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Summary 
Cytotoxic T lymphocytes (CTLs) are considered to play an important role in the 
containment of HIV-1 infection. Their efficacy is, however, limited as they also 
continuously select for HIV-1 variants with escape mutations in CTL epitopes. 
Moreover, it remains to be established whether the preservation of high frequencies of 
HIV-1-specific CTLs in long-term nonprogressive HIV-1 infection are cause or 
consequence of controlled HIV infection. On the positive side, some escape mutations 
seem to come at a fitness cost to the virus, which may imply that some CTLs, by 
selecting HIV-1 variants with reduced replication competence, still contribute to a 
reduced viral load. The implications of current knowledge on HIV-specific cellular 
immunity for vaccine development will be discussed. 
 
The clinical course of HIV-1 infection 
Humans display a large variability in their susceptibility to HIV-1 infection and disease 
progression after infection. In the absence of antiviral therapy, AIDS develops typically 
within 5-7 years after infection, although very rapid disease progression in less than 2 years 
or virtually no disease progression for more than 25 years are observed as well (Figure 1) 1. 
Individuals with a long-term nonprogressive HIV infection (long-term nonprogressors, 
LTNPs), defined by us as an asymptomatic HIV-1-positive follow-up of at least 9 years 
with stable CD4 counts above 400 cells in the ninth year of follow-up, comprise 
approximately 5% of the total HIV-1-infected population 2-4. While LTNPs generally still 
have a low but detectable viral load, more recently a group of so-called “elite controllers” 
has been identified 5,6. These individuals have maintained HIV RNA levels below 50 
copies/ml for at least 1 year in the absence of antiretroviral therapy and constitute less than 
1% of the HIV-1 infected population 4-7 
 
 
 
 
 
 
 
 
 
 
 
Several factors have been identified that influence the rate of HIV-1 disease progression 8-

12. Individuals infected with attenuated viruses, for instance HIV-1 variants with a deletion 
in the viral nef gene 13, showed prolonged asymptomatic survival 13-15, whereas a high viral 
load set point, which may relate to the replication potential of the virus, is highly predictive 
for accelerated disease progression 16.  
Host factors have also been implicated in influencing the clinical course of infection. For 
example, heterozygosity for a 32-base pair deletion in the CCR5 gene which encodes one 
of the coreceptors for HIV-1 has been associated with delayed disease progression 17. 
Obviously, a role for HIV-1-specific immune responses in the control of viremia and 
disease course has been envisaged as well. Although neutralizing antibodies are important 

Figure 1  
The distribution of the clinical course of HIV-1 
infection in the Amsterdam Cohort Studies. 
Time from seroconversion to AIDS according to 
the Centers for Disease Control and Prevention 
1993 definition in 235 homosexual men from 
the Amsterdam Cohort Studies on HIV infection 
and AIDS. 
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in protection from infection, their role in delaying or even preventing disease progression 
seems limited 18. By contrast, coincident with the decline in viremia after acute infection, 
there is an increase in HIV-specific CD8+ T cells that are able to directly kill HIV-infected 
cells. This observation, plus the consistent association between certain human leukocyte 
antigen (HLA) class I molecules and virus control, have contributed to the widely held 
assumption that effective HIV-specific CD8+ T-cell immunity is a dominant factor driving 
the containment of HIV, although the exact mechanism by which control is exerted is 
largely unknown 8,19-23. 
 
Cytotoxic T lymphocytes & the clinical course of infection 
Vigorous HIV-1-specific cytotoxic T lyphocyte (CTLs) activity in LTNPs has suggested a 
causal relationship between cellular immunity and control of HIV-1 infection 24. This was 
further emphasized by the temporal relationship between the development of virus-specific 
CTL responses and a decline in viremia during acute infection 25,26. Although there is no 
clear association between the frequency of HIV-specific CD8+ T cells (as defined by IFN-γ 
production) and control of viremia 27,28, with regard to the function of these cells, LTNPs 
and elite controllers differ compared with progressors and non-controllers, including the 
ability of HIV-specific T cells to proliferate 29, to produce the cytolytic protein perforin 29 
and to produce multiple cytokines (IFN-γ, MIP-1β, TNF-α, IL-2, and/or CD107a) 30,31 in 
response to HIV antigens. Moreover, the antiviral cytolytic potential of freshly isolated 
CD8+ T cells against autologous CD4+ T cells was higher for LTNPs and elite controllers 
than for progressors and non-controllers 32. Finally, CD8+ T cells from LTNPs are more 
frequently targeted against Gag, while CD8+ T cells in progressors more frequently target 
Env and the accessory/ regulatory proteins 33-41. Collectively, these data strongly suggest 
that potent CD8+ T-cell responses directed at HIV are causally related to the complete or 
near complete control of HIV in at least some HIV controllers. It should be emphasized, 
however, that almost all of these studies are by necessity correlative in nature, making it 
difficult to rule out the possibility that the preservations of potent HIV-specific responses 
are a consequence rather than a cause of HIV control.  
To overcome this problem, several studies have been performed in the simian 
immunodeficiency virus (SIV)-infected macaque model, which allows a more careful 
definition of the immunologic mechanisms for virus control in vivo. As in humans, a small 
subset of macaques is able to spontaneously control pathogenic SIV infection. Antibody- 
mediated depletion of CD8+ T cells in these animals led to a rapid rise in SIV load  42. 
Additionally, in animals with detectable viral load who therefore seemed to lack natural 
control of viremia, depletion CD8+ T cells was associated with a rise in viral load 43-45. 
These observations seem to argue that control of viremia is at least partially mediated via 
CD8+ T cells. However, CD8+ depletion in rhesus macaques is associated with marked 
changes in the dynamics and, potentially, function of nondepleted subsets, including CD4+ 
T cells. Obviously, these changes might also effect viral dynamics (Picker L. Pers. Comm.) 
46. Although the re-emergence of effective CD8+ T cells was associated with a decrease in 
viral load in all studies, it cannot be excluded that other CD8+ cells such as natural killer 
(NK) cells, were depleted as well, and that the control of viremia is not or only partially 
associated with CD8+ CTL function. Re-emergence of effective CD8+ T cells was 
associated with a decrease in viral load, suggesting a re-establishment of virus control. 
Although these data are strongly supportive for a role of HIV-specific CTLs in the control 
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of viremia, several observations in longitudinal studies still argue that CTLs do not always 
fulfill this protective role. Indeed, the earliest studies in which assays were used that detect 
memory CTL precursors, showed that both rapid progressors and LTNPs had high CTL 
precursor frequencies early in infection. However, while these CTL precursor frequencies 
were preserved over time in LTNPs, in progressors they were lost during subsequent 
follow-up 25,47.  
In line with these data is the outcome of a recently performed prospective cohort study in 
96 participants from the Amsterdam Cohort Studies who seroconverted for HIV-1 
antibodies during follow-up. They could not demonstrate a correlation between T-cell 
immunity and viral load set point early after infection and, more importantly, abundant T-
cell immunity evidenced by IFN-γ and IL-2 production in response to HIV-1 peptides early 
in asymptomatic infection did not prevent or delay progression to AIDS (Schellens I. et al. 
Submitted 2008). Although progressors and LTNPs had indistinguishable CTL responses 
early in infection, progressors seem to lose their HIV-specific T-cell immunity more 
rapidly during the course of infection. The observation that loss of immunity must thus be 
considered a consequence rather than a cause of disease progression is supported by 
observation in HIV-infected individuals during strategic treatment interruption (STI). In the 
face of increasing viral load during STI, an expansion of IFN-γ−positive T cells was 
observed that apparently could not control viral replication. Thus, an increase in viral load 
drives the expansion of HIV-specific T cells, as opposed to HIV-specific T cells 
contributing to the control of viral load 48. These observations indicate that viral load during 
chronic infection might not be, or might only partially be, controlled by T-cell immunity, 
and, moreover, that antigen levels seem to determine T cell function and phenotype, and 
not the other way around 49,50. Increased expression of inhibitory receptors programmed cell 
death-1 (PD-1) and cytotoxic T lymphocyte antigen-4 (CTLA-4) on HIV-specific T cells 
from patients with high viral load is in agreement with this 51-53.   
 
