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We aimed to identify cross-clade human immunodeficiency virus type 1 (HIV-1) specific T-cell responses
among 10 HLA-typed individuals who were infected with non-B HIV-1 strains (A, AG, C, D, G, or F) and to
correlate these responses with genetic variation in documented T-cell epitopes. T-cell reactivity was tested
against peptide pools spanning clade B Gag, Pol, Nef, Rev, and Tat consensus, with Gag and Nef providing the
highest responses. Nine individuals who responded to clade B Gag demonstrated cross-reactive T-cell re-
sponses against clade A and C Gag pools, while six of seven responders to Nef-B reacted to clade A and C Nef
pools. An inverse correlation between the height of the T-cell responses and the sequence divergence of the HLA
class I-restricted epitopes was identified when we compared autologous Gag and Nef sequences with the
reactive consensus pools. This could be explained for the Gag sequences through observed variations in the
HLA anchor residues. Through mapping of 30 amino acid cross-clade-reactive regions using Gag-B pools, we
were able to link 58% (14/24) of the T-cell responses to regions containing previously described HLA class
I-restricted epitopes. Forty-two percent (10/24) of the responses were directed to regions containing new
epitopes, for which predicted HLA class I motifs could be recognized in 70% (7/10) of individuals. We
demonstrate here that cross-clade T-cell responses are frequently induced in individuals infected with distinct
HIV-1 clades, suggesting that interclade variation outside of HLA anchor residues may have less impact on

vaccine-induced T-cell reactivity than previously thought.

Human immunodeficiency virus type I (HIV-1) is highly
variable and can be subdivided into several distinct clades of
virus (A to G) and recombinants of clades (51, 55). This high
degree of variation is predicted to have a direct impact on
T-cell recognition of variable epitopes and thereby to hamper
the design of HIV-1 vaccines aimed at inducing strong cross-
clade T-cell responses (46).

It has been well documented that the induction of HLA-
restricted cytotoxic-T-lymphocyte (CTL) responses is crucial in
controlling HIV-1 replication, as well as being key to slowing
down disease progression (38, 40). Vaccine strategies capable
of eliciting simian immunodeficiency virus specific CD8* CTL
responses in nonhuman primates have been demonstrated to
limit viral replication, as well as to prevent the onset of disease
(4, 7, 56). These studies and others collectively suggest that
vaccines aimed at inducing strong CTL responses would be
effective at preventing infection or limiting disease progression
(57). However, viral escape from CTL immune surveillance
through the alteration of recognized CTL epitopes has been
reported in natural HIV-1/simian immunodeficiency virus in-
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fection (3, 26, 32, 34, 53; reviewed in reference 35), as well as
in vaccinated nonhuman primates (5, 6).

T-cell responses raised against one HIV-1 clade have been
reported to recognize HIV antigens derived from other clades
(12, 15, 18, 22, 41, 44), and clade B-based HIV-1 vaccines can
elicit cross-clade T-cell responses (27). The characterization of
cross-clade specific T-cell responses and the respective roles
of sequence variation in HIV-1 antigens and class I haplo-
types mediating responses can help further identify the cor-
relatives of cross-clade T-cell responses. In the present
study, we analyzed the cross-clade specific T-cell responses
in 10 individuals infected with different HIV-1 non-B clades
(A, AG, C, D, G, or F). We defined the hierarchy in cross-
clade T-cell responses to different clade B peptide pools and
compared the top-responding clade B peptides with those
representing clades A and C. Through autologous sequence
analysis, we revealed an inverse correlation between the
strength of the T-cell responses and the degree of viral
diversity within known CTL epitopes (9), which for Gag
could be associated with HLA anchor residues. Finally, we
fine mapped cross-clade Gag T-cell responses to 30- to 40-
amino-acid (aa)-long stretches in which we could predict
epitopes mediating the cross-clade reactivity by using the
Los Alamos Immunology Database and HLA motif scans.
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TABLE 1. Characteristics of subjects included in the study

Patient Origin Age Vira_l load Therapy HIV-A subyping HLA tping

(r)  (copies/ml) LTR® Gag Pol  Nef  Env HLA-A HLA-B HLA-Cw
M12653 Rwanda 26 10° AZT,ddC* A A A A A A36, A74 B53, B58 W4, W6
M12453 Ghana 34 10? AZT G A G AG A A2, A30 B27, B50 W2, W6
M11306 Kenya 33 10* C C C C ND A23, A23 B53, B58 W4, W7
M12003 Ethiopia 36 10* C C C C ND Al, A30 B7, B41 W7, W17
M11814 DRC* 24 10° D D D F F A23, A24 B35, B58 W4, W7
M12020 DRC 36 10* AZT D D D ND D A23, A34 B44, B53 W4, W6
M12259 DRC 50 10° F D D ND F Al, Al B8, B55 W3, W7
M12115 Tanzania 43 10° D D D ND ND Al, A24 B8, B35 W4, W7
M12101 Brazil 29 10% F F F F F A3, A24 B52, B58 W3, W6
M13371 Nigeria 34 102 G G G G ND A2, A36 B45, B58 W3, W6

“ DRC, Democratic Republic of the Congo.
? LTR, long terminal repeat.

