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Abstract Traditionally, T cell epitope discovery requires
considerable amounts of tedious, slow, and costly experi-
mental work. During the last decade, prediction tools have
emerged as essential tools allowing researchers to select a
manageable list of epitope candidates to test from a larger
peptide, protein, or even proteome. However, no current
tools address the complexity caused by the highly poly-
morphic nature of the restricting HLA molecules, which
effectively individualizes T cell responses. To fill this gap, we
here present an easy-to-use prediction tool named HLAres-
trictor (http://www.cbs.dtu.dk/services/HLArestrictor), which
is based on the highly versatile and accurate NetMHCpan
predictor, which here has been optimized for the identifica-
tion of both the MHC restriction element and the

corresponding minimal epitope of a T cell response in a
given individual. As input, it requires high-resolution (i.e.,
4-digit) HLA typing of the individual. HLArestrictor then
predicts all 8–11mer peptide binders within one or more
larger peptides and provides an overview of the predicted
HLA restrictions and minimal epitopes. The method was
tested on a large dataset of HIV IFNγELIspot peptide responses
and was shown to identify HLA restrictions and minimal
epitopes for about 90% of the positive peptide/patient pairs
while rejecting more than 95% of the negative peptide-HLA
pairs. Furthermore, for 18 peptide/HLA tetramer validated
responses, HLArestrictor in all cases predicted both the HLA
restriction element and minimal epitope. Thus, HLArestrictor
should be a valuable tool in any T cell epitope discovery
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process aimed at identifying new epitopes from infectious
diseases and other disease models.

Keywords HLA restriction . Epitope prediction .MHC
class I . Peptide binding . T cell epitope validation . HLA
tetramer validation

Introduction

CD8 positive cytotoxic T lymphocytes (CTLs) identify and
eradicate host cells that have been infected with intracellular
pathogens. They recognize protein antigen-derived peptides
presented in complex with major histocompatibility complex
(MHC) class I molecules. Prior to presentation, protein
antigens are processed in a series of events beginning with
the degradation of intracellular proteins by the proteasome
(Rock et al. 2002), followed by transporter associated with
antigen processing (TAP) mediated peptide translocation
into the endoplasmic reticulum (ER) (Townsend and
Trowsdale 1993; Uebel and Tampe 1999), N-terminal
shortening of longer peptides by ER-resident amino
peptidases (Serwold et al. 2002), and eventually some of
the resulting peptides are specifically bound to MHC class I
molecules. Once a stable peptide/MHC complex has been
formed, it is transported via the Golgi apparatus to the cell
surface ready for inspection by circulating CTLs.

Considering the many different peptides that can be
generated, even from a small target protein, and the extensive
polymorphism of the presenting MHC molecules, identifying
pathogen-specific, HLA-restricted T cell epitopes can be an
immense experimental task. However, only a few percent of a
random collection of peptides can bind with sufficient affinity
to a particular MHC molecule, making this event the most
selective step in the entire pathway of antigen presentation
(Yewdell and Bennink 1999) and a suitable starting point for
T cell epitope discovery. Indeed, predictions of peptide/MHC
interactions are widely used as an aid to identify T cell
epitopes, and large efforts have been invested in developing
accurate prediction method for peptide–MHC binding
(reviewed in (Lundegaard et al. 2010)). NetMHCpan (Hoof
et al. 2009; Nielsen et al. 2007) is one of the most precise
publicly available predictors of peptide binding to MHC
class I molecules (Lin et al. 2008; Zhang et al. 2009), and it
has the added advantage that it is capable of addressing the
binding specificity of any HLA molecule with known protein
sequence. This is achieved by including both the peptide and
MHC sequence as input hereby allowing the method to
leverage information from multiple MHC specificities and
extrapolate this information to MHC molecules for which
limited or no binding data exist.

As described above, T cell epitope discovery involves
the concurrent identification of stimulating antigenic pep-

tide and their restricting HLA elements. In human pop-
ulations, several thousand allelic HLA-A, -B, and -C
variants have already been registered (IMGT/HLA database
http://www.ebi.ac.uk/imgt/hla/ (Robinson et al. 2001)). For
any given human individual, a complete CTL epitope
discovery effort would have to consider up to six (three loci
with two heterozygous alleles each) different restricting
HLA class I molecules. Fortunately, current DNA
sequencing-based technology allows high-resolution (i.e.,
4-digit, e.g., HLA-A*0201) typing of all HLA-A, -B, and -
C alleles of any given individual. Thus, information on all
the HLA class I types needed to perform NetMHCpan
predictions for any given individual can readily be
provided. The other piece of information needed for
NetMHCpan predictions is the input proteome, protein, or
peptide. Whereas the number of HLA class I molecules can
be limited to six, the number of peptides under consider-
ation may be truly staggering; a problem that is com-
pounded by the ability of HLA class I molecules to bind
peptides of different length (note, NetMHCpan can handle
peptides of 8–11 amino acids in length). To reduce this
complexity, one could conveniently exploit a commonly
used approach of T cell epitope discovery: testing pools of
overlapping peptides (OLP) with a length of 15–18 amino
acids in IFNγ ELIspot or flow cytometry assays.

