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a b s t r a c t
The majority of known major histocompatibility complex class I (MHCI)-associated tumor-derived peptide antigens do not contain an optimal motif for MHCI binding. As a result, anchor residue-modiﬁed
‘heteroclitic’ peptides have been widely used in therapeutic cancer vaccination trials in order to enhance
immune responsiveness. In general, the improved stability of these heteroclitic complexes has been
inferred from their improved immunogenicity but has not been formally assessed. Here, we investigated
the binding of 4 HLA A*0201-restricted tumor-derived peptides and their commonly used heteroclitic
variants. We utilized a cell surface binding assay and a novel robust method for testing the durability
of soluble recombinant pMHCI in real time by surface plasmon resonance. Surprisingly, we show that
heteroclitic peptides designed with optimal MHC binding motifs do not always form pMHCs that are
substantially more stable than their wildtype progenitors. These ﬁndings, combined with our recent discovery that TCRs can distinguish between wildtype peptides and those altered at a primary buried MHC
anchor residue, suggest that altered TCR binding may account for a large part of the increased immune
response that can be generated by anchor residue-modiﬁed ligands. Our results further highlight the fact
that heteroclitic peptide-based immune interventions require careful evaluation to ensure that wildtype
antigen speciﬁcity is maintained in vivo.
© 2010 Elsevier Ltd. Open access under CC BY license.

1. Introduction
The T-cell receptor (TCR) governs T-cell mediated immunity
through the recognition of short peptide fragments bound to major
histocompatibility complexes (pMHCs) that are expressed on the
surface of almost all nucleated cell types. Formation of stable pMHC
class I (pMHCI) that can be transported to the cell surface for examination by the TCR depends on the binding afﬁnity between the
peptide and MHC. Peptides bind to MHC via interactions between
individual residues and binding pockets in a groove on the MHC surface (Bjorkman et al., 1987; Guo et al., 1993). The most favorable
residues at primary MHC anchor positions for the most common
caucasian human leukocyte antigen (HLA), HLA A*0201, have been
determined by elution and sequencing of self-peptides bound to
HLA A*0201 at the cell surface (Falk et al., 1991). The current pool
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of HLA A*0201-restricted tumor epitopes that have been identiﬁed
often contain sub-optimal primary HLA A*0201 anchor residues
and are not thought to form optimally stable pMHCIs. As a result,
a number of tumor speciﬁc ‘heteroclitic’ peptides, with modiﬁed
optimal anchor residues, have been developed that theoretically
improve the stability of tumor epitopes (Chen et al., 2000, 2005;
Keogh et al., 2001; Parker et al., 1994; Parkhurst et al., 1996; Reche
et al., 2004; Rosenberg et al., 2004; Terasawa et al., 2002). These
peptides have been designed by introducing ‘optimal’ MHC anchorresidues at peptide position 2 and the peptide C-terminus based
on: (i) peptide–MHC binding algorithms (Keogh et al., 2001) and
(ii) intelligent design (Chen et al., 2000; Parkhurst et al., 1996).
However, in most cases, the improved stability of these modiﬁed pMHCIs has been indirectly inferred due to the heightened
T-cell immunogenicity of these molecules. Thus, the improved
peptide–MHC afﬁnity of these heteroclitic complexes has not been
directly assessed. Here we have developed a surface plasmon resonance (SPR) pMHC stability assay that detects changes in mass at
the surface of a gold plated sensor chip. This technology enables
the determination of pMHCI half-life by detecting protein density
at the sensor chip surface in real time. We have used this assay
and a more commonly used cell surface binding assay to compare
the stability of four MHCIs in complex with naturally expressed
tumor epitopes in parallel with their anchor residue-modiﬁed het-

K.M. Miles et al. / Molecular Immunology 48 (2011) 728–732

729

eroclitic variants. We show that: (i) pMHCI stability data from our
biophysical assay are consistent with data independently generated from a cell-based assay that utilizes transport associated with
antigen processing (TAP) deﬁcient T2 cells (Henderson et al., 1992),
(ii) altering a peptide in an attempt to improve MHC binding does
not always correlate with an increase in stability over the wildtype progenitors, and (iii) commonly used peptide–MHC binding
algorithms cannot always predict pMHC stability based on anchor
residue-modiﬁcations.

Table 1
Stability of wild-type, versus anchor residue-modiﬁed, peptide-MHCIs.

