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The molecular pattern of the human immunodeficiency virus (HIV) epidemic in Argentina provides an
appropriate scenario to study cellular immune responses in patients with non-clade B infection. We aimed to
map T-cell responses in patients infected with BF recombinant variants and compare them with those of clade
B patients. Sixteen recently infected patients were enrolled and grouped by viral subtype. Nef-specific re-
sponses were evaluated with a peptide matrix-based gamma interferon (IFN-y) enzyme-linked immunospot
(ELISPOT) assay using B and BF overlapping peptides. Cross-clade and clade-specific responses were found.
A correlation between B versus BF Nef-specific responses was identified. Detailed analysis at the single-peptide
level revealed that BF patients show a narrower response but greater magnitude. Nef immunodominant
responses agreed with previous publications, although the B loop was targeted at an unexpectedly high
frequency. The putative HLA allele(s) restricting each positive response was determined. Single-peptide level
screening with two different peptide sets uncovered discordant responses (mostly caused by peptide offsetting)
and allowed detection of increased breadth. Positive responses identified by ELISPOT assay were further
studied by intracellular cytokine staining. These were almost exclusively mediated by CD8 T cells. Character-
ization of concordant responses revealed that cells show distinct functional profiles, depending on the peptide
presented. Last, quality (in terms of polyfunctionality) of T cells was associated with better viral replication
containment. Overall, interclade differences in the frequency of epitopes recognized, structural domains
targeted, and magnitude of responses were identified. Screening T-cell responses with multiple sets increased
sensitivity. Further support for the notion of polyfunctional CD8" T-cell requirement to better control viral

replication is also provided.

Human immunodeficiency virus type 1 (HIV-1)-specific cy-
totoxic T lymphocytes (CTLs) arising during the acute phase of
infection are associated with containment of viral replication
and resolution of acute-phase symptoms (5, 13, 14, 44). De-
tailed characterization of these cell populations and viral im-
munodominant epitopes will provide key data for developing
and enhancing immunization strategies. In this sense, one ma-
jor challenge is HIV variability, characterized by substantial
inter- and intraclade sequence diversity. To date, most reports
aimed at studying CTL responses are focused on HIV clade B-
and C-infected patients. In Argentina, epidemiological studies
revealed that early predominance of B subtype has been over-
shadowed by the emergence of BF recombinants (16, 23, 32,
33, 53). These reports indicate that near 50% of the HIV-
infected people living in Argentina are infected either with the
circulating recombinant form CRF12_BF or other BF recom-
binant forms related to CRF12_BF. Moreover, in other South
American countries, such as Brazil and Uruguay, high preva-
lence of F subtype and BF recombinant variants are also found
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(16, 32, 34). These findings provide an adequate scenario to fill
the gap concerning fine mapping of CTL responses in non-
clade B- and C-infected patients.

Cross-clade CTL responses were studied by different groups
using different approaches. The first publications used vaccinia
virus-based constructs or peptide pools as stimulating factors
(2, 19, 20, 27). Not until recently was fine mapping of these
responses achieved by using individual peptides based on dif-
ferent subtypes (22, 28). The latter allows for a more detailed
and comprehensive understanding of cross-clade reactive pop-
ulations.

Here, cross-clade and clade-specific T-cell responses in B-
and BF-infected patients from Argentina are reported. These
assays were performed shortly after seroconversion in order to
avoid the confounders associated with viral diversification, se-
lection of escape mutants, and superinfection. Overlapping
peptides spanning the Nef protein were chosen as antigens
because of the following: (i) Nef is halfway along the spectrum
of variability found in HIV proteins; (ii) during primary HIV
infection, Nef-specific CTLs represent between 46% and 94%
of the total magnitude of the HIV T-cell response (43); (iii)
Nef has, together with Gag, the highest epitope density (1, 39).
This study also contributes to minimizing the problem of
breadth underestimation during CTL screening and provides
insights into discrepancies of CD8 T-cell effector function.
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(The research performed by Gabriela Turk was in partial
fulfillment of her Ph.D. degree from the University of Buenos
Aires, Buenos Aires, Argentina, 2008.)

MATERIALS AND METHODS

Samples. Sixteen patients with acute/early primary HIV infection (within 6
months from seroconversion), two HIV-1 nonprogressors (HIV infection for at
least 10 years, CD4 cell count of >500 cells/ul, asymptomatic, and low or
undetectable viral load [VL] in the absence of any antiretroviral therapy [54]),
and five seronegative donors were enrolled. The study was approved by the
Ethics Committee of the School of Medicine, University of Buenos Aires, and all
subjects provided informed consent before enrollment. All patients remained off
therapy while included in this study.

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood
by Ficoll-Hypaque density gradient centrifugation (Amersham, Sweden). Plasma
VL (Versant HIV-1 RNA 3.0 assay; Bayer) and CD4" and CD8" T-cell counts
(flow cytometry double platform [Epics XL; Coulter]) were determined.

Viral subtyping. Genomic DNA was used as a template to amplify the vpu and
nef HIV-1 genes (nucleotides [nt] 5967 to 6570 and nt 8378 to 9414 of HXB2
clone, respectively) by nested PCR (23, 33). Cellular DNA was extracted from
2 X 10° PBMCs using QlAamp DNA kit (Qiagen GmbH, Germany). Amplicons
were directly sequenced using the Big Dye Terminator sequencing kit (Amer-
sham, Sweden) on an automatic sequencer (Applied Biosystems DNA sequencer
3100). Nucleotide sequences were analyzed and manually adjusted using Se-
quencher 4.0.5 software (Gene Codes Co.). Multiple alignments of the newly
generated vpu and nef sequences together with selected reference sequences
were performed using ClustalX and visually corrected with the BioEdit version
5.0.9 (http://www.mbio.ncsu.edu/bioedit/bioedit.html). Subtype ascribing of vpu
and nef sequences was performed by constructing phylogenetic trees by neighbor
joining using the Kimura two-parameter model with the MEGA v.3.0 program
(http://megasoftware.net). Bootstrap analysis was done to assess the stability of
the nodes. Recombination analysis was performed by bootscanning using the
SimPlot v.2.5 program (http://www.welch.jhu.edu), and visual inspection of align-
ments was used in order to identify breakpoints in recombinant sequences.
Reference sequences included in the analysis were those recommended by the
Los Alamos HIV sequence database (http://www.hiv.lanl.gov/content/hiv-db).

