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Abstract

Background: HIV-1-infected individuals who spontaneously control viral replication represent an example of successful
containment of the AIDS virus. Understanding the anti-viral immune responses in these individuals may help in vaccine
design. However, immune responses against HIV-1 are normally analyzed using HIV-1 consensus B 15-mers that overlap by
11 amino acids. Unfortunately, this method may underestimate the real breadth of the cellular immune responses against
the autologous sequence of the infecting virus.

Methodology and Principal Findings: Here we compared cellular immune responses against nef and vif-encoded
consensus B 15-mer peptides to responses against HLA class I-predicted minimal optimal epitopes from consensus B and
autologous sequences in six patients who have controlled HIV-1 replication. Interestingly, our analysis revealed that three of
our patients had broader cellular immune responses against HLA class |-predicted minimal optimal epitopes from either
autologous viruses or from the HIV-1 consensus B sequence, when compared to responses against the 15-mer HIV-1 type B
consensus peptides.

Conclusion and Significance: This suggests that the cellular immune responses against HIV-1 in controller patients may be
broader than we had previously anticipated.
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Introduction

The majority of HIV-1-infected patients progresses to AIDS
within 10 to 15 years of infection if they are not treated with
antiretroviral drugs. Interestingly, a rare group of individuals
remains asymptomatic and has plasma viral loads at low or even
undetectable levels. They also maintain high CD4+ T cell counts
[1,2,3,4]. The complete understanding of why they are able to
control viral replication remains elusive. Several studies have
demonstrated that some individuals have been infected by
replication-incompetent viruses, which have unusual polymor-
phisms in nef [5,6], vpr [7], and other genes [8]. Vigorous CD4+
[9] and CD8+ T cell [10] responses against the virus have also
been detected in some controllers. These immune responses are
thought to be pivotal in the beneficial outcome and may be
actively containing viral replication [11,12].
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Two early studies have suggested that the HIV-1-specific
cytotoxic T lymphocyte (CTL)-mediated response is a major
component associated with the control of replication following
primary infection [13,14]. These studies have shown that
reduction in HIV-1 viremia during acute infection is associated
with the appearance of HIV-1-specific CD8+ T’ lymphocytes and
that the absence of such responses is associated with prolonged
symptoms, persistent viremia and antigenemia, and a low CD4+ T
cell count. Some HLA alleles, including HLA-B*57 and HILA-
B*27, are consistently overrepresented in controllers [15,16],
further suggesting an important role of HLA class-I-restricted
CD8+ T cells in these individuals [17].

To characterize CD8+ T cell responses in controllers, peptide
scans with HIV-1 consensus B overlapping 15-mer peptides
encompassing the viral proteome have been performed [18,19,20].
Unfortunately, this method may underestimate the real breadth of
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the cellular immune responses against the autologous sequence of
the infecting virus, since CD8+ T cells recognize epitopes of eight
to 11 amino acids in length and the infecting virus sequence is
usually significantly different from consensus sequences.

Vif- and Nef-specific CTLs were shown to emerge in elite
controller SIV-infected rhesus monkeys after CD8 antibody-
mediated depletion and to be actively involved in the control of
SIViac239 replication [21]. There is extensive amino acid
conservation in the Vif sequences, suggesting functional con-
straints. Indeed, an HIV-1 mutagenesis study demonstrated that
Vif mutants exhibited 25% reduction in a single round of
infectivity [22]. Furthermore, Vif is enriched for otherwise rare
tryptophans, which often are primary binding anchor residues of
several MHC class I molecules, including those associated with
slow progression to AIDS [15,23,24]. Therefore, boosting CTL
responses against Vif and Nef may be an especially potent
mechanism of viral suppression and these proteins may have
epitopes important for vaccine-induced immunity. Peptide scans of
CD8+ T cell-mediated immune responses throughout the Vif
consensus B sequence have already been performed identifying 18
epitopes, restricted by five HLA-A and nine HLA-B molecules
[25].

Here, we compared cellular immune responses against z¢f and
nef~encoded consensus B 15-mer peptides to responses against
HLA class I-predicted minimal optimal epitopes from consensus B
and autologous sequences in six patients who have controlled
HIV-1 replication without undergoing antiretroviral therapy.
Interestingly, this analysis revealed that three of our patients had
broader cellular immune responses against the minimal optimal
epitopes than against the 15-mer HIV-1 type B consensus peptide
set in ELISPOT-IFN-y assays. This peptide predicting approach
was more sensitive than conventional assays using consensus B
peptides and suggests that the cellular immune responses against
HIV-1 epitopes may be broader than had been previously
anticipated.

Methods

Ethics Statement

Informed written consent was obtained from all the patients and
the study was approved by the Ethics Committees of the Federal
University of Sao Paulo [# 0041/08], University of Sao Paulo [#
4537], and by the Comissio Nacional de Etica em Pesquisa [#
14781].

Subjects

Blood samples were collected from six male subjects participat-
ing in our cohort of recently HIV-1 infected patients [26]. Patients
were considered as recently HIV-1-infected when at least one
positive HIV-1 ELISA test was confirmed with a Western Blot
assay, but was negative using the less sensitive HIV-1 ELISA test
Vironostika HIV-1 micro-ELISA system, BioMérieux, Durham,
NC. The six patients were classified as controllers of viral
replication since most of their plasma HIV-1 RNA loads were
below 1,000 copies/mL without antiretroviral therapy.

CD4+ T cell counts and Viral Load (VL) quantification
Peripheral blood absolute CD4+ T cell counts were assessed
using the BD Tritest anti-CD4-FITC/anti-CD8-PE/anti-CD3-
PerCP monoclonal antibody (mAb) cocktail and BD TruCount
Tubes (BD Biosciences, San Diego, CA), according to the
manufacturer’s instruction, using a FACSCalibur flow cytometer
(BD Biosciences). Plasma HIV-1-RNA was quantified by a
standardized reverse transcriptase PCR assay (Amplicor HIV-1
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Monitor; Roche Diagnostic Systems, Indianapolis, IN) until
January 2007, and subsequently replaced by the branched DNA
assay (Versant® - bDNA HIV-1 RNA 3.0 ASSAY, Bayer Health
Care LLC Tarrytown, NY).