2. Materials and methods

1

2.1. Generation of expression plasmids
The HLA A*0201 ␣ chain, tagged with a biotinylation sequence,
and ␤2m were inserted into separate pGMT7 expression plasmids
under the control of the T7 promoter as previously reported (Cole
et al., 2009) and the sequences were conﬁrmed by automated DNA
sequencing (Lark Technologies, Essex, UK).
2.2. Peptides
Lyophilized peptides were purchased from ProImmune (Oxford,
UK). The peptides used in this study comprised: EBNA-1407–415
(HPVGEADYF), inﬂuenza M158–66 (GILGFVFTL), NY-ESO-1157–165
(SLLMWITQC, SLLMWITQL) (Chen et al., 2000), gp100280–288
(YLEPGPVA, YLEPGPVV) (Parkhurst et al., 1996), HER-1/neu369–377
(KIFGSLAFL, KLFGSLAFV) (Keogh et al., 2001), PSA178–187 (VISNDVCAQV, VLSNDVCAQV) (Terasawa et al., 2002).
2.3. Cell line
The mutant LCL × T-lymphoblastoid hybrid cell line,
174 × CEM.T2 (referred to as T2 cells) is a mutant antigenpresentation cell line (Henderson et al., 1992). These cells express
stable human leukocyte antigen (HLA) class I molecules on their
surface in the presence of exogenous peptides. Cells were maintained in Gibco RPMI 1640 (Invitrogen, Carlsbad, CA, USA) and
supplemented with 10% heat inactivated foetal calf serum (FCS)
(Invitrogen), 2 mM l-glutamine (Invitrogen), penicillin 50 Units/ml
(Invitrogen) and streptomycin 50 g/ml (Invitrogen).
2.4. T2-binding assay
The T2-binding assay was performed as previously described
(Bell et al., 2009). Brieﬂy, T2 cells were washed in AIM-V media
(Invitrogen), and concentrated to 106 cells/ml. The peptides were
prepared in AIM-V media and serially diluted providing concentrations of 200 M, 100 M, 20 M and 2 M. The cells were mixed
1:1 with each peptide dilution to give a ﬁnal volume of 200 L and
ﬁnal peptide concentrations of 100 M, 50 M, 10 M and 1 M. A
HLA A*0201 binding peptide, GILGFVFTL, and a non-HLA A*0201restricted peptide, HPVGEADYF (HLA-B*3501), were included as
positive and negative controls respectively. The assay was subjected to 10 min incubation at 37 ◦ C 5% CO2 before incubation at
room temperature overnight. Cells were then incubated for 2 h
at 37 ◦ C and stained with mouse anti-human HLA A*0201:RPE
(Serotec, Oxford, UK). The cells were washed twice with PBS and
analyzed using a BD FACS Canto II (BD Biosciences Immunocytometry Systems, San Jose, CA, USA), collecting 30,000 events in gate P1.
Average MFI of the HLA A*0201:RPE antibody staining was used to
measure the strength of binding in the T2 cell peptide–MHCI based
assay. The MFI reading from the FACS Diva software was analyzed in
GraphPadPrism using a log (agonist) vs. response non-linear curve
to generate the logEC50 results.

Peptide

1

KIFGSLAFL
KLFGSLAFV
SLLMWITQC
SLLMWITQL
VISNDVCAQV
VLSNDVCAQV
YLEPGPVA
YLEPGPVV

−3.885
−3.389
−3.532
−4.365
−4.301
−4.622
−3.587
−4.588

LogEC50 (M)

2

Koff (s−1 )

9.5 × 10
1.5 × 105
2.2 × 105
1.9 × 105
1.1 × 105
1.07 × 105
3.3 × 105
2.3 × 105
6

3

Half-life (h)

20.1
12.8
8.9
10.1
16.9
17.8
5.8
8.5

LogEC50 (M) for the T2-binding assays were generated using multiple concentrations (100 M, 50 M, 10 M and 1 M) for each peptide to calculate the half
maximal response for each peptide–MHC interaction. The SPR biophysical stability
data were analyzed by using Langmuir dissociation analysis2 which was then converted to half-life in hours3 .
Heteroclitic modiﬁcations are shown in bold and underlined.

