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Abstract 
It is generally accepted that cytotoxic T lymphocytes (CTLs) play an important role in 
controlling HIV-1 replication, and that HIV-1 undergoes extensive within-host 
adaptation to HIV-specific CTL responses. However, the full extent and importance of 
CTL escape mutations in driving HIV-1 evolution at the population level remains to 
be established. 
We included 27 HIV-1-positive individuals from the Amsterdam Cohort Studies on 
HIV infection and AIDS with a known seroconversion date in 1985 or 2005/2006 (12 
and 15 individuals, respectively), of which HIV-1 sequences were derived within the 
first year after seroconversion. CTL epitopes were predicted using a proteasomal 
cleavage/TAP transport/MHC class I combined predictor. CTL epitopes in P17, P24, 
Nef, Protease and RT were studied since these proteins are known to be most 
immunogenic. We predicted HLA-binding epitopes from these proteins for 5 common 
HLA A and 3 common HLA B alleles, as well as for the two HLA B alleles that are 
most strongly associated with slow progression to AIDS, HLA B27 and HLA B57.  
To avoid the possibility that observed CTL escape mutations were due to within-host 
evolution rather than adaptation at the population level, individuals expressing the 
particular HLA allele under investigation were excluded from the analyses. HIV-1 
strains isolated from recent seroconvertors were found to contain a significantly lower 
number of 9-mers predicted to bind to the 5 HLA B alleles under investigation 
compared to historical HIV-1 strains. In contrast, no difference was observed for the 
number of 9-mers restricted by the 5 HLA A alleles studied. Remarkably, the 
reduction in the number of CTL epitopes during the epidemic observed for HLA B 
alleles was not due to adaptation to the most common HLA B alleles, but instead to 
the 2 alleles associated with slow progression to AIDS, HLA B27 and B57. 
These data show that, over the past 20 years, HIV-1 has adapted to the human 
immune system by decreasing the number of potential CTL epitopes presented via 
HLA B, but not HLA A, alleles, and that such adaptations can become fixed in the 
population. Adaptation was not related to the population frequency of the HLA 
alleles, but instead seemed driven by the immune selection pressure of the HLA 
alleles.   
 