We here present a new online tool,HLArestrictor, aimed at
identifying optimal peptides within one or several input
peptides and corresponding HLA class I restriction elements
targeted by CTL in given individuals. For a given individual,
who has been fully typed for HLA-A, -B and -C,
HLArestrictor is designed to identify all potential epitopes
of length 8–11 amino acids that are predicted to bind to at
least one of the individual's HLA restriction elements. A
number of different sorting options are available for
providing a user-friendly output.

We have benchmarked HLArestrictor with an HIV
dataset of 5,145 18mer peptide IFNγ ELIspot responses
from 694 treatment-naive HIV-infected individuals and
could successfully predict about 90% of the T cell epitopes.
Using peptide/MHC class I tetramers, we furthermore
demonstrated that HLArestrictor is able to correctly identify
both the HLA restriction element and the optimal peptide
length of a T cell epitope. The latter suggest that
HLArestrictor could be an ideal design tool of HLA
tetramer for the T cell epitope discovery.

Materials and methods

HLArestrictor features

Using NetMHCpan version 2.3, HLArestrictor predicts all
peptide binders of length 8–11 amino acids, which are
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relevant for a given patient's HLA types within an input
peptide. A detailed overview of features of the HLAres-
trictor method is given in Table 1, and the corresponding
input fields of the online HLArestrictor predictor are
marked on Fig. 1. Multiple input peptides can be given in
the same file using the FASTA format. There is no principal
limit neither for the length of the input peptide nor for the
number of HLA types to predict for. Thus, HLArestrictor is
not limited to its intended use: patient-specific predictions
of epitopes within a peptide or a peptide pool but can be
applied to complete protein sequences or proteomes. It is
however important to stress that all benchmark calculations
performed in this work have been limited to data sets of
short peptides of length 15–18 amino acids, and that the
high specificity of the method most likely will be
compromised if complete protein sequences or proteomes
are supplied as input. Three different sort modes are
available: (1) HLA oriented, which groups predicted
peptide/HLA pairs by HLA type and sorts by prediction
score (see Fig. 2); (2) Peptide oriented, which groups
predicted peptide/HLA pairs by peptide and sorts by
prediction score (see Fig. 3); and (3) Descending prediction
scores, which sorts predicted peptide/HLA pairs by
prediction score without any grouping (see Fig. 4). Each
of the three sort modes is available as a standard version,
where predictions are shown separately for each input
peptide, and as a pool version, where predictions are shown
together. This latter mode is useful when predicting
responses for a larger peptide pools. Finally, a “no-sort”
option is available for optimal computational speed. Three
binding thresholds are defined and labeled; Strong binder,
Weak binder, and Non-binder. A fourth label Combined
binder is used to indicate predictions, which do only

qualify as binders if both %rank and affinity thresholds
are considered as described below. Non-binders are shown
up to a user-defined factor (default=2) of the weak binding
threshold. Additionally, the user can define a maximum
number of predictions to show per input peptide, with the
exception that all predicted strong or weak binders will
always be shown. Binding thresholds and sorting are based
on either the predicted binding affinity (in nM) or a
predicted %rank score, while both values are always shown
in the output. The %rank score is defined as the rank score
of a given candidate peptide relative to a set of one million
random natural peptides for a given allele, such that a 2
%rank score means that only 2% of random peptides bind
the allele with a predicted affinity stronger than the
candidate epitope. If the default sort method Rank OR
Affinity is chosen, a prediction need to fulfill either the
affinity or %rank at the strong or weak binding thresholds
to be labeled as Strong binder or Weak binder, respectively.
This is a practical feature when the user wants to be alerted
by predictions meeting either threshold and would consider
subsequently testing all suggested epitopes. In contrast, if
the option Rank AND Affinity is chosen, a prediction need to
fulfill both the affinity and %rank at the strong or weak
binding thresholds to be labeled as Strong binder or Weak
binder, respectively.

Note that all benchmark calculations in this work were
performed with HLArestrictor-1.0, using the NetMHCpan-
2.2 method for peptide–MHC binding predictions. The
default version of HLArestrictor is 1.1, and this method
uses NetMHCpan-2.3. This update has allowed the use of
the new HLA nomenclature and most recent HLA allelic
coverage. None of the conclusions drawn in this work have
been altered by the update.

