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Abstract The SIV-infected Indian rhesus macaque is the
most established model of HIV infection, providing insight
into pathogenesis and a system for testing novel vaccines.
However, only a limited amount of information is avail-
able regarding the peptide-binding motifs and epitopes
bound by their class I and class II MHC molecules. In this
study, we utilized a library of over 1,000 different peptides
and a high throughput MHC-peptide binding assay to de-
tail the binding specificity of the rhesus macaque class I
molecule Mamu-A*11. These studies defined the fine
specificity of primary anchor positions, and dissected the
role of secondary anchors, for peptides of 8–11 residues in
length. This detailed information was utilized to develop
size-specific polynomial algorithms to predict Mamu-A*11
binding capacity. Testing SIVmac239-derived Mamu-A*11
binding peptides for recognition by peripheral blood mono-
nuclear cells (PBMC) from Mamu-A*11-positive, SIV-
infected macaques, identified five novel SIV-derived
Mamu-A*11 epitopes. Finally, we detected extensive cross-
reactivity at the binding level between Mamu-A*11 and the
mouse H-2 class I molecule Kk. Further experiments revealed
that three out of four Mamu-A*11 binding peptides which

bound Kk and were immunogenic in Kk mice were also
recognized in Mamu-A*11-infected macaques. This is the
first detailed description of mouse-macaque interspecies
cross-reactivity, potentially useful in testing novel vaccines in
mice and macaques.
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Introduction

Rhesus macaques represent an important animal model for
many infectious diseases, including HIV and biodefense
pathogens. This model provides key insights into disease
pathogenesis, and allows for the evaluation of novel vaccine
concepts. Several independent observations have impli-
cated cellular immunity, specifically cytotoxic T-lympho-
cyte (CTL) responses, in the control of SIV and HIV viral
replication (Brander and Walker 1999; Goulder et al. 1997;
Letvin et al. 1999). Recently, a renewed interest in Cate-
gory A-C pathogens has revitalized efforts for developing
analytical methods to rigorously analyze both cellular and
humoral immune responses in non-human primates, in a
number of different disease models.

The immunogenetics of rhesus macaques has only re-
cently been explored in detail. A series of studies focused on
theMamu-A*01 class I molecule, led to the identification of
its peptide-binding specificity and characterized 14 differ-
ent SIV-derived CTL epitopes (Allen et al. 2001; Sidney
et al. 2000). More recently, Mamu-B*17, another high-
frequency allele in rhesus macaques, has been studied. The
identification of the peptide-binding specificity of Mamu-
B*17 resulted in the determination of 15 new SIV-derived
CTL epitopes (Mothe et al. 2002b). These studies were
instrumental in the synthesis of the first macaque tetramer
(Kuroda et al. 1998) and enabled several different studies
addressing viral evasion from CTL responses, during both
the acute and chronic phases of SIV/SHIV infection (Allen
et al. 2000a; Barouch et al. 2000, 2003; Chen et al. 2000;
O’Connor et al. 2002; Subbramanian et al. 2003; Vogel et al.
2002). The peptide-binding specificity of other molecules,
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such asMamu-A*08, -B*03, -B*04 and -A*11 (Dzuris et al.
2000), is currently under investigation. Our ultimate goal
is to allow motif searches, epitope identification studies,
and production of tetrameric reagents for a number of com-
mon macaque class I and class II molecules, thus covering
the majority of common MHC molecules present in the
captive breeding populations utilized for vaccine and im-
munologic studies. Mamu-A*11 is present in the captive-
bred population at a frequency of at least 5% (Rehrauer
et al., manuscript in preparation; Muhl et al. 2002). Even
though this allele is not as common as Mamu-A*01 and
Mamu-B*17, each expressed in about 20% of the captive-
bred rhesus macaque population, Mamu-A*11 can be rap-
idly detected using PCR-SSP (Rehrauer et al., manuscript
in preparation). Mamu-A*11 therefore represents an inter-
esting candidate for additional studies characterizing its
peptide-binding motif.

Several different approaches have been utilized to predict
and identify peptides bound by MHC class I molecules.
Sequencing of pooled or individual naturally occurring
ligands, together with the identification of the optimal T-
cell epitopes, accurately reveals anchor positions and the
most frequently used residues (canonical motifs) (Falk et al.
1991; Rammensee et al. 1995; Van Bleek and Nathenson
1990). However, only a subset of the good binding peptides
is usually associated with canonical motifs. Indeed, peptide/
MHC-binding assays with purifiedMHCmolecules usually
unveils a broader set of residues that are permissible in the
anchor positions (extended motifs) (Kast et al. 1994; Kondo
et al. 1995; Kubo et al. 1994; Ruppert et al. 1993; Sidney
et al. 1995; Sidney et al. 1996b,c, 2000, 2001), thus al-
lowing for a more comprehensive analysis. It has been
shown that to efficiently identify MHC-binding peptides,
knowledge of secondary interactions, also derived from
the use of quantitative peptide/MHC-binding assays, must
be taken into account (Kondo et al. 1995, 1997; Mothe et al.
2002b; Ruppert et al. 1993; Sidney et al. 1996b,c, 2000,
2001).

Characterization of naturally processed peptides has been
an invaluable asset for studies attempting to define various
MHC-peptide-binding motifs. This method is complemen-
tary with the use of peptide binding data, as shown in pre-
vious studies. [see, e.g. Kast et al. (1994) and Kubo et al.
(1994)] Pool sequencing analysis and characterization of
individual endogenous ligands have provided specific mo-
tifs for a number ofMHC types. However, as shown byKast
et al. (1994) and Kubo et al. (1994) in the case of various
common HLA molecules, and Sidney et al. (2000) in the
case ofMamu-A*01, the motifs defined by pool sequencing
studies do not represent the full range of residues that are
tolerated by a particular MHC specificity in its main or
secondary anchor positions. This restriction may reflect the
fact that pool sequencing studies are dependent upon the
pool of peptides available in the cell to MHC molecules,
which may be limited or biased depending on the cellular
processing capacity of the specific cell line utilized, or the
rarity of specific amino acids, and only reveal the most
abundant residues found at any given position.

In this study, we have performed in-depth analysis of
the peptide-binding specificity of Mamu-A*11, and de-
veloped an algorithm to predict Mamu-A*11 binding.
Using high-throughput binding assays and peripheral blood
mononuclear cell (PBMC) samples from SIV-infected
animals, we have also identified five novel SIV-derived
Mamu-A*11 epitopes. Interestingly, we found that the
Mamu-A*11 binding specificity overlaps with those of H-2
Kk and the HLA-B44-supertype. We have explored this
potential cross-reactivity by showing that Mamu-A*11
binders also bind Kk, and that a subset of the Mamu-A*11
immunogenic peptides can elicit CD8+ T-cell responses in
H-2 Kk mice. This cross-reactivity between mice and ma-
caques may be useful for performing evaluations of epi-
tope-based approaches in mice before moving to more
laborious and expensive macaque studies.

Methods and materials

Rhesus macaques, viruses, and infections

The Indian rhesus macaques (Macaca mulatta) used in this
study were identified as Mamu-A*11+ by the technique of
sequence-specific DNA amplification (PCR-SSP), as pre-
viously described (Knapp et al. 1997). Of all the animals
used in this study, animal 95096 was previously immu-
nizedwith a liposomeconstructwhich failed to engender any
immune responses after vaccination (Mothe et al. 2002a).
Animals 95096 and 1937 were infected with SIVmac239/nef
open, receiving ten 50% monkey infectious doses, com-
prising approximately 3,000 50% tissue culture infective
doses (TCID50), intrarectally, as previously described (Allen
et al. 2002a; Mothe et al. 2003; O’Connor et al. 2003).
Animal 97089 was infected intravenously with 100 TCID50

of the3×SIVstock,which is anengineeredCTLvariant virus
basedonSIVmac239(Friedrichetal.2004).AnimalAJ11was
challenged three times with 300 TCID50 SIVmac239, in-
trarectally, before infection was detected (McDermott et al.
2004). The SIV-infected animals were maintained at the
University of Wisconsin were cared for in accordance with
an experimental protocol approved by the University of
Wisconsin Research Animal Resource Committee.

