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The Journal of Immunology

The Length Distribution of Class I–Restricted T Cell
Epitopes Is Determined by Both Peptide Supply and MHC
Allele–Specific Binding Preference

Thomas Trolle,* Curtis P. McMurtrey,† John Sidney,‡ Wilfried Bardet,† Sean C. Osborn,†

Thomas Kaever,‡ Alessandro Sette,‡ William H. Hildebrand,† Morten Nielsen,*,x and

Bjoern Peters‡

HLA class I–binding predictions are widely used to identify candidate peptide targets of human CD8+ T cell responses. Many such

approaches focus exclusively on a limited range of peptide lengths, typically 9 aa and sometimes 9–10 aa, despite multiple

examples of dominant epitopes of other lengths. In this study, we examined whether epitope predictions can be improved by

incorporating the natural length distribution of HLA class I ligands. We found that, although different HLA alleles have diverse

length-binding preferences, the length profiles of ligands that are naturally presented by these alleles are much more homoge-

neous. We hypothesized that this is due to a defined length profile of peptides available for HLA binding in the endoplasmic

reticulum. Based on this, we created a model of HLA allele–specific ligand length profiles and demonstrate how this model, in

combination with HLA-binding predictions, greatly improves comprehensive identification of CD8+ T cell epitopes. The Journal

of Immunology, 2016, 196: 1480–1487.

T
he identification of HLA class I (HLA-I)–restricted epi-
topes recognized by human T cells has benefited greatly
from the development of reliable binding-prediction tools

for different HLA molecules. For a given HLA molecule and a
given peptide length, several benchmarks showed that binding
predictions correlate well with measured binding affinities (1–4)
and that peptides with high predicted affinity contain the vast
majority of T cell epitopes (5, 6). This has allowed comprehensive
mapping of epitopes in entire pathogens by focusing testing on a
manageable number of top-predicted binders, saving vast amounts
of resources (7–12).
However, it is not clear how peptides of different lengths should

be treated in such prediction-guided approaches. Traditionally,
there has been a focus on 9mer peptides when mapping HLA-I–

restricted T cell epitopes, but peptides of other lengths can bind
HLA-I molecules (13) and elicit immune responses, as evidenced
by multiple dominant epitopes of length 8, 10, and 11 (14–17),
and occasionally much longer peptides, up to length 15 (17–19).
MHC-binding predictions for peptides of noncanonical lengths are
available, but in many cases their predictions are extrapolated
from 9mer data (20) and will predict a roughly similar affinity
range for peptides of any given length. Thus, when considering all
peptides of length 8–15 that have predicted affinities stronger than
a given threshold, the number of peptide candidates would go up
drastically compared with when only 9mers are considered.
The length distribution of T cell epitopes should largely reflect

the length distribution of peptide ligands that are presented to
T cells by MHC molecules. In turn, the MHC ligand length dis-
tribution should reflect at least two factors: theMHC allele–specific
ability to bind peptides of different lengths and the MHC allele–
independent availability of peptides of different lengths for
binding to MHCs, which is shaped by the Ag- processing and
-presentation machinery preceding MHC binding, such as pro-
teasomal cleavage and TAP transport (21). The goal of this study
was to determine the length distribution of MHC class I (MHC-I)–
restricted ligands, to what degree this length distribution is allele
specific, and how this knowledge can be used to optimize MHC-I–
binding predictions for CD8+ T cell epitope mapping.

