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(Bacl(ground: The impact of long epitopes on T-cell immunity remains unclear.
Results: We identified and characterized 15-mer epitopes restricted to HLA-A*02:01.
Conclusion: HLA-A*02:01, in addition to the HLA-B family, can bind long epitopes that represent new antigenic targets for

Significance: The characterization of 15-mer epitopes restricted to HLA-A*02:01 expands our knowledge of the
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Human leukocyte antigen (HLA) class I molecules generally
present peptides (p) of 8 to 11 amino acids (aa) in length.
Although an increasing number of examples with lengthy (>11
aa) peptides, presented mostly by HLA-B alleles, have been
reported. Here we characterize HLA-A*02:01 restricted, in
addition to the HLA-B*0702 and HLA-B*4402 restricted,
lengthy peptides (>11 aa) arising from the B-cell ligandome. We
analyzed a number of 15-mer peptides presented by HLA-A*02:
01, and confirmed pHLA-I formation by HLA folding and ther-
mal stability assays. Surprisingly the binding affinity and stabil-
ity of the 15-mer epitopes in complex with HLA-A*02:01 were
comparable with the values observed for canonical length (8 to
11 aa) HLA-A*02:01-restricted peptides. We solved the struc-
tures of two 15-mer epitopes in complex with HLA-A*02:01,
within which the peptides adopted distinct super-bulged con-
formations. Moreover, we demonstrate that T-cells can recog-
nize the 15-mer peptides in the context of HLA-A*02:01, indi-
cating that these 15-mer peptides represent immunogenic
ligands. Collectively, our data expand our understanding of lon-
ger epitopes in the context of HLA-I, highlighting that they are
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not limited to the HLA-B family, but can bind the ubiquitous
HLA-A*02:01 molecule, and play an important role in T-cell
immunity.

Human leukocyte antigen (HLA)® class I molecules are
expressed on the surface of all nucleated cells presenting pep-
tides for CD8" T-cell recognition. The peptides presented in
HLA class I molecules are protein fragments of intracellular
origin, which are degraded by an array of proteases, the most
prominent of which is the proteasome. The protein fragments
are truncated to smaller peptides and translocated into the
endoplasmic reticulum (ER). In the ER, the peptide-HLA class I
molecule (pHLA) is assembled from a peptide, a polymorphic
heavy chain, and the monomorphic light chain called 2-mi-
croglobulin (B,m). Both B,m and the peptide are required for
the stability of the HLA class I molecule. A peptide with ade-
quate binding motif residues will bind into the peptide-binding
groove of the HLA class I molecule, allowing the assembled
molecule to leave the ER and be transported via the Golgi com-
plex to the cell surface to display the peptides to CD8" T-cells
(1).

It has long been reported that HLA class I molecules can
accommodate 8 —11-mer peptides, typically 9-mers (1-3). Over
the last few years, different groups have reported the binding of
12-mer, 13-mer, 14-mer, and even a 16-mer peptides to HLA
class I molecules (4-13). Crystallographic and biophysical
studies showed the binding of a 13-mer viral epitope to the
HLA-B*3508 molecule and T-cell recognition of the bulged
peptide (12, 14-16). The synthetic elongation of previously
defined T-cell epitopes by central amino acid insertion revealed

® The abbreviations used are: HLA, human leukocyte antigen; pHLA, peptide-
human leukocyte antigen; aa, amino acid; B-LCL, B lymphoblastic cell line;
ER, endoplasmic reticulum; PE, phycoerythrin; 8,m, B2-microglobulin; SA,
streptavidin.
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binding of 8 —25-mer peptides to HLA-B*3508, although cen-
tral amino acid insertion was not generally tolerated well for all
peptides (17).