Peptides

Peptides for general screening were purchased as crude
material from either Pepscan Systems (Lelystad, The Neth-
erlands) or Mimotopes (Clayton, Australia), or synthesized
at Epimmune (San Diego, Calif., USA) using standard ter-
tiary butyloxycarbonyl or fluronylmethyloxycarbonyl solid
phase methods (Ruppert et al. 1993). Peptides were resus-
pended at 4–20 mg/ml in 100% DMSO, then diluted to
required concentrations in PBS 0.05% NP40. Peptides for
use as radiolabeled probes were purified to >95% homo-
geneity by reverse phase HPLC, and composition ascer-
tained by amino-acid analysis, sequencing, and/or mass
spectrometry analysis. Radiolabeling was done using the
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chloramine T method (Sidney et al. 1998). SIV peptides
utilized were derived from the SIVmac239 sequence (ac-
cession no. M33262).

MHC purification and peptide-binding assay

A source of Mamu-A*11 molecules was provided by
721.221 cells transfected with Mamu-A*11 cDNA. The
mouse B-cell lymphoma CH27 was used as the source of
H-2 Kk molecules. Cells were maintained and class I MHC
molecules were purified from cell lysates by affinity chro-
matography as previously described (Sidney et al. 1998).
Mamu-A*11 molecules were purified with the anti-HLA
(A, B, C) antibody W6/32 (American Type Culture Collec-
tion ATCC, Manassas, Va., USA). H-2 Kk molecules were
purified using the anti-H-2b,k,q,r,s monoclonal antibody Y-3
(ATCC, Manassas, Va.). Protein purity, concentration, and
effectiveness of depletion steps were monitored by SDS-
PAGE.

Quantitative assays for the binding of peptides to deter-
gent solubilized Mamu-A*11 and H-2Kk molecules were
based on the inhibition of binding of a radiolabeled standard
probe peptide utilizing the same protocol described for the
measurement of peptide binding to HLA class I molecules
(Sidney et al. 1998). Briefly, 1–10 nM of radiolabeled pep-
tide was co-incubated at room temperature with 1 μM to
1 nM of purified class I molecules in the presence of 1 μM
humanβ2-microglubulin (Scripps Laboratories, San Diego,
Calif.) and a cocktail of protease inhibitors. The radiola-
beled peptide utilized for Mamu-A*11 assays was the
previously identified Mamu-A*11-restricted CD8+ T-cell
epitope SIV Env 495–502 (sequence GDYKLVEI) (Evans
et al. 1999). The radiolabeled peptide for H-2 Kk assays
was an artificial consensus sequence (SEAAYAKKI) de-
rived from an analysis of the sequences of known Kk-
restricted CTL epitopes or endogenously bound ligands.

After a two-day incubation, binding of the radiolabeled
peptide to the corresponding class I molecule was deter-
mined by capturing MHC/peptide complexes on Optiplates
(Packard Instrument, Meriden, Conn., USA) coated with
either the W6/32 (for Mamu-A*11 assays) or Y-3 (for H-2
Kk assays) antibody, and measuring bound cpm using the
TopCount microscintillation counter (Packard Instrument).
In the case of competitive assays, the concentration of pep-
tide yielding 50% inhibition of the binding of the radiola-
beled probe peptide was calculated. Peptides were typically
tested in three or more independent experiments. Since
under the conditions utilized, where [label] < [MHC] and
IC50 ≥ [MHC], the measured IC50 values are reasonable
approximations of the true Kd values. In each experiment,
a titration of the unlabeled version of the radiolabeled
probe was tested as a positive control for inhibition.

Bioinformatic analyses

For detailed analysis of the peptide binding data and to
allow comparison of data obtained in different experiments,

a relative binding value was calculated for each peptide
assayed by dividing the IC50 of the positive control for
inhibition by the IC50 for each tested peptide. These stan-
dardized relative binding values also allow the calculation a
geometric mean, or average relative binding (ARB) value,
for all peptides of a particular characteristic (Gulukota
et al. 1997; Kondo et al. 1995, 1997; Mothe et al. 2002b;
Ruppert et al. 1993; Sidney et al. 1996b,c, 1998, 2000).
The binding capacity of peptides in each size group (8, 9,
10, or 11 residues) was analyzed by determining the ARB
values for peptides that contain specific amino-acid resi-
dues in specific positions. For determination of the spec-
ificity at Mamu-A*11 main anchor positions, ARB values
were standardized relative to the ARB values of peptides
carrying the residue associated with the best binding. For
secondary anchor determinations, ARB values were stan-
dardized relative to the ARB of the whole peptide set con-
sidered. Because of the rare occurrence of certain amino
acids, residues were grouped according to individual chem-
ical similarities, as previously described (Gulukota et al.
1997; Kondo et al. 1995, 1997; Mothe et al. 2002b; Ruppert
et al. 1993; Sidney et al. 1996b,c, 1998, 2000), when the
incidence of a given amino acid was less than 5.

A method for the derivation of polynomial algorithms
using ARB values as coefficients has been described pre-
viously (Gulukota et al. 1997; Mothe et al. 2002b; Sidney
et al. 1996b,c, 2000; Southwood et al. 1998). This predic-
tive methodology is based on the assumption of the inde-
pendent binding of peptide side chains, where the stability
contributed by a given residue at a given position is in-
dependent of the nature of the residues at other positions.
These algorithms take into account both extended and
refined motifs (Gulukota et al. 1997; Ruppert et al. 1993)
and are essentially based on the premise that the overall
affinity (ΔG) of peptide-MHC interactions can be approx-
imated as a linear polynomial function of the type �G ¼
a1i � a2i � a3i � . . . . . . ani, where aij is a coefficient that
represents the effect of the presence of a given amino acid
( j) at a given position (i) along the sequence of a peptide of
n amino acids. When residue j occurs at position i in the
peptide, it is assumed to contribute a constant amount ji to
the free energy of binding of the peptide, irrespective of the
sequence of the rest of the peptide. To calculate the algo-
rithm score of a given peptide in a test set, the geometric
mean of all ARB values corresponding to the sequence of
the peptide is calculated. If the resulting score exceeds a
chosen threshold, the peptide is predicted to bind. Appro-
priate thresholds can be chosen as a function of the degree
of stringency of prediction desired.

The performance of the predictive algorithms can be
assessed by the measures of sensitivity or efficiency. Sen-
sitivity indicates the fraction of known binders that are in
fact identified using the specific algorithm, and efficiency
measures the fraction of peptides predicted to be binders
that actually bind (in the present context, binders were
defined as peptides with affinities of 500 nM, or better). In
the present study algorithms were evaluated by measuring
the efficiency of prediction when the sensitivity was set at
either 0.75 or 0.90. That is, the efficiency of prediction was
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evaluated with library subsets that included either 75% or
90% of the peptides in the data set that bound with an IC50

value of 500 nM, or better.

IFN-γ ELISPOT assay for macaque PBMC

Ninety-six-well flat-bottomed plates (U-Cytech BV, The
Netherlands) were coated with 5 μg of anti-gamma inter-
feron (IFN-γ) mAb MD-1 (U-Cytech-BV) overnight at
4°C. The plates were then washed five times with PBST,
PBS (GibcoBRL, N.Y., USA) containing 0.05% Tween-20
(Sigma Chemical, St. Louis, Mo., USA), and then the plates
were blocked with 2% PBSA, PBS containing 2% BSA
(Sigma Chemical, St. Louis, Mo.) for 1 h at 37°C. The 2%
PBSA was discarded from the plates and freshly isolated
PBMC were added. Cells were resuspended in RPMI-1640
(Mediatech, USA) supplemented with penicillin, strepto-
mycin and 5% FBS (Biocell, Calif.) (R05). The R05 also
contained either 10 μg/ml concanavalin A (Con-A; Sigma
Chemical), 10 μg/ml of each peptide, or no peptide. Input
cell numbers were 1.0×105 PBL in 100 μl/well, in triplicate
wells.

