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Objective and design: HIV-1 is known to adapt to the human immune system, leading
to accumulation of escape mutations during the course of infection within an individ-
ual. Cross-sectional studies have shown an inverse correlation between the prevalence
of human leukocyte antigen (HLA) alleles in a population and the number of cytotoxic
T lymphocyte (CTL) escape mutations in epitopes restricted by those HLA alleles.
Recently, it was demonstrated that at a population level HIV-1 is adapting to the
humoral immune response, which is reflected in an increase in resistance to neutraliz-
ing antibodies over time. Here we investigated whether adaptations to cellular immu-
nity have also accumulated during the epidemic.

Methods: We compared the number of CTL epitopes in HIV-1 strains isolated from
individuals who seroconverted at the beginning of the HIV-1 epidemic and from
individuals who seroconverted in recent calendar time.

Results: The number of CTL epitopes in HIV-1 variants restricted by the most common
HLA alleles in the population did not change significantly during the epidemic. In
contrast, we found a significant loss of CTL epitopes restricted by HLA-B alleles
associated with a low relative hazard of HIV-1 disease progression during the epidemic.
Such a loss was not observed for CTL epitopes restricted by HLA-A alleles.

Conclusion: Despite the large degree of HLA polymorphism, HIV-1 has accumulated
adaptations to CTL responses within 20 years of the epidemic. The fact that such
adaptations are driven by the HLA-B molecules that provide best protection against
HIV-1 disease progression has important implications for our understanding of HIV
evolution. � 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins
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Introduction
Despite the immune pressure from cytotoxic T lym-
phocytes (CTLs), most human immunodeficiency virus
type 1 (HIV-1)-infected individuals experience high
levels of ongoing virus replication. This lack of control is
widely thought to be due, at least in part, to escape
mutations in CTL epitopes that commonly develop
during infection with HIV-1 [1–8]. There is increasing
evidence that such adaptations can become apparent
at the population level [9,10]. In a large association
study among HIV-1-infected individuals in Australia,
sequence polymorphism of HIV-1 was found to be
associated with particular human leukocyte antigen
(HLA) class I alleles [9,11]. In a more recent study
involving multiple cohorts, a significant correlation was
found between the prevalence of specific CTL escape
mutations in circulating HIV strains and the frequency of
the restricting HLA allele in the cohort. This phenom-
enon was not confined to individuals expressing the
restricting HLA allele [10]. This implies that the CTL
escape mutations observed in viral strains from a single
individual may not only reflect the CTL pressure
experienced within the individual but also within the
population. These observations have raised the question
whether CTL escape mutations in HIV-1 are accumu-
lating in the population over time, making the virus less
susceptible to CTL responses. Cross-sectional analyses
are unable to study the accumulation of escape mutations
over time, because the escape mutations that are observed
at one moment in time may later revert. Indeed,
reversion of CTL escape mutations upon transmission to
an HLA discordant recipient has been described in
several studies [12,13].

Recently, Bunnik et al. [14] reported that HIV-1 has
evolved towards a more neutralization resistant pheno-
type over calendar time and at a population level. Here
we hypothesized that HIV-1 may also have accumulated
adaptations to CTL pressure. We studied the change in
the number of CTL epitopes in HIV-1 over time by
comparing recently transmitted HIV-1 variants that
were isolated from individuals who seroconverted at
the beginning of the HIV-1 epidemic to HIV-1
strains isolated from individuals who seroconverted in
more recent calendar time. Our data provide the first
direct evidence that the number of CTL epitopes in
HIV-1 has significantly decreased during 20 years of
the HIV-1 epidemic. We also investigated which
HLA alleles are the main drivers of HIV-1 adaptation
at the population level, and in particular, whether HIV-
1 is mostly adapting to HLA alleles that are frequent
in the population, as previously suggested [15,16].
Remarkably, the accumulative adaptation was not
driven by the most common HLA alleles in the
Caucasian population, but by HLA-B alleles that are
associated with a low relative hazard of HIV-1 disease
progression.
pyright © Lippincott Williams & Wilkins. Unautho
Patients and methods

