it has been proposed for Gag-restricted, SIV-specific 
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CD8+ T-cells in Mamu-A*01 and A*02 rhesus macaques controlling an SIVmac 

infection (Salisch et al., 2010).  

 The upregulation of CD160 (BY55) in the dominant clonotypes is also an 

interesting finding. CD160 (BY55) is a GPI- anchored protein that shares a 44% 

homology with KIR receptors such as KIR2DL4. Its role is to mediate TCR signal 

transduction cascades associated with proliferation and cytotoxicity in NK cells, 

intestinal intraepithelial cells, $' T-cells and circulating differentiated CD8+ T-cells of 

an intermediate (CD28- CD27+ CD28-) and late (CD27- CD28-) differentiation stage 

by engaging classical and non-classical MHC class I molecules on the surface of target 

cells (Agrawal et al., 1999; Anumanthan et al., 1998; Nikolova et al., 2002; Nikolova 

et al., 2005). Previous studies demonstrated that the number of CD8+CD160+ T-cells 

increases significantly during HIV-1 infection compared to healthy individuals, with 

up to 21.1% of the circulating CD3+CD8+ T-cells expressing the marker (Bensussan et 

al., 1993). In addition, the binding of CD160 to aggregated gag and pol loaded MHC 

tetramers has been shown to enhance the HIV-1 functional activity, granzyme B 

loading and cytotoxicity of CD8+ T-cell subsets (Agrawal et al., 1999; Nikolova et al., 

2005). Due to its selective expression and association with proliferation cascades and 

cytotoxicity and its promiscuous MHC recognition, it has been hypothesised that 

CD160 expression might confer a functional advantage to those effector cells that 

express the molecule by allowing them to recognise virally infected cells even when 

HLA-A and B are downregulated (Nikolova et al., 2005). Hence, the higher expression 

of CD160 in dominant NY9-specific CTLs suggests that these cells might be 

representing CTLs with an enhanced antiviral efficacy.  

 All in all, the results of this chapter point out that in the context of HIV 

infection, viral containment might not necessarily result from a single correlate but 
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rather from a number of factors, both overlapping and redundant, that work in concert 

to bring about what is perceived as long-term non-progression. It is thus this interplay 

of factors that we need to understand better and to address in order to push the field of 

HIV vaccination forward. 
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Chapter 4: Functional characterization of CD8+ T-cell clones bearing 
distinct TCRs in HIV-2+ LTNPs.  
 
 
4.1  Introduction 
 
Over the past ten years, several studies have suggested that the 'quality' of a CD8+ T-

cell response rather than its 'quantity' (i.e. magnitude and breadth) gives a more 

accurate prediction of antiviral efficacy (Addo et al., 2003). Most of the evidence 

regarding quality comes from the study of chronic infections in humans such as HIV-1 

and EBV (Almeida et al., 2007; Betts et al., 2006; Ning et al., 2011), from the study of 

CD8+ T-cells in primary SIV infection such as the immunodominant Mamu-A*01 Gag 

CM9 response in macaques (Price et al., 2009b) as well as from the study of long-term 

non-progressors and controllers in HIV infection (Betts et al., 2006; Emu et al., 2005). 

Those studies show that patients or animals with a better prognosis harbour cytotoxic 

CD8+ T-cells that are more potent in their action than patients who fail to either clear or 

contain viral replication, depending on the nature of the virus under study. 

 The term 'quality' refers to a number of cellular attributes that characterize the in 

vivo and in vitro behaviour of CD8+ T-cells. Some of these qualities, such as the 

structural avidity for antigen and cross-reactivity for viral variants, depend more 

heavily on the characteristics of the individual TCRs (Buseyne and Riviere, 2001; 

Gillespie et al., 2006) whereas others, such as the functional avidity or sensitivity for 

antigen, the cytotoxic potential, the simultaneous secretion of several interleukins and 

chemokines (polyfunctionality) and the proliferative ability of the cells, are more of an 

amalgam of TCR usage and microenvironmental imprinting that CD8+ T-cells acquire 

upon activation (Appay and Iglesias, 2011; Price et al., 2009b; Youngblood et al., 

2012). 
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It has been proposed that most of these qualities are strongly interconnected and hence 

their observed effect on viral control is one of an orchestrated action rather than the 

effect of a single qualitative attribute (Vojnov et al., 2010). Even so, the exact 

mechanisms that lead to such superior profiles of functionality, and quality, are still 

unclear (Iglesias et al., 2011).  

 In HIV-1 infection, some of the most recent studies have sought to identify 

correlates of protection at a clonotypic level (Iglesias et al., 2011; Price et al., 2009b). 

However, this topic has not yet been extensively addressed in HIV-2 infection. The 

only study currently available is a previous study published by Leligdowicz et al. in 

2010 which examined TCR usage between two V! families, one dominant  (TRBV19+) 

and a subdominant, in one HIV-2 long-term non-progressor. The published work 

demonstrated differences between the two families in terms of TCR avidity and IFN-$ 

production, as measured by IFN-$ ELISPOT, and suggested the selection of a superior 

quality NY9-restricted V! family in HIV-2 infection (TRBV19). However, it did not 

address whether or not this V! family persists in chronic infection and whether or not 

this 'superior' profile is restricted to the entire TRBV19 family, a single TRBV19 

clonotype or a more generalized phenomenon of CD8+ T-cells in HIV-2 infection. In 

addition, even though IFN-$ production as measured by IFN-$ ELISPOT is a well-

established method for the identification of Ag-specific responses, its use as a sole 

measure of quality has been debated (Valentine et al., 2008; Varadarajan et al., 2011) 

 The purpose of this chapter was to dissect the clonotypic constitution of the 

NY9 response in B*3501 patients in an attempt to identify qualitative features that 

might be associated with the control of viral replication.  More specifically, this chapter 

aims at addressing the question of whether or not HIV-2 long-term non-progressors 

have persistence of particular clonotypes and to assess the qualitative features of such 
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HIV-2 specific clonotypes in vitro using multiple methods. For this purpose, two 

different NY9- clonotypes - one dominant and one subdominant- that were successfully 

established from a single donor by CD8+ T-cell sorting and limiting dilution analysis 

were initially examined. The main focus was the question of how cells bearing a 

dominant receptor within a tetramer-specific population in HIV-2 infection compare to 

CD8+ T-cells bearing underrepresented TCRs (<1.5%) in terms of cytotoxicity, 

polyfunctionality, tetramer avidity, CD8 expression and cross-reactivity. The results 

were confirmed by studying the TCR usage of additional patients in our cohort. 

 Understanding how the clonal composition of a response affects the outcome in 

HIV-2 infection is of paramount importance as it could enable us to identify principles 

upon which HIV vaccination strategies could be based to achieve the mobilization of 

highly effective CTLs in a therapeutic or even prophylactic setting. 
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4.2  Results 
 
 
4.2.1 Dominant TCR usage persists for two years in an HIV-2 LTNP 

despite an observed clonotyping narrowing. 

 
 
Patient 30 is an HIV-2+ long-term non-progressor that has maintained an absolute CD4 

count above 400 cells/µl and an undetectable viral load (<50 copies/ml) for more than 

18 years. The patient's clinical data are summarised in chapter 3 and (figure 4.1). 

Previous work carried out in 2007 had identified a dominant NY9 (Gag245-253) response 

in this patient and suggested the existence of a highly discernible V! family hierarchy 

within the NY9-specific CD8+ T-cell population (Leligdowicz et al., 2010b).  

Figure 4.1  (a) Clinical characteristics of patient 30 (b) TRBV usage profile as determined by 
quantitative qPCR in 2007 (Leligdowicz A. and TcLand-Expression Labs, France). The 
nomenclature used is that of Arden. (c) Dominant TCR usage as determined by clonotypic 
analysis of tetramer-sorted NY9+ CD3+ CD8+ T-cells in 2009. In this case, TRAV/TRBV 
families follow the IMGT nomenclature 
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To determine the nucleotide and amino-acid sequence of the clonotypes corresponding 

to the previously published TRBV19 family, archived pellets of flash-frozen CD8+ T-

cell clones that were previously known to express the TRBV19 receptor were used for 

mRNA isolation and cDNA synthesis. V!-chains were then PCR-amplified from cDNA 

using a TRBV19-specific primer and a primer specific for the constant region of the 

beta chain (C!). Out of the three pellets screened only one pellet gave a PCR product.  

Sequencing of this product revealed a V!19 - J!2*3 pairing and a relatively short 

CDR3! loop bearing the amino acid sequence: CASSPQHG.  

 To determine if V! usage in this patient was still the same in 2009, 

cryopreserved PBMCs were thawed and stained with NY9 tetramer, anti-CD8 and a 

panel of V!-specific antibodies. The staining confirmed the presence of the NY9- 

specific response as well as the presence of the TRBV19 family (figure 4.2). 

CD8+NY9+ cells were then sorted and used for molecular TCR analyses (clonotyping, 

spectratyping) as well as for the establishment of CD8+ T-cell clones. The combination  

Figure 4.2(TRBV families detected in the NY9-specific, HLA-B*3501 restricted CD8+ T-
cell response in patient 30 in 2009 (light blue). Data for 2007 are from (Leligdowicz et al, 
2010). IMGT: TCR family nomenclature based on IMGT. V" A combination of TCR 
clonotyping, V"-specific monoclonal antibody staining, TCR sequencing and spectratyping 
was used to ascertain TRBV usage.  
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of these four different methods for the analysis of TCR usage in 2009 was selected 

because the TCR landscape analysis that was performed in 2007 collaboratively with 

the TCLand Expression labs in France was no longer available, and full representation 

of circulating V! families would not have been achieved otherwise as different TCR 

usage methods offer varying degrees of V! coverage (Currier and Robinson, 2001; 

Dash et al., 2011; Douek et al., 2002; Genevee et al., 1992; Rufer, 2005; Sharrock et al., 

1990) (table 4.1).    

 A total of 80 clones were established by limiting dilution all of which but one  
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%
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Patient_30 
TCRs 

Clone 
ID 

TRAV CDR3 TRAJ TRBV CDR3 TRBJ 

Dominant 30.10 13.1 
10 

      P E D S A V Y F C A A N R H D K V I F G P 
      Q L S D S A S H I C V V S A M L S G T Y K Y 

50*01 
40*01 19 T A F Y L C A S S P Q H G D T Q Y F G 2-3*01 

Subdominant 30.50 39  H D L S A T Y F C A V D F G G T S Y G K L 52*01 20.1 S S F Y I C S A S N Q G N G G E L F F 2-2*01 

Figure 4.3!Outline of the method used to generate the NY9-specific CD8+ T-cell clones 
from patient 30. CTL clones were established using the limiting dilution method from sorted 
CD8+NY9+ T-cells. 80 CTL clones grew all of which were screened for specificity using 
NY9 tetramers and for TCR usage using V"-specific mAbs. The histograms illustrate the 
TCR screen. Orange box: control cell lines (TRBV19+/TRBV19-) for gating, red box: 
TRBV19+ NY9-specific CTL clone, blue box: TRBV19- NY9-specific CTL clone. TCR 
usage and clonality were further confirmed by TCR sequencing. 
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were found to express the TRBV19 receptor. The remaining clone expressed a 

TRBV20-1 receptor (figure 4.3). Once the specificity of the clones was confirmed, their 

clonality was determined by PCR amplification. An unbiased TCR sequencing method 

was adopted for this purpose in which a 'global' 5'-end anchor primer (Clontech) was 

Table 4.1 : Comparison of methods available for TCR repertoire analysis. 

 

Method Description Advantages Disadvantages Review 
TCR 
Clonotyping 

Amplification of expressed TCR 
sequences using a single, 'global' 
set of TCR primers from total 
mRNA isolated from tetramer 
sorted CD8+ T-cells. This is 
followed by bulk TA cloning of 
amplified sequences in bacterial 
vectors for sequence analysis of 
individual TCRs. 

Unbiased method of TCR 
amplification. 
 
Excellent V! coverage 
(>98%) 
 
Good for unravelling 
patterns of TCR dominance 
and frequency within a 
given response. 

Expensive 
 
Chance of identifying 
subdominant/rare V! families 
directly proportional to the 
number of bacterial colonies 
(or vectors) screened. 
 

(Douek et al., 
2002) 

TCR 
Spectratyping 

CDR3-specific PCR 
amplifications of TCR families 
using specific probes for the 
detection of CDR3 variation 
within each TCR family. The 
number of different CDR3 
detected is a marker of TCR 
perplexity.  