The plates were incubated with the cells overnight (16–
20 h) at 37°C, 5% CO2. The cells were then removed by
shaking them off the plates and 200 μl/well of ice-cold
deionized water was added to lyse the remaining PBMC.
The plates were incubated on ice for 15 min after which
they were washed ten times with PBST. Next, 1 μg/well of
rabbit polyclonal biotinylated detector antibody solution
(U-Cytech BV) was added and the plates were incubated
for 1 h at 37°C. The plates were washed five times with
PBST after which 50 μl/well of a gold-labeled anti-biotin
IgG solution (U-Cytech BV) was added. The plates were
once again incubated for 1 h at 37°C and washed five times
with PBST. Activator mix (U-Cytech BV) was then added
at 30 μl/well and the plates were developed for about 5–
20 min. The activator mix consists of a silver salt solution
that precipitates at the sites of gold clusters (from the gold-
labeled anti-biotin solution), visualizing the sites where the
IFN-γ was secreted. Once these sites or black spots could
be seen in the wells under an inverted microscope, the wells
were washed with distilled water to stop development. The
plates were then air-dried.

Wells were imaged using an AID ELISPOT reader
(Strassberg, Germany). A spot-forming cell (SFC) was de-
fined as a large black spot with a fuzzy border (Klinman
1994). To determine significance levels, the average of the
number of SFCs and standard deviation for each peptide
was calculated. Background (sample with no peptide) levels
were subtracted from each peptide average. A response was
considered positive if the average number of SFCs ex-
ceeded a threshold of 50 and the average of sample with no
peptide plus 2 standard deviations. Assay results are shown
as SFC p/1×106 cells. Responses to ConA (positive control)
were always greater than 1,000 SFCs p/1×106 cells.

Mouse immunizations

For peptide immunization, groups of three mice were im-
munized by subcutaneous injection at the base of the tail
with a mixture of peptides: 25 μg of each class I binding
epitope/mouse; 70 μg/mouse of the helper IEk-restricted
epitope, human lambda repressor 12–27 (sequence YLE
DARRLKAIYEKKK); and 70 μg/mouse of the helper
IAk- and IEk-restricted epitope, acetylcholine receptor 195–
212 (sequence DTPYLDITYHFVMQRLPL) in PBS/10%
DMSO emulsified in IFA (Difco, Detroit, Mich., USA). A
mouse was immunized with a maximum of 14 peptides. In
this case, two different mixtures of peptides were formu-
lated, i.e., seven class I-restricted and two class II-restricted
peptides were delivered per mouse. After 11–14 days, the
mice were sacrificed and the splenocytes were purified for
inclusion in the ELISPOT assays.

IFN-γ ELISPOT assay for measuring ex vivo mouse
CD8+ T-cell responses

Enzyme-linked immunospot (ELISPOT) assays were per-
formed according to standard protocols (Murali-Krishna
et al. 1998). Briefly, 4×105 splenic CD8+ cells isolated by
magnetic beads (Miltenyi Biotec, Auburn, Calif.) and
5×104 L929 fibroblasts-k haplotype cells (ATCC, Rock-
ville, Md., USA) pulsed with 10 μg/ml of peptide were
cultured in flat-bottom 96-well nitrocellulose plates (Im-
mobilon-P membrane; Millipore, Billerica, Mass., USA)
which had been precoated with anti-IFN-γ mAb (BD
PharMingen; 10 μg/ml). After 20 h incubation at 37°C,
plates were washed with PBS/0.05% Tween and wells were
incubated with a biotinylated anti-IFN-γ mAb (BD Phar-
Mingen; 2 μg/ml) for 4 h at 37°C. After additional washing,
spots were developed by sequential incubation with Vec-
tastain ABC peroxidase (Vector Laboratories, Burlingame,
Calif.) and 3-amino-9-ethyl carbazole (AEC) solution
(Sigma-Aldrich) and counted by computer-assisted image
analysis (ZEISS KS ELISPOT Reader, Germany). To
determine the level of significance, a Student’s t-test was
performed in which P≤0.05 using the mean of triplicate
values of immunized mice (relevant peptide response-irrel-
evant peptide response) versus unimmunized mice (rele-
vant peptide response-irrelevant peptide response).

Results

Detailed characterization of the preferred ligand size
and primary anchor specificity of Mamu-A*11

We have previously performed limited single substitution
analysis for each amino-acid position of a known Mamu-
A*11 epitope, Env495-502GI8 (Dzuris et al. 2000;Evans et al.
1999), using a live cell binding assay, and defined a pre-
liminary Mamu-A*11 binding motif. From the small panel
of analog peptides tested, D or E at position 2, and I and
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L at the C-terminus were found to be the preferred an-
chor residues for Mamu-A*11 binding.

Herein we report a development of a high throughput
Mamu-A*11 binding assay which utilizes purified MHC
molecules. With this assay we first examined a comprehen-
sive panel of position 2 and C-terminal single substitution
analogs based on the HIV gp 120 1–9 peptide (sequence
AENLWVTVY). In preliminary experiments the binding
affinity of the gp 120 1–9 peptide was determined to be in
the 70 nM range. This level of affinity is well-suited for
single substitution analysis in that it is high enough so that
binding is not easily disrupted by minor substitutions, but
not too high so that the potential effect of a given sub-
stitution may be lost, or overcompensated by an abundance
of strong secondary influences.

For this analysis, we defined at any given position pre-
ferred residues as those whose binding capacity, relative to
the binding capacity of the optimal residue, is 0.1, or better.
Residues whose binding capacity is between 0.01 and 0.1
are considered tolerated. Finally, residues whose binding
capacity is less than 0.01 are defined as non-tolerated.

As shown in Fig. 1a, at position 2, D and E are preferred,
but the large aliphatic residue M is also tolerated. All other
amino acids at position 2 were associated with relative
binding capacities < 0.01, and are thereby considered non-
tolerated. At the C-terminus it was found that F, I and V
are preferred, and the aliphatic residues M and L, are tol-
erated (Fig. 1b). All other residues at the C-terminus are
non-tolerated (relative binding capacities < 0.01).

Next, to define more accurately the factors influencing
Mamu-A*11 binding, we investigated the binding capacity
of a library of over 1,000 different naturally occurring pep-
tides of either viral or bacterial origin. All of the peptides
examined carried E, D or M in position 2, and I, L, M, Vor
F at the C-terminus. Based on chemical similarity, peptides
with W, Y, A and T at the C-terminus were also included.
Each peptide was separately tested for binding to purified
Mamu-A*11 molecules, and the data analyzed for specific
trends. We found that 43 of 214 (20.1%) 8-mer, 152 of 370
(41.1%) of 9-mer, 113 of 277 (40.8%) 10-mer, and 50 of
192 (26.0%) 11-mer peptides bound Mamu-A*11 with an
IC50 of 500 nM, or better (Table 1a). Thus, we concluded
that peptides of either 9 or 10 residues in length are optimal
for Mamu-A*11 binding.