HLA class | typing

Subjects were typed with intermediate resolution for major
histocompatibility complex (MHC) class I antigen expression using
sequence-specific primer PCR kits (Pel-Freez SSP UniTray;
Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions.

HIV-1 vif and nef sequencing

The full-length HIV-1 proviral genome was amplified by
nested-PCR in five overlapping fragments of 1.8 to 3.0 kb each
and sequenced on an automated sequencer (ABI 3130; Applied
Biosystems Inc., Foster City, CA) as previously described [27]. The
data from sequenced fragments were edited and assembled into
contiguous sequence by the Sequencher program 4.0 (Gene Code
Corp., Ann Arbor, MI). The vf and nef sequences were aligned
with the references using the ClustalX 1.81 program, and further
hand edited [28]. Phylogenetic trees were created by the
maximum likelihood (ML) methods implemented in the program
PHYML [29] using the GTR+I+G substitution model and a
BION]J starting tree. A heuristic search for likelihood was
performed using the SPR branch-swapping algorithm. Divergence
of amino acid substitutions per site within the Vif and Nef
sequences was calculated using the Poisson correction method in
Mega version 4.0 software.

HLA class I-restricted epitope prediction and synthesis

We utilized a consensus prediction approach [30], based on the
use of several available prediction methods including ARB
(average relative binding), SMM (stabilized matrix method) and
ANN (artificial neural network) algorithms available through the
IEDB (Immune Epitope Database). We also utilized some matrix
methods available at NetMHC, and our own PSCL (positional
scanning combinatorial library) matrices. ARB, SMM, and ANN
predict the quantitative binding affinity. The ANN is a nonlinear
model, and ARB and SMM generate scoring matrices [31,32].
The HIV-1 Vif and Nef consensus B and the autologous amino
acid sequences were scanned to identify potential HLA class 1
binding peptides between nine and 10 residues in length. All
possible peptides were scored and ranked for each allele in the
donor population using corresponding algorithms. When more
than one method was available for a specific allele, the peptides
were ranked on the basis of the median score. When an algorithm
was not available for a specific allele, predictions were based on an
algorithm for another allele in the same allele family, or an allele
within the same HLA super type. Candidate peptide sequences
ranked in the top 2.5% for each allele were chosen for synthesis.
The peptides were then synthesized as crude material. Lyophilized
material was resuspended at 20 mg/mL in 100% dimethyl
sulfoxide (DMSO) and then diluted to required concentrations
in 100% DMSO.

Interferon gamma (IFN-y) enzyme-linked immunospot
(ELISPQT) assay

Two sets of ELISPOT assays were carried out. In the first set,
15-mer peptides overlapping by 11 amino acids corresponding to
HIV-1 consensus B Vif and Nef (NIH AIDS Research and
Reagent Program, Rockville, MD) were used at a final
concentration of 10 pg/mL. In the second set of ELISPOT
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assays, HLA class I-restricted Vif and Nef peptides of nine or 10
amino acids in length (predicted as described above) were used at
the same concentration. For each patient, the number of HLA-
restricted peptides tested ranged from 70 to 110. Out of these
peptides, some were consensus B-based and others were
autologous sequences-based (See supporting information Table
S1: Number of peptides tested for each patient in the ELISPOT
assays). Briefly, 96-well flat-bottomed nitrocellulose plates (Multi-
screen, Millipore, Bedford, MA) were coated with 0.5 pg of anti-
IFN-y mAb (Mabtech, Nacka, Sweden) for a 1 h incubation at
4°C. Plates were washed three times with 1xPBS and then 1x10°
PBMC resuspended in RPMI 1640 supplemented with penicillin,
streptomycin, and 10% fetal bovine serum (R10) were added to
the wells. The R10 also contained each Vif or Nef peptide,
Concanavalin-A (positive control), or only 2.0 pL of 100% DMSO
with no peptide (negative control). Plates were incubated for 16 h
at 37°C in 5% COs,, after which the cells were discarded. After
washing the plates five times with 1xPBST (1xPBS containing
0.05% Tween 20), 0.05 ug of biotinylated anti-IFN-y mAb
(Mabtech) was added and the plates were incubated for further
2 h at room temperature. Following additional five washes with
IxPBST, 0.07 pg per well of alkaline phosphatase (Vector
Laboratories Inc., Burlingane, CA) in 50 uL. of 1xPBS were
added for 1 h at room temperature. After another set of five
washes with 1xPBST, 50 uL of BCIP/NBT (5-Bromo-4-Chloro-3-
Indolyl Phosphate/Nitro Blue Tetrazolium) substrate solution
(Sigma-Aldrich, St Louis, MO) per well were added, and the plates
were developed for about 30 min. Spots were counted using either
an automated stereomicroscope (KS ELISPOT, Zeiss, Oberko-
chem, Germany) or AID reader (AID, Germany). HIV-1-specific
responses were reported as the number of spot-forming units
(SFU)/1x10° PBMC after subtraction of the background IFN-y
secretion. A response was considered positive if the number of
SFU exceeded 55 SFU/1x10° cells and was at least four-times the
level of the wells with no peptide [33] (See supporting information
Figure S1: ELISPOT assays using 15-mer consensus B peptides
and HLA-restricted minimal optimal peptides).

Results

In the present study, we examined cellular immune responses in
six HIV-1-infected subjects who controlled viral replication. All of
them had documented infection for at least three years, with a
mean duration of four years. We used ELISPOT-IFN-y assays
with 15-mers overlapping by 11 amino acids encompassing the
entire length of the Vif and Nef consensus B sequences and HLA
class I-restricted minimal optimal Vif- and Nef-epitopes synthe-
sized from consensus B and autologous virus sequences.

Table 1. HLA type and clinical characteristics of study patients.

