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Abstract 

Due to the enormous complexity and breadth of the overall HIV-specific CD8+ T-cell response, 

invaluable information regarding important aspects of T-cell efficacy against HIV can be sourced 

from studies performed on individual clonotypes. Data gathered from ex-vivo and in vitro analyses 

of T-cell responses and viral evolution bring us one step closer towards deciphering the correlates 

of protection against HIV. HIV-responsive CD8+ T-cell populations are characterized by specific 

clonotypic immunodominance patterns and public TCRs. The TCR endows T-cells with two key 

features, important for the effective control of HIV: avidity and crossreactivity. While TCR avidity 

is a major determinant of CD8+ T-cell functional efficacy against the virus, crossreactivity towards 

wildtype and mutant viral epitopes is crucial for adaptation to HIV evolution. The properties of 

CD4+ T-cell responses in HIV controllers appear also to be shaped by high avidity public TCR 

clonotypes. The molecular nature of the TCR, together with the clonotypic composition of the HIV-

specific T-cell response, emerge as major determinants of anti-viral efficacy. 
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Introduction  

The central role of T-cell mediated immunity in limiting viral replication has long been established, 

while the precise determinants of HIV-specific T-cell efficacy have been investigated for over two 

decades. Early studies of CD8+ and CD4+ T-cell responses against HIV concentrated on the 

importance of their magnitude, epitope specificity, and antigenic breadth, as well as their 

differentiation and ‘exhaustion’ phenotypes. Technological advances have facilitated in depth 

analyses of qualitative or functional T-cell attributes (e.g. proliferative potential, secretion of 

multiple effector molecules and HIV suppressive capacity). Several of these parameters have been 

directly associated with a better control of HIV infection, documented in a unique group of 

controller patients, who are able to maintain undetectable viral replication in the absence of anti-

retroviral treatment [1, 2]. However, the vast majority of these studies lacked the mechanistic 

insights into the basis of HIV control by T-cells, information essential for advancing the 

development of effective immunotherapeutic strategies against the virus. In recent years, the focus 

has shifted to the study of HIV-specific T-cell receptor (TCR) signatures or clonotypes, which 

represent the fundamental units of the T-cell response. Unique TCRs are generated through the 

rearrangement of genes encoding TCR  and  chains during T-cell maturation. The TCR defines 

T-cell specificity though the recognition of foreign peptide antigens presented by major 

histocompatibility complex (MHC) molecules. Additionally, it dictates the strength of binding, or 

the affinity of the TCR/peptide-MHC (pMHC) interaction, which has a profound bearing on the 

functional outcome, and consequently, the clearance of infection. We review here the recent 

findings relating to the study of the HIV-specific TCR repertoire, and how these help us to 

deconvolute the complexity of the T-cell response against HIV. 
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TCR repertoire and CD8+ T-cell immunodominance patterns  

Over the last 20 years, studies of TCR gene usage have yielded key insights into the clonotypic 

composition of HIV-specific CD8+ T-cell populations. Initial work revealed that a population of 

CD8+ T-cells responding to a given HIV epitope (i.e. a gp41-derived HLA-B*14 restricted peptide) 

is composed of multiple clonotypes, associated with a certain level of TCR diversity [3]. Of note, 

these clonotypes can possess distinct phenotypic attributes, such as differentiation marker or co-

inhibitory receptor expression [4, 5]. From this important observation we can infer that TCR 

repertoire diversity can evoke variable functional outcomes. Minor HIV-derived epitope differences 

can also impact dramatically on the TCR repertoire of an epitope-specific CD8+ T-cell response 

against the virus. For instance, the clonotypic characteristics of CD8+ T-cell populations elicited by 

HIV-1 subtype A or subtype C Gag-TL9 epitopes (which differ at a single amino acid position) 

were totally distinct [6]. Interestingly, while CD8+ T-cell responses against subtype C TL9 

expressed TCRs that used almost exclusively the TRBV12-3 gene, subtype A TL9-specific CD8+ T-

cells employed a completely different and more diverse TRBV gene assortment. A recent study has 

also revealed that superimposed epitopes, in which a shorter epitope is embedded within a longer 

one, presented by the same HLA class I molecule (i.e. HLA-A*24:02-restricted superimposed HIV 

Nef epitopes RYPLTFGWCF (RF10) and RYPLTFGW (RW8)), could drive distinct HIV-specific 

CD8+ T-cell repertoires, exhibiting distinct TCR repertoire composition and properties [7].  

 

While some HIV-specific clonotypes can be stable and persist for several years in patients [8], the 

overall clonotypic composition of HIV-specific CD8+ T-cell populations is not fixed. Instead, it 

evolves over time, as shown in studies of HLA-B*08-restricted Nef FLKEKGGL (FL8) or HLA-

B*27:05 restricted Gag KRWIILGLNK (KK10)-specific cells [9, 10]. Nonetheless, despite TCR 

repertoire diversity and flexibility, biased TCR gene usage has also been reported in several HIV-

specific CD8+ T-cell populations (e.g. TRBV13.2 in the HLA-B*08-restricted Nef FL8 epitope 

system and TRBV7 in the HLA B*57-restricted gag KAFSPEVIPMF epitope system), supporting 

the notion of selective clonotype recruitment during the course of HIV infection [11, 12]. In recent 

years, an increasing number of studies have even reported the presence of public TCRs, usually 

defined as amino acid residue-identical TRBV sequences that occur in multiple individuals [13, 14]. 

Of note, epitope-specific usage of public TCRs has been directly correlated with immunodominance 

hierarchy across 20 HIV epitopes restricted by HLA-B*42:01 [14]. Public clonotype usage has also 

identified protective Gag-specific CD8+ T-cell responses in SIV-infected Mamu-A*01+ rhesus 

macaques [15]. Public clonotypes may be present at higher frequencies in the naive repertoire and 
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thus be more rapidly amplified upon antigenic stimulation. Alternatively, they might represent 

optimal "solutions" for the recognition of specific pMHC complexes, thus conferring them the 

capacity to contain the virus more promptly or effectively. Collectively, these studies highlight the 

importance of public clonotypes and their selection in shaping the CD8+ T-cell response against 

HIV. 

