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It is becoming increasingly clear that any human immunodeficiency virus (HIV) vaccine should induce a
strong CD81 response. Additional desirable elements are multispecificity and a focus on conserved epitopes.
The use of multiple conserved epitopes arranged in an artificial gene (or EpiGene) is a potential means to
achieve these goals. To test this concept in a relevant disease model we sought to identify multiple simian
immunodeficiency virus (SIV)-derived CD81 epitopes bound by a single nonhuman primate major histocom-
patibility complex (MHC) class I molecule. We had previously identified the peptide binding motif of Mamu-
A*012, a common rhesus macaque MHC class I molecule that presents the immunodominant SIV gag-derived
cytotoxic T lymphocyte (CTL) epitope Gag_CM9 (CTPYDINQM). Herein, we scanned SIV proteins for the
presence of Mamu-A*01 motifs. The binding capacity of 221 motif-positive peptides was determined using
purified Mamu-A*01 molecules. Thirty-seven peptides bound with apparent Kd values of 500 nM or lower, with
21 peptides binding better than the Gag_CM9 peptide. Peripheral blood mononuclear cells from SIV-infected
Mamu-A*011 macaques recognized 14 of these peptides in ELISPOT, CTL, or tetramer analyses. This study
reveals an unprecedented complexity and diversity of anti-SIV CTL responses. Furthermore, it represents an
important step toward the design of a multiepitope vaccine for SIV and HIV.

With more than 30 million human immunodeficiency vi-
rus (HIV)-infected individuals (World Health Organization
[WHO] web site http://hivinsite.ucsf.edu/social/un/2098.371d
.html estimates), there can be few other more pressing bio-
medical priorities than to produce an effective vaccine for
HIV. Given the important role that CD81 lymphocytes play in
controlling viral replication (11, 32, 43, 49, 58), it is critical that
this vaccine stimulate strong cytotoxic T-lymphocyte (CTL)
responses. Simian immunodeficiency virus (SIV) infection of
macaques provides the best nonhuman primate model to de-
termine whether the generation of virus-specific CTLs can
alter the course of disease after infection (33, 65). The nucle-
otide sequences of the SIVs are closely related to those of
HIV-1 and -2 (12, 24). SIV and HIV have similar tropisms for
CD4 (16, 36), and infection with SIV causes an AIDS-like
disease in the majority of infected macaques by 1 year postin-
oculation (35). Since macaques and humans have very similar
immune systems (10, 31, 63, 76), SIV infection of macaques is
also an excellent model to study the immunology of HIV in-
fection of humans.

SIV infection of macaques is currently the only cost-effective
animal model to test vaccine efficacy in vivo. Several vaccine
studies in macaques have already suggested that a strong im-
mune response to SIV can be generated in appropriately im-
munized monkeys (15, 19, 29, 42, 46, 47) and that this response
can, in some cases, protect against the development of AIDS.
In particular, cell-mediated responses to SIV appear to repre-
sent a crucial component of vaccine protective efficacy. CD81

lymphocytes recognize pathogen-infected cells, are involved in
the host’s defensive response to intracellular pathogens (34),
and may play an important role in the containment of the
AIDS virus in infected individuals (74). This is especially evi-
dent during the first few weeks postinfection (8, 39, 53, 57) and
during most phases of disease by mechanisms which include
killing of infected cells and suppression of replication (69, 75).
It has recently been shown that depletion of CD81 cells using
monoclonal antibodies (MAbs) resulted in increases in virus
loads in SIV-infected animals (32, 43, 58). Besides this role in
containment of disease, CTLs may also be involved in provid-
ing protection from infection with HIV (17, 54, 55). Thus,
these observations collectively provide the rationale to explore
whether CTLs can protect from AIDS virus infection in an
animal model.

Currently, a single useful major histocompatibility complex
(MHC) class I molecule (Mamu-A*01) in the rhesus macaque
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has been well characterized. This allele is present in approxi-
mately 25% of rhesus macaques of Indian descent (38, 73), and
tetramers and ELISPOT assays for the single Mamu-A*01-
restricted CTL epitope Gag_CM9 (CTPYDINQM; p11C,
C3M) have been developed (2, 3, 28, 41). However, thus far
only a limited number of SIV-derived, Mamu-A*01-restricted
epitopes have been defined (2, 4, 22, 25, 44). Therefore, we
wanted to examine whether additional Mamu-A*01-restricted
CTL epitopes derived from other regions of SIV could be
identified. Vaccination with multiple epitopes is likely of im-
portance since escape from CTL induced against a single
epitope is possible (9, 23, 26, 45, 51, 64). CTL against epitopes
in different proteins may also have very different effects on
reducing viral burden. Finally, definition of multiple epitopes
will allow more precise characterization and quantitation of
immune responses against SIV, either during the course of
natural infection or following immunization with experimental
vaccines.

MATERIALS AND METHODS

Motif scanning of SIV proteins and peptide synthesis. The Mamu-A*01 pep-
tide binding motif is defined by the requirement for proline (P) in position 3 (2).
Live-cell binding assays indicated that in addition to the requirement for P in
position 3, Mamu-A*01 preferentially bound peptides bearing a small residue in
position 2 (A, V, S, T, or P) and hydrophobic (A, L, I, V, and M) or aromatic
(F, W, and Y) residues at the C terminus.

This motif was utilized to scan the SIVmac251 sequence to identify potential
Mamu-A*01 binding peptides between 8 and 11 residues in length, and 111
peptides were identified. Additionally, 50 9-mer and 50 10-mer sequences were
selected by removing the restriction for small residues in position 2, for a total of
211 peptides. The corresponding peptides were then synthesized as crude ma-
terial by Chiron Mimotopes (San Diego, Calif.). Lyophilized material was resus-
pended at 20 mg/ml in 100% dimethyl sulfoxide and then diluted to required
concentrations in phosphate-buffered saline (PBS).

Radiolabeled probe peptides and peptides subsequently determined to bind
Mamu-A*01 with high affinity (500 nM or less) were resynthesized at Epimmune
on a larger scale using standard tert-butoxycarbonyl or 9-fluorenylmethoxy car-
bonyl solid-phase methods, as previously described (56). These were purified to
.95% homogeneity by reverse-phase high-pressure liquid chromatography, and
composition was ascertained by amino acid analysis, sequencing, and/or mass
spectrometry analysis.

Mamu-A*01 purification. 721.221 cells transfected with the Mamu-A*01
cDNA were utilized as the source of Mamu-A*01 molecules. Cells were main-
tained in vitro by culture in RPMI 1640 medium (Flow Laboratories, McLean,
Va.) supplemented with 2 mM L-glutamine (Gibco, Grand Island, N.Y.), 100 U
(100 mg/ml) of penicillin-streptomycin solution (Gibco), and 10% heat-inacti-
vated fetal calf serum (FCS; Hazleton Biologics) and grown for large-scale
cultures in roller bottle apparatuses.