Table 1 HLArestrictor features

Input parameter Default value Description Letter in
Fig. 1

Input/file – Input peptides in FASTA format/file A

List of HLAs HLA-A02:01 Comma separated list of HLA alleles B

Peptide lengths 8–11 Length(s) of submers to extract from input peptide C

Sort mode HLA
oriented

Sort mode to use for showing the output: HLA oriented, peptide oriented, or Descending
prediction scores. Each mode is also available as pool version

D

Sort method Percent Specifies if sorting should be done using %rank or affinity values, and whether the binding
criteria should be based on thresholds for %rank, affinity, %rank OR affinity, or %rank AND
affinity

E

Strong threshold 0.5 %rank or
50 nM

Threshold for strong binding in %rank or affinity F

Weak threshold 2 %rank or
500 nM

Threshold for weak binding in %rank or affinity F

Number of predictions
per peptide

Off Optional user defined maximal number of predictions to show per peptide. Predictions below
weak binding threshold will, however, always be shown

G

Non-binders factor 2 Show non-binders with a score of factor*weak binding threshold H
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HIV benchmark set

We used a cohort of 1,000 antiretroviral naive HIV-infected
adults, of whom 864 were recruited from Durban, KwaZulu-
Natal, South Africa (Kiepiela et al. 2007) and 136 recruited
from Thames Valley, Oxfordshire, England. Informed
consent was obtained from all participating individuals
and institutional review boards at the University of
KwaZulu-Natal, Massachusetts General Hospital, and the
University of Oxford approved the study. Four-digit high-

resolution typing of HLA-A, HLA-B, and HLA-C alleles
was performed using the Dynal RELTIM reverse sequence-
specific oligonucleotide kits as previously described (Kiepiela
et al. 2007). Patients (694) were successfully typed on all
alleles and were included in the benchmark set.

IFNγ ELIspot

Comprehensive IFNγ ELIspot responses to a set of 420
overlapping peptides (OLPs) based on the 2004 C-clade

Fig. 1 Screenshot of HLArestrictor. The input fields are marked in blue letters and described in Table 1 and in the text. Note that multiple FASTA
sequences can be given as input (see A)
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consensus were used in a matrix system with 11–12
peptides in each pool. Responses to matrix pools were
subsequently confirmed by stimulating with individual
peptides as previously described (Kiepiela et al. 2004). A
total of 5,145 ELIspot responses to a total of 294 different
18mer peptides were observed when measured in the 694
treatment-naive HIV-infected individuals.

Peripheral blood mononuclear cell isolation
and generation of CTL lines

Purified peripheral blood mononuclear cells (PBMCs) were
isolated from whole blood of HIV-infected individuals by
Ficoll-Hypaque density gradient centrifugation and cryopre-
served until used for tetramer staining and/or generation of
peptide-specific CTL lines. Specific CD8+ T cell lines, also
described as “CTL” lines, were generated from culturing of
HLA class I peptide tetramer purified antigen-specific cells
derived from HIV-infected human PBMCs as previously
described (Payne et al. 2010). Briefly, tetramer-enriched

CD8+ T cell lines were cultured by sorting tetramer-positive
cells from PBMCs by magnetic separation using anti-PE
microbeads (Miltenyi Biotec). The flowthrough fraction was
peptide pulsed (20 μg/ml) for 1 h at 37°C, irradiated (30 Gy),
washed once in PBS, and cultured with the tetramer-positive
fraction at a ratio of 100:1 in H10-10 medium (RMPI)
medium supplemented with 10% human serum, 10% natural
T cell growth factor [TCGF; Helvetica Healthcare], 2 mM L-
glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Every 10 days following the initial setup, the tetramer-
positive cells were fed by using peptide-pulsed, irradiated,
autologous PBMCs or BCLs at a ratio of 1:1 and irradiated
feeder PBMCs from three healthy HIV-seronegative donors.

Peptide/MHC class I tetramer synthesis and tetramer
staining

Tetramers were generated in two different ways. The first
method was described by (Altman et al. 1996). Briefly,
HLA-B*4201 heavy chain (HC) was expressed in Rosetta

Fig. 2 HLArestrictor example output using sort-mode hla-oriented,
by which the predictions are grouped by HLA-type, then ranked by
prediction score. In this example, all predictions for HLA-C*07:01 are
listed in the second group marked (A). Ranking within the group is

marked with (B). Non-binders (C) are shown if their %rank score is
less than two times the threshold for weak binding (2 %rank). All
threshold values are user-defined
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(DE3)pLysS (Novagen), purified, and refolded around the
peptide of interest in the presence of human β2M light
chain. Unrefolded HC and peptide were separated from
refolded peptide/MHC monomer complexes using FPLC
prior to tetramerization of monomers and conjugation to R-
phycoerythrin (Extravidin PE, Sigma) to obtain PE-labeled
HLA-B*4201 tetramers. The second method was recently
described by Leisner et al. (2008). Briefly, HLA class I
heavy chain were expressed in Escherichia coli BL21
(DE3), which had been co-transfected with a vector
encoding the BirA holoenzyme, leading to the expression
of biotinylated HLA class I heavy chain when the proteins
were induced in the presence of biotin. Pre-oxidized, pre-
biotinylated isomers were purified by column chromatog-
raphy and stored at −20°C until use. Peptide/HLA mono-
mers were made by incubating these highly active isomers
in a refolding buffer with excess b2m and peptide. Peptide/
HLA tetramers were then generated by the addition of PE-
labeled streptavidin. PBMCs or CTL lines were thawed and
stained with PE-conjugated tetramer for 20 min, then washed

and stained with the following extracellular antibodies, CD3
Alexa Flour 700 (BD) or CD3 Pacific Orange (Invitrogen),
CD8 Qdot 605 (invitrogen) or CD8 Alexa Flour 750
(eBioscience), and Live/Dead marker Violet (Invitrogen) for
another 20 min. Cells were washed, fixed, and samples were
acquired within 24 h on a BD LSR II flow cytometer. Cells
were gated on singlets, lymphocytes, live cells, CD3, and then
evaluated for CD8+ T cells binding the peptide/MHC
tetramer. Data were analyzed using FlowJo version 8.8.6.