Because some longer peptides are recognized by T-cells, such
peptides may play an important role in T-cell-mediated thera-
pies for cancer, and in vaccine design. So far, a rather limited
number of naturally processed and presented longer peptides
have been reported, and notably the majorities involve HLA-B
alleles. Generally, previous reports on longer peptides have
focused on a single or a few isolated peptides. A more general
view on the contribution of longer peptides to the HLA-ligan-
dome, in-depth analysis is required. One of our previous studies
(8) provided an in-depth analysis, and allowed the selection of
longer peptides for follow-up studies. Therefore, in the present
study, we report on these longer peptides, i.e. 14-23-mers,
binding to the HLA-B family members, namely HLA-B*4402
and HLA-B*0702, and more surprisingly to the HLA-A family
molecule, HLA-A*02:01. Our analysis was focused on the com-
mon HLA-A*02:01 allele and its ability to bind 15-amino acid
long epitopes. After elution and sequencing of the 15-mer pep-
tides, bound to HLA class I molecules, we analyzed the pHLA-
A*02:01 stability. We compare the binding affinity and stability
of 15-mer‘HLA-A*02:01 complexes with the canonical length
9- and 10-mer peptides bound to the same HLA molecule. We
subsequently solved the structures of two distinct 15-mer
epitopes in complex with the HLA-A*02:01 molecule, and show
that they exhibited contrasting conformations of their central
bulged region. Finally we formally establish that HLA-A*02:01
loaded with 15-mer peptides are antigenic targets for the
T-cells, using tetramers loaded with the 15-mer epitopes to
isolate reactive T-cells.

EXPERIMENTAL PROCEDURES

Cellular Sample Preparation—Sample preparation was as
described in Ref. 8. Briefly, Epstein-Barr virus (EBV)-trans-
formed B lymphoblastic cell lines (EBV-LCL) LCL-HHC (typ-
ing: HLA-A*02:01, B*0702, B*4402, Cw*0501, and Cw*0702)
and LCL-JYpp65 (typing: HLA-A*02:01, B*0702, and Cw*0702)
were expanded in roller bottles, using Iscove’s modified Dul-
becco’s medium, supplemented with 10% heat-inactivated fetal
bovine serum (FBS), penicillin/streptomycin, and L-glutamine,
were collected, washed with ice-cold PBS, and stored at —80 °C
until use. Antibodies were produced, purified, and stored as
described in Ref. 8.

Isolation of HLA Class I-presented Peptides—Pellets of LCL-
JYpp65 and LCL-HHC cell lines were lysed in 50 mm Tris-HCl,
150 mm NaCl, 5 mm EDTA, and 0.5% Nonidet-P40 (pH 8.0) and
supplemented with Complete protease inhibitors (Roche
Applied Science). The total concentration of cells in the lysis
buffer was 0.1 X 10” cells/ml. After a 2-h incubation with tum-
bling of the cells in the lysis buffer at 4 °C, the preparation was
centrifuged at 4 °C for 10 min at 2070 X g. The supernatant was
transferred to a new tube and centrifuged at 4 °C for 35 min at
19,000 X g. The supernatant was pre-cleared with CL4B beads
and subjected to the W6/32 immunoaffinity column with a flow
rate of 2 ml/min. After washing, bound peptide-HLA class I
complexes were eluted from the column, and dissociated, with
10% acetic acid. Peptides were separated from the HLA class I
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molecules by passage through a 10-kDa membrane (Pall mac-
rosep centrifuge devices), and further purified by solid phase
extraction (C18 Oasis, 100-ul bed volume, Waters), freeze
dried, and resuspended in 95/3/0.1, water/ACN/FA (v/v/v).

Peptide Separation—The pools of peptides eluted form the
two EBV-LCL lines were divided in three (LCL-JYpp65) or two
portions (LCL-HHC). The LCL-JYpp65 pools were separated
by peptide IEF, SCX, and C18 chromatography and the LCL-
HHC pools were separated by peptide IEF and SCX chromatog-
raphy, as described in Ref. 8 to achieve a high number of iden-
tified peptides. The fractions obtained from the three off line
separation techniques were further fractionated and analyzed
by nano-LC-MS/MS.

Mass Spectrometry Data Analysis—The tandem mass spec-
tra were matched against the International Protein Index (IPI)
human database version 3.87, using the Mascot search engine
version 2.2.04 (Matrix Science, London, UK)), with a precursor
mass tolerance of 2 ppm, with methionine oxidation as a vari-
able modification, and a product ion tolerance of 0.5 Da. Scaf-
fold software version 3 (Proteome software) was subsequently
used to process the Mascot output files and generate spectrum
reports. Duplicates were removed, and peptides longer than 11
amino acids with a Mascot ion score =35 were selected (sup-
plemental Table S1). The selection of a Mascot ion score >35
has been thoroughly discussed in Hassan ez al. (8).

Peptide Synthesis—Peptides were synthesized using standard
fluorenylmethoxycarbonyl chemistry using a Syroll peptide
synthesizer (MultiSynTech, Witten, Germany) (Table 1). The
integrity of the peptides was checked using RP-HPLC and MS.
The purity of the peptides was higher than 95%.