Immunity in HIV Controllers

CD4+ T cell counts and VL quantification

The six controller patients were infected through unprotected
homosexual activity and have been followed-up since diagnosis in
the early stage of the infection. HIV-1 RNA levels in the plasma
and peripheral CD4+ T cell counts were determined approxi-
mately every three months for at least 1,200 days. The majority of
VL quantifications was below 1,000 copies/mL for all the patients
and the mean CD4+ T cell count was 642 cells/uL varying from
353 to 1097 cells/pL (Table 1). Only two individuals (1068 and
1022) had occasional viral loads above 2,000 copies/mL during
their more recent follow-up. Patient 1098 had occasional viral
loads above 1,000 copies/mL. Patients 1073, 1103, and 2017
presented all viral loads below the detection limits (Supporting
information Figure S2: Viral load in the controller patients). No
patient was homozygous for the CCR5A32 polymorphism, and
only patient 1068 was heterozygous for this deletion. We also
looked for active GBV-C infection in our patients, and none of
them tested positive for virus RNA.

The HLA-B*57 allele was overrepresented in subjects who

controlled viral replication

We typed 157 individuals from our cohort of HIV-1 recently
infected patients for their HLA class I alleles. Among the six
controllers, three out of them were positive for the HLA-B*57
allele (Table 1), which has been associated with restriction of HIV-
1 replication [1,15]. The overall frequency of individuals positive
for the HLA-B*57 allele in the entire cohort was 5% (eight out of
157 patients).

Characterization of the HIV-1 genome and genetic
diversity

Phylogenetic analysis of the nucleotide sequences of vif and nef
regions showed that all six controller patients were infected with
subtype B strains. The segregation patterns of vif'and nef sequences
were randomly distributed among subtype B reference sequences
and other non-controller patients’ sequences without apparent
clustering (Figure 1). All of the controller patients had an intact
genomic organization with open reading frames. No gross
insertion or deletion was observed in both v/ and ne¢f regions. In
our six controller patients, the HIV-1 uvf and nef autologous
sequences differed from the HIV-1 consensus B sequences by an
average value of 15.1% and 13.6%, respectively. The overall mean
amino acid distances of the six controllers’ sequences compared to
consensus B sequences from the reported positive Vif and Nef
epitopes were 19.4% (range; 9.7%-28.3%), and 18.1% (range;
10.8%-25.4%), respectively.

Highest VL CD4+ T cell count Follow-up
Patient ID HLA (copies/mL) range (cells/uL) (days)
A locus alleles B locus alleles
1022 02 02 14 52 2,090 384-819 2063
1068 03 29 70 58 7,260 721-1035 1546
1073 01 34 35 57 <400 433-762 1498
1098 03 26 27 57 807 654-882 1169
1103 01 02 35 57 <400 601-909 1162
2017 02 1 39 53 <400 518-1030 1904

doi:10.1371/journal.pone.0011436.t001
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Figure 1. Maximum likelihood phylogenetic trees. Trees of nef (A) and vif (B) sequences from six controller patients (black circles) along with
references for all known subtypes from the LANL database (labeled branches) are displayed. HXB2_LAI_IIIB_BRU (K03455) HXB2 reference sequence is
boxed. The construction of the trees is described in the text. For purposes of clarity, the trees were midpoint rooted. The aLRT values of =70% are
indicated at nodes. The scale bars represent 0.05 nucleotide substitution per site. Clustering of the six controllers with subtype B is evident in nef and

vif trees (aLRT =85%).
doi:10.1371/journal.pone.0011436.9001

HLA-class I-restricted epitope prediction

CD8+ T cells preferentially recognize MHC class I-bound
peptides of eight to 11 amino acids in length. T cell responses
against consensus B 15-mer peptides might, therefore, not fully
capture the complexity of T cell recognition of epitopes i vivo. To
address this issue, we scanned full-length amino acid sequences of
the Vif and Nef proteins predicted from autologous viruses. For a
comparison sake, we also scanned consensus B peptides using the
same HLA class I algorithms. We identified 558 optimal, HLA-
restricted 9- or 10-mer peptides (70 to 110 per patient) that were
predicted to bind to the HLA-class I A and B molecules of the
patients (Supporting information Table S1). After synthesis, these
558 peptides were used individually in ELISPOT-IFN-y assays.

Cellular immune responses detected against 15-mer
consensus B peptides

Five of our six patients recognized Nef epitopes and two of them
recognized Vif epitopes using ELISPOT assays with the consensus
B 15-mer peptides. Of the 49 peptides that span the Nef sequence
(205 amino acids in length), five were reactive. Four 15-mers of the
46 spanning the entire Vif sequence (191 amino acids in length)
induced significant production of IFN-y in the ELISPOT assays
(Supporting information Table S2, Figure 2). The region between
amino acids 61 and 95 of the Nef consensus B sequence contained
more T cell epitopes than any other region; six of the eight positive
responses were located in this region. However, similar epitope
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concentrations were not observed in Vif (Supporting information

Table S2, Figure 2).

HLA class I-restricted minimal optimal epitopes revealed
a broader immune response than 15-mer consensus B
peptides

T cells from three controller patients recognized additional
epitopes when ELISPOT assays were carried out with the minimal
optimal epitopes, compared to the assays using the consensus B
15-mers. For the Nef HLA class I-restricted epitopes, 22 positive
responses were detected (Supporting information Table S2,
Figure 2A). For the Vif HLA class I-restricted peptides, there
were 16 IFN-y responses (Supporting information Table S2,
Figure 2B). We found positive responses to peptides restricted to
eight HLA class I molecules. The majority of these responses was
restricted by B locus alleles (74%) and was directed against Nef
epitopes (63%).

Like the 15-mer consensus B peptides spanning Nef, T cells
recognized minimal optimal epitopes concentrated in the area
between amino acids 61 and 95. In this region, we detected seven
of the 22 responses found. Interestingly, we observed an additional
concentration of T' cell responses against minimal optimals in the
first 20 amino acids of Nef (Figure 2A). Six positive responses were
detected in this region. By contrast, analyses of the HLA-restricted
responses against Vif did not reveal any epitope rich region

(Figure 2B).