 

 

TCR avidity and CD8+ T-cell functional efficacy 

The ability of a T-cell to respond to a defined concentration of cognate antigen, known as its 

antigen sensitivity (AgS) or functional avidity, has emerged as a major correlate of the functional 

quality of T-cells [1, 9, 13, 16-19]. Highly antigen-sensitive T-cells are considered to be 

qualitatively superior, as determined by functional readouts such as cytokine secretion and cytolytic 

activity. AgS is a multifaceted parameter, influenced by factors relating to both the CD8+ T-cell and 

its antigen-bearing target (e.g. TCR features, CD8 binding, co-stimulatory and co-inhibitory 

receptors, epitope quality and expression levels as well as the nature and density of the restricting 

MHC allele). Since TCR independent factors, such as CD8 co-receptor binding, can contribute 

significantly to the magnitude and quality of TCR signaling [20], we focus here on the avidity of 

the TCR, considered independently from its natural microenvironment, and defined as the 

composite measure of the affinities of individual TCR/pMHC interactions present at the cellular 

level. Several studies indicate that the avidity of the TCR is a crucial determinant of AgS and 

therefore of CD8+ T-cell efficacy against HIV. The CD8+ T-cell response against the 

immunodominant HLA-B*27:05 restricted epitope derived from HIV p24 Gag263–272, 

KRWIILGLNK (KK10), represents the best-characterized response to HIV-1 [21, 22] and is linked 

to slower disease progression [9, 23]. In vitro and ex-vivo characterization of KK10-specific CD8+ 

T-cells isolated from HLA-B*27:05+ HIV-infected individuals, showed that TCR avidity correlated 

with their ability to respond to antigen with a high degree of AgS and polyfunctionality, and display 

potent HIV-suppressive activity [9, 13, 18]. Clonotypic analysis revealed that superior TCR avidity 

was actually a feature of public clonotypes characterized by TRBV4-3/TRBJ1-3 gene 

rearrangements, highlighting the central role of TCR avidity in determining AgS [13, 18, 24]. 

 

The observations made in the KK10/HLA-B*27:05 system were supported by studies of CD8+ T-

cell clones specific for the HLA-A*03:01 restricted Nef73-82 QVPLRPMTYK (QK10) and Gag20-29 

RLRPGGKKKY (RY10) epitopes [25], as well as for the HLA-A*24:02 restricted RYPLTFGWCF 

(RF10) and RYPLTFGW (RW8) Nef epitopes [7], which showed a link between TCR avidity and 
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antiviral efficacy for each targeted epitope. Highly avid oligoclonal CD8+ T-cells specific for the 

HLA-B*3501-restricted p24 Gag254-262 NPVPVGNIY (NY9) epitope have also been observed in 

HIV-2 infected individuals characterized by slow disease progression [26]. Furthermore, the 

importance of TCR avidity for the effective control of SIV infection was highlighted in a recent 

macaque model study of CD8+ T-cells specific for the immunodominant Mamu-A*01-restricted 

SIVmac-251 Gag181–189 CTPYDINQM (p11C) epitope [27]. Lastly, the potential therapeutic 

benefits of engineering high-affinity TCRs directed against HIV-1 antigens have also been 

demonstrated [28, 29]. For instance, high-affinity variants of a natural TCR specific for the 

immunodominant HLA-A*02:01-restricted HIV-1 p17 Gag77-85 SLYNTVATL (SL9) peptide, 

generated by phage display, exhibited higher levels of AgS and polyfunctionality [28].  

 

However, other studies have demonstrated that TCR avidity or even AgS were not necessarily 

related to CD8+ T-cell efficacy in the setting of HIV-1 infection [27, 30-32]. In line with these 

reports, two recent investigations into the structure to function relationship of a highly effective 

public TRAV17/TRBV7-3 TCR specific for the immunodominant HIV-1 Pol283-290 TAFTIPSI (TI8) 

peptide, presented by the protective HLA-B*51:01, showed it possessed low avidity for its cognate 

antigen [33, 34]. The structural basis for the low affinity was attributed to the notable lack of 

peptide ‘bulging’ within the MHCI groove, presenting the TCR with a featureless landscape, and 

the potential for few peptide/TCR contacts [34]. Although rare, low-affinity MHCI-centric TCRs 

have been previously documented in other systems [35, 36], and display structurally different 

recognition patterns compared to high-affinity TCRs specific for other immunodominant HIV-1 

epitopes [24, 28]. The correlation between TCR avidity, AgS and HIV suppressive capacity may 

also be blurred by the multiple factors that can affect CD8+ T-cell recognition of cognate pMHCI 

molecules on the target cell surface, as well as the way AgS is measured. For instance, by 

measuring AgS in PBMCs or primary cell lines composed of diverse clonotypes, the anti-viral 

activity of low frequency highly avid clonotypes may be masked by the low to medium avidity 

response of the bulk T-cell population. Divergent outcomes of different antigen specificities should 

also be considered. For instance, it may be more advantageous for a T-cell response to target a 

highly conserved (or abundant) epitope with low avidity than a hypervariable (or rare) epitope with 

high avidity, due to the low fitness cost incurred by the virus in the latter instance. It is also 

important to keep in mind that enhancing the TCR/pMHC affinity above naturally occurring 

thresholds may not necessarily be useful. Such enhanced TCRs, presenting supraphysiological 

affinities, may not offer any advantages over their wildtype (WT) counterparts by reaching a 

plateau of maximal functionality [37], or adversely, resulting in the rapid deletion of the associated 
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CD8+ T-cells [38]. Lastly, while TCR avidity appears to be advantageous in certain settings, it can 

also be responsible for driving rapid viral escape [39, 40], T-cell exhaustion [9], loss of 

polyfunctionality [41, 42] and ultimately disease progression. The existing discrepancies in the data 

with regards to the importance of TCR avidity for CD8+ T-cell efficacy certainly highlight the fact 

that other TCR-relevant parameters can also confer protection against HIV.  

 

 

TCR crossreactivity and CD8+ T-cell adaptation to HIV evolution  

In order to contain a rapidly evolving retrovirus like HIV-1, an effective CD8+ T-cell response must 

not only be highly avid, but also have the capacity to recognize escape mutants. Crossreactivity, 

which gives a measure of the variety of peptide antigens recognized by a single TCR [43, 44], has 

been reported to delay progression to AIDS, via targeting of escape variants [17, 45]. A comparison 

of the functional attributes of p24 Gag-specific CD8+ T-cells across an HLA-unbiased cohort of 

HIV-infected individuals, demonstrated that high levels of AgS and crossreactivity were associated 

with superior control of viraemia [17, 46]. Furthermore, highly effective clones isolated from elite-

controllers were characterized by specific TCR clonotype usage and crossrecognition of viral 

escape mutants [45, 46]. At the clonal level, the role of crossreactivity in the control of HIV-1 

infection is once again best exemplified in the well-characterized KK10/HLA-B*27:05 system.  