Materials and Methods
MHC-binding assays

Quantitative in vitro competitive binding assays using purified MHC-I and
an [125I]labeled standard probe peptide were performed using a mAb
capture assay platform, essentially as described previously (22). Briefly,
0.1–1 nM radiolabeled peptide was coincubated at room temperature with
1 mM to 1 nM purified MHC-I in the presence of a mixture of protease
inhibitors and 1 mM human b2-microglobulin (Scripps Laboratories).
Following a 2-d incubation, MHC-I–bound radioactivity was determined
by capturing MHC-I/peptide complexes on W6/32 (anti–HLA-I mAb)–
coated LUMITRAC 600 plates (Greiner Bio-one, Frickenhausen, Germany)
and measuring bound radioactivity using the TopCount (Packard Instrument,
Meriden, CT) microscintillation counter. The concentration of peptide
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yielding 50% inhibition of the binding of the radiolabeled peptide was
calculated. Under the conditions used, where [label] , [MHC] and IC50 $
[MHC], the measured IC50 values were reasonable approximations of the
true KD values (23, 24). Each competitor peptide was tested at six con-
centrations covering a 100,000-fold dose range and in three or more in-
dependent experiments. As a positive control, the unlabeled version of the
radiolabeled probe was also tested in each experiment.

Twenty-seven HLA alleles representative of the most frequent HLA-I
specificities in the human population were considered (14). Their pep-
tide length preferences were determined by testing panels of combinatorial
peptide libraries. Each library contained peptides of a uniform fixed length.
Libraries ranged from 8 to 15 aa residues. Furthermore, each library, for
each length, was defined by a fixed C-terminal residue that was either I, K,
or F. For each HLA allele, the libraries with the C-terminal residue that
gave the highest affinity were chosen to determine the length preference
for that HLA allele, to take into account the different C-terminal–binding
preferences of different alleles. It should be noted that the length-binding
profile for a given HLA molecule is estimated from a series of independent
peptide libraries of different lengths. As a result of variations in library
synthesis and binding assay variability, substantial noise is to be expected
in the measured binding values, leading to some degree of nonmonotonic
behavior of the length-profile curves.

Cell lines and production of HLA complexes for elution studies

HeLa cells were cultured and propagated in DMEM with 10% FCS. HeLa
cells were stably transfected with a soluble form of HLA-A*01:01, HLA-
A*02:01, HLA-A*24:02, HLA-B*07:02, and HLA-B*51:01, as previously
described (25, 26). Soluble HLA (sHLA) constructs were generated with a
truncation at the trans-membrane and cytoplasmic domains with the ad-
dition of a VLDLr purification tag and cloned into pcDNA3.1. HeLa cells
were stably transfected with the sHLA by electroporation, followed by
drug selection and subcloning. sHLA-producing clones were identified
using a capture ELISAwith the pan-class I Ab W6/32 as the capture Ab
and a b2-microglobulin Ab as a detector. sHLA-producing clones were
expanded and seeded into a hollow fiber bioreactor where sHLA-
containing supernatant was collected. sHLA was purified from the super-
natant using affinity chromatography with an anti-VLDLr Ab. Complexes
were eluted from the column in 0.2 M acetic acid and immediately pro-
cessed for isolation of the peptide ligands.

Elution of naturally presented MHC-I ligands

ElutedMHC-I ligand datasets were generated for five commonHLA alleles:
HLA-A*01:01, HLA-A*02:01, HLA-A*24:02, HLA-B*07:02, and HLA-
B*51:01. The elution of the peptide ligands was done, as described in
detail previously (25, 26). Briefly, the peptide ligands were eluted from the
complex with an acid boil, and peptide ligands were separated from the
a- and b-chains with a 3-kDa cut-off filtration using a Millipore 3-kDa
molecular mass limit ultrafiltration membrane (Merck Millipore). A 3-kDa
cutoff corresponds to the cutoff of a peptide ∼ 30 aa. Because we use a
maximum of 15mers in our predictions (or 1.5 kDa, which is half the
molecular mass limit of the filter), we should have little to no bias in the
number of 15mer peptides. However, the filtration efficiency may not be
identical for all peptides between 8 and 15 residues long, and longer
peptides may be underrepresented. Peptide pools were initially separated
into ∼40 fractions using pH10 RP HPLC. Peptide-containing fractions
(fractions 22–60) were analyzed individually with liquid chromatography
mass spectrometry. Nano-scale liquid chromatography was performed with
an Eksigent nano-LC-4000 with an Eksigent autosampler (AB Sciex).
Fractions were loaded on a C18 trap (350 mm [i.d.] 3 0.5 mm long;
ChromXP) and desalted before separated with a gradient elution into a
ChromXP C18 separation column (75 mm [i.d.] 3 15 cm long). Column
media consisted of 3-mm particles with 120-Å pores. The elution mobile
phase consisted of two linear gradients using solvent A (98% water, 2%
acetonitrile, 0.1% formic acid) and solvent B (95% acetonitrile, 5% water,
0.1% formic acid): 10–40% B for 70 min and then 40–80% for 10 min.
Eluate was ionized with a NanoSpray III ion source (AB Sciex), and MS1
and MS2 fragments were obtained in IDA mode using an AB Sciex
TripleTOF 5600 System, as described previously (26).