We also utilized the library to further analyze the main
anchor ligand specificity. The effect of a specific amino-
acid residue in a given position was determined by cal-
culating the average relative binding value (ARB) (see
Materials and methods) associated with each residue at that
particular position. Our results confirmed the preference,
noted in the single substitution analysis, for glutamic acid
(E) over aspartic acid (D) at position 2 (Table 1b). Spe-
cifically, it was found that 289 of 644 (44.9%) peptides
carrying E in position 2 boundMamu-A*11 with an IC50 of
500 nM, or better, compared with 56/305 (18.4%) peptides
containing D at the second position. The relative (to pep-
tides with E in position 2) binding capacity (ARB) of pep-
tides with D in position 2 was 0.021. Peptides with M in

position 2 had an ARB of 0.018, and 13/104 (12.5%) were
binders.

At the C-terminus (Table 1c), I was found to be the only
preferred residue. In total, 112 of 175 (64.0%) of the pep-
tides with I at the C-terminus bound Mamu-A*11. Other
aliphatic (V, L, and M) and aromatic (F and W) residues
were tolerated at the C-terminus, with ARB values in the
0.072–0.018 range, and with frequencies of binding be-
tween 23.5–37.9%. Peptides with the closely related res-
idues A, T, and Y were found to be not tolerated (as was
also the case in the single substitution analysis), with
ARBs < 0.01.

In conclusion, these analyses have identified the pri-
mary specificity for Mamu-A*11, where the main anchors
are in position 2 and at the C-terminus of its peptide li-
gands. At position 2, the acidic residue E is preferred, and
D and M are tolerated. At the C-terminus, the aliphatic
hydrophobic residue I is preferred, and the hydrophobic
residues F, W, L, M, and V are tolerated. Mamu-A*11 has

Fig. 1 Mamu-A*11 binding capacity of single amino acid sub-
stitutions at position 2 a. and the C-terminus b. of HIV gp120 1-9
(sequence AENLWVTVY). Binding is indexed relative to the
residue at the same position with the highest binding capacity. Res-
idues with relative binding capacities in the 0.1–1.0 range are con-
sidered as preferred. Residues associated with a relative binding
capacity in the 0.01–0.1 range are considered as tolerated. Residues
with relative binding less that 0.01 are considered as non-tolerated in
the corresponding main anchor position
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a preference for 9- and 10-mer ligands, but can also bind
8- and 11-mer sequences.

The secondary anchor positions influence peptide
binding to A*11

To determine if secondary influences on peptide binding to
Mamu-A*11 molecules could be detected, the peptide-
binding data from the library utilized above was further
analyzed. Secondary anchor motifs were derived from li-
braries of 214, 370, 277 and 192 peptides for 8, 9, 10, and
11-mer peptides, respectively. Thus, the secondary anchor
determinations were based on average of 10.7, 18.5, 13.9,
or 9.6 observations for each amino acid residue in each
secondary anchor position. However, due to the rarity of
certain amino acids, as described in the Materials and
methods section, when there were fewer than five occur-
rences of a certain amino acid in a specific position, the
value calculated for that amino acid in that specific posi-
tion was derived by grouping it with residues of similar
chemical specificity. As described in the Materials and
methods section, the average relative binding capacity of

peptides carrying each of the 20 amino acids was calcu-
lated for each non-anchor position. These data are sum-
marized in Table 2.

Regardless of peptide size, it was found that at most pos-
itions some positive and/or deleterious influences on pep-
tide binding could be identified. For all sizes proline (P)
and acidic residues (D and E) in position 1 had a delete-
rious influence. A preference for aromatic residues (F, W,
and Y) in position 3 was shared between 8-, 9- and 10-mers.
Other position specific commonalities in specificity were
difficult to discern. However, it was noted that the majority
(42/48; 87.5%) of deleterious influences were associated
with polar (D, E, R, H, K, Q, N, S, Tor C) or small (P and G)
residues, and that the majority (44/68; 64.7%) of preferred
residues were hydrophobic (F, W, Y, L, I, V, M or A). Fig. 2
provides summary maps of the data shown in Table 2.

Linear polynomial algorithms for predicting
Mamu-A*11 binding

Polynomial algorithms are an effective tool for identify-
ing peptide sequences with a good probability of binding
class I molecules with high affinity. The use of ARB val-
ues as coefficients for polynomial algorithms has been
described previously by our group (Gulukota et al. 1997;
Mothe et al. 2002b; Sidney et al. 1996b,c, 2000; Southwood
et al. 1998), and is summarized in the Materials and methods.
Herein, we have applied this method to the derivation of
Mamu-A*11 predictive algorithms.

A common measure of the performance of an algorithm
is its efficiency (or positive predictive value), which refers
to the fraction of the predicted peptides that are actually
binders. The ARB values shown in Table 2 were utilized
as coefficient matrices to score 8-, 9-, 10-, or 11-mer se-
quences, as described in the Materials and methods. Next,
peptide scores were plotted against measured IC50 nM
values and appropriate thresholds were determined to select
90 or 75% of peptides withmeasured IC50 less than 500 nM.
Algorithm scores that allowed prediction of 90 or 75% of
the binders in the data set analyzed are shown in Table 3 for
8-, 9-, 10- and 11-mers, respectively.

In the present case, it was found that when using a
threshold score allowing prediction of 90% of the binders
(i.e., imposing a required sensitivity of 0.9) was linked to an
average efficiency (for all sizes) of 65.19%. That is, using a
threshold that predicts 90% of the binders, 65.19% of the
predictions are actually correct. Similarly, a threshold pre-
dicting 75% of all binders in the data set, generates pre-
dictions that are 79.28% efficient on average (79.28% of
the predicted peptides are actual binders).

Identification of SIVmac239-derived
Mamu-A*11-restricted epitopes

To identify SIV derived epitopes, SIVmac239 proteins were
examined for sequences which matched the Mamu-A*11
primary anchor motif. Peptides with the negatively charged

Table 1 Primary features influencing Mamu-A*11 peptide-binding
capacity

Length n Bindersa % binders ARBb

a. Mamu A*11 binding as a function of peptide length
8 214 43 20.1 0.15
9 370 152 41.1 1.0
10 277 113 40.8 0.70
11 192 50 26.0 0.23
Total 1053 358 34.0
Residue n Binders ARB
b. Fine specificity at position 2c

E 644 289 1.0
D 305 56 0.021
M 104 13 0.018
Total 1053 358
c. Fine specificity at the C-terminusd

I 175 112 1.0
V 174 66 0.072
L 245 90 0.057
M 46 14 0.043
F 95 32 0.039
W 68 16 0.018
A 66 8 –d

T 103 14 –
Y 81 6 –
Total 1053 358
aBinders are peptides with an IC50≤500 nM
bARB values are calculated as described in the Materials and
Methods, and are indexed to the binding capacity of the size
associated with the highest binding affinity
cARB values are calculated as described in the Materials and
methods, and are indexed to the binding capacity of the residue
associated with the highest binding affinity
dLess than 0.001
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Table 2 The relative influence of secondary anchor residues on Mamu-A*11 binding capacity

Residue Position (ARB)

1 2 3 4 5 6 7 8 9 10 11

a. 8-mer peptidesa

A 4.8 0.00001 1.6 0.97 3.2 1.0 1.6 0.0069
C 0.74 0.00001 0.69 0.65 0.26 0.64 0.47 0.00001
D 0.21 0.021 0.31 0.35 0.21 0.49 0.51 0.00001
E 0.18 1.0 0.39 1.1 0.43 1.4 0.86 0.00001
F 11 0.00001 4.5 0.45 0.30 4.0 0.82 0.039
G 9.8 0.00001 1.1 0.20 11 0.63 0.57 0.00001
H 0.81 0.00001 1.8 1.7 3.3 0.34 0.72 0.00001
I 0.68 0.00001 1.7 2.1 4.1 0.31 0.57 1.0
K 0.53 0.00001 0.49 5.5 0.32 0.32 1.2 0.00001
L 2.8 0.00001 2.9 4.7 1.6 0.87 5.1 0.057
M 0.83 0.018 1.5 1.4 3.1 1.1 2.4 0.043
N 0.12 0.00001 0.40 3.7 2.6 12 0.85 0.00001
P 0.12 0.00001 0.48 0.34 0.83 0.37 0.89 0.00001
Q 0.74 0.00001 0.23 1.4 0.54 0.37 0.85 0.00001
R 1.2 0.00001 3.2 0.34 0.92 1.8 0.38 0.00001
S 3.4 0.00001 1.7 0.62 0.28 0.30 0.19 0.00001
T 0.33 0.00001 0.58 1.0 0.25 1.3 0.65 0.0063
V 0.31 0.00001 0.66 0.24 3.8 2.5 1.9 0.072
W 1.6 0.00001 4.4 0.90 0.11 1.3 0.85 0.018
Y 9.0 0.00001 5.5 17 0.99 0.68 0.32 0.0032
b. 9-mer peptidesb