Mamu-A*01 was purified from cell lysates as previously described (62). Briefly,
cells were lysed at a concentration of 108 cells/ml in 50 mM Tris-HCl (pH 8.5)
containing 1% NP-40 (Fluka Biochemika, Buchs, Switzerland), 150 mM NaCl,
5 mM EDTA, and 2 mM phenylmethylsulfonyl fluoride. Lysates were then
passaged through 0.45-mm filters and cleared of nuclei and debris by centrifu-
gation at 10,000 3 g for 20 min, and MHC molecules were purified by affinity
chromatography.

For affinity purification, columns of inactivated Sepharose CL4B and protein
A-Sepharose were used as precolumns. Mamu-A*01 was captured by repeated
passage over protein A-Sepharose beads conjugated with the anti-HLA(A,B,C)
antibody W6/32 as previously described (2). After two to four passages, the
W6/32 column was washed with 10 column volumes of 10 mM Tris-HCl (pH 8.0)
with 1% NP-40, 2 column volumes of PBS, and 2 column volumes of PBS
containing 0.4% n-octylglucoside. Finally, Mamu-A*01 molecules were eluted
with 50 mM diethylamine in 0.15 M NaCl containing 0.4% n-octyglucoside (pH
11.5). A 1/25 volume of 2.0 M Tris (pH 6.8) was added to the eluate to reduce
the pH to ;8.0. The eluate was then concentrated by centrifugation in Cen-
triprep 30 concentrators at 2,000 rpm (Amicon, Beverly, Mass.). Protein purity,
concentration, and effectiveness of depletion steps were monitored by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.

Mamu-A*01 binding assay. Quantitative assays for the binding of peptides to
soluble Mamu-A*01 molecules on the basis of the inhibition of binding of a
radiolabeled standard probe peptide to detergent-solubilized MHC molecules
were performed utilizing the protocol previously described for the binding of
peptides to HLA class I molecules (62). Briefly, 1 to 10 nM radiolabeled probe
peptide, iodinated by the chloramine T method (27), was coincubated at room
temperature with various amounts of purified Mamu-A*01 in the presence of
1 mM human b2-microglobulin (Scripps Laboratories, San Diego, Calif.) and a
cocktail of protease inhibitors. Following a 2-day incubation, the percent of
MHC bound radioactivity was determined by size exclusion gel filtration chro-
matography on a TSK 2000 column.

A position 1 C3A analog of the SIV Gag 181-190 peptide (ATPYDINQML)
was used as the radiolabeled probe. In the case of competitive assays, the
concentration of peptide yielding 50% inhibition of the binding of the radiola-
beled probe peptide was calculated. Peptides were initially tested at one or two
high doses. The 50% inhibitory concentration (IC50) of peptides yielding positive
inhibition was then determined in subsequent experiments, in which two to six
further dilutions were tested, as necessary. Since under the conditions used the
concentration of label is less than that of MHC and the IC50 is equal to the MHC
concentration, the measured IC50 values are reasonable approximations of the
true Kd values. Each competitor peptide was tested in two to four completely
independent experiments. As a positive control, in each experiment the unla-
beled version of the radiolabeled probe was tested.

IFN-g ELISPOT assay. Ninety-six-well flat-bottomed plates (U-Cytech-BV,
Amsterdam, The Netherlands) were coated with 5 mg of anti-gamma interferon
(IFN-g) MAb MD-1 (U-Cytech-BV) overnight at 4°C. The plates were then
washed 10 times with PBST (PBS [Gibco-BRL] containing 0.05% Tween 20
[Sigma Chemical, St. Louis, Mo.]), and then the plates were blocked with 2%
PBSA (PBS containing 2% bovine serum albumin [BSA; Sigma Chemical]) for
1 h at 37°C. The 2% PBSA was discarded from the plates, and freshly isolated
peripheral blood mononuclear cells (PBMC) were added. Cells were resus-
pended in RPMI 1640 (Mediatech) supplemented with penicillin, streptomycin,
and 5% fetal bovine serum (FBS; Biocell) (R05). The R05 also contained either
5 mg of concanavalin A (Sigma Chemical) per ml, 1 to 10 mM various Mamu-
A*01-bound peptides, 1 to 10 mM irrelevant SIV envelope peptide E3V
(ELGDYKLV), or no peptide. Input cell numbers were 2.0 3 105 peripheral
blood lymphocytes in 100 ml/well in triplicate wells.

Cells were then incubated for 16 h at 37°C in 5% CO2, after which the cells
were removed from the plates by shaking and 200 ml of ice-cold deionized water
was added per well to lyse the remaining PBMC. Plates were incubated on ice for
15 min and then washed 20 times with PBST. Next, 1 mg of rabbit anti-IFN-g
polyclonal biotinylated detector antibody solution (U-Cytech-BV) per well was
added, and the plates were incubated for 1 h at 37°C. The plates were washed 10
times with PBST, after which 50 ml of a gold-labeled anti-biotin immunoglobulin
G solution (U-Cytech BV) was added. The plates were incubated for 1 h at 37°C
and washed 10 times with PBST. Thirty microliters of activator mix (U-Cytech
BV) per well was added, and the plates were developed for about 30 min. The
activator mix consists of a silver salt solution that precipitates at the sites of gold
clusters (from the gold-labeled antibiotin solution), visualizing the sites where
the IFN-g was secreted. When black spots appeared in the wells under an
inverted microscope, the wells were washed with distilled water to stop devel-
opment and then air dried.

Wells were imaged with IP Lab Spectrum 3.23 software using a Hamamatsu
C4880 series camera attached to a Nikon TE 300 inverted microscope. Spots
were counted manually. A spot-forming cell (SFC) was defined as a large black
spot with a fuzzy border (37). To determine significance levels, a baseline for
each peptide was first established using the average and standard deviation of the
number of SFCs in three independent assays as performed on Mamu-A*011 but
SIV-naive animals. A threshold significance value corresponding to this average
plus two standard deviations was then determined. In our analysis of samples
from SIV-infected Mamu-A*011 animals, a response was considered positive if
the number of SFCs exceeded the threshold significance level for that specific
peptide.