Peptide sequences were derived from the resulting fragment spectra
using PEAKS 7.0 (Bioinformatics Solutions), with a precursor ion tolerance
of 50 ppm and a product ion tolerance of 0.05 Da. The National Center for
Biotechnology Information nonredundant database with Homo sapiens
taxonomy was used. Posttranslational modifications consisting of
N-terminal acetylation, deamidation of Asn and Gln, oxidation of Met,
His, Trp, sodium adducts of Asp, Glu, C terminus, and the pyroglutamate
derivative of glutamic acid were searched as variable modifications.
Positive-sequence assignments were determined at a 1% false-discovery

rate using the decoy fusion approach (27). Most positive peptide identifi-
cations were within 25 ppm of theoretical mass. Any peptides from the
sHLA construct (HLA a-chain and b2-microglobulin) and a contaminating
protein TERA were removed from the data, because these are likely not
ligands. Peptides resulting from D|P, D|A, and D|T cleavages were also
removed because these are peptides likely created from acid hydrolysis of
larger ligands.

Corrected elution datasets

In addition to the eluted peptide dataset described above, two corrected
datasets were created. The first corrected dataset was obtained by filtering
out ligands that did not conform to the canonical MHC-binding motif of the
given allele to remove likely contaminants. Binding affinities for all eluted
peptides were predicted using NetMHCpan-2.8 (28, 29). In addition to
binding affinities in nM, NetMHCpan returns a percentage rank score for
each peptide, indicating how strong a peptide’s binding affinity is com-
pared with a large pool of naturally occurring peptides. A rank score of
10% means a peptide falls within the top 10% strongest binders among the
pool of naturally occurring peptides. The standard NetMHCpan rank score
is based on predicted binding affinities of 9mer peptides only. In this study
we extend this and calculate the rank score compared with pools of pep-
tides matching the length of the query peptide. This was done to remove
any artificial bias in the rank scores imposed by the use of the extrapolation
model from 9mer data mentioned earlier (20). A rank score of 10% was
used as the threshold for defining a binder. Note that this is a very tolerant
threshold, because earlier studies demonstrated that the vast majority of
known CD8+ epitopes are predicted to bind to the restricting MHC mol-
ecules with a rank score # 2% (5, 30).

The second and final corrected dataset took into account that some
peptides are degraded before mass spectrometry identification, leading to
the recovery of fragments of the original full-length ligand. To identify such
peptide-degradation events, we mapped all predicted nonbinders back to
their source proteins and extended the peptides in silico with up to five
amino acids at either the N or C terminus, up to a maximum of length 15,
while searching for potential predicted binders. If a high-affinity binder,
defined using a rank score threshold of 2%, was discovered in this process, it
was substituted for the nonbinding fragment. We decided to use a more
stringent rank score threshold of 2% in this case, because we were only
interested in including extended peptides that had a very high likelihood of
binding their given HLAs. In contrast, the previous filtering used a 10% rank
score threshold, because there our goal was to exclude only peptides that
had a very low probability of binding their given HLAs. It should be noted
that similar results were obtained using an unfiltered data set, as well as
data sets in which the thresholds for identifying peptide-degradation events
were 1 and 10% (data not shown).