A 4.2 0.00001 1.3 1.1 0.64 1.8 1.0 1.2 0.0069
C 4.3 0.00001 0.77 0.88 0.51 0.10 13 0.30 0.00001
D 0.090 0.021 0.26 0.88 0.21 0.19 0.45 1.0 0.00001
E 0.17 1.0 0.57 1.4 0.62 0.94 2.0 0.67 0.00001
F 0.86 0.00001 6.4 1.1 3.6 3.4 2.2 0.23 0.039
G 2.9 0.00001 0.28 0.28 1.5 0.25 0.37 1.1 0.00001
H 4.0 0.00001 2.4 0.22 2.5 0.47 2.9 1.9 0.00001
I 1.4 0.00001 3.9 2.0 6.9 6.2 1.5 0.88 1.0
K 2.7 0.00001 1.8 0.25 0.37 0.21 0.31 11 0.00001
L 0.93 0.00001 1.5 3.8 1.0 1.4 1.2 3.4 0.057
M 0.81 0.018 37 2.1 2.1 2.6 14 1.2 0.043
N 0.35 0.00001 0.59 0.51 0.56 0.37 0.61 0.054 0.00001
P 0.082 0.00001 0.12 0.090 1.9 1.8 1.4 0.62 0.00001
Q 0.87 0.00001 0.27 2.6 0.53 1.1 0.49 2.9 0.00001
R 2.5 0.00001 1.4 0.38 1.5 1.2 0.29 1.8 0.00001
S 3.8 0.00001 1.1 5.4 2.1 1.5 0.56 2.6 0.00001
T 0.11 0.00001 1.1 2.4 0.33 1.8 1.5 0.30 0.0063
V 0.87 0.00001 1.9 2.0 1.1 4.6 0.96 0.67 0.072
W 15 0.00001 4.3 1.3 3.2 1.2 1.5 0.56 0.018
Y 3.1 0.00001 4.8 1.5 1.2 0.62 1.6 0.37 0.0032
c. 10-mer peptidesc

A 11 0.00001 0.34 1.1 0.39 2.2 0.63 0.39 4.2 0.0069
C 1.8 0.00001 0.52 1.4 0.048 1.1 32 1.1 2.1 0.00001
D 0.063 0.021 1.7 0.15 0.95 0.13 0.88 1.1 0.40 0.00001
E 0.14 1.0 0.47 2.4 0.40 1.1 0.76 0.60 0.58 0.00001
F 4.5 0.00001 5.8 0.33 5.1 23 0.57 1.6 8.0 0.039
G 0.99 0.00001 0.60 1.2 0.38 1.9 1.7 0.36 0.76 0.00001
H 3.5 0.00001 0.43 1.6 14 0.35 0.45 0.21 2.7 0.00001
I 0.49 0.00001 1.8 0.67 2.3 1.4 5.2 0.83 1.2 1.0
K 3.5 0.00001 0.21 0.63 0.33 0.47 0.82 1.2 4.0 0.00001
L 0.47 0.00001 4.7 0.57 1.2 1.3 0.88 0.71 0.68 0.057
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residues E or D, or M, at the second position and I, V, L, M,
F or W at the C-terminal positions were selected. Peptides
with T, A, and Y at the C-terminus were also considered
because noted in the library analysis, peptides with these
residues can occasionally bind. In total, 656 peptides were
selected for study.

Each of the 656 peptides were evaluated for their ability
to bind to Mamu-A*11 in vitro using purified MHC mol-
ecules, as described in the Materials and methods. In total,
178 (27.1%) of the SIVmac239 peptides bound Mamu-
A*11 with an IC50≤500 nM. Of these, 85 peptides had
binding affinities of 50 nM, or less. Of note, the previously

Residue Position (ARB)

1 2 3 4 5 6 7 8 9 10 11

M 3.1 0.018 7.3 7.2 15 1.2 1.2 3.7 0.50 0.043
N 0.69 0.00001 0.95 0.88 2.1 1.1 2.8 0.28 0.39 0.00001
P 0.11 0.00001 0.094 2.1 0.74 1.1 2.1 2.2 0.29 0.00001
Q 0.76 0.00001 2.7 0.28 0.53 0.35 2.6 3.2 0.073 0.00001
R 5.2 0.00001 1.3 11 1.0 0.28 0.36 1.2 1.9 0.00001
S 18 0.00001 1.7 1.4 2.1 1.2 0.14 1.7 3.9 0.00001
T 0.74 0.00001 0.086 1.4 3.4 1.7 0.90 0.71 0.76 0.0063
V 0.60 0.00001 0.37 0.51 1.3 1.1 1.5 0.34 0.71 0.072
W 6.1 0.00001 6.8 0.79 1.2 0.21 0.35 17 0.39 0.018
Y 1.4 0.00001 11 0.66 1.2 13 0.93 12 0.59 0.0032
d. 11-mer peptidesd

A 3.0 0.00001 2.8 1.3 0.36 0.77 0.86 0.46 0.45 1.1 0.0069
C 0.44 0.00001 0.57 1.1 0.41 4.1 0.68 0.93 1.5 2.2 0.00001
D 0.078 0.021 0.43 3.1 0.91 0.11 0.35 0.093 0.18 0.48 0.00001
E 0.55 1.0 1.2 2.3 1.6 0.58 0.95 0.91 0.81 4.7 0.00001
F 1.7 0.00001 2.5 2.9 1.4 2.1 2.2 0.73 4.0 0.89 0.039
G 6.6 0.00001 0.49 1.6 0.40 0.78 0.20 0.92 0.29 1.0 0.00001
H 1.2 0.00001 0.59 0.46 3.3 8.9 0.79 1.1 0.92 1.1 0.00001
I 0.64 0.00001 0.42 0.40 0.94 1.4 0.51 3.5 0.43 0.41 1.0
K 2.3 0.00001 0.58 0.46 1.3 0.47 0.87 0.73 0.94 1.1 0.00001
L 1.8 0.00001 3.2 3.4 4.8 1.0 13 1.5 2.7 1.6 0.057
M 1.0 0.018 1.5 1.9 1.8 1.0 3.2 1.6 1.5 0.55 0.043
N 0.54 0.00001 0.92 0.29 3.6 0.24 1.5 6.9 1.9 0.44 0.00001
P 0.14 0.00001 0.74 0.30 0.65 0.22 0.63 0.78 0.47 0.43 0.00001
Q 0.80 0.00001 1.2 0.23 0.67 0.35 0.61 0.66 2.4 1.7 0.00001
R 2.4 0.00001 0.68 0.74 0.84 8.6 0.50 7.1 1.6 1.9 0.00001
S 0.75 0.00001 1.0 0.34 0.58 1.6 0.30 0.78 1.8 0.73 0.00001
T 0.44 0.00001 0.43 0.28 0.39 14 0.44 0.85 3.4 5.5 0.0063
V 0.79 0.00001 1.3 3.2 0.87 1.0 1.3 0.77 6.0 0.35 0.072
W 0.31 0.00001 1.4 7.8 1.4 2.2 1.9 0.72 2.3 0.59 0.018
Y 1.7 0.00001 1.5 0.50 1.4 0.48 2.9 2.8 1.5 3.6 0.0032