Generation of in vitro-cultured CTL effector cells. CTL cultures were estab-
lished from EDTA-treated peripheral blood samples as previously described (2).
Briefly, Ficoll-Hypaque-separated PBMC were stimulated 1:1 with 5 3 106

g-irradiated (3,000 rad) autologous B lymphoblastoid cell line cells (B-LCLs)
pulsed with the appropriate peptide (5 mM) in R10 medium. Cultures were
supplemented with R10 containing 20 U of recombinant interleukin-2 (rIL-2), a
gift from Hoffman-LaRoche (Nutley, N.J.), per ml. On day 7, viable cells were
restimulated and again expanded in the presence of rIL-2. CTL activity was
assessed after 14 days of culture in a standard 51Cr release assay.
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CTL analysis. SIV-specific CTL activity was assessed using a standard 51Cr
release assay (2). 51Cr-labeled Mamu-A*011 B-LCL targets were pulsed with
SIV peptides or an irrelevant influenza virus NP peptide (SNEGSYFF). Target
cells (5 3 103) were incubated for 5 h with CTL effectors at effector-to-target cell
ratios ranging from 20:1 to 50:1. CTL activity was calculated from the counts per
minute present in harvested supernatants using the formula % specific release 5
(experimental release 2 spontaneous release)/(maximal release 2 spontaneous
release) 3 100. The reported percent specific lysis represents the 51Cr released
from the Mamu-A*01 peptide-pulsed targets minus the 51Cr released from target
cells pulsed with the irrelevant influenza virus NP peptide (SNEGSYFF). Spon-
taneous release was always less than 20% of maximal release.

Mamu-A*01 tetramers. Soluble tetrameric Mamu-A*01 MHC class I/SIV
Gag_CM9 peptide complexes were constructed as previously described (3, 5).

Tetramer staining. Fresh unstimulated PBMC (106) were washed twice in
fluorescence-activated cell sorting (FACS) buffer (PBS [Gibco] with 2% FCS
[BioCell]) in a 96-well U-bottomed plate. In a 100-ml volume, cells were stained
in the dark for 40 min at room temperature with the tetramer (1 mg/ml for in
vitro cultures, 5 mg/ml for fresh PBMC), anti-rhesus CD3 fluorescein isothiocya-
nate (FITC) MAb (10 ml; BioSource), and anti-CD8a-PerCP antibody (3 ml;
Becton Dickinson). Cells were washed four times with FACS buffer and fixed by
adding 450 ml of 2% paraformaldehyde (PFA). Sample data were acquired on a
Becton Dickinson FACSCalibur instrument and analyzed using CellQuest soft-
ware (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). Back-
ground tetramer staining of fresh, unstimulated PBMC from naive Mamu-A*011

animals was routinely less than 0.08%.
Intracellular IFN-g staining. A total of 2 3 105 cells from in vitro-stimulated

CTL cultures were incubated at 37°C for 1 h with phorbol myristate acetate-
ionomycin (50 ng/ml and 1 mg/ml, respectively), 5 mM Gag-CM9 peptide, or a
control influenza virus peptide (SNEGSYFF) in the presence of Mamu-A*011

B-LCL (105) as antigen-presenting cells (APC). Cells were then treated with 10
mg of brefeldin A per ml to inhibit protein trafficking and incubated a further 4
to 5 h at 37°C. Cells were then washed twice with FACS buffer (PBS plus 2%
FCS) and stained with CD8a-PerCP and Mamu-A*01-phycoerythrin (PE) tet-
ramers. After fixation with PFA overnight, cells were washed twice with FACS
buffer and treated with 150 ml of permeabilization buffer (0.1% saponin in FACS
buffer) for 5 min at room temperature. Cells were washed once more with 0.1%
saponin and then incubated in the dark for 50 min with 1 ml of anti-human
IFN-g-FITC MAb (Pharmingen; clone 4S.B3; catalog no. 18904A). Finally, cells
were washed four times with 0.1% saponin buffer, and a 100-ml cell suspension
was fixed with 450 ml of 2% PFA.

Animals, viruses, and infections. Rhesus macaques used in this study were
identified as Mamu-A*011 by PCR-SSP and direct sequencing as previously
described (38). All rhesus macaques used in this study were Mamu-A*011 with
the exception of animal 95003. Rhesus macaques 96078 and 96087 are naive
macaques. Animals 94004 and 96031 were vaccinated 10 weeks previously with a
DNA-modified vaccinia virus Ankara (MVA) regimen expressing the Gag_CM9
peptide (3). Animal 95024 was infected intravenously with 40 50% tissue culture
infectious doses of a heterogeneous SIV stock (originally provided by R. C.
Desrosiers, Harvard University and New England Regional Primate Research
Center). The stock was amplified by growth on rhesus PBMC with a final passage
on CEMx174 cells to increase titers (50, 68). Rhesus macaques 95114, 95115,
96031, and 95003 were infected intrarectally with a molecularly cloned virus,
SIVmac239. This stock was amplified on rhesus PBMC only. SIV-infected ani-
mals were cared for according to an experimental protocol approved by the
University of Wisconsin Research Animal Resource Committee.

RESULTS

Identification of 37 SIV-derived peptides which bind to
Mamu-A*01. To explore whether multiple CTL epitopes in
Mamu-A*011 rhesus macaques could be identified, we used
the previously defined motif for Mamu-A*01 to scan all SIV
proteins (2). A total of 211 peptides were identified which were
analyzed using in vitro peptide-binding experiments utilizing
purified Mamu-A*01 molecules. Each potential binder was
used to outcompete the radiolabeled probe peptide in our
peptide binding assay. Under the stoichometric conditions
used in the assay, IC50 is a reasonable approximation of Kd. It
was found that 37 peptides bound with an IC50 of less than 500
nM (Table 1). The 500 nM affinity threshold has previously

been shown to be associated with recognition in vivo in both
murine and human systems (59, 60, 70, 72). Seventeen of the
peptides identified herein bound Mamu-A*01 with IC50 values
of 50 nM or less and therefore would be classified as high-
affinity binders. The remaining 20 peptides bound in the 51 to
500 nM range and would be classified as intermediate binders
(56). It is noteworthy that 21 peptides bound with greater
affinity than the known Gag_CM9 epitope. Interestingly, no
potential Mamu-A*01-restricted peptides that bound with IC50

values of less than 500 nM were identified in Nef or Vpr.
Elispot identifies 14 Mamu-A*01-bound peptides in SIV-

infected macaques. We then analyzed whether the 37 selected
peptides (IC50 ,500 nM) were actually recognized in vivo by
fresh PBMC derived from SIV-infected Mamu-A*011 animals
(Table 2). Two naive, uninfected Mamu-A*011 animals (96078
and 96087) were initially tested in Elispot assays. None of the
37 peptides induced significant responses at either 1 or 10 mM
peptide concentrations in either of these control animals (data
not shown).