HLA typing. Genomic DNA was prepared as described above. HLA-A and
HLA-B loci were typed, at the two-digit level, by using PCR-single-stranded
oligonucleotide probes as previously described (17, 25).

Peptides and matrix design. Overlapping synthetic peptides (13- to 15-mers,
overlapping by 11 amino acids [aa]) were designed based on the Nef protein from
CRF12_BF reference strain (GenBank accession number AF385936) using the
PeptGen software (http://www.hiv.lanl.gov/content/hiv-db) and custom ordered
from JPT Peptide Technologies (Germany). Overlapping synthetic peptides
spanning the clade B Gag, Vif, Tat, and Nef proteins and the CEF (cytomega-
lovirus, Epstein-Barr virus, and influenza virus) peptide pool (21) were obtained
from the NIH AIDS Reagent Program. Lyophilized peptides were dissolved in
dimethyl sulfoxide (DMSO) at 20 wg/pl and stored at —20°C.

Nef B and BF peptides (referred to in the text as NefB* to NefB% and
NefBF'! to NefBF?°, respectively) were arrayed in two different peptide matrix
systems as described elsewhere (1). Within a given protein matrix, each peptide
was represented in two different peptide pools, allowing for the identification of
the respective peptide by responses in the two corresponding pools. The final
concentration of each peptide within a peptide pool was 1 pg/ul.

Also, pools of peptides spanning the whole NefB, Vif, p17, p24, p2p7p1p6, and
Tat proteins were constructed. The final concentration of each peptide within
each pool was 200 ng/pl.

ELISPOT assays. Gamma interferon (IFN-y)-secreting cells were detected
using enzyme-linked immunospot (ELISPOT) assays conducted as described
previously (22) with the following modifications: PBMCs were cryopreserved,
and 1 day before the assay, they were thawed and rested overnight in RPMI
medium supplemented with 10% fetal bovine serum (Gibco BRL), 2 mM L-
glutamine (Gibco BRL), 100 U/ml penicillin (Gibco BRL), 100 mg/ml strepto-
mycin (Gibco BRL), and 10 mM HEPES (Gibco BRL) (>95% viability checked
by trypan blue exclusion after thawed and after overnight rest). Rested PBMCs
were plated on sterile 96-well plates (MultiScreen IP plates; Millipore), previ-
ously coated with mouse anti-human IFN-y monoclonal antibody (BD Bio-
sciences) at 10 cells/well. Individual peptides or peptide pools were added (final
concentration, 2 pg/ml of each peptide). Negative (peptide-free medium plus
0.05% DMSO) and positive (CEF; 2 pg/ml of each peptide) controls were
included for each patient. Plates were developed using biotinylated anti-human
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IFN-y monoclonal antibody, streptavidin-peroxidase complex, and AEC (3-
amino-9-ethylcarbazole) substrate reagent set (BD Biosciences). Plates were
scanned on an ImmunoSpot reader (Cellular Technology Ltd.). Specific spots
were counted using the ImmunoSpot software. Results were expressed as spot-
forming units (SFU)/10° PBMCs after subtraction of the negative-control values.
Thresholds for positive responses for the test wells were defined as at least 50
SFU/10° PBMCs or as mean SFU greater than three times the mean SFU of the
negative-control wells, whichever was higher (19, 36, 45, 46). Confirmation of
individual peptide responses was performed in triplicate.

The breadth of the responses was assessed by considering every recognized
peptide as a separate response. When two adjacent peptides were recognized,
the response was counted as one. The total magnitude of responses was deter-
mined as the sum of the responses to all individual peptides.

HLA binding peptide predictions. Web-based immunology tools were used to
scan identified positive peptides for putative epitopes, according to each patient’s
HLA haplotype. BIMAS HLA Binding Prediction software (BioInformatics &
Molecular Analysis Section [BIMAS], Center for Information Technology [CIT],
National Institutes of Health [NIH] website http://www-bimas.cit.nih.gov/molbio
/hla_bind/) ranks potential 8-mer, 9-mer, or 10-mer peptides based on a pre-
dicted half-time of dissociation to HLA class I molecules. The analysis is based
on coefficient tables deduced from the published literature (42, 50). Also, data
available at the Los Alamos Immunology HIV Database (http://www.hiv.lanl.gov
/content/immunology/) were used as well as the MotifScan tool, available therein,
which scans for HLA anchor residue motifs within protein sequences for the
specified HLA haplotype.

Intracellular cytokine staining (ICS). Thawed and overnight rested PBMCs
were dispensed in 96-well U-bottom plates (5 X 10° cells/well). Cell viability was
checked before and after overnight rest by trypan blue exclusion. Only samples
with >95% were used for the assays. Costimulatory antibodies (anti-CD28 and
anti-CD49d; 1 pg/ml; BD Biosciences), monensin (Golgistop, 0.7 wl/ml; BD
Biosciences), brefeldin A (10 wg/ml; Sigma-Aldrich),, and the corresponding
peptide (5 pg/ml) were added. An unstimulated (peptide-free medium plus
0.05% DMSO and costimulatory antibodies) and two positive controls (5 pg/ml
CEF peptide pool and 10 ng/ml phorbol myristate acetate [PMA] plus 250 ng/ml
ionomycin [Sigma-Aldrich]) were included in each assay. A mixture of anti-
CD107a labeled with fluorescein isothiocyanate (anti-CD107a-FITC) and anti-
CD107b-FITC antibodies (BD Biosciences) was added to one of the replicates.
Cells were incubated for 6 hours at 37°C, washed, stained with surface antibodies
(CD3-PECy7, CD4-PerCP, and CD8-APCCy7; BD Biosciences) for 30 min at
4°C, and then permeabilized and fixed using the Cytofix/Cytoperm kit (BD
Biosciences). After the permeabilization/fixation step, one of the replicates was
stained using anti-interleukin 2 antibody labeled with allophycocyanin (IL-2-
APC), anti-tumor necrosis factor alpha (TNF-a) antibody labeled with FITC
(TNF-o-FITC), and anti-IFN-y labeled with phycoerythrin (IFN-y-PE) (BD
Biosciences) while the replicates already containing the anti-CD107 mix were
stained with anti-IL-2-APC and anti-macrophage inflammatory protein 13 (Mip-
1B) antibody labeled with PE (Mip-1B-PE). Cells were then washed and stored
until acquired in a BD FACSCanto flow cytometer. Data acquisition and analysis
was performed using the BD FACSDiva software. Instrument settings and flu-
orescence compensation were performed for each day of testing using unstained
and single-stained samples. Stimulated cells in which surface molecules were
stained and isotype controls corresponding to intracellular markers included
were analyzed for each patient in order to accurately set negative populations.