Reconstruction of the peptide-length profile available for
binding to MHC

Assuming that peptides available for binding to MHC (AP) can be ap-
proximated by a Boltzmann distribution, the ratio of the number of peptides
of a given length L bound to MHC, PMHC(L), compared with the number of
peptides bound of length 9, PMHC (9), is determined by the ratio of pep-
tides available for binding of length L, AP(L), and those of length 9, AP
(9), and the difference in binding free energy of these peptides. In our
assay conditions, log(IC50) approximates binding free energy; thus, we can
write:

PMHCðLÞ
PMHCð9Þ ¼ APðLÞ

APð9Þ � e
2b log

�
IC50 ðLÞ
IC50 ð9Þ

�
¼ APðLÞ

APð9Þ �
�
IC50ð9Þ
IC50ðLÞ

�b

where b is a positive unknown parameter, and the IC50 values and bound
length distributions (PMHC) are known based on the affinity measurements
and elution experiments for five HLA alleles. Thus, we can fit b and the
unknown available peptide length distribution by minimizing the squared
distance between measured and calculated PMHC(L)/PMHC(9) values.

Benchmark data

AT cell epitope evaluation dataset was retrieved from the Immune Epitope
Database (IEDB) (31). Because it is of particular importance for our study
that the optimal-length peptide epitope was identified, we restricted ou-
rselves to multimer/tetramer assays. Peptides between the lengths of 8 and
5 aa were included, in which the tetramer used was 1 of the 27 IEDB
reference HLA alleles. Source proteins for each epitope were downloaded
from GenBank using the accession number annotated in the IEDB. A total
of 535 T cell epitopes matching our selection criteria was downloaded.

The Journal of Immunology 1481
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These epitopes were filtered to remove predicted nonbinders using the
same approach as for the elution dataset, reducing the dataset by 42 epi-
topes. Finally, five epitopes were removed from the dataset because they
could not be mapped to their annotated source protein. Because a majority
of the epitopes (59%) in the dataset were HLA-A*02:01 restricted, we
created a balanced dataset: 20 epitopes for each HLA allele were selected
at random. If there were,20 epitopes for an allele, all of the epitopes were
included in the balanced dataset. Binding-affinity predictions were gen-
erated for each T cell epitope, as well as for all overlapping 8–13mers
in the source proteins, using NetMHCpan. Because no 14–15mers were
present in the final datasets, these lengths were excluded from the
benchmark.

In addition to the T cell epitope dataset, three recently published MHC-I
ligand datasets by Granados et al. (32), Marcilla et al. (33), and Thommen
et al. (34) were retrieved from the IEDB (IEDB reference IDs 1027559,
1027269, and 1027076). The datasets were filtered to remove predicted
nonbinders, as previously described, removing 48, 81, and 27 peptides,
respectively. Binding-affinity predictions were generated for overlapping
peptides in the source proteins, as described for the IEDB dataset. Over-
lapping 8–11mers were included in the Granados et al. (32) benchmark,
whereas 8–13mers were included in the Marcilla et al. (33) and Thommen
et al. (34) benchmarks, reflecting the ligand lengths found in each dataset.

Adjusting binding-affinity predictions for length preference

NetMHCpan predictions were adjusted to result in a distribution of pre-
dicted binders that reflect the length profile of ligands for a given HLA
allele. This was achieved by dividing the predicted rank scores for each
peptide of length L by the relative frequency at which peptides of this
length are found bound to the MHC:

Adjusted  peptide  rank  score ¼ peptide  rank  score=ðPMHCðLÞ= PMHCð9ÞÞ

where the ratio (PMHC(L) / PMHC (9)) was estimated in an MHC-specific
manner using the model described above. This meant that 9mer predic-
tions were left unchanged, whereas predictions for all other lengths were
modified depending on the peptide length and MHC restriction. Peptide
lengths that were enriched compared with 9mers received enhanced
length-corrected rank scores, and vice versa for peptide lengths that were
less preferred compared with 9mers for the given MHC. For peptides with
MHC restrictions outside of our panel of 27 HLA-I alleles, an averaged
MHC binding-length preference was used instead. This averaged length
distribution (Supplemental Table I) was determined by calculating the
geometric mean of the 27 HLA-I length preferences. Finally, the corrected
rank scores were transformed back to binding-affinity values using the
underlying percentile affinity distribution for the given allele, which cor-
responds to an effective IC50 value.

