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To determine the influence of human immunodeficiency virus type 1 (HIV-1)-specific CD8� T cells on
the development of drug resistance mutations in the HIV-1 protease, we analyzed protease sequences from
viruses from a human leukocyte antigen class I (HLA class I)-typed cohort of 94 HIV-1-positive individ-
uals. In univariate statistical analyses (Fisher’s exact test), minor and major drug resistance mutations
as well as drug-associated polymorphisms showed associations with HLA class I alleles. All correlations
with P values of 0.05 or less were considered to be relevant without corrections for multiple tests. A subset
of these observed correlations was experimentally validated by enzyme-linked immunospot assays, allow-
ing the definition of 10 new epitopes recognized by CD8� T cells from patients with the appropriate HLA
class I type. Several drug resistance-associated mutations in the protease acted as escape mutations;
however, cells from many patients were still able to generate CD8� T cells targeting the escape mutants.
This result presumably indicates the usage of different T-cell receptors by CD8� T cells targeting these
epitopes in these patients. Our results support a fundamental role for HLA class I-restricted immune
responses in shaping the sequence of the HIV-1 protease in vivo. This role may have important clinical
implications both for the understanding of drug resistance pathways and for the design of therapeutic
vaccines targeting drug-resistant HIV-1.

The development of drug resistance is one of the biggest
obstacles in human immunodeficiency virus type 1 (HIV-1)
therapy, at least in countries where antiretroviral therapy is
available. Being one of the major drug targets, the HIV-1
protease (PR) is subjected to the acquisition of resistance
mutations. The criteria of the Drug Resistance Mutation
Group of the International AIDS Society (15) discriminate
between three categories of resistance-associated mutations:
major and minor drug mutations and drug-associated polymor-
phisms. The evolutionary pathways for most of these drug-
associated amino acid substitutions are complex (5, 10, 27, 43)
and difficult to predict. Considering the various mutational
pathways for the development of drug resistance in patients
with similar or even identical therapeutic regimens, it seems
likely that immunological host factors may affect the emer-
gence of resistance mutations. Over the past years, several
studies have provided evidence that immunological pressure
exerted by HLA class I-specific cytotoxic T lymphocytes (CTL)
shapes the sequence of HIV-1 through the selection of CTL
escape mutations (18, 21, 22, 28). To assess the influence of
HIV-1-specific CD8� T cells on the development and patterns

of drug resistance, we analyzed HIV-1 full-length PR se-
quences from 94 patients in the context of patients’ HLA class
I alleles. We could demonstrate that there are positive and
negative correlations between drug-associated amino acid sub-
stitutions and certain HLA class I alleles in the population,
suggesting important interactions between the T-cell-mediated
immune response selection and the development of resistance
(16, 23, 28). Biological assays could verify that the observed
associations between amino acid substitutions and HLA class I
alleles predict epitopes recognized by CD8� T cells, even if
univariate statistical analyses are used.

MATERIALS AND METHODS

Samples and patients. Full-length PR sequences from plasma samples from 94
HIV-1-seropositive subjects presenting at the Immunodeficiency Unit of the
Department of Medicine III of the University Hospital Erlangen were analyzed.
The study was approved by the ethics committee of the medical faculty of the
University of Erlangen-Nuremberg, and the patients gave informed consent. For
all patients, genotypic resistance testing was performed and the most recent
HIV-1 PR sequence from each individual was included in the analysis. Up to the
time of resistance testing, 82% of the patients had been treated with at least one
of the following protease inhibitors (PIs): saquinavir (37%), indinavir (29%),
nelfinavir (33%), ritonavir (24%), lopinavir (19%), amprenavir (18%), atazana-
vir (6%), and tipranavir (3%). All patients were HLA typed, and viral loads were
determined using the Versant HIV-1 RNA assay (Bayer Diagnostics, Le-
verkusen, Germany) with a detection limit of 50 copies/ml of plasma (version
3.0). The median viral load of the patients included in the statistical analysis was
26,000 copies/ml (range, 150 to 1,800,000); the median CD4 cell count was 197 �
106 cells/liter (range, 2 � 106 to 896 � 106). Enzyme-linked immunospot (ELIS-
POT) assays were conducted using peripheral blood mononuclear cells (PBMC)
not only from patients included in the statistical analysis but also from additional
HLA-typed HIV-1-infected patients without available PR sequence data. HIV-1
subtype analyses, which were conducted with the genotyping tool from NCBI
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(http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi), showed that 83
of our 94 patients (88.3%) harbored subtype B viruses. Of the remaining pa-
tients, three were infected with subtype C, four with the circulating recombinant
form 01_AE (CRF01_AE), one with CRF03_AB, one with CRF15_01B, and two
with subtype D. The epidemiological and phylogenetic relatedness of the viral
sequences was analyzed by the neighbor-joining method (Wisconsin package;
Genetics Computer Group) (7).

HLA typing. HLA-A and -B typing was performed using standard serological
techniques (Biotest AG, Dreieich, Germany) or genotypic analyses (enzyme-
linked probe hybridization assay; Biotest AG) according to the manufacturers’s
guidelines. HLA-A and -B alleles in 56% of the patients were identified by
genotyping, and those in 44% of the patients were identified by serological
analysis. For all patients, HLA-C genotyping was performed using sequence-
specific primer amplification (AllSet SSP; Dynal Biotech, Karlsruhe, Germany).

Cells and culture media. PBMC were obtained by Ficoll-Hypaque (Biotest
AG) density gradient centrifugation. PBMC and CD8�-T-cell lines were cul-
tured in RPMI 1640 medium containing 10% fetal bovine serum, glutamine,
streptomycin, and penicillin supplemented with 10 U/ml recombinant interleu-
kin-2 (Proleukin, Chiron, CA). ELISPOT assays were conducted using RPMI
1640 medium supplemented with 5% human AB serum (Sigma-Aldrich, Stein-
heim, Germany).