Introduction 
Cytotoxic T lymphocytes (CTLs) are thought to play an important role in controlling 
human immunodeficiency virus type 1 (HIV-1) replication 1-7. Despite the immune pressure 
from CTLs, most HIV-1-infected individuals experience high levels of ongoing virus 
replication. This lack of control is widely thought to be due to escape mutations in the CTL 
epitopes that commonly develop during infection with HIV-1 6,8-12. A number of studies 
have demonstrated that HIV-1 can rapidly escape from CTL-mediated immune pressure by 
sequence variation within targeted epitopes or in their flanking regions, causing altered 
peptide processing, peptide-HLA binding, or T-cell recognition of the epitope 13-15. Such 
CTL escape mutations arising in HIV-1-infected individuals can be transmitted to a new 
host. Upon transmission to a recipient expressing different HLA alleles compared to the 
donor, CTL escape mutations can either revert to the wildtype sequence or persist despite 
the lack of CTL pressure in the recipient 15-20. The outcome is influenced by a variety of 
factors, including the impact of the escape mutation on viral fitness 21. It has been shown 
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that at least some CTL escape mutations persist within the viral genome in individuals who 
do not express the restricting HLA class I allele 16. When comparing HIV-1 sequences 
derived from donors and recipients with known horizontal transmission, Li et al. observed 
that HIV-1 sequence evolution early after transmission was dominated by reversions in 
CTL epitopes restricted by donor HLA alleles 22, while Navis et al. found that reversion 
and forward mutations contributed equally to early HIV-1 sequence dynamics 23. In the 
latter study, a relatively high proportion of mutations appeared to be stable during the 
complete follow-up period (54-112 months after transmission), indicating a lack of back 
selection even in the absence of CTL pressure 23. 
Since escape mutations can be transmitted and do not always revert after transmission, it 
has been hypothesised that HIV-1 might have been adapting to the human immune system, 
and that the resulting adaptations may already have become apparent within the relatively 
short period of the HIV-1 epidemic in men. In agreement with this, Trachtenberg et al. 
observed a correlation between the frequency of HLA supertypes in the human population 
and their relative hazard of disease progression 24, suggesting that it might be beneficial to 
express HLA alleles that are rare in the population since the chance of encountering a virus 
that has already pre-adapted to these HLA alleles is low. In line with this, Altfeld et al. 25 
found that HLA A2 expressing individuals infected with HIV-1 strains harbouring the 
consensus sequence of the Vpr epitope AL9 (Vpr59-67) were unable to mount a specific T 
cell response against this epitope in the acute stage of infection, while HLA A2 expressing 
subjects infected with the less frequent I60L variant all developed these responses. This 
suggests the loss of the Vpr epitope AL9 (Vpr59-67) restricted by the highly prevalent HLA 
class I allele HLA A2. The full extent and importance of CTL escape mutations in driving 
HIV-1 evolution at the population level however remains to be established. Studies 
attempting to address this issue thus far mainly focused on the identification of associations 
between the occurrence of amino acid polymorphisms in the HIV-1 sequence and the 
presence of HLA class I alleles 18,26. Those analyses have suggested that HLA alleles leave 
‘footprints’ on the HIV-1 viral genome. Significant associations were found between the 
presence of certain HLA alleles and the occurrence of HIV-1 sequence variation, 
suggesting evidence for CTL escape mutations. Absence of HIV-1 sequence variation was 
found to be associated with the presence of common HLA alleles, which was interpreted as 
evidence for fixation of viral mutations escaping presentation by common HLA molecules 
18. However, these studies have not made comparisons between sequences that were 
isolated at different time points in the epidemic.  Moreover, since the analysed sequences 
were derived from individuals during chronic HIV-1 infection, also adaptation to CTL 
responses within the recipient might have contributed to these “footprints”. 
Using well validated prediction programs 27, we investigated whether there is direct 
evidence that HIV-1 has been adapting to the HLA alleles of the human population, in the 
sense that contemporary HIV-1 strains contain fewer CTL epitopes than HIV-1 strains 
isolated at the start of the epidemic. We separately analysed the accumulation of CTL 
escapes for different HIV-1 proteins, and for CTL restricted by different HLA molecules. 
This allowed us to investigate whether most adaptations that have accumulated are 
restricted by the most common HLA alleles in the human population. 
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Materials and methods 
Patients 
This study included 27 HIV-1-positive individuals from the Amsterdam Cohort Studies on 
HIV-1 infection and AIDS (ACS) with a known seroconversion date either in 1985 or in 
2005/2006 (12 and 15 individuals, respectively). Table I shows more details on the 
individual patient characteristics. Selection criteria for this study were i) infection with 
HIV-1 subtype B in 1985 or 2005/2006, ii) HAART naive, and iii) no known resistance 
mutations in Protease and RT. 2-digit HLA class I typing was performed for all individuals 
by sequence specific primers (SSP) PCR as described elsewhere 28. 
 
Table I Patient characteristics 

 Patient  SC year time since 
SC (days) HLA A HLA B 

historical 19831 1985 272 03 31 35 49 
seroconverters 19510 1985 260 02 02 44 51 

 19254 1985 267 23 11 35 44 
 18919 1985 284 02 03 15 37 
 19792 1985 276 02 29 07 44 
 19542 1985 351 02 26 07 35 
 19505 1985 350 01 01 15 40 
 19489 1985 299 01 03 07 07 
 19431 1985 252 02 68 44 44 
 19406 1985 268 02 02 14 15 
 19334 1985 365 02 32 15 40 
 11694 1985 351 24 68 07 15 
        

recent 16785 2005 315 03 24 13 35 
seroconverters 16191 2005 203 01 02 07 40 

 16765 2005 293 01 03 35 44 
 17974 2005 379 02 29 15 49 
 16170 2006 113 02 68 07 44 
 16999 2006 119 01 02 37 40 
 19290 2006 2 02 68 15 40 
 16311 2006 414 02 24 15 51 
 16343 2006 383 02 11 15 40 
 16373 2006 329 03 24 18 35 
 16361 2006 357 03 30 nd nd 
 16216 2006 331 31 31 07 27 
 16080 2006 343 03 03 40 51 
 16434 2006 489 02 31 49 58 
 16292 2006 23 01 26 08 35 