¢ AZT, zidovudine; ddC, dideoxycytosine.
4ND, not done.

MATERIALS AND METHODS

Samples. Subjects were selected from the outpatient clinic from the Academic
Medical Centre, Amsterdam, The Netherlands. Nine out of 10 individuals tested
originated from Africa, the other from South America (Table 1), and all were
predicted to have been infected in their home countries. Serum and peripheral
blood mononuclear cell (PBMC) samples were obtained and stored frozen prior
to analysis. On the sampling date, three patients were on therapy and seven were
therapy naive. Their ages ranged between 24 and 50 (mean, 34.5) years, and no
patients had clinical signs of AIDS. Viral loads were determined by the Nucli-
Sens assay or the HIV-1 RNA QT NASBA assay (Organon Teknika B.V.,
Boxtel, The Netherlands). Viral loads varied from below the detection limit (log
2 copies/ml) to log 6 copies/ml. Patient HLA typing was commercially deter-
mined by the Tissue Typing Laboratory of the University of Pennsylvania Med-
ical Center using standard PCR techniques.

PCR amplification, sequencing, and subtyping. Partial sequencing and sub-
typing of Gag, long terminal repeat, Pol, and Env was previously reported by de
Baar et al. (20). Complete Nef and Gag sequences were obtained from serum,
and nucleic acids were isolated using the silica-based Boom method (14). Re-
verse transcription and PCRs were performed using previously published meth-
ods with modifications (17). Nef sequences were reverse transcribed using the
primer 3' R-M (5" ACTYAAGGCAAGCTTTATTGAG 3’) or 3’ RMnew (5’
ATTGAGGCTTAAGCAGTGGGTT 3'), followed by primary PCR using the
Outer-5-1e primer as previously published (35) for 40 cycles. Secondary PCRs
were performed with Inner-5-1e and Outer-3-3e for 25 cycles. Gag sequences
were reverse transcribed using SK39 (5" TTTGGTCCTTGTCTTATGTCCAG
AATGC 3') and protl (5 GCAAATACTGGAGTATTGTATGGATTTT
CAGG 3'). Gag primary PCRs were performed using 1-SD (5" GGCGGCCGC
TCTCTCGACGCAGGACTCG3') plus SK39 and SK145 (5" AGTGGGGGGA
CATCAAGCAGCCATGCAAAT 3') plus protl (both for 40 cycles). Secondary
PCRs were performed with 3’GAGAE-3 (5' ACTATTTTATTTAATCCCA
GGAT 3’) plus 5" LOUW-1-GAG (5" TTGACTAGCGGAGGCTAGAA 3')
and TFS-R (5" GTTGACAGGTGTAGGTCCTAC 3') plus FGSO011 (5" AGA
GAACCAAGGGGAACTGACATAGCA 3') (both for 25 cycles). For some
samples, a tertiary PCR was performed using 5'Gag-1 (5" CATGCGAGAGCG
TCAGTATTAAGCGG 3') plus 3" GAG-3 (5" ATGCTTAAGCTTCTACTAC
TTTTACCCATGC 3’) primers with 25 cycles. Positive PCR products were
cloned into the TOPO II vector (Invitrogen, Carlsbad, CA) and sequenced using
the BigDye Terminator Cycle Sequencing kit (ABI, Foster City, CA) and ana-
lyzed using an ABI 377 automated sequencer (ABI). Nef and Gag sequences
were analyzed using BioEdit 7.0 (T. Hall, Ibis Therapeutics, CA), Textpad
(Helios Software Solutions), and neighbor-joining methods in the Mega3 soft-
ware (39).