2.5. pMHCI refolding and biotinylation
pMHCI was refolded and biotinylated as previously reported
(Cole et al., 2007).
2.6. Real time SPR pMHC stability assay
The binding analysis was performed using a BIAcore 3000TM
(GE Healthcare, UK) equipped with a CM5 sensor chip as previously reported (Cole et al., 2008). For SPR-based pMHCI stability
assays, ∼500 RUs of biotinylated pMHCI were immobilized to streptavidin, which was chemically linked to the chip surface. A ﬂow rate
of 10 l/min was established for 15,000 s. The biophysical results
were analyzed by using Langmuir dissociation analysis which was
then converted to half-life in seconds. The biophysical binding
data from the BIAcore 3000TM was analyzed in the BIAevaluation
softwareTM (GE Healthcare).
3. Results
3.1. Analysis of pMHC stability using TAP deﬁcient T2 cells
The binding of 4 different HLA A*0201-restricted tumorassociated peptides was compared to their commonly used
heteroclitic variants using a cell surface pMHCI stabilization assay.
This assay made use of T2 cells that are deﬁcient in the transporter
associated with antigen processing (TAP) and that therefore lack the
ability to transport peptide fragments into the endoplasmic reticulum to form stable peptide–HLA A*0201 complexes (Henderson
et al., 1992). As a result, peptide–HLA A*0201 molecules expressed
on the cell surface of T2 cells are generally of low stability. Incubation of T2 cells with exogenous peptide that binds to HLA A*0201
stabilizes the molecule so that surface pMHC expression levels can
be quantitatively assessed (Bell et al., 2009). No peptide and the
HLA B*3501-restricted EBNA-1407–415 (HPVGEADYF) peptide were
used as negative controls for binding, and the HLA A*0201 restricted
inﬂuenza M158–66 (GILGFVFTL) peptide was used as a positive control for binding. Flow cytometric based analysis, using anti-human
HLA A*0201:RPE antibody, revealed that the wildtype antigen,
HLA A*0201-KIFGSLAFL, (logEC50 of −3.885 M), was more stable
than the heteroclitic variant HLA A*0201-KLFGSLAFV (logEC50 of
−3.389 M) that was designed to improve MHC binding (Fig. 1,
Table 1). However, the wildtype pMHCIs, HLA A*0201-SLLMWITQC,
HLA A*0201-YLEPGPVA and HLA A*0201-VISNDVCAQV were less
stable than their heteroclitic counterparts (Fig. 1, Table 1), albeit by
a relatively small degree. These data show that: (i) some heteroclitic peptides do not form more stable pMHCIs than their wildtype
progenitors; and (ii) the difference in the stability between some
heteroclitic vs. natural pMHCIs, particularly VISNDVCAQV and
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Fig. 1. FACS analysis of pMHCI binding using TAP deﬁcient T2 cells. We used TAP
deﬁcient T2 cells, which lack the ability to transport peptide fragments to the endoplasmic reticulum to form stable pMHCI, to analyze the stability of the natural
and heteroclitic pMHCIs using FACS analysis. No peptide, and the HLA-B*3501restricted EBNA-1407–415 (HPVGEADYF) peptide were used as negative controls of
binding, and the HLA A*0201-restricted inﬂuenza M158–66 (GILGFVFTL) peptide was
used as a positive control of binding. The mean ﬂuorescence intensity (MFI) of cell
surface pMHCI staining with an anti-human HLA A2:RPE antibody revealed that
the natural tumor antigen, KIFGSLAFL, was more stable than the heteroclitic variant, KLFGSLAFV, whereas the natural tumor peptides SLLMWITQC, YLEPGPVA and
VISNDVCAQV were less stable than their heteroclitic counterparts: SLLMWITQL,
YLEPGPVV and VLSNDVCAQV. Data at a peptide concentration of 100 M are shown.
The binding assay was performed at a range of peptide concentrations (100 M,
50 M, 10 M and 1 M). LogEC50s (M) for this range are shown in Table 1. The
mean standard deviation, representing 4 separate experiments, is shown as error
bars.