Semi-quantitative. Paired 
with sequencing it can 
provide information that 
covers not only the type of 
V! families expressed but 
also of the number of 
different clonotypes that 
are present (oligoclonal vs 
polyclonal response). 
 

Can lead to biased 
representation of V! families 
depending on the annealing 
efficiencies of the CDR3-
specific primers used. 
 
Can lead to biased 
representation of V! families 
due to primer cross-reactivity. 
 
Time consuming due to the 
number of PCR reactions 
involved. 
 
Rare families for which V!-
specific primers are not 
available cannot be detected. 
 
 
No information about the 
frequency of a particular V! 
family within a response. 
 

(Currier and 
Robinson, 
2001) 

Gene-specific 
PCR 
amplification of 
TCRs 

A V!-specific primer panel is 
used to set up a series of PCR 
amplifications the products of 
which reveal which V! families 
are expressed. 

 Can lead to biased 
representation of V! families 
depending on the annealing 
efficiencies of the V!-specific 
primers used. 
 
Time consuming due to the 
number of PCR reactions 
involved. 

(Dash et al., 
2011; 
Genevee et 
al., 1992) 

Panel V! 
Antibody 
Staining 

Screening of CD8+, Tetramer+ 
population with a panel of V!-
specific monoclonal antibodies. 

Fast and direct method for 
the quantification of the 
frequency of a given V! 
subset. 

Coverage depends on the 
availability of V! antibodies 
 
No sequence information and 
hence, no distinction between 
different clonotypes/ family 
subgroups. 

(Rufer, 2005) 

Limiting 
Dilution TCR 
sequencing 

Sorting of CD8+ Tet+ populations 
and plating using limiting dilution 
for the establishment of individual 
CD8 CTL clones. 

The established CTL 
clones can be used for 
functional studies. 
 
Quantitative identification 
of dominant CTL clones 

Difficult to grow and thus to 
identify subdominant CD8 T-
cells/ T-cells with low 
frequency of representation 
(especially when responses are 
highly hierarchical and/or 
oligoclonal) 

(Sharrock et 
al., 1990) 

 
  



Chapter 4 

   93 

used in combination with a constant domain primer (either alpha or beta) to amplify all 

TCR transcripts within each CTL clone culture. The advantage of this method is that it 

overrides the bias introduced by other 'traditional' TCR sequencing methods when it 

comes to the clonality of culture. Such 'traditional' methods selectively amplify 

TRAV/TRBV sequences by means of V" and V!- specific primers and even though 

powerful enough to confirm V!-staining data and determine sequences they fail to 

properly address clonality, when a complete V"/V! primer panel is not used, due to 

their selective nature of TCR amplification. The same method was also used to generate 

the cDNA needed for the molecular TCR analyses. The mRNA that was isolated from 

the uncloned portion of the sorted NY9+CD8+T-cells, was transcribed into cDNA and 

shipped to the lab of Dr. Brouard in Nantes, France for TCR spectratyping analysis.  

The PCR sequence analysis of the two CTL clones confirmed that both cultures were 

100% clonal. It also revealed a dual TRAV usage for the TRBV19 CTL clone (figure 

4.3). However, no TRAV10 surface expression was detected by V" monoclonal 

antibody staining. The same sequencing analysis demonstrated a 100% match in 

nucleotide and amino-acid sequences for the TRBV19 TCRs that circulated in patient 

30 in 2007 and 2009. This, in conjunction with the spectratyping, clonotyping and 

limiting dilution results, indicates that the TRBV19 receptor persists and dominates the 

NY9-specific response in this patient for at least two years despite an observed 

clonotypic narrowing (figure 4.2).  
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4.2.2 TRBV19+ is a ‘private’ receptor with a conserved, ‘public’  -Q-G 

motif   

 

Since previous studies in our lab had revealed a selective expansion of the TRBV19 

family in B*3501 patients that responded to the NY9 epitope (Leligdowicz et al., 

2010b) the question of whether or not TRBV19 might be a shared, 'public' TCR arose. 

In keeping with the 2007 findings, the analysis of the 2009 samples by clonotyping and 

spectratyping revealed a higher representation of the TRBV19 family within the pool of 

NY9-specific CD8+ T-cells. However, an inter-patient comparison of TRBV19 

 

sequences at the nucleotide and protein level revealed no public TCR usage, in terms of 

V!-J! pairing and/or CDR3! identity. Despite this observation, all TRBV19 receptors 

were found to possess a highly conserved -Q-G- amino acid motif (figure 4.4). The 

!"#$%&'()'*'+,-(.*/01'-020,/3-'4(/5'*'236)0-.078'+,9:;(21''<=<><'?3@A''BC(D9-0'EF'

C(D9-0'EG'!"#$%#&'#()#$*+$,"#$-*./(0(,$!123456$7#)#8,*79$:"*7,;$<#7.=/(#$#()*-#-$>?1@$7#</*(%$ABC$(,$=*(<D$0(-$0$
"/<"#7$-#<7##$*+$(')=#*E-#$,7/8=#,$-#<#(#70)F$07#$'%'0==F$,"#$"0==.07G%$0$"/<"#7$87*-')E*($+7#&'#()F9$

 

Patient_ID TRBV CDR3 TRBJ 

1 19 KNPTAFYL C A S S S Q G     -  NQPQH 1-5*01 
19 KNPTAFYL C A S S L Q G L -  NTEAFF 1-1*01 

15 
21 

19 
19 

KNPTAFYL C A S S R Q E F A G -  NEQFF 
KNPTAFYL C A S S T Q V G -  DTQYF 

2-1*01 
2-3*01 

26 19 KNPTAFYL C A S S M G Q G - NEQFF 2-1*01 
30 19 KNPTAFYL C A S S P Q H G -  DTQYF 2-3*01 

 Consensus Motif                                  C A S S X Q X G   
H')=#*E-#$I#J#=$

K7*,#/($I#J#=$ !"#$%&'

ID CDR3
          TRBV             TRBD  N-VAR                        TRBJ
TGT GCC AGT AGT TCA CAG GGT AAT CAG CCC CAG CAT TTT
TGT GCC AGT AGT TTA CAG GGC CTG AAC ACT GAA GCT TTC

15 TGT GCC AGT AGT CGA CAG GAA TTT GCA GGC AAT GAG CAG TTC TTC
21 TGT GCC AGT AGT ACC CAG GTT GGC GAT ACG CAG TAT TTT
26 TGT GCC AGT AGT ATG GGA CAG GGG TAC AAT GAG CAG TTC TTC 
30 TGT GCC AGT AGT CCG CAA CAC GGA GAT ACG CAG TAT TTT

1

Figure 4.4!The sequence of the dominant TRBV19+ receptor at the protein and nucleotide 
level. Short, germline encoded CDR3 regions (<6 nt long) and a higher degree of nucleotide 
triplet degeneracy are usually the hallmarks a higher production frequency. 
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encoding of the glutamine (Q) was both germ-line (TRDB encoded) and non-germ line 

(n-variation), whereas the conserved glycine (G) was made up exclusively of n-

nucleotide additions. The TRBV20-1 TCRs were also compared for the presence of a 

motif.  However, due to the limited representation of this family among the patients 

under study (n=2) no meaningful conclusions about motif usage could be drawn for this 

family. 

 
 
 

4.2.3 Dominance of the TRBV19+ receptor cannot be explained by a 

higher production frequency. 

 

Studies led previously by Quigley et al. and Venturi et al, have suggested that TCRs 

produced in mice with higher frequencies during VDJ recombination are 

overrepresented in the naive repertoire. Thus, such TCRs might be endowed with a 

kinetic advantage in the early stages of infection if they meet a minimum of antigen 

avidity for mobilization and might also have a greater potential for peripheral 

dominance in the chronic stages of infection. TCRs produced with higher frequencies 

are usually encoded by several different nucleotide triplets that 'converge' to the same 

amino-acids (Venturi et al., 2011). In addition, their CDR3! sequences contain a 

limited number of nucleotide additions (<3) (Quigley et al., 2010; Venturi et al., 2008). 

An alignment of all TRBV19 nucleotide sequences detected in patient 30 showed no 

evidence of VDJ convergence.  There was only one nucleotide sequence encoding the 

observed TRBV19 and this was further confirmed by spectratyping analysis.  

Moreover, its CDR3! region contained a much higher number of nucleotide additions 

than the one anticipated for high frequency TCRs (8 vs 2) and included amino acids that 

were encoded by codons with a low degree of degeneracy (figure 4.5). 
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Therefore, the dominance of this receptor in the NY9-specific CD8+ T-cell pool does 

not appear to stem from a higher production frequency. 

 
 
 
4.2.4 The dominant TCR TRBV19 recognizes its cognate antigen with 

higher avidity than the subdominant TCR TRBV20-1. 

 
 
The assessment of the structural avidity of a TCR:pMHC interaction can be carried out 

using a variety of methods. Some of these methods utilise single molecules synthesized 

in vitro to measure the thermodynamic characteristics of the TCR:pMHC interaction, 

such as the equilibrium constant KD which describes the binding reaction AB <=> A+B 

that occurs in solution between the TCR and the pMHC whereas others rely on the 

technology of pMHC tetramers, to answer this question (Margulies, 2001). What is 

measured in the latter case is the affinity of the TCR for a multimeric pMHC complex. 

Even though this measurement does not offer but an approximation to the real affinity, 

it is considered a good and robust alternative to when single molecules are not readily 

T G T G C C A G T A G T C C G C A A C A C G G A G A T A C G C A G T A T T T T
F

TRBV-region TRBJDN-region

 CDR3 sequence

H G D T Q YC A S S P Q

Nucleotides Added 8
Triplets encoding

P 4
Q 2
H 2

Figure 4.5 The sequence of the dominant TRBV19+ receptor. Short, germline encoded CDR3 
regions (<6 nt long) and a higher degree of nucleotide triplet degeneracy are usually the hallmarks a 
higher production frequency. 
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available (Davis et al., 2011; Margulies, 2001). Decreasing amounts of PE-Conjugated 

NY9 tetramer were used for the staining of the TRBV19 and TRBV20-1 CD8+ T-cell  

clones. Comparison of %tetramer and [MFI] values at different NY9 concentrations 

suggested that the dominant TCR has a higher avidity for the NY9: B*3501 complex 

than the subdominant TRBV20-1(figure 4.6). There was no difference in the levels of 

CD8 expression between the two CTL clones (figure 4.7). 
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B*35 NY9
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0.019ug/ml 0.0097ug/ml 0.0048ug/ml 0.0024ug/ml

Figure: The TCR avidity of the CD8 CTL clones was determined by MHC class I staining using decreasing tetramer concentrations.The dominant clonotype TRAV13.1/
TRBV19 (upper row) displays a higher functional avidity than the subdominant clonotype TRAV39/TRBV20.1 (lower row).
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Figure 4.6 The TCR avidity of the CD8 CTL clones was determined by MHC class I (B*35 
NY9) staining using decreasing amounts of tetramer. The dominant clonotype 
TRAV13.1/TRBV19 (upper row) displays a higher avidity than the subdominant clonotype 
TRAV39/TRBV20-1 (lower row).  The gating was determined based on the irrelevant tetramer 
B7 RPM. 

Figure 4.7 No difference in the levels of CD8 expression on the surface of TRBV19 (red) 
and TRBV20-1 (blue) NY9-specific CD8+ T- cell clones 
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4.2.5 CD8+ T-cell clones bearing the dominant TRBV19 TCR have a 

similar cytotoxic potential to TRBV20-1 clonotypes when antigen is in 

abundance but show a higher sensitivity at limiting Ag concentrations. 

 
 

Next, the cytotoxic potentials and functional avidities of the two receptors were 

compared in a 51Cr release assay using as targets autologous B-cell lines exogenously 

loaded with NY9 peptide. At higher antigen concentrations (10-10-3uM) no difference 

was observed in the ability of the two CTL clones to lyse the B-cells. However, at 

lower antigen densities the functional avidity (EC50) of the TRBV19 receptor was a log 

higher than that recorded for TRBV20-1 (figure 4.8). To rule out any clone-specific 

effects with regard to functional avidity more than one established TRBV19 CTL clone 

were assessed for their ability to recognise the target cells. No differences were seen 

among different CTL clones expressing the same receptor. 

 Since ex-vivo studies involving PBMCs from patient 30 had previously 

suggested a polyfunctional profile for the NY9-specific clonotypes (chapter 3) the two 

CTL clones were then compared for their ability to degranulate and produce cytokines. 