ARB values shown were calculated as described in the Materials and methods. ARB were derived for each residue considered individually
when there were five or more occurences of that residue in the specified position in the database. When there were fewer than five
occurences ARB calculations include data obtained for chemically similar amino acids. At secondary anchor positions values representing a
fourfold or greater increase (corresponding to approximately one standard deviation) in binding capacity are indicated by bold font. Values
corresponding to a fourfold or greater decrease in binding capacity are indicated by italic font. Main anchor positions are shaded, and
residues determined to be preferred anchors are indicated by bold italic font. ARB values at the main anchor positions are derived from the
analyses described in Table 1, and are indexed relative to the residue with the best binding capacity. To allow use of the values shown in this
table as coefficients for predictive algorithms, the values for non-tolerated anchor residues have been set to 0.0001 to filter out non-motif
peptides
aA panel of 214 8-mer peptides based on naturally occurring sequences from various viral, bacterial, or pathogen origin was analyzed.
The average geometric binding capacity of the panel was 3,251 nM
bA panel of 370 9-mer peptides based on naturally occurring sequences from various viral, bacterial, or pathogen origin was analyzed.
The average geometric binding capacity of the panel was 817 nM
cA panel of 277 10-mer peptides based on naturally occurring sequences from various viral, bacterial, or pathogen origin was analyzed.
The average geometric binding capacity of the panel was 993 nM
dA panel of 192 11-mer peptides based on naturally occurring sequences from various viral, bacterial, or pathogen origin was analyzed.
The average geometric binding capacity of the panel was 2,375 nM

Table 2 (continued)
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well characterized Mamu-A*11-restricted CD8+ T-cell epi-
tope Env495-502GI8 (Evans et al. 1999, 2000) bound toMamu-
A*11 with the second highest binding affinity (2.3 nM).

Antigenicity assays were next performed to identify
epitopes targeted by Mamu-A*11-restricted CD8+ T-cell
responses. In particular, we evaluated whether SIV-derived
Mamu-A*11 binders were recognized ex vivo by fresh
PBMC from SIV-infected Mamu-A*11-positive animals in
ELISPOT assays. Fresh PBMC from four Mamu-A*11-
positive animals were reactive to 16 different peptides,
seven of which were recognized in two or more animals
(Fig. 3). Specifically, responses against these seven pep-
tides resulted in net SFCs ranging from 50 to 660 per
1×106 cells. Not all the peptides were recognized by all of
the animals, and considerable variability existed from ani-
mal to animal. To verify assay reproducibility, peptides
associated with responses in the 50–100 SFCs range were
retested using PBMC from the same animal.

All the animals recognized more than one peptide,
including animal 95096, which recognized ten of the pep-
tides, the largest repertoire of responses. The strongest re-
sponse was detected with PBMC from animal 97089,
with 660 SFCs per 1×106 cells to the Pol507-517AI11 pep-
tide. Pol507-517AI11 was one of the shared responses (ani-
mals 95096 and 97089), as was the previously described

Table 3 Performance of a polynomial algorithm for predicting
Mamu A*11 binders

Peptide size Fraction of possible binders

90% 75%

Scorea Efficiencyb Score Efficiency

8 0.81 69.09 0.93 78.05
9 0.56 69.39 0.76 89.76
10 0.59 71.13 0.81 86.60
11 0.67 51.14 0.84 62.71
Average 65.19 79.28
aIndicates the algorithm score that allows selection of a set of
peptides that includes 90% (or 75%) of the peptides in the data set
that bound Mamu A*11 with an IC50 value of 500 nM or better
bIndicates the percentage of peptides in the set identified by the
algorithm score that bind Mamu A*11 with an IC50 value of
500 nM or better

Fig. 2 Map of the Mamu-A*11
motif. Summary map of pre-
ferred and deleterious influences
on Mamu A*11 binding capac-
ity for 8- (a), 9- (b), 10- (c) and
11-mer (d) peptides. At second-
ary anchor positions, residues
shown as preferred (or deleteri-
ous) are associated with ARB
values at least fourfold greater
than (or fourfold less than)
peptides of the same size carry-
ing other residues at the same
position. At the primary anchor
positions, preferred residues are
those associated with an average
binding capacity within tenfold
of the optimal residue at the
same position. See legend for
Table 2 for additional details
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Fig. 3 Detection of IFN-γ production by rhesus macaque PBMC
using the ELISPOT assay. PBMC from various Mamu-A*11 SIV-
infected animals were tested with the Mamu-A*11 peptides in 16- to
20-h ELISPOT assays. PBMC were plated in 96-well plates at 1×105

cells/well and stimulated with various peptides (10 mM concentra-
tion). Mean values and standard deviations from triplicate wells
were calculated for each assay, and SFCs were enumerated, as de-

scribed in Materials and methods. Mean SFC values and standard
deviations are shown for each peptide tested. Background (sample
with no peptide) levels were subtracted from each peptide average.
A response was considered positive if the average number of SFCs
exceeded a threshold of 50 and the average of sample with no
peptide plus 2 standard deviations. Diagonal bars indicate positive
responses (see Materials and methods)
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Env495-502GI8 (Evans et al. 1999, 2000) (shared by all four
animals, 1937, 95096, AJ11, and 97089), Nef124-132KI9
(animals 1937, AJ11, and 97089), Pol92-100AL9 (animals
95096 andAJ11), Env492-502LI11 (animalsAJ11 and 97089),
Gag178-186SI9 (animals 95096 and AJ11) and Vpr13-21RV9
(animals 95096 and AJ11).

Of these seven CD8+ T-cell responses, two were from
Env, two from Pol, and one each from Gag, Vpr and Nef.
Six of these are newly identified as Env495-502GI8 was pre-
viously described (Evans et al. 2000). The Env495-502GI8
sequence is contained within another epitope, Env492-502
LI11, and therefore Env492-502LI11 is not considered a
unique epitope. Utilizing positivity in two animals as a
stringent criteria for epitope confirmation, our studies iden-
tify a total of five new epitopes, as Env495-502GI8 was pre-
viously described (Evans et al. 1999, 2000).

Of all the animals used in this study, only animal 95096
was previously immunized with a liposome construct,
which failed to engender any immune responses after
vaccination (Mothe et al. 2002a). All of the other animals
were initially control animals for vaccine and pathogenesis
studies. None of these animals were vaccinated prior and
therefore, any control of viral replication would be due to
natural immunity. Animals 95096 and 1937 were infected
with SIVmac239/nef open, receiving ten 50% monkey in-
fectious doses, comprising approximately 3,000 50% tissue
culture infective doses (TCID50), intrarectally, as pre-
viously described (Allen et al. 2002a; Mothe et al. 2003;
O’Connor et al. 2003). Animal 97089 was infected in-
travenously with 100 TCID50 of the 3×SIV stock which
is an engineered CTL variant virus based on SIVmac239
(Friedrich et al. 2004). Animal AJ11 was infected three
times with 300 TCID50 SIVmac239, intrarectally, before
infection was detected (McDermott et al. 2004).

Mamu-A*01- and -B*17-positive animals generate SIV-
specific responses, which we have previously shown to be
correlated with viral control (Mothe et al. 2003; O’Connor
et al. 2003). All four animals utilized in this study were
Mamu-B*17-positive and three of them co-express Mamu-
A*01, thus any correlates of immunity cannot be indepen-
dently attributed to Mamu-A*11. However, it can be noted
that animal AJ11 had low viral loads (less than 1,000 copies
vRNA per ml of plasma) and two of the Mamu-A*11
animals were long-term non-progressors (animals 95096
and 1937) controlling viremia to undetectable levels. It
is thus possible that Mamu-A*11-restricted immune re-
sponses in these animals contributed to this ability to re-
strain replication.