Sequence and epitope analysis. The genetic distances between patient-specific
and peptide amino acid HIV-1 sequences were calculated using Mega3 and are
referred to in p-distance values. This distance is the proportion (p) of amino acid
sites at which the two compared sequences are different. It is obtained by dividing
the number of differences in amino acids by the total number of amino acids
compared. Documented HLA-specific CTLs were analyzed using the Los
Alamos Immunology Database (9). The analysis of HLA class I anchor motifs
was done using the currently available data at the Syfpeithi network (54; http:
/[syfpeithi.de/). The sequence analysis of amino acids external to documented

epitopes (see Table 3) was performed using a script analysis (C. Kesmir, Theo-
retical Biology and Bioinformatics, UU, The Netherlands). This script randomly
picks up amino acid positions in a given sequence and calculates the p distance
to the reference sequence. For this analysis, we excluded the regions that contain
documented CTL epitopes per given HIV-1 region (Gag or Nef). We then
calculated the p distance in randomly picked amino acids equal to the total length
of combined documented epitopes. To rule out any sampling bias, the procedure
was repeated 500 times. Sequence analysis for HLA-specific motifs was per-
formed using the Epitope Location Finder (ELF) (http:/hiv-web.lanl.gov
/ALABAMA /epitope_analyzer.html). ELF performs various analyses of HIV
peptide sequences with the aim to identify optimal CTL epitopes using current
knowledge of HLA serotypes, genotypes, and known HLA anchor residues. We
subsequently verified whether the predicted HLA-binding motifs corresponded
to previously documented epitopes and/or haplotypes in the Los Alamos Immu-
nology Database. We included only ELF results that contained unique combi-
nations of primary anchor and N-terminal residues. We excluded ELF results for
HLA-C loci, since the roles of the HLA-C CTL responses in HIV infection are
still relatively poorly understood (33).

Peptides. Synthetic peptides were custom ordered from SynPep Corporation
(Dublin, CA). Peptide sequences were based on those of the HIV isolates most
closely related to the clade B consensus sequences (Los Alamos National Lab-
oratory, Los Alamos, NM [http://hiv-web.lanl.gov]), namely, Gag-A, 90cf4071;
Gag-B, CAM-1; Gag-C, C-96xm751.3; Nef-A, Se8891; Nef-B, JRFL; Nef-C,
In.21068; Pol-1/2-B, JRFL; Rev-B, JRFL; and Tat-B, JRFL. The peptides were
15-mers overlapping by 11 aa unless otherwise specified. Given the size of the Pol
protein, Pol peptides were divided into two pools, Pol-1 and Pol-2, representing
each half of the protein. The Gag and Nef amino acid sequences of clades A, B,
and C were obtained from primary virus isolate sequences in the Los Alamos
HIV-1 database whose sequences were as close as possible to the consensus
sequence in that clade type. They were dissolved in straight dimethyl sulfoxide
(DMSO) at 20 to 50 mg/ml and stored in small aliquots at —70°C. Peptide pools
were composed of an equal volume of each peptide, with up to 120 peptides per
pool. The final stock concentration for each peptide in a pool was 0.4 mg/ml.

IFN-y enzyme-linked immunospot (ELISPOT) assay. Sterile 96-well microti-
ter plates with well bottoms of polyvinylidene difluoride (MAIP S45; Millipore,
Bedford, MA) were coated overnight at 4°C with 100 pl/well of mouse anti-
human gamma interferon (IFN-y) monoclonal antibody clone 1-D1K (MabTech,
Stockholm, Sweden) diluted to 10 pg/ml in sterile Dulbecco’s phosphate-buff-
ered saline (PBS) (Gibco-BRL, Grand Island, NY). The coated plates were
washed four times and blocked for 2 h in a humidified CO, incubator at 37°C
with 200 pl/well of complete RPMI-1640 medium complemented with 10% fetal
bovine serum (R-10; Gibco-BRL, Grand Island, NY). The blocking buffer was
removed, and 100 pl/well of PBMCs diluted in R10 was added to result in 2 X
10° and 1 X 10° cells/well. Peptide pools were diluted in R10 and added at 25
wl/well, and the final concentration for each peptide in the pools was 2 to 3
pg/ml. Peptide-free DMSO diluent matching the DMSO concentration in the
peptide solutions was used as a negative control (mock antigen). The plates were
incubated overnight in a humidified CO, incubator at 37°C and then washed
seven times with PBS containing 0.05% Tween 20 (Sigma, St. Louis, MO).
Biotinylated anti-human IFN-y monoclonal antibody clone 7-B6-1 (MabTech)
was diluted to 1 wg/ml in assay diluent consisting of PBS and 0.5% bovine serum
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albumin (Sigma). Diluted antibody was added to the plates at 100 pl/well, and
the plates were incubated for 2 to 4 h at room temperature. The plates were
washed four times with PBS-Tween, and 100 pl/well of alkaline phosphatase-
conjugated anti-biotin monoclonal antibody (Vector Laboratories, Burlingame,
CA) at 1:750 in assay diluent was added to each well. The plates were incubated
for 2 h at room temperature and washed four times with PBS-Tween. To develop
the spots, 100 wl/well of precipitating alkaline phosphatase substrate nitroblue
tetrazolium-BCIP  (5-bromo-4-chloro-3-indolylphosphate) (Pierce, Rockford,
IL) was added to each well, and the plates were incubated at room temperature
until spots became visible (usually 5 to 10 min). The spots were counted using a
digital imager and automated spot-counting software (AutoImmun Diagnostika,
Germany). The number of spots per well was normalized to per 10° cells and
averaged for each sample and antigen to give a final number of spot-forming cells
per 10° cells. Responses were considered positive when they were four times
higher than the mock and above 55 spot-forming units (SFU)/10° PBMCs. This
criterion was previously determined by statistical assay validation to result in a
<1.0% false-positive rate (J. W. Shiver, unpublished observations).

