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Broadly Immunogenic HLA Class I Supertype-Restricted Elite
CTL Epitopes Recognized in a Diverse Population Infected
with Different HIV-1 Subtypes’

Carina L. Pérez,* Mette V. Larsen,” Rasmus Gustafsson,* Melissa M. Norstrom,* Ann Atlas,*
Douglas F. Nixon,® Morten Nielsen,” Ole Lund,” and Annika C. Karlsson?*

The genetic variations of the HIV-1 virus and its human host constitute major obstacles for obtaining potent HIV-1-specific CTL
responses in individuals of diverse ethnic backgrounds infected with different HIV-1 variants. In this study, we developed and used
a novel algorithm to select 184 predicted epitopes representing seven different HLLA class I supertypes that together constitute a
broad coverage of the different HIV-1 strains as well as the human HLA alleles. Of the tested 184 HLA class I-restricted epitopes,
114 were recognized by at least one study subject, and 45 were novel epitopes, not previously described in the HIV-1 immunology
database. In addition, we identified 21 “elite” epitopes that induced CTL responses in at least 4 of the 31 patients. A majority (27
of 31) of the study population recognized one or more of these highly immunogenic epitopes. We also found a limited set of 9
epitopes that together induced HIV-1-specific CTL responses in all HIV-1-responsive patients in this study. Our results have
important implications for the validation of potent CTL responses and show that the goal for a vaccine candidate in inducing

broadly reactive CTL immune responses is attainable.

he major obstacle in the development of new treatment
and vaccine strategies for HIV-1 is the virus’ remarkable

genetic variability and ability to mutate. HIV-1 genetic
variants appear rapidly within an individual, resulting in numerous
closely related viral variants. Globally, the genetic variation of
HIV-1 has resulted in the emergence of nine subtypes (A-D, F-H,
J, and K), as well as circulating recombinant forms (CRF),* em-
phasizing the need for a vaccine to induce broadly reactive im-
mune responses. The cellular immune response exerted by CD8™
CTLs is known to be a crucial part of the immune defense against
HIV-1 infection. In vivo evidence for the impact of Ag-specific
CTL responses on HIV-1 evolution, viral replication, and disease
progression comes from several studies (1-4). Although the char-
acteristics of a protective HIV-1-specific CTL response are still
unknown, several studies indicate that recognition of promiscuous
epitopes in conserved regions is preferred (5-7). Such epitopes
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might be less sensitive or prone to induce mutations and might also
be recognized independent of the HIV-1 subtype.

Ag-specific CTLs recognize Ags presented as 8- to 11-mer pep-
tides (epitopes) by the HLA class I molecule on the APC. The
HLA system is extremely polymorphic, and has a diverse distri-
bution among different ethnic groups (8). Thus, the genetic vari-
ation of the host contributes to an ever more challenging situation
in terms of identifying a broadly reactive CTL response. Recently,
however, an analysis of HLA class I molecules with significant
overlap among peptide-binding specificities has allowed a func-
tional classification of HLA class I molecules into 12 distinct su-
pertypes (9). Instead of taking into consideration several hundred
HLA alleles, assembling HLA alleles into HLA class I supertypes,
based on their ability to bind and present similar epitopes (8, 9),
would enable large cohort studies of the association between im-
mune responses against a limited number of HLA class I super-
type-restricted epitopes and HIV-1 disease progression (10). Im-
portantly, such an approach should allow for identification of
promiscuous HLA class I epitopes eliciting broad population
coverage.

In this study, bioinformatic prediction methods were used to
select a set of 184 HLA class I supertype-restricted epitopes from
the Gag, Pol, Env, Nef, and Tat regions for maximum coverage of
HIV-1 strains belonging to the five HIV-1 subtypes, A, B, C, D,
and CRFO1_AE. Identification of an anti-HIV-1-specific CTL re-
sponse restricted to seven HLA class I supertypes was determined
using the IFN-y ELISPOT assay in 31 HIV-I-infected patients.
Using this approach, we have verified responses against 114 of the
predicted epitopes. Some epitopes were highly immunogenic and
induced a response in >10% of the study subjects. Of the immu-
nogenic epitopes, we identified nine epitopes, which together gave
96% coverage of the study population. The epitopes restricted to
the seven HLA class I supertypes were identified in patients with
different genetic backgrounds, and infected with different HIV-1
subtypes, thus proving the success of an advanced bioinformatics
epitope prediction and selection tool to identify immunogenic elite
HLA class I supertype-restricted epitopes.
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Table 1. Clinical and virological characteristics of the study population at sampling time point
Country of HLA-A HLA-A HLA-B HLA-B HLA-C HLA-C CD4" T HIV RNA Treatment
Patient 1D Ethnicity Origin Sex” Age Allele’ Allele Allele Allele Allele Allele Cells/mm® Copies/ml  History®  Subtype?
1 2866 Caucasian Sweden M 57 ND ND ND ND ND ND 400 400 Treated B
2 2840 African Uganda F 35 3104 3001 1301 3537 0602 0401 130 200 Treated D
3 2891 African Zambia F 45 2402 2301 8201 4101 0302 0802 720 5,900 Naive C
4 2295 Caucasian Sweden F 69 1101 0201 4001 3501 0303 0401 480 2,400 Treat. exp C
5 2275 Latin Chile M 49 0101 0201 4402 0801 0701 0501 630 35,000 Treat.exp B
6 2717 African Ghana F 32 ND ND ND ND ND ND 920 800 Naive AG
7 2312 Caucasian Sweden M 70 0201 0201 4001 1501 0303 0303 800 195,000 Naive B
8 2902 Caucasian Sweden M 43 0201 2402 4001 0801 0701 0303 190 1,100 Treated B
9 2264 Caucasian Sweden M 40 ND ND ND ND ND ND 560 17,000 Naive B
10 2792 Caucasian Finland M 51 2402 3201 4002 0801 0702 0202 390 11,000 Naive B
11 2426 African Ethiopia M 43 6801 @ 0202 1801 5101 0704 1604 200 1,000,000 Treat. exp C
12 2059 Caucasian USA M 55 0301 0200 0702 5501 1203 0702 450 600 Treated B
13 2284 Caucasian Sweden M 49 0201 0201 4001 4402 0704 0303 330 100,000 Treat. exp Al
14 2799 Caucasian Iran M 59 3201 3201 5101 5101 1604 1502 490 3,000 Treated B
15 2521 Caucasian Lithuania M 34 030/ 1101 0702 3501 0702 0401 550 <50 Treated ND
16 2838 Caucasian Sweden M 42 ND ND ND ND ND ND 240 100,000 Naive AE
17 2395 Caucasian Sweden M 42 0201 2402 5701 0702 0702 0702 520 237,000 Naive B
18 3076 African Somalia F 47 0301 0103 0702 7301 1505 0702 280 10,000 Naive Al
19 2255 Caucasian Sweden F 52 1101 1101 0702 4402 0501 0702 70 38,000 Treated B
20 2892 Caucasian Sweden F 38 0301 0201 0702 3501 0702 0401 320 37,000 Naive AE
21 2016 African Togo F 49 0301 0102 0702 1510 0804 1505 110 1,200 Treated CPXO06
22 2795 Caucasian Sweden F 51 2601 0101 4002 2705 0202 0303 950 500 Naive AG
23 2492 Caucasian Sweden M 63 0201 0200 0702 2705 0702 0102 1,150 <50 Naive ND
24 2915 Caucasian Sweden F 40 1101 2902 0702 0702 0702 0702 160 800 Treated C
25 2004 African Ethiopia F 35 6601 0201 4901 4901 0701 1402 550 <50 Treated Al
26 2632 African Uganda F 28 0301 3402 8101 4403 0804 0401 440 14,000 Treat. exp Al
27 2437 African Angola F 45 2301 2301 4101 4501 1601 0802 280 500 Treated C
28 2384 Caucasian Sweden M 58 0201 0201 1501 1501 0303 0303 320 65,000 Treat.exp B
29 2639 African Ghana M 37 ND ND ND ND ND ND 390 290,000 Treat. exp C
30 2146 African Ethiopia F 31 0205 0201 4101 4101 1701 1701 370 17,000 Treat. exp C
31 2919 Unknown Tunisia M 38 0202 3001 5703 5001 0701 0602 410 200,000 Naive Al

“F, Female; M, male.
® High-resolution HLA-typing results were obtained through sequencing.