Mamu-A*11 peptide-binding specificity overlaps with
those of H-2 Kk and the HLA B44-supertype

The Mamu-A*11 peptide-binding specificity is similar to
the motif recognized by other MHC molecules, such as
those of the HLA B44-supertype (Sette and Sidney 1999).
We have previously reported that naturally processed HLA
B*4402 epitopes bind Mamu-A*11 with appreciable fre-
quency (Dzuris et al. 2000). Interestingly, the peptide-

binding motif for the mouse class I molecule H-2 Kk,
characterized by a requirement for E in position 2 and I or
V at the C-terminus (Burrows et al. 1996; Cossins et al.
1993; Stryhn et al. 1996), is also similar. In the next series
of experiments, we examined whether an overlap in the
repertoires Mamu-A*11 and H-2 Kk exists at the level of
peptide binding.

For this purpose, we tested a panel of 186 peptides for
binding to both Mamu-A*11 and H-2 Kk binding (Table 4).
The peptides in the set tested were derived from natural
sequences, and had E or D in position 2, and A, F, I. L,M, V,
W, or Yat the C-terminus. As shown in Table 4a, 82 (44.1%)
of the peptides bound (IC50<500 nM) Kk, and 69 (37.1%)
boundMamu-A*11. A concordance of 70.4%was noted, as
48 (25.8%) peptides bound both molecules and 83 (44.6%)
bound neither. Cross-reactivity between Kk and Mamu-
A*11 was found to be fairly high, as 48 (46.6%) of the 103
peptides that bound at least one molecule bound both. H-2
Kk shared with Mamu-A*11 a preference for 9- and 10-mer

Table 4 Mamu-A*11 and H-2 Kk share overlapping peptide bind-
ing repertoires

H-2 Kk Mamu A*11 binder Total

Binder Yes No

a. Overall cross-reactivity (% binders)
Yes 25.8 18.3 44.1
No 11.3 44.6 55.9
Total 37.1 62.9 100.0
Concordance: 70.4
Size n % Peptides binding

Mamu A*11 H-2 Kk Both
b. Peptide length
8 51 23.5 39.2 17.6
9 101 39.6 44.6 28.7
10 26 61.5 57.7 38.5
11 8 12.5 25.0 0.0
Total 186 37.1 44.1 25.8
Residue n % Peptides binding

Mamu A*11 H-2 Kk Both
c. Position 2
D 50 6.0 12.0 2.0
E 136 48.5 55.9 34.6
Total 186 37.1 44.1 25.8
Residue n % Peptides binding

Mamu A*11 H-2 Kk Both
d. C-terminus
A 22 13.6 13.6 4.5
F 18 44.4 44.4 27.8
I 34 61.8 73.5 61.8
L 51 39.2 43.1 17.6
M 6 16.7 33.3 0.0
V 30 43.3 60.0 36.7
W 9 0.0 11.1 0.0
Y 15 20.0 13.3 6.7
Total 186 37.1 44.1 25.8
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peptides, although 8- and 11-mers were also tolerated
(Table 4b).

Analysis of the patterns of binding with respect to the
residues in the primary anchor positions reveal a remark-
able degree of similarity in the preferences of H-2 Kk and
Mamu-A*11. Both molecules showed an overwhelming
preference for E in position 2 (Table 4c) and I at the
C-terminus (Table 4d). More specifically, 48.5% of the
peptides with E in position 2 bound Mamu-A*11, and
55.9% bound Kk; 34.6% of the peptides bound both mole-
cules. Preferences at the C-terminus were also shared be-
tween H-2 Kk and Mamu-A*11, where it was found that
73.5% of the peptides with I at the C-terminus bound Kk,
and 61.8% bound Mamu-A*11. Consistent with the re-
ported motif for Kk, peptides with Vat the C-terminus were
frequently (60%) Kk binders. As with Mamu-A*11, but not
previously reported for Kk, Kk also well-tolerated the hy-
drophobic and/or aliphatic residues F, L, and M, at the
C-terminus, with between 33 and 44% of the peptides with
these residues binding. Peptides with the small residue A,
or the large aromatic residues W and Y, bound H-2 Kk and
Mamu-A*11, but with considerably less frequency. Taken
together, these data demonstrate a significant overlap in
the peptide binding specificities and repertoires of H-2 Kk

and Mamu-A*11, and also reveal that H-2 Kk recognizes
a somewhat broader main anchor motif than previously
reported.

Immunogenicity of Mamu-A*11 binding epitopes in
H-2Kk mice

To substantiate the biological relevance of this cross-
reactivity, we tested a panel of 11 Mamu-A*11 binders for
their immunogenicity in H-2 Kk mice. Groups of three
mice were immunized with a mixture of peptides consist-
ing of seven class I-restricted peptides and two class II-
restricted peptides. Two different mixtures were prepared
and delivered subcutaneously (see Materials and methods).

After 11-14 days, mice were sacrificed and splenocytes
purified for subsequent ELISPOT analysis. Six of the 11
peptides tested were Kk binders (Table 5). Of these, four
peptides were immunogenic in the Kk mice (Fig. 4), and all
them were also noted to have Kk binding affinities better
than 500 nM. The magnitude of responses ranged from 125
to 695 SFCs p/1×106 cells. None of the four peptides that
did not bind Kk were immunogenic. Of six Mamu-A*11
binders that also bound Kk, four were immunogenic in Kk

mice. Our antigen presenting cells posses a full complement
of K haplotype molecules. Thus, it is possible that another
class I molecule may restrict the responses. This, however,
appears unlikely, in light of the fact that the specificity of
Dk appears to be diametrically opposed [amino acid R in
position 2 (Lukacher andWilson 1998;Wilson et al. 1999)].

Table 5 SIV Mamu A*11 epitopes can be recognized in the context of H-2 Kk

Peptide Sequence Mamu-A*11
binding capacity
(IC50 nM)

Response to
peptide by
Mamu-A*11
ELISPOT

Kk Binding
capacity
(IC50 nM)

Response to
peptide by
Kk ELISPOT

Gag 178-186SI9 SEGCTPYDI 34 + 17 +
Pol 507-517AI11 AEAEYEENKII 5.2 + 69 +
Env 492-502LI11 LELGDYKLVEI 5.4 + 459 +
Env 495-502GI8 GDYKLVEI 0.62 + 5274 −
Vpr 13-21RV9 REPWDEWVV 50 + >50000 −
Pol 939-947VV9 VETIVLMAV 56 − 67 −
Pol 753-763QI11 QEIDHLVSQGI 3.9 − 114 −
Gag 365-375AV11 AEALKEALAPV 48 − 4578 −
Pol 414-422KF9 KELLNSIGF 110 − 24019 −
Gag 54-63KV10 KEGCQKILSV 295 − 24580 −
Gag 51-60LI10 LENKEGCQKI 12 − 71 +

Fig. 4 CD8+ (IFN-γ) responses specific for class I-restricted epi-
topes. CBA mice were immunized with a mixture of peptides as
described in the Materials and methods. Eleven to 14 days after im-
munization, purified CD8+ splenocytes from primed animals were
utilized in ELISPOT assays. This is a representative example of two
independent experiments. To determine the level of significance, a
Student’s t-test was performed in which P≤0.05 using the mean of
triplicate values of immunized mice (relevant peptide response-irrel-
evant peptide response) versus unimmunized mice (relevant peptide
response-irrelevant peptide response)
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Of significant note was that three of four immunogenic
peptides were also recognized in infected Mamu A*11
animals. These data suggest that testing the immuno-
genicity in Kk mice of Mamu-A*11/Kk cross-reactive bind-
ersmaybeprovideasmall-laboratoryanimalmodel topredict
immunogenicity for Mamu-A*11 positive macaques.