When the immune pressure exerted by high-avidity but monospecific public TRBV4-3/TRBJ1-3 

clonotypes drives the emergence of TCR escape mutations, crossreactive TRBV6-5/TRBJ1-1 

clonotypes appear in some HIV-1 viraemic individuals to resume viral control [11, 13, 24]. These 

replacement crossreactive clonotypes retained high TCR avidity, and by having equal preference for 

the dominant L268M escape mutant and the WT virus, were able to suppress viral replication for a 

prolonged period of time [11, 13, 24]. Ultimately, the virus may escape the KK10-specific CD8+ T-

cell response through a R264K substitution. Although the latter is more difficult to attain due to the 

requirement of a compensatory mutation to maintain viral fitness, once gained, the R264K mutation 

drives the escape from even the most highly effective of KK10-specific clonotypes by evading 

presentation by HLA-B*27:05 (Figure 1A). 

 

Similarly to the KK10 scenario, functionally superior CD8+ T-cell clonotypes responding to the TI8 

epitope presented on the protective HLA-B*51:01 allele, displayed a high degree of crossreactivity 

against the common T290V (TV) escape mutant [33]. In this system however, both sets of 

clonotypes presiding over the control of infection were crossreactive, albeit not to the same extent. 

While the less crossreactive TRAV8-2/TRBV24-1 clonotypes (with higher affinity for WT than TV 
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antigen) drove selection of the TV mutant, the highly crossreactive TRAV17/TRBV7-3 TCR 

clonotypes (with equal preference for the WT and TV antigens), were deployed only on emergence 

of the TV mutation [33]. Together these partly and fully crossreactive clonotypes were able to 

maintain efficient control of viral replication, by letting the virus alternate between escape and 

reversion to WT. The superior crossreactivity exhibited by other public clonotypes has also been 

described in SIV infection [15]. Moreover, the functional benefits of previously mentioned 

engineered high-avidity TCRs were attributed precisely to their ability to crossreact and respond to 

a large panel of escape variants [28, 29]. Ultimately, in order to prove effective against HIV, CD8+ 

T-cells bearing high avidity TCRs must also possess high levels of crossreactivity, which can either 

be a feature of the same TCR [28, 29] or be attributed by other complementary clonotypes [11, 13, 

24]. Mechanistically, work with overlapping epitopes has shown that TCR crossreactivity is 

restricted to peptides of a single length [7, 47-49]. One study focusing on the degenerate recognition 

of the HLA-A*02:01 restricted Gag SL9 epitope showed that amino acid variations at several 

positions of the peptide resulted in the formation of structurally-similar antigens, which were well 

tolerated by both the HLA molecule and the SL9-specific TCR [50]. This example illustrates that 

the specificity of the TCR can be determined by the conformation of the MHC-bound peptide 

backbone rather than the amino acid side chains. However, structural insights into the basis of 

crossreactivity have not revealed a common rule; moreover both low [7, 33, 34] and high [13, 24, 

28, 29] avidity TCRs can be crossreactive. Since crossreactivity is determined by the TCR, peptide 

antigen and the restricting MHCI allele, further evidence is required to build up a better picture of 

this complex functional parameter.  

 

Although TCR crossreactivity represents a valuable qualitative attribute to the control of HIV-1 

replication via recognition of escape mutants, reshuffling of the entire CD8+ T-cell repertoire may 

be required in order to keep pace with the frightful speed of viral evolution in vivo. These so-called 

“clonotypic shifts”, allow the HIV-specific CD8+ T-cell repertoire to adapt to changes in the 

spectrum of viral antigens being presented at any given time. A recent study monitoring the 

relationship between viral evolution and TCR repertoire diversity in a cohort of untreated HIV- 

infected individuals, demonstrated the importance of continuous bidirectional adaptation between 

virus-targeting CD8+ T-cells and HIV, in delaying disease progression [51]. The dynamic interplay 

between viral evolution and clonotypic turnover has also been documented at the level of individual 

clonotypes, targeting specific viral escape mutants. In addition to the above mentioned work on 

KK10/HLA-B*27:05 clonotypes [13], the molecular mechanism behind the clonotypic adaptation 

to the mutational escape of two superimposed HIV-1 Nef-derived immunodominant epitopes RW8 
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(RYPLTFGW) and RF10 (RYPLTFGWCF), both presented by the HLA-A2*24:02 allele has 

recently been investigated [7]. Following the emergence of the Y139F mutation within these epitopes 

upon selection pressure from both RW8 and RF10-specific CD8+ T-cells, the recruitment of a new 

clonotypic repertoire is only observed in response to the YF-RF10 variant (Takiguchi and 

colleagues, unpublished). Importantly, the inability of the YF-RW8 mutant to evoke similar 

changes in the RW8-specific CD8+ T-cell repertoire was attributed to the featureless structural 

conformations of WT- and YF-RW8 epitopes, when bound to HLA-A*24:02. Since recognition of 

featureless pMHCI landscapes may facilitate TCR crossreactivity [33-36], the highly crossreactive 

RW8-specific clonotypes were able to pre-empt the emergence of the YF-RW8 mutant, requiring 

no further adaptation to achieve control of HIV-1 replication (Takiguchi and colleagues, 

unpublished). However, in addition to affecting TCR binding, the YF mutant, also lowers the 

stability of the pMHC complex, and therefore TCR avidity, independently of any clonotypic 

adaptation (Figure 1B). This represents a definitive advantage for the virus, which likely explains 

the accumulation of this variant at a population level. 