TABLE 1. SIV-derived peptides that bind to Mamu-A*01
with IC50 values below 500 nMa

Peptide no.
or virus

Protein and
amino acids Peptide Sequence IC50

(nM)
Refer-
ence

1 Env 235–242 Env_CL8 CAPPGYAL 1.9
2 Pol 143–152 Pol_LV10 LGPHYTPKIV 3.0
3 Pol 51–61 Pol_EA11 EAPQFPHGSSA 3.7
4 Env 235–243 Env_CL9 CAPPGYALL 5.5
5 Env 729–738 Env_ST10 SPPSYFQTHT 8.2
6 Pol 621–629 Pol_SV9621 STPPLVRLV 8.7
7 Pol 588–596 Pol_QV9 QVPKFHLPV 9.1
8 Env 622–630 Env_TL9 TVPWPNASL 10
9 Vpx 102–111 Vpx_GL10 GPPPPPPPGL 23
10 Pol 474–483 Pol_IL10 IYPGIKTKHL 23
11 Pol 621–628 Pol_SL8 STPPLVRL 26
12 Pol 147–155 Pol_YI9 YTPKIVGGI 26
13 Gag 372–379 Gag_LF8 LAPVPIPF 29
14 Rev 87–96 Rev_DL10 DPPTNTPEAL 39
15 Pol 359–368 Pol_GM10 GSPAIFQYTM 48
16 Gag 372–380 Gag_LA9 LAPVPIPFA 50
17 Vpx 39–48 Vpx_HV10 HLPRELIFQV 50
18 Env 763–771 Env_SI9 SWPWQIEYI 67
19 Pol 957–964 Pol_MI8 MTPAERLI 77
20 Pol 34–43 Pol_QF10 QMPRQTGGFF 78
21 Pol 359–367 Pol_GT9 GSPAIFQYT 82
22 Gag 181–189 Gag_CM9 CTPYDINQM 86
23 Vif 75–82 Vif_LL8 LTPERGWL 90
24 Gag 170–177 Gag_VL8 VVPGFQAL 99
25 Vif 100–107 Vif_VI8 VTPDYADI 103
26 Vif 144–152 Vif_QA9 QVPSLQYLA 141
27 Tat 28–35 Tat_TL8 TTPESANL 148
28 Vif 14–22 Vif_RW9 RIPERLERW 170
29 Env 133–140 Env_AV8 AAPTSAPV 175
30 Gag 254–262 Gag_QI9 QNPIPVGNI 196
31 Env 431–439 Env_YI9 YVPCHIRQI 210
32 Env 728–736 Env_ST9 SSPPSYFQT 220
33 Vpx 8–18 Vpx_II11 IPPGNSGEETI 241
34 Gag 340–349 Gag_VT10 VNPTLEEMLT 267
35 Env 504–512 Env_IT9 ITPIGLAPT 286
36 Gag 149–157 Gag_LW9 LSPRTLNAW 355
37 Pol 692–700 Pol_SV9692 SGPKTNIIV 366

SIV Env 235–243 Env_CL9 CAPPGYALL 25
SIV Pol 621–629 Pol_SV9 STPPLVRLV 22
SIV Env 622–630 Env_TL9 TVPWPNETL 25
SIV Gag 181–189 Gag_CM9 CTPYDINQM 2, 44
SHIV Env 431–439 Env_YI9 YAPPISGQI 22

a Previously defined Mamu-A*01-restricted SIV/SHIV CTL epitopes are
shown in boldface.
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Using IFN-g ELISPOT analysis of fresh PBMC derived
from four SIV-infected Mamu-A*011 macaques, we were able
to demonstrate that 14 of these newly defined peptides, in
addition to the previously identified Gag_CM9 epitope (2, 44),
were well recognized (Fig. 1). The number of SFCs detected
against each peptide in these animals ranged from 11 to 114
per 200,000 PBMC plated. While considerable variability ex-
isted from animal to animal with respect to peptides that were
recognized, with few exceptions replicate assays conducted on
PBMC from each animal gave reproducible responses. Stimu-
lation with 12 of these peptides gave positive responses in
animal 96031 (Fig. 1A). While this animal demonstrated a very
broad immune response, the strongest response was to the
Gag_CM9 peptide against which this animal had been previ-
ously vaccinated (Table 2). When PBMC from animal 96031
were stimulated with a lower concentration of peptide (1 mM),
while many of the epitopes still induced equally strong re-
sponses, some of the weakly responding epitopes were no
longer stimulatory (Fig. 1A). Unlike animal 96031, animal
95024 (25 months post-SIV infection) responded to only a few
of the peptides (Fig. 1A). Interestingly, three new peptides
(Env_CL8, Pol_LV10, and Env_TL9) gave better responses
than the Gag_CM9 epitope. Animal 95114 also demonstrated
a very broad Mamu-A*01-restricted immune response after
SIV infection (Fig. 1B). In this animal, a total of 22 peptides
were recognized. In the first assay conducted on this animal,
eight of the peptides gave SFC values greater than that for the
Gag_CM9 epitope. Finally, in animal 95115, while a few low-
responding peptides were detected in the initial assay, with the
exception of responses against the Gag_CM9 epitope, these
responses appeared to subside over time (Fig. 1C). A summary
of the ELISPOT responses in the four SIV-infected animals is
presented in Table 3. In total, 14 peptides which gave signifi-
cant ELISPOT responses in at least two independent assays
were considered positive. Since the Env_CL8 and Env_CL9
peptides overlap, we are considering this to represent a single
positive response.

To rule out the possibility that the reactivity against these
different peptides is actually the result of cross-reactivity of T
cells generated against the Gag_CM9 peptide, we carried out
ELISPOT assays using the complete set of peptides in a
Mamu-A*011 animal (94004) that had been vaccinated only
against the Gag_CM9 peptide. This animal had previously
shown good reactivity against this peptide, with up to 20% of

this animal’s CD3 CD8a lymphocytes being positive for tet-
ramer staining against the Gag_CM9 epitope 1 week following
its first MVA (3). Analysis of Gag_CM9-reactive lymphocytes
from this animal 10 weeks after receiving MVA revealed 91
SFCs per 200,000 cells (data not shown). No reactivity was seen
against any of the other peptides, indicating that the responses
in the SIV-infected animals were likely not a result of cross-
reactivity to the Gag_CM9 peptide. To investigate whether
SIV infection alone was responsible for these reactivities, we
used all 37 peptides in an ELISPOT assay in an SIV-infected
Mamu-A*01-negative animal (95003). None of the peptides
were recognized in this animal (data not shown).

