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ABSTRACT

Untreated human immunodeficiency virus (HIV) infec-
tions usually lead to death fromAIDS, although the rate of
the disease progression varies widely among indivi-
duals. The cytotoxic T lymphocyte (CTL) response, which
is restricted by highly polymorphic MHC class I alleles,
plays a central role in controlling HIV replication. It is now
recognized that the antiviral efficacy of CTLs at the single
cell level is dependent on their antigen specificity and is
important in determining the quality of host response to
viruses so that the individual will remain asymptomatic.
However, because of the extreme mutational plasticity of
HIV, HIV-specific CTL responses are continuously and
dynamically changing. In order to rationally design an
effective vaccine, the questions as to what constitutes an
effective antiviral CTL response and what characterizes a
potent antigenic peptide to induce such responses are
becoming highlighted as needing to be answered.
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INTRODUCTION

Human immunodeficiency viruses (HIV) are the etiologic
agents for acquired immunodeficiency syndrome (AIDS) in
humans. HIV has spread to most parts of the world and
constitutes the leading cause of death in many developing
countries. HIV causes lifelong persistent infection in the host.
An untreated HIV infection usually results in death from AIDS
in about 10 years, although the rate of the disease
progression varies widely among individuals. Especially, a
small population of infected hosts (less than 1%) appear to
control HIV replication sufficiently well to remain asympto-
matic. Such ‘HIV controllers’ or ‘Elite controllers’ have been

under investigation in an attempt to identify what constitutes
such an effective immune response to the virus (Baker et al.,
2009; O’Connell et al., 2009).

Since the mid-1990s, antiretroviral therapy has improved
and dramatically reduced HIV-related morbidity and mortality
among those with access to treatment. However, only a small
proportion of HIV-infected people in resource-limited coun-
tries can have access to such an effective antiretroviral
therapy. Therefore, an effective HIV vaccine is urgently
demanded. However, our understanding of T cell-mediated
antiviral efficacy remains limited. Without such knowledge,
vaccine design strategies will still remain empirical.

In this review, we will focus on the recent advances in our
understanding of the efficacy and some limitations of the
antiviral human immune system as well as that of the dynamic
and shifting nature of the interplay between viral adaptation
and host-specific selective pressure. Also, we discuss how
the biochemical property of antigenic peptides influences the
effectiveness of the host immune system.

ROLES OF CD8+ T LYMPHOCYTES IN THE

CONTROL OF HIV REPLICATION

The human MHC region, located on chromosome 6, is critical
to the immune system, as it encodes proteins that play a
central role in discrimination between self and non-self protein
components. There are 3 MHC class I loci in humans, i.e.,
HLA-A, HLA-B, and HLA-C, which are the most polymorphic
loci in the entire human genome (Mungall et al., 2003). Almost
all the encoded polymorphic residues are located in the
peptide binding groove of the HLA class I (HLA-I) molecules,
thereby defining the antigenic peptide repertoire that bind to
these molecules (Rammensee et al., 1995). In relation to an
HIV infection, a strong epidemiological link exists between
specific HLA class I alleles and different rates of HIV disease
progression (O’Brien et al., 2001). Also, more rapid disease
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progression is observed in individuals with HLA class I
homozygosity (Carrington et al., 1999). These results suggest
the significance of the antiviral immune system restricted by
HLA-I alleles.

The virus-specific CD8+ cytotoxic T lymphocyte (CTL) is
an important component of a host immune response toward
HIV and plays a critical role in the containment of HIV
replication during a course of an HIV infection (Borrow et al.,
1994; Koup et al., 1994; Ogg et al., 1998). CTLs recognize
HIV-infected cells by interaction of their own T cell receptors
(TCRs) with viral peptides bound to HLA class I molecules on
the cell surface of the infected cells and eliminate them
directly by cytolysis or indirectly through the production of
soluble factors such as interferon (IFN) g and various
chemokines. Among these activities, the cytotoxic activity of
CTLs toward HIV-infected cells is associated with efficient
viral containment in vitro and in vivo (Yang et al., 1997;
Migueles et al., 2002; SáezCirión n et al., 2007). However,
HIV-specific CD8 T cell responses measured by the ability of
these cells to bind with peptide-HLA class I tetrameric
complexes (HLA tetramers) or to secrete IFN-g antigen
specifically are correlated with the control of viremia in the
acute phase (Borrow et al., 1994; Koup et al, 1994), but are
not correlated in the case of chronic HIV-1 infections (Appay
et al., 2000; Betts et al., 2001), indicating that a progressive
functional defect occurs in HIV-specific CTLs during a chronic
infection and that the efficacy or effectiveness of antiviral
CTLs depends on qualitative rather than quantitative para-
meters. CTL quality and the control of human viral infections
has been recently reviewed (Bangham, 2009).