 

 

TCR repertoire analysis of CD4+ T-cells in HIV infection 

Early studies of the total CD4+ T-cell compartment revealed that a loss of TCR repertoire diversity 

correlated with disease progression and viral load, and that repertoire diversity was only partially 

restored upon anti-retroviral treatment [52-54]. However, these repertoire perturbations appeared 

less prevalent in CD4+ than in CD8+ T-cell subsets during primary infection, presumably, due to 

CD4+ T-cells being less prone to undergoing massive clonal expansions. A more recent study 

carried out at the CD4+ T-cell subset level reported only minimal changes in TCR diversity. This 

commonly observed loss of diversity was attributed to changes in subset distribution and absolute 

CD4+ T-cell number [55]. While the diversity of the CD4+ T-cell repertoire may be maintained in 

most cases at level deemed sufficient for immune reconstitution upon anti-retroviral treatment, the 

quality of the reconstituted repertoire may nevertheless remain suboptimal. This is reflected by the 

low AgS of Gag-specific CD4+ T-cells in successfully treated patients [56]. However, the study of 

the HIV-specific CD4+ T-cell TCR repertoire has been both lacking and lagging behind that of their 

CD8+ counterpart, so that data on the clonotypic composition and TCR function of the HIV-specific 

CD4+ T-cell population remain scarce. This is to a large extent due to a prior unavailability of 

reliable tools, such as MHC class II tetramers (employed for the ex-vivo detection of HIV-specific 

CD4+ T-cells) as well as the relative scarcity of these cells in HIV-infected individuals. A number 
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of studies have indeed documented the early functional impairment and/or loss of HIV-specific 

CD4+ T-cell responses in progressive infection [57-59]. 

 

In contrast, the HIV-specific CD4+ T-cell response appears to be quantitatively and qualitatively 

different in the setting of controlled HIV infection. Proliferation [60], low expression of co-

inhibitory receptors [61], polyfunctionality [62], and persistence of the central memory and 

terminally differentiated effector memory CD4+ T-cell phenotypes [63] have indeed been reported 

in HIV controllers. There is also evidence for the cytotoxic function of CD4+ T-cells, via direct 

killing of HIV-infected cells [64-66], which has been associated with slower disease progression 

[67]. The preserved HIV-specific CD4+ T-cell responses in controllers have therefore enabled a 

more precise characterization of these cells. In this unique group of patients, CD4+ T-cells 

preferentially target Gag rather than Env epitopes, indicative of intrinsic differences in their HIV-

specific TCR repertoire compared to progressor patients [68, 69]. In addition, their Gag-specific 

CD4+ T-cells were shown to maintain high AgS and TCR avidity [56], qualitative features that may 

account for the superior functional efficacy of these cells. Accordingly, higher AgS of HIV-specific 

CD4+ T-cells has been associated with increased polyfunctionality [18]. Emerging evidence 

suggests that key features distinguish the clonotypic repertoires of CD4+ T-cells found in controllers 

from that of patients requiring anti-retroviral treatment. Indeed, controller CD4+ T-cells specific for 

the most immunodominant epitope in Gag (a.a. 293-312) are characterized by a strongly biased 

TCR repertoire, enriched for public clonotypes (Chakrabarti and colleagues, unpublished). The 

most prevalent of these public clonotypes, when tested functionally, recapitulate the properties 

characteristic of the controller CD4+ T-cell response (i.e. high TCR avidity, high AgS, and 

polyfunctionality). Overall, this suggests that highly avid, Gag-specific public clonotypes may 

shape the properties of the CD4+ T-cell response in controlled HIV infection. Whether such 

clonotypes are selected exclusively in controllers, or whether they are also selected but then rapidly 

lost in progressor patients remains an open question. 
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Conclusion 

The nature of the TCR emerges as a main determinant of CD8+ T-cell function and efficacy against 

HIV. It endows CD8+ T-cells with the capacity to recognize WT and mutant HIV epitopes alike, 

with high affinity, whilst conferring potent effector functions to eliminate virally-infected cells. 

Emerging evidence also imparts a similar importance of the TCR to the HIV-specific CD4+ T-cell 

response. Moreover, in addition to the study of individual TCR-antigen interactions, we are 

beginning to appreciate the importance of the TCR repertoire in the long-term maintenance of 

cellular immune efficacy against HIV. Adaptation to a rapidly evolving virus through the 

recruitment of new clonotypes is indeed vital for a potent cellular immune response, capable of 

countering the emergence of TCR escape mutants. Nevertheless, we are still some way off from 

understanding the complexity behind the forces that sequentially drive viral evolution and host 

immune adaptation during the course of HIV infection, the so called “molecular arms race” between 

the immune system and viruses like HIV. Furthermore, the impact of clonal exhaustion, an 

irreversible loss of effective T-cell clonotypes, on the long-term maintenance of effective immunity, 

needs to be considered. This is of particular importance in the context of increased cell turnover, 

associated with high TCR avidity and persistent antigenic stimulation. The study of T-cell priming 

capacity (i.e. the induction of de novo T-cell responses) and the factors that determine the selection 

of specific clonotypes (e.g. TCR activation threshold and precursor frequency) is therefore 

essential. The implementation of cutting-edge technological advances to perform single cell level 

studies, implicating multi-parametric flow cytometry, molecular profiling and TCR repertoire 

analyses, alongside deep sequencing of the viral genome, is needed to address these questions. 

Moreover, although T-cell quality and anti-viral efficacy appear to relate primarily to the nature of 

their TCR, it is important to assess the contribution of co-stimulatory and co-inhibitory receptors. 

Alternatively known as immune checkpoints, these regulatory molecules assist in the fine-tuning of 

T-cell effector functions, as well as influencing cell metabolic state. Assimilating these new data 

will be key to the development of effective immunotherapeutic strategies, such as the induction of 

high avidity T-cells through vaccination or their maintenance via immune checkpoint manipulation. 

Only then will we be capable of fully suppressing HIV replication and, better still, eradicating viral 

reservoirs altogether.  
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Highlights 

 TCR repertoire studies reveal specific immunodominance patterns and public clonotypes 

within HIV-specific CD8+ T-cell populations  

 TCR avidity is a major determinant of the sensitivity of CD8+ T-cells to HIV antigens, and 

therefore their functional efficacy against the virus  

 Recruitment of clonotypes crossreactive for wildtype and mutant viral epitopes is a key 

requirement for adaptation to HIV evolution and long-term control of viral infection  

 High affinity public clonotypes may shape the properties of the anti-viral CD4+ T-cell 

response in HIV controllers 

 

Acknowledgements 

AL, LAC, MT and VA receive financial support from INSERM, ANR, ANRS, JSPS, FRM 

Sidaction and the Pasteur Institute. 

 



Lissina et al 

Page 13 

References 

1. Appay, V., D.C. Douek, and D.A. Price: CD8+ T cell efficacy in vaccination and disease. 

Nat Med 2008. 14(6): p. 623-8. 

2. Seder, R.A., P.A. Darrah, and M. Roederer: T-cell quality in memory and protection: 

implications for vaccine design. Nat Rev Immunol 2008. 8(4): p. 247-58. 