To determine whether the peptide-specific production of
IFN-g was an MHC class I-restricted response, a replicate
ELISPOT assay (200,000 cells/well, 10 mM peptide) was con-
ducted using CD81-depleted PBMC from animal 95114. In
this assay, positive responses were no longer detected from
peptides which had induced positive responses in bulk PBMC
(data not shown), confirming the role of CD81 T cells in
mediating these responses.

Activity of newly identified epitopes in recall CTL assays
from SIV-infected animals. We then used 51Cr release CTL
assays to determine whether these peptides could recall in vitro
memory CTL activity from SIV-infected animals. When tested
in a chronically SIV-infected Mamu-A*011 macaque (95024),
several of the peptides recalled good CTL activity after a
2-week culture period (Table 4). Additional cultures were also
initiated from two other SIV-infected Mamu-A*011 animals
(95114 and 95115). As with ELISPOT, not all peptides that
induced a CTL response in a particular animal did so in all
animals. Seventeen peptides were reproducibly considered
positive by 51Cr release assays under the criteria listed in Table
4. Fourteen of these peptides were recognized in more than
one animal, while the three remaining peptides were repro-
ducibly detected only in a single animal.

Compared to the 14 peptides positively identified by the
ELISPOT assays, recall in vitro memory CTL activity was
detected against 7 of these peptides. Of the remaining seven
ELISPOT-positive peptides, three yielded a positive CTL re-
sponse in a single CTL assay (Table 4). Unfortunately, repli-
cate CTL assays were not conducted to confirm these re-
sponses. In addition, nine peptides that were not consistently
recognized in ELISPOT demonstrated positive recall memory
CTL activity. Therefore, recall memory CTL activity was de-
tectable against a significant number of the peptides which had
yielded positive responses by ELISPOT.

Tetramer analysis of antigen-specific CD81 cells. We next
determined whether we could detect antigen-specific CD81

responses against four of the newly defined peptides in fresh
PBMC using Mamu-A*01 tetramers refolded with each of
these peptides (Table 5). Responses were examined in three of
the SIV-infected macaques (96031, 95114, and 95115) which
had demonstrated positive ELISPOT responses to these pep-
tides, as well as in a naive Mamu-A*011 animal (96078). The
Gag_CM9 tetramer detected levels of antigen-specific CD3
CD8a T lymphocytes ranging from 0.35 to 2.68% in the SIV-
infected animals. Positive responses detected using the other
four tetramers, however, were lower and ranged between 0.14
and 0.48%. The Env_TL9 (TVPWPNASL) and Env_CL8
(CAPPGYAL) tetramers detected good responses in all three

TABLE 2. MHC type, vaccination, and infection status of
animals used to detect multiple CTL epitopesa

Animal
no.

MHC
type Vaccination Infection

96078 A*01 No No
96087 A*01 No No
96031 A*01 Yes, 2 wk prior to infection Yes, SIVmac239 i.r.
94004 A*01 Yes, 10 wk previously No
95024 A*01 No Yes, SIVmac biological

isolate i.v.
95114 A*01 No Yes, SIVmac239 i.r.
95115 A*01 No Yes, SIVmac239 i.r.
95003 — No Yes, SIVmac239 i.r.

a Animals were vaccinated with DNA-MVA containing the Gag_CM9 peptide
(3). Infection with SIVmac239 or SIVmac biological isolate was done intrave-
nously (i.v.) or intrarectally (i.r.).
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animals, while responses with the Env_CL9 (CAPPGYALL)
and Tat_TL8 (TTPESANL) tetramers varied considerably
among animals. In animal 95114, staining with the Env_CL8
(0.48%) and Env_TL9 (0.40%) tetramers was actually higher
than that for the Gag_CM9 tetramer (0.35%), although re-
sponses to these three peptides in ELISPOT varied between
assays (Fig. 1B). Overall, the levels of tetramer staining corre-
lated well with the levels of IFN-g-producing SFCs detected
against each peptide in the ELISPOT assays. After in vitro
stimulation of PBMC from 95114 with either the Gag_CM9,
Env_CL9, or Tat_TL8 peptide, the frequency of tetramer-
staining cells specific for the corresponding peptides increased
substantially (data not shown).

To determine whether any of these tetramers were cross-
reacting and staining the same population of lymphocytes, we
conducted double stains using the Gag_CM9-PE tetramer and
three of the other four APC-labeled Mamu-A*01 tetramers.
PBMC from animal 95114 were selected because this animal
elaborated responses to each of these peptides. In each case,
the Gag_CM9-PE tetramer stained a distinctly separate pop-
ulation of CD3 CD8a T lymphocytes than the other APC-
labeled Mamu-A*01 tetramers (Fig. 2). The levels of tetramer-
positive cells differ from those listed in Table 5 because the
stains were conducted at different times postinfection. To con-
firm these results, we combined tetramer staining with intra-
cellular staining for IFN-g to measure the ability of different

FIG. 1. Detection of IFN-g production by PBMC using the ELISPOT assay. PBMC from various Mamu-A*011 SIV-infected animals were
tested with the Mamu-A*01 peptides in 16-h ELISPOT assays. (A) Animal 96031 (Gag_CM9 vaccinated) and animal 95024. (B) Animal 95114.
(C) Animal 95115. PBMC were plated in 96-well plates at 2 3 105 cells/well and stimulated with various peptides (1 to 10 mM concentration). Mean
values and standard deviations from triplicate wells were averaged for each assay, and SFCs were enumerated as described in Materials and
Methods. Asterisks indicate statistically significant responses (see the text). Responses to concanavalin A were always greater than 200 SFCs per
2 3 105 cells. The ELGDYKLV peptide represents an irrelevant SIV Env peptide (negative control).

742 ALLEN ET AL. J. VIROL.



FIG. 1—Continued.
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populations of cells to respond after stimulation with spe-
cific peptides through the production of IFN-g. To accomplish
this, we used a CTL line cocultured with the Gag_CM9 and
Gag_LA9 (LAPVPIPFA) peptides. As expected, a subset of
cells from this culture stained positive with the Gag_CM9
tetramer. Stimulation of these cells with the Gag_LA9 peptide
induced a separate Gag_CM9 tetramer-negative population of
cells to produce IFN-g (data not shown). Similarly, while stim-
ulation of a Gag_CM9-specific in vitro CTL line with the
Gag_CM9 peptide induced 97% of the culture to produce
IFN-g, stimulation with six other Mamu-A*01-bound peptides
induced less than 0.3% of this culture to produce IFN-g (data
not shown). Thus, lymphocytes reactive with the Gag_CM9
epitope do not recognize other Mamu-A*01-bound peptides.