EFFECTS OF HIV GENETIC DIVERSITY ON

ESCAPE FROM CTL RESPONSES

One of the major characteristics of HIV is its extensive
genetic variability. Within an individual, a progressive expan-
sion of viral diversity occurs over the disease course
(Shankarappa et al., 1999), with multiple variants co-existing
as quasispecies that are unique to each patient. Over the
natural course of an infection, the host immune response acts
as a major selective force driving HIV evolution in a
continuous dynamic process (Goulder and Watkins, 2004).
Despite the extreme mutational capacity of the virus, there
are constraints on viral evolution; and escape in response to
specific immune selective pressures follows broadly pre-
dictable mutation patterns (Allen et al., 2005a). Among the
host immune responses, the CTL is a potentially major
selective force in vivo driving genome-wide viral evolution
(Carlson and Brumme, 2008). Genetic variation in the
polymorphic HLA-I alleles contributes to diversity of pathogen
recognition by CTLs and acts as a selective force shaping
viral evolution in an HIV-infected individual through selection
of mutations that allow the virus to escape from CTL
recognition.

CHANGES IN CTL SPECIFICITY OVER TIME

It is becoming evident that HIV-specific CTL responses are
shifted in HIV-infected individuals during the transition from
the early to the chronic phase of an HIV-1 infection (Fig. 1A)
(Goulder et al., 2001; Allen et al., 2005b; Feeney et al., 2005;
Ueno et al., 2007, 2008). For example, in longitudinally
looking at the HLA-B35-restricted CD8+ T cell responses in
HIV-infected individuals, the Nef VY8 epitope (VPLRPMTY) is
dominantly recognized by CTLs relatively early in an infection;
whereas the N-terminal extended RY11 epitope (RPQVP-
LRPMTY) is recognized by CTLs in the chronic phase (Ueno
et al., 2008). Also, an immunodominant response directed
against the HIV Gag p17 derived, HLA-A0201 restricted SL9
epitope (SLYNTVATL) is detected in the chronic phase but
rarely detected in the early phase of an infection (Goulder et al.,
2001). Although the mechanisms underlying this phenomenon
are not yet known, it is conceivable that the responses
detected in the early stage of infection could have mutated
away, opening the field for a second wave of CTL specificities
taking their place. The CTLs induced by a second or third
waves of CTL specificities possess less efficient antiviral
activity. In the case of the HLA-B35-restricted CTL responses
mentioned above, the highly active VY8-specific CTLs elicited
early in an infection become ineffective due to the acquisition of
the Tyr85 to Phe Nef mutation by the virus; and subsequently
the cross-reactive RY11-specific CTLs, yet having moderate
antiviral activity, become dominant (Ueno et al., 2008).
Furthermore, the Arg75 to Thr variant, which has been
selected by RY11-specific CTLs during the chronic phase,
can induce the variant-specific CTLs de novo with less
effective antigen-specific proliferative capacity, further reducing
the antiviral activity of CTLs in vivo (Ueno et al., 2007).

As such, the generation of antiviral CTL responses and the
selection of CTL escape variants are intertwined with each
other at any given time during an HIV infection. However,
because the newly-generated T cell responses somewhat
exhibit an altered functional profile, which leads to less
efficient antiviral activity, the gross antiviral CTL activity
toward HIV in an individual decreases over time during the
course of the infection.

IMMUNOGENICITY OF CTL EPITOPES

As mentioned above, the antiviral activity of CTLs is not
equally potent but is dependent on their antigen specificity
(Fig. 1B) (Yang et al., 2003; Ueno et al., 2004; Tomiyama et
al., 2005; Ueno et al., 2007). Then the fundamental question
can be raised as to what factors govern the generation of
effective antiviral CTL responses to a viral infection and how
they do so. The capability of an antigenic peptide to evoke an
effective CTL response is termed immunogenicity or anti-
genicity. The factors that influence immunogenicity of
antigenic peptides have been extensively analyzed mostly
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based on the mouse model (Yewdell, 2006). The immuno-
genicity is influenced by several factors including kinetics and
amplitude of antigenic protein expression, antigen processing
and processing machinery, the preferences of the peptide for
binding to a given HLA-I molecule, limitations in the diversity
of the TCR repertoire, etc (see review by Yewdell (2006) for
details). In addition, because the binding kinetics between
TCR and pMHC greatly influences T cell activation, the
interplay between the structural and immunological charac-
terization of antigens has particular clinical interests with
respect to the design of peptide-based vaccines (Apostolo-
poulos et al., 2008). For example, the structure of HLA-B57 in
complex with several HIV Gag peptides, which are known to
be associated with long-term nonprogression during an HIV
infection, has been solved (Stewart-Jones et al., 2005). Such
studies are particularly important to provide detailed informa-
tion on the nature of the antigenic peptides accommodated in
the peptide binding groove of HLA-I molecules; however, it is
not yet possible to predict the immunogenic potency of a
given antigenic peptide from its crystal structure or amino acid
sequence (Rudolph et al., 2006; Yewdell, 2006).