Results

Benchmarking HLArestrictor on HIV data

The performance of the HLArestrictor at different %rank
thresholds was benchmarked on a HIV dataset of 5,145
18mer peptide IFNγ ELIspot responses representing a total
of 294 different 18mer peptides being recognized in one or
more of 694 treatment-naive HIV-infected individuals. To

Fig. 3 HLArestrictor example output using sort-mode peptide
oriented, by which the predictions are ordered such that multiple
predictions of the same sub-peptide are grouped together, then ranked
according to prediction score. In this example, all predictions for

peptide RSLYNTVATL are listed in the group marked (A). Ranking
within the group is marked with (B). Ranking between groups is
marked with (C) and is based on the best scoring values marked with
blue bullets
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calculate the fraction of validated responses, which could
be predicted at a given %rank threshold, predictions were
carried out for each validated patient/peptide response for
all six patient HLA molecules typed (Fig. 5). A response
was considered correctly predicted if at least one of the
patients' HLA types was predicted to bind an 8, 9, 10 or
11mer (a “submer”) within the 18mer peptide with a
binding strength stronger than the given threshold. At a 2
%rank threshold for instance, the method suggested at least
one such epitope for 91% of the 5,145 responses observed.
With an average of 5.3 predicted epitopes per response,
HLArestrictor thus rejected 98% of the negative peptide-
HLA combinations. Likewise, at a 2 %rank threshold, the
method suggested at least one epitope for 78% of the
responses, with an average of 3.5 predicted epitopes per
response. Furthermore, the figure shows the fraction of
responses with predicted HLA-A, HLA-B, and HLA-C
restrictions at each threshold. At the 2 %rank threshold,
approximately 50% of the responses were predicted to be
HLA-B restricted.

HLA restriction identification by association studies

We next investigated what prediction threshold should be
applied to give the highest predictive performance of the

HLArestrictor method. As illustrated in Fig. 5, choosing a
relative high %rank prediction score naturally led to a
higher sensitivity of the predictions; however, this came at
the price of a higher number of potential false-positive
predictions that in real life would have to be analyzed in
subsequent immuno-assay validations. To address the
question of which prediction threshold would be optimal,
we carried out a simple computational experiment. A
commonly used method for assigning HLA restriction to
immunogenic peptides is HLA association studies. In these
studies, the HLA restriction of a given immunogenic
peptide is assigned based on prevalence of an HLA allele
in a large patient cohort that responds positive to the
peptide. A set of 85 (35 HLA-A and 50 HLA-B) HLA–
peptide associations was identified using a Fisher's exact
test-based analysis that corrects for multiple comparisons.
Briefly, a two-by-two contingency table is constructed for
each peptide–HLA pair. P values are then computed using
Fisher's exact test for each table, and exact q values (Storey
and Tibshirani 2003) are computed by summing over the
null space of all observed contingency tables, as previously
described (Carlson et al. 2009). All associations had P
values less than 0.05. We next applied the HLArestrictor
method to validate these associations. We identified the
patients in the HIV cohort data set expressing the HLA

Fig. 4 HLArestrictor example output using sort-mode descending
prediction score, by which the predictions are ordered solely by their
prediction score, in this case, their %rank score. Note that sorting by

affinity is different than sorting by %rank, since the affinity
distribution of ranked peptides is specific for each allele
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allele in question and that had responded positively to the
given peptide. Next, a predicted binding value was assigned
for the peptide to each of the patients' HLA types as the
strongest %rank score for all 8–11submers contained within
the peptide. All peptide/HLA pairs matching the restriction
element identified from the association studies were taken
as positive, and all other suggested restriction elements as
negative. This led to a set consisting of 1,067 positive
and 5,115 negative data points (on average, each peptide
was tested in 12.5 patients expressing the given HLA
allele). The predictive performance of HLArestrictor was
finally evaluated in terms of the Matthews correlation
coefficient (MCC), sensitivity, and specificity for different
values of the %rank threshold. The results of this analysis
are shown in Fig. 6 and demonstrate that the HLA
restriction method achieved its highest predictive perfor-
mance in terms of MCC for %rank threshold values in the
range 0.5–2. If reducing the screening load is essential
even at the expense of missing some of the epitopes (i.e.,
high specificity is a requirement and the concurrent loss in
sensitivity is acceptable), then a threshold of 0.5 %rank is
recommended. Here, the specificity is about 90%, and the
sensitivity is about 50%. If, on the other hand, identifying as
many epitopes as possible is essential even at the expense of
an increased screening load (i.e., high sensitivity is a
requirement and the concurrent loss in specificity is accept-
able), then a threshold of 2 %rank is suggested. Here, the
sensitivity is close to 90%, and the specificity is about 50%.