Peptides. Synthetic HIV-1 peptides (Table 1) were synthesized as C-terminal
carboxamides by EMC Microcollections GmbH (Tübingen, Germany). Peptides
used to confirm the predicted epitopes were synthesized according to the se-
quence from the reference virus HXB2 (GenBank accession number K03455)
(32) and according to sequences from the patients’ viral strains. Peptides with
amino acid substitutions associated with specific HLA class I alleles in Fisher’s
exact tests are listed in Table 1. Lyophilized peptides were reconstituted at 2
mg/ml in sterile distilled water with 10% dimethyl sulfoxide and 1 mmol/liter
dithiothreitol (Sigma-Aldrich).

Gamma interferon (IFN-�) ELISPOT assays. Specific CD8�-T-cell lines were
generated by peptide stimulation of PBMC, and ELISPOT analyses were per-
formed as described previously (38). To control for cross presentation, on aver-
age samples from 25 randomly chosen HIV-1-positive HLA-mismatched patients
were tested for the ability to recognize the epitopes in peptide stimulation assays.

Genotypic analysis. Viral RNA was isolated from plasma by using the
QIAamp viral RNA kit (QIAGEN, Hilden, Germany). Reverse transcription
and amplification of the 1.5-kb pol fragment (encoding HIV-1 full-length PR and
amino acids 1 to 300 of the reverse transcriptase) were performed as reported
previously (44). The resulting PCR products were directly sequenced on an ABI
3100 automated DNA sequencer with DyeDeoxy chain terminators. Sequencing
was performed by using either the ViroSeq HIV-1 genotyping kit from Applied
Biosystems or the method described by Schmidt et al. (37). To determine mu-
tations and polymorphisms in the patients’ samples, strain HXB2 was used as
reference virus. To ensure that HXB2 was an adequate reference strain for our
analysis, a consensus sequence for the patients’ viruses included in the study was
determined. This consensus sequence differed from the HXB2 sequence at only
three amino acid positions (3, 37, and 63). All mutations, including those present
as mixtures in virus samples from single patients, were included in the analyses.
The estimated detection limit for minority species was 25%.

Statistics and bioinformatics. For statistical evaluations, substitutions were
defined as amino acid exchanges in comparison to the amino acid sequence from
HXB2. Data were analyzed using SPSS version 14 (SPSS, Chicago, IL). Statis-
tical analyses were limited to HLA alleles and mutations and polymorphisms
which occurred with a frequency of at least 5% in the cohort, leaving 38 HLA
types and 41 amino acid positions to examine. For the distributions of HLA
alleles and mutations and polymorphisms, see Table S1 in the supplemental
material. Correlations between polymorphisms and mutations in HIV-1 and
HLA alleles were evaluated by Fisher’s exact test (two-tailed); data were calcu-
lated for 1,558 tests, and no correction for multiple testing was applied. In all
analyses, P values of �0.05 were considered relevant. Given that we intended to
verify the observed associations between HLA class I alleles and amino acid
substitutions in biological assays, a rather high type I error was accepted in favor
of a low type II error. Additionally, we report odds ratios (OR) as a measure
of the effect size. Odds ratios were calculated using the website http://medweb
.uni-muenster.de/institute/imib/lehre/skripte/biomathe/bio/vierf.html.

Analyses were performed for broad and split HLA alleles (information
concerning the definition of broad and split alleles can be found at the
website of the Anthony Nolan Research Institute, http://www.anthonynolan
.org.uk/HIG/lists/broad.html) but, due to feasibility, not for genotypic sub-
types. In a first analysis, we tested for identity or difference in comparison to
HXB2. If more than one mutation was detected at a specific amino acid
position, more detailed analyses, investigating the various occurring substi-
tutions separately, were performed. To control for influences of PI therapy,
we analyzed potential associations between the usage of any specific PIs ever
taken by the patients and the occurrence of polymorphisms and mutations or
the presence of HLA alleles (Fisher’s exact test, two-tailed). Additionally,
Fisher’s exact tests (two-tailed) have been conducted to exclude the possibil-
ity that correlations between HLA alleles and amino acid substitutions were
driven solely by linkage disequilibrium between HLA alleles. HIV-1 subtype-
specific polymorphisms were excluded from the analysis in order to eliminate
false-positive correlations. Following the statistical evaluation, potential
epitopes were predicted by the SYFPEITHI prediction system (http://www
.syfpeithi.de) (31), the epitope location finder (http://hiv-web.lanl.gov/content
/hiv-db/ELF/epitope_analyzer.html) (19), or sequence comparison with
known peptide binding motifs. Proteasomal cleavage of proteins was pre-
dicted by using the major histocompatibility complex class I antigenic peptide
processing prediction tool (http://www.mpiib-berlin.mpg.de/MAPPP/index
.html) (13). The consensus sequence for HIV-1 in our cohort was calculated
by using the Wisconsin package from the Genetics Computer Group (7) and
included in the phylogenetic tree (Fig. S1 in the supplemental material).

Nucleotide sequence accession numbers. The sequences determined in this
study have been submitted to GenBank. The accession numbers are EF158477 to
EF158570.

TABLE 1. Peptides used for ELISPOT and restriction analyses

Peptide
name

Amino acid
sequencea

Position in
proteinb

Corresponding
restricting

HLA allele(s)c

EW9 EEMNLPGRW 34–42 B44, B40, B18
EW9 M/I EEINLPGRW 34–42
EW9 N/D EEMDLPGRW 34–42
EW9 E/D EDMNLPGRW 34–42
EW9 DI EDINLPGRW 34–42
EW9 R/K EEMNLPGKW 34–42
EW9 P/S EEMNLSGRW 34–42
KI10 KMIGGIGGFI 45–54 A2, B62
KI10-I KIIGGIGGFI 45–54
KI10-V KIIGGIGGFV 45–54
KF9 KMIGGIGGF 45–53 B62
IG10 IEICGHKAIG 64–73 B44, B40, B18
IG10-V IEICGHKVIG 64–73
IK9 ILIEICGHK 62–70 A3
IR9 ILIEICGHR 62–70
LL10 LDTGADDTVL 24–33 A2
LL11 LLDTGADDTVL 23–33
LF11-L LLDTGADDTVF 23–33
LF11-I LIDTGADDTVF 23–33
KL9 KVRQYDQIL 55–63 A2, Cw6
KL9 I/V KVRQYDQVL 55–63
QG10 QRPLVTVKIG 7–16 B51
QG10-I QRPIVTVKIG 7–16
QG10-R QRPLVTVRIG 7–16
TF9 TQIGCTLNF 91–99 B62, Cw3
TF9-L TQLGCTLNF 91–99
VI11 VRQYDQIPIEI 56–66 B13
VI11-V VRQYDQVPIEI 56–66
RI10 RQYDQIPIEI 57–66
QI9 QYDQIPIEI 58–66
VE10 VRQYDQIPIE 56–65
YC9 YDQIPIEIC 59–67
WI9 WKPKMIGGI 42–50 Cw3
LI10 LPGRWKPKMI 38–47 Cw3