3. Kalams, S.A., R.P. Johnson, A.K. Trocha, M.J. Dynan, H.S. Ngo, R.T. D'Aquila, J.T. 

Kurnick, and B.D. Walker: Longitudinal analysis of T cell receptor (TCR) gene usage by 

human immunodeficiency virus 1 envelope-specific cytotoxic T lymphocyte clones 

reveals a limited TCR repertoire. J Exp Med 1994. 179(4): p. 1261-71. 

4. Kloverpris, H.N., R. McGregor, J.E. McLaren, K. Ladell, A. Stryhn, C. Koofhethile, J. 

Brener, F. Chen, L. Riddell, L. Graziano, et al.: Programmed death-1 expression on HIV-

1-specific CD8+ T cells is shaped by epitope specificity, T-cell receptor clonotype usage 

and antigen load. AIDS 2014. 28(14): p. 2007-21. 

5. Meyer-Olson, D., B.C. Simons, J.A. Conrad, R.M. Smith, L. Barnett, S.L. Lorey, C.B. 

Duncan, R. Ramalingam, and S.A. Kalams: Clonal expansion and TCR-independent 

differentiation shape the HIV-specific CD8+ effector-memory T-cell repertoire in vivo. 

Blood 2010. 116(3): p. 396-405. 

6. Geldmacher, C., I.S. Metzler, S. Tovanabutra, T.E. Asher, E. Gostick, D.R. Ambrozak, C. 

Petrovas, A. Schuetz, N. Ngwenyama, G. Kijak, et al.: Minor viral and host genetic 

polymorphisms can dramatically impact the biologic outcome of an epitope-specific 

CD8 T-cell response. Blood 2009. 114(8): p. 1553-62. 

7. Sun, X., M. Fujiwara, Y. Shi, N. Kuse, H. Gatanaga, V. Appay, G.F. Gao, S. Oka, and M. 

Takiguchi: Superimposed epitopes restricted by the same HLA molecule drive distinct 

HIV-specific CD8+ T cell repertoires. J Immunol 2014. 193(1): p. 77-84. 

8. van Bockel, D.J., D.A. Price, M.L. Munier, V. Venturi, T.E. Asher, K. Ladell, H.Y. 

Greenaway, J. Zaunders, D.C. Douek, D.A. Cooper, et al.: Persistent survival of prevalent 

clonotypes within an immunodominant HIV gag-specific CD8+ T cell response. J 

Immunol 2011. 186(1): p. 359-71. 

9. Almeida, J.R., D.A. Price, L. Papagno, Z.A. Arkoub, D. Sauce, E. Bornstein, T.E. Asher, A. 

Samri, A. Schnuriger, I. Theodorou, et al.: Superior control of HIV-1 replication by 

CD8+ T cells is reflected by their avidity, polyfunctionality, and clonal turnover. J Exp 

Med 2007. 204(10): p. 2473-85. 

10. Meyer-Olson, D., K.W. Brady, M.T. Bartman, K.M. O'Sullivan, B.C. Simons, J.A. Conrad, 

C.B. Duncan, S. Lorey, A. Siddique, R. Draenert, et al.: Fluctuations of functionally 

distinct CD8+ T-cell clonotypes demonstrate flexibility of the HIV-specific TCR 

repertoire. Blood 2006. 107(6): p. 2373-83. 

11. Simons, B.C., S.E. Vancompernolle, R.M. Smith, J. Wei, L. Barnett, S.L. Lorey, D. Meyer-

Olson, and S.A. Kalams: Despite biased TRBV gene usage against a dominant HLA 

B57-restricted epitope, TCR diversity can provide recognition of circulating epitope 

variants. J Immunol 2008. 181(7): p. 5137-46. 

12. Dong, T., G. Stewart-Jones, N. Chen, P. Easterbrook, X. Xu, L. Papagno, V. Appay, M. 

Weekes, C. Conlon, C. Spina, et al.: HIV-specific cytotoxic T cells from long-term 

survivors select a unique T cell receptor. J Exp Med 2004. 200(12): p. 1547-57. 

13. Iglesias, M.C., J.R. Almeida, S. Fastenackels, D.J. van Bockel, M. Hashimoto, V. Venturi, 

E. Gostick, A. Urrutia, L. Wooldridge, M. Clement, et al.: Escape from highly effective 

public CD8+ T-cell clonotypes by HIV. Blood 2011. 118(8): p. 2138-49. 

14. Kloverpris, H.N., R. McGregor, J.E. McLaren, K. Ladell, M. Harndahl, A. Stryhn, J.M. 

Carlson, C. Koofhethile, B. Gerritsen, C. Kesmir, et al.: CD8+ TCR Bias and 

Immunodominance in HIV-1 Infection. J Immunol 2015. 194(11): p. 5329-45. 



Lissina et al 

Page 14 

15. Price, D.A., T.E. Asher, N.A. Wilson, M.C. Nason, J.M. Brenchley, I.S. Metzler, V. 

Venturi, E. Gostick, P.K. Chattopadhyay, M. Roederer, et al.: Public clonotype usage 

identifies protective Gag-specific CD8+ T cell responses in SIV infection. J Exp Med 

2009. 206(4): p. 923-36. 

16. Berger, C.T., N. Frahm, D.A. Price, B. Mothe, M. Ghebremichael, K.L. Hartman, L.M. 

Henry, J.M. Brenchley, L.E. Ruff, V. Venturi, et al.: High-functional-avidity cytotoxic T 

lymphocyte responses to HLA-B-restricted Gag-derived epitopes associated with 

relative HIV control. J Virol 2011. 85(18): p. 9334-45. 

17. Mothe, B., A. Llano, J. Ibarrondo, J. Zamarreno, M. Schiaulini, C. Miranda, M. Ruiz-Riol, 

C.T. Berger, M.J. Herrero, E. Palou, et al.: CTL responses of high functional avidity and 

broad variant cross-reactivity are associated with HIV control. PLoS One 2012. 7(1): p. 

e29717. 

18. Almeida, J.R., D. Sauce, D.A. Price, L. Papagno, S.Y. Shin, A. Moris, M. Larsen, G. 

Pancino, D.C. Douek, B. Autran, et al.: Antigen sensitivity is a major determinant of 

CD8+ T-cell polyfunctionality and HIV-suppressive activity. Blood 2009. 113(25): p. 

6351-60. 