VLSNDVCAQV, could be very small. These unexpected ﬁndings
underscored the need to develop a different technique to verify
the observations of the T2-binding assay.
3.2. Real time SPR pMHC stability assay
One limitation of the T2-binding assay is its ability to reliably
measure ligands with weak-to-medium afﬁnities. To overcome
this, we developed a highly sensitive biophysical assay to reinvestigate the pMHCI stability of the wildtype and heteroclitic
peptide cohort. The association of a peptide within the MHCI binding groove is required in order for the formation of a stable pMHCI
molecule. Peptides that bind weakly to MHCI, usually because they
do not contain optimal anchor residues, can result in unstable, short
lived complexes. Thus, by investigating different pMHCIs using
SPR, we were able to directly measure and compare the effect of
peptide–MHCI binding on changes in mass at the surface of a CM5
sensor chip. In these experiments, we immobilized each wildtype
and heteroclitic pMHCI pair to the surface of a CM5 chip using
streptavidin–biotin coupling and measured the dissociation rate
of each pMHCI in real time. A reduction in response units (RUs)
(corresponding to a reduction in mass) over time was observed
(Fig. 2). However, the loss of peptide from pMHCI complexes could
not wholly account for this loss of mass due to the relatively small
size of the peptide (∼1 kDa). Instead, we reasoned that because
the MHCI heavy chain (␣1, ␣2 and ␣3 domains) was chemically
linked to the chip surface via a biotin–streptavidin interaction, the
majority of this reduction was probably due to the dissociation
of ␤2 microglobulin from the MHCI heavy chain. This effect was
probably caused by destabilization of the pMHCI complex upon

Fig. 2. Real time SPR pMHC stability assay. We immobilized each wildtype and heteroclitic pMHCI pair to the surface of a CM5 chip using streptavidin-biotin coupling to
assess the half-life of each complex in real time. In a similar trend to the T2-binding
assay, we observed that; (A) the natural tumor antigen, HLA A*0201-KIFGSLAFL, had
a longer half-life compared to the heteroclitic variant, (A) HLA A*0201-KLFGSLAFV,
whereas the natural tumor antigens (B) HLA A*0201-SLLMWITQC, (C) HLA A*0201VISNDVCAQV and (D) HLA A*0201-YLEPGPVA had faster off-rates compared to
their heteroclitic counterparts, (B) HLA A*0201-SLLMWITQL, (C) HLA A*0201VLSNDVCAQV and (D) HLA A*0201-YLEPGPVV. Data are representative of 3 separate
experiments.

loss of the antigenic peptide. Thus, this decay process represents
the stability of each pMHCI and infers the binding half-life of each
peptide. We observed the same general pattern of pMHCI stability
using SPR that was observed during the T2-binding assay (Fig. 1,
Table 1). Importantly, we were also able to determine the halflife for each pMHCI in real time using our SPR pMHCI stability
assay. The wildtype antigen, HLA A*0201-KIFGSLAFL had a longer
half-life by 1.57 times compared to the heteroclitic HLA A*0201KLFGSLAFV variant (Fig. 2A, Table 1) even though the latter is
predicted to bind more strongly (Parker et al., 1994; Rammensee
et al., 1999; Reche et al., 2004) (Table 2). Conversely, the wildtype HLA A*0201-SLLMWITQC, HLA A*0201-YLEPGPVA and HLA
A*0201-VISNDVCAQV had faster off-rates compared to their heteroclitic counterparts, HLA A*0201-SLLMWITQL (1.13 times slower),
HLA A*0201-YLEPGPVV (1.47 times slower) and HLA A*0201VLSNDVCAQV (1.10 times slower) (Fig. 2B–D, Table 1), conﬁrming
that, in these instances, modiﬁcation of the peptide anchor residues
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Table 2
Predicted stability of wild-type and anchor residue-modiﬁed pMHCIs using pMHC
binding algorithms.
Peptide

a

RANKPEP
binding score

b

SYFPEITHI
binding score

c

KIFGSLAFL
KLFGSLAFV
SLLMWITQC
SLLMWITQL
VISNDVCAQV
VLSNDVCAQV
YLEPGPVA
YLEPGPVV

89
99
62
89
13
16
−3.7
1.5

26
30
18
28
21
23
n/a
n/a

235
11394
42
182
16
118
n/a
n/a

HLA BIND binding
score

Heteroclitic modiﬁcations are shown in bold and underlined.
a
Prediction of peptide binding score to HLA A*0201 using RANKPEP (Reche et al.,
2004).
b
Prediction of peptide binding score to HLA A*0201 using SYFPEITHI (Rammensee
et al., 1999).
c
Prediction of peptide binding score to HLA A*0201 using HLA BIND (Parker et al.,
1994).