 
 
HIV-1 RNA isolation from plasma, cDNA synthesis and sequencing 
Viral RNA was isolated from plasma using the QIAgen Viral RNA Mini Kit and reverse 
transcribed into cDNA with Superscript II RnaseH Reverse Transcriptase (Invitrogen) with 
outer primers specific for gag, nef, and PR/RT. cDNA was amplified using the following 
primer combinations: gag: (KVL-064) 5’-GTTGTGTTGTGACTCTGGTAACTAGAGAT 
CCCTCA GA-3’ and (NCRev-2) 5’-CCTTCCTTTCCACATTTCCAACAG-3’ followed 
by (KVL-066) 5’-TCTCTAGCAGTGGCGCCCGAACAG-3’ and (NCRev-3) 5’-CTTTTT 
CCTAGGGGCCCTGC AATTT-3’; nef: (Nef-1fw) 5’-AGCCATAGCAGTAGCTGAGG-
3’ and (Nef-1rev) 5’-GCTTAT ATGCAGGATCTGAGG-3’ followed by (Nef-2fw) 5’-
AGCTTGTAGAGCTATTCGCCACA-3’ and (Nef-2rev) 5’-AGCAAGCTCGATGTCAGC 
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AG-3’; PR/RT: (PS1) 5’-TTTTTTAGGGAA AATTTGGCCTTC-3’ and (RTA9) 5’-TAA 
ATTTAGGAGTCTTTCCCCATA-3’ followed by (PS2) 5’-TCCCTCAAATCACTCTTTG 
GCAAC-3’ and (RTA6subB) 5’-CCATTGGCCTTGCCCCTGCTTCTG-3’. Bulk PCR 
products of gag and nef resulting from plasma RNA were cloned in the pGEM-Teasy 
Vector System (Promega) and transformed into DH5α competent cells, PR/RT samples 
were sequenced directly. Each RNA sample was PCR amplified 3 independent times and 
each of the 3 independent PCR products was cloned into pGEM-Teasy separately to avoid 
resampling artefacts. Two inserts per PCR product were amplified using the nested primers 
KVL-066 and NCRev-3 (gag) and 5’-GFP and 3’-GFP (nef), PCR products were 
subsequently purified using EXOSAP-IT (USB, USA) and sequenced using the ABI prism 
Big Dye Terminator v1.1/3.1 Cyclesequencing Kit (Applied Biosystems) using the nested 
PCR primers. Sequences were analyzed on an Applied Biosystems/Hitachi 3130 xl Genetic 
Analyzer.  
 
Phylogenetic analysis 
Sequences of all genes were manually aligned using ClustalW included in the software 
package BioEdit 29 (BioEdit v 7.0.5, Tom Hall, Ibis Therapeutics, Carlsbad, CA). The 
matrix of the aligned sequences was imported into the tree building software PAUP* 30 
(http://paup.csit.fsu.edu/), and a neighbour-joining (NJ) tree 31 was reconstructed under the 
Hasegawa-Kishino-Yano (HKY85) model of evolution 32. The robustness of the NJ 
phylogeny was assessed by bootstrap analysis with 1,000 rounds of replication. 
 
Prediction of CTL epitopes 
Epitopes were predicted using the proteasomal cleavage/TAP transport/MHC class I 
combined predictor available at http://tools.immuneepitope.org 33. For MHC binding 
predictions the most abundant four-digit HLA type of each HLA serotype was used. Cut-
off values used were 1.135 for proteasomal cleavage, -0.56 for TAP transport and -2.7 for 
MHC binding (Schmid et al, in press).  
 
Results 
Patient characteristics 
To investigate whether HIV-1 has adapted to the human immune system since the 
beginning of the epidemic in Amsterdam (The Netherlands) in the mid-1980s, we selected 
HIV-1 positive individuals from the Amsterdam Cohort Studies on HIV-1 infection and 
AIDS (ACS) with a known seroconversion date either in 1985 or in 2005/2006 (see Table I 
for more details). All individuals were Caucasian treatment-naive males infected with HIV-
1 subtype B, and none of them had any of the known resistance mutations in protease or 
reverse transcriptase (RT). From all individuals HIV-1 sequences were derived within 
approximately a year after seroconversion. Sequences of HIV-1 gag (p17 and p24), nef, 
protease and RT were analysed since these proteins are known to be most immunogenic in 
terms of CTL pressure.  
 