Assessment of CD107", IFN-$, TNF-" and IL-2 production by intracellular staining 

revealed a profile of sensitivity that was similar to the one seen in 51Cr release assays. 

At high antigen concentrations the two clones displayed an almost identical profile of 

polyfunctionality, which waned faster for clone TRBV20-1 as the concentration of Ag 

decreased (figure 4.9).  

In addition, the TRBV19 clone displayed a more sustained profile of cytokine 

polyfunctionality and a greater magnitude of cytokine production. This was true for 

cytokines such as IFN-$ and TNF-", but not so for IL-2, the production of which was 

greater in clone TRBV20-1 (figure 4.9c and appendix i).   
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Fi Figure 4.8 (a) Recognition of autologous BCLs exogenously loaded with 5uM NY9 peptide 
in a standard 51Cr release assay. Both TCRs induce killing of B-cell targets at E:T ratios as 
low as 0.625:1.  (b) TRBV19 and TRBV20-1 CTL clones show comparable levels of 
cytotoxicity for Ag concentrations between 10uM and 10-3 uM (boxed area).  Symbols 
represent means of duplicate wells while error bars represent SD. The E:T ratio was 5:1. (c) 
Functional sensitivity (EC50) was calculated by normalizing the specific lysis so that the 
maximum value equated to 100% and then by assessing  the concentration of peptide 
required for 50% maximum specific lysis. (d) Cytotoxicity and sensitivity were dependent 
on the TCR and not influenced by the CTL clone used. 
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Figure 4.9 (a) Profiles of polyfunctionality of NY9-specific CTL clones expressing the 
TCRs TRBV19 and TRBV20-1 as determined by ICS . Each pie represents the background 
adjusted polyfunctional profile of the CTL clone at a given Ag concentration. SEB 
(10ug/ml) stimulation was also included in the assay to control for general CTL clone 
functionality. (b) Representative example of ICS production (here CD107!). (c) Sensitivities 
of CTL clones as assessed by CD107!, IFN-#, TNF-! and IL-2 production (ICS).  
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Taken together these data demonstrate that the dominant TRBV19 clone has a higher 

sensitivity for antigen than the subdominant TRBV20-1 clone. 

 

4.2.6 Differences in magnitude but no overall differences in the types of 

cytokines produced by CD8+ T-cells bearing a TRBV19 versus a 

TRBV20-1 TCR.  

 

To answer the question of whether or not the two CTL clones differed in their cytokine 

secretion beyond the production of 'standard' cytokines such as IFN-$, TNF-" and IL-2, 

the production of 27 cytokines was assessed using a bead-array assay. The results 

confirmed previous observations in that there were no differences in the types of 

cytokines produced by the CD8+ T-cells bearing the two receptors (appendix II). 

 However, irrespective of Ag concentration, a greater magnitude of MIP-1!, IL-

13, IL-6, GM-CSF and MCP-1 was secreted by the TRBV19 clone after 24hrs of 

incubation with autologous B-cell lines loaded with the NY9 epitope compared to the 

levels secreted by the TRBV20-1 clone (figure 4.10).  This suggests that the TRBV19 

expressing CTL clone is characterised by a superior profile of cytokine secretion when 

compared to the subdominant TCR TRBV20-1. 

 

!" ! "#$%&'&(&')!*+,-./!
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Figure 4.9 (d) Functional sensitivity comparison for CTL clones 30.10 (TRBV19) 
and 30.50 (TRBV20-1) [also appendix] 
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Figure 4.10! Background adjusted levels of MIP-1b, RANTES, IL-13, IL-6 and GM-CSF 
production by NY9-Specific CTL clones. Cytokine production was assessed following a 24hr- co-
culture of the CTLs with autologous B-cells pulsed with decreasing concentrations of NY9 peptide 
(seven 5-fold dilutions starting at 10ug/ml). Cytokine production was measured using a bead array 
assay (Bio-plex).  
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4.2.7 The persisting TRBV19+ TCR is more resistant to variations of 

the NY9 epitope.  

 

Even though the NY9 epitope is considered well conserved in ART-naive patients who 

control viral replication, variants of the sequence have been previously reported to 

emerge, especially in HLA-B*3501 patients who present with elevated viral loads 

(Leligdowicz et al., 2010b). Since escape from CD8+ T-cell responses is based on the 

emergence of viral variation and this is a major mechanism through which HIV-1 

avoids CTL-mediated immune recognition (Goulder and Watkins, 2004), the question 

of whether or not the NY9-specific CD8+ T-cells under study could recognise the 

variants of the NY9 sequence seen in the Caio cohort and elsewhere arose. This 

question was also pertinent from a functional point of view since cross-reactive Gag-

specific CD8+ T-cells have been previously shown to play a role in the containment of 

viruses with mutated epitope sequences (Johnson et al., 1991).  However, up to date no 

study has provided data on the ability of HIV-2 specific CD8+ T-cells to cross-

recognise epitope variants seen in HIV-2 patients, and hence the question of whether or 
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Figure 4.11 (a) Table displaying the most commonly occurring variants of the  
NY9 epitope. 
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not the NY9-specific CD8+ T-cells possess this quality, and to what extend, remains 

unanswered. To answer this question, the two CTL clones were tested for their ability 

to cross-recognise target cells presenting common NY9 variants (figure 4.11).  The 

TRBV19 CTL clone recognized all tested variants (5/5), albeit with different 

sensitivities. On the other hand, the TRBV20-1 CTL clone only recognized 2/5 variants 

tested. This shows that the TRBV19 receptor has a higher degree of flexibility when it 

comes to its antigen recognition than the subdominant TRBV20-1 receptor.  
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4.2.8 The phenotype of TRBV19+ CD8+ T-cells in patient 30 is 

characterised by the upregulation of multiple inhibitory markers. 

 
 
To assess the phenotype of TRBV19 CD8+ T-cells in patient 30, cryopreserved PBMCs 

collected in 2009 were thawed and stained with monoclonal antibodies for CD57, PD-1, 

CD27, CD45RO, 2B4, CD160, and CD127 along with anti-TRBV19 (V!17), NY9- 

tetramer, anti-CD4, CD8 and CD3. Previous studies in the field have suggested a 

PD1high, CD127low phenotype for dominant HIV-specific clonotypes (Almeida et al., 

Figure 4.11 (b) The ability of TRBV19 and TRBV20-1 CTL clones to recognize targets 
(BCLs) exogenously loaded with decreasing amounts of NY9 variants was measured in 
standard 4hr 51Cr release assays. The assays were performed at day 11 post 
restimulation. A 5:1 E:T ratio was used. 
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2007; Conrad et al., 2011). In line with those results, the TRBV19 clone displayed a 

terminally differentiated, 'exhausted' phenotype compared to the general NY9 Tet- 

TRBV19+ population. This was characterised by a higher expression of CD57, PD-1 

and CD160 (figures 4.12 &13).  Unfortunately, due to the very low frequency of the 

TRBV20-1 family in the sample, a similar phenotypic analysis could not be performed 

for the TRBV20-1 population. 
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4.2.9 A selective expansion of subdominant clonotypes ensues when 

TRBV19 clonal dominance is lost: the case of patient 21. 

 
 
 
The analysis of two CTL clones with distinct TCR usage from patient 30 indicated that 

the dominant TRBV19 TCR possessed a higher avidity and sensitivity for Ag, a greater 

magnitude of cytokine production and an increased cross-reactivity for NY9 variants 

contributed to the observed dominance was not clear. To address this question, a similar 

analysis was performed in patient 21. This patient was also a long-term non-progressor 

and his clinical characteristics are given in chapter 3 and figure 4.14.  

 TCR clonotyping and spectratyping analyses in this patient using samples from 

2009 revealed a narrowing in the clonotypic diversity comparable to that seen in patient 

30 (figure 4.15). However, in this patient, in contrast to patient 30, there was no 

maintenance of the clonotypic hierarchy seen in 2007. The TRBV19 dominance had 

been lost and a selective expansion of previously subdominant TCRs had occurred.  

Unfortunately we were not able to generate clones from this patient for further 

clonotypic analyses. Instead, to determine what may have accounted for the observed 

Figure 4.13 Total expression of PD1, 2B4, CD160, CD127, and CD57 on bulk 
Tet+/TRBV19+, Tet -/TRBV19+, and Tet-/TRBV19- populations. red: Tet+/TRBV19+, 
blue: Tet-/TRBV19+, green: Tet-/TRBV19- 
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loss of dominance an archived TRBV19 CTL clone from 2007 that was available was 

used.  

Figure 4.14 (a) Clinical characteristics of patient 21. (b) TRBV usage profile as 
determined by quantitative qPCR in 2007. Arden nomenclature used. (Leligdowicz A and 
TcLand-expression Labs, France). (c) TCR profile as determined by clonotypic analysis 
of tetramer- sorted (NY9+) CD3+CD8+ T-cells in 2009. TRAV/TRBV families follow 
the IMGT nomenclature. 
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4.2.10 TRBV19 clonotypes from patients 21 and 30 share an identical 

profile of avidity, sensitivity and cytotoxicity. 

 
 

Comparison of the two TRBV19 CTL clones revealed an identical profile of avidity, 

sensitivity and cytotoxicity. However, when the magnitude of IFN-$ production was 

assessed, some differences did emerge. There was no difference in the magnitude or 

sensitivity of TNF-", MIP-1! or IL-2 production. Nevertheless, the dominant TRBV19 

CTL clone produced more IFN-$ than the clone that became ultimately replaced (figure 

4.16).  

 

 

4.2.11  TRBV19_21 and TRBV19_30 display dissimilar profiles of 

sensitivity to variants of the NY9 epitope 

 

The ability of the older TRBV19 CTL clone to recognize variants of the NY9 epitope 

was also examined. As it was true for the dominant TRBV19 clone from patient 30, this 

clone also recognized all variants tested (5/5). However, the sensitivity of the two CTL 

clones for the different variants differed. More specifically, the 2007 clone recognized 

three of the most common variants with a much lower sensitivity than the persisting 

TRBV19 CTL clone (figure 4.17).  
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Figure 4.16 (a) TCR sequences of TRBV19 clones in patients 21 and 30 (b) The ability of 
the clones to recognize infected cells was measured in a 51Cr release assay using B-cells 
lines pulsed with decreasing concentrations of NY9 peptide. (c) The functional avidity of the 
clones was determined by normalizing the specific lysis to 100% and by assessing the 
concentration of peptide required for 50% maximum specific lysis. (d) The TCR avidity of 
the two TRBV19 clones was determined by tetramer staining in the presence of decreasing 
tetramer concentrations. (e) Levels of IFN-#, TNF-!, MIP-1" and IL-2 production by 
TRBV19 CTL clones  in culture supernatants following a 24hr co-culture with peptide 
(NY9) laden B-cells. A 5:1 E:T ratio was used. 
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Figure 4.17! (a) Recognition of the most common NY9 variants by NY9-
specific TRBV19+ CTL clones in a standard 51Cr release assay.  The functional 
avidities (EC50) for each clone and each variant are summarized in table b. D; 
magnitude of difference.  

!
"#$%&'()&!*+,!"#$%&'(-.!,/012*3!,/00/4/2*5!1567280!69!08+0/:;/<3!<6!;*5/*+<0!69!<=8!>?'!
81/<618@!AB=*C0:6+!65!80D*18!D6C2,!C+,851/+!<=8!D=*+E8!69!,64/+*+D8!/+!1*:8+<!)&F!

G/EC58!"#$%"&'()*+,-)+")."/0'"1)2/"()11)+"345"6$7,$+/2"89"345:2;'(,<("=&>?@5A"B=C"(D)+'2",+"$"2/$+E$7E"F@B7"
7'D'$2'"$22$9G""=0'".H+(-)+$D"$6,E,-'2"#IBFJ%".)7"'$(0"(D)+'"$+E"'$(0"6$7,$+/"$7'"2H11$7,K'E",+"/$8D'"8G"LM"1$*+,/HE'"
)."E,N'7'+('G"!

$"
30.10

10-710-610-510-410-310-210-1100101102
0

20

40

60

80

100
NPVPVGNIY
- - I - - - - - -
- - - - - - S - -
- - - - - R - - -
- - I - - R - - -
S - I - - - - - -

Peptide Concentration (ug/ml)

%
 M

ax
im

al
 C

yt
ot

ox
ic

ity

21.8

10-710-610-510-410-310-210-1100101102
0

20

40

60

80

100
NPVPVGNIY
- - I - - - - - -
- - - - - - S - -
- - - - - R - - -
- - I - - R - - -
S - I - - - - - -

Peptide Concentration (ug/ml)

%
 M

ax
im

al
 C

yt
ot

ox
ic

ity

AHI.!JK+:E8+!H6+DF!CEL42M!