Patients
The 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 historical seroconverters and
15 contemporary seroconverters, respectively). Table 1
gives more details on the individual patient character-
istics. Selection criteria for this study were infection with
HIV-1 subtype B in 1985 or 2005/2006; Caucasian male;
HAART-naive; and absence of all known resistance
mutations in protease and RT. Although it was not a
selection criterion, all patients included in our study were
MSM. Historical and contemporary seroconverters did
not differ in age [median (range) 34.6 (25.4–46.7) and
32.7 (23.4–48.3), respectively, P> 0.05], viral load
[57500 (9800–250 000) and 19 128 (6915–98 204),
respectively, P> 0.05] or CD4 cell counts [0.74 (0.25–
1.00) and 0.52 (0.21–0.72), respectively, P> 0.05] at the
moment of inclusion in the study. Two-digit HLA class I
typing was performed for all individuals by sequence-
specific primers (SSPs) PCR as described elsewhere [17].
Patients 16 434 and 16 999 contained highly similar
viruses (see Phylogenetic analysis section). Therefore
HIV-1 sequences from these two patients were not treated
as independent samples. In every statistical analysis, only
data from either patient 16 434 or patient 16 999
(randomly chosen) were used.

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 protease/reverse transcriptase (PR/RT). cDNA was
amplified using the following primer combinations: Gag:
(KVL-064) 50-GTTGTGTTGTGACTCTGGTAACTA
GAGATCCCTCAGA-30 and (NCRev-2) 50-CCTT
CCTTTCCACATTTCCAACAG-30 followed by
(KVL-066) 50-TCTCTAGCAGTGGCGCCCGAACA
G-30 and (NCRev-3) 50-CTTTTTCCTAGGGGC
CCTGCAATTT-30; Nef: (Nef-1fw) 50-AGCCATAG
CAGTAGCTGAGG-30 and (Nef-1rev) 50-GCTTAT
ATGCAGGATCTGAGG-30 followed by (Nef-2fw)
50-AGCTTGTAGAGCTATTCGCCACA-30 and (Nef-
2rev) 50-AGCAAGCTCGATGTCAGCAG-30; PR/RT:
(PS1) 50-TTTTTTAGGGAAAATTTGGCCTTC-30

and (RTA9) 50-TAAATTTAGGAGTCTTTCCCCAT
A-30 followed by (PS2) 50-TCCCTCAAATCA
CTCTTTGGCAAC-30 and (RTA6subB) 50-CCATT
GGCCTTGCCCCTGCTTCTG-30.

Bulk PCR products of Gag and Nef resulting from plasma
RNA were cloned in the pGEM-Teasy Vector System
(Promega) and transformed into DH5a competent cells.
PR/RT samples were sequenced directly. In these
rized reproduction of this article is prohibited.
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Table 1. Patient characteristics.

Patient ID
Year of

seroconversion

Time since
seroconversion

(in days) HLA-A HLA-B

Historical seroconverters 19831 1985 272 03, 31 35, 49
19510 1985 260 02, 02 44, 51
19254 1985 267 11, 23 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

Contemporary seroconverters 16785 2005 315 03, 24 13, 35
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 2005 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
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

nd, not determined.
sequences, mixed bases were detected if they were present
in at least 25–30% of the total viral population and were
depicted using the International Union of Biochemistry
codes. Each RNA sample was PCR-amplified three
independent times and each of the three 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 50-GFP and 30-GFP (Nef), PCR
products were subsequently purified using EXOSAP-IT
(USB, Cleveland, Ohio, USA) and sequenced using
the ABI prism Big Dye Terminator v1.1/3.1 Cycle-
sequencing Kit (Applied Biosystems) using the nested
PCR primers. Per patient, one to six sequences per
protein were analyzed on an Applied Biosystems/Hitachi
3130 �l Genetic Analyzer.