Statistical analysis. Statistical analyses were performed using GraphPad 3.02
(GraphPad Software, San Diego, Calif.). Means and medians are presented as
arithmetic means. All data were analyzed by the use of nonparametric statistics.
Kruskal-Wallis nonparametric analyses of variance were used for significant
differences between clade-specific responses. Correlations were determined us-
ing Spearman’s rank correlations. All tests were two tailed and were considered
significant if the P value was <0.05.

Nucleotide sequence accession numbers. The sequences described here have
been submitted to GenBank and assigned accession numbers AY887091 through
AY887103.

RESULTS

Identification of domains recognized by cross-clade T cells
using clade B peptide pools. PBMCs from 10 patients were
stimulated with clade B pools (Gag-B, Nef-B, Pol-1-B, Pol-2-B,
Tat-B, and Rev-B) to identify the localization of epitopes rec-
ognized by cross-reactive T cells. T-cell responses were mea-
sured using the IFN-y ELISPOT assay as the readout (Fig.
1A). Nine of the 10 patients responded to Gag-B peptides with
responses ranging from 120 to 2,243 SFU/10° PBMCs (mean,
971.6; median, 797), while Nef-B and both Pol-B peptide pools
(Pol-1 and Pol-2) were recognized by eight and seven patients,
respectively. Reponses to Nef-B peptides ranged from 57 to
3,510 SFU/10° PBMCs (mean, 1,502; median, 1,365), while
responses to the two Pol-B pools ranged from 327 to 3,660
SFU/10° PBMCs (Pol-1 mean, 1,533; median, 1,210) and 467
to 2,363 SFU/10° PBMCs (Pol-2 mean, 1,320; median, 870).
Rev was positive in only one patient (580 SFU/10° PBMCs),
while none of the patients responded to the Tat peptide pool.

Comparison of T-cell reactivity to clade A, B, and C Gag and
Nef peptide pools. Since clade B Nef and Gag peptide pools
were most frequently recognized by PBMCs of our cohort of
non-B-infected individuals, we evaluated Gag and Nef T-cell
responses of each donor to clade A and C peptide pools. All
patients who recognized Gag-B peptides (nine of nine) reacted
to both Gag-A and -C peptide pools (Fig. 1B), while six of
seven patients who recognized Nef-B peptides recognized both
Nef-A and Nef-C peptides. One patient (M12453-A; the suffix
indicates the patient’s Gag subtype) recognized only the Nef-A
and Nef-B pools. Patient M13371-G recognized only Nef-A
peptides, while patient M12115-D recognized only the Nef-B
peptide pool. All patients demonstrated cross-clade T-cell re-
sponses against a minimum of two to a maximum of four
different “heterologous” peptide pools.

The mean T-cell responses to the Gag-A and Gag-C peptide
pools, as well as the Nef-A and Nef-C peptide pools, were
higher than those to clade B Gag and Nef pools (Fig. 1B),

BROAD CROSS-CLADE T-CELL RESPONSES TO Gag 11249
A @ cladeA x cladeC mcladeD O cladeF & cladeG [ cladeAG @ NA
6000 -
g 5000 n
2 o
& ]
£ 4000
5 : ° n
> 3000 « o
= 3
e € (o] *om
§ 20004 M
£ ] _ m
Y [ <
w1000 4 —g= o
| *= * ﬁ: gy
0 - ] L 7wl
©@ = 7 g = @
- 3 T iy i
8 ¢ g 28 g E
B
6000 ~
] ]
(@) _
g 5000 v}
o
@ ]
O
S 4000 -
el [ J
=5 1 ®
2 3000 ° *
2 o n *z 9
£ | +m on o
8 2000 - = e
= »®
3 1 o *
U —
¥ 1000 e~
[ N3 o
4 u® <,
od ™ " dgn )
@ Y < @ v <
o ol ]
5 § & ¢ g ¢z