!"#$" !"#$"%& %$#& '
'('''') ()*)*+(,- '(''''* +
'(''''',- ././,/./././././. '(''.) +++
'(''')/ ././././././0/./. '(') +++
'('''- ./././././1/././. '(') +++
'('''- ././,/././1/././. '('''') ++
'(''''* 0/./,/./././././. '('''') +

8"

!
"#$%&'()&!*+,!"#$%&'(-.!,/012*3!,/00/4/2*5!1567280!69!08+0/:;/<3!<6!;*5/*+<0!69!<=8!>?'!
81/<618@!AB=*C0:6+!65!80D*18!D6C2,!C+,851/+!<=8!D=*+E8!69!,64/+*+D8!/+!1*:8+<!)&F!

G/EC58!"#$%"&'()*+,-)+")."/0'"1)2/"()11)+"345"6$7,$+/2"89"345:2;'(,<("=&>?@5A"B=C"(D)+'2",+"$"2/$+E$7E"F@B7"
7'D'$2'"$22$9G""=0'".H+(-)+$D"$6,E,-'2"#IBFJ%".)7"'$(0"(D)+'"$+E"'$(0"6$7,$+/"$7'"2H11$7,K'E",+"/$8D'"8G"LM"1$*+,/HE'"
)."E,N'7'+('G"!

$"
30.10

10-710-610-510-410-310-210-1100101102
0

20

40

60

80

100
NPVPVGNIY
- - I - - - - - -
- - - - - - S - -
- - - - - R - - -
- - I - - R - - -
S - I - - - - - -

Peptide Concentration (ug/ml)

%
 M

ax
im

al
 C

yt
ot

ox
ic

ity

21.8

10-710-610-510-410-310-210-1100101102
0

20

40

60

80

100
NPVPVGNIY
- - I - - - - - -
- - - - - - S - -
- - - - - R - - -
- - I - - R - - -
S - I - - - - - -

Peptide Concentration (ug/ml)

%
 M

ax
im

al
 C

yt
ot

ox
ic

ity

AHI.!JK+:E8+!H6+DF!CEL42M!

!"#$" !"#$"%& %$#& '
'('''') ()*)*+(,- '(''''* +
'(''''',- ././,/./././././. '(''.) +++
'(''')/ ././././././0/./. '(') +++
'('''- ./././././1/././. '(') +++
'('''- ././,/././1/././. '('''') ++
'(''''* 0/./,/./././././. '('''') +

8"

!
"#$%&'()&!*+,!"#$%&'(-.!,/012*3!,/00/4/2*5!1567280!69!08+0/:;/<3!<6!;*5/*+<0!69!<=8!>?'!
81/<618@!AB=*C0:6+!65!80D*18!D6C2,!C+,851/+!<=8!D=*+E8!69!,64/+*+D8!/+!1*:8+<!)&F!

G/EC58!"#$%"&'()*+,-)+")."/0'"1)2/"()11)+"345"6$7,$+/2"89"345:2;'(,<("=&>?@5A"B=C"(D)+'2",+"$"2/$+E$7E"F@B7"
7'D'$2'"$22$9G""=0'".H+(-)+$D"$6,E,-'2"#IBFJ%".)7"'$(0"(D)+'"$+E"'$(0"6$7,$+/"$7'"2H11$7,K'E",+"/$8D'"8G"LM"1$*+,/HE'"
)."E,N'7'+('G"!

$"
30.10

10-710-610-510-410-310-210-1100101102
0

20

40

60

80

100
NPVPVGNIY
- - I - - - - - -
- - - - - - S - -
- - - - - R - - -
- - I - - R - - -
S - I - - - - - -

Peptide Concentration (ug/ml)

%
 M

ax
im

al
 C

yt
ot

ox
ic

ity

21.8

10-710-610-510-410-310-210-1100101102
0

20

40

60

80

100
NPVPVGNIY
- - I - - - - - -
- - - - - - S - -
- - - - - R - - -
- - I - - R - - -
S - I - - - - - -

Peptide Concentration (ug/ml)

%
 M

ax
im

al
 C

yt
ot

ox
ic

ity
AHI.!JK+:E8+!H6+DF!CEL42M!

!"#$" !"#$"%& %$#& '
'('''') ()*)*+(,- '(''''* +
'(''''',- ././,/./././././. '(''.) +++
'(''')/ ././././././0/./. '(') +++
'('''- ./././././1/././. '(') +++
'('''- ././,/././1/././. '('''') ++
'(''''* 0/./,/./././././. '('''') +

8"



Chapter 4 

   113 

 

 

4.2.12  Irrespective of dominance, all NY9-specific B*3501 restricted 

TRBV families harbour conserved CDR3" motifs 

  
 

Additional dominant and subdominant CTL clones established from other B*3501 

HIV-2 patients mounting a NY9-specific CD8+ T-cell response (patient 17 and patient 

15) were also examined for their qualitative features.  

 Analysis of a dominant TCR from patient 17 and of a subdominant TCR from 

patient 15, both of which were long-term non-progressors, revealed motifs that 

invariably contained a conserved glycine (G) at amino acid position 8 of the CDR3! 

sequence (figure 4.18) as did the persisting and replaced TRBV19 receptors.  

 
 

Figure 4.18!Clonotypic architecture of the NY9-specific, B*3501 restricted CD8+ T-cell 
response in (a) patient 17 and (b) patient 15. (c), (d) Interpatient comparison of the TRBV7-
2 and TRBV7-9 sequences at the protein and DNA level. 
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4.2.13 NY9-specific dominant clonotypes have a higher avidity and a 

greater sensitivity for antigen than subdominant clonotypes. 

 
 
The TRBV7-9 and TRBV7-2 CTL clones were also tested for their respective avidities 

for antigen, their sensitivities and polyfunctionality. Once again, to ascertain that the 

observed profiles of antigen avidity were associated with TCR usage rather than the 

individual clone itself, multiple CTL clones bearing the same receptor were tested 

wherever this was possible. 

 No avidity differences were found by tetramer staining for clones expressing the 

same TCR. The dominant TRBV7-2 clone however displayed a greater avidity and 

sensitivity for Ag than the subdominant TRBV7-9 (figure 4.19), which was consistent 

with the pattern observed for the TRBV19 and TRBV20-1 CTL clones. Hence, avidity 

and sensitivity for Ag appear to distinguish dominant from subdominant NY9-specific 

TCRs in HIV-2 infection.  
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Figure 4.19! (a) TCR avidity measurement of CTL clones bearing the dominant TRBV7-2 
and subdominant TRBV7-9 receptors.  (b) Plots of Ag sensitivity as measured by tetramer 
titration assays and ICS (CD107!, IFN-#, TNF-! and IL-2) after 6hrs of stimulation. The 
EC50 value on the y-axis represents the concentration of NY9 Ag in which half-maximal 
recognition occured. Each symbol stands for a single clone and each colour for a single TCR 
(blue and orange represent TCRB19 TCRs from patients 30 and 21 respectively, green: 
TRBV7-2, pink: TRBV20-1 and red: TRBV7-9). Horizontal lines depict group medians. 
Comparisons between groups were performed with the Mann-Whitney test. P values <0.05 
were considered significant. TCR statuses (D; dominant TCR or S: subdominant) are plotted 
on the x-axis. 
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4.2.14 NY9-specific CD8+ T-cells with the TRBV7-2 or the persisting 

TRBV19 TCR display a higher Ag sensitivity for the common N>S NY9 

variant NPVPVGNSIY. 

 
 
The TRBV7-2 and TRBV7-9 CTL clones were also assessed for their ability to cross-

recognize NY9 variants.  Both clones displayed a considerable amount of flexibility 

recognizing all five variants tested. However, variants were recognized with different 

sensitivities by the two TCRs. Most importantly, a comparison of all TCRs under study 

revealed a high variability with regard to the recognition of the common N>S variant. 

TCRs such as the persisting TRBV19 and the dominant TRBV7-2 displayed a much 

higher avidity for this variant than subdominant or replaced TCRs (figures 4.20-21). It 

is therefore plausible that antigenic shifts plays a role in the clonal dominance observed 

in HIV-2 infection similar to that seen in mice infected with influenza A viruses 

(Haanen et al., 1999).  

 

 
Figure 4.20 Functional avidities of the TCRs under study for different NY9 variants. The EC50 
values represent the amount of Ag needed for half-maximal target lysis. D: Dominant, R: 
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Figure 4.21 TRBV7-2 and TRBV7-9-specific NY9 variant recognition hierarchy as measured 
in 51Cr release assays. B-cell lines were exogenously loaded with titrations of the most 
commonly occurring NY9 variants and used as targets at a 5:1 E:T ratio.  
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4.3  Discussion  
 
 

The main focus of this chapter was the clonotypic architecture of the NY9- 

specific B*3501-restricted CD8+ T-cell population in one HIV-2 long-term non-

progressor that has maintained the LTNP status for 18 years in the absence of anti-

retroviral therapy. Previous research involving this patient had established a clear 

profile of clonotypic dominance within the NY9-specific CD8+ T-cell pool 

(Leligdowicz et al., 2010b). As previous studies in HIV-1 infection have linked the 

dominance of a single clonotype to the control of viral replication in long-term non-

progressors (Almeida et al., 2007; Dong et al., 2004; Gillespie et al., 2006), it was 

hypothesised that viral control in HIV-2 infection might also be associated with the 

dominance of TCR clonotypes that possess superior qualities. CD8+ T-cell clones were 

established by limiting dilution and studied in vitro for their ability to lyse targets, their 

avidity and sensitivity for antigen, their polyfunctionality, their levels of CD8 

expression and lastly for their ability to cross-recognize variants of the NY9 epitope.  

  The study of HIV-1 long-term non-progression proposes that during chronic 

HIV infection, and in the absence of high-level viral replication, the antigen-specific 

TCR repertoire displays a relative stability in terms of clonotypic constitution (van 

Bockel et al., 2011). This is also true for other persisting chronic viral infections, such 

as EBV, where it has been shown that CTL responses mounted towards two 

immunodominant latent EBV epitopes remain clonotypically unchanged for up to 18 

years (Miles et al., 2005). Changes and perturbations are most commonly seen in 

patients who progress to disease (Gorochov et al., 1998) or experience a rebound in 

viral replication due to escape (Meyer-Olson et al., 2006), during the transition from 

acute to chronic infection (Pantaleo et al., 1997) or during the first few months 

following HAART initiation (Conrad et al., 2012; Soudeyns et al., 2000). However, a 
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longitudinal analysis of the NY9-specific clonotypes in two HIV-2 long-term non-

progressors suggested a contraction of several NY9-specific TRBV families over time 

as some of the families detected in 2007 could no longer be detected in the 2009 sample 

despite using a variety of methods (V! monoclonal antibody staining, TCR 

clonotyping, TCR spectratyping and limiting dilution). This finding is at odds with a 

previous study in HIV-2 infection which suggested a broad TCR usage in HIV-2 

infection (Lopes et al., 2003) but reiterates observations from chronic viral infections 

such HCMV, where in the face of low-level replication, TCRs with very low functional 

avidity contract below the limits of detection (Day et al., 2007). It has also been 

suggested that the loss of certain CTL clonotypes during the chronic phase of HIV-1 

infection could be due to the clonal turn-over of exhausted clonotypes (Almeida et al., 

2007). Indeed, when the phenotype of the dominant TRBV19 clonotype was studied, a 

picture of exhaustion, characterized by an increased expression of PD-1, 2B4, CD160 

and CD57, emerged.  Another possible explanation of course is that this change simply 

mirrors the advanced age of the patients under study (median age= 66.5years).  Proof 

for such an age-related effect comes from a recent study in neonatal, adult and old mice 

that demonstrated an age-driven evolution of Ag-specific responses in HSV-1 infection. 

TCR repertoires in older mice were found to possess a more pronounced clonal 

hierarchy and were characterized by a gradual focusing that became more pronounced 

as age advanced (Rudd et al., 2011).  