Both the immunogenicity of antigenic peptides and the
antiviral activity of CTLs stem from multifactorial events,
reflecting a consequence of various positive and negative
factors that govern viral replication, antigen presentation and
T cell activation. Broad comparisons between very different
virus strains, peptide antigens, MHCs, and TCRs provide little
information beyond highlighting just the differences. Compar-
isons between more closely related viral antigens and MHCs
could be more revealing. In this regard, Motozono et al.
(2009) performed detailed analysis of 2 closely related HIV
Nef-derived antigens, VY8 (VPLRPMTY) and RY11
(RPQVPLRPMTY), presented by the same HLA-B35 mole-
cule. The effective antiviral CTL activity was influenced by the

peptide-off rate from the pMHC complex on the target cell
surface (Fig. 2). The introduction of a mutation in the middle of
the peptides delayed pMHC decay and rendered the target
cells more susceptible to CTL killing (Motozono et al., 2009),
suggesting that the strategy of altered peptide ligand is
capable of enhancing CTL-mediated immune responses
against HIV-1 infection, similar to that used for anti-cancer
vaccines targeting self antigens (Yu et al., 2004; Borbulevych
et al., 2005). Moreover, analysis of the pMHC heterotrimer
complexes by differential scanning calorimetry and circular
dichroism show very different thermostability profiles depen-
dent on the antigenic peptides and reveal that interdependent
and cooperative thermodynamic profiles of pMHC can be
associated with efficient recognition by CTLs for killing virus-
infected target cells (Motozono et al., 2009). The importance
of thermal unfolding pattern has been reported for various self
peptides in complex with HLA-B27, some of which are
associated with autoimmune diseases (Hillig et al., 2004;
Hülsmeyer et al., 2005). These results highlight the impor-
tance of incorporating thermostability data in the process of
rational optimization of antigens that support profound
antiviral activity by HIV-specific CTLs (Fig. 2).

SUMMARY AND PERSPECTIVES

Overall, multiple lines of investigation are necessary to fully
understand what constitutes effective antiviral CTL responses
because of the highly variable nature of the human immune
system and of viral genes. However, the availability of large
cohorts of HIV-infected individuals holds a potential goldmine
for comprehensive analysis and monitoring of immunogeni-
city of antigenic peptides and effectiveness of their cognate
CTLs in humans. Because of the high variation of HIV
proteins, not only antiviral cytotoxic activity of CTLs but also

Protein & Cell

Figure 1. Dynamic changes in CTL specificity and functional hierarchy over time. (A) Antiviral CTL responses observed in

the acute/early phase of an HIV infection are dominantly composed of a fraction of CTLs with potent antiviral activity; whereas those
observed in the chronic phase are mostly comprise another fraction of CTLs with moderate or weak antiviral activity. Circles
represent HIV-specific CTLs, and colors indicate the differences in antigenic peptides recognized by these CTLs. (B) Antiviral

activity of CTLs is different dependent on their antigen specificity, including the antigen with a CTL escape mutation (shown as a
star).
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cross-reactive capacity of CTLs toward various variant
viruses may influence the efficacy of CTL responses for the
control of viral replication. In this regard, by combining cohort
study and bioinformatics approaches, Kosmrlj et al. (2010)
recently reported that individuals with a more cross-reactive
CTL repertoire control viral replication better during the acute
phase of the infection and that the thymic selection step
mediated by the HLA-I molecules in complex with self
peptides may influence the cross-reactive potency of the
mature T cell repertoire. Moreover, Borbulevych et al. (2009)
showed that antigen-dependent tuning of molecular motion
can contribute to T cell recognition and facilitate T cell cross-
reactivity. The peptide in association with a certain HLA-I
molecule thus plays an important role in mediating effective
antiviral activity and cross-reactive capacity of CTLs (Fig. 2).
Further biochemical approaches to shed new light on the
intrinsic characteristics of pMHC are increasingly becoming
warranted.
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