Differences in processing of recent HIV-1 isolates 
Before a viral protein can be presented by HLA class I alleles the protein has to be cleaved 
into smaller fragments by the (immuno-)proteasome, followed by transport of those 
fragments into the endoplasmic reticulum (ER) by transporter associated with antigen 
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processing (TAP). To investigate whether the processing of contemporary HIV-1 samples 
is as efficient as the processing of historical HIV-1 isolates, we used publicly available 
prediction programs for both processes (http://tools.immuneepitope.org). This analysis 
revealed a few marked differences in the ability to process peptides from contemporary and 
historical HIV-1 p17 and protease. Protease sequences from recent HIV-1 isolates 
contained significantly fewer 9-mers that are predicted to be cleaved by the proteasome and 
transported by TAP (Figure 1, P<0.001, Mann Whitney), which would result in fewer 9-
mers in the ER available for binding to HLA class I alleles, compared to isolates from the 
early epidemic. In contrast, p17 sequences from recent HIV-1 isolates contained more 9-
mers predicted to be cleaved and transported to the ER compared to historical HIV-1 
isolates (P=0.020, Mann Whitney). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Escape from presentation by HLA B alleles results in fixation of mutations at the 
population level 
Next, we assessed whether the 9-mers available in the ER were also able to bind to 
different HLA class I alleles. To test the hypothesis that HIV-1 has adapted to the human 
population by escaping presentation by the most common HLA alleles in the population, 
we chose to analyse the 5 most common HLA A and 3 most common HLA B alleles in the 
Caucasian population. In addition, we analysed HLA B*2705 and HLA B*5701 since these 
two HLA alleles are strongly associated with slow progression to AIDS 34, and are 
therefore thought to evoke strong immunological pressure on the virus. Table II shows the 
population frequency of the studied HLA alleles in the Caucasian population (derived from 
the MHC database, NCBI). To avoid the possibility that the observed adaptations were due 
to within-host evolution rather than a reflection of accumulated evolution throughout the 
epidemic, all individuals expressing the particular HLA allele under investigation were 
excluded from the analysis.  
We analysed whether the total number of HIV-1 9-mers that were predicted to bind to any 
of the HLA A or HLA B alleles under investigation changed during the HIV-1 epidemic. 
As shown in Figure 2, recent HIV-1 isolates contained a significantly lower number of 9-
mers predicted to bind to any of the HLA B alleles under investigation compared to 
historical HIV-1 isolates (P=0.001, Mann Whitney), whereas no difference between 
historical and contemporary HIV-1 strains was observed for the HLA A alleles. 

Figure 1 Overview of the number of 9-mers 
predicted to be cleaved by proteasome and 
transported by TAP in historical and recent HIV-
1 isolates.  Peptide prediction programs were 
used to predict the number of 9-mers that are 
cleaved by the proteasome and transported by 
TAP for the proteins p17, p24, protease (PR), 
reverse transcriptase (RT) and nef. Within each 
box, the median is indicated by a horizontal line, 
the bar represents the 25-75% interval, and 
whiskers represent the minimum and maximum 
values Dark boxes represent the predicted 
number of processed 9-mers from HIV sequences 
from historical seroconvertors, while light boxes 
represent the predicted number of processed 9-
mers in recent seroconvertors. 
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Table II HLA allele frequency in the Caucasian population  
HLA class I allele Frequencya 