 Despite this oligoclonal narrowing, at least one dominant HIV-2-specific 

clonotype (TRBV19) was found to persist in the peripheral NY9-specific CD8+ T-cell 

pool for two years. It is possible that this persisting TCR represents a clonotype selected 

during the early, acute stages of infection. Early mobilized, 'acute phase' TCR 

clonotypes that persist throughout the course of infection, even in the context of rapid 



Chapter 4 

   120 

progression, have been previously described in HIV-1 (Islam et al., 2001), HCMV (Day 

et al., 2007), HCV infection (Miles et al., 2011) as well as in the context of vaccination 

(Price et al., 2009b). However, this is the first time that such a clonotypic persistence is 

described for HIV-2 infection.  Since several studies in the past exploring the 

clonotypic constitution of EBV, HIV and SIV-specific CD8+ T-cell repertoires have 

linked TCR persistence to shared, public TCRs (Argaet et al., 1994; Dong et al., 2004; 

Lim et al., 2000; Price et al., 2009b) the TRBV19 sequence was also analysed for the 

presence of public features. Nevertheless, the persisting TRBV19 receptor was not of 

such ‘public’ nature. 

 While the persistence of a single clonotype might be associated with long-term 

non-progression, a narrow response is not always advantageous.  The study of HIV-1 

patients that carry the B*2705 allele has shown that even though these patients are able 

to mount a protective response against the immunodominant gag epitope KK10 which 

is characterised by a high functional avidity and sensitivity, the narrow nature of this 

response does not allow them to contain viral variants with even minimal changes such 

as the single KK10L268M mutation (Iglesias et al., 2011). Indeed, while the persisting 

TRBV19 clonotype in patient 30 displays a superior quality and a high degree of 

functionality, this is not true for the TRBV20-1 CTL clone. The latter has a lower 

avidity and sensitivity for the NY9 antigen than the dominant TRBV19 clonotype and it 

does not demonstrate the same flexibility in the recognition of NY9 variants that the 

dominant TCR displays. Therefore, it is plausible that this subdominant TRBV20-1 

CTL clone and its progeny would have been less effective at containing the virus and/or 

at limiting escape in the absence of the TRBV19 clonotype. This suggests that single 

clonotypes can be associated with the control of viral replication in HIV-2 infection.  



Chapter 4 

   121 

The results of this chapter also point out that all dominant clonotypes in HIV-2 

infection are characterised by a higher antigen avidity and sensitivity than subdominant 

clonotypes as well as an increased polyfunctionality at limiting Ag concentrations. The 

terms 'avidity', 'sensitivity' and 'polyfunctionality' were used throughout this chapter to 

describe the functional profiles associated with each CTL clone. The term 'avidity' for 

instance was employed to describe the intrinsic affinity of a particular TCR for a given 

pMHC complex as measured by tetramer staining whereas the term 'sensitivity' was 

used as previously described by Purbhoo et al. (Purbhoo et al., 2004) to characterise the 

minimum number of peptide laden MHC complexes that a CTL needs to encounter for 

half-maximal function. Finally, the concurrent production of cytokines at a given 

antigen concentration was described using the term 'polyfunctionality' as previously 

used by Duvall et al. (Duvall et al., 2008). A number of methods were utilized to 

measure the sensitivity or 'functional avidity' of each TCR for the NY9 epitope:  

ELISPOT and ICS were carried out to measure sensitivity in terms of IFN-$ and TNF-" 

secretion, whereas the cytotoxic potential of each CTL clone at various antigen 

concentrations was measured by CD107" staining and 51Cr release.  It was noted that 

irrespectively of the method used, dominant TCRs displayed a better 'quality' than 

subdominant clonotypes especially at limiting antigen concentrations. It has been 

previously suggested that such a profile may confer a kinetic advantage in the early 

stages of infection when viral replication is still low but not when sufficient stimulus is 

present. (Price et al., 2005) 

 Whereas avidity and sensitivity could confer an advantage to dominant 

clonotypes in the presence of low-antigen loads, this is less likely for polyfunctionality. 

Earlier studies on the quality of CD8 T-cells in HIV-1 infection suggested that while 

polyfunctionality is a correlate of quality, it does not distinguish controllers from non-
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controllers or dominant clonotypes from co-dominant (Chakrabarti and Simon, 2010; 

Janbazian et al., 2012). In the same line, the TRBV20-1 TCR did not dominate the 

NY9-specific response in patient 30 despite a presumed increased potential for 

proliferation associated with an increased ability to secrete IL-2 (Akinsiku et al., 2011). 

Differences were also observed in the magnitude of IFN-$ production between the two 

TRBV19 CTL clones, despite an almost identical TRBV usage, avidity and 

cytotoxicity. However, even though avidity and sensitivity best described the dominant 

clonotypes in this study the loss of the TRBV19 dominance in patient 21 suggests that 

additional qualities besides high avidity and sensitivity are needed for this dominance to 

be sustained.  Indeed, several studies point out that the functional avidity alone does not 

always explain the relative dominance of certain clonotypes within an antigen specific 

response. For instance, dominant and subdominant clonotypes in latent HCMV and 

EBV infection show no difference in their functional avidities (Day et al., 2007; 

Janbazian et al., 2012). Probably, the most consistent finding associated with 

dominance and persistence in this study is the ability of the different TCRs to cross-

recognize common variants of the NY9 epitope with high sensitivity. This ability was 

not found to be dependent on the presence of individual TCR motifs as previously 

proposed (Price et al., 2004). Instead, all TCR clonotypes studied, irrespective of 

dominance and/or persistence, presented the conserved motif CASSXXXGX. 

Therefore, it is more likely that this motif represents a structural requirement for the 

NY9: B*3501 interaction rather than a characteristic associated with TCR dominance as 

it has been previously postulated for similar motifs in HCV, HCMV and SIV infection 

(Day et al., 2007; Miles et al., 2011; Venturi et al., 2008). The hypothesis that cross-

recognition may be the driving force behind clonotypic persistence however is not new. 

A previous study led by Van Bockel et al, in HIV-1 infection demonstrated that 
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dominant, persistent KK10-specific T-cell clonotypes are inherently more promiscuous 

for variants of the KK10 epitope (van Bockel et al., 2011). In addition, the dominance 

of a few cross-reactive TCRs could also explain the clonotypic narrowing of the NY9-

response over time as it has been proposed in studies of LCMV-infection (Cornberg et 

al., 2006). Hence, it is tempting to speculate that either the appearance of a viral variant 

or some localized bouts of viral replication may have sustained the persistence of the 

dominant clonotypes over time in the HIV-2 patients under study. Likewise, similar 

mechanisms, namely escape or exhaustion due to low-level viral replication, may have 

also accounted for the loss of the TRBV19 clonotype in patient 21. The lack however of 

viral sequences from these patients does not allow any further or definite conclusions to 

be drawn. Still, it is possible that despite the undetectable viral loads in the patients 

under study some basal HIV-2 replication that could give rise to viral variants may have 

been taking place in peripheral sites as previously proposed for patients with 

undetectable viral loads due to ART treatment (Soares et al., 2011). This hypothesis is 

further supported by a recent study demonstrating, by means of ultra-deep sequencing 

(pyrosequencing), that epitope conservation does not necessarily translate into a lack of 

viral variation and that viral variation in SIV infected macaques is dynamic, frequent 

and diverse even for epitopes previously considered as stable (Bimber et al., 2009). 

 To summarize, this chapter suggests that for the virus to remain under control 

the persistence of TCR clonotypes within the NY9-specific CD8+ T-cell pool is 

necessary. This could be achieved either by the dominance and persistence of a single, 

cross-reactive TCR like we see in patient 30 or through the relative co-dominance of a 

broader pool of clonotypes as the one emerging in patient 21 after the contraction of the 

dominant TRBV19 CTL clone.  In this way, small changes in the clonotypic dominance 

or antigenic variations are less likely to affect progression. 
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Chapter 5:  Cloning and expression of highly avid, cross-reactive 
HLA-B*3501 restricted NY9- specific TCRs. 
 
 
5.1  Introduction 
 

The first step in the sequence of events that lead to CD8+ T-cell activation or function 

is the recognition of a peptide-laden MHC class I molecule on the surface of an APC. 

As already mentioned in the introduction, this recognition is mediated by heterodimeric 

"! T-cell receptors (TCRs) on the surface of T-cells. Each TCR is a constituent unit of 

a larger multiprotein complex (TCR/CD3) that involves several transmembrane proteins 

with a potential for intracellular signal transduction.  

 The TCR signal begins with the activation of src kinases (Lck and Fyn) and 

phosphorylation of ITAMs (Immunoreceptor Tyrosine-based Activation Motifs) in the 

intracellular portion of the TCR CD3 and ( molecules. This event is followed by the 

recruitment and activation of the ZAP-70 protein through phosphorylation, and the 

subsequent activation of adaptor molecules such as LAT  (Linker Activator for T-Cells) 

and TRIM (T-Cell Receptor Interacting Molecule) by PTKs (Protein Tyrosine Kinases). 

These initiate then multiple downstream pathways through successive protein tyrosine 

phosphorylation cascades such as the ERK (Extracellular Signal Regulated Kinase), 

JNK (c-Jun N-terminal Kinase), NF-KappaB (Nuclear Factor-KappaB) and NFAT 

(Nuclear Factor of Activated T-Cells) pathways which ultimately induce the 

transcription of genes, the products of which are associated with CD8+ T-cell function 

(Cantrell, 1996). 

  Several factors determine the strength of pMHC: TCR interaction, which 

determines then in turn, even if in part, the ensuing functional result: the nature of the 

bound MHC epitope (agonist/antagonist) (Lyons et al., 1996), the stability of the pMHC 
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complex (Busch and Pamer, 1998), the thermodynamic affinity and kinetics of the 

monomeric pMHC:TCR engagement itself (Krogsgaard et al., 2003; Ueno et al., 2004), 

as well as the density of MHC and TCR molecules on the surface of the T-cell 

(Gonzalez et al., 2005; Kim et al., 1996). Additionally, accessory molecules such as 

integrins (LFA-1) and co-receptors (CD8, CD2 and CD28) also contribute to the 

stabilisation of this interaction (Margulies, 2001). It has been shown that for each TCR, 

the dwell-time of pMHC:TCR interaction must fall within a certain restricted range in 

order for CD8+ T-cell activation to occur and that both accelerated and prolonged half-

lives in terms of dissociation (KD,t1/2) can have a negative effect on the ensuing 

signalling cascade (Kalergis et al., 2001). Within a primary response, the strength of the 

TCR: pMHC engagement can directly affect the magnitude of expansion and CD8+ T-

cell contraction, as well as the T-cell migration kinetics from tissues to periphery (Zehn 

et al., 2009) and levels of intracellular Ca2+ release and influx (Chen et al., 2010). In 

anamnestic responses, those activated memory CD8+ T-cells that bear TCRs that 

recognize their cognate antigens with high avidities (~5x10-4uM) lyse infected cells 

earlier in the course of infection and more rapidly than low-avidity CTLs (Derby et al., 

2001a). Furthermore, the strength of TCR engagement and co-stimulation have been 

also shown to modulate aspects of T-cell immunity such as the sensitivity for Ag and/or 

IL-2 production post-transcriptionally, through a mechanism that most likely relies on 

the proportionate induction intracellularly of regulatory miRNA molecules (Curtale et 

al., 2010; Haasch et al., 2002; Li et al., 2007). Hence, in the periphery, much like during 

thymic development, the quality of the pMHC: TCR recognition can determine whether 

or not activation will occur and if so, what the functional outcome will be.  

 Over the past few years several studies have pointed out that higher TCR 

avidities correlate with higher T-cell functional capacities (Almeida et al., 2007; Derby 
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et al., 2001a; Vingert et al., 2010). For instance, increases in the multivalent TCR 

affinity have been shown to increase the pMHC:TCR multimerization and LAT/p-

ERK1/2 mediated intracellular signalling (Schmid et al., 2010). However, this 

functional enhancement is not infinite (Schmid et al., 2010) and supraphysiologic 

avidities are not necessarily advantageous as they entail a risk of non-specific 

recognition and can also trigger CD8+ T-cell apoptosis (Alexander-Miller et al., 

1996b). Moreover, even though functional avidity strongly correlates with structural 

avidity, this correlation is not always true (al-Ramadi et al., 1995; Derby et al., 2001b). 