< Treat. Exp = Treatment experienced, the patient has been treated during a short period of time, but was not treated at the sample time point.
"Circulaling recombinant forms (CRF) and complex forms (CPX) of HIV-1: CRF02_AG, CRF01_AE, CRF06_cpx.

Materials and Methods
Study subjects

Thirty-one-treated and untreated HIV-1-infected subjects from the Karo-
linska University Hospital (Solna, Sweden) were identified for the study
(Table I). To enable sample collection from a diverse patient population,
our only inclusion criterion was a detectable plasma viral load measure-
ment >50 RNA copies/ml obtained within 6 mo before inclusion in the
study. This criterion was set to ensure detectable CTL responses (11). The
study was approved by the Regional Ethical Council (Stockholm, Sweden
(2005/1162)) and all subjects provided written informed consent.

Prediction, selection, and identification of HLA
supertype-restricted HIV epitopes

The CTL epitope predictions were made based on a dataset consisting of
322 HIV-1 strains for which the Gag, Pol, Env, Tat, and Nef proteins had
been completely sequenced and which were publicly available in the HIV
Molecular Immunology database (www.hiv.lanl.gov). The number of
strains for each of the five HIV-1 subtypes used in the prediction were: 40
subtype A (Al and A2), 119 subtype B, 149 subtype C, 4 subtype D, and
10 subtype CRFO1_AE. Epitopes restricted to either of the following HLA
class I supertypes were predicted: Al, A2, A3, A24, B7, B44, and B58
using the NetCTL 1.0 method (12) (available at www.cbs.dtu.dk/services/
NetCTL). In the NetCTL method, each possible nonamer in a protein is
assigned a score based on a combination of prediction of proteasomal
cleavage, TAP-transport efficiency, and HLA class I affinity with the high-
est weight assigned to the HLA class I affinity. For each of the seven HLA
class I supertypes and for each of the five HIV-1 proteins from each of the
322 HIV-1 strains, between one and five (depending on the size of the
protein) of the top-scoring nonamers were selected as the predicted
epitopes. This resulted in a total of 5652 unique predicted epitopes. To
reduce this set, a novel algorithm called EpiSelect, was used. The EpiSelect
algorithm aims at selecting a given number of predicted epitopes in a way
so that most strains are covered with the largest number of epitopes, while
maximizing the coverage of the viral strain with the smallest number of
epitopes. The algorithm is implemented as follows: for each viral strain, a
coverage value is recorded as the number of selected epitopes targeting this
viral strain. This number is initially zero for all viral strains. Also, a list of

promiscuity values P; is recorded for each epitope as the set of viral strains
(i) covered by a given predicted epitope j. Initially, the epitope that covers
the largest number of different viral strains is selected, and the coverage
values are updated accordingly. The next epitope is then selected by choos-
ing the epitope that maximizes the relation

i
Z(Ci + 9)

where the sum is over the set of viral strains. P/ is the promiscuity value
for epitope j targeting the viral strain i (this value is 1 if the epitope is
present in the viral strain 7, otherwise 0), C; is the coverage value for the
viral strain 7, and 8 is an offset value defining the penalty for leaving viral
strains untargeted. Small values of & will focus the epitope selection toward
maximal coverage of the different viral strains, whereas large values of &
will focus the selection toward epitopes present in most different viral
strains. The value for 8 = 0.001 was determined empirically to achieve
optimal balance between viral coverage and viral promiscuity. Next, the
coverage values are updated accordingly. This procedure is repeated until
the desired number of predicted epitopes has been selected. Using this
algorithm, a total of 174 predicted epitopes were selected (supplementary
table 1).* The final set included an additional 10 epitopes that were known
from the literature as immunogenic CTL epitopes restricted by HLA-A2
(13) or HLA-B57/58 (supplementary table 1). The peptides were synthe-
sized by Cambridge Research Biochemicals (Cleveland, U.K.) on a sub-
microscale in parallel synthesis. Stocks of peptides were dissolved in
DMSO and kept at —70°C at concentrations of 10 mg/ml. Final concen-
trations of 2 ug/ml of each peptide were used in the assays.

Pan-specific prediction of peptide-HLA binding

We predict peptide-HLA binding using the pan-specific NetMHCpan
method that allows for quantitative binding predictions for peptides to all
HLA class I molecules of known sequence (14). The NetMHCpan method
is a data-driven method trained on quantitative peptide primary HLA se-
quence data. In the original publication predictions were limited to HLA-A

+The online version of this article contains supplemental material.
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and HLA-B loci molecules. Here, we extend the method to also include the
HLA-C loci.

Immunological measurement

PBMC were isolated by Ficoll gradient centrifugation and stored in liquid
nitrogen until used. The frozen PBMC were gently thawed, washed, and
resuspended in RPMI 1640 Glutamax (Invitrogen Life Technologies) con-
taining 10% FCS and 0.1 U/ml penicillin and 0.1 pg/ml streptomycin at a
concentration of 1-2 X 10° cells/ml. The cell concentration and the via-
bility were evaluated using a Nucleocounter (ChemoMetec) based on a
fluorescence microscope counting propidium iodide-labeled cell nuclei and
analyzed by the software Nucleo View. The cell viability was above 88%,
with a mean of 93%.

The production of IFN-y by Ag-specific T cells was detected using the
ELISPOT assay (15). Flat-bottom 96-well Multiscreen IP plates
(MSIP4510; Millipore) were activated by adding 15 ul 35% EtOH per well
during 1 min, washed four times in PBS, and coated with an anti-IFN-y
mADb, 1-DIK (Mabtech), 5 ug/ml, at 4°C for 4 h. The plates were washed
four times in PBS. The PBMCs were plated in duplicate at a concentration
of 1-2 X 10° cells/well along with peptides at a final concentration of 2
ug/ml per peptide, and incubated at 37°C for 16 h. As a negative control,
cells were incubated with medium only to determine the background re-
sponses for each patient. The HIV-Gag p55 peptide pool (BD Biosciences)
was included as a control of the HIV-1-specific response, and a CMV,
EBYV, and Flu (CEF) control peptide pool (National Institutes of Health,
Germantown, MD) as well as staphylococcal enterotoxin B (SEB; Sigma-
Aldrich) were added as positive controls. The plates were washed and
incubated with a biotinylated anti-IFN-y mAb, 7-B6-1 (Mabtech), 1 pug/ml,
for 1 h at 37°C. The wells were washed, and alkaline phosphatase-conju-
gated streptavidin (Jackson ImmunoResearch Laboratories) was added and
the plate incubated in room temperature for 1 h in dark. Before adding the
substrate, the plate soaked for 1 h in PBS with 0.1% Tween 20 (Sigma-
Aldrich) to decrease background signal. The plates were developed by a
20-min incubation with the substrate Vector Blue Alkaline Phosphatase
Substrate kit IIT (SK-5300; Vector Laboratories), and the spot-forming
units (SFU) (3) were counted by computer-assisted image analysis using
the software KS ELISPOT 4.9 and an Axioplan 2, Imaging system 2 mi-
croscope (Carl Zeiss). The net number of SFU per million PBMC was
calculated as follows: (number of spots against relevant peptide) — (num-
ber of spots against medium only) X (10° ™ concentration of cells in the
well).

To establish background responses in our ELISPOT assay against the
HIV-1 peptides, we analyzed PBMC samples from eight healthy volun-
teers. The background response induced by medium alone was low with a
median of 64 SFU per million PBMC (interquartile range (IQR): 37-82).
Neither of the peptide pools induced responses in any of the eight HIV-
negative donors (median 70, IQR: 43-116 SFU/million cells). Likewise,
the background response in our 31 HIV-I-infected study subjects against
medium alone was generally low (median: 36, IQR: 22—72 SFU/million
PBMC). A sample was considered positive when the responses were at
least three times the experimental background and above 80 SFU/million
PBMC. Also, due to limitations in detecting >400 SFU per well, the max-
imum response in the assay was 2000 SFU/million PBMC. All study sub-
jects had detectable CTL responses against the control Ag SEB (supple-
mentary table 1).