HLA A*02 0.289 
HLA A*01 0.164 
HLA A*03 0.144 
HLA A*24 0.083 
HLA A*11 0.071 

HLA B*44 0.156 
HLA B*07 0.141 
HLA B*08 0.120 
HLA B*27 0.034 
HLA B*57 0.034 

a HLA class I frequencies were derived from the MHC database, NCBI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To investigate whether this decrease in 9-mers predicted to bind to HLA B alleles was due 
to adaptation within specific HIV-1 proteins, we analysed the total number of 9-mers 
predicted to bind to any of the 5 HLA A alleles (Figure 3A) and any of the 5 HLA B alleles 
(Figure 3B) for each of the individual proteins. Again, we observed no significant changes 
over time for peptides presented by the HLA A alleles. The decrease in the number of 9-
mers predicted to bind to any of the HLA B alleles that was observed over time appeared to 
be caused by a significant decrease in the number of HLA-binding epitopes derived from 
p17 and protease (P=0.004 and P=0.008 respectively, Mann Whitney). Thus, despite the 
significant increase in the number of 9-mers derived from p17 that are expected to be 
cleaved and transported into the ER throughout the epidemic, the number of 9-mers that 
can be presented by the HLA B alleles under investigation still decreased over time.  

Figure 2 Recent HIV-1 isolates contain fewer 9-
mers predicted to bind to HLA class I B alleles 
compared to historical HIV-1 isolates. The number 
of 9-mers available in the ER (from the 5 HIV 
proteins under investigation) that can bind to any 
of the 5 HLA A or HLA B molecules under 
investigation was predicted for recent and 
historical HIV-1 isolates. Within each box, the 
median is indicated by a horizontal line, the bar 
represents the 25-75% interval, and whiskers 
represent the minimum and maximum values Dark 
boxes represent historical seroconvertors, while 
light boxes represent recent seroconvertors.  
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Figure 3 Decrease in the number of CTL epitopes during the epidemic is due to adaptations in P17 and PR, and 
caused by adaptation to protective HLA B molecules. The number of 9-mers predicted to bind to the HLA A 
alleles (A) and HLA B alleles (B) under investigation was plotted for each of the HIV-1 proteins that were 
analysed. Furthermore, the number of binding 9-mers derived from all analysed proteins was plotted per HLA A 
(C) or HLA B (D) allele. Within each box, the median is indicated by a horizontal line, the bar represents the 25-
75% interval, and whiskers represent the minimum and maximum values. Dark boxes represent the number of 
predicted binding 9-mers in HIV-1 strains isolated from historical seroconvertors, while light boxes represent the 
number of binding 9-mers in HIV-1 strains obtained from recent seroconvertors. Significant differences are 
indicated by one (P<0.05) or two (P<0.01) asterisks, respectively.  
 
Since it has been hypothesised that HIV-1 might adapt especially to those HLA alleles that 
are common in the population, we also followed how the number of binding 9-mers derived 
from all analysed HIV-1 proteins changed over time for the different HLA alleles (Figure 
3C-D). Again, no significant differences were found for the 5 HLA A alleles, in contrast to 
the HLA B alleles. Remarkably, the significant decrease over time in the number of 9-mers 
binding to the HLA B alleles was caused by the 2 HLA alleles known to be associated with 
relative protection against progression to AIDS (i.e. HLA B27 and HLA B57, P=0.005 and 
P=0.026 respectively, Mann Whitney). In contrast, we did not find a significant decrease in 
the number of 9-mers binding to the much more common HLA B alleles, HLA B7, B8 and 
B44. Together, these analyses suggest that the main driving force in the adaptation of HIV-
1 to the human immune system is the immune selection pressure exerted by different HLA 
alleles, rather than their frequency in the human population.   
To exclude the possibility that the observed decrease in the number of CTL epitopes that 
we observed during the epidemic merely reflected the spread of a newly introduced viral 
strain sometime between 1985 and 2005 which happened to have fewer CTL epitopes, 
phylogenetic trees of the HIV-1 gag sequences (Figure 4A) and HIV-1 pol sequences 
(Figure 4B) were constructed.  
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Figure 4 Evolutionary relationships of recent 
and historical HIV-1 sequences from the 
Amsterdam Cohort. Neighbour-joining 
phylogenetic trees of the HIV-1 gag sequences 
(A) and HIV-1 pol sequences (B) were 
constructed, using the tree building software 
PAUP*. Sequences derived from recent (dark 
squares) and historical (open squares) were 
aligned together with  HIV-1 subtype 
B sequences derived from the Los Alamos 
Database, using HIV- 1 non subtype B gag and 
pol sequences as outgroups (grey rounds). 
Asterisks at nodes indicate 70% or higher 
bootstrap values. 