Initial gating was performed on small lymphocytes in a forward scatter-versus-
side scatter (SSC) plot. At least 75,000 events were acquired in the lymphocyte
gate. CD3" events were gated in an SSC versus CD3 plot prior to gating on
CD3" CD8" and CD3" CD4" events. Following identification of these cells, a
gate was made for each studied function and their combinations. For this pur-
pose, “derived gate tools” available at the FACSDiva software was used. To
study double- and triple-positive populations, intersections of two and three
gates were created, respectively. Once the percentages of events were deter-
mined for each derived gate, the value of triple-positive events was subtracted
from those of double-positive events and, in turn, double- and triple-positive
events were subtracted from the total events positive for a given function. Sam-
ples with nonspecific backgrounds higher than 0.5% for any function (degranu-
lation and cytokine/chemoquine production) were retested using a new vial of
frozen cells. Data presented correspond to background-subtracted results using
the CD28/49d stimulation. This was performed on a cytokine subset by cytokine
subset basis, i.e., subtracting the result from the “CD28/49d-only” condition for
a given cytokine subset to the same subset of a peptide-stimulated condition.

Two standard deviations (SDs) above background was set as the threshold for
determining positive responses (as it was applied by other authors in equivalent
determinations [12]). Values below this threshold were set at 0. Samples from
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TABLE 1. Characteristics of subjects studied

Viral

VLY No. of cells/pl° HLA haplotype : ;
Patentandlor growp G, 7OV ’ - o ncion
aramete:
" vpu  nef NS&;Z:}:EA Logo VL~ CD4*  CD8* HLA-Aallele(s) HLA-Ballele(sy (0 of days)”
B patients
B1 Female B B >500,000 >5.7 416 1,900 24,26 35,3543 120
B2 Male B B >500,000 >5.7 981 5,886 2,2 44,35 156
B3 Male B B 23,763 4.38 451 758 3,26 13,38 95
B4 Male B B 9,701 3.99 373 713 2,32 57,44 45
B5 Male B B 41,134 4.61 364 569 11,24 44,35 68
B6 Male B B 151,662 5.18 439 1,602 2,3 44, 45 145
B7 Male B B 19,289 4.29 497 1,766 2,31 40,35 170
B8 Male B B 46,762 4.67 465 630 2,32 51,35 32
B9 Male B B 19,133 4282 865 865 3,29 7,39 20
B patient parameters
1Q25 19,211 4.28 393.8 735
Median 41,134 4.61 439 1,184
1Q75 325,831 5.44 681 1,832
BF patients
BF1 Male BF F 32,389 4.51 308 770 1,2 35,7 120
BF2 Male BF F >500,000 >5.7 306 1,152 3,24 7,50 20
BF3 Male BF F >500,000 >5.7 243 2,079 1,68 49,49 60
BF4 Female BF F 36,6608 4.56 612 774 2,3 7,44 135
BF5 Male F F >500,000 >5.7 209 1,229 2,31 40, 35 152
BF6 Female BF F 55,279 4.74 568 999 23, 66/26 58,41 45
BF7 Male BF F >500,000 >5.7 227 385 2,24 35,35 35
BF patient parameters
1Q25 36,668 4.56 227 770
Median >500,000 5.7 306 999
1Q75 >500,000 5.7 568 1,229
Nonprogressors
NP1 Female B B <50 <1.7 1,093 864 1,31 35,57 >10yr
NP2 Male B B 1,112 3.046 708 369 2,3 15,7 >10yr

“ For the B and BF patient groups, the median and 25% and 75% interquartile values (IQ25 and IQ75, respectively) for VL, log;, VL, CD4 count, and CDS8 count
are shown. The differences observed between the values for both groups for VL (P = 0.142), log,, VL (P = 0.146), CD4 count (P = 0.071), and CD8 count (P = 0.6)

were not statistically significant.

® Viral load (VL) calculated by the Versant HIV-1 RNA 3.0 assay (Bayer AG). The detection threshold was 50 RNA copies/ml (1.7 log;).

¢ Flow cytometry double platform (Epics XL; Coulter).

@ The estimated time from infection is shown in days unless specified otherwise.

five HIV seronegative donors were used to validate the assay as well as the
criteria for positive responses.

Data analysis. Statistical analyses were performed using GraphPad Prism 4
(GraphPad Software). All data except log;, VL and breadth of response were
analyzed using nonparametric statistics. Wilcoxon and Mann-Whitney tests were
used to compare intra- and interclade responses, respectively. Correlations were
determined using Spearman’s rank test. All tests were considered significant if
the P value obtained was less than 0.05.

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper were deposited in the GenBank database and are available
through accession numbers EU312168 to EU312203.

RESULTS

Study subjects. Sixteen recently infected HIV-1 subjects
were enrolled within 6 months from seroconversion and
grouped by viral subtype. Nine out of 16 patients were infected
with clade B (56%; from now on referred as patients B1 to B9),
while 7 were infected with BF forms (44%; from now on
referred as patients BF1 to BF7) (Table 1). These frequencies
agree with local epidemiological data (15, 23).

No statistically significant differences were found in VL, CD4,
and CD8 counts for both patient groups (Table 1). A wide range
of HLA alleles whose frequencies agree with local population
data were represented (www.allelefrequencies.net) (Table 1). Ad-
ditionally, samples from two HIV-1-positive individuals defined
as nonprogressors (NP1 and NP2) were obtained.