HIV-1 sequencing and phylogenetic analysis

HIV-1 RNA was extracted from 200 wl plasma using the QIAamp
MinElute Virus Spin kit (Qiagen). Extracted viral RNA was eluted in 30 ul
of sterile water with the addition of 1 ul RNase inhibitor (Promega). To
increase the viral copy numbers in patient samples with low viral load
(<10.000 HIV-1 RNA copies/ml); virus was extracted from 1 ml of
plasma.

cDNA synthesis was performed using the SuperScript III RT kit (In-
vitrogen Life Technologies) with gene-specific primer 5'-TGC TGT CAT
CAT TTC TTC TAR TGT-3" (HXB2 nt position 1836—1813) (0.15 uM),
and oligo deoxythymine (oligo dT) (0.15 uM). Our primers were selected
to amplify the HIV-1 Gag p17 region (HXB2 nt position 790-1431), using
a nested PCR (13). Excess primers, nucleotides, and enzymes were re-
moved using the GFX PCR DNA and Gel Band Purification kit (GE
Healthcare).

The sequencing reaction was conducted using the BigDye Terminatior
version 3.1 Cycle Sequencing kit (Applied Biosystems), purified through
Sephadex G-50 (GE Healthcare) in an Multi Screen-HV plate (Millipore),
and detected in the ABI Prism 3130x] Genetic Analyzer (Applied Biosys-
tems). Sequences were imported and manually edited using Sequencher
software (Gene Codes). For the phylogenetic analysis, sequences were
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aligned with reference sequences for each subtype obtained from the HIV
Sequence database (www.cbs.dtu.dk/services/NetCTL) using BioEdit
(Citeline). Phylogenetic trees were constructed using the software
MEGA3.1 (Center for Evolutionary Functional Genomics, The Biodesign
Institute, Tempe, AZ). The sequences have been submitted to GenBank
(GenBank accession numbers: EU300947-EU300975).

HLA genotyping

Isolation of genomic DNA from patient PBMC samples was performed
using the Qiagen EZ1 BioRobot. PCR was conducted to amplify HLA-A,
-B, -C, genes using gene-specific primers for each HLA gene (16). Fol-
lowing PCR, samples were examined by agarose gel electrophoresis and
purified using Millipore’s Montage PCR96 plates. The purified PCR prod-
ucts were sequenced using an ABI PRISM BigDye Terminator Cycle se-
quencing system and analyzed with ABI Prism 3100 Genetic Analyzer or
3700 Genetic Analyzer. High-resolution class I HLA genotyping was con-
ducted using computer software based on a taxonomy-based sequence
analysis method (17).

Statistical analyses

Statistical analysis and graphical presentations were performed with
GraphPad Prism software. Correlations were calculated using Spearman’s
nonparametric rank test (two-tailed), and comparisons using the Mann-
Whitney nonparametric ¢ test. Analysis with a p value of <0.05 was con-
sidered statistically significant.

Results

PBMC and plasma samples were obtained from 16 men and 15
women who had been HIV-1 infected through different routes. Our
31 study-subjects composed a genetically diverse population orig-
inating from 13 countries, carrying 18 HLA-A alleles, 24 HLA-B
alleles, and 19 HLA-C alleles. They also varied broadly in terms of
age, stage of infection, and treatment history, and were infected by
different HIV-1-subtypes and CRF (Table I). Eleven patients were
infected with subtype B, 5 with subtype Al, 7 with subtype C, 1
with subtype D, 2 with CRF02_AG, two with CRFO1_AE, and 1
with the complex CRF06_cpx (AJGK). A template amplification
and subsequent HIV subtype analysis from plasma was unsuccess-
ful for 2 patients due to low viral loads. The broad genetic back-
ground and distribution of different HIV-1-subtypes made the co-
hort well-suited for this study, aiming at identifying candidate
components in a vaccine and simplify identification of correlates
for an effective immune response in a global perspective.

Prediction of HLA class I supertype-restricted epitopes

To identify broadly immunogenic HIV-1-specific CTL epitopes,
we first used a bioinformatics method (NetCTL) to predict HLA
class I supertype-restricted epitopes. We then selected a number of
predicted epitopes that together constitute a broad overall coverage
among different HIV-1 subtypes using a newly developed algo-
rithm: EpiSelect. A total of 174 predicted and 10 experimentally
verified HLA class I supertype-restricted epitopes located in Gag,
Pol, Env, Nef, and Tat were selected (Table II, and supplementary
table 1). To reach an optimal coverage among subtypes our final
set included 85 variants optimized to reflect variations in 35
epitopes. The HLA-A1, -A2, -A3, -A24, -B7, -B44, and -B58 su-
pertypes were chosen, because they together will give an optimal
coverage in the human population (>98%) independent on ethnic-
ity (8). On average, each of the 322 reference HIV-1 strains (sub-
types A, B, C, D, and CRFO1_AE) used for the prediction was
covered by 54 epitopes (minimum 29). The peptides were col-
lected into 24 pools, with 7—8 peptides per pool, and distributed so
that each HLA class I supertype was represented once or twice.
Two additional pools were added and analyzed separately: one
containing only the immunodominant HLA-A2-restricted epitope
77SLYNTVATL? (SL9), located in the HIV-Gag p17 region, and
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Table 1. Number of predicted HLA supertype-restricted epitopes within
the HIV-regions Gag, Pol, Env, Nef, and Tat"

Gag Pol Env Nef Tat Total:
HLA-A1 8 9 3 4 1 25
HLA-A2 6 10 9 4 1 30
HLA-A3 6 9 6 3 1 25
HLA-A24 6 7 10 1 1 25
HLA-B7 6 8 8 3 0 25
HLA-B44 5 9 8 1 2 25
HLA-B58 11 10 5 2 2 30

“ CTL epitopes restricted to the Al, A2, A3, A24, B7, B44, and B58 HLA class
I supertypes were predicted for the Gag, Pol, Env, Tat, and Nef proteins by using the
NetCTL method. The table shows the location and HLA-supertype restriction of the
185 predicted epitopes.

the other containing five other well-identified immunogenic HLA-
A2-restricted epitopes (Gag-***FLGKIWPSHK**?, Env-'>'KLT-
PLCVTL'*, Env-*"*SLLNATAIAV®***, Nef-**GALDLSHFL®',
and Nef-**AAVDLSHFL").

Immunogenicity of HLA class I supertype-restricted epitopes

Ag-specific CTL responses were determined using PBMCs from
31 HIV-1-infected individuals by detection of IFN-vy production in
the ELISPOT assay (Fig. 1A, and supplementary table 1). All but
one subject tested responded positively to the HIV-pSS control
peptide pool, CEF peptide pool, and against at least one of the
peptide pools containing predicted HLA class 1 supertype-re-
stricted epitopes (including pools A2 and SL9). One patient did not
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FIGURE 1. Identification of HIV-1-specific CTL response. To identify
the specificity of the responses, the production of IFN-y by Ag-specific T
cells was first detected using the ELISPOT assay against pools of peptides
and control Ags (A), and second against the individual peptide within the
pools (B). Most of the study subjects responded to peptides restricted to
several HLA supertypes. The figure shows the results of HIV-specific CTL
responses in patient 13.
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FIGURE 2. Broad CTL responses detected against epitopes restricted
by the seven HLA supertypes. We found HIV-specific CTL responses to-
ward a median of six epitopes per patient (A). The immunogenicity fre-
quency of epitopes restricted by the seven HLA supertypes (i.e., percent of
epitopes recognized in at least one patient) were similar (B).

respond to any of the 184 selected epitopes nor did he show a
positive response against the HIV-p55 control peptide pool, thus
indicating a very low HIV-1-specific CTL reactivity. To identify
the specificity of the responses, the individual peptides from the
pools giving responses were analyzed in a second ELISPOT assay
(Fig. 1B). All study subjects showed a clear HIV-1 specific CTL
response toward one or more peptides within each responding pool
(Fig. 1B, and supplementary table 1). In most patients, broad re-
sponses against several individual epitopes were confirmed; a me-
dian of six epitopes per patient (IQR 4-11) were recognized
(Fig. 2A).