A B



HIV-1 evolution at population level 

 139

These trees illustrated that the recently isolated viral strains did not cluster separately from 
the historical isolates, arguing that the adaptations we observed were at least in part 
reflecting truly accumulated evolution throughout the epidemic. The viral sequences from 
our contemporary and historical seroconvertors were nicely distributed amongst gag and 
pol sequences derived from the Los Alamos HIV database, suggesting that viral evolution 
in Amsterdam was similar to that in the rest of the world.  
Together these data show that, over the past 20 years, HIV-1 has adapted to the human 
immune system by decreasing the number of potential CTL epitopes presented via HLA B, 
but not HLA A, molecules, and that those adaptations have become fixed at the population 
level. 
 
Discussion 
It is well established that HIV-1 shows rapid within-host adaptation to HIV-1-specific CTL 
responses, and that such escape mutations can be transmitted to new hosts 15-17,19,20. Since 
transmitted escape mutations can rapidly revert if there is a mismatch between the HLA 
alleles of the donor and the recipient 17,20, it is unclear whether HLA-restricted CTL 
responses are an important driver of HIV-1 evolution at the population level. Amongst 
others the fitness cost of the escape mutation, the eventual presence of compensatory 
mutations, and possibly other host and viral selective forces influence which immune-
selected mutations can reach appreciable levels in the population 17. Despite the fact that 
this study included only 27 individuals, we provide the first direct evidence that HIV-1 is 
accumulating adaptations to HLA alleles at the population level by comparison of viral 
sequences derived from individuals who seroconverted recently with those who 
seroconverted early during the HIV-1 epidemic in Amsterdam.  
It has become evident that HLA B alleles have a stronger impact on HIV-1 viral set point 
than HLA A and HLA C alleles for reasons that remain unclear 35. In line with this, we 
found evidence for adaptation of HIV-1 to HLA B alleles at the population level whereas 
this was not observed for HLA A alleles. This suggests that the impact of the HLA-
restricted CTL response on the virus is an important driver of HIV-1 adaptation to HLA 
molecules. This is further supported by our finding that adaptation of HIV-1 to individual 
HLA alleles was most pronounced for the two HLA alleles associated with relatively slow 
progression to AIDS, HLA B27 and HLA B57. Adaptation of HIV-1 to these HLA alleles 
by gradual accumulation of CTL escape mutations over time might have important 
implications for the beneficial effect that these alleles tend to have on the rate of disease 
progression. If such adaptations keep on accumulating throughout the epidemic, these HLA 
molecules are expected to become less and less protective. In line with this, we observed 
that the average viral load set point of recent HLA B57 positive seroconvertors was higher 
compared to historical HLA B57 positive seroconvertors (van Manen and Schuitemaker, 
unpublished data), suggesting that HLA B57 may indeed be losing its protective effect.  
Adaptation to the human immune system through loss of HLA-binding CTL epitopes has 
previously been demonstrated for EBV, in which an HLA A11-restricted CTL epitope, 
which is immunodominant in HLA A11 positive Caucasians, has been lost in viral strains 
isolated in New Guinea, were HLA A11 is highly prevalent 36. Similarly, herpesvirus 
proteins have been shown to contain far fewer HLA-binding CTL epitopes than would be 
expected based on their length and amino acid distribution, suggesting ongoing adaptation 
to CTL responses 37. These data indicate that evasion of immune detection via the loss of 
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CTL epitopes is a widely used mechanism employed by different viruses. Remarkably, our 
results show that in HIV-1 infection this phenomenon can even become apparent within 20 
years. 
The most compelling evidence so far for HIV-1 adaptation to HLA-restricted CTL 
responses at the population level comes from a very large association study among an 
HLA-diverse population of HIV-1 infected individuals in Australia 18. In the latter study, 
sequence polymorphism of HIV-1 was found to be associated with particular host HLA 
class I alleles. This study was recently criticized, however, because a large number of the 
observed associations between HLA alleles and HIV-1 sequence polymorphisms were 
caused by founder effects rather than truly accumulated immune escape 26. In the present 
study, we directly compared two sets of HIV-1 subtype B viral sequences, all derived from 
Caucasian males living in The Netherlands. Because our analyses are based on CTL 
epitope prediction tools, rather than mere associations between HLA and HIV-1 sequence 
polymorphisms, our analyses are much less sensitive to such founder effects. Moreover, our 
phylogenetic analyses showed that the HIV-1 sequences from contemporary seroconvertors 
did not cluster separately from the HIV-1 sequences from historical seroconvertors, and 
that all sequences are randomly distributed amongst sequences derived from the Los 
Alamos HIV database. It is therefore unlikely that the observed accumulation of viral 
adaptations throughout the epidemic was caused by the spread of a newly introduced virus 
sometime between 1985 and 2005 in the Amsterdam population which happened to have 
more CTL escape mutations.  
It has been hypothesised that individuals expressing HLA alleles that are rare in the 
population have a selective advantage since HIV-1 will be less adapted to those HLA 
alleles 24. In that case HIV-1 adaptation to the HLA molecules in the population would be 
expected to be most pronounced for common HLA alleles. We found no evidence, 
however, that HIV-1 adaptation to CTL responses during the epidemic is driven by the 
most common HLA alleles in the population. Instead, most adaptation was observed for the 
relatively protective HLA molecules HLA B27 and HLA B57. This finding is 
counterintuitive for two reasons: 1) HLA B27 and HLA B57 are relatively rare in the 
Caucasian population, and the chance to observe CTL escape mutations restricted by these 
HLA molecules should thus be quite low, and 2) viral mutations that successfully escape 
CTL responses restricted via HLA B27 and HLA B57 have been shown to be associated 
with reduced viral fitness 38,39, and hence such escape mutations are expected to quickly 
revert to wild type upon transmission to a new host not expressing the HLA molecule. It 
has however also been shown that accessory mutations can arise that can (partially) 
compensate for the loss of viral fitness induced by CTL escape 17,40,41. The accumulation of 
such compensatory mutations might be the reason why CTL escape mutations in epitopes 
presented via HLA alleles associated with slow disease progression prevent reversion upon 
transmission to a new host, and are thereby becoming fixed in the population.  
In conclusion, the present study presents evidence for adaptation of HIV-1 to the human 
immune system by decreasing the number of HLA B, but not HLA A, restricted CTL 
epitopes at the population level. The immune selection pressure rather than the frequency 
of an HLA allele in the population seems to be the main driving force for HIV-1 sequence 
evolution.  
  