a Substitutions are indicated in bold italics.
b Numbers represent amino acid positions.
c HLA alleles found to be restricting alleles after statistical and biological

evaluations are listed. The B44 supertype allele B40 was tested due to the
similarity of B44 and B40 binding motifs. Samples from additional randomly
chosen patients with various HLA alleles were tested with each peptide. In
comparison to the HXB2 reference sequence, the sequences of the peptides
EW9 and VI11 and those of the corresponding variant peptides include the S37N
or L63P substitution, at least one of which was detected in samples from most of
the patients.
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RESULTS

Associations between HLA class I alleles and sequence vari-
ation in HIV-1 protease. In order to determine the influence of
HLA class I genes on the frequencies and patterns of muta-
tions emerging upon antiretroviral therapy, HIV-1 PR se-
quence data from 94 HLA-typed patients were analyzed. By
applying the criteria of the International AIDS Society Drug
Resistance Mutation Group (15), no major drug mutations in
viruses from the 17 PI-naı̈ve patients were found by genotypic
resistance testing. Common polymorphisms were detected in
all pretreatment samples. In samples from patients receiving
treatment, the following major drug resistance mutations were
found: D30N (2.2% of the samples), L33I/F (10.6%), M46I/L
(22.3%), I47V (1%), G48V (2.2%), V82A/F/L/T (23.4%),
I84V (7.4%), and L90M (20.2%). Additionally, minor drug
resistance mutations and drug-associated polymorphisms
(L10I/F, I13V, G16E, K20R, L24I, V32I, E34Q, E35D, M36I,
K43T, F53L, I54M/V, D60E, I62V, I64L/M/V, L63P, H69K,
A71V/T, G73S/T, T74P, V77I, N83D, I85V, and I93L) were
detected in patient samples with frequencies of 1 to 89% (see
Fig. 1). Despite the risk of false-positive correlations due to
multiple testing, all statistical analyses to discover associations
between HLA class I alleles and mutations and polymorphisms
emerging in HIV-1 PR over the course of infection were per-
formed using Fisher’s exact tests. Instead of applying a math-

ematical correction like Bonferroni’s correction, which has
been recommended for biomathematical analyses of large data
sets to enhance the specificity and to reduce the probability of
false-positive associations, we verified observed correlations in
biological assays. All correlations between mutations and HLA
class I alleles with P values of �0.05 were considered to be
relevant candidates for further analysis. The mutations and the
correlating HLA alleles as well as known and predicted
epitopes were plotted on a map of HIV-1 PR (Fig. 1). Thirty
associations with a P value of �0.05 were found between pa-
tients’ HLA alleles and mutational patterns. According (to HIV-1
subtype analysis performed with the genotyping tool from NCBI
(http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi),
three correlations turned out to be based on HIV-1 subtype-
specific polymorphisms. HIV-1 subtypes C and D as well as
CRF01_AE, CRF03_AB, and CRF15_01B differ in several
amino acids (e.g., those at positions 19, 36, and 41) from HXB2
(32), which was used as a reference strain in this study. Accord-
ingly, the correlations between B17 and M36, B17 and R41, and
L19 and A23 (Table 2) were presumably a consequence of
genetic lineage, not immune response escape. Hence, these
correlations were eliminated from additional analyses. Addi-
tionally, the correlation between Cw5 and substitutions at po-
sition 35 is supposedly due to the known linkage disequilibrium
between B44 and Cw5 (17, 29). Indeed, all Cw5-positive sub-

FIG. 1. Association of HLA class I alleles and sequence variation in HIV-1 PR. (A) Bars indicate the percentages of subjects with viruses
carrying mutations at each individual amino acid position within HIV-1 PR. Mutations and polymorphisms were defined as variations from the
sequence of HIV-1 HXB2 PR (32). Amino acid substitutions showing correlations with defined HLA alleles are indicated by black bars.
Drug-associated mutations are given in bold; major drug mutations are marked by an asterisk, and minor drug mutations are marked by a triangle.
Newly defined drug mutations presumably involved in darunavir resistance (for preliminary data, see Johnson et al. [15]) are marked by a diamond.
(B and C) HLA alleles associated positively (B) or negatively (C) with mutations at the indicated amino acid positions. (D) Previously defined CTL
epitopes (19) are indicated by solid lines; dashed lines indicate predicted epitopes.
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jects (n � 9) in our cohort also were positive for HLA-B44.
This left 26 associations between HLA alleles and mutations at
19 different amino acid positions for further investigation. Of
these 26 correlations, 2 concerned major and 16 concerned
minor drug resistance mutations, while 8 associations were
observed between HLA alleles and sequence polymorphisms
(Table 2). Epidemiological and phylogenetic relatedness
among viral isolates was excluded based on the neighbor-join-
ing method (35). Only one couple showed highly homologous
viral strains due to recent heterosexual transmission (Fig. S1 in
the supplemental material).