Of the tested 184 HLA class I supertype-restricted epitopes, as
many as 114 (62%) were recognized by at least one study subject,
and 45 were novel epitopes, not previously described in the HIV
Molecular Immunology database (18). Targeted epitopes were
equally distributed among the 7 HLA class I supertypes included
in the study and were not skewed toward a specific HLA class 1
supertype (Fig. 2B). The magnitude of the epitope-specific CTL
responses was generally high with a median response per peptide
of 587 SFU/million PBMC (IQR 319-686) (supplemental table
1). The majority of the predicted HLA supertype-restricted
epitopes in Gag, Pol, Env, and Nef were shown to be immunogenic
in at least one subject (Fig. 3). However, only 3 (38%) of the tested
Tat epitopes induced a HIV-specific CTL response (Fig. 3A).
Overall, the magnitude of the combined responses detected against
HLA class I supertype-restricted epitopes in HIV-Gag (median
732 SFU/million PBMC) was not significantly different to that
detected against the HIV-p55 control peptide pool (median 777
SFU/million PBMC) (p = 0.971, Mann-Whitney ¢ test). Similarly
to the HIV-Gag epitopes, strong responses were detected against
Nef epitopes with a median response of 708 SFU/million PBMC
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FIGURE 3. HLA supertype-restricted CTL responses detected against
the majority of predicted Gag, Pol, Nef, and Env epitopes. Of the predicted
epitopes restricted to the Gag, Pol, Env, Tat, and Nef regions, the Nef
epitopes showed to be highly immunogenic in terms of percent (96%) of
predicted epitopes recognized (A). Each subject responded to the median of
two epitopes located in the HIV-Nef region and one epitope located in the

HIV-Gag, -Pol, and -Env regions (B).

(p = 0.704, Mann-Whitney ¢ test) followed by Pol-specific re-
sponses at a median of 500 SFU/million PBMC (p = 0.236,
Mann-Whitney ¢ test). Although strong responses against Env
epitopes were detected, the median response for all subjects (84
SFU/million PBMC) were significantly lower than against the Gag
epitopes (p = 0.025, Mann-Whitney ¢ test). The epitope-specific
CTL responses detected against Tat was also significantly lower
than against Gag (p < 0.0001, Mann-Whitney ¢ test).
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Cross-clade recognition of highly immunogenic epitopes

We next evaluated the immunogenicity of the 114 HLA class I
supertype-restricted epitopes and identified 21 “elite” epitopes that
induced CTL responses in at least four patients, corresponding to
13% of the study subjects (Fig. 4). Taken together, we found that
90% of the HIV-specific CTL responding study population recog-
nized one or more of these highly immunogenic epitopes. When
comparing the breadth of the response detected in our study sub-
ject toward the number of “elite” epitopes to the response against
the total set of 184 predicted epitopes, we found a strong signifi-
cant correlation (p < 0,001, 2 = 0,760, Spearman rank correla-
tion) (Fig. 5). These results prove that by using a limited set of
optimal epitopes, it is possible to obtain information on specificity,
magnitude, and breadth of individual HIV-specific CTL responses.
The elite epitopes contained seven subtype variants of three
epitopes restricted by HLA-A2 (Nef), -A3 (Nef), and -B7 (Env)
(Fig. 4). In response to HLA-A2-restricted epitopes in Nef
(®*AAVDLSHFL®" and ** GALDLSHFL®"), five subjects infected
with subtypes A, B, and CRF02_AG cross-recognized the two
variants. One subject, infected with a subtype C virus, recognized
the Nef-**GALDLSHFL®" variant only. Similarly, in response to
the B7-Env epitope variants, three subjects infected with subtypes
A, B, and CRFO1_AE showed cross-reactive responses, while one
subject infected with CPX06 and one infected with subtype C rec-
ognized one variant each. In response to the three A3-Nef variants,
we found that patients infected with subtypes A, B, and D, cross-
recognized the 84A¥DLSHFLK92 and 84ALDLSHFLK92 variants,
but not the **AFDLSFFLK®? variant more prevalent in subtypes C
and CRFO1_AE subtype variants of the same epitope (Fig. 4).
To evaluate the ability of cross-clade recognition of the immu-
nogenic epitopes, we conducted a phylogenetic analysis to estab-
lish the infecting viral subtype for each study subject and looked at
the frequency at which the epitope sequence was present in our
reference set of viral strains belonging to a certain subtype. Im-
portantly, most of the 21 “elite” epitopes were recognized by
patients infected with different subtypes, but we found some differ-
ences in cross-subtype recognition (Fig. 4). Four patterns of cross-
subtype recognition were found: 1) fairly conserved epitopes

The subtypes Frequency of the epitope sequence in
of the responders subtype':
A B C D AE

Epitope sequence HLA-
supertype
& protein
region
FIGURE 4. Cross-clade recogni- RVELREMIY Al Nek
tion of HLA supertype-restricted LTDTTNQKT 4=l
elite epitopes. A total of 21 of the KIQNFRVYY Al-Pol
HLA supertype-restricted epitopes FLGKIWPSHK A2-Gag
were highly immunogenic and in- SLYNTVATL A2-Gag .
duced a CTL response in at least four GALDLSHFL  A2-Nef, var. 1°
subjects. Shown is the subtype the re- AAVDLSHFL  A2-Nef, var.2
sponding subjects were infected with ILKEPVHGV A2-Pol
and at which frequency the epitope QLTEAVQKI  A2-Pol
sequence is found among the HIV-1 AVDLSHFLK A3-Nef, var. 1
subtype reference strains. 1, The ALDLSHFLK A3-Nef, var. 2
color represents the frequencies of AFDLSFFLK  A3-Nef, var. 3
the exact epitopes sequence in the WYIKIFIII A24-Env
different subtypes; white: 0%, light HYMLKHLVW  A24-Gag
grey: 1-24%, dark grey: 25-49%, IPRRIRQGL B7-Env, var |
and black: =50%. 2,.Subtype vari- IPRRIRQGF B7-Env, var 2
ants of the same epitope; nd, not HPVHAGEVA B7-Gag
determined. RALGPGATL B7-Gag
TPQDLNTML B7-Pol
SPAIFQSSM B7-Pol
QEILDLWVY B44-Nef

B, B, C. D, AE, nd
B.B.B.C.C. AE

B, D, AE, nd
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FIGURE 5. The breadth of responses detected against the 21 elite
epitopes correlated significantly with the total breadth of responses. There
was a significant correlation between the response to the 21 elite peptides
and the entire set of 184 tested epitopes, suggesting that the elite peptides
can be used as a tool to measure the breadth, magnitude, and functional
characteristics of CTL responses against epitopes located in different HIV
regions.

among all tested subtypes were recognized by patients infected
with several different subtypes (e.g., Al-Nef *QVPLRPMTY?®"),
2) the epitope sequence was not frequently found in the reference
subtype strains but was still recognized in some patients infected
by several different subtypes (e.g., A24-Env “*°*WYIKIFIII®®®), 3)
epitopes more prevalent in a certain subtype were recognized in
patients infected with several different subtypes (e.g., B7-Env
843IPRRIRQGF®*"), and 4) highly subtype-specific sequences and
responses were seen against some epitopes indicating the inability
of cross-clade recognition or presentation (e.g., A2-Pol
4SULKEPVHGV*7?). Overall, our results are very promising as
the majority of the highly immunogenic epitopes were recognized
in individuals infected with a broad range of HIV-1 subtypes.
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Identification of a limited set of HLA-restricted epitopes for
optimal coverage

As described above, the EpiSelect algorithm was first used to se-
lect a set of predicted epitopes that gave a good coverage of a large
set of HIV-1 strains. After obtaining the immunogenicity data for
the predicted epitopes in each of the patients in the study, we again
used the algorithm; this time to select the epitopes that gave the
best coverage of the patients in terms of experimentally verified
immunogenicity. Fig. 6 shows the 20 first peptides selected by
EpiSelect and the cumulative number of responses they gave rise
to in each of the 31 patients in the study. The figure shows that a
set of only nine peptides can cover 30 of 31 (96%) of the patients.