19. Anikeeva, N. and Y. Sykulev: Mechanisms controlling granule-mediated cytolytic 

activity of cytotoxic T lymphocytes. Immunol Res 2011. 51(2-3): p. 183-94. 

20. Anikeeva, N., T. Lebedeva, A.R. Clapp, E.R. Goldman, M.L. Dustin, H. Mattoussi, and Y. 

Sykulev: Quantum dot/peptide-MHC biosensors reveal strong CD8-dependent 

cooperation between self and viral antigens that augment the T cell response. Proc Natl 

Acad Sci U S A 2006. 103(45): p. 16846-51. 

21. Nixon, D.F., A.R. Townsend, J.G. Elvin, C.R. Rizza, J. Gallwey, and A.J. McMichael: 

HIV-1 gag-specific cytotoxic T lymphocytes defined with recombinant vaccinia virus 

and synthetic peptides. Nature 1988. 336(6198): p. 484-7. 

22. Goulder, P.J. and D.I. Watkins: Impact of MHC class I diversity on immune control of 

immunodeficiency virus replication. Nat Rev Immunol 2008. 8(8): p. 619-30. 

23. Kaslow, R.A., M. Carrington, R. Apple, L. Park, A. Munoz, A.J. Saah, J.J. Goedert, C. 

Winkler, S.J. O'Brien, C. Rinaldo, et al.: Influence of combinations of human major 

histocompatibility complex genes on the course of HIV-1 infection. Nat Med 1996. 2(4): 

p. 405-11. 

24. Ladell, K., M. Hashimoto, M.C. Iglesias, P.G. Wilmann, J.E. McLaren, S. Gras, T. Chikata, 

N. Kuse, S. Fastenackels, E. Gostick, et al.: A molecular basis for the control of 

preimmune escape variants by HIV-specific CD8+ T cells. Immunity 2013. 38(3): p. 425-

36. 

25. Lissina, A., S. Fastenackels, M.C. Inglesias, K. Ladell, J.E. McLaren, O. Briceno, E. 

Gostick, L. Papagno, B. Autran, D. Sauce, et al.: The link between CD8(+) T-cell antigen-

sensitivity and HIV-suppressive capacity depends on HLA restriction, target epitope 

and viral isolate. AIDS 2014. 28(4): p. 477-86. 

26. Leligdowicz, A., C. Onyango, L.M. Yindom, Y. Peng, M. Cotten, A. Jaye, A. McMichael, 

H. Whittle, T. Dong, and S. Rowland-Jones: Highly avid, oligoclonal, early-differentiated 

antigen-specific CD8+ T cells in chronic HIV-2 infection. Eur J Immunol 2010. 40(7): p. 

1963-72. 

27. Osuna, C.E., A.M. Gonzalez, H.H. Chang, A.S. Hung, E. Ehlinger, K. Anasti, S.M. Alam, 

and N.L. Letvin: TCR affinity associated with functional differences between dominant 

and subdominant SIV epitope-specific CD8+ T cells in Mamu-A*01+ rhesus monkeys. 

PLoS Pathog 2014. 10(4): p. e1004069. 

28. Varela-Rohena, A., P.E. Molloy, S.M. Dunn, Y. Li, M.M. Suhoski, R.G. Carroll, A. Milicic, 

T. Mahon, D.H. Sutton, B. Laugel, et al.: Control of HIV-1 immune escape by CD8 T 

cells expressing enhanced T-cell receptor. Nat Med 2008. 14(12): p. 1390-5. 



Lissina et al 

Page 15 

29. Bennett, M.S., A. Joseph, H.L. Ng, H. Goldstein, and O.O. Yang: Fine-tuning of T-cell 

receptor avidity to increase HIV epitope variant recognition by cytotoxic T 

lymphocytes. AIDS 2010. 24(17): p. 2619-28. 

30. Harari, A., C. Cellerai, F. Bellutti Enders, J. Kostler, L. Codarri, G. Tapia, O. Boyman, E. 

Castro, S. Gaudieri, I. James, et al.: Skewed association of polyfunctional antigen-specific 

CD8 T cell populations with HLA-B genotype. Proc Natl Acad Sci U S A 2007. 104(41): 

p. 16233-8. 

31. Payne, R.P., H. Kloverpris, J.B. Sacha, Z. Brumme, C. Brumme, S. Buus, S. Sims, S. 

Hickling, L. Riddell, F. Chen, et al.: Efficacious early antiviral activity of HIV Gag- and 

Pol-specific HLA-B 2705-restricted CD8+ T cells. J Virol 2010. 84(20): p. 10543-57. 

32. Chen, H., A. Piechocka-Trocha, T. Miura, M.A. Brockman, B.D. Julg, B.M. Baker, A.C. 

Rothchild, B.L. Block, A. Schneidewind, T. Koibuchi, et al.: Differential neutralization of 

human immunodeficiency virus (HIV) replication in autologous CD4 T cells by HIV-

specific cytotoxic T lymphocytes. J Virol 2009. 83(7): p. 3138-49. 

33. Kuse, N., T. Akahoshi, H. Gatanaga, T. Ueno, S. Oka, and M. Takiguchi: Selection of TI8-

8V mutant associated with long-term control of HIV-1 by cross-reactive HLA-

B*51:01-restricted cytotoxic T cells. J Immunol 2014. 193(10): p. 4814-22. 

34. Motozono, C., N. Kuse, X. Sun, P.J. Rizkallah, A. Fuller, S. Oka, D.K. Cole, A.K. Sewell, 

and M. Takiguchi: Molecular basis of a dominant T cell response to an HIV reverse 

transcriptase 8-mer epitope presented by the protective allele HLA-B*51:01. J Immunol 

2014. 192(7): p. 3428-34. 

35. Cole, D.K., N.J. Pumphrey, J.M. Boulter, M. Sami, J.I. Bell, E. Gostick, D.A. Price, G.F. 

Gao, A.K. Sewell, and B.K. Jakobsen: Human TCR-binding affinity is governed by 

MHC class restriction. J Immunol 2007. 178(9): p. 5727-34. 

36. Garcia, K.C., M. Degano, L.R. Pease, M. Huang, P.A. Peterson, L. Teyton, and I.A. Wilson: 

Structural basis of plasticity in T cell receptor recognition of a self peptide-MHC 

antigen. Science 1998. 279(5354): p. 1166-72. 