Of the remaining 26 correlations, 22 indicated a positive

linkage between the appearance of a mutation and a given
HLA type, while only 4 correlations denoted a negative asso-
ciation. These negative associations were found between
amino acid substitutions at the following positions and the
following HLA types: position 13 and B62 (P � 0.018; OR �
0.0027), position 15 and Cw7 (P � 0.019; OR � 0.27), position
62 and A23 (P � 0.028; OR � 0.0017), and position 64 and A3
(P � 0.030; OR � 0.2) (Table 2). Detailed analyses of these
mutations revealed that B62 is negatively associated with the
development of I13V and Cw7 with the development of I15V
while A23 is negatively associated with the development of
I62V and A3 with the development of I64V. This finding in-

TABLE 2. Statistically relevant correlations between HLA class I alleles and amino acid substitutions in the PR and defined epitopes

Position of mutation HLA
type P value OR nd

Epitope sequencee
Position of

epitopef
ELISPOT

reultsg
Known Newly defined

Major mutations
L33a,b,c A2 0.005 12.6 9 LLDTGADDTVL 23–33 29/76
M46a,b A2 0.049 2.9 14 KMIGGIGGFI 45–54 15/42

Minor mutations
L10a,b Cw2 0.032 4.0 9
I13a A11 0.012 5.6 6 VTIKIGGQLK 11–20
I13a B62 0.018 0.0082 0
I13a B13 0.020 8.6 4
E35a B44 1.2 � 109 34.4 23 EEMNLPGRW KMIGGIGGF 34–42 34/36
K43a B62 0.012 6.6 5 WKPKMIGGI 45–53 19/24
K43a Cw3 0.000073 21.2 8 LPGRWKPKMI 42–50 6/12

I54a,b,c B44 0.017 4.6 7 38–47 4/15
I62b A2 0.027 3.0 20 KVRQYDQIL 55–63 25/76
I62b A23 0.028 0.009 0
I64b A3 0.030 0.2 2 ILIEICGHK 62–70 17/33
A71b B44 0.013 3.5 14 IEICGHKAIG 64–73 12/23
T74a Cw6 0.028 8.6 3
V77 B62 0.037 3.5 9
I93b B62 2.0 � 106 31.8 15 TQIGCTLNF 91–99 6/9
I93b Cw3 0.00038 8.9 17 TQIGCTLNF 91–99 5/11

Polymorphisms
K14 B51 0.001 13.0 6 QRPLVTVKIG 7–16 17/20
I15 A23 0.012 7.5 6
I15 Cw7 0.041 0.32 10
P39 B44 0.048 6.1 4 EEMNLPGRW 34–42 34/36
P39 B18 0.046 10.6 2 EEMNLPGRW 34–42 3/5
R41 A26 0.032 9.1 3
E65 Cw6 0.045 6.3 2 KVRQYDQIL 55–63 11/26
K70 B18 0.019 21.5 2 IEICGHKAIG 64–73 4/10

Mutations showing associations
that were lost after
correction for HIV-1
subtypes

L19 A23 0.034 5.4 4
M36a,b B17 0.030 10.2 4
R41 B17 0.012 14.7 4

a The mutation is included in the tipranavir score (more than four tipranavir-associated mutations lead to �3-fold resistance and more than seven tipranavir-
associated mutations lead to �10-fold resistance compared to that of the wild-type virus) (3, 15).

b The mutation is included in the atazanavir score (three or more atazanavir-associated mutations lead to a reduced virological response) (15).
c The mutation contributes to darunavir resistance (for preliminary data, see Johnson et al. �15�).
d n, number of patients with the indicated HLA type harboring the viral strain with the indicated mutation.
e Residues affected by the substitutions are shown in bold italics. In comparison to the HXB2 reference sequence, the sequences of the peptides EW9 and VI11 and

those of the corresponding variant peptides include the S37N or L63P substitution, at least one of which was detected in samples from most of the patients.
f Numbers represent amino acid positions.
g Recognition of peptides by CD8� T cells from patients with the appropriate HLA allele. Values indicate the number of cell samples responding to the wild-type

or a respective mutant peptide versus the number of cell samples tested. To exclude cross presentation, on average samples from 25 randomly chosen HIV-1-positive
patients with various HLA alleles were additionally tested. No cross presentation was observed.
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dicates that these substitutions rarely occur in B62-, A23-, A3-,
or Cw7-positive patients.

HLA correlations with mutations in previously described
epitopes and confirmation of published report of correlations.
Our approach of using Fisher’s exact test to screen the PR for
new epitopes recognized by CTL was supported by the detec-
tion of correlations between amino acid substitutions in previ-
ously described epitopes and the appropriate restricting HLA
allele. The amino acid mutations E35D and P39S are located
in the previously described B44-restricted epitope EEMSL
PGRW (EW9; PR amino acids 34 to 42) (33). Whereas the
correlation between B44 and the E35D mutation was highly
significant (P � 1.2 � 109), B44 correlated only weakly with
P39S (P � 0.048) (Table 2). Another association was identified
between M46L/I (P � 0.049), a major drug mutation (15)
located in the previously described A2-restricted epitope KM
IGGIGGFI (KI10; PR amino acids 45 to 54) (30), and HLA-
A2. HLA-A11 was associated with I13V (P � 0.012), a minor
tipranavir resistance mutation (15) located in the previously
described A11-restricted epitope VTIKIGGQLK (amino acids
11 to 20) (24) (Table 2). Furthermore, we confirmed the re-
cently published report of correlations between K14R and
HLA-B5 and K43R and HLA-B15 as well as V77I and HLA-
B15 (14). In addition, we were able to map these correlations
to the split alleles B51(5) (P � 0.001) and B62(15) (P � 0.012
and 0.037), respectively.

Variations in the B44-restricted EW9 epitope can influence
recognition by CD8� T cells. The HLA-B44-restricted epitope
EEMSLPGRW (EW9) (33) is a variable epitope spanning
amino acids 34 to 42 in the PR for which the Los Alamos
Database reports various amino acid substitutions (20). In
terms of drug resistance, these mutations are either minor
mutations or (resistance-associated) polymorphisms. PBMC
from HIV-1-infected, HLA-B44-positive patients were stimu-
lated separately with five peptides corresponding to different
EW9 variants (EW9, EW9 E/D, EW9 DI, EW9 M/I, and EW9
N/D) (Table 1). Outgrowing cell lines, displaying a strong
CD8�-T-cell response against at least one of the EW9 pep-
tides, were analyzed by ELISPOT assay for cross-reactivity by
using a panel of peptides comprising the most common poly-
morphisms and mutations within the EW9 epitope. ELISPOT
analysis revealed that 94% of the tested cell samples from
HLA-B44-positive patients displayed CD8�-T-cell responses
against the wild-type peptide or against at least one mutant
peptide. The E35D mutation induced a strong decrease in
T-cell recognition in cell samples from 56% of the analyzed
patients; however, there were patient samples that could
mount specific CD8�-T-cell responses to peptides containing
the E35D mutation (Fig. 2A; Table 3). Samples from only a
few patients showed a narrow CD8�-T-cell response to EW9
and EW9 variants, whereas samples from the majority of the
patients showed broad responses, recognizing at least three of
the EW9 peptides (Fig. 2). According to the various recogni-
tion patterns, we postulate that most patients harbored various
CD8�-T-cell clones with different T-cell receptor (TCR) spec-
ificities. Representative graphs are shown in Fig. 2.