Viral escape from CTLs  
The aforementioned may argue against a pivotal role for CTLs in the control of HIV 
infection. The fact that HIV-1 variants with mutations in CTL epitopes are continuously 
selected, however, provides strong evidence that CTLs do have an effect on the virus. 
Indeed, owing to an error-prone reverse transcriptase enzyme that lacks proofreading 
activity, at least one point mutation per genome per replication cycle occurs, which with 
approximately 1010 new virions being produced each day means that in theory every 
possible mutation at each site in the genome could be generated every day, including 
mutations in CTL epitopes. As the mutant is “invisible” for a specific CTL population, this 
virus will have a relative advantage compared the wild-type virus. 
The first clear examples of HIV-1 escape from CTLs stem from two papers in which the 
occurrence of CTL escape mutations during the acute phase of infection was described 54,55. 
However, escape mutations were also shown to occur later in infection, even after long-
term effective immune control for more than a decade 56. After the appearance of HIV-1 
variants with escape mutations in CTL epitopes, rapid progression to AIDS was seen. 
Subsequent studies in SIV macaque models have shown that escape mutations occur 
frequently in both acute as well as during the chronic phase of infection 57-60.  
Multiple mechanisms of escape from CTLs have described. If mutations occur at the so-
called anchor residue positions of the epitope, binding of the peptide to the MHC class I 
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molecule is no longer possible, resulting in the complete loss of epitope presentation on the 
surface of the infected cell 54,56,61,62. Furthermore, mutations flanking CTL epitopes can 
affect antigen processing 63. Mutations in the epitope, even some at anchor residue 
positions, do not impair peptide/MHC class I binding. In such cases the epitope is still 
presented on the cell surface in association with MHC class I, but recognition by the T-cell 
receptor and subsequent activation of CTL effector functions can be profoundly affected 
64,65. 
In the case of escape mutations at anchor residue positions that result in loss of epitope 
presentation a de novo CTL response will not be generated. However, mutations in the part 
of the epitope that is recognized by the CTLs, that do not affect peptide presentation will 
not interfere with the generation of de novo CTL responses against the escape variant. 
Allen et al. analyzed HIV-1 CTL responses and autologous viral sequences in an HIV-1-
infected individual for 6 years after acute infection and found that de novo CTL responses 
restricted by the same HLA class I allele could be generated against HIV-1 CTL escape 
variants harboring sequence variations within residues that determine T-cell antigen 
receptor binding 66. The ability to generate de novo responses against escape variants of 
CTL epitopes has also been demonstrated in a cross-sectional study in a cohort expressing 
HLA A11. The majority of these subjects had CTL responses against the escape variant, 
while the wild-type consensus sequence was significantly less frequently recognized 66. 
 