For instance, it has been shown that functional avidity can also be modulated during the 

course of infection, by signals arising from multiple co-stimulatory modalities such as 

CTLA-4 and/or GM-CSF signals, a phenomenon that resembles in principle a process 

of  'avidity maturation' (Hodge et al., 2005). One question that therefore arose, 

following the identification of a series of NY9-specific TCRs with a naturally high 

functional avidity during the studies described in chapters 3 and 4, was, to what extent 

the high functional avidity observed in HIV-2 infection can be attributed to the 

biophysical properties of the pMHC: TCR interaction itself or to a combination of 

structural avidity and 'avidity maturation'.  

 Furthermore, the work of the previous two chapters also demonstrated that HIV-

2 CTL clones possess an increased potential for homologous cognate antigen (NY9) 

recognition and heterologous antigen (PY9) cross-recognition. It has been previously 

postulated that such a characteristic is a necessary attribute of the TCR (Mason, 1998), 

yet the molecular principles of cross-reactivity remain unclear despite it being a 

desirable attribute of a protective T-cell response for broader coverage, as only a 

handful of structures addressing this mechanism have been solved so far (figure 5.1). 
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Hence, the purpose of the work for this chapter was to clone, express and refold these 

highly avid, cross-reactive and non-cross-reactive TCRs for comparative structural 

studies, in an attempt to understand better the principles that lie behind CD8 TCR 

selection and mobilization in the initial phases as well as chronic phases of antigen 

exposure.  

 

 

 

 

 

  

PMID Title Reference 

12244309 
A Functional and Structural Basis for TCR Cross-Reactivity in 
Multiple Sclerosis 

(Lang et al., 
2002) 

15583017 
T Cell Cross-Reactivity and Conformational Changes During 
TCR Engagement. (Lee et al., 2004) 

15837811 
Structural and Kinetic Basis for Heightened Immunogenicity of T 
Cell Vaccines 

(Chen et al., 
2005) 

16951352 

Strong TCR Conservation and Altered T Cell Cross-Reactivity 
Characterize a B*57-Restricted Immune Response in HIV-1 
Infection. 

(Gillespie et al., 
2006) 

18941216 

Distinct CDR3 Conformations in TCRs Determine the Level of 
Cross-Reactivity for Diverse Antigens, but Not the Docking 
Orientation 

(Jones et al., 
2008) 

20064447 
T cell receptor cross-reactivity directed by antigen-dependent 
tuning of peptide-MHC molecular flexibility. 

(Borbulevych et 
al., 2009) 

20711359 

Protective efficacy of cross-reactive CD8+ T cells recognising 
mutant viral epitopes depends on peptide-MHC-I structural 
interactions and T cell activation threshold. 

(Valkenburg et 
al., 2010) 

20616031 
Cross-reactive CD8+ T-cell immunity between the pandemic 
H1N1-2009 and H1N1-1918 influenza A viruses. 

(Gras et al., 
2010) 

21086445 

Loss of recognition by cross-reactive T cells and its relation to a 
C-terminus-induced conformational reorientation of an HLA-
B*2705-bound peptide (Loll et al., 2011) 

21937447 

Loss of T Cell Antigen Recognition Arising from Changes in 
Peptide and Major Histocompatibility Complex Protein Flexibility: 
Implications for vaccine design 

(Insaidoo et al., 
2011) 

22019736 
Disparate degrees of hypervariable loop flexibility control T-cell 
receptor cross-reactivity, specificity, and binding mechanism. 

(Scott et al., 
2011) 

Figure 5.1 Summary of studies addressing CTL cross-reactivity at the structural level. 
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5.2  Results 
 
 
5.2.1 Amplification and cloning of TCRs into expression vectors 
 
 

 

Six HIV-2 NY9-specific TCRs with different abilities for cognate (+,9) and 

heterologous (PY9) peptide recognition as well as one HIV-1 PY9-specific TCR (J038 

C2) (Figure 5.2) were selected for expression. mRNA was isolated from ~106 CTL 

clone cells and reverse transcribed into cDNA before being subjected to a three-step 

PCR for the production of TCR inserts. The TCR primers were engineered according to 

the method described by Boulter et al. incorporating cysteine codons (C*) at positions 

threonine 48 (TRAC) and serine 57 (TRBC) respectively to allow the formation of a 

non-native "! interchain disulphide bridge during refolding (Boulter et al., 2003). They 

were also designed to carry codons optimised for expression in E.coli, as well as the 

NdeI and XhoI restriction sites at the 5' and 3' end respectively for directional cloning 

into the pET22b+ vector.  

 Each chain was amplified using three sets of primers: for the TCR alpha-chain 

these were the sets "TCR/1AR, 1AF/Aend and "TCR/Aend, whereas for TCR ! chains 

these were amplified using the sets !TCR/1BR, 1BF/Bend and !TCR/Bend (Figure 

5.3). The sequences of the designed oligonucleotides were as follows: 

Figure 5.2 Functional characteristics of TCRs selected for expression. fAV: Functional avidity (EC50) as 
measured by 51Cr release assay. Green: high functional avidity, Blue: medium functional avidity, Red: low 
functional avidity. PY9 Cx: Level of heterologous PY9 cross-reactivity (PPIPVGEIY). Cross-reactivity 
values represent EC50 in 51Cr release assays using titrated amounts of the epitope. N/D: Not determined. * 
Archived TRBV19 TCR from 2007 (Chapter 4). 

!"#$#%&'$()*%)+,-+)'.'%&'/+0!1)+

!"#$%&'(234%*,4#.+%"#$#%&'$()*%)+,-+0!1)+)'.'%&'/+-,$+'56$'))(,47+++

!"#$%&' ()*+,$%&' -./0.12.'34567859'
:;8! !"##$<%&'( )*)*+*,*,)+*),+,),,*+++*)+,,)*+*)++**),+++,)(
:=;4!' !"##$>-.( )*)*+*,*,))+)),,*,+,+,+****)++**)+*)))*,*,(
:=;:4' !"##/<$-01( )*,*+*,*,)+*)+*)***)**),))*)+*))*,++,))*++*+,+*),),,++(

!"##/>20-( )*)*+*,*,))),),,,+,+*),+,+++*),**+**)),+*+*)*)(
?:;@!' !"##3<$1&$4-( )*,*+*,*,))****+),,)**+*)+*,++,,+,*+++,)*),),++(
8A;:A!' !"##3>$.( )*,*+*,*,)))+*,+*+++*),++++***),*++,),,+*)***))**))(
8A;4A' !"##-<1.( )*)*+*,*,))**+,)***),,)**+****+++,+,),,++,)*)+(

!"##->-#0$( )*,*+*,*,))),,+,)),+,,)),)+,),+),+,+,+**+*,++)(
"?' !"##1<-$( )*,*+*,*,)***+**)*)),,*+)+*)*,,++,)+*)+,+,)*),),+++*)(

!"##1>1#( )*,*+*,*,)+*)*++*,++*++**,))++*)+)*+++,)),(
!Same TRAV/TRBV family used 

(
(5678(

(

PID CID fAV PY9 Cx TRAV CDR3  TRAJ TRBV CDR3  TRBJ 
1 1.3 0.000375 N/D 8.6  C A V S D A  37-1 29.1 C S V G Y G  1-1*01 

17 17.5 0.0001 N/D 8.6  C A V S  18-1 29.1 C S V A W G   1-1*01 
17.15 0.000375 0.8 12.3  C A M D  44-1 7.2 C A S S L S P G R 2-1*01 

21 21.8* 0.0000625 N/D 13.2 C A V C G D 9-1 19 C A S S T Q V G 2-3*01 

30 30.50 0.0002 1 39 C A V D F  52-1 20.1 C S A S N Q G N G  2-2*01 
30.10 0.000094 0.07 13.1 C A A N R H  50-1 19 C A S S P Q H G  2-3*01 

J038 C2 1.616 Index  21 C A V P G G I  50-1 30 C A W R G T A L L Q 1-2*01 
fAV: functional avidity as measured by 51Cr release assay. Green; high functional avidity, blue; medium functional avidity,  red; low functional avidity. 
PY9 Cx: level of PY9 Cross-
reactivity  
N/D-Not Determined 
*TRBV19 TCR  from 2007 (Chapter 4) 
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The primers 1AR, 1BR, Aend and Bend were primers used previously in the lab (Dr. G. 

Stewart-Jones). All amplifications were carried out in 50µl reactions containing 5µl 10x 

buffer, 10µM dNTPs, 3.3U High Fidelity Polymerase (Roche), 2µl cDNA, 39µl H20 

and 10pmol of each of the primers whereas the conditions for the amplifications 

consisted of a 2min initial denaturation step at 94oC followed by 35 cycles of 

denaturation at 94oC for 30sec, annealing at 60oC ("-chains) or 65oC (!-chains) for 

30sec, and 1min elongation at 72oC. A final round of elongation at 72oC for 8min was 

also performed. 

 

!"#$%&' ()*+,$%&' -./0.12.'34567859'
:;8! !"##$<%&'( )*)*+*,*,)+*),+,),,*+++*)+,,)*+*)++**),+++,)(
:=;4!' !"##$>-.( )*)*+*,*,))+)),,*,+,+,+****)++**)+*)))*,*,(
:=;:4' !"##/<$-01( )*,*+*,*,)+*)+*)***)**),))*)+*))*,++,))*++*+,+*),),,++(

!"##/>20-( )*)*+*,*,))),),,,+,+*),+,+++*),**+**)),+*+*)*)(
?:;@!' !"##3<$1&$4-( )*,*+*,*,))****+),,)**+*)+*,++,,+,*+++,)*),),++(
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!"##->-#0$( )*,*+*,*,))),,+,)),+,,)),)+,),+),+,+,+**+*,++)(
"?' !"##1<-$( )*,*+*,*,)***+**)*)),,*+)+*)*,,++,)+*)+,+,)*),),+++*)(

!"##1>1#( )*,*+*,*,)+*)*++*,++*++**,))++*)+)*+++,)),(
!Same TRAV/TRBV family used 

(
(5678(

(

!"#$%&'($#)*"+',-$%./00)"*'123#'

oj -u A) (o o z o

I
24''!"#$%

5671'8' 5671'9'
24'

oj -u A) (o o z o

I8:::'
;::'

8:::'
;::'

/6
23

<=
3'

=3
<=
$"

('
>
$*
2'

/6
23

<=
$"

('
>
$*
2'

>$*2+'>$*/?-$'2@"&%@.'

24''!"&$%
5671'8' 5671'9' 24'

8:::'
;::'

8:::'
;::'

A6
23

<B
3'

C3
<C
$"

('

>
$*
2'

A6
23

<C
$"

('
>
$*
2'

!!"#$%!
&'"(()*!

!!"#$+!
&'"(()*!
!

!!"#$%!
&'"(()*!

!!"#$+!
&'"(()*!
!

Figure 5.3  Overlapping PCR strategy used for the generation of expression constructs. Primers 
!TCR/1AR, 1AF/Aend and "TCR/1BR, 1BF/Bend were used in step 1 whereas !TCR/Aend and 
"TCR/Bend in step 2. NegC: Negative control. 
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Next, the TCR inserts were cloned into pET22b+ expression vectors (Novagen). The 

cloning was successful for 5/7 TCRs (17.15, 21.8, 30.10, 30.50 and C2) and all 

constructs were verified by sequencing which was performed at the WIMM sequencing 

facility by John Frankland. Then, the constructs were used for BLR (DE3) Competent 

cell (Novagen)  transformation for protein expression as inclusion bodies (IBs).  