FIG. 1. Cross-clade anti-HIV-1 T-cell responses to clade A, B, and
C 15-mer peptide pools. Cross-clade T-cell reactivity was assessed
using (A) clade B Gag, Nef, Pol-1, Pol-2, Rev, and Tat and (B) clade
A and C Gag and Nef. Responses are shown as the number of IFN-
v-expressing cells per million PBMCs. Serum-derived Gag, Nef, and
Pol sequences were subtyped and are indicated by different symbols.
For two patients, no subtyping data were available (NA). The median
responses are indicated for each group by a horizontal line. Cross-
clade B Gag and Nef responses are replotted in panel B.

although no statistically significant interclade differences were
detected between the different Gag and Nef pools (Gag, P =
0.398, and Nef, P = 0.201). Due to observed correlations be-
tween T-cell responses to homologous and heterologous pep-
tide pools for different viral proteins (16), we compared the
magnitudes of clade B Gag or Nef responses to those detected
against corresponding A or C clade pools for each individual
(Fig. 2). Statistically significant correlations were observed be-
tween responses to Gag-B and Gag-A, Nef-B and Nef-A, and
Nef-B and Nef-C peptide pools (Fig. 2 and Table 2). A highly
significant correlation was identified between clade B and sub-
types A and C (P < 0.0001 and P < 0.001, respectively) for the
combined Nef and Gag responses shown in Fig. 2E. In the four
patients that were tested with both homologous and heterolo-
gous clade-derived peptide pools, we found that the highest
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FIG. 2. Correlation between clade B and clade A/C T-cell responses. Clade B T-cell responses were plotted against clade C and A responses
for Gag (A and B) and Nef (C and D). Gag and Nef responses were combined for clades A and C and replotted in panel E. Responses are shown
as the number of IFN-y-expressing cells per million PBMCs. Gag and Nef subtypes are indicated with different symbols. For two patients, no
subtyping for Nef sequences was available (NA). Correlations were made using Spearman’s rank test and are shown together with 95% confidence

intervals (dotted lines). Correlation results are summarized in Table 3.

responses were elicited by the heterologous peptide pools.
Patient M12653-A demonstrated the highest response against
the Nef-C peptide pool, patient M12453-A against Pol-1-B,
patient M11306-C against Nef-A, and patient M12003-C
against Pol-2-B. No significant correlations were identified be-
tween the T-cell responses and any of the measured clinical
parameters, including viral load, age, or therapy status of the
patients (data not shown).

Cross-clade T-cell reactivity related to homology of peptides
with autologous amino acid sequences. We next studied

whether the Gag and Nef cross-clade T-cell responses were
influenced by the genetic divergence of patient Gag and Nef
sequences from the HIV-1 sequences on which the peptide
pools were based (clades A, B, and C). We analyzed the serum-
derived Gag sequences of five patients and the Nef sequences
of six patients (Gag and Nef, M12653, M11306, M12003,
M11814, and M13371; Nef, M12453). We determined the p
distance between autologous patient amino acid sequences and
amino acid sequences in the different peptide pools for all the
documented CTL epitopes combined based on the patient’s
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TABLE 2. Correlation between cross-clade Gag and Nef T-cell responses
Clade Parameter Gag-A Gag-C Nef-A Nef-C Gag + Nef-A Gag + Nef-C
Gag-B Spearman r 0.733 0.567
95% confidence interval —0.526-1.74 —0.633-1.34
P value (two tailed) 0.031 0.121
Nef-B Spearman r 0.7667 0.9222
95% confidence interval 0.470-1.75 0.620-1.67
P value (two tailed) 0.0214 0.0022
Nef-B + Gag-B Spearman r 0.865 0.782
95% confidence interval 0.636-0.954 0.437-0.927
P value (two tailed) P < 0.0001 P <0.001
HLA type. For Gag, we found that per patient, an average of
10 epitopes (range, 6 to 15) were previously documented (9),
p-distance Gag CTL epitopes vs whereas for.N.ef, 4.5 (range,.l to 8) epitopes.m.atched HLA
cross clade T cell reactivity class I restriction in our patlent selection. Within the previ-
ously documented Gag epitopes, 28% were HLA-A restricted
0.3+ whereas 72% were HLA-B restricted. For Nef, 51.9% of the
epitopes were HLA-A restricted and 48.1% were HLA-B re-
stricted. When we analyzed the previously documented
@ epitopes, we found for both Nef and Gag a significant inverse
s correlation between the p distance of the autologous
7} “epitopes” to peptide pool “epitopes” and T-cell responsive-
b ness (Gag, P = 0.045; Nef, P = 0.001) (Fig. 3 and Table 3). In
e other words, this demonstrates that the greater the distance of
the peptide sequences from the autologous HIV-1 sequences,
i the lower the T-cell response tends to be. To further analyze
0.0 : i - : whether the correlation we observed was due to the specific
0 1000 2000 3000 residues within or outside HLA class I anchor motifs, we re-
cross-clade gag responses (A/B/C) calculateq the P distance between the autologous “ePitope§”
(SFUI10° PBMC) and peptide “epitopes” excluding the HLA anchor amino acid
residues. To correct for the exclusion of the HLA anchor
residues, we performed the analysis after removal of the same
number of residues 1 aa downstream of the HLA anchor res-
idues (54). The inverse correlation between T-cell responses
p-distance Nef CTL epitopes vs and the p distance between autologous and peptide CTL
cross clade T cell reactivity epitopes remained significant for Nef, but not for Gag, when
0.5- the HLA anchor residues were removed from the analysis
(Gag, P = 0.472; Nef, P = 0.001), while both remained signif-
0.4 icant when the adjacent amino acid was removed from the