Total magnitude of the Nef-specific cellular immune re-
sponse. Previous studies have determined that during primary
HIV infection Nef-specific CD8 T-cell responses represented a
significant ratio (46% to 94%) of the total magnitude of the
HIV-specific T-cell response (43). In our B/BF cohort, we
characterized the Nef-specific T-cell response by employing a
peptide matrix-based IFN-y ELISPOT assay followed by con-
firmation of individual peptide response in a further ELISPOT
assay. Peptide sets representing subtypes B and BF were used
to accurately analyze the T-cell responses in this mixed subtype
population. Homology between the peptide sequences and the
patient autologous sequences ranged between 71 and 79%
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FIG. 1. T-cell responses directed at HIV-1 Nef protein from B and BF viral variants and detected using NefB- or NefBF-derived peptides in
a matrix-based IFN-y ELISPOT assay. (A) Total magnitude of anti-Nef T-cell responses, measured in SFU/10° PBMC, in B- and BF-infected
patients directed at either NefB and NefBF peptides. Symbols show the values for the responses from individual patients. The horizontal black bars
indicate the median values. Intra- and interclade differences were analyzed using Wilcoxon and Mann-Whitney tests, respectively. P values are
shown above the brackets. (B) Positive correlations were observed in B-infected patients (r = 0.633) and BF-infected patients (r = 0.679) for
antigens derived from clade B (NefB) and BF intersubtype variants (NefBF). Correlations are shown together with 95% confidence intervals.
(C) Breadth of total anti-Nef responses detected in each patient and expressed as the number of epitopes recognized. Data were analyzed as
described above for panel A. Symbols: B, NefB-infected patients; A, NefBF-infected patients.

regardless of viral subtype. In Fig. 1A, the total magnitude of
the responses detected against NefB and NefBF proteins, cal-
culated as the sum of the responses found against each pep-
tide, is detailed. In subtype B-infected subjects (n = 9), the
magnitude of positive T-cell responses ranged from 80 to 7,150
SFU/10° PBMCs (median, 730) for NefB peptides, while it
ranged from 110 to 5,295 SFU/10° PBMCs (median, 1,535) for
NefBF peptides (P = 0.594). For subtype BF-infected patients
(n = 7), the median values obtained were 2,060 (range, 90 to
12,385) and 600 (range, 220 to 17,375) SFU/10° PBMCs for
NefBF and NefB peptides, respectively (P = 0.612 [Fig. 1A]).
Although the responses of BF patients were of higher magni-
tude than those of B patients, the difference was not statisti-

cally significant. A positive correlation was observed between
responses to NefB and NefBF peptides for patients infected
with subtypes B (Spearman’s r = 0.633) and BF (Spearman’s
r = 0.679) (Fig. 1B). Thus, the magnitudes of T-cell Nef-
specific responses analyzed as a whole showed no significant
differences between patients recently infected with subtypes
B and BF.

Next, we analyzed the breadth of the anti-Nef response in
subtype B- and BF-infected patients using both NefB and
NefBF peptide sets. Analyzing the total number of epitopes
recognized in both groups of patients, B-infected patients rec-
ognized a total of 34 different epitopes, while in BF-infected
subjects 13 different Nef-specific responses were detected. All
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seven BF patients reacted to a minimum of one and a maxi-
mum of four or three NefBF and NefB peptides, respectively
(means of 1.57 and 1.42, respectively; P = 0.789; Fig. 1C). In
B-infected subjects, a broader response was detected. All in-
dividuals reacted to at least one NefB peptide (mean, 2.44;
range, 1 to 6), while eight out of nine patients reacted to at
least one NefBF peptide (mean, 1.89; range, 0 to 4) (P =
0.450). A trend toward a narrower response was observed in
BF-infected patients, although the differences detected were
not statistically significant (P = 0.161 and 0.628 for NefB and
NefBF peptides, respectively [Fig. 1C]).

Clade-specific breadth and magnitude of responses targeted
against different Nef domains. We then performed a detailed
analysis of the peptides targeted and their location along the
Nef protein (Fig. 2). The region between aa 66 and 148 con-
tained immunodominant epitopes, with 63% and 82% of the
responses found in subtype B- and BF-infected patients, re-
spectively, being targeted toward this region (Fig. 2A and B).
This observation has also been reported previously for subtype
B and other subtypes (22, 26, 28, 35, 43, 45). However, in this
study, clade-specific differences in targeted Nef domains were
observed. The responses of B patients could be found within
almost every domains, even when PBMCs were stimulated with
peptides corresponding to the BF-derived protein. In contrast,
BF patient responses were concentrated between the N-termi-
nal core and central core domains, strengthening the idea that
these patients elicit a narrower response than B patients, not
only in terms of the number of epitopes recognized but also in
the regions of Nef being recognized.

It is worth noting that the NefB protein flexible loop was
targeted in an unexpected high frequency (21%), while only
one positive response (from a B-infected patient) was found
within the BF loop. Also, three out of four responses from B
patients targeted toward the central core domain were missed
when challenging PBMCs with the BF peptide set.

When the magnitude of the responses of subtype B- versus
BF-infected subjects was split and analyzed into each Nef do-
main (Fig. 2C and D), we found that in the region encompass-
ing the N-terminal core to the central core, the median re-
sponse for BF subjects was 618 SFU/10° PBMCs (range, 50 to
4,530), while in B-infected patients, the median was 105
(range, 55 to 960; Mann-Whitney test P = 0.0071). Thus,
analysis by domain revealed that there exist differences in the
magnitude of the specific T-cell responses, between the two
patient groups, that were previously hidden.

Fine mapping of Nef-specific response at the individual pep-
tide level revealed concordant and discordant responses. The
individual peptides most frequently recognized were NefB>’
(71-QVPLRPMTYKAAVDL) and NefBF"? (67-GFPVRPQV
PLRPMTF). The NefB*” and NefBF'? peptides were recog-
nized by 56% and 51% of patients, respectively, and both
peptides share an 8-aa portion of their primary sequence (Q
VPLRPMT [Fig. 3A]). Other frequently recognized peptides,
although to a lesser extent, were NefB® (121-FPDWQNYTP
GPGIRY), NefB”® (157-NEGENNSLLHPMSLH), and
NefBF?° (105-KRODILDLWVYHTQGY [Fig. 3A]), all rec-
ognized in 37% of cases. HLA restriction for NefB>’ and
NefB® is widely described in the literature (26, 39), but not
for NefB”®%. As described above, positive responses were
found toward epitopes located inside the NefB flexible loop.
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The primary structures of these B peptides are also shown in
Fig. 3A.