CTL escape & viral fitness 
As mentioned previously, the emergence of CTL escape variants of HIV-1 can be followed 
by a fast increase in viral load and rapid progression to AIDS 54-56. However, some CTL 
escape variants do not have an impact on the clinical course of infection. The most 
plausible explanation for this observation is that some CTL escape mutations come at a 
fitness cost to the virus. Depending on the severity of the fitness cost associated with CTL 
escape mutations, the host may benefit from a reduced viral load, despite loss of immune 
control. Indeed, by selecting for SIV or HIV-1 escape variants with impaired fitness, CTLs 
indirectly contribute to host control of viral burden. The fitness cost associated with CTL 
escape mutations may be reflected in the reversion of these mutations upon transmission of 
SIV or HIV-1 to MHC class I-mismatched recipients (Figure 2) 67-72. 
Leslie et al. were the first to conclude that reversions may be driven by a gain of fitness 
during HIV-1 infection, implying that at least some CTL escape mutations come at a 
substantial fitness cost 68. They monitored the T242N mutation in the HLA B57-restricted 
TW10 epitope during mother-to-child transmission. The N242T reversion was observed 
when the virus was transmitted from an HLA B57 positive mother to an HLA B57 negative 
child while the 242N residue was conserved when the virus was transmitted to an HLA B57 
matched child. In agreement with the hypothesis that reversion of mutations is driven by 
gain of fitness, Li et al. observed that reverting mutations preferentially arose within highly 
conserved residues, and suggested that the severity of fitness loss associated with CTL 
escape mutations, so the strength of back selection, determines the kinetics by which escape 
mutations and reversions occur 73. In a recent study on HIV-1 evolution upon transmission 
between HLA disparate partners, we observed that most CTL escape mutations that had 
occurred in the donor reverted in the recipient 74. Therefore, while HIV-1 may demonstrate 
a propensity to evade host CTL responses through the development of escape mutations, 
many immune pressure-driven mutations may exact a significant cost on viral fitness, 
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explaining rapid reversion upon transmission to a subsequent host. Considering the ease at 
which HIV-1 may escape from CTL control, it is tempting to speculate that not the 
cytolytic function of CTLs but rather their selection of less fit HIV-1 escape variants is the 
most important contribution of CTLs to reducing viral burden. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Selection pressure in relation to fitness cost. (a) Targeting of WT by CTLs may lead to positive selection 
of viruses with escape MT in these epitopes that are no longer presented to or recognized by CTL. Each selected 
escape MT may come, however, at a potential replicative fitness cost (†: mutations that are incompatible with viral 
replication; light grey: intermediate fitness cost; dark grey high fitness cost; white: no fitness cost). (b) 
Transmission of selected mutants to a host that shares HLA alleles with the donor. In theory, mutations may revert 
during the early period in the new host because of the absence of CTLs. When new CTLs arise there can be a 
positive selection again for the same mutant viruses. (c) When the selected mutants are transmitted to a 
nonselecting environment, that is, to a host that does not share HLA alleles with the donor, reversion of mutations 
to the consensus sequence will be driven by the gain of fitness associated with the consensus sequence.  
CTL: Cytotoxic T lymphocyte; HLA: Human leukocyte antigen; MT: Mutation; t: Time point; WT: Wild-type 
 
 
Association between HLAs & the clinical course of HIV-1 infection 
HLA molecules present peptides to CTLs and provide the mechanism by which the 
immune system generates a specific response to a pathogen. The diversity of HIV-specific 
immune responses plays a crucial role in containment of the virus and it is HLA molecules 
that control that diversity. Thus, HLA polymorphisms should affect disease progression. 
Investigation of the effect of specific alleles has revealed that heterozygosity of any MHC 
class I HLA alleles appears to delay progression, while rapid progression has been 
associated with some alleles in particular, for example, HLA B35 and Cw4 12,75,76. The 
HLA B57 allele, present in 11% of the Caucasian population and around 9% of HIV-
positive individuals, has been linked to long-term nonprogression, a lower viral load set 
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point and a symptom-free acute HIV infection 75,77. Similarly, the HLA B*5703 allele, 
which is the prevalent B57 subtype in Africans, is highly enriched among African 
populations who are able to maintain low viral loads 78,79. 
The exact mechanism by which HLA B57, and to a lesser extent HLA B27, protect from 
rapid disease progression is still unknown. HLA B57 may target more conserved regions in 
HIV-1, and escape mutations in these regions may consequently have a higher impact on 
viral replication fitness than escape mutations in more variable regions 80. The dominant 
epitope that is targeted during acute infection in HLA B57 individuals is the TW10 epitope 
in Gag p24. In the majority of HLA B57-positive individuals, HIV-1 escape occurs early in 
infection via a threonine to asparagine substitution at position three of the epitope (T242N). 
As described before, this mutation reverts upon HIV-1 transmission from an HLA B57-
positive individual to an HLA B57-negative individual, indicative of the fitness loss 
associated with it. This was further supported by a study that showed that in direct 
competition, a wild-type HIV-1 NL4-3 outgrew an HIV-1 NL4-3 in which the T242N 
mutation was introduced via site-directed mutagenesis. However, replication of wild-type 
and T242N mutant virus was not significantly different in a single cycle replication assay, 
suggesting that the absolute fitness loss associated with the T242N mutation may be limited 
but sufficient to be outcompeted by wild-type virus and sufficient to give rise to reduced 
viral burden 81.  
Interestingly, in a study in HLA B57 elite controllers, the T242N mutation in the TW10 
epitope was absent in the majority of individuals 33. This suggests that absolute suppression 
of viral replication prevents selection for escape variants. In this model, suboptimal 
suppression may select for escape variants, provided that the fitness cost associated with 
the escape mutation outweighs the antiviral effect of the selecting CTL (Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
Gao et al. demonstrated that HLA B57 and HLA B27 may exert their protective effect on 
disease course in different phases of the infection 82. While HLA B57-mediated protection 
seems to occur early in infection, as shown by the rapid appearance of viral escape variants 
with the T242N mutation in the TW10 epitope, HLA B27 was not associated with 
significant protection from progression to a CD4 of less than 200, but rather with delayed 
progression to an AIDS-defining illness and death primarily after CD4 counts had dropped 
82.  
HLA B27-infected individuals mount an immunodominant CTL response against the KK10 
epitope in p24 Gag. However, the relatively late emergence of HIV-1 variants with CTL 
escape mutations in this epitope may imply that the selection pressure exerted by HLA 