p-distance

0.0

T T T 1
0 1000 2000 3000 4000

cross-clade nef responses (A/B/C)
(SFU/10° PBMC)

FIG. 3. Correlation between T-cell responses and genetic distance.
The genetic distance (p distance) between documented CTL epitopes
for the patient-specific HLA-type was correlated with T-cell responses
for Gag (top) and Nef (bottom). Correlations were made using Spear-
man’s rank test and are shown together with 95% confidence intervals
(dashed lines). All correlation results are summarized in Table 3.

analysis (Gag, P = 0.005; Nef, P = 0.007) (Table 3). This
implies that the relevance of variation within Gag epitopes
between peptide pools and autologous sequences is mainly due
to HLA anchor residues. As a final validation to see whether
the observed correlation was due to specific variation in CTL
epitopes and not due to stochastic events, we analyzed the p
distances for an equal number of randomly picked amino acids
exterior to the known epitopes and repeated this 500 times.
The average p-distance value was compared with the “epitope”
p distances. No significant correlation was found between the
variation outside of CTL epitopes and the height of T-cell
responses for both Gag and Nef (Gag, P = 0.436; Nef, P =
0.430) (Table 3).

Expansion of profile of cross-clade Gag responses. To better
define the regions and/or epitopes recognized in cross-clade
Gag-B-specific T-cell responses, we mapped the responses of
five patients (M13371-G, M12653-A, M11814-D, M12259-D,
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TABLE 3. Correlations between cross-clade T-cell responses and sequence diversity in patient-specific HLA class I documented
Gag and Nef CTL epitopes

Type of cross-clade

Tocell © I Parameter p distance p distance no p distance HLA p distance external to
(cla;::i AeSBpOanSSSC) aramete epitopes HLA anchors anchors —1 CTL epitopes
Gag Spearman r —0,543 -0,209 —0,703 —-0.226
95% confidence interval (—0.839-<0.001) (—0.676-0.377) (—0.902--0.259) (—0.685-0.361)
P value (two tailed) 0.045 0.472 0.005 0.436
Nef Spearman r —0,864 —0,848 —0,747 0,252
95% confidence interval —0.963--0.563 —0.958--0.520 —0.928--0.286 (—0.393-0.731)
P value (two tailed) 0.001 0.001 0.007 0.430

and M12020-D) demonstrating strong cross-clade reactivity as
shown in Fig. 1. Patient PBMCs were tested for reactivity
against 23 pools of five peptides each (pool aa 1-31 to aa 441-
471) and one pool of seven peptides (pool aa 461-500). Col-
lectively, these pools spanned the entire Gag region, with each
pool of five peptides spanning 30 aa and the pool of seven
peptides spanning 40 aa in length. As shown in Fig. 4, the
number of positive pools ranged from 1 pool (patient
M12653-A) to 12 pools (patient M11814-D), with a mean pool
recognition of five.