Discussion

Animal models are instrumental in pathogenesis studies
and in evaluating novel vaccines. However, the immuno-
genetics and immunochemistry of only a limited number
of animal species has been analyzed in detail. Conse-
quently, the molecular tools necessary (such as tetrameric
staining reagents) to measure cellular responses, and to
evaluate correlates of protection after infection or vacci-
nation, are available in few select animal models and im-
munogenetic backgrounds. In the context of the rhesus
macaque, an important disease model for HIV and other
infectious diseases, we have previously investigated the
peptide binding specificity of two MHC class I molecules,
Mamu-A*01 and Mamu-B*17, and two MHC class II
molecules, Mamu DRBw*201 and Mamu DRB1*0406
(Allen et al. 2001; Dzuris et al. 2001; Mothe et al. 2002b;
Sidney et al. 2000). These studies resulted in the identi-
fication of a number of SIV-derived CTL and HTL epitopes
which have subsequently been utilized in vaccine studies,
and in studies aiming to understand natural correlates of
protection (Allen et al. 2000a, 2002a,b; Mothe et al. 2002a;
O’Connor et al. 2002, 2003). In the present study, we have
extended our systematic analysis of rhesus macaque alleles
to include the class I molecule Mamu-A*11.

We found that Mamu-A*11 molecules preferentially
bind peptides of 9 or 10 residues in length, although 8- and
11-mers ligands also bind with reasonable frequency. Sim-
ilar to most other class I molecules studied to date, Mamu-
A*11 utilizes the residues in position 2 and at the C-terminus
of its peptide ligands as the main anchors determining
binding capacity. At position 2 the acidic residue E was
preferred, and D was tolerated. Surprisingly, the large
aliphatic residue M (but not other aliphatic residues) was
also tolerated. This appears to be a unique feature of the
Mamu-A*11 molecule and was unexpected on the basis
of the specificity of other MHC molecules that also bind
peptides with negatively charged residues in position 2
(Rammensee et al. 1999; Sette and Sidney 1998, 1999;
Sidney et al. 1996a, 2003). This result underscores the
usefulness of comprehensive studies utilizing quantitative
binding measures and purified MHC molecules for the de-
finition of accurate MHC-peptide binding motifs. At the C-
terminus, I is preferred, and the hydrophobic residues F, W,
L, M and V are tolerated. This specificity resembles that
at the C-terminus of many otherMHCmolecules, including
those of the HLA-B7 and -B44-supertypes (Sidney et al.
1996c, 2003).

Residues in secondary anchor positions also influence
the capacity of peptides to bind Mamu-A*11. Analysis of
these influences have allowed the derivation of detailed

motifs, and served as the basis of polynomial algorithms
for predicting Mamu-A*11 binding capacity. A typical
limitation of algorithms with the capacity to account for
secondary interactions is that they are applicable only in
the case of 9- and 10-mer sequences. However, as dem-
onstrated above, peptides of 8 or 11 residues can also fre-
quently bind class I molecules, and many 8- and 11-mer
epitopes have been identified in a number of contexts
(Rammensee et al. 1999). The present analysis has pro-
vided a predictive method that is applicable for sequences
between 8 and 11 residues. We found that our polynomial
algorithms can predict about 75% of the binders, with 75%
accuracy. This level of performance is relatively good,
comparedwith the performance of other algorithms (Doolan
et al. 2003; Gulukota et al. 1997; Peters et al. 2003; Udaka
et al. 2000, 2002).

We anticipate that predictive algorithms will be useful in
the study of Category A-C pathogens. Reliable identi-
fication of the immunodominant epitopes will enable pro-
duction of tetrameric reagents, the performance of rigorous
immunopathology studies, and the testing of potential vac-
cine candidates.

Characterization of the peptide-binding specificity of
Mamu-A*11 in conjunction with the use of high-through-
put Mamu-A*11 peptide-binding assays has allowed us to
identify over 175 peptides derived from SIV antigens that
bind Mamu-A*11 with high affinity (IC50<500 nM). Fur-
ther analyses of these peptides using ELISPOT assays with
PBMC from SIV-infected animals indicated that six of
these peptides had the capacity to reproducibly elicit re-
call CD8+ T-cell responses from multiple animals. One of
the responses was directed against the previously defined
Env495-502GI8 epitope (Evans et al. 1999). Therefore, five
novel SIV CD8+ T-cell epitopes were identified in these
studies. A broad repertoire of CD8+ T-cell responses has
been previously demonstrated in the course of SIV infec-
tion in the context of other rhesus macaque class I mol-
ecules (Allen et al. 2001; Mothe et al. 2002b), as well as in
humans infected with HIV (McMichael and Phillips 1997;
Rowland-Jones et al. 1998), influenza (Gianfrani et al.
2000; Jameson et al. 1998), HBV (Chisari and Ferrari 1995)
and HCV (Chang et al. 1999; Cooper et al. 1999; Koziel
et al. 1995; Rehermann et al. 1996; Scognamiglio et al.
1999). The present results solidify the concept that broad
and diverse T-cell receptor responses are commonly ob-
served in primates (human and non-human), and raise doubts
about the general applicability of the strict immunodomi-
nance observed in the case inbred strains of mice.

To date, only two Indian rhesus macaque MHC class I
molecules, Mamu-A*01 and Mamu-B*17, have been in-
tensely investigated. As a result of the limited amount of
information regarding the specificity of macaque MHC, a
shortage of genetically defined animals now exists (Allen
et al. 1998, 2000a,b, Allen et al. 2001; Chen et al. 1992,
2000; Egan et al. 1999; Furchner et al. 1999; Hanke et al.
1998; Hel et al. 2000, 2001; Knapp et al. 1997; Kuroda
et al. 1998, 1999; Mothe et al. 2002a,b, 2003; O’Connor
et al. 2003; Schmitz et al. 2000; Veazey et al. 2001). The
detailed characterization of the specificity of other Mamu
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class I molecules, in this case Mamu-A*11, is expected to
alleviate the demand for genetically defined macaques.

The reported Mamu-A*11 peptide binding specificity
overlaps with that of H-2 Kk (Burrows et al. 1996; Cossins
et al. 1993; Stryhn et al. 1996) and the HLA-B44-super-
type (Sette and Sidney 1999; Sidney et al. 2003). We have
previously demonstrated that naturally processed HLA-
B*44 epitopes can bind Mamu-A*11 molecules (Dzuris
et al. 2000). In the present study we performed Kk binding
assays and demonstrated that the peptide binding repertoire
of Kk overlaps significantly that of with Mamu-A*11.
Indeed, almost 50% of the peptides that bound either mol-
ecule bound both. Mamu-A*11 shares an identical F pock-
et structure with Kk, and an identical B pocket structure
with the HLA B44-supertype molecules B*4001, B*4002,
and B*4501. This observation is consistent with previous
observation that suggested that MHC molecules with sim-
ilar pocket structures will often share similar binding spe-
cificity in that pocket [see Sette and Sidney (1999) for
review].

While this data is not entirely unexpected, the demon-
stration of this phenomenon suggests novel utility in the
context of vaccine development. Interspecies cross-reac-
tivity was also demonstrated at the T-cell repertoire level.
Importantly, 3/4 Mamu-A*11 binders which were immu-
nogenic in Kk in mice were also immunogenic in SIV-in-
fected animals. Thus, given the overlap in repertoires noted
between these two molecules, our results indicate that in
certain contexts it may be possible to perform initial studies
in mice before escalating to the more laborious and expen-
sive macaques.

In summary, we have characterized, in depth, the peptide
binding specificity of the rhesus macaque class I molecule
Mamu-A*11, and generated an algorithm for identifying
newMamu-A*11-restricted epitopes. Our studies have also
led to the identification of five novel SIV-derived CD8+

T-cell epitopes restricted by Mamu-A*11. Finally, we have
demonstrated that cross-reactivity may exist between
Mamu-A*11 and the mouse class I molecule Kk.
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