The Matthews correlation coefficient showed a highly
significant (P<0.005, exact permutation test) correlation
between the physiological analysis of T cell responses and
the prediction of the biochemical analysis of peptide/HLA
interaction. In fact, we found that 73 of the 85 peptides (86%)

contained an 8–11submer peptide predicted to bind to the
restriction element proposed by the association studies with a
binding strength stronger than or equal to 2 %rank. In these
cases, the two methods thus agree on the assignment of the
HLA restriction element. However, for 12 of the peptides, the
HLArestrictor method failed to confirm the proposed HLA
restriction using the suggested 2 %rank threshold. For these
12 peptides, we identified the patients with the proposed HLA
allele that had responded positively to the peptide and
analyzed whether any of the other HLA alleles of these
patients would predict alternative HLA restriction elements.
This analysis allowed us to suggest alternative HLA restric-
tions for the majority of the positive patient/peptide pairs
using the default threshold value of 2 %rank (see Table 2). For
instance, the two peptides GKKHYMLKHLVWASREL and

Fig. 6 The predictive performance of HLArestrictor evaluated in
terms of the Matthews correlation coefficient (MCC), sensitivity, and
specificity for different values of the %rank threshold

Fig. 5 Benchmark on HIV pep-
tide IFNγ ELIspot responses.
The barplots are divided into
colors indicating the number of
cases in which a HLA-A, -B, or
-C type is predicted with the
lowest %rank score
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EVGFPVRPQVPLRPMTFK were by association studies
predicted to be restricted by the alleles HLA-A*36:01 and
HLA-A*01:01, respectively. The predictions by the HLAr-
estrictor indicated that these restrictions were highly unlikely
with a %rank score of 15. Investigating the HLA types of each
patients responding to these peptide and having the allele
HLA-A*36:01 or HLA-A*01:01, we find in each case that the
response could be explained in terms of an alternative HLA
restriction with a prediction score below the suggested 2
%rank threshold. Note that HLA-A*36:01 is in linkage
disequilibrium with HLA-B*53:01 (P=9.75E−08), and five
of the seven patients responding to the GKKHYMLKHLV-
WASREL peptide shared this allele. The peptide
YMLKHLVW is predicted to bind HLA-B*53:01 with a
%rank score of 0.8, strongly suggesting that this HLA is a
dominant restriction element for this peptide response.
Likewise, 21 of the 26 patients responding to the
EVGFPVRPQVPLRPMTFK peptide shared both the HLA-
A01:01 and HLA-B*81:01 alleles. The peptide FPVRPQVPL
is predicted to bind the HLA-B*81:01 allele with a %rank
score of 0.01, strongly suggesting that this HLA is a dominant
restriction element for this peptide response. Note that these
suggested alternative HLA restrictions are based on predic-
tions only, and that future experimental validation is needed to
confirm both the HLA restriction and optimal epitope
sequence.

Validation of CD8+ T cell responses using peptide/MHC
class I tetramers

To validate the optimal peptide and the corresponding HLA
restriction element, we used a panel of 18 peptide/MHC

class I tetramers across eight different HLA alleles in ten
HIV-infected individuals as shown in Table 3 and Fig. 7.
The optimal epitope within the 18mer was selected based
on previously described epitopes combined with informa-
tion about the binding motif of the restriction element of
interest. All 18 epitopes are listed in the Los Alamos HIV
molecular immunology database (http://www.hiv.lanl.gov/
content/immunology) (Korber et al. 2009). To confirm the
optimal epitope and HLA class I restriction element, the
corresponding peptide/MHC class I tetramer was produced
and used to stain PBMCs from HIV-infected IFNγ ELIspot
responders or in vitro expanded CTLs as described in
“Materials and methods”. In 16 of 18 cases, HLArestrictor
successfully predicted the HLA restriction element and the
minimal epitope with a %rank score below 2. In two cases,
HLArestrictor failed to predict the validated HLA restriction
and minimal epitope with a %rank score of 2. However, in
the first case of VKVIEEKAF/HLA-B*15:03, the predicted
affinity was 155 nM and the predicted %rank score was 6.0.
In the second case of SLYNTVATL/HLA-A*02:01, the
predicted affinity was 436 nM, and the predicted %rank
score was 4.0. Thus, both epitopes were predicted to bind
stronger than the commonly used threshold of 500 nM
(Lundegaard et al. 2007; Moutaftsi et al. 2006; Sette et al.
1994). Further, the previously described HLA-B*58 restricted
epitope RSLYNTVATLY is predicted to bind HLA-B*58:01
with an affinity of 62 nM and a 0.4 %rank. This example
based on the peptide TGSEELRSLYNTVATLY, illustrates
how the HLArestrictor often will predict multiple restrictions,
in this case both correct, within a given positive peptide.
Additional known epitopes not tested in our patients were
predicted in several other cases as well. For example, within