Interestingly, we also found that cells from patients with
HLA-B18 and HLA-B40, both belonging to the B44 supertype
(39, 40), recognized several EW9 variants (data not shown). A
correlation between B18 and P39S was detected in the statis-

tical analyses (Table 2). Due to the low frequency of HLA-B40
alleles (n � 2) in the cohort used for the statistical evaluation,
HLA-B40 was excluded from the analysis.

Variations in the A2-restricted KI10 epitope can influence
recognition by CD8� T cells. In contrast to EW9, the HLA-
A2-restricted epitope KMIGGIGGFI (KI10; PR amino acids
45 to 54) (30), containing the drug resistance mutations
M46I/L and I54V, is rather conserved. Cells from roughly 35%
of the A2-positive patients showed CD8�-T-cell responses af-
ter stimulation with the KI10 variant peptides KIIGGIGGFI
and KMIGGIGGFV (mutations are shown in bold). Repre-
sentative graphs are shown in Fig. 3A to C. Cells from most
patients displayed CD8�-T-cell responses against the wild-type
peptide and the two variants. Some experiments provided ev-
idence that these responses might be due to the generation of
CD8�-T-cell clones with different recognition specificities in
samples from individual patients (Fig. 3A). However, in sam-
ples from some A2-positive patients CD8�-T-cell recognition
was abolished by the mutations M46I and I54V (Fig. 3B)
whereas in samples from other A2-positive patients a CD8�-
T-cell response was induced only by the mutant peptides and
not by wild-type KI10 (Fig. 3C).

Definition of new CD8�-T-cell epitopes in HIV-1 protease
indicated by low and relevant P values. An important goal of
our study was the definition of new epitopes in HIV-1 PR. As
already mentioned, we refrained from using mathematical cor-
rections such as Bonferroni’s correction due to the large type
II error which is associated with such a strict correction. After
using Bonferroni’s correction in our analysis, only the associ-
ations between B44 and E35D and B62 and I93L would
remain significant (P � 0.00003) (Table 2). Eighteen potential
epitopes were determined on the basis of observed correlations
(P � 0.05) between HLA alleles and amino acid substitutions
and the application of epitope prediction tools (http://www
.syfpeithi.de [31] and http://hiv-web.lanl.gov/content/hiv-db
/ELF/epitope_analyzer.html [19]) or sequence comparison
with known CTL epitopes (Fig. 1). Ten epitopes, which were
further investigated in biological assays, were chosen according
to the following criteria: (i) stringent P values of �0.005, (ii) P
values of �0.05, (iii) indication of proteasomal cleavage sites,
and (iv) clustered correlations. Criteria i and ii were used in
order to test if correlations with more stringent P values were
more likely to be biologically verified than associations with
higher P values. Criterion iii was supposed to provide evidence
that selective pressure exerted by CD8� T cells also acts on
proteasomal cleavage sites in the PR and consequently plays an
important role in peptide presentation (28), even though the
mutated amino acid is located outside of the actual epitope.
Criterion iv was adopted to test the hypothesis generated by
Moore et al. (28) that clusters of HLA-associated polymor-
phisms are an indicator for HLA-restricted epitopes. In this
context, even correlations with P values between 0.05 and 0.1
were analyzed. ELISPOT analyses showed that all peptides
generated on the basis of the above-mentioned criteria were
recognized by peptide-stimulated cells from patients with the
appropriate HLA types (Table 2). To control for specificity
and for cross presentation, all peptides were tested with sam-
ples from randomly chosen patients with mismatched HLA
types.

The cross presentation of CD8�-T-cell epitopes by more
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FIG. 2. Cross-reactivity of CD8� T cells recognizing the HLA-B44-restricted CTL epitope EW9 (amino acids 34 to 42). PBMC from
HLA-B44-positive patients were stimulated with EEMNLPGRW (EW9; wild-type) and the variant peptides EEINLPGRW (EW9 M/I),
EEMDLPGRW (EW9 N/D), EDINLPGRW (EW9 DI), and EDMNLPGRW (EW9 E/D; mutations are indicated in bold italics) and
subsequently tested for reactivity by IFN-� ELISPOT analysis. After stimulation, outgrowing CD8�-T-cell lines were analyzed for cross-
reactivity with the peptides EW9, EW9 E/D, EW9 DI, EW9 M/I, EW9 N/D, EW9 P/S, and EW9 R/K, which carry the most frequent drug
resistance mutations and/or polymorphisms occurring in the epitope. Peptides tested for cross-reactivity are given on the left side of each
graph. Dashes indicate consensus with the wild-type peptide sequence; amino acid substitutions are given in capital letters. The numbers of
spot-forming units (SFU) triggered by wild-type EW9, corresponding variant peptides, and the no-peptide control in CD8� T cells are shown
by differently shaded bars.
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than one HLA allele was observed only for HLA alleles that
showed relevant correlations in the statistical analysis (Table
2). The sole exception was the IG10 epitope (IEICGHKAIG;
PR amino acids 64 to 73), which was recognized not only by
cells of B44- and B18-positive patients but also by peptide-
stimulated cells of patients with HLA-B40 alleles belonging to
the B44 supertype. A correlation between B40 and amino acid
substitutions in this region was not found because B40 was
excluded from the statistical evaluation due to its low fre-
quency in the cohort (n � 2). In total, 3 out of the 10 newly
defined epitopes could be presented by at least two different
HLA alleles.