 



HIV-1 evolution at population level 

 141

Acknowledgements 
The Amsterdam Cohort Studies on HIV infection and AIDS, a collaboration between the 
Amsterdam Health Service, the Academic Medical Center of the University of Amsterdam, 
Sanquin Blood Supply Foundation and the University Medical Center Utrecht, are part of 
the Netherlands HIV Monitoring Foundation and financially supported by the Netherlands 
National Institute for Public Health and the Environment. This work was financially 
supported by a grant from the Landsteiner foundation for Blood transfusion research 
(LSBR, grant nr 0317).  
 
Reference List 
1.  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. 
2.  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. 
3.  Schmitz JE, et al.: Control of viremia in simian immunodeficiency virus infection by CD8+ lymphocytes. Science 

1999;283:857-860. 
4.  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. 
5.  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. 
6.  Koenig S, et al.: Transfer of HIV-1 specific cytotoxic T lymphocytes to an AIDS patient leads to selection for mutant HIV 

variants and subsequent disease progression. Nature Medicine 1995;1:330-336. 
7.  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. 
8.  Phillips RE, et al.: Human immunodeficiency virus genetic variation that can escape cytotoxic T cell recognition. Nature 

1991;354:453-459. 
9.  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- 
10.  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. 
11.  Goulder PJ, et al.: Late escape from an immunodominant cytotoxic T-lymphocyte response associated with progression to 

AIDS. Nat Med 1997;3:212-217. 
12.  Jones NA, et al.: Determinants of human immunodeficiency virus type 1 escape from the primary CD8+ cytotoxic T 

lymphocyte response. J Exp Med 2004;200:1243-1256. 
13.  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. 
14.  Yokomaku Y, et al.: Impaired processing and presentation of cytotoxic-T-lymphocyte (CTL) epitopes are major escape 

mechanisms from CTL immune pressure in human immunodeficiency virus type 1 infection. J Virol 2004;78:1324-1332. 
15.  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. 
16.  Leslie A, et al.: Transmission and accumulation of CTL escape variants drive negative associations between HIV 

polymorphisms and HLA. J Exp Med 2005;201:891-902. 
17.  Leslie AJ, et al.: HIV evolution: CTL escape mutation and reversion after transmission. Nat Med 2004;10:282-289. 
18.  Moore CB, et al.: Evidence of HIV-1 adaptation to HLA-restricted immune responses at a population level. Science 