Using the HLA haplotype of each patient, we attempted to
determine the putative HLA allele(s) restricting each positive
response in every patient. We used Web-based immunological
tools to bring together both pieces of data. First, the Los
Alamos HIV Immunology Database was screened for previous
reported restriction for those subtype B peptides toward which
positive responses were detected in our cohort. For those pep-
tides for which no previous data were available, as well as for
NefBF peptides, we used the BIMAS epitope prediction soft-
ware to identify 8- to 10-mer epitopes within each peptide
capable of binding HLA alleles expressed in each patient. This
analysis revealed that putative restricting alleles for those pep-
tides more frequently recognized in our cohort were as follows:
HLA-A2, -A3, -B35, and -B51 for NefB’’; HLA-A2, -A24, and
-B35 for NefB®’; HLA-A24 for NefB’®; HLA-A3, -B35, and
-B7 for NefBF'3; and HLA-A1, -A2, and -B44 for NefBF?*°
(Fig. 3A).

Then, the cohort was examined for the number of responses
detected using one set of peptides, the other set of peptides, or
both sets. The three possible situations were found. Given a B
patient, for instance, responses could be found toward (i) a B
peptide but not to its BF counterpart, (i) a BF peptide but not
to its B counterpart, and (iii) a B peptide and its BF counter-
part. The first two situations account for discrepant responses,
while the third accounts for concordant responses. Overlap-
ping Venn diagrams (Fig. 3B) were used to display the number
of the responses accounting for discrepant responses (i.e., de-
tected by each individual peptide set) and for concordant re-
sponses (central overlap of Venn diagrams). In B patients,
17/34 (50%) and 13/34 (38%) of the responses were detected
with one peptide set or the other peptide set (discrepant re-
sponses), while the minority of the responses (4/34 [12%])
were concordant. The opposite situation was found for BF
patients, as nearly 54% (7/13) of the responses were concor-
dant, while 2/13 (15%) and 4/13 (31%) were detected either
with the NefB and NefBF peptide set, respectively. Peptides
responsible for concordant responses were mainly contained
within epitope-rich zones. The latter analyses led to the con-
clusion that if only the peptide pool corresponding to each
individual infecting subtype had been used, an underestima-
tion of up to 66% of the breadth of response would have been
obtained. In other words, the use of two different peptide
sets enhanced the sensitivity of T-cell response detection
between 33% and 66%. This can be observed for each pa-
tient in Fig. 3C.

Last, we focused our analysis on discordant responses. We
aimed at determining the putative reason(s) for non recogni-
tion of one of the peptides within a discordant pair. In order to
perform this analysis, we first attempted to determine the HLA
allele restricting each positive response in every patient using
Web-based immunological tools as described above. Once the
putative restricting allele and minimal epitope within each
peptide were identified, we aligned each positive peptide with
their nonrecognized counterparts from the other peptide set.
Figure 4 depicts three representative examples of such align-
ments. For instance, patient BF2 has HLA alleles A3, A24, B7,
and B50. A positive response to peptide NefB”” was found in
the ELISPOT assay. Putative restricting HLA alleles for this
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FIG. 2. Histograms showing the frequency of respondents (A and B) and magnitude of responses (C and D) for all overlapping peptides.
Histograms show all positive responses (by cutoff criteria described in Materials and Methods) obtained in patients infected with B (white bars)
and BF (black bars) for peptides derived from both NefB (A and C) and NefBF (B and D). The median magnitude obtained for each peptide is
shown together with SDs (error bars). The rectangles at the bottom of the figure show the amino acid numbering, peptide number within each
peptide set (NefB and NefBF), and Nef structural domains. The HIV-1 Nef protein can be divided into six functional domains (depicted as white
numbers of a solid black circle): the N-terminal domain (domain 1, aa 1 to 83), the N-terminal core (domain 2, aa 84 to 115), oligomerization
domain (domain 3, aa 116 to 127), central core (domain 4, aa 128 to 159), loop (domain 5, aa 160 to 187), and C-terminal domain (domain 6, aa
188 to 205) (6). Regions encompassing each domain in each histogram are highlighted with different degrees of shading.
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FIG. 3. Fine mapping of responses, evaluated at the single-peptide level. (A) Nef domains encompassing aa 163 to 198 are shown together with
NefB and NefBF primary structures. The most frequently recognized peptides are indicated. Also, the primary structures of subtype B peptides
spanning the NefB loop are shown. This domain was targeted in an unexpected high frequency of patients (21%). Close to each peptide, putative
restricting HLA alleles are shown as predicted using Web-based immunological tools. (B) Venn diagrams showing the absolute number of
responses obtained using each peptide set for each patient group. Overlapping regions denote the number of responses detected with both peptide
sets (i.e., concordant responses). (C) Bar graph showing the relative contribution of concordant and discordant responses to the total breadth in
all patients enrolled. Dark gray portions stand for recognition of peptides corresponding to the peptide set derived from the same subtype than
the infecting virus; light gray portions stand for recognition of peptides derived from the peptide set not corresponding to the infecting subtype,

and black portions represent concordant responses.

peptide are A24 and B7. Then, this peptide was aligned with
the autologous viral sequence and the overlapping peptides of
the NefBF peptide set (peptides NefBF*® and NefBF>°). It can
be observed that the sequences of these peptides are identical
to that of the autologous viral sequence (except for 1 aa, which
is not predicted to affect binding affinity to HLA-A24 and -B7
molecules). However, the predicted minimal epitope is in a
different position in each peptide (i.e., it is offset). Therefore,
we ascribe the lack of recognition of peptides NefBF*® and
NefBF? to the offsetting of the minimal epitope within those
peptides. Similarly, we found that other reasons for nonrecog-
nition were polymorphism within the optimal epitope (which
may affect interaction to the T-cell receptor and thus effector
response) and on epitope anchor positions. Examples of each
situation are shown in Fig. 4. Analysis of all discordant re-
sponses revealed that offsetting of peptides is the major reason

accounting for lack of recognition within a discordant pair of
peptides, as it was found as a putative cause of nonrecognition
in 67% (24/36) of the discordant responses identified in our
cohort. On the other hand, polymorphisms within the optimal
epitope or at HLA anchor positions accounted for 19% (7/36)
or 14% (5/36) of the discordant responses found in our cohort,
respectively.