Mutations at proteasomal cleavage sites indicate CTL
epitopes. Earlier studies provided evidence that mutations
outside of CTL epitopes can influence proteasomal cleavage
and consequently can play an important role in peptide
presentation (6, 26). The hypothesis that correlations be-
tween mutations at proteasomal cleavage sites and HLA
alleles could be an indicator for HLA-restricted epitopes
was verified using the peptides KVRQYDQIL (KL9; PR
amino acids 55 to 63) and KMIGGIGGFI (KI10; PR amino
acids 45 to 54). Due to associations between HLA-B62 and
mutations at position 43 and between HLA-Cw6 and muta-
tions at position 65, these peptides were tested for recogni-
tion by cells from B62- and Cw6-positive patients, respec-
tively. Both peptides induced CD8�-T-cell responses in
samples from patients with the respective HLA type (Fig.
3D; data not shown). HLA restriction was determined using
peptide-pulsed target cells matched at only one major his-
tocompatibility complex class I allele in ELISPOT assays
(data not shown). KI10 and KMIGGIGGFV showed good
recognition by B62-restricted CTL, whereas the drug resis-
tance mutation M46I in the peptide KIIGGIGGFI (the mu-

tation is indicated in bold) strongly impaired CTL recogni-
tion (Fig. 3D). Additional analyses showed that KMIGG
IGGF (KF9; PR amino acids 45 to 53) is the optimal B62-
restricted epitope.

Identification of a B13-restricted CTL epitope by analysis of
clustered HLA correlations. In an earlier study, Moore et al.
(28) generated the hypothesis that clusters of associations
between HLA and polymorphisms are an indicator for
HLA-restricted epitopes. In our analysis, only one cluster of
correlations with P values of �0.05 was detected. HLA-B44
was associated with amino acid substitutions at positions 35
(P � 1.2 � 109) and 39 (P � 0.048). Additional clusters were
found if associations with higher P values (�0.1) were in-
cluded in the analysis. For the epitopes LL11 (LLDTGAD
DTVL; PR amino acids 23 to 33), KI10 (KMIGGIGGFI; PR
amino acids 45 to 54) and ILIEICGHK (IK9; PR amino
acids 62 to 70), one correlation with a P value of �0.05 and
an additional correlation with a P value of �0.1 were de-
tected. Even though HLA-A3 correlated only weakly with
K70R (P � 0.068), peptides including the mutation were
tested in ELISPOT analyses. Given that mutations at posi-
tion 70 affect the C-terminal anchor site of the epitope, the
K70R substitution in the ILIEICGHR epitope (IR9; PR
amino acids 62 to 70 [the mutation is shown in bold])
strongly reduced recognition in peptide-stimulated PBMC
from HLA-A3-positive patients (Fig. 4H; Table 3). In order
to conclusively prove that clustered correlations are strong
indicators for HLA-restricted epitopes, an additional pep-
tide, VRQYDQIPIEI (VI11; PR amino acids 56 to 66), was
analyzed. The peptide and its variant VI11-V were gener-
ated based on two associations between HLA-B13 and the
amino acid substitutions I62V and E65D, both showing rel-
atively high P values (0.09 and 0.08). Despite the high P

TABLE 3. Influence of PR mutations on T-cell recognition

Wild-type
sequencea Mutant peptidea Position of

mutationb
HLA
typec

No. of samples with
impaired CD8�-T-
cell activity/no. of
samples testedd

Median decrease
in recognition
(%) (range)

No. of samples with
improved CD8�-T-
cell activity/no of
samples testedd

Median increase
in recognition
(%) (range)

QRPLVTVKIG QRPIVTVKIG 10 B51 8/8 36 (19–87) 0/8
QRPLVTVKIG QRPLVTVRIG 14 B51 6/8 24 (12–42) 0/8
LLDTGADDTVF LIDTGADDTVF 24 A2 4/12 40 (27–69) 7/12 33 (8–65)
LLDTGADDTVL LLDTGADDTVF 33 A2 2/8 23 (12–34) 5/8 26 (16–31)
EEMNLPGRW EDMNLPGRW 35 B44 13/23 86 (51–98) 7/23 87 (21–98)
EEMNLPGRW EEMNLSGRW 39 B44 21/23 83 (30–97) 2/23 17 (10–24)
KMIGGIGGFI KIIGGIGGFI 43 B62 6/6 72 (60–97) 0/6
KMIGGIGGFI KIIGGIGGFI 46 A2 6/15 25 (12–36) 4/15 33 (18–60)
KMIGGIGGFI KMIGGIGGFV 54 A2 2/15 40 (35–45) 3/15 40 (10–48)
KVRQYDQIL KVRQYDQVL 62 A2 1/3 15 1/3 16
RQYDQIPIEI RQYDQVPIEI 62 B13 6/8 35 (14–81) 2/8 24 (11–36)
KVRQYDQIL KVRQYDQVL 62 Cw6 2/4 72 (52–91) 0/4
ILIEICGHK ILIEICGHR 70 A3 12/12 64 (15–89) 0/12
IEICGHKAIG IEICGHKVIG 70 B18 0/4 0/4
IEICGHKAIG IEICGHKVIG 71 B44 3/11 37 (26–51) 7/11 39 (27–56)
TQIGCTLNF TQLGCTLNF 93 B62 3/6 46 (38–62) 3/6 30 (16–42)
TQIGCTLNF TQLGCTLNF 93 B62/Cw3 6/13 57 (15–75) 5/13 60 (10–80)

a Residues affected by the substitutions are shown in bold italics. In comparison to the HXB2 reference sequence, the sequences of peptides EW9 and VI11 and those
of the corresponding variant peptides include the S37N or L63P substitution, at least one of which was detected in samples from most of the patients.

b The position of the mutated amino acid relative to the HXB2 reference sequence is indicated.
c Restricting HLA allele.
d Values indicate the proportions of patients with samples showing impaired or improved CD8�-T-cell recognition of peptides with mutations (mutant peptides) and

without mutations (wild-type peptides) at the indicated positions. For the remaining samples, the recognition of wild-type and mutant peptides by CD8� T cells was
similar.
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values, both peptides were recognized in ELISPOT analyses
conducted with cells from B13-positive patients (Fig. 4I).
Using a panel of truncations of the VI11 peptide and stim-
ulated PBMC from HLA-B13-positive patients, we could
define RQYDQIPIEI (RI10; PR amino acids 57 to 66) as
the minimal epitope (data not shown). Additional restric-
tion analyses proved that B13 is in fact the restricting HLA
allele for RI10, VI11, and the mutant peptide VI11-V (data
not shown). A summary of statistical and experimental re-
sults is given in Tables 2 and 3.