37. Schmid, D.A., M.B. Irving, V. Posevitz, M. Hebeisen, A. Posevitz-Fejfar, J.C. Sarria, R. 

Gomez-Eerland, M. Thome, T.N. Schumacher, P. Romero, et al.: Evidence for a TCR 

affinity threshold delimiting maximal CD8 T cell function. J Immunol 2010. 184(9): p. 

4936-46. 

38. Engels, B., A.S. Chervin, A.J. Sant, D.M. Kranz, and H. Schreiber: Long-term persistence 

of CD4(+) but rapid disappearance of CD8(+) T cells expressing an MHC class I-

restricted TCR of nanomolar affinity. Mol Ther 2012. 20(3): p. 652-60. 

39. Leslie, A.J., K.J. Pfafferott, P. Chetty, R. Draenert, M.M. Addo, M. Feeney, Y. Tang, E.C. 

Holmes, T. Allen, J.G. Prado, et al.: HIV evolution: CTL escape mutation and reversion 

after transmission. Nat Med 2004. 10(3): p. 282-9. 

40. O'Connor, D.H., T.M. Allen, T.U. Vogel, P. Jing, I.P. DeSouza, E. Dodds, E.J. Dunphy, C. 

Melsaether, B. Mothe, H. Yamamoto, et al.: Acute phase cytotoxic T lymphocyte escape 

is a hallmark of simian immunodeficiency virus infection. Nat Med 2002. 8(5): p. 493-9. 

41. Rehr, M., J. Cahenzli, A. Haas, D.A. Price, E. Gostick, M. Huber, U. Karrer, and A. 

Oxenius: Emergence of polyfunctional CD8+ T cells after prolonged suppression of 

human immunodeficiency virus replication by antiretroviral therapy. J Virol 2008. 

82(7): p. 3391-404. 

42. Streeck, H., Z.L. Brumme, M. Anastario, K.W. Cohen, J.S. Jolin, A. Meier, C.J. Brumme, 

E.S. Rosenberg, G. Alter, T.M. Allen, et al.: Antigen load and viral sequence 

diversification determine the functional profile of HIV-1-specific CD8+ T cells. PLoS 

Med 2008. 5(5): p. e100. 

43. Wooldridge, L., J. Ekeruche-Makinde, H.A. van den Berg, A. Skowera, J.J. Miles, M.P. 

Tan, G. Dolton, M. Clement, S. Llewellyn-Lacey, D.A. Price, et al.: A single autoimmune 



Lissina et al 

Page 16 

T cell receptor recognizes more than a million different peptides. J Biol Chem 2012. 

287(2): p. 1168-77. 

44. Mason, D.: A very high level of crossreactivity is an essential feature of the T-cell 

receptor. Immunol Today 1998. 19(9): p. 395-404. 

45. Turnbull, E.L., A.R. Lopes, N.A. Jones, D. Cornforth, P. Newton, D. Aldam, P. Pellegrino, 

J. Turner, I. Williams, C.M. Wilson, et al.: HIV-1 epitope-specific CD8+ T cell responses 

strongly associated with delayed disease progression cross-recognize epitope variants 

efficiently. J Immunol 2006. 176(10): p. 6130-46. 

46. Chen, H., Z.M. Ndhlovu, D. Liu, L.C. Porter, J.W. Fang, S. Darko, M.A. Brockman, T. 

Miura, Z.L. Brumme, A. Schneidewind, et al.: TCR clonotypes modulate the protective 

effect of HLA class I molecules in HIV-1 infection. Nat Immunol 2012. 13(7): p. 691-700. 

47. Ekeruche-Makinde, J., J.J. Miles, H.A. van den Berg, A. Skowera, D.K. Cole, G. Dolton, 

A.J. Schauenburg, M.P. Tan, J.M. Pentier, S. Llewellyn-Lacey, et al.: Peptide length 

determines the outcome of TCR/peptide-MHCI engagement. Blood 2013. 121(7): p. 

1112-23. 

48. Goulder, P.J., Y. Tang, S.I. Pelton, and B.D. Walker: HLA-B57-restricted cytotoxic T-

lymphocyte activity in a single infected subject toward two optimal epitopes, one of 

which is entirely contained within the other. J Virol 2000. 74(11): p. 5291-9. 

49. Ueno, T., C. Motozono, S. Dohki, P. Mwimanzi, S. Rauch, O.T. Fackler, S. Oka, and M. 

Takiguchi: CTL-mediated selective pressure influences dynamic evolution and 

pathogenic functions of HIV-1 Nef. J Immunol 2008. 180(2): p. 1107-16. 

50. Martinez-Hackert, E., N. Anikeeva, S.A. Kalams, B.D. Walker, W.A. Hendrickson, and Y. 

Sykulev: Structural basis for degenerate recognition of natural HIV peptide variants 

by cytotoxic lymphocytes. J Biol Chem 2006. 281(29): p. 20205-12. 

51. Costa, A.I., D. Koning, K. Ladell, J.E. McLaren, B.P. Grady, I.M. Schellens, P. van Ham, 

M. Nijhuis, J.A. Borghans, C. Kesmir, et al.: Complex T-cell receptor repertoire 

dynamics underlie the CD8+ T-cell response to HIV-1. J Virol 2015. 89(1): p. 110-9. 

52. Connors, M., J.A. Kovacs, S. Krevat, J.C. Gea-Banacloche, M.C. Sneller, M. Flanigan, J.A. 

Metcalf, R.E. Walker, J. Falloon, M. Baseler, et al.: HIV infection induces changes in 

CD4+ T-cell phenotype and depletions within the CD4+ T-cell repertoire that are not 

immediately restored by antiviral or immune-based therapies. Nat Med 1997. 3(5): p. 

533-40. 

53. Gorochov, G., A.U. Neumann, A. Kereveur, C. Parizot, T. Li, C. Katlama, M. Karmochkine, 

G. Raguin, B. Autran, and P. Debre: Perturbation of CD4+ and CD8+ T-cell repertoires 

during progression to AIDS and regulation of the CD4+ repertoire during antiviral 

therapy. Nat Med 1998. 4(2): p. 215-21. 

54. Gea-Banacloche, J.C., E.E. Weiskopf, C. Hallahan, J.C. Lopez Bernaldo de Quiros, M. 

Flanigan, J.M. Mican, J. Falloon, M. Baseler, R. Stevens, H.C. Lane, et al.: Progression of 

human immunodeficiency virus disease is associated with increasing disruptions within 

the CD4+ T cell receptor repertoire. J Infect Dis 1998. 177(3): p. 579-85. 