In summary, ELISPOT, CTL assays, and tetramer staining
were able to identify a total of 14 Mamu-A*01-restricted SIV
CTL epitopes (Table 6). Although none of the peptides that

bound to Mamu-A*01 were found in Nef or Vpr, the positive
peptides were distributed relatively uniformly throughout the
remaining SIV proteins (Fig. 3).

DISCUSSION

Herein, we report the identification of 14 SIV-derived CTL
epitopes restricted by the same rhesus macaque MHC class I
molecule, Mamu-A*01. These results have significance for our
basic understanding of the phenomenon of immunodominance
(78) as well as for vaccine development. The description of 14
epitopes bound by Mamu-A*01 and recognized by CD81 lym-
phocytes from SIV-infected macaques demonstrates that the

TABLE 3. Positive responses detected against 14
Mamu-A*01-bound peptides by ELISPOT in

SIV-infected Mamu-A*011 macaquesa

Peptide
no.

Peptide
name Sequence

Response to peptide
at concn (mM)

96031 95024 95114 95115

10 1 10 10 1 1 10 1 1 10

1 Env CL8 CAPPGYAL 2 1 2 1 2 2 1 2 2 2
2 Pol LV10 LGPHYTPKIV 2 2 2 1 2 2 1 2 2 2
3 Pol_EA11 EAPQFPHGSSA 2 2 2 2 1 2 2 2 2 2
4 Env CL9 CAPPGYALL 2 1 1 2 1 1 1 2 2 2
5 Env_ST10 SPPSYFQTHT 2 2 2 2 2 2 2 2 2 2
6 Pol_SV9621 STPPLVRLV 1 1 1 2 2 2 2 2 2 2
7 Pol_SV9 QVPKFHLPV 2 2 1 2 1 2 2 2 2 2
8 Env_TL9 TVPWPNASL 1 1 1 1 1 1 1 2 2 2
9 Vpx_GL10 GPPPPPPPGL 2 2 2 2 1 2 2 2 2 2
10 Pol_IL10 IYPGIKTKHL 2 2 2 2 1 2 2 2 2 2
11 Pol_SL8 STPPLVRL 2 2 2 2 1 2 2 2 2 2
12 Pol_YI9 YTPKIVGGI 2 2 2 2 2 2 2 2 2 2
13 Gag_LF8 LAPVPIPF 1 2 2 2 1 2 1 2 2 2
14 Rev_DL10 DPPTNTPEAL 2 2 2 2 1 2 2 2 2 2
15 Pol_GM10 GSPAIFQYTM 2 2 2 2 2 2 2 2 2 2
16 Gag_LA9 LAPVPIPFA 2 2 2 2 2 2 2 1 2 2
17 Vpx_HV10 HLPRELIFQV 2 2 2 2 2 2 2 2 2 2
18 Env_SI9 SWPWQIEYI 2 2 2 2 1 2 2 2 2 2
19 Pol_MI8 MTPAERLI 2 2 2 2 2 2 2 2 2 2
20 Pol_QF10 QMPRQTGGFF 2 2 2 2 2 2 2 2 2 2
21 Pol_GT9 GSPAIFQYT 2 2 2 2 nt 2 2 nt 2 2
22 Gag_CM9 CTPYDINQM 1 1 1 2 1 1 1 1 1 1
23 Vif_LL8 LTPERGWL 2 2 2 2 nt 2 2 nt 2 2
24 Gag_VL8 VVPGFQAL 2 2 2 2 nt 2 2 nt 2 2
25 Vif_VI8 VTPDYADI 2 2 2 2 2 2 2 2 2 2
26 Vif_QA9 QVPSLQYLA 2 2 2 2 1 1 2 2 2 2
27 Tat_TL8 TTPESANL 1 2 1 2 1 2 2 1 2 2
28 Vif_RW9 RIPERLERW 2 2 2 2 nt 2 2 nt 2 2
29 Env_AV8 AAPTSAPV 2 2 2 2 2 2 2 2 2 2
30 Gag_QI9 QNPIPVGNI 2 2 2 2 1 2 1 1 2 2
31 Env_YI9 YVPCHIRQI 2 2 2 2 nt 2 2 nt 2 2
32 Env_ST9 SSPPSYFQT 1 2 1 2 nt 2 1 nt 1 2
33 Vpx_II11 IPPGNSGEETI 1 2 2 2 nt 2 1 nt 2 2
34 Gag_VT10 VNPTLEEMLT 2 2 2 2 1 2 2 2 2 2
35 Env_IT9 ITPIGLAPT 2 2 2 2 nt 2 1 nt 2 2
36 Gag_LW9 LSPRTLNAW 1 2 1 2 nt 2 1 nt 2 2
37 Pol_SV9692 SGPKTNIIV 1 2 2 2 nt 2 1 nt 2 2

a Since the Env_CL8 and Env_CL9 peptides overlap, we consider this a single
positive response. Mamu-A*01-bound SIV-derived peptides were considered
positive responders (shown in boldface) if peptides yielded two or more signif-
icant responses (1) by ELISPOT in the four SIV-infected animals tested. Each
column of data is from a separate experiment. Not all peptides were tested in
each animal (nt). Peptides were tested at 1 and 10 mM concentrations.

TABLE 4. Recall CTL responses detected against 16
Mamu-A*01-bound peptides by CTL assays in

SIV-infected Mamu-A*011 macaquesa

Peptide
no.