Influence of mutations in newly defined epitopes on rec-
ognition by CD8� T cells. To assess the influence of HLA-
linked mutations and of additional resistance-associated mu-

tations on T-cell recognition, PBMC from patients with the
appropriate HLA alleles were stimulated with wild-type and
variant peptides and outgrowing cells were tested for cross
recognition in ELISPOT assays (Fig. 4 and Table 3).
In principle, all analyzed mutations could impair recognition
by CD8� T cells. However, cells from subgroups of patients
could recognize both the wild-type and the mutant peptides. In
some cases, the mutant peptides showed even better recogni-
tion than the wild-type peptides. These differences regarding
the recognition of the mutants indicate the usage of different
TCRs by CD8� T cells targeting these epitopes. Representa-
tive graphs are shown in Fig. 4. Table 3 gives a summary of the
results obtained from ELISPOT assays.

FIG. 3. Cross-reactivity of CD8� T cells recognizing the HLA-A2- and HLA-B62-restricted epitope KI10 (amino acids 45 to 54). PBMC from
HLA-A2-positive patients (A to C), an HLA-B62-positive patient (D), and patients carrying both HLA-A2 and B62 (E and F) were stimulated
with the peptide KMIGGIGGFI (wild type) and the variant peptides KIIGGIGGFI (KI10-I) and KMIGGIGGFV (KI10-V) comprising the drug
mutations M46I and I54V, respectively. Outgrowing cell lines were evaluated for cross recognition of these peptides by IFN-� ELISPOT analysis.
Peptide sequences are given on the left side of each graph. Dashes indicate consensus with the HXB2 sequence; amino acid substitutions are given
in capital letters. The numbers of spot-forming units (SFU) triggered by KI10, the corresponding variant peptides, and the negative control (no
peptide) are shown by white, gray, and black bars. Restricting HLA alleles are indicated in the upper right corner of each graph.
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DISCUSSION

Evasion of the immune response through CTL escape is an
important factor in HIV-1 pathogenesis (11). Over the past
years, some studies have provided evidence that selection pres-

sure exerted by CTL can interfere with the development of
drug resistance mutations (4, 16, 36, 38). Drug-targeted en-
zymes like the viral PR are exposed to both pharmacological
selection pressure and immune response selection exerted by

FIG. 4. Influence of drug-induced mutations and polymorphisms on recognition by CD8� T cells. PBMC from HLA-matched HIV-1-positive
patients were stimulated with the indicated wild-type or mutant peptides and tested for recognition of the peptides by IFN-� ELISPOT analyses.
After peptide stimulation, outgrowing CD8�-T-cell lines were analyzed for cross recognition by using the peptides indicated on the left side of each
graph. Dashes indicate consensus with the wild-type peptide sequence; amino acid substitutions are given in capital letters. The numbers of
spot-forming units (SFU) triggered by wild-type peptides, corresponding variant peptides, and the negative (no-peptide) control are shown by white
and black bars. The position(s) of the mutated amino acid(s) is indicated in parentheses in the upper right corner of each graph.
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CD8� T cells. This dual pressure may have important clinical
implications, especially for the understanding of drug resis-
tance pathways or the design of therapeutic vaccines. To de-
termine the influence of HLA-specific CD8�-T-cell responses
on the development of drug mutations or drug-associated poly-
morphisms in the PR, we analyzed PR sequences from 94 HLA
class I-typed HIV-1-positive individuals. Twenty-six associa-
tions between patients’ HLA class I alleles and mutations oc-
curring in the autologous HIV-1 PR genes were detected. Five
of the 26 correlations between patients’ HLA alleles and the
mutations, namely, the associations between K14R and B5,
L19I and A9, E35D and B44(12), K43R and B15, and V77I
and B15, were also reported in a recent study (14). Adding to
the work presented in that study, we were able to map three of
these associations to HLA split antigens, K14R to B51 (5) and
K43R as well as V77I to B62 (15). Discrepancies between our
findings and the findings from John et al. (14) may result from
differences in the distributions of HLA class I alleles in ethni-
cally diverse study populations, from the frequencies of HIV-1
subtypes in different populations, from differences in the use of
PIs, and from the numbers of patients included in the studies.
Interestingly, six of the correlations in our analysis were related
to HLA-C alleles which were not considered in the study by
John et al. (14). This demonstrates that HLA-C-linked im-
mune response selection clearly contributes to the sequence
variation in HIV-1.

For statistical analyses of many variables in large data sets,
the application of statistical corrections such as Bonferroni’s
correction has been recommended. With the application of
Bonferroni’s correction in our study, P values of �0.00003
would be considered not statistically significant. Thus, only two
of our correlations would remain significant. Applying such
very strict limits, one has to take into account that the gain of
specificity is achieved at the cost of sensitivity, resulting in the
failure to detect biologically relevant correlations. To protect
against a high type II error, we applied a less conservative limit
(P � 0.05) and verified the associations in biological assays.
Our approach of using Fisher’s exact test to define new PR
epitopes was confirmed by the detection of correlations be-
tween mutations in already described epitopes and the appro-
priate restricting HLA alleles. Correlations between resistance
mutations and polymorphisms and the usage of specific PIs
were not detected. This might be due to the fact that mutations
clearly associated with resistance to only one or two specific PIs
(e.g., D30N and G48V) were rarely found in our cohort
whereas mutations which are induced by several PIs and which
contribute to broad cross-resistance were frequently found.
This study demonstrates that CD8�-T-cell epitopes can be
predicted on the basis of associations between HLA alleles and
amino acid substitutions which are detected in univariate sta-
tistical analyses. Additionally, we show that associations with P
values of �0.05 and clustered associations with even higher P
values (0.05 � P � 0.1) still can indicate biologically relevant
selection pressure by CD8� T cells. We could not see any
differences in the patterns of recognition of epitopes predicted
on the basis of correlations with P values of �0.005 and
epitopes predicted on the basis of correlations with P values of
�0.05. Instead, recognition frequencies and the magnitude of
recognition were dependent on the restricting HLA allele and
on the sequence variation within the epitope. Recent studies

(2, 18) showed a dominant role for HLA-B in the HIV-1-
specific CTL response in comparison to HLA-A and HLA-C.
This finding was confirmed in our study by the detection of a
stronger impact of HLA-B than of HLA-A and HLA-C on the
protease sequence. Nevertheless, our results show that HLA-A
and HLA-C also play an important role in HLA-linked im-
mune response selection. Furthermore, we could confirm that
selection pressure is also exerted on proteasomal cleavage sites
and that correlations between HLA alleles and amino acids at
proteasomal cleavage sites are good indicators for HLA-re-
stricted epitopes (6, 26).