Phylogenetic analysis
Phylogenetic trees were generated with the nucleotide
sequences of recent and historical seroconverters and
reference strains (Los Alamos, reference 2007) that are
present in The Netherlands according to the HIV
Database (last modified January 2009). Gag (HXB2
Nucleotide Sequence Numbering [18] 790–1878), Pol
(2253–3554) and Nef (8797–9417) were concatenated to
obtain one long sequence. When more than one
sequence per patient was available, we used the most
‘central’ sequence for phylogenetic analyses, that is the
sequence with the minimum distance to all other
sequences from the same patient [measured by dnadist
Copyright © Lippincott Williams & Wilkins. Unaut
in PHYLIP package (Felsenstein J. 1993. PHYLIP
(Phylogeny Inference Package) version 3.5c., distributed
by the author. Department of Genetics, University of
Washington, Seattle, USA)]. The sequences were aligned
using ClustalW, and the alignment was used to construct
phylogenetic trees with PHYML [19] using the General
Reversible Model (GTR) for nucleotide substitution
[11,20].

The phylogenetic analysis showed that patients 16 434
and 16 999 contained highly similar viruses (on average
98 and 97% similarity was found for the DNA and protein
sequences, respectively). This might be due to a (recent)
transmission between the pair, or infection by a common
donor, and therefore the data from this pair were not
treated as independent samples.

The phylogenetic correction method PhyloD [11,20] was
used to determine HIV-1 polymorphisms that are
significantly over-represented in recently isolated viral
strains compared to historical isolates. For each amino
acid within Pol, Gag and Nef a P value representing the
significance of the over-representation of a polymorph-
ism in the recent/historical sequences was calculated.
This analysis was performed using the online imple-
mentation of PhyloD with the Discrete Conditional
Escape and Discrete Conditional Attraction [11] mode to
identify possible escape mutations. The input tree to the
program was constructed as described above. The set of
positions identified using PhyloD was robust to the
horized reproduction of this article is prohibited.



Co

1694 AIDS 2011, Vol 25 No 14
alternative models used to make the phylogenetic tree and
the number of sequences used to generate the phylo-
genetic tree.

Prediction of cytotoxic T lymphocyte epitopes
Cytotoxic T lymphocyte epitopes were predicted using
the proteasomal cleavage/transporter associated with
antigen processing (TAP) transport/major histocompat-
ibility complex (MHC) class I combined predictor using
the Stabilized Matrix Method (SMM) [21] available at
http://tools.immuneepitope.org. As alternative methods,
we used NetChop (for prediction of epitope processing),
available at http://www.cbs.dtu.dk/services/NetChop/
[22,23] and NetMHC (for the prediction of HLA-
peptide binding) available at http://www.cbs.dtu.dk/
services/NetMHC. For MHC binding predictions, the
most abundant four-digit HLA type of each HLA
serotype was used. CTL epitopes were predicted for the
following HLA alleles: A�0101, A�0201, A�0301,
A�1101, A�2301, A�2402, A�2601, A�2902, A�3002,
A�3101, A�3201 (not available when using NetMHC),
A�3301, A�6801, A�6901, B�0702, B�0801, B�1501,
B�1801, B�2705, B�3501, B�4001, B�4403, B�4501,
B�5101, B�5301, B�5701, B�5801. Cut-off values for
processing predictions using SMM predictors were 1.135
for proteasomal cleavage, and �0.56 for TAP transport
[24] or 1.25 when using the combined processing score
(which corresponds to a processing rate of 30% in an
independent test composed of one million randomly
chosen bacterial peptides). For NetChop, a processing
threshold of 0.5 was used as suggested originally [22,23].
SMM predictors for MHC binding and NetMHC yield a
predicted IC50 value for a given peptide–HLA pair. For
all HLA alleles, a predicted binding affinity higher than or
equal to 500 nmol/l was used to distinguish binders from
nonbinders. The numbers of predicted binders with this
fixed threshold were in some cases very different.
However, as we compared only early and late epitopes
from the same HLA allele, instead of between alleles, the
variation in the number of predicted epitopes per allele
did not cause a bias in our analysis. Per patient, we
predicted CTL epitopes in one to six different HIV-1
sequences (all isolated at the same time point). For every
patient we used the mean number of predicted epitopes
per HIV-1 sequence in further analyses. For the patients
in whom Gag or Nef sequences were lacking (n¼ 5), the
missing proteins were replaced by HXB2 sequences. In
none of our tests did these patients differ from the other
patients for the number of predicted CTL epitopes. To be
able to exclude within-host evolution, we chose HXB2 as
a fixed reference strain, and normalized the number of
CTL epitopes restricted by any nonself HLA allele by the
corresponding number of CTL epitopes (restricted by the
same HLA alleles) in HXB2.