Table 2 Alternative HLA restrictions

Allele Peptide P value %rank No. of patients Fraction predicted

A01:01 EVGFPVRPQVPLRPMTFK 2.79E−03 15 26 1.00

A01:01 EWEFVNRPPLVKLWYQL 6.78E−03 4 12 1.00

B35:01 DEALLQAVRIIKILY 7.41E−09 3 10 1.00

A36:01 GKKHYMLKHLVWASREL 3.92E−02 15 6 1.00

B39:10 PPIVAKEIVASCDKCQLK 2.29E−03 15 3 0.67

A32:01 FRLPIQKETWETWWTDYW 2.35E−04 3 3 0.67

B53:01 AGRWPVKVIHTDNGSNF 3.79E−49 4 14 0.64

A68:01 FWEVQLGIPHPAGLKKKK 7.13E−26 5 11 0.64

B81:01 PPIVAKEIVASCDKCQLK 2.16E−32 9 21 0.62

B39:10 EVNIVTDSQYALGII 4.94E−20 3 10 0.60

A03:01 LVSIKVGGQIKEALL 1.57E−02 3 4 0.50

A11:01 IKKKDSTKWRKLVDFREL 2.46E−03 3 2 0.50

Allele gives the restriction element predicted from the large cohort population studies. P value gives the association study P value for the HLA
restriction prediction. %rank gives the predicted binding score in terms of the %rank score for the peptide to the proposed HLA restricting allele.
No. of patients gives the number of patients in our study matching the proposed HLA restriction and responding to the given peptide, and fraction
predicted gives the fraction of the responding HLA-matched patients having alternative HLA restrictions identified by HLArestrictor with a %rank
score less than or equal to 2%. In bold are highlighted the two examples explained in the text

Immunogenetics (2011) 63:43–55 51

http://www.hiv.lanl.gov/content/immunology
http://www.hiv.lanl.gov/content/immunology


the 18mer WVKVIEEKAFSPEVIPMF, the known epitopes
B*45:01-EEKAFSPEV and B*57:03-KAFSPEVI were pre-
dicted to bind at 0.3 %rank and 0.1 %rank, respectively.

Discussion

T cell epitopes consist of antigen-derived peptides pre-
sented in the context of HLA molecules; and the identifi-
cation and validation of peptide/HLA complexes, which
can stimulate T cell responses, is at the heart of any T cell
epitope discovery process. Finding the stimulatory peptide
and the presenting HLA restriction element is not a simple
task. Here, we present an immunoinformatics method,
HLArestrictor, which has been tailored to support T cell
epitope discovery in individual subjects. As inputs, it needs
the amino acid sequence of the target protein(s), and the
HLA type of the individual in question (high-resolution HLA
typing, e.g., HLA-A*01:01, and preferably for all relevant
loci, e.g., for HLA-A, -B, -C for HLA class I restricted CTL
responses). Using these inputs, HLArestrictor creates all
possible 8, 9, 10, and 11mer peptides from the target
protein(s), predicts their binding to all the HLA molecules
in question, and generates an output file consisting of the
most likely peptide/HLA combination(s). Peptide/HLA
tetramers is one of the most efficient means to validate

T cell epitopes, and HLArestrictor can also be viewed as a
tool for efficient design of specific peptide/HLA tetramers.

We have successfully applied HLArestrictor to the
search for patient-specific HLA restriction elements and
optimal epitopes. To this end, we have re-analyzed a major
study of T cell epitopes within the 2004 C-clade consensus
HIV sequence (Kiepiela et al. 2007). In this study, the
consensus sequence was represented by 420 overlapping
18mer peptides and tested in 694 treatment-naive HIV-
infected individuals, which had been high-resolution typed
for HLA-A, -B, and -C. A large set of HLA restrictions
were identified from these data by association studies.
Initially, we asked which %rank threshold should be used to
generate T cell epitope predictions. At the 2 %rank and 1
%rank thresholds, the HLArestrictor method suggested
HLA restriction elements and optimal peptides for 91%
and 78%, respectively, of the 5,145 identified HIV-specific
IFNγ ELIspot peptide responses.