Refolding of pHLA Monomers—Recombinant HLA-A*02:01
heavy chain and human B,m light chain were in-house pro-
duced in Escherichia coli. The refolding was performed by add-
ing 1.8 mg of HLA-A*02:01 heavy chain solubilized in 8 M urea,
1.2 mg of B,m dialyzed to PBS and 2 mg of peptide dissolved in
dimethyl sulfoxide, to 50 ml of cold refolding buffer (400 mm
L-arginine HCI, 100 mm Tris-HCl, pH 8, 5 mm reduced gluta-
thione, 0.5 mm oxidized glutatione-Na, 2 mm EDTA, 5% glyc-
erol, Complete protease inhibitors (Roche Applied Science)),
and vigorously mixed after each step. The mixture was incu-
bated for 72 h at 10 °C. The refolded protein mixture was con-
centrated to a volume of 0.5 ml with an Amicon concentrator
(membrane cutoff, 30 kDa), then purified by gel filtration using
fast protein liquid chromatography on a Superdex 75 column
(Amersham Biosciences) and PBS as eluent. Complexes were
stored at —80 °C. The efficiency of the refolding (recovery) is
determined by protein concentration measurement of the
formed pHLA by the Bradford protein assay.

Preparation of pHLA Tetramers—Biotinylated pHLA
complexes containing FLNKDLEVDGHFVTM (FLNKD) or
ALQDAGDSSRKEYFI (ALQDA) peptides bound to HLA-
A*02:01 (RAB9A i HLA-A®02:01 or GYPC,, pa:HLA-
A*02:01, respectively) were conjugated to streptavidin-coupled
phycoerythrin (SA-PE, Invitrogen) or allophycocyanin (SA-APC,
Invitrogen) to form pHLA-tetramers. Thereto, RAB9A; \p"HLA-
A*02:01 and GYPC,; opa"HLA-A*02:01 complexes were incu-
bated with SA-PE or SA-APC at empirically determined ratios
of 12:1 and 10:1, respectively, based on biotinylation efficiency.
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Concentration of pHLA-tetramers was adjusted to 0.2 pg/ul
with PBS. pHLA-tetramers were stored at 4 °C.

Isolation of Peptide-specific T-cell Clones—After having
obtained informed consent, peripheral blood mononuclear
cells of HLA-A*02:01-negative healthy individuals were iso-
lated by Ficoll density gradient. To isolate RAB9A or GYPC-
reactive T-cells by enrichment with pHLA-tetramers, a previ-
ously described protocol was used with minor modifications
(18). Peripheral blood mononuclear cells were incubated with
PE-labeled RABIA,, - HLA-A%02:01 and GYPC,opa:
HLA-A*02:01-tetramers for 1 h at 4°C. Cells were washed
twice and incubated with anti-PE magnetic microbeads (Milte-
nyi Biotec, Bergisch Gladbach, Germany). PE-labeled cells were
enriched via magnetic-associated cell sorting on a LS column
(Miltenyi Biotec) according to the manufacturer’s instructions
(Miltenyi Biotec). Subsequently, positive fractions were incu-
bated with an antibody against CD8 (Invitrogen) in combina-
tion with antibodies against CD4, CD14, and CD19 (BD
Pharmingen) for 15 min at 4 °C. Cells were washed twice.
pHLA-binding CD8" T-cells were single-cell sorted on a
FACSAria (BD Bioscience) into 96-well round-bottom culture
plates containing 50,000 irradiated (35 gray) autologous
peripheral blood mononuclear cells in 100 wl of culture
medium composed of Iscove’s modified Dulbecco’s medium
(Lonza, Basel, Switzerland) supplemented with 100 IU/ml of
IL-2 (Proleukine; Novartis Pharma, Arnhem, The Nether-
lands), 5% FBS (Invitrogen), 5% human serum, and 0.8 pug/ml of
phytohemagglutinin (Remel, Lenexa, KS).

FACS Analysis of Isolated T-cell Clones—20,000 T-cells of a
particular clone were stained with 10 ul of pHLA-tetramers in a
final concentration of 2 pug/ml/pHLA-tetramer for 15 min at
37 °C. Cells were washed once and analyzed on a LSRII (BD
Biosciences) using Diva software (BD Biosciences).

Functional Analysis of T-cell Clones—2,000 T-cells of a par-
ticular clone were co-incubated with 30.000 T2 cells or EBV-
transformed B lymphoblastic cell lines (B-LCLs). T2 cells were
loaded with different concentrations of peptide for 30 min at
37 °C prior to co-incubation with T-cell clones. Following 18 h
of co-culture, the supernatant was harvested and GM-CSF
secretion was assessed using standard enzyme-linked immu-
nosorbent assay (ELISA, R&D Systems) following the manu-
facturer’s instructions.