Statistical analysis
Data were analyzed using SPSS 15.0 software (SPSS,
Chicago, Illinois, USA). Differences in the number of
pyright © Lippincott Williams & Wilkins. Unautho
CTL epitopes between contemporary and historical HIV-
1 isolates were analyzed using the Mann–Whitney U test.
A P value less than 0.05 was considered statistically
significant.
Results

Accumulation of cytotoxic T lymphocyte escape
mutations during the epidemic
To investigate whether the number of CTL epitopes in
HIV-1 has decreased over time, we sequenced Gag, Nef,
protease and RT from clonal HIV-1 variants isolated
during the first year of HIV-1 infection from individuals
who seroconverted early during the HIV-1 epidemic (in
1985, historical seroconverters) and individuals who
seroconverted in more recent calendar time (in 2005/
2006, contemporary seroconverters, see Table 1 for more
details). In order to compare the number of CTL epitopes
in these HIV-1 strains, we scanned all viral sequences for
peptides that have been described in the Los Alamos HIV
epitope database (http://www.hiv.lanl.gov/ content/
immunology) because of experimentally verified binding
to specific HLA molecules, and peptides that are
predicted to bind certain HLA molecules based on
peptide prediction methods for proteasomal cleavage,
TAP transport, and HLA binding (see Patients and
methods section). The use of peptide predictions allowed
us to study the evolution of CTL epitopes beyond the
somewhat limited set of known HIV-1 epitopes, and thus
avoided any possible biases in epitope databases.

As accumulation of HIV-1 adaptations is expected to
occur mainly for common HLA alleles in the human
population [10,15], we started off analyzing the number
of CTL epitopes in these sequences restricted by three
common HLA-A (A�0101, A�0201 and A�2402) and
three common HLA-B (B�0702, B�0801 and B�4403)
alleles in the Caucasian population. Clonal HIV-1
variants from contemporary seroconverters appeared to
contain a similar number of CTL epitopes restricted by
the most common HLA-A and HLA-B alleles under
investigation as compared to HIV-1 variants from
historical seroconverters (Fig. 1). Although HIV-1 may
show adaptation to the most prevalent HLA type in the
population in cross-sectional analyses [10], these adap-
tations apparently do not persist in the virus over time in
the epidemic.