improved peptide–MHC afﬁnity. However, most noticeably in the
cases of HLA A*0201-VISNDVCAQV and HLA A*0201-SLLMWITQC,
the difference in stability between the wildtype peptide and the
anchor improved peptide was minimal.
3.3. Comparison of peptide–MHC binding algorithms vs.
experimental pMHC stability assays
A number of pMHC algorithms have been developed in
order to predict: (i) peptide epitopes for different MHCs and
(ii) peptide–MHC binding, and/or stability (Parker et al., 1994;
Rammensee et al., 1999; Reche et al., 2004). We used these algorithms to determine the peptide binding score for the wildtype and
anchor residue-modiﬁed heteroclitic peptide cohort that we had
experimentally tested (Table 2). In agreement with the experimental data, the peptide binding scores calculated using the RANKPEP
and SYFPEITHI peptide–MHC binding algorithms for wildtype HLA
A*0201-SLLMWITQC, HLA A*0201-YLEPGPVA and HLA A*0201VISNDVCAQV were only slightly lower than for their anchor
residue-modiﬁed counterparts. The peptide binding scores calculated using the HLA BIND algorithm also followed the same trend as
the experimental data, but predicted a more substantial difference
in pMHC binding for the wildtype HLA A*0201-SLLMWITQC, HLA
A*0201-YLEPGPVA and HLA A*0201-VISNDVCAQV vs. the anchor
residue-modiﬁed variants compared to RANKPEP and SYFPEITHI
(Table 2). Interestingly, contrary to the experimental data, all of the
peptide–MHC binding algorithms predicted scores for the wildtype
HLA A*0201-KIFGSLAFL that were lower than for the heteroclitic
HLA A*0201-KLFGSLAFV variant. This comparison underscores the
importance of direct experimental determination of the effect of
anchor residue-modiﬁcations on pMHC stability.
4. Discussion
A number of heteroclitic anchor residue-modiﬁed peptides have
been designed in order to improve the interaction between the
antigenic peptide and MHCI. These heteroclitic peptides have been
shown to generate enhanced immunogenicity compared to their
wildtype progenitors (Chen et al., 2000, 2005; Keogh et al., 2001;
Parkhurst et al., 1996; Rosenberg et al., 2004; Terasawa et al., 2002).
However, the proposed enhancement in stability of these pMHCs
has not been formally tested. This is partly because there are currently no standardized methods to robustly compare the binding
half-life of low/medium afﬁnity peptide–MHC interactions. Here,
we have designed and tested a real time biophysical assay for
investigating the degradation of soluble recombinant pMHCI in
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comparison with a more widely used cell-based assay. We found
that data generated from both assays were largely in agreement, but
the SPR technique appeared superior in detecting subtle differences
in low/medium afﬁnity ligand dynamics. Additionally, compared
with strictly end-point analysis of the cell-based assay, the SPR
technique could measure detailed off-rate kinetics in real-time.
Importantly, across both assays, we observed that the difference
in stability between three-out-of-four of the heteroclitic pMHCIs
was enhanced compared to their wildtype progenitors, although to
an extremely small degree in the case of HLA A*0201-SLLMWITQL
and HLA A*0201-VLSNDVCAQV (Figs. 1 and 2, Table 1). We also
used a number of peptide–MHC binding algorithms (Parker et al.,
1994; Rammensee et al., 1999; Reche et al., 2004) to compare
the theoretical stability of the wildtype and heteroclitic pMHCIs
to our experimental ﬁndings. Although the peptide–MHC binding
algorithms were able to predict enhanced binding for some of the
anchor residue-modiﬁed heteroclitic peptides, they were unable to