T-cell responses were quantitatively (67% [16/24] of the
positive peptide pools) and qualitatively (4/5 of the dominant
responses) dominated by reactivity to p24. A total of 15 dif-
ferent Gag pools were recognized, with positive responses
ranging between 67 and 3,077 SFU/10° PBMCs, with a mean
response per patient of 181 to 1,118 SFU/10° PBMCs. Three of
five patients reacted to the pools spanning aa 241-271 and aa
201-231 (both p24), while two of the five patients reacted to the
pools spanning aa 21-51 and aa 61-91 (both p17). All other
cross-clade pools were positive in only one subject. Patient
M11814-D had two comparably dominant Gag T-cell re-
sponses (Gag pools aa 201-231 and aa 301-331), while other
patients had clear dominant responses to just one pool (Fig. 4).
Unfortunately, however, due to the lack of cells, we were
unable to map the exact epitopes and their restricting alleles.
However, to further investigate whether the cross-clade-reac-
tive regions were indicative of previously documented epitopes
and haplotypes, we searched the Los Alamos database to iden-
tify whether known CTL epitopes could be located within the
30 amino acids spanning Gag pools (Table 4). Of the 24 pos-
itive responses, we predicted epitopes restricted by patient-
specific HLA class I alleles in 58% (14/24) of positive T-cell
responses. When we compared serum-derived Gag sequences,
12 out of 14 (86%) documented epitopes contained no amino
acid variation on HLA anchor motifs (Table 4), corroborating
the notion that these residues are critical for CTL recognition
and that variation at these residues is rare. Six of those 14
responses (40%) mapped to CTL epitopes or peptides previ-
ously identified as being recognized either by non-clade B-
infected patients or in a cross-clade manner (9). One peptide
pool (aa 381 to 411, positive in patients M12020-D and
M11814-D) was recently demonstrated to contain a major re-
sponsive peptide for clade C-infected patients (48). For 10 of
the 24 (42%) positive T-cell responses, no CTL epitopes have
been documented that match the patient-specific HLA class I
alleles. We scanned these peptide sequences for any known HLA

motifs specific for the patient HLA type using ELF (http://hiv
-web.lanl.gov/ALABAMA /epitope_analyzer.html). Using ELF,
we were able to locate patient-specific HLA motifs in seven of
nine “undocumented” positive Gag pools, indicating previ-
ously unknown cross-clade-reactive epitopes. Of the seven
“predicted” epitopes, six matched documented CTL epitopes
but for different HLA class I restrictions, and three “predicted”
epitopes matched reported cross-clade-reactive epitopes. Col-
lectively, these results demonstrate that cross-clade T-cell re-
sponses are readily detectable and are predominantly Gag and
Nef specific. Detectable cross-clade T-cell responses using Gag
and Nef peptide pools were inversely related to amino acid
sequence variation, while through mapping of cross-clade Gag
responses, new undocumented immunoresponsive regions/
CTL epitopes or their restricting HLA types became evident.

DISCUSSION

One of the key features of an effective HIV-1 vaccine must
be its ability to elicit and maintain adequate cellular immune
responses, preferably across clade-specific boundaries (46). We
have identified and characterized in the present study HIV-1
cross-clade T-cell activity in 9 out of 10 non-clade B-infected
individuals. Gag and Nef were most frequently recognized,
which is generally in agreement with previous reports (12, 15,
18, 22, 41, 44). T-cell responses were assessed using peptide
pools based on primary isolates that most closely resembled
the consensus sequences of the particular clades. In this way,
the antigen represents a naturally occurring HIV-1 strain but
at the same time reflects the sequences predominating in a
specific clade. The observation that in certain patients T-cell
responses to heterologous clades were higher than responses
to homologous clades corresponds to a recent study by Sebado
and coworkers in a comparable-size patient cohort. They de-
scribed a heterologous peptide pool (clade C strain) as being
more suitable for the detection of T-cell responses than con-
sensus B-based peptide pools. Putatively, the generation of
consensus sequences will erase functional HLA anchor resi-
dues and thus explain the distinction seen between the peptide
pools. However, in a large recently conducted study (250 pa-
tients) (16), intraclade responses were found to be higher than
interclade responses using the same reagents, leading to a
probable dilution of the aforementioned phenomenon. These
results prompted us to analyze amino acid variation in re-
ported CTL epitopes. The T-cell responses observed in HIV-
infected patients reflect mostly, if not all, CD8" cytotoxic-T-
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responses was explained by the discrepancy at HLA anchor
residues, suggesting that variation in Gag is allowed at partic-

cell reactivity (16). We identified a significant inverse
correlation between T-cell responses and the amino acid di-