Expression was induced with 0.5M IPTG at OD600=0.9 and after a 6hr incubation at 

21oC the protein was purified from IB pellets by washing three times in Triton X-100 

(Sigma-Aldrich) and resolubilised in 8M Guanidine-HCl, 15mM DTT and 100mM Tris 

pH 8.0 (Figure 5.4). The chains of HLA-B*3501 molecules and !2 microglobulin were 

expressed as described in the Materials and Methods (2.4 Generation of peptide MHC 

class I tetramer complexes). A TCR previously expressed in the lab (Dr. G. Stewart-

Jones) (Figure 5.4) was also purified from inclusion bodies and used as a control during 

the studies. This was the KF11 (KAFSPEVIPMF) specific, B*5701-restricted AGA-1 

TCR (TRAV5/TRBV19). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 Coomassie stained SDS-
PAGE gel of IB purified TCR proteins. 
Red arrows denote the bands for the a-
chains (~23kDa) and "-chains 
(~28kDa).  
Lane 1: TRBV19 (TCR 21.8) 
Lane 2: TRAV21 (TCR C2) 
Lane 3: TRBV30 (TCR C2) 
Lane 4: TRBV19 (TCR 30.10) 
Lane 5: TRAV12.3 (TCR 17.15) 
Lane 6: TRAV10 (TCR 30.10) 
Lane 7: TRAV39 (TCR 30.50) 
Lane 8: TRBV20-1 (TCR 30.50) 
Lane 9: TRAV10 (TCR 21.8) 
Lane 10: TRAV13.2 (TCR 21.8) 
Lane 11: TRAV13.1 (TCR 30.10) 
Lane 12: TRBV7.2 (TCR 17.15) 
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The lowest yields were observed for the TCR 30.50. 
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5.2.2 TCR & MHC class I refolding and anion-exchange 
chromatography  

 

For TCR refolding, paired soluble TCR chain proteins (30mg/each) were injected into 

1litre of refolding buffer (5M Urea, 200mM L-arginine, 50mM Tris pH8.0, 1mM 

EDTA, 1.5mM reduced glutathione and 0.15mM oxidized glutathione) and left stirring  

 

 

 
Figure 5.5  Purification of the different TCRs under study on anion-exchange and coomassie 
stained SDS-PAGE. TCR001 is the control TCR. The x-axis on the graphs represents elution 
volumes (ml). R: reducing, NR: non-reducing conditions. Black arrows and yellow boxes 
indicate the fractions selected for further purification. 
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at 4oC for 48hrs.The refolded mixtures were then dialysed for 2 weeks against 16lt of 

6.25mM Tris pH 8.0 at 4oC. The HLA-B*3501 molecules were also refolded with 

peptides NY9 and PY9 as described in the materials and methods.  At the end of the 

dialysis period, the refolded protein was harvested, filtered through a 0.22µM filter 

(Stericup, PVDF, Millipore), loaded for purification onto 5ml HiTrap HQP anion 

exchange columns (GE Healthcare) and eluted with 18% 1M NaCl, 10mM Tris pH 8.0. 

TCR-containing fractions were then pooled together and analysed by coomassie stained 

SDS-PAGE under reducing and non-reducing conditions to confirm the formation of 

disulphide bonds and TCR dimers (Figure 5.5).  Refolding was achieved for 4/5 TCRs, 

namely for the HIV-2 NY9-specific TCRs 30.10, 17.15, 21.8 and the control TCR 

AGA-1 and SDS-PAGE analysis revealed both TCR dimers as well as unbound " and 

!-chain monomers in the refolds. However, due to time and sample volume limitations 

further "! chain linkage confirmation by mass-spectrometry was not performed. 

 A similar approach was adopted for the purification of p:B*3501 complexes 

(Figure 5.6). The refolded proteins were purified by anion-exchange chromatography 

using 1ml HiTrap HQP columns and eluted with a constant NaCl gradient and 10mM 

Tris pH 8.0. 
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5.2.3 Ni+ Affinity and Size Exclusion Chromatography 
 

The collected fractions from the anion-exchange chromatography that contained the 

TCR were then subjected to two additional rounds of purification including Ni+ affinity 

and Superdex 200 (10/300 GL) size-exclusion chromatography (GE Healthcare) in 

order to obtain a homogenous sample. After the final elution (10mM HEPES pH 7.0, 

100mM NaCl) the fractions containing the main peak were pooled together and 

analysed on a Coomassie stained SDS-PAGE gel under reducing and non-reducing 

conditions (Figure 5.7) to confirm the presence of the "/! heterodimer and then were 

concentrated for surface plasmon reasonance (BIAcore) analysis.   
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Figure 5.6 Anion-exchange chromatography of 
HLA-B*3501 monomers in complex with the 
PY9 (left) and NY9 (right) peptides. 500ug of 
p:B*3501 were purified by anion-exchange 
chromatography and eluted with 20% 1M 
NaCl, 10mM Tris pH 8.0. Collected fractions 
were further confirmed by SDS-PAGE. The 
fractions collected for Biacore SA chip 
immobilization are indicated by the black 
arrows (above) and the small  red, blue and 
green arrows. 
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 !," chains 

Figure 5.7  SD200 gel filtration of refolded TCRs and analysis of selected fractions 
on SDS-PAGE (R:reduced/NR:non-reduced) White arrows indicate the bands 
corresponding to the refolded TCRs.  
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5.2.4 Surface Plasmon Resonance (SPR) analysis  
 
 
The binding of the expressed TCRs to their ligands was assessed using SPR analysis. 

For this purpose, 1000RU of each biotinylated p:HLA-B*3501 complex were 

immobilised onto adjacent flow cells (IFC1-3) on a Streptavidin (SA)-coated sensor 

chip (GE Healthcare) whereas a fourth flow cell (IFC4) was left uncoupled and used as 

a negative (no binding) control.  The KF11: HLA-B*5701 monomer was also 

immobilised on a second SA chip for the kinetic analysis of the binding of the AGA-1 

TCR. This TCR whose binding expression, refolding and binding kinetics had been 

previously confirmed (Dr. G.Gillespie and G.Stewart-Jones) was included in the 

analysis as a positive (binding) control, to rule out methodological errors that may have 

occurred during the steps of expression, refolding and/or purification of the TCRs as 

well as an internal control for the Biacore analysis itself. 

  Following to the p:MHC immobilisation, each TCR was injected over the 

corresponding chip (TCRs C2, 30.10 and 21.8 over the p:B*3501 SA chip and the 

AGA-1 TCR over the KF11:B*5701) and kinetic data were collected for further 

analysis. The SPR studies were carried out on a BIAcore 3000 machine (GE 

Healthcare) and the analysis was performed using the BIAcore software. The results of 

the injection of each TCR over the different immobilised p:MHCs are shown in figure 

5.8. As it can be seen in the figures 5.8b-e the response for each TCR, which was 

calculated by subtracting the response of the negative control flow cell (pink line) from 

that recorded for the p:MHC containing flow cells (blue, green and red lines), turned 

out to be negative. This indicated that the four NY9=specific TCRs did not bind to their 

target p:MHCs antigens contrary to the positive control AGA-1 TCR which gave a 

binding response, as expected (figure 5.8, f).  
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Figure 5.8 Sensorgrams depicting the injection of the NY9/PY9-specific TCRs over the different 
immobilised p:MHCs (red, blue, green lines) and their observed responses (a) Summary of all injections. 
(b) Injection of 17.15 TCR over the three immobilised p:MHCs and the negative control flow cell (in pink) 
(c) Injection of C2 TCR over the three immobilised p:MHCs and the negative control flow cell (in pink) (d) 
Injection of 30.10 TCR over the three immobilised p:MHCs and the negative control flow cell (in pink) (e) 
Injection of 21.8 TCR over the three immobilised p:MHCs and the negative control flow cell (in pink) and 
(f) Injection of mock AGA-1 TCR over immobilised KF11: HLA-B*5701. As it can be seen from the 
sensorgrams (b-e) the background response seen with each TCR flowing over an empty flow cell (pink line) 
is no different from the responses recorded when each respective TCR was injected over the different 
p:MHCs.. The only exception was the AGA-1 TCR for which the response recorded was different from the 
response  seen for the no-binding, negative control (green line: 5.8f). 
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5.3  Discussion 
 

The purpose of this chapter was to clone and express a number of highly avid, cross-

reactive NY9/PY9-specific TCRs for biophysical studies and crystallization. Seven 

TCRs were selected for the study, four of which were successfully cloned, expressed 

and refolded for SPR analysis.  

 SPR is a method that has been extensively used for the study of pMHC: TCR 

interactions along with isothermal titration calorimetry (ITC) and fluorescence 

anisotropy (Piepenbrink et al., 2009). It measures how the refractive index of a surface 

(sensor) that contains an immobilised protein changes, as a second protein-ligand is 

injected over this surface. The recorded changes are then analysed to determine whether 

or not the two proteins, immobilised and injected, have interacted with each other 

(Margulies et al., 1996). Compared to alternative methods, SPR is advantageous in that 

it requires relatively low amounts of each protein and does not require labelling of the 

molecules under study, minimizing thus the danger of structural interference. In 

addition, it allows the determination of a number of biophysical and thermodynamic 

parameters of the TCR: pMHC interaction such as the binding kinetics (Kon/Koff), 

affinity (KD), entropic (%S) and enthalpic (%H) profiles as well as heat capacity changes 

(%Cp) (Krogsgaard et al., 2003; Margulies et al., 1996; Piepenbrink et al., 2009; van der 

Merwe and Barclay, 1996). The engagement of the TCR is normally characterized by a 

low affinity (~0.1-100uM), a slow on-rate and a fast-off rate (Boniface and Davis, 

1995) and crystallization studies have revealed that most TCRs position over pMHC 

complexes in a semi-diagonal mode, with the V" and V! domains aligning over the N- 

and C-terminal halves of the peptide respectively (Garcia and Adams, 2005). This 

interaction relies on an a number of favourable enthalpic changes that stabilize the 

TCR: pMHC complex by overcoming an entropic penalty (Boniface et al., 1999). It has 
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thus been suggested that the particulars of these biophysical and structural profiles, such 

as the docking topology (Adams et al., 2011; Stewart-Jones et al., 2003), the TCR chain 

establishing the specificity (Ishizuka et al., 2008), the CDR3 loop length, flexibility and 

its amino-acid landscape (Borg et al., 2005; Ding et al., 1998; Dong et al., 2004) may 

account, at least in some systems, for the immunodominant selection, functional profile 

or cross-reactive potential of certain TCRs. Each TCR possesses a binding 'hotspot' 

where most of the residues that play a significant role in the stabilisation and specificity 

of the recognition are located. For the immunodominant HLA-A2 restricted Flu-specific 

JM22 TCR the majority of stabilising interactions in the 'binding hotspot' are  

contributed almost entirely by the V! CDR1 and CDR2 loops and some CDR3 amino-

acids (Ishizuka et al., 2008). Other studies however, such as those exploring the HLA-

B8 restricted EBV (FLR)-specific LC13 TCR place those 'hotspots' within the CDR3 

loops (Borg et al., 2005).  

 The structure of the bound epitope can also have a profound impact on the 

selected TCR repertoire with bulged epitopes, such as the HLA-B*5703 restricted 

epitope KF11 (KAFSPEVIPMF), being associated with antigenic immunodominance 

and HIV-1 non-progression (Stewart-Jones et al., 2005) and more flat 'featureless' 

epitopes favouring the mobilization of a narrower, highly hierarchical antigen-specific 

TCR repertoire during the course of infection (Stewart-Jones et al., 2003; Turner et al., 

2005).  

 However, when the four refolded NY9/PY9-specific TCRs under study were 

assayed for their ability to recognise their respective ligands, no binding was detected. 

A number of factors could account for this lack of interaction: it could be that the 

assumed conformations of the refolded TCRs were not physiological; that the refolded 

pMHC complexes did not contain the desired peptides or optimal epitopes or that the 
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constructs had incorporated mutations in the early steps of plasmid amplification that 

led to alterations in the previously characterised TCRs CDR3 amino-acid profiles. 

Indeed, the pMHC: TCR interaction is extremely sensitive to single amino-acid 

changes. Variations within the CDR3 regions of the TCR have been shown previously 

to alter or abrogate binding at the molecular level and hence to affect the response to a 

given peptide either by reducing or by eliminating the production of certain cytokines 

and/or the potential for recognition (Goyarts et al., 1998; Ishizuka et al., 2008; Kalergis 

et al., 2001; Robbins et al., 2008). An analogous mechanism that relies on the selection 

of mutated epitopes that abrogate CTL recognition either by destabilising the p:MHC 

interaction or by altering the residues at TCR contact sites is also one of the many 

strategies implemented by HIV for immune escape (Cale et al., 2011; Jones et al., 

2004). However, as the sequence of all constructs was verified following plasmid 

amplification, and mass-spectrometry analysis of MHC class I bound epitopes revealed 

no diversifications (appendix III), the lack of binding most likely resulted from the fact 

that the refolded TCRs might have been misidentified, mispaired "" or !! homodimers. 

The formation of such homodimers in solution, and especially of !! homodimers 

during refolding, has been previously described (Li et al., 1997; Zhou et al., 2011) and 

is proposed to account for up to 80% of the refolded proteins (van Boxel et al., 2009). 

Nevertheless, a definite conclusion regarding the presence of "! homodimers in the 

refolded protein solutions was not possible in this study, as the molecular weights of the 

different dimers are very similar ("! TCR ~53kDa vs ~57 for a !! TCR) and SDS-

PAGE does not provide a means for accurate, definite distinction. Future studies of 

these receptors however, will need to incorporate additional steps of quality control 

involving mass spectrometry as proposed by Van Boxel et al. to confirm the presence 
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of the desired "! heterodimers as well as the integrity of the " and ! chains (van Boxel 

et al., 2009). 