We also analyzed the number of CTL epitopes restricted
by HLA-B�2705 and HLA–B�5701, since these two
HLA alleles are strongly associated with relatively slow
progression to AIDS [25], and are therefore thought to
evoke strong immunological pressure on the virus.
Interestingly, a significant decline in the number of CTL
epitopes over time was evident for these two HLA-B
alleles associated with slow progression to AIDS. To avoid
rized reproduction of this article is prohibited.
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Fig. 1. Decrease in the number of cytotoxic T lymphocyte epitopes for individual HLA molecules. We scanned all viral
sequences from contemporary (n¼ 14) and historical (n¼12) seroconverters for peptides that have been described in the Los
Alamos HIV epitope database or are predicted to bind to any of the three common HLA-A alleles A�0101, A�0201, A�2402, or to
any of the common HLA-B alleles B�0702, B0801 or B�4403, or protective HLA-B alleles B�2705 or B�5701. Predictions were
performed using SMM predictors [21]. Cut-off values were 1.135 for proteasomal cleavage, -0.56 for TAP transport, and a HLA-
binding affinity higher than or equal to 500 nmol/l. Different peptide prediction methods and cut-off values (see Patients and
methods section) yielded similar results. For each patient the total number of epitopes known or predicted to bind to any of the
three HLA-A (‘HLA-A’) or five HLA-B alleles (‘HLA-B’) was plotted, as well as the number of epitopes restricted by the three
individual HLA-A or five individual HLA-B alleles. Within each box, the median is indicated by a horizontal line, the bar represents
the 25–75% interval, and whiskers represent minimum and maximum values. Dark boxes represent the number of CTL epitopes in
HIV-1 strains isolated from historical seroconverters, whereas light boxes represent the number of CTL epitopes in HIV-1 strains
obtained from contemporary seroconverters. The significant loss of CTL epitopes restricted by HLA-B57 and the nonsignificant
change in the number of CTL epitopes restricted by the common HLA-A and HLA-B alleles were independent of the method used
(see Patients and methods section). The significance of the decrease in the number of CTL epitopes restricted by HLA-B27 was
dependent on the specific prediction method or cut-off value used (P values ranged from P¼ 0.002 to P¼0.458). CTL, cytotoxic
T lymphocyte.
the possibility that the observed adaptations were due
to within-host evolution rather than a reflection of
accumulated evolution during the epidemic, we repeated
the analyses by excluding HIV-1 sequences from
individuals who express the particular HLA allele under
investigation, which did not influence the results (data not
shown). Together these data suggested that the main
drivers of the accumulation of CTL escape mutations
over time may be the most protective rather than the most
frequent HLA types in the human population.