Cellular responses in NP subjects. A weak Nef-specific re-
sponse was detected (165 SFU/10° PBMCs) as a response in
the nonprogressor NP1 subject. Using the matrix approach, it
was possible to show that this response was directed toward
three different peptides located within the N-terminal domain,
the N-terminal core, and the oligomerization domains. No
specific anti-Nef response was detected in subject NP2.

Peptide pools were used to identify responses directed to-
ward other viral proteins in these patients. Vif- and p24-spe-
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Discordant responses might be due to:
a. Peptide off-setting
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Patient  HLA haplotype Autologous viral sequence ISIEEVEKANEGENNCLLHPMSAQH
BF2 A3, A24, B7, B50 Reactive peptide NefB”” VEEANEGENNSL|LHP
Non-reactive peptide NefBF® EEVEKIANEGEDNCL|L
Non-reactive peptide NefBF?® ANEGEDNCL/LHPMSAQH
Restricting allele(s) A24/B7
b. Pelymorphisms within optimal epitope
Patient  HLA haplotype Autologous viral sequence 1IS7ANEGENNCLLHPMSAQH
B1 A24, A26, B35, B3543 Reactive peptide NefB’® NEGENNSLLHPMSLH
Non-reactive peptide NefBF® ANEGE|(DNCLLHPMS Q[H
Restricting allele(s) A24
c. Polymorphism on anchor position
Patient  HLA haplotype Autologous viral sequence 67 PQVPLRPMTYKAAVDL
B8 A2, A32, B35, B51 Reactive peptide NefB%” QVPLRPMTYKAAVDL
Non-reactive peptide NefBF* PQV P LIRPMTFKGALIDL
Anchor position ¢
Restricting allele(s) [ B51 [

FIG. 4. Reasons driving discordant responses. Three reasons (a, b, and c) were identified to explain discordant responses. Here, examples for
each of the reasons are shown. Patient identification, HLA haplotype, and autologous viral sequence (numbers at the left indicate the amino acid
positions) are shown together with the primary sequences of reactive and nonreactive peptides. Putative minimal epitopes are shown boxed, and
the putative restricting HLA alleles are also indicated. In panel c, the anchor position is denoted with an asterisk.

cific responses were also observed in NP1 (100 and 265 SFU/
10° PBMCs, respectively) while in patient NP2, anti-Gag
reactive populations were exclusively detected (p17, 120 SFU/
10° PBMCs; p24, 690 SFU/10° PBMCs; p2p7plp6, 195 SFU/
10° PBMCs).

Phenotypic and functional profiles of positive T-cell re-
sponses. In order to further characterize cross-reactive T-cell
populations identified by ELISPOT assay, the phenotype and
functionality of these cells were studied in a subset of seven
patients. Recently, a flow cytometry-based assay was developed
to measure the vast complexity of the HIV-specific T-cell re-
sponses (12, 41, 51). We used a modification of this assay which
was adapted to our resources. Cells were stimulated with the
corresponding peptide, as described in Materials and Methods,
then surface molecules (CD3, CD4, and CD8) were stained,
and five different functions were studied in the CD3" CD8"
population (degranulation [10, 11) and IFN-y, Mip-1B, IL-2,
and TNF-a secretion) (12). The gating strategy, illustrated
using data from one representative patient, is shown in Fig. 5.
Two different positive controls were included: polyclonal stim-
ulation with a mix of PMA and ionomycin and the control
peptide pool CEF. Mean = SD percentages of positive CD3™
CD8" cells for each function were 22.52 = 6.02 (IL-2), 44.6 =
16.28 (Mip-1B), 38.6 = 5.37 (TNF-a), 35.1 = 4.24 (IFN-y), and
42.65 + 3.32 (CD107a/b) for PMA-ionomycin and 0.97 + 0.35
(IL-2), 2.26 = 1.62 (Mip-1B), 1.67 £ 1.17 (TNF-w), 1.1 = 0.81
(IFN-y), and 1.3 = 0.43 (CD107a/b) for the CEF pool.

(i) IFN-vy responses detected by the ELISPOT assay were
predominately due to CD8 T cells. First, we aimed at correlat-
ing the data obtained by the ELISPOT assay and the results of
the ICS assay. We observed that the hierarchy of SFU/10°
PBMCs correlated with the sum of CD8" CD3" and CD4™
CD3™" IFN-y-secreting cells (data not shown). As expected
based on a previous report (21), no CD4" CD3" CEF-specific
IFN-y-secreting cells were detected in the ICS assay. Out of
the 18 HIV-specific IFN-y-secreting responses analyzed by the
ICS assay, only 3 responses were mediated mainly by CD3™
CD4" cells (between 64% and 100% of the total response),
while in the remaining 15 responses, CD3* CD8" IFN-vy-

producing cells were almost exclusively responsible (between
62% and 100% of the total response) for the results observed
by ELISPOT assay. These data are consistent with previous
studies indicating that the vast majority of these types of re-
sponses are due to CD8" T cells (7, 8, 24).

(ii) Correlation of polyfunctional CD8* T-cell responses
with better clinical status of the patients. Out of the seven
patients studied by ICS, clinical follow-up data suggested that
three patients (patients B6, B, and BF6) had improved con-
trol of primary infection (lower viral set point, CD4 " cell count
recovery, containment of symptoms [data not shown]), while
the other three patients (B5, BF3, and BF4) presented a reg-
ular resolution of acute phase. The seventh patient evaluated
was NP2. As reported in the literature, longitudinal evaluation
of Nef-specific T-cell response (evaluated by ELISPOT assay)
in these patients revealed no association between the breadth
or magnitude of the Nef-specific response and CD4 count, VL,
or clinical status (primary infection versus nonprogressing sta-
tus [data not shown]).