July 2010 | Volume 5 | Issue 7 | e11436



100
|

(e —
(L1 —

TN L I—

[ —

GONsansis 5 MGGKWS KRSV VGAV-W VRER MRRAEPAAL- --- -AVGAVS RDLEKHGAIT SSHTAANNAD CAWLEADQEAA EAE-- E-E' QVPLRPMTYK AAVDLSHFLK EEGGLEC

A. Nef ? ? 1

-3

Consersus 3 MGGKWSKRSY VG -WP !KER MRRAEP---- -AADGVGAVS RDLEKHGAIT SSNTAANNAD C-ﬂtLEAQE-' E-EVGFPVRP QVPLRPMT!H AAVDLSHFLK EKGGLEGLI

1022 ..000n ~.% KKE..A..D K QRE- P..V....A. ioonaes Lo Toviienues anannnnn E Teiiaenens B N L BRI
1053 ....L...I1G -DG.TG. L.@ V....A AER.... ...... Teeue teannins B tmiiiieies ceiartrees maerasaaas v
073 eviinnnns L MNG.T..... TR.A--E P.. AL N.DR..... P.T. } E o s B R R I I R I I I
13 l....RE «. 8. HAD... ....0s sere =0 B A, Q.. ANR.... HovoooTunn vannnias Be tvuiinnnns T v
098 .ovvvan Lo sRO.PA.... sinvune . Baviaan AER. o NosoadTole oWV BN .B........ eeV¥isian T ooibivoanis vivsannns
MT vevnnanen G G.G.8A K ARE- P AL WRaoveie S T [ T T Bilisianis sassanans

% 40 " 18 20

] | 1 ' ]

Consensus 3 SQKRQDILDL WYYHTQGYFP WO&YTPGPG IRYPLTFGWC FKLVPVEPEK YEEANEGENN SLLHPMSLHG MDDPEREVLE WKFDSRLAFH HMARELHPEY YKDC

fGaEEr

Consensus 8

SCKRQDILDL WYYHTQGYFP DWQNYTPGPG IRYPLTFGWC FKLYPVEPEK VEEANEGENN SLLHPMSLHG MDDPEREVLE WKFOSRLAFH HMARELHPEY YKDC 20¢

022 ..R..BEiovs wiennen For tvinnnnens Veowrivnnos snnnns D.D. vevnnnn P.T civvnnnnns E...K. oo wivvennnnn wovne K.. fees 200
1056 ... RE.. [ . o cV¥eaiie s W WRL0LT cerenes E...G...L cedHO YR LKLY oo 26
073 0@ eevers weaenen F. B k4 LNGQ.. ..... KoooM oiiiinninn wannen Y.. 21
L[] Koo < e N. 205
0 ......... oM. Fov cottennnne soatennses snssnne E coliees siiennannn -.MN..G. 1.0 .R........ NoLLK F.NW 207
217 Boair cisiiiiiee deaiesenens TeFiviiiee snvans .. ..K...... $ &...... Q.. ... KoM oiiiiininn snivnenans sane n
B. Vif
n a 0 w 100
[} 1 I 1 I

Corsersus 3 MENRWQVMIY WOVDRMR IRT WKSLVKHHMY ISGKAKE%JFY RHHYESTHPR ISSEVHIPLG DARLVITTYW GLHTGERDWH LGOGVSIEWR KKRYSTQVDP DLADOL!

Consensus 3 MENRWQVMIY ROVDHMIIRT WKSLVKHHMY | SGKAKGWFY RHHYESTHPR ISSEVHIPLG

Lo r—

DAKLVITT\!U}' GLHTGERDWH LGOGVSIEWR KKRYSTQVDP DLADOLIHL

BoKl: Voo srwvenonree sonivinnns sRiesns LE. Bevsiviin
Kea¥Wiiao ciwnsaaina caBivan Banaiias sassana
K.oY «
| L S e A R E.
L K. N..I K. TRT..D.V. oo C.N. Trieovssnns ol Povenee R..1..G sRToeesnns elevavens
017 K LA .F..HN E K. P KHE LK. | R —
.:0 |=‘ﬂ 1?& \EIU
B consensus.
mmm:} . 15-mer
ConsensusE YFDCFSESAI RNAILGHIVS PRCEYOAGHN KVGSLOYLAL AALITPKKIK PPLPSYTKLT EDRWNKPOKT KGHRGSHTMN G = 161
T — B consensus.
Consensus 3 YFDCFSESAI RMNAILGHIVS PRCEYQAGHN KVGSLOYLAL AALITPEKIK PPLPSVTHKLT Em HKGHRGSHTMN G- 191 Mlnlmal ODtImaI
2 TiEn S8 9% 8% .R. AT G § TE T R SH I NUCEREIR S BOR mE AR & S SrsnERg | S0 SR 08 ik X +H 182
WS oiooco oi0 050 w0 . | S aBsoF | JEPT T oK @Re 5 50 nos | P p— P - H 182
TR oo mom e W = S S & R..R Mlance s  Ge 5 58 5= o T M Mice 55 e 5= o Bhow oy o sppnepaemis  Be S e S L. .HI192 AUtO]OgOuS.
M3 wivine o Kb WRiv sasisisass sasasiinns V...A. R v A_ ...... L TH .H 182 Mlnlmal Optlmﬂl
| T RQV.R Bscea avd T Q. EK. Ra o v oa s R R. ..R.EN. .| H 192
2017 Rt 05 @ 1 B d Rovl weimmewrwmn in v i a @ TroaRauRTa s owa e Wi & W Sioenaaes b N..S _H 192

@ PLoS ONE | www.plosone.org 5

Immunity in HIV Controllers

B consensus.
15-mer

B consensus.
Minimal optimal

Autologous.
Minimal optimal

B consensus.
15-mer

B consensus.
Minimal optimal

Autologous.
Minimal optimal

B consensus.
15-mer

B consensus.
Minimal optimal

Autologous.
Minimal optimal

July 2010 | Volume 5 | Issue 7 | e11436



Immunity in HIV Controllers

Figure 2. Alignments of the viral sequences and maps of the cellular immune responses. Alignments and maps of immune response from
six HIV controller patients to consensus B sequence and maps of the cellular immune responses detected in the ELISPOT assays. The arrows represent
the peptides, which elicited positive IFN-y responses. Yellow arrows show responses against consensus B 15-mers, green arrows show responses
against consensus B minimal optimal HLA-restricted peptides, and red arrows show responses against autologous sequences minimal optimal HLA-
restricted peptides. A. First sequence is the map of immune response against consensus B 15-mer peptides for Nef. Other sequences show the maps
of immune responses detected against minimal optimal epitopes from consensus B and autologous sequences. B. Vif sequences, see Fig. 2A legend

for explanation.
doi:10.1371/journal.pone.0011436.9g002

We identified three regions (two in Nef and one in Vif) where
15-mers peptides (Figure 2, yellow arrows) elicited positive
responses not seen after minimal optimal peptides stimulation
(Figure 2, green and red arrows). Specifically, the Nef WY15
peptide was recognized by patients 1103 and 1098 and the QP15
peptide by patient 2017. The Vif VG15 peptide and the CY15
peptide were recognized by patient 2017. No minimal optimal
peptides were predicted in these regions by the employed
bioinformatics tools using the autologous and consensus B
sequences. Recognition of these 15-mers was a relatively rare
event when compared to the large number of HLA-predicted
epitopes that were recognized.