ular HLA anchor residues that are important for efficient an-

vergence of the predicted class I epitopes and the peptides

tigen presentation while this variation comes at little cost to

utilized. We observed that the correlation for cross-clade Gag
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viral fitness (37). This phenomenon is suggestive of a history of
HLA-associated CTL pressure and selection (38, 47), and the
results argue that if Gag is included in an HIV-1 vaccine, as is
usually or likely the case, successful immunogenicity may be
predictable in a given population on the basis of HLA (super)
motifs most frequently present in the vaccine target popula-
tion. It has been shown recently for clade C viruses that various
HLA alleles can show promiscuity at the same epitopes (43).
Several reasons can be proposed for why the significance of
HLA anchor residues in Nef is not detected. Currently, twice
as many epitopes have been defined in Gag as in Nef (9), which
is also reflected in our patient population. As a result, a pro-
portionally bigger data set of Nef epitopes is required to
achieve statistical power. It has also been shown recently that
substantially greater selection pressure is imposed by HLA-B
than by HLA-A on HIV-1 (38), which could help explain the
dichotomy found between Gag and Nef, since in our analysis,
a greater proportion of Gag epitopes than Nef epitopes were
restricted by the HLA-B haplotypes (72% versus 48%). Lastly,
the Nef protein is known to accept a higher degree of variation
with a less pronounced effect on protein function (2), thereby
helping to explain why we did not observe a significant effect
mediated by the HLA anchor motifs alone, although variation
in cross-clade T-cell responses could be linked to alterations in
predicted class I-restricted Nef epitopes. However, these re-
sults need to be evaluated in larger patient populations in-
fected with different non-B clades, preferably with a higher
heterogeneity of HLA class I genes. This will allow the assess-
ment of whether the observed effect of variation on HLA
anchor is HIV-1 antigen, clade, and/or haplotype specific.
Two major points must be taken into consideration when
evaluating the cross-clade reactivity data. First, although the
IFN-y ELISPOT is currently the most frequently used tech-
nique for determining CD8" T-cell responses, it does not nec-
essarily provide a clear correlate of protection. In the past,
positive correlations (10, 25, 42, 49), negative correlations (50),
and no correlations (1, 19, 31) have been identified for both the
height and diversity of T-cell responses and clinical parame-
ters, such as viral load and CD4 ™ counts. Moreover, these were
weak correlations or true only for single gene regions (49).
New markers therefore need to be constantly evaluated for
possible use as immune correlates (52). Recently, it was shown
that long-term-nonprogressing HIV-1 patients maintain HIV-
1-specific CD8" T-cell populations that elicit multiple func-
tional (MIP-1B, tumor necrosis factor «, interleukin-2, and
CD107a) abilities (11; M. Betts personal communication), and
these polyfunctional readouts may be more precise in defining
true cross-clade and protective T-cell responses. Secondly, al-
though we were able to narrow down the Gag-specific cross-
clade T-cell responses to specific Gag domains in this study,
using peptide pools with overlapping peptides is known to
underestimate the true T-cell responses (8, 24). The use of
optimal-size epitopes will allow a more accurate analysis of
cross-clade T-cell responses that are epitope specific (8).
From the mapping of Gag responses in four individuals
using 30 amino acid peptide pools, we conclude that Gag p24
most frequently elicits cross-clade T-cell responses and that
nearly all autologous Gag sequences in documented HLA class
epitopes in the peptide pools were conserved and likely medi-
ating the responses. Nonetheless, further analyses (e.g., fine
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mapping with truncated peptides) are needed to specifically
identify the recognized epitopes and reveal their HLA restric-
tions. The majority of positive T-cell responses, however, could
be linked to previously documented epitopes, half of which are
known to be cross-clade responsive. In addition, we could
identify additional epitopes that are in part responsible for the
cross-clade T-cell responses observed in our study by using
HLA motif-finding algorithms. Although it is known that HLA
motif prediction can miss in vivo-responsive CTL epitopes
(23), a bioinformatics approach has proven to correlate with in
vivo findings (13, 21, 45, 58). In total, 25% (6/24) of the positive
Gag pools in our study could be linked with previously docu-
mented cross-clade-responding epitopes in non-clade B-in-
fected patients. For instance, the peptide pools aa 161 to 191
and aa 181 to 211 contain the epitope TL9 (TPQDLNTML),
which has been associated with dominant recognition by clade
C-infected individuals (48) and has been shown to be targeted
by different ethnicities in clade B settings (29). This epitope,
among others, has been proposed (28, 29) to be incorporated
into HIV-1 vaccines and is currently in phase III trials (36)
(Table 4). These responses may not necessarily be dominant
responses (as were detected in our cohort), but it is known that
subdominant Gag T-cell responses might be equally effective in
controlling viremia (30).

In summary, we present evidence of broad cross-clade
HIV-1 T-cell responses that are focused on Gag and Nef. We
show, using the current data on CTL domains, that the mag-
nitudes of the T-cell responses correlate with sequence diver-
sity in CTL epitopes, and in the case of Gag, the magnitude of
the T-cell response was directly linked to the homology be-
tween HLA anchor residues in the infecting virus and those in
the peptides used in the experimental setting. A recent study
analyzing a large cohort of individuals encompassing different
ethnicities showed that T-cell responses are highly focused on
specific regions in Gag and Nef (29). Moreover, more than
90% of the examined population mounted T-cell responses to
relatively small stretches in these areas, which in turn may
serve as suitable candidates for vaccine constructs. Analyses of
the HLA anchor motifs of the predominant HLA class I hap-
lotypes in the vaccine target population will putatively predict
T-cell responses and help in the design of future immunogens.
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