55. Baum, P.D., J.J. Young, D. Schmidt, Q. Zhang, R. Hoh, M. Busch, J. Martin, S. Deeks, and 

J.M. McCune: Blood T-cell receptor diversity decreases during the course of HIV 

infection, but the potential for a diverse repertoire persists. Blood 2012. 119(15): p. 

3469-77. 

56. Vingert, B., S. Perez-Patrigeon, P. Jeannin, O. Lambotte, F. Boufassa, F. Lemaitre, W.W. 

Kwok, I. Theodorou, J.F. Delfraissy, J. Theze, et al.: HIV controller CD4+ T cells respond 

to minimal amounts of Gag antigen due to high TCR avidity. PLoS Pathog 2010. 6(2): 

p. e1000780. 

57. Lubong Sabado, R., D.G. Kavanagh, D.E. Kaufmann, K. Fru, E. Babcock, E. Rosenberg, B. 

Walker, J. Lifson, N. Bhardwaj, and M. Larsson: In vitro priming recapitulates in vivo 



Lissina et al 

Page 17 

HIV-1 specific T cell responses, revealing rapid loss of virus reactive CD4 T cells in 

acute HIV-1 infection. PLoS One 2009. 4(1): p. e4256. 

58. Malhotra, U., S. Holte, T. Zhu, E. Delpit, C. Huntsberry, A. Sette, R. Shankarappa, J. 

Maenza, L. Corey, and M.J. McElrath: Early induction and maintenance of Env-specific 

T-helper cells following human immunodeficiency virus type 1 infection. J Virol 2003. 

77(4): p. 2663-74. 

59. Jones, R.B., F.Y. Yue, X.X. Gu, D.V. Hunter, S. Mujib, G. Gyenes, R.D. Mason, R. 

Mohamed, K.S. MacDonald, C. Kovacs, et al.: Human immunodeficiency virus type 1 

escapes from interleukin-2-producing CD4+ T-cell responses without high-frequency 

fixation of mutations. J Virol 2009. 83(17): p. 8722-32. 

60. Younes, S.A., B. Yassine-Diab, A.R. Dumont, M.R. Boulassel, Z. Grossman, J.P. Routy, 

and R.P. Sekaly: HIV-1 viremia prevents the establishment of interleukin 2-producing 

HIV-specific memory CD4+ T cells endowed with proliferative capacity. J Exp Med 

2003. 198(12): p. 1909-22. 

61. Kaufmann, D.E., D.G. Kavanagh, F. Pereyra, J.J. Zaunders, E.W. Mackey, T. Miura, S. 

Palmer, M. Brockman, A. Rathod, A. Piechocka-Trocha, et al.: Upregulation of CTLA-4 

by HIV-specific CD4+ T cells correlates with disease progression and defines a 

reversible immune dysfunction. Nat Immunol 2007. 8(11): p. 1246-54. 

62. Ferre, A.L., P.W. Hunt, D.H. McConnell, M.M. Morris, J.C. Garcia, R.B. Pollard, H.F. Yee, 

Jr., J.N. Martin, S.G. Deeks, and B.L. Shacklett: HIV controllers with HLA-DRB1*13 

and HLA-DQB1*06 alleles have strong, polyfunctional mucosal CD4+ T-cell responses. 

J Virol 2010. 84(21): p. 11020-9. 

63. Vingert, B., D. Benati, O. Lambotte, P. de Truchis, L. Slama, P. Jeannin, M. Galperin, S. 

Perez-Patrigeon, F. Boufassa, W.W. Kwok, et al.: HIV controllers maintain a population 

of highly efficient Th1 effector cells in contrast to patients treated in the long term. J 

Virol 2012. 86(19): p. 10661-74. 

64. Norris, P.J., H.F. Moffett, O.O. Yang, D.E. Kaufmann, M.J. Clark, M.M. Addo, and E.S. 

Rosenberg: Beyond help: direct effector functions of human immunodeficiency virus 

type 1-specific CD4(+) T cells. J Virol 2004. 78(16): p. 8844-51. 

65. Appay, V., J.J. Zaunders, L. Papagno, J. Sutton, A. Jaramillo, A. Waters, P. Easterbrook, P. 

Grey, D. Smith, A.J. McMichael, et al.: Characterization of CD4(+) CTLs ex vivo. J 

Immunol 2002. 168(11): p. 5954-8. 

66. Zheng, N., M. Fujiwara, T. Ueno, S. Oka, and M. Takiguchi: Strong ability of Nef-specific 

CD4+ cytotoxic T cells to suppress human immunodeficiency virus type 1 (HIV-1) 

replication in HIV-1-infected CD4+ T cells and macrophages. J Virol 2009. 83(15): p. 

7668-77. 

67. Soghoian, D.Z., H. Jessen, M. Flanders, K. Sierra-Davidson, S. Cutler, T. Pertel, S. 

Ranasinghe, M. Lindqvist, I. Davis, K. Lane, et al.: HIV-specific cytolytic CD4 T cell 

responses during acute HIV infection predict disease outcome. Sci Transl Med 2012. 

4(123): p. 123ra25. 

68. Ranasinghe, S., M. Flanders, S. Cutler, D.Z. Soghoian, M. Ghebremichael, I. Davis, M. 

Lindqvist, F. Pereyra, B.D. Walker, D. Heckerman, et al.: HIV-Specific CD4 T Cell 

Responses to Different Viral Proteins Have Discordant Associations with Viral Load 

and Clinical Outcome. J Virol 2012. 86(1): p. 277-283. 

69. Ranasinghe, S., S. Cutler, I. Davis, R. Lu, D.Z. Soghoian, Y. Qi, J. Sidney, G. Kranias, 

M.D. Flanders, M. Lindqvist, et al.: Association of HLA-DRB1-restricted CD4 T cell 

responses with HIV immune control. Nat Med 2013. 

 



Lissina et al 

Page 18 

Figure legend 

 

Figure 1. HIV evolution and CD8+ T-cell adaptation at the clonotypic level  

The figure illustrates the changes experienced by the virus and the CD8+ T-cell response specific 

for (A) the HLA-B*27:05 restricted KRWIILGLNK (KK10) Gag epitope, and (B) the HLA-

A*24:02 restricted RYPLTFGWCF (RF10) and RYPLTFGW (RW8) Nef superimposed epitopes. 

 