We detected more T cell responses against Vif and Nef when we
used HLA class I-restricted minimal optimal epitopes than when

we used the conventional approach of testing consensus B 15-mers
(Figure 3A and 3B, respectively). Indeed two aspects of T cell
recognition were shown to be higher using this approach: the
number of epitopes eliciting positive responses and the total
number of SFU detected in the assays (Figure 3C and 3D,
respectively).

We also compared the ability of PBMC from our six patients to
recognize consensus B 15-mers, HLA-restricted minimal optimal
epitopes in the consensus B sequence and HLA-restricted minimal
optimal epitopes in the autologous HIV-1 sequences. Reactivity
was higher (in terms of frequency and the number of epitopes
recognized) using the HLA-restricted minimal optimal epitopes in
the consensus B and autologous virus. Indeed, when we used either
consensus B or autologous sequence to synthesize HLA-restricted
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Figure 3. Cellular immune responses against consensus B-based and autologous-based Vif and Nef peptides. Stacked bars show results
of the ELISPOT assays for each of the six controller patients for Vif (A) and Nef (B). Each portion of the bar indicates one peptide and its height represents
the amount of spots shown in the assays. The left black/gray bar for each patient shows positive spots detected with 15-mer peptides based on the
consensus B sequence (15-mer/ConsB) and right colored bar shows positive spots detected with minimal optimal HLA-restricted peptides (HLA-restr.). C.
Reactivity of PBMC in the ELISPOT assays to consensus B 15-mers and HLA-restricted minimal optimal epitopes from consensus B and autologous
sequences in terms of number of recognized epitopes. D. The magnitude of the response in spot forming units per 10° cells.
doi:10.1371/journal.pone.0011436.9g003
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minimal optimal epitopes, a higher number of positive responses
were identified. For Vif, three out of the six controllers had
increased positive responses against HLA-restricted minimal
optimals while two patients remained without detectable responses
(Figure 3A). For Nef, three out of the six patients had a higher
number of positive responses against HLA-restricted peptides, and
one patient remained without detectable responses (Figure 3B).
Interestingly, the consensus B HLA-restricted minimal optimal
epitopes proved to be more sensitive in the detection of Vif-specific
responses, whereas the autologous HLA-restricted minimal
optimal epitopes were more sensitive for the detection of Nef-
specific responses (Supporting Information Table S2, Figure 3C
and 3D).

Discussion

HIV-1 controllers, although rare, represent about 1% of HIV-1-
infected individuals [34]. The controller patients studied here have
been monitored for at least three years since early infection.
Overall, they have had CD4+ T cell counts (mean number during
all follow-up visits of 642 cells/mm®) and plasma viral loads
(<2,000 copies/mL) similar to other previously reported cohorts
of controller patients [3,34,35]. In this study, we demonstrated
that assessing T' cell responses in subjects who successfully control
viral replication with consensus B 15-mer peptides may be less
sensitive when compared to HLA-restricted minimal optimal
epitopes. Indeed, by HLA-restricted minimal optimals, we have
discovered broad Vif and Nef-specific T cell responses in our
patients.

As viral load relates to transmission and disease progression
[36,37], further comprehension of the mechanisms by which some
infected individuals spontaneously control HIV-1 replication could
assist in the development of vaccines that augment control of
infection, reduce risk of transmission, and ameliorate disease
progression [35,38]. It is, therefore, critical to clearly define
protective cellular immune responses in HIV-1-infected subjects
who successfully control viral replication and then to engender
these responses by vaccination.

Some HLA class I alleles can influence disease outcome,
including control of viremia [3,15,23,34]. Overrepresentation of
HIA-B*57 (approx. 85%) was found in HIV-1 controllers in
several studies [1,3,15]. Not surprisingly, we found the same allele
enrichment in our controller patients since three out of the six
patients expressed HLA-B*57. In our entire cohort of recently
HIV-1 infected individuals, the frequency of individuals carrying
this allele was less than 5%. Despite the strong association with
viral control, it is unclear whether HLA-B*57 mediates its effects
entirely via HIV-1-specific CD8+ T cell responses or by other
mechanisms. It has been reported that carriers of this allele often
mount a potent T cell response against one or more highly
conserved viral epitopes, but viral escape from these responses is
not always associated with viral rebound [39]. Also, it is well
known that some individuals control viral replication without
carrying “protective” HLA alleles [1].

An auxiliary gene of primate immunodeficiency viruses, vif is
required for HIV-1 replication in lymphocytes and macrophages
[40,41,42] and is consequently maintained intact iz viwo in infected
people [43]. Vif was recently found to counteract the host antiviral
factors APOBEC3G and APOBECSF by binding to them and
promoting their degradation. Hassaine et al. [44] found that the
precise amino acid signature Serl132Arg in Vif correlated with a
five-fold reduction in replication in long term nonprogressor.
Interestingly, sequencing of the vif gene showed that only patient
1022 had a virus carrying this mutation (Figure 2B). By contrast,
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the very conserved "™SLAQXLA'* residue, known to be one of
the binding sites for APOBEC [45] was invariant in the six
controllers described here.

The importance of Nef in the pathogenesis of HIV-1 was
investigated after transmission of the virus from an HIV-1-infected
blood donor to six recipients. Their CD4+ T cell counts have been
stable and normal for 10 to 14 years after transfusion. Their virus
sequences showed similar deletions in the n¢f gene. In our study,
we found no marker in the n¢f sequence that could explain the
transmission of an attenuated virus to our patients. Phylogenetic
analysis of n¢f and vif sequences (Figures 1A and 1B, respectively)
revealed that the viral genes from the controller subjects inter
digitated with sequences from other recently HIV-1-infected non-
controller individuals, without apparent clustering. Our observa-
tions agree with some results from a single codon-level comparison
of all coding HIV-1 genes among 95 elite controllers and persons
with progressive infection. This study indicated that the ability to
spontancously control of HIV-1 replication was not attributed to
either specific viral genetic polymorphism or gross viral genetic
defects [46].