Peptide
name Sequence

Positive responses/
no. of tests

95024 95114 95115

1 Env_CL8 CAPPGYAL 2/3 0/1 1/1
2 Pol_LV10 LGPHYTPKIV 1/3 1/1 1/1
3 Pol_EA11 EAPQFPHGSSA 0/3 0/1 1/1
4 Env_CL9 CAPPGYALL 3/4 0/1 1/1
5 Env_ST10 SPPSYFQTHT 1/3 1/1 1/1
6 Pol_SV9621 STPPLVRLV 0/3 0/1 1/1
7 Pol_QV9 QVPKFHLPV 1/3 0/1 1/1
8 Env_TL9 TVPWPNASL 0/3 0/1 1/1
9 Vpx_GL10 GPPPPPPPGL 0/3 0/1 0/1
10 Pol_IL10 IYPGIKTKHL 0/3 1/1 nt
11 Pol_SL8 STPPLVRL 0/3 1/1 nt
12 Pol_YI9 YTPKIVGGI 2/3 0/1 nt
13 Gag_LF8 LAPVPIPF 3/3 1/1 nt
14 Rev_DL10 DPPTNTPEAL 0/3 0/1 nt
15 Pol_GM10 GSPAIFQYTM 3/4 1/1 nt
16 Gag_LA9 LAPVPIPFA 3/4 1/1 nt
17 Vpx_HV10 HLPRELIFQV 0/3 0/1 nt
18 Env_SI9 SWPWQIEYI 1/3 0/1 nt
19 Pol_MI8 MTPAERLI 2/2 1/1 0/1
20 Pol_QF10 QMPRQTGGFF 1/2 1/1 1/1
21 Pol_GT9 GSPAIFQYT 0/2 0/1 0/1
22 Gag_CM9 CTPYDINQM 0/2b 1/1 1/1
23 Vif_LL8 LTPERGWL 0/2 0/1 0/1
24 Gag_VL8 VVPGFQAL 0/2 0/1 0/1
25 Vif_VI8 VTPDYADI 1/2 1/1 0/1
26 Vif_QA9 QVPSLQYLA 2/2 1/1 0/1
27 Tat_TL8 TTPESANL 1/2 1/1 0/1
28 Vif_RW9 RIPERLERW 0/2 0/1 0/1
29 Env_AV8 AAPTSAPV 2/2 nt nt
30 Gag_QI9 QNPIPVGNI 1/2 nt nt
31 Env_YI9 YVPCHIRQI 0/2 nt nt
32 Env_ST9 SSPPSYFQT 0/2 nt nt
33 Vpx_II11 IPPGNSGEETI 0/2 nt nt
34 Gag_VT10 VNPTLEEMLT 2/2 nt nt
35 Env_IT9 ITPIGLAPT 0/2 nt nt
36 Gag_LW9 LSPRTLNAW 0/2 nt nt
37 Pol_SV9692 SGPKTNIIV 0/2 nt nt

a Since the Env_CL8 and Env_CL9 peptides overlap, we consider this a single
positive response. Two-week in vitro-stimulated PBMC from three SIV-infected
Mamu-A*011 macaques were tested against each of the 37 identified peptides.
The number of positive CTL responses per total number of assays tested for each
peptide is listed. 51Cr release assay responses were considered positive if the
percentage of specific lysis was .15% over that of an irrelevant peptide. Peptides
were considered positive responders (shown in boldface) if 50% or more of the
assays (were two or more assays were conducted) in a given animal were positive
or if two or more assays from any of the three animals tested combined were
positive. Effector-to-target cell ratios in the 51Cr release assays ranged from 20:1
to 50:1. Not all peptides were tested in all animals (nt).

b The CTPYDINQM CTL epitope had escaped at the time of the assays in
95024.
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CTL repertoire against SIV is very broad (in the sense of
multiple antigens being recognized) and multispecific (in the
sense of multiple epitopes being recognized within the same
antigen). Given that an animal can simultaneously recognize
up to 15 different peptides bound by a single MHC class I
molecule (animal 95114), the repertoire of SIV-derived epi-
topes could well exceed 100 different specificities in heterozy-
gous individuals, in which up to six different MHC class I
molecules are expressed. It is possible that this unsuspected
and unprecedented breadth of repertoire is unusual and re-
stricted to the Mamu-A*01 MHC class I molecule in the rhesus
macaque. Clues from the literature, however, suggest that this
might not be the case. In HIV-infected individuals, responses
have been described against six different epitopes bound by
HLA-B*5101 (67). Similarly, up to five different HLA-B*3501-
bound peptides can be recognized by HLA-B*3501 individuals
(61, 66), and 11 different HLA-A*2402-restricted HIV-1 CTL
epitopes have been described (30). Furthermore, CTL re-
sponses against as many as 13 different peptides have already
been described in HIV-infected patients (14) and against as
many as five peptides in an SIV-infected macaque (23). Data
hinting at the possibility that the CTL response is indeed broad
and multispecific for other pathogens have also recently been
obtained for human hepatitis B virus (48, 52), Epstein-Barr
virus (14), and malaria (20) infections. In this context, it is of
great interest to note that only chimpanzees that made broad,
polyspecific CTL responses to multiple hepatitis C virus-de-
rived epitopes were able to clear the virus (13). Similarly, the
polyclonality of the anti-HIV CD81 response in HIV-infected
patients correlated with the levels of CD4 counts (14). To-
gether, these studies suggest that a broad CTL response may
be effective at controlling virus replication.

The accumulated evidence suggests that in humans and pri-
mates in general, immunodominance is not as strict as origi-
nally portrayed. Rather, a complex pattern of multispecific
responses, in which T cells specific for many different epitopes
coexist, is starting to emerge. Depending on timing, disease
course, and the particular individual studied, the immu-
nodominance of particular peptides may fluctuate. For exam-
ple, it is interesting that in animals 95024 and 95114, the
Gag_CM9 epitope was not the most immunodominant, and

many other peptides were better recognized. In one of these
animals (95024), this was likely due to escape in the Gag_CM9
epitope which had acquired a position 182 T3A mutation at
the time of the assay (data not shown). Additionally, tetramer
staining showed that lymphocytes from animal 95114 bearing
T-cell receptors specific for the Env_CL8 and Env_TL9 epi-

FIG. 2. Mamu-A*01 tetramers refolded with individual peptides
stain unique populations of lymphocytes. The specificity of the tetram-
ers was assessed through double staining of fresh PBMC (animal
95114) with the Gag_CM9-PE-labeled tetramer and one of three APC-
labeled Mamu-A*01 tetramers. Each of the tetramers stained a unique
population of CD31 CD81 T lymphocytes, with no cells staining with
more than one tetramer. Background levels of tetramer staining in
fresh PBMC from a naive Mamu-A*011 animal (96078) were below
0.06%.

TABLE 5. Tetramers detect responses against five epitopes
in fresh PBMC of SIV-infected macaquesa

Peptide
no.

Peptide
name Sequence

% of T lymphocytes

96031
(SIV1)

95114
(SIV1)

95115
(SIV1)

96078
(naive)

1 Env_CL8 CAPPGYAL 0.41 0.48 0.24 0.02
4 Env_CL9 CAPPGYALL 0.14 0.31 0.05 0.01
8 Env_TL9 TVPWPNASL 0.34 0.40 0.25 0.02
22 Gag_CM9 CTPYDINQM 2.68 0.35 1.49 0.06
27 Tat_TL8 TTPESANL 0.26 0.15 0.06 0.04

a Fresh PBMC from three SIV-infected Mamu-A*011 animals were stained
with Mamu-A*01 tetramers refolded with five of the peptides recognized by
ELISPOT assays. PBMC from a naive Mamu-A*011 animal (96078) served as a
control. The frequencies of tetramer-staining cells are presented as a percentage
of CD3 CD8a T lymphocytes. Significant responses are shown in boldface.
Values represent levels detected in a single experiment. Responses were repro-
ducible in two additional tetramer stains (data not shown). Background levels of
tetramer staining in fresh PBMC from a naive Mamu-A*011 animal (96078)
were below 0.06%.
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topes were present at higher frequencies than the Gag_CM9-
reactive lymphocytes (Table 5). These data suggest that the
previously described Gag_CM9 epitope may not be the most
immunodominant epitope in all SIV-infected Mamu-A*011

animals. This current study, because of the identification of a
large number of well-defined epitopes, will enable future stud-
ies to address the immunological basis of these different pat-
terns of immunodominance and their potential significance in
terms of disease pathogenesis.