HLA type and responses to predicted HLA supertype-restricted
epitopes

The majority of subjects with multiple responses recognized
epitopes predicted to bind to several HLA class I supertypes. To
evaluate how well the predicted epitope restriction explained re-
sponses detected in our study subjects, we successfully obtained
high-resolution HLA typing results from 26 subjects (Table I). In
total, our subjects recognized 225 epitopes of which 149 (66%)
could be explained by the donor HLA allele belonging to the pre-
dicted HLA supertype. Next, we extended the analysis beyond the
supertypes and investigated whether the recognized epitopes could
be explained directly in terms of restriction to one of the donor
HLA class I alleles. We predicted the rank of the epitope in the
source protein using the pan-specific NetMHCpan prediction
method (14) for the six HLA class I alleles of the donor. If the
restriction allele could place the epitope within the top 10% we say
we can successfully explain the epitope, if not that we have failed.
By using this method, we can explain 85% of the identified 9-mer
epitopes from the HLA types. These results show that by using
bioinformatic tools, we have successfully been able to predict, and
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FIGURE 6. The top 20 peptides selected by the EpiSelect algorithm to provide optimal coverage in terms of immunogenicity. From fop to bottom, the
rows indicate the order in which the peptides were selected. The columns 1-4 give the number, sequence, HLA supertype restriction, and HIV proteins
sequence, respectively, for each peptide. The columns 5-34 each correspond to one of the patients in the study. Each row gives, for each patient, the
accumulative number of peptides that are immunogenic in each of the patients.
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most importantly detect, broadly immunogenic HLA class I-re-
stricted CTL responses.

Discussion

The HLA alleles have the highest diversity of all human genes and
allow cellular immune responses in different persons to be directed
against different epitopes. They are responsible for the wide vari-
ety of T cell epitopes in HIV-1 and also determine the specificity
and repertoire of the CTL response. In addition to the genetic
differences of the host, the high evolutionary rate of HIV-1, influ-
enced by changes in the environmental selection pressures, greatly
influences the efficacy and specificity of HIV-specific CTL re-
sponses. Together, the genetic variation of the host and the virus
constitute major obstacles for obtaining and evaluating the potency
of HIV-specific CTL responses. We developed and used an algo-
rithm capable of selecting epitopes that together constitute a broad
coverage of the different HIV-1 strains. In a highly diverse group
of patients infected with different HIV-1 subtypes we have suc-
cessfully identified a limited set of highly immunogenic epitopes,
inducing cross-clade HIV-specific CTL responses.

In this study, we applied a novel algorithm, EpiSelect, to select
HLA class I supertype-restricted epitopes in HIV-Gag, Pol, Env,
Nef, and Tat to reach a wide-ranging coverage among different
HIV-1 subtypes. The set of HLA class I supertype-restricted
epitopes were predicted using a program combining predictions of
HLA-I binding, TAP transport, and proteasomal cleavage (12), a
proven method for screening for immunogenic HLA class I re-
stricted CTL epitopes in viral infections and of potential utility as
candidates of virus diagnostics and vaccines (19). Using this ap-
proach, we were able to detect epitope-specific CTL responses in
30 of 31 subjects, showing an HIV-specific immune response
against the majority of the 184 predicted or experimentally iden-
tified epitopes, of which 39% are novel epitopes. By obtaining
high resolution HLA typing, we could confirm that 66% of the
responses could be attributed a HLA allele belonging to a certain
HLA supertype. In addition, a total 85% of the detected epitope-
specific T cell responses could be explained by the predicted bind-
ing of the epitope to one of the donors HLA allele. Our results
support a recent finding that HLA supertypes often provide an
oversimplification of the HLA specificity space (20). However,
and more importantly, we demonstrate that the observed epitope
promiscuity is indeed a direct result of overlapping HLA specific-
ities and that these overlaps are predictable using advanced bioin-
formatical methods for pan-specific HLA-peptide binding. Longi-
tudinal studies will have to be performed to evaluate the efficacy of
individual responses. The design of a vaccine candidate (protein or
DNA) which facilitates processing and presentation of such
epitopes from full-length regions, would increase the probability of
eliciting CTL responses in a global setting, especially because the
genetic background of the population might be an important factor
for vaccine efficacy.

The efficacy of an HIV-specific CTL response is dependent on
the intricate kinetics between viral evolution causing immune es-
cape, the fitness cost of the mutation, and recognition of escape
variants. Recently, Fernandez et al. (21) showed that moderate
levels of vaccine-induced wild-type specific CTLs capable of kill-
ing transiently reverting virus-infected cells, after infection with an
escape mutant, were more beneficial in terms of control of viremia
than the fitness cost induced by the escape mutant. Complete main-
tenance of escape virus seen in subjects with high-level immuno-
dominant T cell responses against the wild-type epitope did not
result in improved virological control, pointing out that vaccines
inducing broad subdominant responses may be more beneficial
(21, 22). Lately, studies have shown that a broad cross-recognition

BROADLY REACTIVE HIV-1 SPECIFIC CTL RESPONSES

is associated with a slower disease progression and a better control
of the virus (6, 7). Also, the high mutation rate of HIV-1 makes it
impossible to identify CTL epitopes that are conserved among all
subtypes, which is why the identification of cross-reactive be-
tween-clade T cell responses would be important to achieve in
vaccine models (23, 24). In our study, we successfully identified
several broadly immunogenic elite epitopes, including six with
sequence variants recognized in a diverse patient population,
which constitute promising candidates for vaccine-induced cellular
immune responses. Immunogenicity analysis of the variant
epitopes tested in this study show that three (A2-Nef, A3-Nef, and
B7-Env) were cross-recognized by responding subjects infected
with different subtypes. However, while two of three A3-Nef vari-
ants (AVDLSHFLK and ALDLSHFLK) were cross-recognized by
HLA-A3-positive subjects infected with subtypes A, B, and D vi-
rus, the third variant (AFDLSFFLK) was not. The AFDLSFFLK
variant is predominant in viral strains of subtypes C and
CRFO1_AE, and four of the six responding subjects recognizing
this variant were infected with exactly these subtype variants of the
same epitope. The differential targeting of the A3-Nef AFDLSE-
FLK variant indicates that this epitope sequence is presented, but
that the differences may alter the TCR contact in such way, that
another T cell repertoire is needed for recognition. Alternatively,
this epitope is not efficiently presented by the same HLA alleles as
the two other variants, and is thus not recognized by the same
subjects (5). This notion is supported by that only 50% of subjects
recognizing this epitope variant were HLA-A3 positive. Three ad-
ditional broadly immunogenic epitopes (A24-Env WYIKIFIII,
A24-Gag HYMLKHLVW, and B7-Pol SPAIFQSSM) had subtype
variants that were cross-recognized by less than half of the re-
sponding subjects. Additional in-depth functional studies will have
to be conducted to rule out whether these changes hampered bind-
ing to the HLA class I, or prohibited recognition by the TCR of the
responding T cell population. Together, our results emphasize the
complex interaction between the responding TCR repertoire and the
configuration of the HLA-peptide complex, because some epitope
variants are efficiently targeted by responding T cells, while others are
not (13, 25-27). Our results are nonetheless promising as they show
that many HLA class I supertype-restricted epitopes are recognized in
subjects infected with different subtypes. Some of these epitopes are
present at a low frequency in most subtypes, while some were more
conserved between the subtypes.