Figure 3 The balance between cytotoxic T lymphocytes pressure 
and the emergence of escape mutations. CTLs are not equally 
efficacious in the control of viral replication. In theory, in the 
presence of CTLs that completely suppress viral replication (left 
part of scale), no escape mutants will emerge. Less potent CTL 
pressure (middle part of scale) will allow some viral replication, 
as a consequence of which escape mutations may emerge that 
subsequently will be positively selected for owing to their 
advantage over coexisting HIV-1 variants that are still “seen” by 
CTLs. In the complete absence of CTL pressure (right part of 
scale), mutant viruses will not benefit from their escape mutation 
and will not be selected. CTL: Cytotoxic T lymphocyte.   
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B27-restricted CTLs on the virus is not as great as that exerted by HLA B57-restricted 
CTLs. Alternatively, escape mutations in the immunodominant HLA B27-restricted KK10 
epitope may come at a much higher fitness cost than mutations in HLA B57-restricted 
epitopes. If this is the case, escape mutations in the KK10 epitopes may arise late, even 
when selection pressure of HLA B27 restricted CTLs is much stronger than that of HLA-
B57 restricted CTLs due to the stronger back selection towards the wild-type KK10 epitope 
sequence. Although this alternative explanation may explain why KK10 mutant viruses 
appear late in the course of infection, it does not explain the late protective effect associated 
with HLA B27. However, the observation that the predominant CTL escape mutation 
R264K in the HLA B27-restricted KK10 epitope indeed dramatically compromised in vitro 
viral replication capacity is in line with this hypothesis 83. Interestingly, replication fitness 
of the R264K escape variant was restored to wild-type levels by a rare upstream 
compensatory mutation S173A 83. These data support the idea that in some individuals, the 
loss in viral fitness introduced by escape mutations can be partially overcome by the 
introduction of compensatory mutations that restore viral fitness. This was further 
supported by several studies involving HIV-1 variants from HLA B57 typed individuals. 
Indeed, an accumulation of specific, potentially compensatory, amino acid substitutions in 
the Gag capsid in HIV-1 T242N escape variants of HLA B57 individuals coincided with a 
progressive disease course and was associated with higher viral loads in recipient of these 
virus variants 84. We found supporting evidence for a role for compensatory mutations in 
restoring viral replication fitness in HIV-1 variants that have escaped HLA B57-restricted 
via the T242N mutation in Gag. In a longitudinal analysis on the dynamics of CTL escape 
mutations in HLA B57/5801-restricted epitopes in Gag we compared HLA B57/5801 
LNTPs and progressors. No differences in the prevalence of the T242N escape mutation in 
the TW10 epitope and other CTL escape mutations in HLA B57/5801 restricted epitopes in 
Gag were observed between HIV-1 variants isolated from LTNPs and progressors, and 
early HIV-1 variants from both patient groups has similarly slow replication kinetics. 
However, while viral replication rates of early and late virus variants from LTNPs were 
similar, a significant increase in replication rate was observed for late viruses isolated from 
progressors. In agreement, late HIV-1 variants from HLA B57 progressors tended to have 
more potential compensatory mutations than late virus variants from LTNPs. Interestingly, 
any combination of two of these potential compensatory mutations was associated with 
disease progression in HLA B57/5801-positive individuals, indeed confirming a role for 
compensatory mutations in the course of HIV-1 disease progression 2.  
 
Immune activation & disease progression 
As outlined previously, most individuals elicit an HIV-specific CTL response that may 
contribute to the control of viral load early in infection. However, it is not only the 
emergence of CTL escape mutations can abrogate the effect of CTLs, it also seems that 
lack of preservation of CTL function underlies progressive HIV-1 infection. Indeed, CTL 
function seems to be much better preserved in LTNPs than in progressors 24. The early loss 
of HIV-1-specific cellular immunity in progressors is most likely due to exhaustion driven 
by HIV-associated systemic immune activation, which appeared to be independent from 
viral load 85-88. Because of this it seems that the time to exhaustion of cellular immune 
responses and loss of CD4+ T-cell numbers is determined by the strength of the systemic 
immune activation associated with HIV infection. Indeed, after the viral set point is 
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established, the ‘set point’ of immune activation, reflected by expression of Ki67 and CD38 
on CD4+ and CD8+ T lymphocytes, is the best and independent predictor for progression, 
over-riding viral load and early CD4+ T-cell counts as prognostic parameters86. In line, the 
natural hosts for SIV, the African green monkeys and sootey mangabeys, do not develop 
any immunodeficiency after infection and exhibit minimal T-cell activation, despite high 
viral load 89.  
The hyperimmune activation in humans, which is separate from the HIV-induced activation 
of the adaptive immune system, has been shown to be induced by microbial products, 
including lipopolysaccharides, which enter the blood stream as a consequence of 
permeability of the gastro-intestinal (GI) tract that is secondary to the massive and 
irreversible loss of memory CCR5+ CD4+ T cells in the GI tract during acute infection 90. 
However, the observation that expression of activation markers on immune cells is 
immediately downmodulated upon initiation of effective antiretroviral therapy strongly 
argues for a direct contribution of HIV-1 itself in the hyperimmune activation, as observed 
in HIV-1-infected individuals 91. It remains to be established at what stage in infection 
LTNPs and progressors differentiate in their clinical course of infection. Indeed, LTNPs 
and progressors may already differ in the severity of memory CD4+ T-cell depletion in the 
GI tract and subsequent microbial translocation to the peripheral blood compartment. 
Alternatively, polymorphisms in genes involved in innate immune pathways may determine 
the level of immune activation in response to microbial products and subsequent HIV 
disease progression. Indeed, epidemiological studies on polymorphisms in the NK 
immunoglobulin-like receptor (KIR) family and their ligands have revealed an important 
role for NK cell responses in the control of viral load and progression to disease. The 
inhibitory receptor KIR3DL1 in combination with its ligand Bw4-80I, has been associated 
with control of plasma viral load and delayed progression to AIDS 92. The Bw4 motif is 
contained in HLA B molecules, including the protective HLA B57 and -B27 alleles that are 
overrepresented in LTNPs. In addition, the activating KIR3DS1 receptor in the presence of 
Bw4-80I is also associated with lower viral load and slow progression to disease 93. 
Although functional studies are needed to support the hypotheses, the protective effect on 
HIV disease course might indeed relate to NK cell activation, due to either the engagement 
of the activating KIR3DS1 or to the loss of the signal mediated by the highly inhibitory 
KIR3DL1 alleles when in contact with HIV-1-infected cells with nef-mediated 
downregulated expression of the Bw4-80I HLA B molecules.  
 