We demonstrated that peptides comprising the amino acid
substitutions for which correlations were detected led to im-
paired peptide recognition by cells from subgroups of patients,
indicating that these mutations can indeed act as escape mu-
tations. However, samples from a significant number of pa-
tients were able to generate CD8�-T-cell responses against
peptides containing these mutations. An analysis of recogni-
tion patterns showed that cells from several patients mounted
oligoclonal CD8�-T-cell responses against certain epitopes,
targeting a variety of viral variants. This result indicates that at
least in some HIV-1-infected individuals the immune system
can react to mutational escape by HIV-1 through the recruit-
ment of CD8� T cells with new TCR specificities. Longitudinal
studies will have to deliver more-specific insights into the dy-
namics between drug-induced and HLA-induced selection
pressure.

For the further assessment of the influence of CD8� T cells
on the development of resistance mutations, we focused on the
B44-restricted epitope EW9 (EEMNLPGRW; PR amino acids
34 to 42) (33) and the A2-restricted epitope KI10 (KMIGGI
GGFI; PR amino acids 45 to 54) (30). In our patient cohort, we
observed a number of mutations in the EW9 epitope, indicat-
ing strong selection pressure by CD8� T cells. Indeed, cells
from most B44-positive patients showed CD8�-T-cell re-
sponses to this epitope, confirming that EW9 is highly immu-
nogenic. The minor drug-associated mutation E35D is selected
in the majority of B44-positive patients. According to other
reports (33, 40), the glutamate residue at position 35 is likely to
be the N-terminal anchoring amino acid in the B44-restricted
peptide. Surprisingly, cells from most patients showed mutu-
ally exclusive recognition of peptides comprising either E35E
(wild-type) or the E35D variant while those from only a few
patients were able to generate different CD8�-T-cell lines rec-
ognizing both the E35E and the E35D variants. So far, we
could not determine any factors, such as stage of disease, CD4
cell count, viral load, or therapy regimen, that could explain
the distinct recognition patterns of the B44-positive patients.
An analysis of B44 subtypes in our patients also failed to
demonstrate an association between E35D recognition and
certain B44 subtypes. One possible explanation for the differ-
ent patterns of recognition of EW9 by cells from B44-positive
patients might be that both N-terminal glutamates of the
epitope can serve as the anchor amino acid and that in some
patients a switch between E34 and E35 is possible. Whether
B44-restricted CTL responses to EW9 influence disease pro-
gression is not clear yet. Results from earlier analyses investi-
gating B44 as a protection or risk factor for HIV-1 infection
have been ambiguous (8, 9, 34). A negative influence on drug
efficacy has been demonstrated for both HLA-B44 (A. Saitoh,

2896 MUELLER ET AL. J. VIROL.



C. Powell, T. Fenton, C. Fletcher, and S. Spector, oral abstract
51d presented at the 12th Conference on Retroviruses and
Opportunistic Infections, 2005) and the E35D substitution (1,
25). Our data show that HLA-B44 selects for the E35D mu-
tation and thus establish a connection between these findings.

In contrast to EW9, the KI10 epitope (KMIGGIGGFI; PR
amino acids 45 to 54) is a rather conserved epitope, comprising
six drug resistance-associated mutations (M46I/L, I47A/V/L,
G48V/M, I50L/V, F53L, and I54A/L/M/V). The observation
that HLA-A2 favors the development of the resistance muta-
tion M46I is supported by the finding that isoleucine at posi-
tion 46 abolishes recognition by CD8� T cells from some
A2-positive patients. To explain why the recognition patterns
for the M46 and the I46 variants are similar in other HLA-
A2-positive patients, we hypothesize that both the methionine
at position 46 and the isoleucine at position 47 could serve as
N-terminal anchors and that the HLA-A2 molecule displays a
preference for methionine. Replacement of the methionine by
isoleucine at position 46 could lead to competition between the
isoleucine at position 47 and the isoleucine at position 46 for
binding to the N-terminal anchor pocket of the HLA-A2-mol-
ecule. A shift of anchor amino acids within the peptide could
result in a significant conformational change of the TCR rec-
ognition site that possibly abolishes CD8�-T-cell recognition
but might be compensated for by the generation of CD8� T
cells with other TCR specificities. This hypothesis is supported
by the detection of two different T-cell clones with different
recognition patterns for peptides including the M46 wild-type
and M46I variant in samples from some patients.

Our analyses show that a number of novel epitopes overlap
with or are embedded within previously described epitopes or
other newly defined epitopes. For example, the Cw4-restricted
QYDQIPIEI epitope (41) overlaps with the newly defined
HLA-B13-restricted epitope RI10 (RQYDQIPIEI; PR amino
acids 57 to 66). As an HLA binding motif for HLA-B13 has not
been published yet, it is of interest that the RI10 epitope shows
similarity at the putative anchor binding positions to the B13-
restricted CTL epitope RQDILDLWI which we recently iden
tified in HIV-1 Nef (12). Presentation of the same peptide by
several HLA alleles was found for four peptides. In these
cases, all restricting HLA alleles, with the exception of the
infrequently occurring HLA-B40 allele, also showed relevant
correlations with the respective amino acid substitutions in
these epitopes.

In summary, the data presented here strongly suggest that
escape from CD8� T cells influences the emergence of poly-
morphisms as well as the development of minor and major
drug resistance mutations in HIV-1-infected patients. Thus,
this study provides an explanation for the findings of earlier
studies showing that the development of resistance is not ex-
clusively drug dependent but can also be influenced by host
factors (38, 42). The finding that a variety of drug-related
escape mutations in PR are immunogenic should be a further
stimulus for the development of HIV-1 vaccines that can target
drug-resistant HIV-1 strains.
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