In line with the results obtained in different cohorts of clade B-
and C-infected subjects using overlapping peptides, we found a
hierarchical targeting of our selected set of HLA class I supertype-
restricted epitopes in Gag, Nef, Pol, Env, and Tat (28-33), listed
in order of immunogenicity. Almost all of the studied Nef-epitopes
were recognized in at least one patient. The identification of Nef
epitopes to be stimulated by a preventive HIV vaccine may be of
particular interest, as the HIV-Nef region has been shown to be
preferentially targeted in primary HIV-1 infection (34, 35). Also,
obtaining Gag-specific T cell responses is highly relevant as the
breadth of HIV-Gag-specific T cell responses has lately been as-
sociated with lower viral loads in subjects infected with subtype B
or C virus (30, 32, 36—40). Although Env, due to its high vari-
ability, is not thought to be an optimal T cell Ag, we have iden-
tified at least two cross-clade recognized epitope sequences that
could be used to optimize a future vaccine candidate, especially,
because Env Ag optimization is required for obtaining Ab re-
sponses (41) and is thus likely to be included if both B and T cell
immunity is to be reached. HIV-Pol responses may have been stud-
ied to a lesser extent as a T cell immunogens, although Pol re-
sponses may have important implications. New treatment regimens
have had a dramatic impact on the mortality among HIV patients,
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but resistance to antiretroviral therapy is rapidly emerging during
low adherence or suboptimal therapy (42). As a consequence, the
risk for transmission of resistant HIV variants is a major threat
against the last few years’ success with antiretroviral therapy (42—
46). Importantly, we and others have shown that treatment-medi-
ated selected mutations act as novel epitopes (47-52). Considering
the important role of the cellular immune responses in a durable
control of drug-resistant HIV-1 (53), we suggest that vaccines tar-
geting epitopes in Pol may be important.

Today, the comparison of induced immune responses by differ-
ent vaccine candidates is severely hampered by the limitations of
the commonly used overlapping peptide sets to identify the breadth
and specificity of the response, as they invariably will underesti-
mate or even fail to detect responses against putative autologous
epitopic variants (13, 31, 54, 55). Methods have been developed
for designing polyvalent T cell vaccines based on designing mo-
saic proteins with maximal peptide coverage of protein sequences
(23, 56) or selecting CTL epitopes with maximum coverage (57).
In the study by Fischer et al. (23), sets of one, three, four, or six
mosaic proteins with maximal 9-mer peptide coverage were de-
signed for each of the subtypes B and C, and for the M group.
Here, we have, as suggested earlier, designed polyvalent T cell
vaccines using sets of CTL epitopes with maximum coverage of
the genomic variation of the pathogen (57). We compared our 21
elite epitope sequences to the sets of mosaic proteins and found
that 12, 13, and 13 of the elite epitopes could be found in the
subtypes B and C, and M group sets, respectively, with just one
mosaic protein. Compared with the sets containing six mosaic pro-
teins, the vast majority; 18, 16, and 21, of the 21 elite epitope
sequences could be found in the subtypes B and C, and M group
sets, respectively. The large overlap between the elite epitope set
and the mosaic protein sets suggested by Fischer et al. (23)
strongly supports the notion that sequence conservation is a key
feature in defining broadly reactive T cell epitopes. However, it is
important to stress that the mosaic protein construction is a whole
protein approach that does not consider Ag presentation and pep-
tide immunogenicity. Furthermore, the use of a limited set of
epitopes to evaluate the function and phenotype of specific T cells
is of particular relevance to gain insight into the mechanisms im-
portant for immune control.

Using a very limited set of HLA class I supertype-restricted
epitopes, we have shown that it is possible to detect and evaluate
both the magnitude and breadth of epitope-specific CTL responses
in a genetically diverse population infected with different HIV sub-
types. Our findings are of great relevance for the detection of HIV-
specific CTL responses for the validation of vaccines designed to
generate promiscuous CTL responses with a global coverage and
to simplify the identification of the efficacy of responses restricted
by a multitude of HLA alleles.

Acknowledgments

We thank Dr. Ma Lou and Chris Czarnecki at the Department of Medical
Microbiology (University of Manitoba, Manitoba, Canada), for help with
the high-resolution HLA typing. The CEF Control Peptide Pool was ob-
tained through the Division of AIDS, National Institute of Allergy and
Infectious Diseases, AIDS Research and Reference Reagent Program, Na-
tional Institutes of Health.

Disclosures
The authors have no financial conflict of interest.

References
1. Borrow, P., H. Lewicki, B. H. Hahn, G. M. Shaw, and M. B. Oldstone. 1994.
Virus-specific CD8™ cytotoxic T-lymphocyte activity associated with control of

viremia in primary human immunodeficiency virus type 1 infection. J. Virol. 68:
6103-6110.

20.

21.

22.

5099

. Jin, X., D. E. Bauer, S. E. Tuttleton, S. Lewin, A. Gettie, J. Blanchard,

C. E. Irwin, J. T. Safrit, J. Mittler, L. Weinberger, et al. 1999. Dramatic rise in
plasma viremia after CD8" T cell depletion in simian immunodeficiency virus-
infected macaques. J. Exp. Med. 189: 991-998.

. Koup, R. A, J. T. Safrit, Y. Cao, C. A. Andrews, G. McLeod, W. Borkowsky,

C. Farthing, and D. D. Ho. 1994. Temporal association of cellular immune re-
sponses with the initial control of viremia in primary human immunodeficiency
virus type 1 syndrome. J. Virol. 68: 4650—4655.

. Matano, T., R. Shibata, C. Siemon, M. Connors, H. C. Lane, and M. A. Martin.

1998. Administration of an anti-CD8 monoclonal antibody interferes with the
clearance of chimeric simian/human immunodeficiency virus during primary in-
fections of rhesus macaques. J. Virol. 72: 164-169.

. Masemola, A. M., T. N. Mashishi, G. Khoury, H. Bredell, M. Paximadis,

T. Mathebula, D. Barkhan, A. Puren, E. Vardas, M. Colvin, et al. 2004. Novel and
promiscuous CTL epitopes in conserved regions of Gag targeted by individuals
with early subtype C HIV type 1 infection from southern Africa. J. Immunol. 173:
4607-4617.

. Larke, N., E. J. Im, R. Wagner, C. Williamson, A. L. Williamson,

A. J. McMichael, and T. Hanke. 2007. Combined single-clade candidate HIV-1
vaccines induce T cell responses limited by multiple forms of in vivo immune
interference. Eur. J. Immunol. 37: 566-577.

. Turnbull, E. L., A. R. Lopes, N. A. Jones, D. Cornforth, P. Newton, D. Aldam,

P. Pellegrino, J. Turner, I. Williams, C. M. Wilson, et al. 2006. HIV-1 epitope-
specific CD8™ T cell responses strongly associated with delayed disease progres-
sion cross-recognize epitope variants efficiently. J. Immunol. 176: 6130—6146.

. Sette, A., and J. Sidney. 1999. Nine major HLA class I supertypes account for the

vast preponderance of HLA-A and -B polymorphism. Immunogenetics 50:
201-212.

. Lund, O., M. Nielsen, C. Kesmir, A. G. Petersen, C. Lundegaard, P. Worning,

C. Sylvester-Hvid, K. Lamberth, G. Roder, S. Justesen, et al. 2004. Definition of
supertypes for HLA molecules using clustering of specificity matrices. Immuno-
genetics 55: 797-810.

. Bertoni, R., J. Sidney, P. Fowler, R. W. Chesnut, F. V. Chisari, and A. Sette.

1997. Human histocompatibility leukocyte antigen-binding supermotifs predict
broadly cross-reactive cytotoxic T lymphocyte responses in patients with acute
hepatitis. J. Clin. Invest. 100: 503-513.

. Karlsson, A. C., S. R. Younger, J. N. Martin, Z. Grossman, E. Sinclair,

P. W. Hunt, E. Hagos, D. F. Nixon, and S. G. Deeks. 2004. Immunologic and
virologic evolution during periods of intermittent and persistent low-level vire-
mia. AIDS 18: 981-989.

. Larsen, M. V., C. Lundegaard, K. Lamberth, S. Buus, S. Brunak, O. Lund, and

M. Nielsen. 2005. An integrative approach to CTL epitope prediction: a com-
bined algorithm integrating MHC class I binding, TAP transport efficiency, and
proteasomal cleavage predictions. Eur. J. Immunol. 35: 2295-2303.