Adaptation is driven by protective HLA-B alleles
To investigate whether the accumulation of CTL escape
mutations during the epidemic is indeed related to the
relative hazard of HIV-1 disease progression of the
restricting HLA alleles, we extended the analyses by
including all HLA-A and B alleles for which reliable
Copyright © Lippincott Williams & Wilkins. Unaut
prediction programs and the relative hazard [26] are
available (n¼ 14 for HLA-A and n¼ 13 for HLA-B, see
Patients and methods section). Independent of the
method used, we observed a significant decrease during
the HIV-1 epidemic in the total number of CTL
epitopes presented by HLA-B alleles associated with
slow HIV-1 disease progression (relative hazard <1;
Fig. 2b; P¼ 0.003). In contrast, the number of CTL
epitopes restricted by HLA-B alleles with a high relative
hazard (>1) remained stable during the epidemic. The
loss of CTL epitopes restricted by HLA-B alleles with a
low relative hazard remained significant when restrict-
ing the analysis to only those alleles with a relative
hazard less than 0.9 (P¼ 0.015, data not shown). No
significant loss of epitopes was observed for CTL
restricted by HLA-A alleles, independent of their
relative hazard (Fig. 2a).
horized reproduction of this article is prohibited.
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Fig. 2. Adaptation of HIV-1 is driven by HLA-B alleles with a low relative hazard of disease progression. All viral sequences from
contemporary (n¼14) and historical (n¼12) seroconverters were scanned for peptides that have been described in the Los Alamos
HIV epitope database or are predicted to be restricted by the 14 HLA-A (a) or 13 HLA-B (b) alleles. Numbers of CTL epitopes were
plotted for HLA alleles with a low (RH<1) or high (RH>1) relative hazard of HIV-1 disease progression [26], or for all HLA alleles
(total). The same analyses were performed for all known epitopes from the Los Alamos HIV database presented by the 14 HLA-A
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A�3002, A�3301 and A�6801. HLA-B alleles with a RH less than 1 are B�0801, B�1801, B�2705, B�4001, B�5101, B�5701 and
B�5801. HLA-B alleles with a RH greater than 1 are B�0702, B�1501, B�3501, B�4403, B�4501 and B�5301. Each dot represents
one seroconverter; the median is indicated by a horizontal line. Black circles denote historical seroconverters, open circles denote
contemporary seroconverters. The results were independent of the prediction method or cut-off values used (P values for the
decrease in the number of CTL epitopes presented via HLA-B alleles with a RH less than 1 using the different prediction methods or
cut-off values ranged from P¼0.034 to P¼0.005; all other P values always exceeded 0.05). A similar, significant decrease in the
number of CTL epitopes restricted by HLA-B alleles with a low RH was observed when only HLA-B alleles with a RH less than 0.9
were included (P¼0.015; Supplementary Fig. S1, http://links.lww.com/QAD/A153). For HLA-A, the change in the number of CTL
epitopes remained insignificant when including only HLA molecules with RH less than 0.9 (data not shown). RH, relative hazard.
As some HIV-1 peptides included in these analyses have
not yet been experimentally verified (see Supplementary
Fig. S1, http://links.lww.com/QAD/A153), we studied
whether the above results were also apparent when
including only epitopes that have been described in the
Los Alamos HIV database (http://www.hiv.lanl.gov/
content/immunology). Indeed, these analyses yielded
similar results as reported above for the complete set of
known and predicted HIV-1 epitopes (Fig. 2c and d). Our
results were also not due to within-host adaptation,
because similar results were obtained after exclusion of
the CTL epitopes restricted by the HLA alleles expressed
by the individuals (Supplementary Fig. S2A and B,
http://links.lww.com/QAD/A153, relative hazard <1,
P¼ 0.007). Together these data show that the number of
CTL epitopes restricted by protective HLA-B alleles has
significantly decreased during the HIV-1 epidemic. In
pyright © Lippincott Williams & Wilkins. Unautho
contrast, with none of the prediction methods used, nor
when including only experimentally verified epitopes,
did we find any significant loss of CTL epitopes restricted
by common HLA-A or HLA-B alleles during the
epidemic (Fig. 3; Supplementary Fig. S2C and D, http://
links.lww.com/QAD/A153).