Natural history studies in cohorts of HIV-Il-infected humans
and analogous SIV studies in macaques showed that cell-mediated
immunity can control primate immunodeficiency virus replication
[34]. Friedrich et al. [21] examined Indian-origin rhesus macaques
presenting robust and durable control of SIV,,.239 viremia
during chronic infection. By depleting CD8+ lymphocytes from
these animals, they discovered that Nef- and Vif-specific CD8+ T
cell responses along with robust Gag-specific CD4+ T cell
responses were responsible for the control of the SIV,,,.239
replication. While Nef and Gag have been used in vaccine
development, Vif has not been used as a vaccine immunogen to
date. Therefore, it is possible that boosting C'TL responses against
Vif may be an especially potent mechanism of suppressing viral
replication.

To determine a method to assess CD8+ T cell responses to
HIV-1 by measuring intracellular cytokine production, Betts et al.
[47] compared responses to HIV-1 Gag 15-mers overlapping by
11 amino acids to responses elicited by optimized epitopes of eight
to 11 amino acids in length and observed a marked difference in
reactivity. They hypothesized that the overlapping 15-mers panels
may underestimate the total HIV-1-specific response. This could
be explained by a number of factors such as the location of the
recognized sequence within the 15-mer, the effects of amino acid
overlaps, and potential sequence differences between peptides and
autologous virus. In fact, in our study population, the HIV-1 wvf
and ne¢f autologous sequences differ from HIV-1 consensus B
sequences by an average value of 15.1% and 13.6%, respectively.

A previous study has evaluated the cellular immune response
against other proteins using autologous virus isolates. Altfeld et al.
[48] demonstrated the usefulness of autologous sequences to detect
immune responses against Tat and Vpr. They also suggested that
the entire immune response to the virus may be underestimated
using consensus sequence based peptides. However, this effect
could not be detected for Gag-specific responses, which could
reflect less structural changes in this protein compared to Tat and
Vpr.

In our study, some regions in Nef and Vif engendered positive
responses when we used 15-mers but not when we used HLA-
restricted minimal optimal peptides (e.g. the Nef peptide WY 15
and the Vif peptide VG15, Figure 2). Since 15-mers peptides are
know to stimulate both CD4+ and CD8+ T cells [47], it is possible
that some of these 15-mer-specific responses were mediated by
CD4+ T cells or were restricted by HLA class I locus Cw
molecules. Thus, 15-mers can detect both CD4- and CDS8-
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mediated T cell responses. Conversely, the HLA-class I restricted
minimal optimal epitopes are expected to stimulate only CD8 T
cells. One might, therefore, expect more responses against the 15-
mers. However, in our study, the HLA-restricted minimal optimal
epitopes engendered more responses than the 15-mers did,
suggesting that these minimal optimal epitopes are much better
at detecting CD8 T cell responses than the corresponding 15-mers.
The inability of the employed bioinformatics approach to predict
these particular epitopes and the possibility of escape could also
explain why some responses were detected with 15-mers but were
not detected using autologous HLA-restricted epitopes. We did
not, however, investigate whether these epitopes escaped by
sequencing the virus at a second time point.

Collectively, our data suggest that Nef and Vif-specific responses
may be broader than we had anticipated. HLA-restricted minimal
optimal peptides increased of our ability to detect positive cellular
responses against Nef and Vif. In conclusion, our study suggests
that selection of peptides based on an individual’s HLA class 1
allele, either using autologous or consensus B sequences, may be
important in the definition of antigen-specific CD8+ T cell
responses. This is likely to be true not only in subjects who
successfully control viral replication but in any HIV-1-infected
individual.

Supporting Information

Table S1 Number of peptides tested for each patient in the
ELISPOT assays.

Found at: do1:10.1371/journal.pone.0011436.s001
DOC)

Table S2 Positive peptides in the ELISPOT assays. *per 10°
cells; **Columns “Source” indicate whether the HLA-restricted
peptides were predicted from Consensus B (Cons) or autologous
sequences ([Patient ID]). In some cases, the Consensus B and the

(0.04 MB

References

1. Emu B, Sinclair E, Hatano H, Ferre A, Shacklett B, et al. (2008) HLA Class I-
Restricted T-Cell Responses May Contribute To The Control Of Human
Immunodeficiency Virus Infection, But Such Responses Are Not Always
Necessary For Long-Term Virus Control. ] Virol 82: 5398-5407.

2. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, et al. (2006) HIV
Nonprogressors Preferentially Maintain Highly Functional HIV-Specific CD8+
T Cells. Blood 107: 4781-4789.

3. Lambotte O, Boufassa F, Madec Y, Nguyen A, Goujard C, et al. (2005) HIV
Controllers: A Homogeneous Group Of HIV-1-Infected Patients With
Spontaneous Control Of Viral Replication. Clin Infect Dis 41: 1053-1056.

4. Pantaleo G, Menzo S, Vaccarezza M, Graziosi C, Cohen O], et al. (1995)
Studies In Subjects With Long-Term Nonprogressive Human Immunodeficien-
cy Virus Infection. N Engl J Med 332: 209-216.

5. Rhodes DI, Ashton L, Solomon A, Carr A, Cooper D, et al. (2000)
Characterization Of Three Nef-Defective Human Immunodeficiency Virus
Type 1 Strains Associated With Long-Term Nonprogression. Australian Long-
Term Nonprogressor Study Group. J Virol 74: 10581-10588.

6. Salvi R, Garbuglia AR, Di Caro A, Pulciani S, Montella F, et al. (1998) Grossly
Defective Nef Gene Sequences In A Human Immunodeficiency Virus Type 1-
Seropositive Long-Term Nonprogressor. J Virol 72: 3646-3657.