predict that the wildtype HLA A*0201-KIFGSLAFL was more stable
than the heteroclitic HLA A*0201-KLFGSLAFV variant. The increase
in binding in each case was relatively minor and it is difﬁcult to reconcile how a <1.6-fold difference in pMHCI stability can result in
an enhancement in immunogenicity of 10–100-fold (Keogh et al.,
2001; Lienard et al., 2004; Parkhurst et al., 1996; Rosenberg et al.,
2004, 1998; Speiser et al., 2002; Terasawa et al., 2002; Valmori et al.,
1998; Yu et al., 2004). Our recent examination of TCRs speciﬁc for
HLA A*0201-restricted peptides from Melan-A and preproinsulin
demonstrated that TCRs can distinguish between wildtype peptides
and those that have been altered at a ‘buried’ MHC anchor residue
(Cole et al., 2010). These substantial differences in TCR/pMHC binding were conﬁrmed by SPR and veriﬁed at the T-cell surface using
pMHC tetramers (Cole et al., 2010). Here, we demonstrate that
commonly used heteroclitic variant peptides designed to exhibit
improved MHC binding do not necessarily substantially improve
binding (Figs. 1 and 2). Nevertheless, it is well established that
these peptides are substantially more immunogenic and prime
signiﬁcantly larger T-cell responses in vitro and in vivo. Unfortunately, the widespread use of heteroclitic peptides has been of
limited clinical success (Rosenberg et al., 2004). In light of these
data and our new ﬁndings, it is likely that the theoretical improved
stability of heteroclitic pMHCIs (Table 2) is not the dominant underlying mechanism that governs the enhanced immunogenicity of
these peptides. Since natural tumor epitopes are usually generated
from self-molecules, highly reactive tumor speciﬁc T-cells for these
structures are likely to be deleted in the thymus. However, because
heteroclitic variants are slightly different to wildtype sequences,
they may appear structurally ‘non-self’ to the immune system and
appear as immunogenic structures. Indeed, it is clear that small
changes in a peptide sequence can have very large effects on 3D
structure, repertoire formation and immunogenicity (Turner et al.,
2005; Valkenburg et al., 2010; Wieckowski et al., 2009). Likewise,
it is also clear that changes in the amino acid side chain in an MHCbound peptide can be transmitted along the peptide backbone and
result in subtle structural differences at distal peptide residues
(Reid et al., 1996; Theodossis et al., 2010). Thus, modiﬁcation of
peptide anchor residues could have an unpredictable knock-on
conformational effect on the regions of the peptide that contact the
TCR. Our ﬁndings suggest that, the design of some anchor residuemodiﬁed heteroclitic peptides may require careful revaluation in
order to ensure that the T-cells generated by the altered antigen
exhibit effective recognition of the natural tumor target.
In summary, we used a novel biophysical assay and a cell surface
binding assay to formally test the binding of MHCI anchor modiﬁed
heteroclitic peptides that have been used in the clinic. Surprisingly,
we found that these pMHCIs were only moderately more stable
than their wildtype counterparts; indeed in one case the modiﬁed
pMHCI was less stable. The continued use of anchor modiﬁed pep-
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tides in the clinic is driven by their heightened immunogenicity.
Our results suggest that the increased responses to these peptides
cannot be wholly accounted for by their enhanced MHC binding. In
light of our recent study that documents that TCRs can distinguish
between peptides that use a different buried anchor residue (Cole