Results
MHC binding-length preference

We set out to determine the preferred length of peptides binding
to a panel of 27 human MHC-I alleles making up commonly
expressed molecules in the human population. Affinities of com-
binatorial libraries of peptides with different lengths were deter-
mined and normalized to the affinity of a library of 9mer peptides,
as described in Materials and Methods. The resulting length
preferences are shown in Supplemental Table I, and Fig. 1 depicts
data for five alleles that are representative of the spectrum of ob-
served patterns: HLA-A*02:01, HLA-A*24:02, and HLA-B*07:02
showed the typical preference for 9mer peptides, HLA-A*01:01 had

a preference for 10mers, and HLA-B*51:01 had a preference for
8mers. These data confirm that there are MHC allele–specific dif-
ferences in binding affinity for peptides of different length.

Length distribution of naturally presented MHC ligands

To examine whether allele-specific differences in binding-length
preferences have an impact on the length distribution of natu-
rally processed MHC ligands, we performed peptide-elution
studies on the five alleles for which binding data are shown in
Fig. 1. Elution of peptide ligands from secreted MHCs and ligand
identification by mass spectrometry were performed as described
previously (25, 26) and in Materials and Methods. To remove
contaminants and to control for the effect of peptide degradation,
the dataset was further corrected with the help of binding pre-
dictions. The final datasets (Supplemental Table II) contain an
average of 3197 identified peptides/allele, ranging from 1275 for
HLA-B*51:01 to 4456 for HLA-A*02:01 (Table I). These datasets
were submitted to the IEDB and provide a large publicly available
dataset of naturally presented MHC ligands with well-defined re-
strictions for different alleles gathered with a consistent methodology.
The data can be accessed at http://www.iedb.org/subID/1000685.
Next, we examined the length distribution of the ligands iden-

tified in the elution studies. Fig. 2 shows, for each allele, the
number of ligands identified for a given length normalized by
the number of peptides identified for the HLA at length 9. Raw
peptide counts and 9mer-normalized values are shown in
Supplemental Table II. Strikingly, all of the HLAs presented more

FIGURE 1. Peptide binding-length preference for five common HLA

alleles. The length preference for each HLAwas determined by measuring

the binding affinity of a series of fixed C-terminal combinatorial libraries

of different length. Three series were tested, with I, K, or F at the C-terminal.

The series with the strongest binding affinity was selected to represent the

HLA allele. The selected series is denoted in the parentheses in the inset.

IC50 binding affinities for each length were calculated as geometric means

of three to six experiments. The relative binding affinities plotted were

calculated as IC50(9)/IC50(L), where L is the peptide length. Error bars

indicate SEs of the geometric means.

Table I. Peptides identified in elution studies

Allele
Preferred Peptide

Length for Bindinga
Fixed C-Terminal
Library Selected

No. Eluted Ligands
in Final Dataset

Most Frequent Eluted
Ligand Lengthb

HLA-A*01:01 10 F 2992 9
HLA-A*02:01 9 I 4456 9
HLA-A*24:02 9 F 3949 9
HLA-B*07:02 9 F 3314 9
HLA-B*51:01 8 I 1275 9

aThe preferred peptide length identified from the MHC-I binding length preferences shown in Fig. 1.
bThe preferred peptide length identified from the eluted MHC-I ligand profiles shown in Fig. 2.
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9mers than peptides of any other lengths. This observation in-
cludes HLA-A*01:01 and HLA-B*51:01, which preferred binding
10mers and 8mers over 9mers, respectively. However, compared
with HLA-A*02:01, HLA-A*24:02, and HLA-B*07:02, all of
which prefer the binding of 9mers, HLA-A*01:01 presented the
most 10mer ligands, and HLA-B*51:01 presented the most 8mers.
This suggested that the HLA allele–dependent length preferences
observed in the binding assay impacted the length distribution of
naturally presented ligands in an allele-specific fashion, but that
other factors dampened the allele-specific effects and led to a
predominant presentation of 9mer peptides.