Two other groups have independently confirmed that three
of the epitopes described herein are recognized in SIV-in-
fected, Mamu-A*011 animals. The Env_CL9 (CAPPYGALL)
and Env_TL9 (TVPWPNETL) (note the A3E and S3T sub-
stitutions in the SIVsmE660 peptide) epitopes have been shown
to be recognized when pulsed onto Mamu-A*01/721.221 trans-
fectants in SIVsmE660-infected rhesus macaques (25). Simi-
larly, the Pol_SV9 (STPPLVRLV) epitope was recognized by
CTL from an SIVmac251-infected Mamu-A*011 rhesus ma-
caque (22). Interestingly, tetramer analysis revealed that there
were far fewer CD81 lymphocytes recognizing this CTL epi-
tope than the Gag_CM9 epitope (22), suggesting that this new
epitope is subdominant. Thus, two other groups have validated
the results of our approach to epitope discovery in SIV-in-
fected rhesus macaques.

Vaccination with multiple CTL epitopes encoded by exper-
imental minigenes increases the cell surface density of peptide-
MHC class I complexes, inducing a more robust epitope-spe-
cific primary CD81 response compared to vaccination with the
entire proteins (6, 18). Additional advantages of the multiple-
epitope approach include the potential for focusing immune
responses against conserved epitopes and for generating re-
sponses simultaneously against multiple epitopes. In this con-
text, it is noteworthy that several of the newly described CTL
epitopes are found in many different conserved regions of the
virus (data not shown). Simultaneous vaccination against a
broad range of CTL epitopes may also reduce the possibility
that escape will occur by limiting the amount of early virus
replication.

The rhesus macaque is the only cost-effective animal model

FIG. 3. Locations of Mamu-A*01-bound peptides recognized in SIV-infected rhesus macaques. Boxes within each of the proteins correspond
to the position of the Mamu-A*01-restricted CTL epitopes which were identified by ELISPOT or CTL assays.

TABLE 6. Summary of ELISPOT, CTL, and tetramer responses
against 37 Mamu-A*01-bound SIV-derived peptidesa

Peptide
no.

Peptide
name Sequence ELISPOT CTL Tetramer

1 Env_CL8 CAPPGYAL 1 1 1
2 Pol_LV10 LGPHYTPKIV 1 1
3 Pol_EA11 EAPQFPHGSSA 2 2
4 Env_CL9 CAPPGYALL 1 1 1
5 Env_ST10 SPPSYFQTHT 2 1
6 Pol_SV9621 STPPLVRLV 1 2
7 Pol_QV9 QVPKFHLPV 1 1
8 Env_TL9 TVPWPNASL 1 2 1
9 Vpx_GL10 GPPPPPPPGL 2 2
10 Pol_IL10 IYPGIKTKHL 2 2
11 Pol_SL8 STPPLVRL 2 2
12 Pol_YI9 YTPKIVGGI 2 1
13 Gag_LF8 LAPVPIPF 1 1
14 Rev_DL10 DPPTNTPEAL 2 2
15 Pol_GM10 GSPAIFQYTM 2 1
16 Gag_LA9 LAPVPIPFA 2 1
17 Vpx_HV10 HLPRELIFQV 2 2
18 Env_SI9 SWPWQIEYI 2 2
19 Pol_MI8 MTPAERLI 2 1
20 Pol_QF10 QMPRQTGGFF 2 1
21 Pol_GT9 GSPAIFQYT 2 2
22 Gag_CM9 CTPYDINQM 1 1 1
23 Vif_LL8 LTPERGWL 2 2
24 Gag_VL8 VVPGFQAL 2 2
25 Vif_VI8 VTPDYADI 2 1
26 Vif_QA9 QVPSLQYLA 1 1
27 Tat_TL8 TTPESANL 1 1 1
28 Vif_RW9 RIPERLERW 2 2
29 Env_AV8 AAPTSAPV 2 1
30 Gag_QI9 QNPIPVGNI 1 2
31 Env_YI9 YVPCHIRQI 2 2
32 Env_ST9 SSPPSYFQT 1 2
33 Vpx_II11 IPPGNSGEETI 1 2
34 Gag_VT10 VNPTLEEMLT 2 1
35 Env_IT9 ITPIGLAPT 2 2
36 Gag_LW9 LSPRTLNAW 1 2
37 Pol_SV9692 SGPKTNIIV 1 2

a Since the Env_CL8 and Env_CL9 peptides overlap, we consider this a single
positive response. Positive responses (1) in ELISPOT, 51Cr release assays, and
tetramer stains are indicated. Fourteen Mamu-A*01-bound SIV-derived pep-
tides were considered positive responders (bold) based on results from ELIS-
POT assays and confirmed in the majority of cases by CTL assays and tetramer
staining.
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to address the design of a CTL-based, multiepitope vaccine
against HIV. While HLA transgenic mice can be vaccinated
with epitope constructs encoding HIV peptides (1, 77), they
cannot be challenged with a virus similar to HIV. The defini-
tion of 10 new Mamu-A*01 epitopes, in addition to the four
previously defined Mamu-A*01 epitopes (2, 22, 25, 44), is an
important step in analyzing whether vaccination with multiepi-
tope vaccines can induce protective immunity against HIV in
humans. In practical terms, this study underlines the power of
a rational approach to epitope identification based on the
combined use of motif analysis, in vitro binding assays utilizing
purified MHC molecules, and functional ELISPOT, CTL, and
tetramer analyses. While similar approaches to define addi-
tional CTL epitopes in influenza virus, hepatitis B virus, and
HIV have been successful in both mice and humans (7, 40, 52,
71), this is the first validation of this approach in SIV-infected
rhesus macaques. It should, however, be noted that our ap-
proach might not identify all CTL epitopes, especially those
bound at lower affinity. We have now determined motifs for
four other rhesus MHC class I molecules (21, 23) and are in
the process of applying a similar approach to define additional
CTL epitopes bound by each of these newly defined MHC class
I molecules.

In conclusion, besides shedding new light on the degree of
complexity involved in anti-SIV-specific CD8 responses, this
study represents an important step toward facilitating the test-
ing of the multiepitope approach in the SIV model of HIV
infection in humans.
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