7. Lum JJ, Cohen O], Nie Z, Weaver JG, Gomez TS, et al. (2003) Vpr R77Q Is
Associated With Long-Term Nonprogressive HIV Infection And Impaired
Induction Of Apoptosis. J Clin Invest 111: 1547-1554.

8. Alexander L, Weiskopf E, Greenough TC, Gaddis NC, Auerbach MR, et al.
(2000) Unusual Polymorphisms In Human Immunodeficiency Virus Type 1
Associated With Nonprogressive Infection. J Virol 74: 4361-4376.

9. Rosenberg ES, Billingsley JM, Caliendo AM, Boswell SL, Sax PE, et al. (1997)
Vigorous HIV-1-Specific CD4+ T Cell Responses Associated With Control Of
Viremia. Science 278: 1447-1450.

10. Harrer T, Harrer E, Kalams SA, Barbosa P, Trocha A, et al. (1996) Cytotoxic T
Lymphocytes In Asymptomatic Long-Term Nonprogressing HIV-1 Infection.
Breadth And Specificity Of The Response And Relation To In Vivo Viral
Quasispecies In A Person With Prolonged Infection And Low Viral Load.
J Immunol 156: 2616-2623.

11. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, et al.
(2002) HIV-Specific CD8+ T Cell Proliferation Is Coupled To Perforin

@ PLoS ONE | www.plosone.org

Immunity in HIV Controllers

autologous sequences are identical, so the source of the peptide is
indicated as Cons/ [Patient 1D].

Found at: doi:10.1371/journal.pone.0011436.s002 (0.01 MB
PDF)

Figure S1 ELISPOT assays using 15mer consensus B peptides
and HLA-restricted minimal optimal peptides. ELISPOT assays
were done as described in the Methods section using either Vif and
Nef 15mer consensus B peptides or Vif and Nef HLA-restricted
minimal optimal peptides. For both assays, a concentration of
10 pg/mlL for each peptide tested separately was used. A response
was considered positive if the number of SFU exceeded 55 SFU
per 10° cells and was at least four-times the level of the wells with
no peptide.

Found at: doi:10.1371/journal.pone.0011436.s003 (4.11 MB
TIF)

Figure 82 Viral load in the controller patients. Quantifications
of viral load were performed by RT-PCR or branched DNA
assays. The graph shows the values using a log scale.

Found at: doi:10.1371/journal.pone.0011436.s004 (6.22 MB TTF)

Acknowledgments

We thank all study participants and the dedicated clinical research staff at
the collaborating site.

Author Contributions

Conceived and designed the experiments: LE'T' SS MTMG HT JS DIW
EGK. Performed the experiments: LFI' SS MTMG HT JS SMP.
Analyzed the data: LFT SS JS DIW EGK. Contributed reagents/
materials/analysis tools: SS JS SMP RSD ECS AS JKF DIW EGK. Wrote
the paper: LFT. Saw the patients: MMS. Collected clinical data: MMS.
Reviewed and approved the manuscript: RSD ECS AS JKF DIW EGK.

Expression And Is Maintained In Nonprogressors. Nat Immunol 3: 1061—
1068.

12. Migueles SA, Osborne CM, Royce C, Compton AA, Joshi RP, et al. (2008) Lytic
Granule Loading Of CD8+ T Cells Is Required For HIV-Infected Cell
Elimination Associated With Immune Control. Immunity 29: 1009-1021.

13. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB (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.

14. Koup RA, Safrit JT, Cao Y, Andrews CA, Mcleod G, et al. (1994) Temporal
Association Of Cellular Immune Responses With The Initial Control Of
Viremia In Primary Human Immunodeficiency Virus Type 1 Syndrome. J Virol
68: 4650-4655.

15. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM, et al.
(2000) HLA B*5701 Is Highly Associated With Restriction Of Virus Replication
In A Subgroup Of HIV-Infected Long Term Nonprogressors. Proc Natl Acad
Sci U S A 97: 2709-2714.

16. Saez-Cirion A, Lacabaratz C, Lambotte O, Versmisse P, Urrutia A, et al. (2007)
HIV Controllers Exhibit Potent CD8 T Cell Capacity To Suppress HIV
Infection Ex Vivo And Peculiar Cytotoxic T Lymphocyte Activation Phenotype.
Proc Natl Acad Sci U S A 104: 6776-6781.

17. Saez-Cirion A, Pancino G, Sinet M, Venet A, Lambotte O (2007) HIV
Controllers: How Do They Tame The Virus? Trends Immunol 28: 532-540.

18. Kern F, Faulhaber N, Frommel C, Khatamzas E, Prosch S, et al. (2000) Analysis
Of CD8 T Cell Reactivity To Cytomegalovirus Using Protein-Spanning Pools
Of Overlapping Pentadecapeptides. Eur J Immunol 30: 1676-1682.

19. Draenert R, Altfeld M, Brander C, Basgoz N, Corcoran C, et al. (2003)
Comparison Of Overlapping Peptide Sets For Detection Of Antiviral CD8 And
CD4 T Cell Responses. J Immunol Methods 275: 19-29.

20. Kiecker F, Streitz M, Ay B, Cherepnev G, Volk HD, et al. (2004) Analysis Of
Antigen-Specific T-Cell Responses With Synthetic Peptides-What Kind Of
Peptide For Which Purpose? Hum Immunol 65: 523-536.

21. Friedrich TC, Valentine LE, Yant L], Rakasz EG, Piaskowski SM, et al. (2007)
Subdominant CD8+ T-Cell Responses Are Involved In Durable Control Of
AIDS Virus Replication. J Virol 81: 3465-3476.

July 2010 | Volume 5 | Issue 7 | e11436



22.

26.

27.

29.

30.

31.

32.

Simon JH, Sheehy AM, Carpenter EA, Fouchier RA, Malim MH (1999)
Mutational Analysis Of The Human Immunodeficiency Virus Type 1 Vif
Protein. J Virol 73: 2675-2681.

. Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, et al. (2004)

Dominant Influence Of HLA-B In Mediating The Potential Co-Evolution Of
HIV And HLA. Nature 432: 769-775.

. Yant LJ, Friedrich TC, Johnson RC, May GE, Maness NJ, et al. (2006) The

High-Frequency Major Histocompatibility Complex Class I Allele Mamu-B*17
Is Associated With Control Of Simian Immunodeficiency Virus Sivmac239
Replication. J Virol 80: 5074-5077.