et al., 2010), we suggest that the increased immunogenicity of many
anchor modiﬁed peptides is most likely the result of these peptides
creating non-self-pMHCI structures. These ﬁndings therefore have
important implications for the use of altered peptide ligands (APL)
in vaccination strategies and suggest that any APL intended for use
in vaccination should be tested by in vitro priming to ensure that
responding T-cells cross-react with the intended natural target.
Acknowledgements
This work was funded by a Royal Society project grant RG080077
and a Biotechnology and Biological Sciences Research Council grant
BB/H001085/1. DKC is a Leverhulme Early Career Fellow. FM is
funded by a Tenovus PhD studentship. JJM is a National Health and
Medical Research Council (NHMRC) Biomedical Fellow supported
by a Welsh Ofﬁce of Research and Development (WORD) Research
Funding Scheme. We thank Scott R. Burrows, Queensland Institute
of Medical Research, Brisbane, for the donation of the T2 cell line.
The authors declare no conﬂict of ﬁnancial interests.
References
Bell, M.J., Burrows, J.M., Brennan, R., Miles, J.J., Tellam, J., McCluskey, J., Rossjohn, J.,
Khanna, R., Burrows, S.R., 2009. The peptide length speciﬁcity of some HLA class
I alleles is very broad and includes peptides of up to 25 amino acids in length.
Mol. Immunol. 46, 1911–1917.
Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett, W.S., Strominger, J.L., Wiley, D.C.,
1987. The foreign antigen binding site and T cell recognition regions of class I
histocompatibility antigens. Nature 329, 512–518.
Chen, J.L., Dunbar, P.R., Gileadi, U., Jager, E., Gnjatic, S., Nagata, Y., Stockert, E., Panicali,
D.L., Chen, Y.T., Knuth, A., Old, L.J., Cerundolo, V., 2000. Identiﬁcation of NY-ESO1 peptide analogues capable of improved stimulation of tumor-reactive CTL. J.
Immunol. 165, 948–955.
Chen, J.L., Stewart-Jones, G., Bossi, G., Lissin, N.M., Wooldridge, L., Choi, E.M., Held,
G., Dunbar, P.R., Esnouf, R.M., Sami, M., Boulter, J.M., Rizkallah, P., Renner, C.,
Sewell, A., van der Merwe, P.A., Jakobsen, B.K., Grifﬁths, G., Jones, E.Y., Cerundolo,
V., 2005. Structural and kinetic basis for heightened immunogenicity of T cell
vaccines. J. Exp. Med. 201, 1243–1255.
Cole, D.K., Dunn, S.M., Sami, M., Boulter, J.M., Jakobsen, B.K., Sewell, A.K., 2008. T cell
receptor engagement of peptide–major histocompatibility complex class I does
not modify CD8 binding. Mol. Immunol. 45, 2700–2709.
Cole, D.K., Edwards, E.S., Wynn, K.K., Clement, M., Miles, J.J., Ladell, K., Ekeruche, J.,
Gostick, E., Adams, K.J., Skowera, A., Peakman, M., Wooldridge, L., Price, D.A.,
Sewell, A.K., 2010. Modiﬁcation of MHC anchor residues generates heteroclitic peptides that alter TCR binding and T cell recognition. J. Immunol. 185,
2600–2610.
Cole, D.K., Rizkallah, P.J., Boulter, J.M., Sami, M., Vuidepot, A.L., Glick, M., Gao, F., Bell,
J.I., Jakobsen, B.K., Gao, G.F., 2007. Computational design and crystal structure
of an enhanced afﬁnity mutant human CD8 alphaalpha coreceptor. Proteins 67,
65–74.
Cole, D.K., Yuan, F., Rizkallah, P.J., Miles, J.J., Gostick, E., Price, D.A., Gao, G.F., Jakobsen,
B.K., Sewell, A.K., 2009. Germline-governed recognition of a cancer epitope by an
immunodominant human T-cell receptor. J. Biol. Chem. 284 (40), 27281–27289.
Falk, K., Rotzschke, O., Stevanovic, S., Jung, G., Rammensee, H.G., 1991. Allele-speciﬁc
motifs revealed by sequencing of self-peptides eluted from MHC molecules.
Nature 351, 290–296.
Guo, H.C., Madden, D.R., Silver, M.L., Jardetzky, T.S., Gorga, J.C., Strominger, J.L., Wiley,
D.C., 1993. Comparison of the P2 speciﬁcity pocket in three human histocom-