Conclusions & future perspective 
A vaccine-eliciting HIV-specific T-cell immunity may contribute to a reduction of the viral 
load set point, and thereby not only delay disease progression but also reduce the risk of 
transmission to a new individual. However, for vaccine-elicited HIV-specific T-cell 
immunity, conditions need to be such that T-cell immunity is preserved. The recent STEP 
trial, which aimed for a reduction of the viral load set point by eliciting potent HIV-specific 
immunity prior to infection has demonstrated that even a head start of cellular immunity is 
no guarantee for preservation of immune responses or a lower viral load set point in HIV 
infection. Indeed, although vaccination with a combination of 3 recombinant Ad5 vectors 
(Ad5-gag, Ad5-pol, and Ad5-Nef) elicited HIV-specific CD8+ T lymphocytes with several 
effector-cell characteristics, it did not reduce viral load set point in those individuals who 
became infected during follow-up. The fact that the CD8+ T-cell responses to HIV antigens 
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were not very broad may, at least in part, explain the lack of viremic control in vaccinated 
individuals.  
The observation that not the cytolytic activity of CTL, but rather their selection of HIV-1 
variants with impaired replication fitness contributes to a lower viral set point, should be 
explored in more depth. Indeed, although it may be a logistical challenge, one could aim for 
HLA specific immunogens, eliciting CTLs that target the most conserved epitopes 
presented by the HLA B alleles of that individual, assuring that CTL escape mutations will 
coincide with a severe loss in viral fitness and a reduction in viral load set point. The 
presence of such CTLs at the time of infection may prevent the severe depletion of CD4+ 
cells during acute infection, and thereby the subsequent cascade of events leading to 
immune activation and deterioration of the immune system. However, to achieve protection 
from HIV-1 infection, a vaccine should elicit a broad and potently neutralizing antibody 
response, probably in parallel to efficient CTL responses. The fact that almost 25 years of 
research has not delivered a vaccine that may protect against infection or disease 
progression may seem to imply that more sophisticated approaches are warranted to 
achieve this goal. 
 
Executive summary 
The cinical course of HIV-1 infection 

• AIDS develops typically within 5-7 years after infection, although very rapid 
disease progression in less than 2 years or virtually no disease progression for 
more than 25 years are observed as well. 

• Individuals with a long-term nonprogressive HIV infection comprise 
approximately 5% of the total HIV-1-infected population. 

Cytotoxic T lymphocytes & the clinical course of infection 
• Vigorous HIV-1-specific cytotoxic T lymphocytes (CTL) activity in long-term 

nonprogressors (LTNPs) has suggested a causal relationship between cellular 
immunity and control of HIV-1 infection. 

• The functions of HIV-specific CD8+ T cells are better preserved in LTNPs and 
elite controllers as compared to noncontrollers. 

• Targeting of the HIV-1 Gag protein and the breadth of Gag-specific responses are 
associated with slow progression. 

Viral escape from CTLs 
• HIV-1 variants with mutations in CTL epitopes are continuously selected, thereby 

providing evidence of CTL effect on the virus. 
• De novo CTL responses restricted by the same human leukocyte antigen (HLA) 

class I allele could be generated against HIV-1 CTL escape variants harboring 
sequence variations within residues that determine T-cell antigen receptor binding. 

CTL escape & viral fitness 
• Fitness cost associated with escape mutations may reduce viral load and may 

therefore be beneficial to the host despite loss of immune control. 
• The fitness cost associated with CTL escape mutations may be reflected in 

reversion of these mutations upon transmission to an HLA-disparate partner. 
• The selection for less fit HIV-1 escape variants might be the most important 

contribution of CTLs to reducing the viral burden, even more so then the 
functionality of the CTL. 
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Association between HLA & the clinical course of HIV-1 infection 

• HLA molecules present peptides to CTLs and provide the mechanism by which 
the immune system generates a specific response to a pathogen. 

• The HLA B57 and B27 alleles have been associated with long-term 
nonprogression.  

Immune activation 
• The loss of HIV-specific cellular immunity is most likely due to exhaustion driven 

by HIV-associated systemic immune activation. 
• This hyper immune activation, which is separate to HIV-induced activation of the 

adaptive immune system, has been shown to be induced by microbial products, 
including lipopolysaccharides, resulting from permeability of the gastrointestinal 
(GI) tract, secondary to the massive and irreversible loss of memory CCR5+ 
CD4+ T cells during acute infection. 

• LTNPs and progressors may already differ in the severity of memory CD4+ T cell 
depletion in the GI tract and subsequent microbial translocation to the peripheral 
blood compartment. 

• Polymorphisms in genes involved in innate immune pathways may determine the 
level of immune activation in response to microbial products and subsequent HIV 
disease progression.  

Conclusions & future perspective 
• A vaccine-eliciting HIV specific T-cell immunity may contribute to a reduction of 

the viral load set point and thereby delay disease progression. 
• Not only the induction of HIV-specific T-cell immunity but rather the preservation 

of these responses should be the target for vaccine development. 
• The observation that not the cytolytic activity of CTLs, but rather their selection of 

HIV-1 variants with impaired replication fitness contributes to a lower viral set 
point, should be explored in more depth. 

 
Reference list 
Papers of special note have been highlighted as either of interest (*) or of considerable interest (**) to readers 
 
1.  Klein MR, et al.: Long-term survivors of HIV-1 infection. Trends in Microbiology 1995;3:386-391. 
2.  Navis M, et al.: Viral Replication Capacity as a Correlate of HLA B57/B5801-Associated Nonprogressive HIV-1 Infection. J 

Immunol 2007;179:3133-3143. 
3.  Cao Y, et al.: Virologic and immunologic characterization of long-term survivors of human immunodeficiency virus type 1 

infection. N Engl J Med 1995;332:201-208. 
4.  Lefrere JJ, et al.: Even individuals considered as long-term nonprogressors show biological signs of progression after 10 years 

of human immunodeficiency virus infection. Blood 1997;90:1133-1140. 
5.  Kloosterboer N, et al.: HIV-1 Seropositive Individuals with Long-term Undetectable Viremia: Evidence for Controlled 