Length profiles of peptides available for MHC binding

We wanted to test the hypothesis that the discrepancy between
allele-specific peptide length–binding preferences and naturally
presented ligand repertoires was due to a fixed-length distribution
of peptides available for binding to MHCs. To do this, we con-
structed a simple mathematical model that assumed that the
available peptide-length distribution was the same for each MHC
allele and that the observed eluted MHC ligand–length profiles
(Fig. 2) were the result of this available peptide-length profile, in
conjunction with the MHC-I binding–length preferences of each
allele. Based on this, we calculated the available peptide-length
profile (Fig. 3, Table II). By far, the most frequent peptide length
available for binding based on this model was 9, which was ex-
pected given that this peptide length dominated in the eluted
ligand profile for all alleles, even for HLA-A*01:01 and HLA-
B*51:01, which preferred to bind peptides of different lengths.
To evaluate whether the available peptide-length profile that we

calculated based on data from five alleles was robust, a leave-one-
out experiment was carried out. Iteratively, each HLA allele was
excluded from the training data, an available peptide-length profile
was calculated using the remaining alleles, and the measured and
predicted eluted peptide-length profiles for the excluded HLA
alleles were compared. Comparisons of the predicted and measured
MHC ligand–length profiles are shown in Fig. 4. For all alleles,
there was an excellent fit of predicted and measured profiles
(average root-mean-square deviation = 0.057 6 0.021). This
demonstrates that we are able to estimate one common available
peptide-length profile, which, when combined with allele-specific
binding preferences, is able to explain the differences between our
five naturally processed MHC ligand–length profiles.

Benchmarking length profile–adjusted MHC-binding
predictions

Next, we tested whether our modeled peptide-length distributions
of naturally presented peptides could be used to improve the
prediction of T cell epitopes and naturally processed MHC-I li-
gands. Rather than predicting candidate peptides based on binding
affinity alone, we added a correction factor, resulting in a length-
adjusted binding prediction for each peptide (see Materials and
Methods). As shown in Supplemental Fig. 1, choosing peptides
based on length-adjusted predictions resulted in a length distri-
bution of peptides that mimicked that of naturally eluted ligands.
We evaluated the performance of the length-adjusted binding-

affinity predictions on one T cell epitope dataset and three
MHC-I ligand datasets. The T cell epitope dataset was retrieved by
querying the IEDB for peptides that were recognized by human
T cells in tetramer-staining assays, which we considered most
reliable to identify exact epitopes. This dataset was further bal-
anced to not overrepresent commonly studied alleles, such as HLA-
A*02:01. The resulting dataset contained 185 epitopes, ranging in
length from 8 to 13 residues (Supplemental Table III). These
epitopes were considered positives, whereas all other 8–13mers
from the same proteins were considered negatives. Peptides were
pooled and sorted by predicted binding affinity (from strongest
to weakest). This sorted peptide list was then used to determine
the number of epitopes identified versus the number of peptides
tested. Plots were created using three approaches for predicting
T cell epitopes: pure MHC-binding predictions considering pep-
tides of length 8–13 equally, MHC-binding predictions for 9mer
peptides only, and the newly developed length-adjusted MHC-
binding predictions. Our goal was to compare our novel length-
correction approach with two other prediction strategies that are
currently used: predicting epitopes of multiple lengths and treating
each length equally and predicting epitopes for a single, optimal
length. We opted to use 9 as the optimal length for all alleles
because, for each allele in our study, this was the most common
ligand length found. From the plots (Fig. 5, top left panel), it was
apparent that the first approach of considering all peptide lengths
equally had the worst performance, as, for example, approxi-
mately twice the number of peptides had to be considered to
identify 60% of the epitopes in the benchmark. The other two
approaches had very similar performances when considering the
top 0.5% of peptides. However when the goal is to identify $80%

FIGURE 2. Length profiles of naturally presented peptides for five HLA

molecules. Large datasets of HLA-I ligands were determined by the elu-

tion of ligands from secreted HLAs, followed by mass spectrometry

identification of the peptide sequences. The number of ligands of each

length was totaled from these ligand datasets. The y-axis indicates the

number of ligands identified for a given length normalized by the number

of peptides identified for the HLA at length 9.