. Karlsson, A. C., A. K. Iversen, J. M. Chapman, T. de Oliviera, G. Spotts,

A. J. McMichael, M. P. Davenport, F. M. Hecht, and D. F. Nixon. 2007. Se-
quential broadening of CTL responses in early HIV-1 infection is associated with
viral escape. PLoS ONE 2: e225.

. Nielsen, M., C. Lundegaard, T. Blicher, K. Lamberth, M. Harndahl, S. Justesen,

G. Roder, B. Peters, A. Sette, O. Lund, and S. Buus. 2007. NetMHCpan, a
method for quantitative predictions of peptide binding to any HLA-A and -B
locus protein of known sequence. PLoS ONE 2: €796.

. Karlsson, A. C., J. N. Martin, S. R. Younger, B. M. Bredt, L. Epling,

R. Ronquillo, A. Varma, S. G. Deeks, J. M. McCune, D. F. Nixon, and
E. Sinclair. 2003. Comparison of the ELISPOT and cytokine flow cytometry
assays for the enumeration of antigen-specific T cells. J. Immunol. Methods 283:
141-153.

. Luo, M., J. Embree, S. Ramdahin, J. Ndinya-Achola, S. Njenga, J. B. Bwayo,

S. Pan, X. Mao, M. Cheang, T. Stuart, et al. 2002. HLA-A and HLA-B in Kenya,
Africa: allele frequencies and identification of HLA-B*1567 and HLA-B*4426.
Tissue Antigens 59: 370-380.

. Luo, M., J. Blanchard, Y. Pan, K. Brunham, and R. C. Brunham. 1999. High-

resolution sequence typing of HLA-DQA1 and -DQBI1 exon 2 DNA with tax-
onomy-based sequence analysis (TBSA) allele assignment. Tissue Antigens 54:
69-82.

. Korber, B. T. M., C. Brander, B. F. Haynes, R. Koup, J. P. Moore, B. D. Walker,

and D. I. Watkins. 2005. HIV Molecular Immunology 2005. Los Alamos National
Laboratory, Theoretical Biology and Biophysics, Los Alamos.

. Wang, M., K. Lamberth, M. Harndahl, G. Roder, A. Stryhn, M. V. Larsen,

M. Nielsen, C. Lundegaard, S. T. Tang, M. H. Dziegiel, et al. 2007. CTL epitopes
for influenza A including the H5N1 bird flu; genome-, pathogen-, and HLA-wide
screening. Vaccine 25: 2823-2831.

Frahm, N., K. Yusim, T. J. Suscovich, S. Adams, J. Sidney, P. Hraber,
H. S. Hewitt, C. H. Linde, D. G. Kavanagh, T. Woodberry, et al. 2007. Extensive
HLA class I allele promiscuity among viral CTL epitopes. Eur. J. Immunol. 37:
2419-2433.

Fernandez, C. S., M. Z. Smith, C. J. Batten, R. De Rose, J. C. Reece, E. Rollman,
V. Venturi, M. P. Davenport, and S. J. Kent. 2007. Vaccine-induced T cells
control reversion of AIDS virus immune escape mutants. J. Virol. 81:
4137-4144.

Frahm, N., P. Kiepiela, S. Adams, C. H. Linde, H. S. Hewitt, K. Sango,
M. E. Feeney, M. M. Addo, M. Lichterfeld, M. P. Lahaie, et al. 2006. Control of
human immunodeficiency virus replication by cytotoxic T lymphocytes targeting
subdominant epitopes. Nat. Immunol. 7: 173-178.



5100

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

39.

Fischer, W., S. Perkins, J. Theiler, T. Bhattacharya, K. Yusim, R. Funkhouser,
C. Kuiken, B. Haynes, N. L. Letvin, B. D. Walker, et al. 2007. Polyvalent vac-
cines for optimal coverage of potential T-cell epitopes in global HIV-1 variants.
Nat. Med. 13: 100—106.

Malhotra, U., J. Nolin, J. I. Mullins, and M. J. McElrath. 2007. Comprehensive
epitope analysis of cross-clade Gag-specific T-cell responses in individuals with
early HIV-1 infection in the US epidemic. Vaccine 25: 381-390.

Barouch, D. H., J. Powers, D. M. Truitt, M. G. Kishko, J. C. Arthur, F. W. Peyerl,
M. J. Kuroda, D. A. Gorgone, M. A. Lifton, C. I. Lord, et al. 2005. Dynamic
immune responses maintain cytotoxic T lymphocyte epitope mutations in trans-
mitted simian immunodeficiency virus variants. Nat. Immunol. 6: 247-252.
Iversen, A. K., G. Stewart-Jones, G. H. Learn, N. Christie, C. Sylvester-Hviid,
A. E. Armitage, R. Kaul, T. Beattie, J. K. Lee, Y. Li, et al. 2006. Conflicting
selective forces affect T cell receptor contacts in an immunodominant human
immunodeficiency virus epitope. Nat. Immunol. 7: 179-189.

Meyer-Olson, D., K. W. Brady, M. T. Bartman, K. M. O’Sullivan, B. C. Simons,
J. A. Conrad, C. B. Duncan, S. Lorey, A. Siddique, R. Draenert, et al. 2006.
Fluctuations of functionally distinct CD8* T-cell clonotypes demonstrate flexi-
bility of the HIV-specific TCR repertoire. Blood 107: 2373-2383.

Novitsky, V., H. Cao, N. Rybak, P. Gilbert, M. F. McLane, S. Gaolekwe,
T. Peter, I. Thior, T. Ndung’u, R. Marlink, et al. 2002. Magnitude and frequency
of cytotoxic T-lymphocyte responses: identification of immunodominant regions
of human immunodeficiency virus type 1 subtype C. J. Virol. 76: 10155-10168.
Addo, M. M., X. G. Yu, A. Rathod, D. Cohen, R. L. Eldridge, D. Strick,
M. N. Johnston, C. Corcoran, A. G. Wurcel, C. A. Fitzpatrick, et al. 2003. Com-
prehensive epitope analysis of human immunodeficiency virus type 1 (HIV-1)-
specific T-cell responses directed against the entire expressed HIV-1 genome
demonstrate broadly directed responses, but no correlation to viral load. J. Virol.
77: 2081-2092.

Masemola, A., T. Mashishi, G. Khoury, P. Mohube, P. Mokgotho, E. Vardas,
M. Colvin, L. Zijenah, D. Katzenstein, R. Musonda, et al. 2004. Hierarchical
targeting of subtype C human immunodeficiency virus type 1 proteins by CD8™"
T cells: correlation with viral load. J. Virol. 78: 3233-3243.

Frahm, N., B. T. Korber, C. M. Adams, J. J. Szinger, R. Draenert, M. M. Addo,
M. E. Feeney, K. Yusim, K. Sango, N. V. Brown, et al. 2004. Consistent cyto-
toxic-T-lymphocyte targeting of immunodominant regions in human immunode-
ficiency virus across multiple ethnicities. J. Virol. 78: 2187-2200.

Zuniga, R., A. Lucchetti, P. Galvan, S. Sanchez, C. Sanchez, A. Hernandez,
H. Sanchez, N. Frahm, C. H. Linde, H. S. Hewitt, et al. 2006. Relative dominance
of Gag p24-specific cytotoxic T lymphocytes is associated with human immu-
nodeficiency virus control. J. Virol. 80: 3122-3125.

Bansal, A., E. Gough, S. Sabbaj, D. Ritter, K. Yusim, G. Sfakianos,
G. Aldrovandi, R. A. Kaslow, C. M. Wilson, M. J. Mulligan, et al. 2005. CD8
T-cell responses in early HIV-1 infection are skewed towards high entropy pep-
tides. AIDS 19: 241-250.

Cao, J., J. McNevin, S. Holte, L. Fink, L. Corey, and M. J. McElrath. 2003.
Comprehensive analysis of human immunodeficiency virus type 1 (HIV-1)-spe-
cific vy interferon-secreting CD8 * T cells in primary HIV-1 infection. J. Virol. 77:
6867-6878.