Next, we asked to what degree known T cell epitopes
could be successfully predicted. A large set of HLA
restrictions had been identified by association studies and
could conveniently be used to further validate the predictive
performance of the HLArestrictor method. Using this
benchmark data set, the HLArestrictor was shown to
achieve its optimal predictive performance for %rank score
thresholds in the range from 0.5 to 2.0. At the 0.5 %rank

Table 3 Tetramer validations on selected patients as exemplified in Fig. 7

Patient HIV 18mer with ELIspot response Validated epitope Validated allele Pred. affinity (nM) Pred. %rank

N080 PRTLNAWVKVIEEKAF VKVIEEKAF B15:03 155 6.0

N080 YHCLVCFQTKGLGISYGR FQTKGLGISY B15:03 8 0.8

N080 VKAACWWAGIQQEFGIPY IQQEFGIPY B15:03 4 0.1

N080 AVFIHNFKRKGGIGGYSA FKRKGGIGGY B15:03 24 1.5

H044 WVKVIEEKAFSPEVIPMF KAFSPEVIPMF B57:03 NA 0.4

N021 ELKQEAVRHFPRPWLHGL FPRPWLHGL B42:01 49 0.05

N012 ACQGVGGPSHKARVLAEA GPSHKARVLa B07:02 36 0.3

R050/N012 CRAIRNIPRRIRQGL IPRRIRQGLa B07:02 10 0.1

R050 NYTPGPGVRYPLTFGWCF TPGPGVRYPL B07:02 45 0.3

R050 QGWKGSPAIFQSSMTKIL SPAIFQSSM B07:02 10 0.1

R050/R039 WVKVIEEKAFSPEVIPMF KAFSPEVIPMF B57:01 67 0.1

R039 PVGEIYKRWIILGLNKIV KRWIILGLNK B27:05 22 0.05

R039 AVFIHNFKRKGGIGGYSA KRKGGIGGY B27:05 289 1.0

R035 ELKNEAVRHFPRIWLHSL VRHFPRIWL B27:05 357 1.0

R014 MASEFNLPPIVAKEIVA LPPIVAKEI B42:01 NA 1.5

N067 TGSEELRSLYNTVATLY SLYNTVATL A02:01 436 4.0

N067/N096 ELAENREILKEPVHGVYY ILKEPVHGV A02:01 42 1.5

N096 SDIAGTTSTLQEQIAWM TSTLQEQIAW B58:01 32 0.2

The validated epitope within each 18mer is underlined. The predicted affinity is listed when available and the predicted %rank score is marked in
bold if it is below or equal to a 2 %rank score threshold. 16 of 18 peptide/MHC class I tetramer-validated CD8+ T cell epitopes are successfully
predicted by HLArestrictor at this threshold setting, while all 18 are predicted either below or equal to 2 %rank score OR below 500 nM
a In vitro expanded CTL line used for tetramer staining
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threshold, HLArestrictor would correctly identify 50% of
the known HLA restriction elements, while rejecting 90%
of the non-restricting HLA elements; whereas at the 2%
threshold, it would identify 90% of the known HLA
restriction elements, while rejecting 50% of the non-
restricting HLA elements. Note that this type of analysis
is very crude and simple, and that in particular, the
estimated specificity value of HLArestrictor should be
interpreted with great caution. By way of example, we
have only included the strongest association as the true
positive HLA restriction element and assigned all other
possible HLA restriction element as being negative. This is
not always correct as some of the less strongly associated
HLA restriction elements may well be bona fide HLA
restriction elements. Indeed, as pointed out above, some of
the HLA restriction elements that are rejected in this way
are well-known and experimentally characterized HLA
restrictions. When HLArestrictor correctly identifies them
as possible HLA restriction elements, they inadvertently
end up being considered false positives. Nonetheless, the
calculation is simple and un-biased and clearly demonstrates
that the HLA restriction method achieves its highest predictive
performance for %rank threshold values in the range of 0.5–2.
The benchmark demonstrated that here was a strong agreement
between the HLA restriction identified by association study and
the HLArestrictor predictions. However, in 12 of 85 cases,
HLArestrictor failed to reproduce the restriction element
suggested by the association study analysis. In these cases,

HLArestrictor suggested alternative HLA restriction elements
and minimal peptides for the majority of patients responding
to the peptide in question. These findings strongly suggest that
HLArestrictor is capable of providing information beyond
what is obtainable using association studies and that the
method is highly sensitive and specific when predicting
potential peptide/HLA restrictions.

Further supporting the strong predictive power of the
method and demonstrating that it goes beyond identifi-
cation of the most likely HLA restriction element and
also identifies the minimal peptide, we used a panel of
18 peptide MHC class I tetramers across eight different
HLA alleles in ten HIV-infected individuals to validate
both the optimal epitope CD8+ T cell response and the
corresponding HLA restriction. In 16 out of 18 cases,
HLArestrictor successfully predicted the HLA restriction
and minimal epitope with a %rank score below or equal to
2. If the settings of the HLArestrictor were changed so that
they also included any predicted binding affinity below
500 nM, then this figure changed to identifying 18 of 18
tetramer-validated epitopes. These observations illustrate
the strength of HLArestrictor, as it does not only predict a
patient's IFNγ ELIspot response to an N-mer but also the
correct HLA restriction and optimal epitope. The method
thus provides a valuable guidance for researchers
designing tetramers to validate HLA restriction elements
and minimal epitopes corresponding to a given
cellular response.