Recent observations suggest that the role of polyfunc-
tional CD8" T-cell responses may play a role in controlling
virus replication (3, 12, 30, 56, 60). Given these reports, we
then focused on studying the polyfunctional profile of the
responses detected in this subset of seven patients and
aimed to correlate it to the capacity to contain viral repli-
cation. We individually evaluated degranulation (CD107a
and CD107b mobilization) and IFN-y, Mip-18, IL-2, and
TNF-a secretion, as well as the following combinations of
effector functions: IL-2 plus IFN-vy, IL-2 plus TNF-«, IFN-y
plus TNF-a, IL-2 plus Mip-1B, IL-2 plus degranulation,
Mip-1B plus degranulation, IL-2 plus IFN-y plus TNF-a,
and IL-2 plus Mip-1B plus degranulation.

Figure 6A shows representative data for one patient from
each group, while Fig. 6B summarizes the data for each patient
group and for patient NP2. It was found that bi- and trifunc-
tional CD8™" cells together (yellow and red sections in Fig. 6B)
account for almost 30% of the total specific response in pa-
tients with improved control of primary viremia. This function-
ality pattern was strikingly similar to what was observed for
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FIG. 5. Gating scheme used for the identification of specific T cells. Data shown are from cells derived from one representative patient,
stimulated with an HIV peptide. Initial gating was performed on small lymphocytes in a forward scatter (FSC)-versus-SSC plot. CD3* events were
gated in an SSC-versus-CD3 plot prior to gating on CD3* CD8" and CD3* CD4" events. Then a gate was made for each studied function and
their combinations. Only the functional profile of cells gated on CD3" CD8™ events is shown, but a similar analysis was also performed on CD3™
CD4™ cells. For each patient, two different positive controls were included: polyclonal stimulation with a mix of PMA-ionomycin and the control
peptide pool CEF. Mean =+ SD percentages of positive CD3* CD8™ cells for each function were 22.52 = 6.02 (IL-2), 44.6 = 16.28 (Mip-1B), 38.6 =
5.37 (TNF-a), 35.1 = 4.24 (IFN-y), and 42.65 * 3.32 (CD107a/b) for the PMA-ionomycin mixture and 0.97 = 0.35 (IL-2), 2.26 * 1.62 (Mip-1pB),
1.67 = 1.17 (TNF-o), 1.1 = 0.81 (IFN-y) and 1.3 = 0.43 (CD107a/b) for the CEF pool.

NP2. On the other hand, patients with regular resolution of
acute phase showed limited responses with respect to the func-
tions detected. In these patients, most of the specific cells
detected were monofunctional, only 10% (on average) were
bifunctional, and no specific CD3" CD8" cells with three
simultaneous functions were detected in any of these pa-
tients.

These results suggested a correlation between a better clin-
ical status of the patients and the polyfunctionality of the CD§
T-cell response. The situation observed for subject B8 is par-
ticularly interesting. The first sample obtained from this sub-
ject was 15 days after the beginning of acute symptoms. The
VL was 4.67 log,, units and had 465 CD4" cells/ul. Fifteen
days later, the subject fully seroconverted, and the VL dropped
2 log,, units. The patient currently remains asymptomatic
and off highly active antiretroviral therapy. This patient
shows a narrow Nef-specific response, as only cells reactive
against only one peptide (NefB>”) were found. Evaluation of
specific immune responses against Gag was also performed,
although no specific cellular immune responses were found.
In this patient, the high quality of the CD8 response (in

terms of functionality) may be one of the factors contribut-
ing to the excellent control of viral replication. Longitudinal
studies of subjects B6, B8, BF6, and others undergoing a
similar situation will allow determination of whether poly-
functional cell populations present at the acute phase of
infection are predictors of nonprogression. Also of interest,
patient B6 shows a strikingly similar profile of functionality
(even with similar magnitudes) in different CD8 populations
specific for two different peptides (one from the NefB pep-
tide set and one from the NefBF peptide set) corresponding
to different Nef domains.

(iii) Discrepant functionality patterns observed in ELISPOT
assay concordant responses. Last, we examined the polyfunc-
tional profile obtained for both peptides within the concordant
cross-clade responses identified by ELISPOT assay. It was
observed that when peptides within a given concordant pair are
offset, different functional profiles are observed. Results ob-
tained for patient BF7 are shown in Fig. 6C to illustrate this
fact. On the other hand, this contrasts with what was observed
when peptides are fully overlapping (Fig. 6C, patient BF6),
where an agreement in functional profile is observed. These
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phenomena were systematically observed for every concordant
response analyzed.

DISCUSSION

Screening of the T-cell responses in patients infected with
different subtypes and intersubtype recombinant forms of HIV
has become a major goal to help inform vaccine design. Initial
reports included only subtype B- or C-infected patients (1,
47-49), but more recently other subtypes and CRF recombi-
nant forms are being studied (18, 22, 27, 28, 35). On the other
hand, the immunoprotective role of HIV-specific vaccine-in-
duced T cells may be limited by the large genetic distance
between viral strains circulating in different locations and the
vaccine strain. Thus, it is important to determine whether it
would be advantageous to include peptides based on multiple
clades, including those based on variants circulating in a spe-
cific geographic area.

Here, we report results from T-cell screening on a cohort of
subjects with primary HIV infection. We chose this cohort on
the basis that immune responses arising during this period are
more likely to be relevant for immune control than those found
during chronic infection. Recently, it was shown that subse-
quent broadening of the specific T-cell response is not associ-
ated with effective control of viral replication but with viral
escape from temporarily effective immune responses (37).

To accurately evaluate Nef-specific CD8" T-cell responses
in this mixed-subtype cohort, two panels of overlapping pep-
tides were used: a clade B-derived peptide set and a BF-
derived set. Cross-clade responses were identified on the basis
of IFN-vy production. Single-peptide-based screening of T-cell
responses allowed fine mapping, which revealed broad cross-
clade T-cell populations, although clade-specific magnitude,
breadth, and domain targeting were observed. Immunodomi-
nance of the Nef central region was demonstrated in our co-
hort, in accordance with other studies (22, 26, 28, 35, 43, 45).
Most of the cross-reactive peptides clustered in this conserved
region of the protein. Peptides more frequently recognized
contained epitopes restricted by HLA alleles highly prevalent
in our cohort. Surprisingly, the NefB protein flexible loop was
targeted in high frequency (three B patients and one BF pa-
tient). The fact that our population shows different HLA allele
frequencies compared to other Caucasian populations (Www
.allelefrequencies.net), added to amino acid polymorphisms
found in Argentinean B HIV isolates compared to B isolates
from other countries, may explain this observation. Studies
demonstrating that the distribution and nature of CTL re-
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sponses depend on the predominant circulating virus and ge-
netic background of the population (58, 59) support this idea.
Also, the high frequency of specific responses to the B loop
might be influenced by the short time since infection. It has
been shown in longitudinal studies that responses to certain
epitopes in Nef dominated early but were later replaced by
responses to other Nef epitopes (7).