Lichterfeld, M., X. G. Yu, D. Cohen, M. M. Addo, J. Malenfant, B. Perkins,
E. Pae, M. N. Johnston, D. Strick, T. M. Allen, et al. 2004. HIV-1 Nef is pref-
erentially recognized by CD8 T cells in primary HIV-1 infection despite a rela-
tively high degree of genetic diversity. AIDS 18: 1383-1392.

Edwards, B. H., A. Bansal, S. Sabbaj, J. Bakari, M. J. Mulligan, and
P. A. Goepfert. 2002. Magnitude of functional CD8* T-cell responses to the gag
protein of human immunodeficiency virus type 1 correlates inversely with viral
load in plasma. J. Virol. 76: 2298-2305.

. Oxenius, A., D. A. Price, M. Hersberger, E. Schlaepfer, R. Weber, M. Weber,

T. M. Kundig, J. Boni, H. Joller, R. E. Phillips, et al. 2004. HIV-specific cellular
immune response is inversely correlated with disease progression as defined by
decline of CD4" T cells in relation to HIV RNA load. J. Infect. Dis. 189:
1199-1208.

Kiepiela, P., K. Ngumbela, C. Thobakgale, D. Ramduth, I. Honeyborne,
E. Moodley, S. Reddy, C. de Pierres, Z. Mncube, N. Mkhwanazi, et al. 2007.
CD8™ T-cell responses to different HIV proteins have discordant associations
with viral load. Nat. Med. 13: 46-53.

Novitsky, V. A., P. B. Gilbert, K. Shea, M. F. McLane, N. Rybak, I. Klein,
I. Thior, T. Ndung’u, T. H. Lee, and M. E. Essex. 2006. Interactive association
of proviral load and IFN-vy-secreting T cell responses in HIV-1C infection. Vi-
rology 349: 142-155.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

BROADLY REACTIVE HIV-1 SPECIFIC CTL RESPONSES

Geldmacher, C., J. R. Currier, E. Herrmann, A. Haule, E. Kuta, F. McCutchan,
L. Njovu, S. Geis, O. Hoffmann, L. Maboko, et al. 2007. CD8 T-cell recognition
of multiple epitopes within specific Gag regions is associated with maintenance
of a low steady-state viremia in human immunodeficiency virus type 1-seropos-
itive patients. J. Virol. 81: 2440-2448.

Moore, J. P., and D. R. Burton. 2004. Urgently needed: a filter for the HIV-1
vaccine pipeline. Nat. Med. 10: 769-771.

Hirsch, M. S., F. Brun-Vezinet, R. T. D’Aquila, S. M. Hammer, V. A. Johnson,
D. R. Kuritzkes, C. Loveday, J. W. Mellors, B. Clotet, B. Conway, et al. 2000.
Antiretroviral drug resistance testing in adult HIV-1 infection: recommendations
of an International AIDS Society-USA Panel. J. Am. Med. Assoc. 283:
2417-2426.

Little, S. J., S. Holte, J. P. Routy, E. S. Daar, M. Markowitz, A. C. Collier,
R. A. Koup, J. W. Mellors, E. Connick, B. Conway, et al. 2002. Antiretroviral-
drug resistance among patients recently infected with HIV. N. Engl. J. Med. 347:
385-394.

Cohan, D., C. Feakins, D. Wara, A. Petru, I. McNicholl, D. Schillinger, J. Lu,
D. Kuritzkes, and S. G. Deeks. 2005. Perinatal transmission of multidrug-resis-
tant HIV-1 despite viral suppression on an enfuvirtide-based treatment regimen.
AIDS 19: 989-990.

Metzner, K. J., P. Rauch, H. Walter, C. Boesecke, B. Zollner, H. Jessen,
K. Schewe, S. Fenske, H. Gellermann, and H. J. Stellbrink. 2005. Detection of
minor populations of drug-resistant HIV-1 in acute seroconverters. AIDS 19:
1819-1825.

Markowitz, M., H. Mohri, S. Mehandru, A. Shet, L. Berry, R. Kalyanaraman,
A. Kim, C. Chung, P. Jean-Pierre, A. Horowitz, et al. 2005. Infection with mul-
tidrug resistant, dual-tropic HIV-1 and rapid progression to AIDS: a case report.
Lancet 365: 1031-1038.

Samri, A., G. Haas, J. Duntze, J. M. Bouley, V. Calvez, C. Katlama, and
B. Autran. 2000. Immunogenicity of mutations induced by nucleoside reverse
transcriptase inhibitors for human immunodeficiency virus type 1-specific cyto-
toxic T cells. J. Virol. 74: 9306-9312.

Schmitt, M., E. Harrer, A. Goldwich, M. Bauerle, I. Graedner, J. R. Kalden, and
T. Harrer. 2000. Specific recognition of lamivudine-resistant HIV-1 by cytotoxic
T lymphocytes. AIDS 14: 653—658.

Karlsson, A. C., S. G. Deeks, J. D. Barbour, B. D. Heiken, S. R. Younger, R. Hoh,
M. Lane, M. Sallberg, G. M. Ortiz, J. F. Demarest, et al. 2003. Dual pressure from
antiretroviral therapy and cell-mediated immune response on the human immu-
nodeficiency virus type 1 protease gene. J. Virol. 77: 6743-6752.

Mason, R. D., M. I. Bowmer, C. M. Howley, M. Gallant, J. C. Myers, and
M. D. Grant. 2004. Antiretroviral drug resistance mutations sustain or enhance
CTL recognition of common HIV-1 Pol epitopes. J. Immunol. 172: 7212-7219.
Stratov, I, C. J. Dale, S. Chea, J. McCluskey, and S. J. Kent. 2005. Induction of
T-cell immunity to antiretroviral drug-resistant human immunodeficiency virus
type 1. J. Virol. 79: 7728 -7737.

Mueller, S. M., B. Schaetz, K. Eismann, S. Bergmann, M. Bauerle,
M. Schmitt-Haendle, H. Walter, B. Schmidt, K. Korn, H. Sticht, et al. 2007. Dual
selection pressure by drugs and HLA class I-restricted immune responses on
human immunodeficiency virus type 1 protease. J. Virol. 81: 2887-2898.

Emu, B., E. Sinclair, D. Favre, W. J. Moretto, P. Hsue, R. Hoh, J. N. Martin,
D. F. Nixon, J. M. McCune, and S. G. Deeks. 2005. Phenotypic, functional, and
kinetic parameters associated with apparent T-cell control of human immunode-
ficiency virus replication in individuals with and without antiretroviral treatment.
J. Virol. 79: 14169-14178.

Currier, J. R., U. Visawapoka, S. Tovanabutra, C. J. Mason, D. L. Birx,
F. E. McCutchan, and J. H. Cox. 2006. CTL epitope distribution patterns in the
Gag and Nef proteins of HIV-1 from subtype A infected subjects in Kenya: use
of multiple peptide sets increases the detectable breadth of the CTL response.
BMC Immunol. 7: 8.

Altfeld, M., M. M. Addo, R. Shankarappa, P. K. Lee, T. M. Allen, X. G. Yu,
A. Rathod, J. Harlow, K. O’Sullivan, M. N. Johnston, et al. 2003. Enhanced
detection of human immunodeficiency virus type 1-specific T-cell responses to
highly variable regions by using peptides based on autologous virus sequences.
J. Virol. 77: 7330-7340.

Fischer, W., J. Theiler, T. Bhattacharya, K. Yusim, R. Funkhouser, C. Kuiken,
B. Haynes, N. Letvin, B. Walker, B. Hahn, and B. Korber. 2006. Designing
Polyvalent T-Cell Vaccines to Address Global HIV-1 Diversity. In Keystone
Symposia, Keystone Resort, Keystone, CO March 26-April 2, 2006.

Larsen, M. V., M. Nielsen, A. C. Karlsson, and O. Lund. 2006. Using a Bioin-
formatic Approach in the Generation of a Set of CTL Epitopes with Maximum
HIV-1 Coverage. In Keystone Symposia, Keystone Resort, Keystone, CO.