FIGURE 3. Model fit of the available peptide-length profile. The

available peptide-length profile was fitted using MHC ligand–length

profiles and HLA binding–length preferences for HLA-A*01:01,

HLA-A*02:01, HLA-A*24:02, HLA-B*07:02, and HLA-B*51:01, as

described in Materials and Methods. The optimal value for b asso-

ciated with the fit was 0.30.
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of the epitopes, the length-corrected approach is far superior to the
9mer-only prediction approach, which, by definition, misses epi-
topes of other lengths. Most importantly, this ability to compre-
hensively identify epitopes of all lengths comes with no significant
additional cost, in contrast to the naive approach of considering all
peptide lengths equally.
Next, we queried the IEDB for large-scale MHC-I ligand–elution

datasets identified by different groups for which restrictions were
determined and that represented peptides of different length.
Three datasets were selected: the “Granados MHC-I ligands”
(4433 ligands, lengths 8–11) (32), the “Marcilla MHC-I ligands”
(2235 ligands, lengths 8–13), (33) and the “Thommen MHC-I
ligands” (1041 ligands, lengths 8–13) (34). Note, that all ligand
counts are after filtering for predicted nonbinders. Eluted MHC
ligands were considered positives, and all other peptides from the
same proteins were considered negatives. The results of these

three benchmarks (Fig. 5, upper right and lower panels) were very
similar to the IEDB dataset benchmark. Considering peptides of
all lengths equally was the worst approach, whereas the 9mer-only
approach and the weighted length approach performed equally
well when the goal was to discover a subset of the eluted ligands
(,50–60%). However, when the goal was to comprehensively
predict eluted ligands (.60%), the length-weighted approach was
far superior to the other two. Thus, the length-adjusted prediction
approach developed in this study performed as well or better than
the two other approaches in three independent benchmarks, and it
was the most efficient approach for the comprehensive discovery
of both epitopes and eluted ligands.

Discussion
MHC-binding predictions have facilitated T cell epitope discovery
by narrowing the search space to a manageable number of likely
peptide candidates. Compared with approaches that do not use
predictions, such as screening overlapping peptides, a downside of
the prediction approach was that peptides of noncanonical lengths
were missed (35). Naively, one could simply extend binding
predictions to peptides of any length and rank all peptides based
on their predicted affinity. But, as demonstrated in our study, al-
though peptides of noncanonical lengths might have similar or
even better predicted binding affinities than the canonical 9mer
peptides, they end up being underrepresented among the naturally
presented ligands eluted from MHC molecules and, consequently,
are recognized less frequently by T cells. In this study, we
explained these similarities between the length profiles of natu-
rally presented peptides by fitting a common, underlying peptide-
length distribution. This common length distribution, which we

Table II. Fitted AP–length profile

Length APa

8 0.207
9 1.000
10 0.422
11 0.366
12 0.244
13 0.179
14 0.094
15 0.065

aFitted AP–length profile using data from the five HLA alleles: HLA-A*01:01,
HLA-A*02:01, HLA-A*24:02, HLA-B*07:02, and HLA-B*51:01. The b value as-
sociated with this profile was 0.3.

FIGURE 4. Predicted versus measured ligand-length profiles for five HLA molecules. A leave-one-out training was carried out by removing an HLA

from the training dataset and then fitting the available peptide-length profile with the remaining four HLAs. The resulting available peptide-length profile

was used in conjunction with the removed HLA’s binding-length preference (Fig. 1) to predict the removed HLA’s ligand–length profile. This predicted

length profile was compared with the measured ligand-length profile of the removed HLA. As an example, in the HLA-A*01:01 plot, HLA-A*01:01 data

were not used to fit an available peptide length profile (data not shown). This available peptide-length profile was then combined with the HLA-A*01:01

binding-length preference to determine the predicted ligand-length profile (blue line). This profile was compared with the measured HLA-A*01:01 ligand-