 Even though binding was not detected between the expressed TCRs and their 

cognate p: B*3501 complexes, these receptors and the corresponding NY9/PY9 

complexes, still warrant further study at a structural level due to their contribution in 

unique profiles of avidity and cross-recognition. Especially with regard to the latter, it 

should be noted that most studies up to date have been focusing on either cross-reactive 

recognition of closely related ligands by CTL lines (Valkenburg et al., 2010) or the 

recognition of different MHC alleles (Burrows et al., 1997) but studies of multiple 

cross-reactive TCRs targeting the same pMHC allele are limited. Nevertheless, the few 

studies available to date support the idea that each TCR possesses a unique profile of 

cross-reactivity. For instance, the study of two TCRs specific for the Tax/HLA-A2 

complex in HTLV-1 infection revealed a differential functional response among the two 

receptors to a peptide substitution designed to remove a prominent interfacial hydrogen 

bond. The difference stemmed from electrostatic differences in the two recognitions 

and could not be predicted by the profile of response towards the index epitope as both 

receptors has similar binding affinities and kinetics for the latter (Davis-Harrison et al., 

2005). 

 Hence biophysical and crystallographic studies, as well as those involving TCR 

gene transfers in in vitro systems (i.e. TCR transfer in Jurkat cells), are advantageous in 

that they allow an evaluation of different TCR mediated interactions and, depending on 

the method, downstream signalling pathways without the high level of noise and 

complexity that normally characterises physiological in vitro cellular assays (Iancu et 

al., 2011; Irving et al., 2012; Thomas et al., 2010). The findings can then be applied to 

predict or increase the immunogenicity of epitopes (Cole et al., 2010; Dash et al., 2007) 
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and the avidities of TCRs through peptide anchor residue optimization or TCR 

engineering by either site-directed mutagenesis (Varela-Rohena et al., 2008), phage 

display (Li et al., 2005) or CDR3 swapping (Bennett et al., 2010) as well as for the  

prediction of TCR mobilisation (Roomp and Domingues, 2011) which is necessary for 

rational vaccine design (Apostolopoulos et al., 2000; Dash et al., 2007). It will thus be 

interesting to see in the future whether or not the selected NY9/PY9-specific TCRs 

possess any unusual characteristics at an atomic level and how these characteristics 

modulate the observed findings of high avidity and cross-reactivity in HIV infection. 
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Chapter 6:  Discussion and future directions 
 
 
Over the past 30 years HIV-1 infection has evolved from a disease with an 

unfavourable prognosis into a manageable chronic disease. A lot of advances have 

contributed towards this end: the development of new drug classes and drugs, such as 

the CCR5 antagonist Maraviroc and the integrase inhibitor Raltegravir that were 

introduced into the market in 2007 (Arts and Hazuda, 2012; Hughes et al., 2009); the 

emergence of testing methods that permit the identification of HIV-seropositive 

individuals earlier post-acquisition by combining antibody testing with antigen (p24) 

detection (Bischof et al., 2011); the expansion of the access to ART in resource-limited 

settings (WHO/UNAIDS/UNICEF, 2011); the development of more sensitive methods 

for the detection of resistance (Gega and Kozal, 2011); as well as the emergence of a 

new culture of adherence to antiretroviral regimens (Mann et al., 2012). However, 

despite these advances and despite a number of well-orchestrated research efforts 

spanning more than 3 decades, an HIV vaccine is still missing. 

 In 2007, the much-promising rAd5 Merck STEP vaccine trial triggered fervent 

debates over the need for more basic research after it failed to confer to the vaccinated 

volunteers the same level of protection previously demonstrated in animal models 

(Cohen, 2007). It also prompted discussions over the suitability of certain methods such 

as the IFN-$ ELISPOT as a major determinant of immunogenicity in trials and on 

whether or not a single correlate such as the breadth and/or magnitude of a response can 

predict a post-vaccination outcome with sufficient power (Fuchs et al., 2010; McElrath 

et al., 2008). What was then realised was that for an accurate characterisation of 

vaccine-induced HIV-specific CD8+ T-cell immune responses, a more holistic 

approach was necessary that would incorporate the characterisation of more than one 
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parameters, such as the potential for viral suppression (Saez-Cirion et al., 2010) or the 

production of multiple cytokines (Horton et al., 2007) alongside breadth and magnitude 

of the overall T-cell response.  

 The Merck trial also exemplified the complexity of the system that we are 

currently dealing with: not only is HIV a virus with great plasticity that triggers a multi-

layered response involving multiple interconnected host pathways (Brass et al., 2008) 

but also our access to the true sites of infection such as the mucosa and lymph nodes 

remains extremely limited. Despite this, the advances on the immunological front have 

been encouraging and researchers are now, assisted by methodological advances of the 

past decade, such as 18-colour flow cytometry, beginning to re-evaluate the current 

knowledge on epitope specific responses by placing more emphasis on the fine 

architecture of each response (Seder et al., 2008). Systems biology is also emerging as a 

new way of looking into vaccine-induced immunity and is expected to play a bigger 

role in the evaluation of such responses in the years to come (Andersen-Nissen et al., 

2012; Rappuoli and Aderem, 2011). 

 HIV-2 is a virus that affects approximately 1-2 million people around the world 

and patients progressing to disease share a clinical picture that is indistinguishable from 

that caused by HIV-1 (Gottlieb et al., 2008). However, contrary to the progress made in 

HIV-1 infection regarding the treatment of seropositive patients, the management of 

HIV-2 progressors as well as dual HIV-1/2 patients still remains a challenge as the 

virus is naturally resistant to drug classes such as the non-nucleoside reverse 

transcriptase inhibitors (NNRTIs), fusion inhibitors such as enfurvirtide (T-20) and 

some protease inhibitors (i.e. nelfinavir). There are also lower thresholds for the 

acquisition of resistance to nucleoside reverse transcriptase inhibitors (NRTIs) with as 

few as two mutations conferring full resistance to essential antiretroviral drugs such as 
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zidovudine and lamivudine (Gilleece et al., 2010; Gottlieb et al., 2008). In addition, 

HIV-2 patients undergoing triple therapy (triple nucleoside analogues or protease 

inhibitors) have been shown to have a poor CD4 recovery one year after the initiation of 

treatment, with a median increase of 41 cells/µl despite strong virological responses 

(median viral load decrease1.1log10 copies/ml) (Matheron et al., 2006). Hence, HIV-2 

infected individuals have fewer options than HIV-1 patients when it comes to therapy 

which explains why developed countries affected by the virus like France and Portugal 

have started placing HIV-2 more prominently in their research agendas over the past 

years. 

 Much as in HIV-1 infection, HIV-2 patients with a better prognosis tend to 

target more frequently conserved epitopes such as epitopes of the protein gag 

(Leligdowicz et al., 2007). The aim of this thesis was thus to examine in depth such a 

response, and more specifically the HLA-B*3501-restricted NY9 response in an 

attempt to identify factors that could potentially be associated with viral control and 

which could potentially guide vaccine design in the future. For this purpose, PBMCs 

were collected from a number of HIV-2 infected ART-naive patients from the village of 

Caio, in Guinea-Bissau and used for ex vivo analyses and for the establishment of CTL 

clones. 

 The initial characterisation of the response revealed that NY9-specific CD8+ T-

cells possessed a number of superior attributes: they were able to produce an array of 

cytokines, more notably IFN-$ and MIP-1!, had a greater avidity and sensitivity for 

antigen and an ability to cross-recognise the heterologous HIV-1 antigen PY9 as well as 

some of its variants. Most strikingly however, the increased polyfunctionality exhibited 

by the NY9-specific CTLs was not hampered by the expression of inhibitory markers 

on their surface.  These findings suggest that protection might not necessarily be elusive 
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even in the face of alleles that have historically been associated with progression 

(Dinges et al., 2010).  They also indicate that in HIV-2 infection CD8+ T-cells 

contribute actively to viral control. A similar profile of avidity and polyfunctionality 

however, has not been yet described for the corresponding HIV-1 epitope PY9. It will 

be thus interesting to address in the future the reasons behind this disparity in terms of 

epitope processing and presentation as such studies could guide the selection of 

epitopes in the future. The latter is one of the main considerations of HIV vaccination 

and so far various strategies have been used in an attempt to achieve immunogenicity, 

broad CD8+ T-cell coverage and persistence. These strategies include poly-epitope 

constructs with optimal CTL epitopes or with whole natural viral proteins or conserved 

HIV regions assembled together, constructs with polyvalent mosaic protein strings that 

have been optimised in silico for T-cell recognition, consensus or ancestral protein 

sequences of circulating variants or overlapping peptide sets scrambled together 

(Bazhan et al., 2010; Burgers et al., 2006; Fischer et al., 2007; Kesturu et al., 2006; 

Korber et al., 2009; Letourneau et al., 2007; Nickle et al., 2003; Thomson et al., 2005). 

The data presented herein demonstrate that the presentation of the NY9 epitope within 

patients expressing the HLA-B*3501 allele leads to the recruitment of several highly 

avid, polyfunctional cross-reactive CD8+ T-cells. One question therefore that vaccine 

strategies will need to address in the future is whether or not HIV-2 epitopes could be 

used in constructs as alternatives to corresponding HIV-1 epitopes for which a potent 

response cannot be achieved. 

 The results of chapter 4 on the other hand offer a more mechanistic basis for the 

better outcomes associated with the NY9-specific responses. In line with the findings of 

Buseyne et al. from HIV-1 infection (Buseyne and Riviere, 2001), it was observed that 

within HIV-2 LTNPs two mechanisms exist that potentially limit viral replication; one 
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is the dominance of a single cross-reactive TCR and the other the maintenance of 

several clonotypes specific for a single pMHC complex. As outlined in the chapter's 

discussion however, each option carries its own benefits and risks and future research 

will need to address which of the two types of responses might ultimately prove more 

beneficial to the host.  

 A further finding of chapter 4 was that dominant clonotypes exhibited a greater 

sensitivity and functional avidity for antigen as well as a superior profile of cross-

reactivity towards one of the most common NY9 variants. How these superior 

clonotypes survive long-term (>13 years) however is not clear at present, especially in 

the setting of very low viral load. It has been proposed that antigen dose might play a 

role in the survival of CD8+ T-cell clones since higher antigen densities have been 

shown to carry an increased risk for apoptosis especially for the more avid T-cells 

(Alexander-Miller et al., 1996b). Therefore, in order to untangle how antigen density 

modulates CTL responses during the acute and chronic phases of disease further 

research is deemed necessary. Such studies are bound to benefit from methodological 

advancements such as the development of microarray platforms, which have already 

been successfully used to analyse gene-expression patterns in CD8+ T-cells (Li et al., 

2009).  

 Apart from the antigen dose however, the amount of antigenic variation 

maintained within aviraemic HIV-2 infected LTNPs is also of paramount importance as 

it could hold the key to a better understanding of the principles governing clonotypic 

selection. The use of new technologies such as next-generation sequencing and 

pyrosequencing has already suggested that aviremic patients might be harbouring a 

much greater antigenic variation than previously thought (Bimber et al., 2009). It will 
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thus be interesting to see whether or not escape variants emerge within aviraemic HIV-

2 patients and how these affect CTL recognition and progression. 

Finally, this thesis also set the basis for future molecular studies of the identified NY9-

specific TCRs by generating a series of expression constructs. It is anticipated that these 

constructs will enable a further characterisation of the principles governing avidity and 

cross-reactivity of HIV-2 specific CD8+ T-cells in the future. 

 To conclude, much like in HIV-1 infection, long-term non-progression in HIV-2 

infection arises from a number of different intertwining factors. It is exactly those 

patterns of interaction that we need to understand better in order to produce an effective 

HIV vaccine, a goal that appears, after the RV144 vaccine trial in Thailand reported an 

encouraging efficacy of 31.2% in the modified intention-to-treat analysis (Rerks-Ngarm 

et al., 2009), no longer an impossibility. 
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II. Chapter 4 : Production of cytokines from CTL clones 30.10 (TRBV19) and 30.50    
     (TRBV20-1) as assessed by cytokine bead-array analysis (Bioplex). The upregulated  
     cytokines and their values are given in bold. 
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III. Chapter 5: Mass-spectrometry analysis of the peptides contained in the refolded  
       NY9 and PY9 monomers  
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