2002;296:1439-1443. 
19.  Milicic A, et al.: Sexual transmission of single human immunodeficiency virus type 1 virions encoding highly polymorphic 

multisite cytotoxic T-lymphocyte escape variants. J Virol 2005;79:13953-13962. 
20.  Friedrich TC, et al.: Reversion of CTL escape-variant immunodeficiency viruses in vivo. Nat Med 2004;10:275-281. 
21.  Altman JD, et al.: HIV escape: there and back again. Nat Med 2004;10:229-230. 
22.  Li B, et al.: Rapid reversion of sequence polymorphisms dominates early human immunodeficiency virus type 1 evolution. J 

Virol 2007;81:193-201. 
23.  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 
24.  Trachtenberg E, et al.: Advantage of rare HLA supertype in HIV disease progression. Nat Med 2003;9:928-935. 
25.  Altfeld M, et al.: The majority of currently circulating human immunodeficiency virus type 1 clade B viruses fail to prime 

cytotoxic T-lymphocyte responses against an otherwise immunodominant HLA-A2-restricted epitope: implications for 
vaccine design. J Virol 2005;79:5000-5005. 

26.  Bhattacharya T, et al.: Founder effects in the assessment of HIV polymorphisms and HLA allele associations. Science 
2007;315:1583-1586. 

27.  Schellens IM, et al.: An unanticipated lack of consensus cytotoxic T lymphocyte epitopes in HIV-1 databases: the 
contribution of prediction programs. AIDS 2008;22:33-37. 



Chapter 9 

 142 

28.  Cao K, et al.: Analysis of the frequencies of HLA-A, B, and C alleles and haplotypes in the five major ethnic groups of the 
United States reveals high levels of diversity in these loci and contrasting distribution patterns in these populations. Hum 
Immunol 2001;62:1009-1030. 

29.  Hall TA: BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucl 
Acids Symp Ser 1999;41:95-98. 

30.  Swofford D. L.: PAUP*. Phylogenetic Analysis Using Parsimony (*and Other Methods). [4]. 2002. Sunderland, 
Massachusetts, Sinauer Associates.  Ref Type: Computer Program 

31.  Saitou N, et al.: The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol Biol Evol 
1987;4:406-425. 

32.  Hasegawa M, et al.: Dating of the human-ape splitting by a molecular clock of mitochondrial DNA. J Mol Evol 1985;22:160-
174. 

33.  Tenzer S, et al.: Modeling the MHC class I pathway by combining predictions of proteasomal cleavage, TAP transport and 
MHC class I binding. Cell Mol Life Sci 2005;62:1025-1037. 

34.  O'Brien SJ, et al.: HLA and AIDS: a cautionary tale. Trends Mol Med 2001;7:379-381. 
35.  Kiepiela P, et al.: Dominant influence of HLA-B in mediating the potential co-evolution of HIV and HLA. Nature 

2004;432:769-775. 
36.  De Campos-Lima P, et al.: HLA-A11 epitope Loss Isolates of Epstein-Barr Virus from a Highly A11+ Population. Science 

1993;260:98-100. 
37.  Vider-Shalit T, et al.: Phase-dependent immune evasion of herpesviruses. J Virol 2007;81:9536-9545. 
38.  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. 
39.  Peyerl FW, et al.: Fitness costs limit viral escape from cytotoxic T lymphocytes at a structurally constrained epitope. J Virol 

2004;78:13901-13910. 
40.  Crawford H, et al.: Compensatory mutation partially restores fitness and delays reversion of escape mutation within the 

immunodominant HLA-B*5703-restricted Gag epitope in chronic human immunodeficiency virus type 1 infection. J Virol 
2007;81:8346-8351. 

41.  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. 

 

 