Fig. 7 Examples of peptide/
MHC class I tetramer stainings
used to validate optimal epitopes
and HLA restriction of CD8+ T
cell responses in HIV-infected
individuals shown in Table 2.
Cells are gated on single-
ts→lymphocytes→live→CD3+
T cells and CD8+ T cells plotted
against tetramer-positive cells
with the number indicating the
percentage of tetramer-positive
in the CD3 gate. The patient ID,
tetramer HLA, name of the
peptide, and the peptide se-
quence is shown above each plot
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During the development of the HLArestrictor, we
preferred the %rank measure rather than the affinity
measure since the %rank measure lends itself to the needed
comparisons across different HLA molecules and HLA
isotypes. Predicting the affinity measure is a more demand-
ing task, and not all HLA alleles are yet represented at a
level that allows such quantitative predictions. It has further
been suggested that not all MHC molecules present
peptides at the same binding threshold (Rao et al. 2009;
Stranzl et al. 2010). The %rank score removes this bias by
placing binding scores for all MHC molecules on an equal
scale. However, it has also been suggested that immuno-
genic peptide are characterized by an HLA binding affinity
threshold of 500 nM (Assarsson et al. 2007; Sette et al.
1994). As more peptide/HLA binding data becomes
available, it will eventually become possible to use
affinity measurements for more and more HLA mole-
cules when interpreting the results. It is even possible to
estimate how reliable the prediction of affinity is for
each HLA molecule (note that the output of the
HLArestrictor includes this estimate of reliability). When-
ever reliable, it is possible to include an affinity threshold
in the interpretation of the output. For ease of operation,
HLArestrictor includes an Rank OR Affinity setting (the
default) that allows the selection of peptide/HLA combi-
nations that meets either the %rank or the affinity
thresholds. This allows that a predicted HLA restriction
with, e.g., a borderline %rank score, might still be
classified as an epitope due to a strong affinity. Indeed,
this was the case for the two HLA tetramer-validated
epitopes, which the HLArestrictor failed to recognize
when running in the %rank only setting. Both these
peptides were predicted to bind to one of the patient's
HLA alleles stronger than the commonly used affinity
threshold of 500 nM, even though they failed to be
predicted below the 2 %rank threshold. If running the
HLArestrictor in the %rank≤2% OR affinity≤500 nM
threshold setting for the definition of a positive HLA
restriction predictions and applied this setting to the 5,145
IFNγ ELIspot peptide responses, as much as 94.0% of the
responses were predicted with an average of 6.4 predicted
epitope:HLA restrictions per peptide compared to 91.3%
and 5.3 predicted epitope:HLA restrictions per peptide at a
%rank≤2%. This increase in sensitivity at a relative minor
loss in specificity suggests that interpretations of minimal
epitopes and HLA restrictions from the HLArestrictor
predictions should be based on a combined evaluation of
both the %rank and affinity prediction values.

The HLArestrictor is specifically aimed at T cell epitope
discovery in individual subjects. The use of overlapping
peptides has emerged as a very powerful way to scan entire
proteins for the presence of immunogenic epitopes. Con-
ventionally, identifying HLA restriction elements and

minimal epitopes within this approach are done by
presenting peptides on partially HLA-matched B cells and
using more or less systematic peptide truncations, respec-
tively. This requires considerable resources (high-resolution
typing, extensive peptide synthesis, and extensive cellular
testing). HLArestrictor automates the bioinformatic analysis
and avoids any bias inherent to a manual “eye-balling”
analysis and should relieve the experimenter of much
tedious and costly work. Validating all potential 8–11mer
peptides to all the patient HLA types is clearly a highly
costly and inefficient brute force approach. An 18mer
peptide will for instance contain up to 38 distinct 8–11mer
peptides leading to a total of 228 peptide/HLA pairs when
tested against six HLA types of a patient. Furthermore,
HLArestrictor was developed with the rapid identification
and design of peptide/HLA tetramers in mind. These have
emerged as the most direct and efficient method to detect
peptide-specific, HLA-restricted T cells. High-throughput
methods are now available for peptide/HLA tetramer
generation (Leisner et al. 2008; Toebes et al. 2006). It is
therefore entirely feasible to use HLArestrictor as a rational
guide to rapid and large-scale peptide/HLA tetramer
formation for direct T cell epitope discovery.

In conclusion, HLArestrictor (http://www.cbs.dtu.dk/
services/HLArestrictor) is a user-friendly tool for patient-
specific epitope discovery within peptides. The user can
adjust a number of parameters, predictions can be made for
8–11mers, and the different sort modes provide the user
with a flexible overview of the predictions. The large-scale
benchmarking on experimental data of the method makes it
the best validated prediction tool of its kind to date and
proves how the method can be a valuable tool to guide the
rational identification of new epitopes from infectious
diseases and other disease models. The method will be
updated continuously as data becomes available for
improving the underlying peptide/HLA predictors (e.g.,
the representation of binding data for HLA-C molecules is
expected to improve significantly in the near future, thereby
improving HLA-C predictors in particular from an affinity
measurement perspective). Another area of future develop-
ment will be to include HLA class II predictions.
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