Infection. Virology 2005;339:70-80. 
6.  Lambotte O, et al.: HIV controllers: a homogeneous group of HIV-1-infected patients with spontaneous control of viral 

replication. Clin Infect Dis 2005;41:1053-1056. 
7.  Hubert JB, et al.: Natural history of serum HIV-1 RNA levels in 330 patients with a known date of infection. The SEROCO 

Study Group. AIDS 2000;14:123-131. 
8.  Migueles SA, et al.: HLA B*5701 is highly associated with restriction of virus replication in a subgroup of HIV-infected long 

term nonprogressors. Proc Natl Acad Sci U S A 2000;97:2709-2714. 
9.  De Roda Husman AM, et al.: Association between CCR5 genotype and the clinical course of HIV-1 infection. Ann Intern 

Med 1997;127:882-890. 
10.  Ioannidis JP, et al.: Effects of CCR5-Delta32, CCR2-64I, and SDF-1 3'A alleles on HIV-1 disease progression: An 

international meta-analysis of individual- patient data. Ann Intern Med 2001;135:782-795. 
11.  Carrington M, et al.: Genetics of HIV-1 infection: chemokine receptor CCR5 polymorphism and its consequences. Hum Mol 

Gen 1999;8:1939-1945. 



Discussion 

 197

12.  Carrington M, et al.: The influence of HLA genotype on AIDS. Annu Rev Med 2003;54:535-551. 
13.  Deacon NJ, et al.: Genomic structure of an attenuated quasi species of HIV-1 from a blood transfusion donor and recipients. 

Science 1995;270:988-991. 
14.  Kirchhoff F, et al.: Absence of intact nef sequences in a long-term survivor with nonprogressive HIV-1 infection. N Engl J 

Med 1995;332:228-232. 
15.  Learmont JC, et al.: Immunological and virological status after 14 to 18 years of infection with an attenuated strain of HIV-1. 

A report from the Sydney Blood Bank Cohort. N Engl J Med 1999;340:1756-1757. 
16.  Mellors JW, et al.: Prognosis in HIV-1 infection predicted by the quantity of virus in plasma. Science 1996;272:1167-1170. 
17.  Dean M, et al.: Genetic restriction of HIV-1 infection and progression to AIDS by a deletion allele of the CKR5 structural 

gene. Science 1996;273:1856-1862. 
18.  Poignard P, et al.: Neutralizing antibodies have limited effects on the control of established HIV-1 infection in vivo. Immunity 

1999;10:431-438. 
19.  Tang J, et al.: Host genetic profiles predict virological and immunological control of HIV-1 infection in adolescents. AIDS 

2002;16:2275-2284. 
20.  Keet IP, et al.: Consistent associations of HLA class I and II and transporter gene products with progression of human 

immunodeficiency virus type 1 infection in homosexual men. J Infect Dis 1999;180:299-309. 
21.  Kaslow RA, et al.: Influence of combinations of human major histocompatibility complex genes in the course of HIV-1 

infection. Nature Medicine 1996;2:405-411. 
22.  Hendel H, et al.: New class I and II HLA alleles strongly associated with opposite patterns of progression to AIDS. J 

Immunol 1999;162:6942-6946. 
23.  Kiepiela P, et al.: Dominant influence of HLA-B in mediating the potential co-evolution of HIV and HLA. Nature 

2004;432:769-775. 
   *Demonstrated that the principal focus of HIV-specific activity is at the HLA-B locus. Furthermore, it was shown that 

  HLA B gene frequencies in the population are those likely to be most influenced by HIV disease. 
24.  Klein MR, et al.: Kinetics of Gag-specific CTL responses during the clinical course of HIV-1 infection: A longitudinal 

analysis of rapid progressors and long-term asymptomatics. J Exp Med 1995;181:1365-1372. 
25.  Koup RA, et al.: Temporal associations of cellular immune responses with the initial control of viremia in primary human 

immunodeficiency virus type 1 syndrome. J Virol 1994;68:4650-4655. 
26.  Borrow P, et al.: Virus-specific CD8+ cytotoxic T-lymphocyte activity associated with control of viremia in primary human 

immunodeficiency virus type 1 infection. J Virol 1994;68:6103-6110. 
27.  Addo MM, et al.: Comprehensive epitope analysis of human immunodeficiency virus type 1 (HIV-1)-specific T-cell 

responses directed against the entire expressed HIV-1 genome demonstrate broadly directed responses, but no correlation to 
viral load. J Virol 2003;77:2081-2092. 

28.  Betts MR, et al.: Analysis of total human immunodeficiency virus (HIV)-specific CD4(+) and CD8(+) T-cell responses: 
relationship to viral load in untreated HIV infection. J Virol 2001;75:11983-11991. 

29.  Migueles SA, et al.: HIV-specific CD8+ T cell proliferation is coupled to perforin expression and is maintained in 
nonprogressors. Nat Immunol 2002;3:1061-1068. 

30.  Betts MR, et al.: HIV nonprogressors preferentially maintain highly functional HIV-specific CD8+ T cells. Blood 
2006;107:4781-4789. 

* Demonstrated that the functional profile of HIV-specific CD8+ T cells in progressors was limited compared with 
that of nonprogressors, who consistently maintained highly functional CD8+ T cells. The limited functionality was 
independent of HLA type and T-cell memory phenotype, was HIV-specific rather than generalized and was not 
effectively restored by therapeutic intervention.  

31.  Zimmerli SC, et al.: HIV-1-specific IFN-gamma/IL-2-secreting CD8 T cells support CD4-independent proliferation of HIV-
1-specific CD8 T cells. Proc Natl Acad Sci U S A 2005;102:7239-7244. 

32.  Saez-Cirion A, et al.: HIV controllers exhibit potent CD8 T cell capacity to suppress HIV infection ex vivo and peculiar 
cytotoxic T lymphocyte activation phenotype. Proc Natl Acad Sci U S A 2007;104:6776-6781. 

33.  Bailey JR, et al.: Maintenance of viral suppression in HIV-1-infected HLA-B*57+ elite suppressors despite CTL escape 
mutations. J Exp Med 2006;203:1357-1369. 