length profile (red line).
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call the “available peptide-length profile,” could be combined with
allele-specific binding-length preferences to yield allele-specific
MHC ligand–length profiles. However, at this point, we can
only speculate with regard to the major factors behind the avail-
able peptide-length profile, as well as their relative contributions.
The available peptide-length profile (Fig. 3) suggests that 9mer

peptides are the most common peptides available for MHC
binding, with 8mers, 10mers, and longer peptides being far less
frequent. We hypothesize that this is due to a combination of three
Ag-processing mechanisms: peptide cleavage by the proteasome,
transport into the endoplasmic reticulum (ER) by TAP, and pep-
tide trimming by ERAP. Peptide fragments generated by the
proteasome are generally 4–7 aa long, with the frequency of
fragments longer than that decreasing as length increases (36–38).
We see a similar decrease in the available peptide-length profile
from length 10 and upward, which could be attributed to the
proteasome. TAP was shown to preferentially transport peptides
9–16 aa long (39, 40), which would explain the low frequency of
8mers in the available peptide-length profile. Finally, peptides in
the ER are trimmed by ERAP down to a minimum length of 9 aa
(41), explaining the 9mer peak in the available peptide-length
profile. Thus, although we did not experimentally verify the
available peptide-length profile, our fitted profile is consistent with
previous knowledge of Ag processing.

Although it is generally accepted that MHC-I molecules bind
peptides with lengths 8–11, longer peptide binders were observed
previously. These long peptide ligands can bind in a variety of
configurations. Structural studies show that the majority of long
ligands bind using the P2 and C-terminal amino acids, with a
central bulge to accommodate the increased length of the peptide
(42, 43). Thus far, this appears to be the primary mechanism by
which long MHC-I ligands are bound. A second method for
binding was suggested in the literature: a portion of the peptide
binds in the groove with a C-terminal or N-terminal extension (44,
45). Indeed, there is a single structure of a peptide binding in
an extended configuration (46). Although there are examples of
peptide ligands binding with a C-terminal extension, it is unknown
how frequently this occurs. In our eluted-ligand dataset, there is
some evidence of C-terminal–extended peptides. However, in this
study, we separated these putative extended ligands from the ca-
nonical binding peptides; the extended ligands will be investigated
in detail in future studies.
We developed a simple, yet effective, approach to adjust the

predicted binding affinity of a peptide based on its length and the
corresponding availability for peptide binding to MHC. We show
that this is much more effective for identifying epitopes compared
with considering peptides of all lengths equally at any threshold.
Also, our novel approach compares favorably with the approach of

FIGURE 5. Benchmarks of T cell epitope and MHC-I ligand predictions. For each benchmark dataset, source proteins for each of the epitopes/ligands

were downloaded and split into overlapping peptides of various lengths. The lengths of the overlapping peptides were determined by the lengths of the

epitopes/ligands in the benchmark datasets; 8–13mer overlapping peptides for the IEDB, Marcilla, and Thommen datasets, and 8–11mers for the Granados

dataset. For each dataset, three sorted peptide lists were created using the following approaches: predict affinities for all overlapping peptides and rank them

based on their predicted IC50 value without taking length into account, predict affinities for all 9mer peptides and rank them based on their predicted IC50

values (peptides of other lengths are considered noncandidates), and predict length-corrected binding affinities for all overlapping peptides using the novel

method described in this article and rank the peptides based on length-corrected predictions. The plots show the number of epitopes/ligand identified by

each approach as a function of the number of peptides tested, had the peptides been selected using the sorted lists described above.
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considering only 9mer peptides when the goal is to comprehen-
sively identify epitopes. Although, in our benchmark of tetramer-
mapped epitopes, this effect was most pronounced when the goal
was to identify .80% of all epitopes, it was already apparent
when considering .50% of all ligands. Given that the tetramer-
mapping dataset is biased because researchers preferably make
9mer peptide-based tetramers, we expect that the estimate based
on the elution datasets is more accurate. Thus, we suggest that the
length-based weighting of MHC binding predictions introduced in
this article should be applied to any study aimed at comprehen-
sively identifying MHC-I–restricted epitopes.
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