patibility antigens: HLA-A*6801, HLA-A*0201, and HLA-B*2705. Proc. Natl. Acad.
Sci. U.S.A. 90, 8053–8057.
Henderson, R.A., Michel, H., Sakaguchi, K., Shabanowitz, J., Appella, E., Hunt, D.F.,
Engelhard, V.H., 1992. HLA-A2.1-associated peptides from a mutant cell line: a
second pathway of antigen presentation. Science 255, 1264–1266.
Keogh, E., Fikes, J., Southwood, S., Celis, E., Chesnut, R., Sette, A., 2001. Identiﬁcation of new epitopes from four different tumor-associated antigens: recognition
of naturally processed epitopes correlates with HLA-A*0201-binding afﬁnity. J.
Immunol. 167, 787–796.
Lienard, D., Rimoldi, D., Marchand, M., Dietrich, P.Y., van Baren, N., Geldhof, C.,
Batard, P., Guillaume, P., Ayyoub, M., Pittet, M.J., Zippelius, A., Fleischhauer, K.,
Lejeune, F., Cerottini, J.C., Romero, P., Speiser, D.E., 2004. Ex vivo detectable activation of Melan-A-speciﬁc T cells correlating with inﬂammatory skin reactions
in melanoma patients vaccinated with peptides in IFA. Cancer Immun. 4, 4.
Parker, K.C., Bednarek, M.A., Coligan, J.E., 1994. Scheme for ranking potential HLAA2 binding peptides based on independent binding of individual peptide sidechains. J. Immunol. 152, 163–175.
Parkhurst, M.R., Salgaller, M.L., Southwood, S., Robbins, P.F., Sette, A., Rosenberg,
S.A., Kawakami, Y., 1996. Improved induction of melanoma-reactive CTL with
peptides from the melanoma antigen gp100 modiﬁed at HLA-A*0201-binding
residues. J. Immunol. 157, 2539–2548.
Rammensee, H., Bachmann, J., Emmerich, N.P., Bachor, O.A., Stevanovic, S., 1999.
SYFPEITHI: database for MHC ligands and peptide motifs. Immunogenetics 50,
213–219.
Reche, P.A., Glutting, J.P., Zhang, H., Reinherz, E.L., 2004. Enhancement to the
RANKPEP resource for the prediction of peptide binding to MHC molecules using
proﬁles. Immunogenetics 56, 405–419.
Reid, S.W., McAdam, S., Smith, K.J., Klenerman, P., O’Callaghan, C.A., Harlos, K., Jakobsen, B.K., McMichael, A.J., Bell, J.I., Stuart, D.I., Jones, E.Y., 1996. Antagonist HIV-1
Gag peptides induce structural changes in HLA B8. J. Exp. Med. 184, 2279–2286.
Rosenberg, S.A., Yang, J.C., Restifo, N.P., 2004. Cancer immunotherapy: moving
beyond current vaccines. Nat. Med. 10, 909–915.
Rosenberg, S.A., Yang, J.C., Schwartzentruber, D.J., Hwu, P., Marincola, F.M., Topalian,
S.L., Restifo, N.P., Dudley, M.E., Schwarz, S.L., Spiess, P.J., Wunderlich, J.R.,
Parkhurst, M.R., Kawakami, Y., Seipp, C.A., Einhorn, J.H., White, D.E., 1998.
Immunologic and therapeutic evaluation of a synthetic peptide vaccine for the
treatment of patients with metastatic melanoma. Nat. Med. 4, 321–327.
Speiser, D.E., Lienard, D., Pittet, M.J., Batard, P., Rimoldi, D., Guillaume, P., Cerottini,
J.C., Romero, P., 2002. In vivo activation of melanoma-speciﬁc CD8(+) T cells by
endogenous tumor antigen and peptide vaccines A comparison to virus-speciﬁc
T cells. Eur. J. Immunol. 32, 731–741.
Terasawa, H., Tsang, K.Y., Gulley, J., Arlen, P., Schlom, J., 2002. Identiﬁcation and
characterization of a human agonist cytotoxic T-lymphocyte epitope of human
prostate-speciﬁc antigen. Clin. Cancer Res. 8, 41–53.
Theodossis, A., Guillonneau, C., Welland, A., Ely, L.K., Clements, C.S., Williamson, N.A.,
Webb, A.I., Wilce, J.A., Mulder, R.J., Dunstone, M.A., Doherty, P.C., McCluskey, J.,
Purcell, A.W., Turner, S.J., Rossjohn, J., 2010. Constraints within major histocompatibility complex class I restricted peptides: presentation and consequences
for T-cell recognition. Proc. Natl. Acad. Sci. U.S.A. 107, 5534–5539.
Turner, S.J., Kedzierska, K., Komodromou, H., La Gruta, N.L., Dunstone, M.A., Webb,
A.I., Webby, R., Walden, H., Xie, W., McCluskey, J., Purcell, A.W., Rossjohn, J.,
Doherty, P.C., 2005. Lack of prominent peptide–major histocompatibility complex features limits repertoire diversity in virus-speciﬁc CD8+ T cell populations.
Nat. Immunol. 6, 382–389.
Valkenburg, S.A., Gras, S., Guillonneau, C., La Gruta, N.L., Thomas, P.G., Purcell, A.W.,
Rossjohn, J., Doherty, P.C., Turner, S.J., Kedzierska, K., 2010. Protective efﬁcacy
of cross-reactive CD8+ T cells recognising mutant viral epitopes depends on
peptide–MHC-I structural interactions and T cell activation threshold. PLoS
Pathog. 6, e1001039.
Valmori, D., Fonteneau, J.F., Lizana, C.M., Gervois, N., Lienard, D., Rimoldi, D., Jongeneel, V., Jotereau, F., Cerottini, J.C., Romero, P., 1998. Enhanced generation of
speciﬁc tumor-reactive CTL in vitro by selected Melan-A/MART-1 immunodominant peptide analogues. J. Immunol. 160, 1750–1758.
Wieckowski, S., Baumgaertner, P., Corthesy, P., Voelter, V., Romero, P., Speiser, D.E.,
Rufer, N., 2009. Fine structural variations of alphabetaTCRs selected by vaccination with natural versus altered self-antigen in melanoma patients. J. Immunol.
183, 5397–5406.
Yu, Z., Theoret, M.R., Touloukian, C.E., Surman, D.R., Garman, S.C., Feigenbaum, L.,
Baxter, T.K., Baker, B.M., Restifo, N.P., 2004. Poor immunogenicity of a self/tumor
antigen derives from peptide–MHC-I instability and is independent of tolerance.
J. Clin. Invest. 114, 551–559.