Our study population contained two contemporary
seroconverters who seroconverted very shortly (2 and
23 days) before inclusion. To investigate whether these
individuals influenced our conclusions, we repeated
the analyses without these two individuals. Again, the
number of CTL epitopes restricted by protective HLA-B
alleles significantly decreased during the HIV-1 epidemic
(P< 0.001), whereas the number of epitopes restricted by
HLA-A alleles, HLA-B alleles with a high relative hazard,
or common HLA-B alleles did not.
rized reproduction of this article is prohibited.
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Fig. 3. Adaptation of HIV-1 is independent of the population frequency of HLA alleles. Per patient we plotted the number
of described or predicted CTL epitopes restricted by the 14 HLA-A (a) or 13 HLA-B (b) alleles in HIV-1 isolates from historical
(n¼12) and contemporary (n¼ 14) seroconverters. Numbers of CTL epitopes were plotted for HLA alleles with a high (>5%)
or a low (<5%) frequency in the Caucasian population [26], or for all HLA alleles (total). The same analyses were performed for
only the known epitopes from the Los Alamos HIV database presented by the 14 HLA-A (c) or 13 HLA-B (d) alleles. HLA-A
alleles with a frequency greater than 5% are A�0101, A�0201, A�0301, A�1101 and A�2402. HLA-A alleles with a frequency
less than 5% are A�2301, A�2601, A�2902, A�3002, A�3101, A�3201 (not available when using NetMHC), A�3301, A�6801
and A�6901. HLA-B alleles with a frequency higher than 5% are B�0702, B�0801, B�1501, B�2705, B�3501, B�4001, B�4403
and B�5101. HLA-B alleles with a frequency less than 5% are B�1801, B�4501, B�5301, B�5701 and B�5801. Each
dot represents one seroconverter; the median is indicated by a horizontal line. Black circles denote historical sero-
converters, open circles denote contemporary seroconverters. The results were neither dependent on the prediction method
or cut-off values used, nor did they change when the HLA alleles were grouped differently (in frequencies higher or lower
than 10%).
Phylogenetic correction for founder effects
Founder effects could have a large effect on viral
polymorphisms associated with HLA molecules [11].
To exclude a possible founder effect, a phylogenetic
correction method [11,20] was used to determine HIV-1
polymorphisms that are significantly over-represented
among viral variants obtained from contemporary
seroconverters as compared to historical seroconverters.
This method identified 23 HIV-1 polymorphisms that
were either significantly more often or less often present
in HIV-1 sequences from contemporary versus historical
seroconverters (Supplementary Table 1, http://links.
lww.com/QAD/A153, P< 0.05 for all the positions
listed). All of the identified polymorphisms were found
to lie within or flanking known CTL epitopes (LANL
epitope summary tables, www.hiv.lanl.org). Thus,
the above-described loss of CTL epitopes during the
HIV-1 epidemic does not seem to be caused by founder
effects.
Copyright © Lippincott Williams & Wilkins. Unaut
Confirmation in an independent cohort
As an independent confirmation of our findings we
repeated the analyses using HIV-1 sequences reported in
the Los Alamos HIV Database (http://www.hiv.lanl.gov/
content/sequence). Selection of all HIV-1 clade B
sequences isolated from patients from the USA for which
Gag, Nef, protease and RT had been sequenced yielded
data from 21 historical seroconverters (sampled before
1988) and 21 contemporary seroconverters (sampled in
2005 or 2006). Again, the number of CTL epitopes
restricted by protective HLA-B alleles turned out to have
significantly decreased during the HIV-1 epidemic
(P¼ 0.018), whereas the number of epitopes restricted
by HLA-A alleles, HLA-B alleles with a high relative
hazard, or common HLA-B alleles had not (Supple-
mentary Fig. S3, http://links.lww.com/QAD/A153).
These data provide important independent confirmation
of our findings. Of note, the HIV-1 sequences selected
from the Los Alamos Database came from patients at
horized reproduction of this article is prohibited.
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different stages of disease progression in which the effects
of within-host evolution cannot be excluded. More
specifically, most of the historical samples came from
patients during end-stage HIV disease, whereas most of
the recent samples were isolated during early HIV
infection. It is all the more striking that a significant loss of
CTL epitopes over time could nevertheless be observed
in this independent cohort.

Taken together, our data demonstrate that despite the
large degree of HLA polymorphism, CTL escape
mutations have accumulated during the HIV-1 epidemic,
leading to a significant reduction in the total number of
CTL epitopes, especially those restricted by HLA-B
alleles associated with slow HIV disease progression.
Discussion

There is increasing evidence that HIV-1 is evolving, not
only within the individual, but also at a population level
during the HIV-1 epidemic. Recent studies have shown
an increasing resistance of HIV-1 from neutralizing
antibodies [14], and an increase in the replication capacity
of HIV-1 over time [27]. Although CTL escape muta-
tions can clearly become apparent at the population level,
it is still debated to what extent CTL pressure may drive
the loss of CTL epitopes in HIV-1 over time [9–
11,24,28–31]. Our data show that, despite the large
degree of polymorphism of HLA molecules, also HIV
adaptations to CTL responses are accumulating over time.

Our finding that HLA-B alleles are the main drivers of
HIV-1 adaptation during the epidemic is in line with
recent studies showing that HLA-B alleles have a stronger
impact on the HIV-1 viral load set point than HLA-A
alleles [32]. We would, however, have expected to also
find some degree of adaptation to protective HLA-A
alleles. The most likely explanation for this lack of
adaptation to HLA-A alleles is that the association
between the presence of certain HLA-A alleles and
protection against progression to AIDS is not as strong as
observed for HLA-B alleles. For example, whereas HLA-
B27 and HLA-B57 are significantly associated with slow
disease progression (P¼ 0.001 and P¼ 0.04, respectively,
[26]), none of the HLA-A alleles are significantly
associated with slow disease progression [26].