It is widely known that the use of peptides based on HIV-1
reference strains in order to screen CTL responses fails to
detect the true breadth and magnitude of the response (4). The
data presented here indicate that the use of two peptide sets
based on the more prevalent subtypes circulating in our region
increased the rate of detected responses. Considering these
results together with recent publications (22, 28), it can be
stated with certainty that the use of more than one peptide set
profoundly impacts the detection rate of HIV-specific CTL
responses for a wide range of subtypes (A, B, BF, C, D, and F),
and presumably, these results could be extrapolated to all viral
subtypes. Currier et al. (22) suggested that, in the particular
case of Nef, the use of the homologous subtype-derived pep-
tide set would be sufficient for screening specific responses.
Our results do not agree with this statement, and more than
one peptide set should be used to maximize breadth detection,
irrespective of the viral protein being targeted by those re-
sponses.

Additionally, in these studies (18, 22, 28) and our study,
concordant and discordant responses are found. This phenom-
enon can be explained by (i) amino acid substitutions within
the optimal epitope, (ii) substitutions in close proximity to the
optimal epitope, and (iii) the relative position of the optimal
epitope within a given peptide (peptide offsetting). The third
explanation was found as the main putative cause accounting
for the lack of recognition of one of the peptides within a
discordant pair. On the other hand, recent studies have shown
that while different variants of a given epitope may be recog-
nized by T cells, variation in the epitope sequence has a pro-
found impact on the ability of CTLs to recognize and clear
infected cells (9, 45). Here, we demonstrated that there exist
significant differences in the quality (cytokine secretion profile
and cytotoxic activity) and magnitude of the CD8 response to
different epitope variants. Significant differences in the avidity
of the T-cell responses (46), which can influence the cytokine
response profiles (40, 52) and cytotoxic activity of CD8™" T cells
(31), were demonstrated to have an important impact on virus
control. Taken together, these data will help discern the best
antigens to be included in future HIV vaccines that induce
T-cell populations with optimal effector functions. This also

FIG. 6. Functional profiles of specific CD8" T cells. (A) Specific CD8 T-cell responses of a representative patient with regular resolution of
acute phase (patient BF4), of a patient with “improved” control of acute phase (patient B8), and of patient NP2. For each patient, the peptide
used as stimulus is shown aligned to the autologous viral sequence (AVS) (numbers to the left of the sequence indicate the amino acid positions
within the Nef protein) and putative restricting HLA allele. Vertical bars represent the frequency of CD8" T cells expressing the particular
combination of functions indicated on the x axis. Mono-, bi-, and trifunctional combinations are further denoted by green, yellow, and red
horizontal bars, respectively. Responses shown correspond to background subtracted results using the CD28/49d control. (B) Summary of
functional profile in each group of patients. Each pie chart represents the mean (of all patients within a group) contribution of each effector
function to the total response. Green sectors stand for CD8* cells positive for only one function, yellow sectors stand for bifunctional CD8" cells,
and red sectors stand for trifunctional cells, matching the color code used in panel A. (C) ICS evaluation of ELISPOT assay concordant responses.
Here, both peptides used in turn as stimulus are shown aligned to the AVS. The frequency of CD8" T cells detected using both peptides is shown
in each plot.
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has important implications in the selection of reagents for
screening T-cell responses.

It was not until very recently that the correlates of HIV
protection (or more accurately, the correlates of nonprogres-
sion) have started to be elucidated. Although the importance
of CD8 T cells in controlling HIV replication is widely ac-
cepted, earlier reports have failed to show either a positive or
negative correlation between viral load and the breadth or
magnitude of CTL responses. Now it is known that Gag-spe-
cific responses are associated with low viremia (29, 38, 61),
which can be explained by the capacity of Gag-specific CTLs to
kill very recently infected cells, even before the viral genome
integrates into the host genome (55). Also, it was shown that
the functional profile of HIV-specific CD8 T cells in progres-
sors is limited compared to that of nonprogressors, who con-
sistently maintain highly functional CD8 T cells (12). In line
with these studies, no correlation between the magnitude or
breadth of the Nef-specific T-cell responses and the patient’s
viral or immune parameters was found. However, patients
from our cohort showing an enhanced control of initial viremia
also showed a high proportion of bi- and trifunctional specific
CD8™ cells. Of these patients, only BF6 had an HLA allele
(B58) associated with delayed progression to AIDS (57). Our
results add further support to the notion that multiple func-
tions are required in the specific T-cell repertoire to control
viral replication and suggest that the proportion of multifunc-
tional CD8" cells may predict clinical outcome and that a
multifunctional vaccine-induced T-cell response should be in-
duced to provide protection.

To summarize, we determined the frequency and magnitude
of recognition of epitopes within the Nef protein derived from
BF viral variants and compared the pattern of immunodomi-
nance in Argentinean patients (whether infected with B or BF
forms) to those described previously. Cross-clade and clade-
specific responses between B subtype and BF variants were
found. Detailed analysis at the single-peptide level revealed
that BF patients show a narrower response (both in terms of
the number of epitopes recognized and the Nef domains tar-
geted) but greater in magnitude. Underestimation of the re-
sponse was reduced to a minimum by challenging cells from
both patient groups with both B and BF peptide sets. Func-
tional differences in CD8" T-cell population were observed
depending on variations within the peptide presented (primary
structure and offsetting). Also, different qualities of effector
function were observed with different clinical resolutions of the
acute phase. As a whole, our data suggest that the obstacle of
genetic diversity in screening T-cell responses can be overcome
by using multiple sets of peptides corresponding to regionally
circulating HIV variants. Functional profiling of T-cell re-
sponses contributes significantly to dissection of the immune
response.
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