34.  Buseyne F, et al.: Inverse correlation between memory Gag-specific cytotoxic T lymphocytes and viral replication in human 
immunodeficiency virus-infected children. J Infect Dis 2002;186:1589-1596. 

35.  Edwards BH, et al.: Magnitude of functional CD8+ T-cell responses to the gag protein of human immunodeficiency virus 
type 1 correlates inversely with viral load in plasma. J Virol 2002;76:2298-2305. 

36.  Novitsky V, et al.: Association between virus-specific T-cell responses and plasma viral load in human immunodeficiency 
virus type 1 subtype C infection. J Virol 2003;77:882-890. 

37.  Masemola A, et al.: Hierarchical targeting of subtype C human immunodeficiency virus type 1 proteins by CD8+ T cells: 
correlation with viral load. J Virol 2004;78:3233-3243. 

38.  Zuniga R, et al.: Relative dominance of Gag p24-specific cytotoxic T lymphocytes is associated with human 
immunodeficiency virus control. J Virol 2006;80:3122-3125. 

39.  Kiepiela P, et al.: CD8+ T-cell responses to different HIV proteins have discordant associations with viral load. Nat Med 
2007;13:46-53. 

   ** Described that of the HIV proteins targeted, only Gag-specific responses were associated with lowering viremia. 
  Env-specific and Accessory/Regulatory protein-specific responses were associated with higher viremia. Increasing 
  breadth of Gag-specific responses was associated with decreasing viremia and increasing Env breadth with increasing 
  viremia. 

40.  Honeyborne I, et al.: Control of human immunodeficiency virus type 1 is associated with HLA-B*13 and targeting of 
multiple gag-specific CD8+ T-cell epitopes. J Virol 2007;81:3667-3672. 



Chapter 13 

 198 

41.  Streeck H, et al.: Recognition of a defined region within p24 gag by CD8+ T cells during primary human immunodeficiency 
virus type 1 infection in individuals expressing protective HLA class I alleles. J Virol 2007;81:7725-7731. 

42.  Friedrich TC, et al.: Subdominant CD8+ T-cell responses are involved in durable control of AIDS virus replication. J Virol 
2007;81:3465-3476. 

43.  Jin X, et al.: Dramatic rise in plasma viremia after CD8+ T cell depletion in simian immunodeficiency virus-infected 
macaques. J Exp Med 1999;189:991-998. 

44.  Matano T, et al.: Administration of an anti-CD8 monoclonal antibody interferes with the clearance of chimeric simian/human 
immunodeficiency virus during primary infections of rhesus macaques. J Virol 1998;72:164-169. 

45.  Schmitz JE, et al.: Control of viremia in simian immunodeficiency virus infection by CD8+ lymphocytes. Science 
1999;283:857-860. 

46.  Veazey RS, et al.: Increased loss of CCR5+ CD45RA- CD4+ T cells in CD8+ lymphocyte-depleted Simian 
immunodeficiency virus-infected rhesus monkeys. J Virol 2008;82:5618-5630. 

47.  Klein MR, et al.: Cytotoxic T lymphocytes in HIV-1 infection: A killing paradox ? Immunol Today 1997;19:317-324. 
48.  Kaufman D, et al.: Limited Durability of Immune Control following Treated Acute HIV Infection. PLoS Med 2004;1:1-11. 
49.  Harari A, et al.: Functional heterogeneity of memory CD4 T cell responses in different conditions of antigen exposure and 

persistence. J Immunol 2005;174:1037-1045. 
50.  Harari A, et al.: Phenotypic heterogeneity of antigen-specific CD4 T cells under different conditions of antigen persistence 

and antigen load. Eur J Immunol 2004;34:3525-3533. 
51.  Trautmann L, et al.: Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to reversible immune dysfunction. 

Nat Med 2006;12:1198-1202. 
52.  Day CL, et al.: PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion and disease progression. Nature 

2006;443:350-354. 
53.  Kaufmann DE, 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;8:1246-1254. 
54.  Borrow P, et al.: Antiviral pressure exerted by HIV-1 specific cytotoxic T lymphocytes (CTLs) during primary infection 

demonstrated by rapid selection of CTL escape virus. Nature Med 1997;3:205- 
55.  Price DA, et al.: Positive selection of HIV-1 cytotoxic T lymphocyte escape variants during primary infection. Proc Natl 

Acad Sci USA 1997;94:1890-1895. 
56.  Goulder PJR, et al.: Late escape from an immunodominant cytotoxic T-lymphocyte response associated with progression to 

AIDS. Nature Medicine 1997;3:212-217. 
57.  Evans DT, et al.: Definition of five new simian immunodeficiency virus cytotoxic T-lymphocyte epitopes and their restricting 

major histocompatibility complex class I molecules: evidence for an influence on disease progression. J Virol 2000;74:7400-
7410. 

58.  Evans DT, et al.: Virus-specific cytotoxic T-lymphocyte responses select for amino-acid variation in simian 
immunodeficiency virus Env and Nef. Nature Med 1999;5:1270-1276. 

59.  Allen TM, et al.: Tat-specific cytotoxic T lymphocytes select for SIV escape variants during resolution of primary viraemia. 
Nature 2000;407:386-390. 

60.  O'Connor DH, et al.: Acute phase cytotoxic T lymphocyte escape is a hallmark of simian immunodeficiency virus infection. 
Nat Med 2002;8:493-499. 

61.  Couillin I, et al.: Impaired cytotoxic T lymphocyte recognition due to genetic variations in the main immunogenic region of 
the human immunodeficiency virus type 1 NEF protein. J Exp Med 1994;180:1129-1134. 