The dominant role for HLA-B alleles associated with slow
disease progression is, however, counterintuitive for two
reasons. Firstly, although intuitively HIV-1 would be
expected to have adapted most frequently to common
HLA alleles [15], the HLA alleles for which we observed a
significant loss of CTL epitopes over time are not
common in the Caucasian population. Secondly, viral
mutations that successfully escape CTL responses
restricted by HLA-B27 and B57 have been shown to
pyright © Lippincott Williams & Wilkins. Unautho
be associated with reduced viral fitness [33,34]. Hence
such escape mutations are expected to revert to wild type
upon transmission to a new host that does not express
the specific HLA molecule [13]. In line with this, we
observed reversion of the well known HLA-B57
restricted mutation T242N in our cohort, indicative of
the fact that certainly not all CTL escape mutations
become fixed at the population level. The rate of
reversion of CTL escape mutations upon transmission to a
host without the restricting HLA background has been
used to estimate the fitness cost of escape mutations [35].
Escape mutations in CTL epitopes restricted by rare,
protective HLA molecules would hence in fact be
expected to be the last to become fixed at the population
level. It has been shown, however, that HIV-1 variants
that have been under large CTL pressure can accumulate
accessory mutations to compensate for the loss of viral
fitness [13,36–38]. We hypothesize that the presence of
such compensatory mutations may explain why some
CTL escape mutations in epitopes restricted by protective
HLA-B alleles do not revert upon transmission to a new
host (a phenomenon also known as compensatory
fixation [39]), and are thereby accumulating over time.
This has important implications for our understanding of
HIV-1 evolution. Firstly, it implies that measuring the rate
of reversion of CTL escape mutations upon transmission
to HLA-disparate hosts is not an accurate measure of the
viral fitness cost of a CTL escape mutation. In fact,
mutations that revert slowly could be the very ones that
caused the largest fitness cost to the virus, and therefore
required most compensatory mutations. Secondly, if CTL
escape mutations keep on accumulating throughout the
HIV-1 epidemic, the protective HLA-B molecules by
which they are restricted are expected to become less and
less protective, as has been indicated for HLA-B51 in the
Japanese population [10]. In line with this, we observed
that the average viral load set point, which was lower in
HLA-B57-positive compared to HLA-B57-negative
historical seroconverters, was no longer significantly
different in contemporary seroconverters (van Manen and
Schuitemaker, submitted), suggesting that HLA-B57 is
indeed losing its protective effect. Moreover, Gras et al.
[40] recently showed in 906 HIV-1-infected individuals
that set point viral load levels have increased and CD4 T-
cell counts at viral set point have decreased over the past
decade of the HIV-1 epidemic in the Netherlands. The
latter study included most patients of the current study.

Adaptation to the human immune system through loss of
HLA-binding CTL epitopes is not restricted to HIV-1. It
has previously been demonstrated that in Epstein–Barr
virus (EBV) infection, an HLA-A11-restricted CTL
epitope, which is immunodominant in HLA-A11
positive Caucasians, has been lost in viral strains isolated
in New Guinea, where HLA-A11 is highly prevalent
[41]. Since EBV has been in the human population
already for a long time, it is, however, difficult to
determine if the CTL response directed against this
rized reproduction of this article is prohibited.
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epitope was ‘protective’. Additionally, 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
adaptation to CTL responses [42]. These data suggest that
evasion of immune detection via the loss of CTL epitopes
is a widely used mechanism employed by different viruses.
Our current results show that in HIV-1 infection, even
20 years of evolution were sufficient for this phenomenon
to become apparent.

Collectively, these data emphasize the potential of
HIV-1 to adapt to the human immune system, even
in the relatively short period of the HIV-1 epidemic in
men, and even despite the large degree of HLA poly-
morphism.
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