. Korber BT, Brander C, Haynes BF, Koup RA, Moore JP, et al. (2005) HIV

Molecular Immunology 2005. Los Alamos: Theoretical Biology & Biophysics.
Kallas EG, Bassichetto KC, Oliveira SM, Goldenberg I, Bortoloto R, et al.
(2004) Establishment Of The Serologic Testing Algorithm For Recent Human
Immunodeficiency Virus (HIV) Seroconversion (STARHS) Strategy In The City
Of Sao Paulo, Brazil. Braz ] Infect Dis 8: 399-406.

Sanabani S, Neto WK, De Sa Filho DJ, Diaz RS, Munerato P, et al. (2006) Full-
Length Genome Analysis Of Human Immunodeficiency Virus Type 1 Subtype
C In Brazil. AIDS Res Hum Retroviruses 22: 171-176.

. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG (1997) The

CLUSTAL_X Windows Interface: Flexible Strategies For Multiple Sequence
Alignment Aided By Quality Analysis Tools. Nucleic Acids Res 25: 4876-4882.
Anisimova M, Gascuel O (2006) Approximate Likelihood-Ratio Test For
Branches: A Fast, Accurate, And Powerful Alternative. Syst Biol 55: 539-552.
Peters B, Bui HH, Frankild S, Nielson M, Lundegaard C, et al. (2006) A
Community Resource Benchmarking Predictions Of Peptide Binding To MHC-
I Molecules. Plos Comput Biol 2: E65.

You L, Ping Z, Mikael B, Vladimir B (2007) Understanding Prediction Systems
For HLA-Binding Peptides And T-Cell Epitope Identification In: Rajapakse JC,
Schmidt B, Volkert G, eds. Pattern Recognition In Bioinformatics. , Singapore:
Springer Berlin/Heidelberg. pp 337-348.

Zhang Q), Wang P, Kim Y, Haste-Andersen P, Beaver J, et al. (2008) Immune
Epitope Database Analysis Resource (IEDB-AR). Nucleic Acids Res 36:
W513-518.

Coplan PM, Gupta SB, Dubey SA, Pitisuttithum P, Nikas A, et al. (2005) Cross-
Reactivity Of Anti-HIV-1 T Cell Immune Responses Among The Major HIV-1
Clades In HIV-1-Positive Individuals From 4 Continents. J Infect Dis 191:
1427-1434.

. Deeks SG, Walker BD (2007) Human Immunodeficiency Virus Controllers:

Mechanisms Of Durable Virus Control In The Absence Of Antiretroviral
Therapy. Immunity 27: 406-416.

. Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, et al. (2008) Genetic

And Immunologic Heterogeneity Among Persons Who Control HIV Infection
In The Absence Of Therapy. J Infect Dis 197: 563-571.

@ PLoS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

Immunity in HIV Controllers

Garcia PM, Kalish LA, Pitt J, Minkoff H, Quinn TC, et al. (1999) Maternal
Levels Of Plasma Human Immunodeficiency Virus Type 1 RNA And The Risk
Of Perinatal Transmission. Women And Infants Transmission Study Group.
N Engl ] Med 341: 394-402.

Wawer MJ, Gray RH, Sewankambo NK, Serwadda D, Li X, et al. (2005) Rates
Of HIV-1 Transmission Per Coital Act, By Stage Of HIV-1 Infection, In Rakai,
Uganda. J Infect Dis 191: 1403-1409.

Walker BD (2007) Elite Control Of HIV Infection: Implications For Vaccines
And Treatment. Top HIV Med 15: 134-136.

Bailey JR, Williams TM, Siliciano RF, Blankson JN (2006) Maintenance Of
Viral Suppression In HIV-1-Infected HLA-B*57+ Elite Suppressors Despite
CTL Escape Mutations. J Exp Med 203: 1357-1369.

Chowdhury IH, Chao W, Potash MJ, Sova P, Gendelman HE, et al. (1996) Vif-
Negative Human Immunodeficiency Virus Type 1 Persistently Replicates In
Primary Macrophages, Producing Attenuated Progeny Virus. J Virol 70:
5336-5345.

Gabuzda DH, Lawrence K, Langhoff E, Terwilliger E, Dorfman T, et al. (1992)
Role Of Vif In Replication Of Human Immunodeficiency Virus Type 1 In
CD4+ T Lymphocytes. J Virol 66: 6489-6495.

Zimmerman C, Klein KC, Kiser PK, Singh AR, Firestein BL, et al. (2002)
Identification Of A Host Protein Essential For Assembly Of Immature HIV-1
Capsids. Nature 415: 88-92.

Sova P, Van Ranst M, Gupta P, Balachandran R, Chao W, et al. (1995)
Conservation Of An Intact Human Immunodeficiency Virus Type 1 Vif Gene
In Vitro And In Vivo. J Virol 69: 2557-2564.

Hassaine G, Agostini I, Candotti D, Bessou G, Caballero M, et al. (2000)
Characterization Of Human Immunodeficiency Virus Type 1 Vif Gene In
Long-Term Asymptomatic Individuals. Virology 276: 169-180.

. Liu B, Yu X, Luo K, Yu Y, Yu XF (2004) Influence Of Primate Lentiviral Vif

And Proteasome Inhibitors On Human Immunodeficiency Virus Type 1 Virion
Packaging Of APOBEC3G. ] Virol 78: 2072-2081.

Miura T, Brockman MA, Brumme CJ, Brumme ZL, Carlson JM, et al. (2008)
Genetic Characterization Of Human Immunodeficiency Virus Type 1 In Elite
Controllers: Lack Of Gross Genetic Defects Or Common Amino Acid Changes.
J Virol 82: 8422-8430.

Betts MR, Ambrozak DR, Douek DC, Bonhoeffer S, Brenchley JM, et al. (2001)
Analysis Of Total Human Immunodeficiency Virus (HIV)-Specific CD4(+) And
CD8(+) T-Cell Responses: Relationship To Viral Load In Untreated HIV
Infection. J Virol 75: 11983-11991.

Altfeld M, Addo MM, Shankarappa R, Lee PK, Allen TM, 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.

July 2010 | Volume 5 | Issue 7 | e11436