62.  Meier UC, et al.: Cytotoxic T lymphocyte lysis inhibited by viable HIV mutants. Science 1995;270:1360-1362. 
63.  Draenert R, et al.: Immune selection for altered antigen processing leads to cytotoxic T lymphocyte escape in chronic HIV-1 

infection. J Exp Med 2004;199:905-915. 
64.  Reid SW, et al.: Antagonist HIV-1 Gag peptides induce structural changes in HLA B8. J Exp Med 1996;184:2279-2286. 
65.  McAdam S, et al.: Immunogenic HIV variant peptides that bind to HLA-B8 can fail to stimulate cytotoxic T lymphocyte 

responses. J Immunol 1995;155:2729-2736. 
66.  Allen TM, et al.: De novo generation of escape variant-specific CD8+ T-cell responses following cytotoxic T-lymphocyte 

escape in chronic human immunodeficiency virus type 1 infection. J Virol 2005;79:12952-12960. 
67.  Allen TM, et al.: Selection, transmission, and reversion of an antigen-processing cytotoxic T-lymphocyte escape mutation in 

human immunodeficiency virus type 1 infection. J Virol 2004;78:7069-7078. 
68.  Leslie AJ, et al.: HIV evolution: CTL escape mutation and reversion after transmission. Nat Med 2004;10:282-289. 

** Described that the cytotoxic T lymphocyte response dominating acute infection in HLA-B57/5801-positive 
subjects drove positive selection of an escape mutation that reverted to wild-type after transmission to HLA-
B57/5801-negative individuals. A second escape mutation within the epitope, by contrast, was maintained after 
transmission. 

69.  Friedrich TC, et al.: Reversion of CTL escape-variant immunodeficiency viruses in vivo. Nat Med 2004;10:275-281. 
70.  Kobayashi M, et al.: Reversion in vivo after inoculation of a molecular proviral DNA clone of simian immunodeficiency 

virus with a cytotoxic-T-lymphocyte escape mutation. J Virol 2005;79:11529-11532. 
71.  Seki S, et al.: Transmission of simian immunodeficiency virus carrying multiple cytotoxic T-lymphocyte escape mutations 

with diminished replicative ability can result in AIDS progression in rhesus macaques. J Virol 2008;82:5093-5098. 
72.  Loh L, et al.: In vivo fitness costs of different Gag CD8 T-cell escape mutant simian-human immunodeficiency viruses for 

macaques. J Virol 2007;81:5418-5422. 
73.  Li B, et al.: Rapid reversion of sequence polymorphisms dominates early human immunodeficiency virus type 1 evolution. J 

Virol 2007;81:193-201. 
74.  Navis M, et al.: Molecular evolution of human immunodeficiency virus type 1 upon transmission between human leukocyte 

antigen disparate donor-recipient pairs. PLoS ONE 2008;3:e2422- 



Discussion 

 199

75.  Hogan CM, et al.: Host determinants in HIV infection and disease. Part 2: genetic factors and implications for antiretroviral 
therapeutics. Ann Intern Med 2001;134:978-996. 

76.  Carrington M, et al.: HLA and HIV-1: Heterozygote advantage and B*35-Cw*04 disadvantage. Science 1999;283:1748-1752. 
77.  Altfeld M, et al.: Influence of HLA-B57 on clinical presentation and viral control during acute HIV-1 infection. AIDS 

2003;17:2581-2591. 
78.  Tang J, et al.: Favorable and unfavorable HLA class I alleles and haplotypes in Zambians predominantly infected with clade 

C human immunodeficiency virus type 1. J Virol 2002;76:8276-8284. 
79.  Costello C, et al.: HLA-B*5703 independently associated with slower HIV-1 disease progression in Rwandan women. AIDS 

1999;13:1990-1991. 
80.  Borghans JA, et al.: HLA alleles associated with slow progression to AIDS truly prefer to present HIV-1 p24. PLoS ONE 

2007;2:e920- 
81.  Martinez-Picado J, et al.: Fitness cost of escape mutations in p24 Gag in association with control of human immunodeficiency 

virus type 1. J Virol 2006;80:3617-3623. 
82.  Gao X, et al.: AIDS restriction HLA allotypes target distinct intervals of HIV-1 pathogenesis. Nat Med 2005;11:1290-1292. 
83.  Schneidewind A, et al.: Escape from the dominant HLA-B27-restricted cytotoxic T-lymphocyte response in Gag is associated 

with a dramatic reduction in human immunodeficiency virus type 1 replication. J Virol 2007;81:12382-12393. 
84.  Brockman MA, et al.: Escape and compensation from early HLA-B57-mediated cytotoxic T-lymphocyte pressure on human 

immunodeficiency virus type 1 Gag alter capsid interactions with cyclophilin A. J Virol 2007;81:12608-12618. 
85.  Giorgi JV, et al.: Shorter survival in advanced Human Immunodeficiency Virus type 1 infection is more closely associated 

with T lymphocyte activation than with plasma virus burden or virus chemokine coreceptor usage. J Infect Dis 1999;179:859-
870. 

86.  Hazenberg MD, et al.: Persistent immune activation in HIV-1 infection is associated with progression to AIDS. AIDS 
2003;17:1881-1888. 

87.  Grossman Z, et al.: CD4 T-cell depletion in HIV infection: are we closer to understanding the cause ? Nat Med 2002;8:319-
323. 

88.  Deeks SG, et al.: Immune activation set point during early HIV infection predicts subsequent CD4+ T-cell changes 
independent of viral load. Blood 2004;104:942-947. 

89.  Silvestri G, et al.: Nonpathogenic SIV infection of sooty mangabeys is characterized by limited bystander immunopathology 
despite chronic high-level viremia. Immunity 2003;18:441-452. 

90.  Brenchley JM, et al.: Microbial translocation is a cause of systemic immune activation in chronic HIV infection. Nat Med 
2006;12:1365-1371. 

91.  Hazenberg MD, et al.: T cell division in human immunodeficiency virus (HIV-1)-infection is mainly due to immune 
activation: a longitudinal analysis in patients before and during highly active anti-retroviral therapy. Blood 2000;95:249-255. 

92.  Martin MP, et al.: Innate partnership of HLA-B and KIR3DL1 subtypes against HIV-1. Nat Genet 2007;39:733-740. 
93.  Qi Y, et al.: KIR/HLA pleiotropism: protection against both HIV and opportunistic infections. PLoS Pathog 2006;2:e79- 
 
Reproduced from Future HIV Therapy (2008)  2, 351–361 with permission of Future Medicine Ltd 
 

 