HLA Competition Refolding Assay—The competition refold-
ing assay has been developed previously (19). Briefly, this assay
employs unfolded recombinant HLA-A*02:01 heavy chain in
combination with folded B,m and the fluorescent standard
peptide (FLPSDCLFPSV, a modified HBV epitope, available
from the authors), and relies on protein folding during the
assay. The peptide of interest competes with the labeled stan-
dard peptide for binding. After 24 h of incubation, protein com-
plexes and free peptide are separated by size-exclusion chroma-
tography, during which the fluorescence of protein and peptide
fractions are monitored. Following peak integration of the
fluorescent signals, the ratio of label in the protein and pep-
tide fraction is calculated. The affinities of the peptides are
expressed as IC,,, the peptide concentration at which binding
of the standard peptide is reduced to 50% (Table 1). In this assay
we used three epitopes with high binding affinity to the
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HLA-A*02:01 molecules (LB-NiSCH-1A (ALAPAPAEV),
CMV-pp65-NLV (NLVPMVATV), and MARTI1-M-ELA
(ELAGIGILTYV)). We used MART1-WT-AAG (AAGIGILTV)
as a low affinity binder to the HLA-A*02:01 molecule (18).

Thermal Stability Assay—To assess the stability of each pep-
tide in complex with the pHLA-A*02:01, a thermal shift assay
was performed. The fluorescent dye Sypro Orange was used to
monitor the protein unfolding. The thermal stability assay was
performed in the Real Time Detection system (Corbett
RotorGene 3000), originally designed for PCR. Each pHLA-
A*02:01 complex in 10 mm Tris-HCI (pH 8), 150 mm NaCl, at
two concentrations (5 and 10 um) in duplicate, was heated from
25 to 95 °C with a heating rate of 1 °C/min. The fluorescence
intensity was measured with excitation at 530 nm and emis-
sion at 555 nm. The T, or thermal melting point, represents
the temperature required to unfold 50% of the protein (20)
(Table 2).

Crystallization, Data Collection, and Structure Determina-
tion—Crystals of the HLA-A*02:01-FLNKD and HLA-A*02:
01-ALQDA complexes were grown by the hanging drop, vapor
diffusion method at 20 °C with a protein/reservoir drop ratio of
1:1, at a concentration of 10 mg/ml of protein using 18 -22%
PEG 3350, 0.1 M HEPES, pH 7.5, and 0.1 m MgCl,. Crystals were
soaked in a cryoprotectant solution containing mother liquor
solution with the PEG concentration increase to 35% (w/v) and
then flash frozen in liquid nitrogen. The data were collected on
the MX1 beamline at the Australian Synchrotron (Clayton)
using an ADSC-Quantum 210 CCD detector (at 100 K), pro-
cessed using the XDS software (21) and scaled using SCALA
software (22) from the CCP4 suite (23). The structures were
determined by molecular replacement using the PHASER (24)
program with the HLA-A*02:01 minus the peptide as the search
model for the MHC (Protein Data Bank code 3GSO (25)). Man-
ual model building was conducted using Coot software (26)
followed by maximum-likelihood refinement with the PHENIX
program (27). The final models have been validated using the
Protein Data Base validation web site and the final refinement
statistics are summarized in Table 3. Coordinates were submit-
ted to the PDB database, HLA-A*02:01-FLNKD (code 4U6X)
and HLA-A*02:01-ALQDA (code 4U6Y). All molecular graph-
ics representations were created using PyMol (28). The inter-
actions between the peptides and the HLA have been calculated
using CONTACT in the CCP4 software suite (23).

RESULTS

Non-canonical Peptides Presented in HLA Class I Mole-
cules—The list of eluted peptides from the two EBV-LCLs com-
prised 15,882 peptides, based on a length of 8 —23 amino acids
and a Mascot ion score >35. The list contained 1,568 peptides
of 12-23 amino acids in length, of which 1,145 were 12—14-
mers and 423 peptides are longer than 14 amino acids (supple-
mental Table S1 and Fig. 1).

The 8 —11-mer peptides have been reported by Hassan et al.
(8) (Fig. 1A), and so we concentrated our study on the peptides
of non-canonical length (>11 aa). It is important to note that in
large scale proteomics experiments a certain false discovery
rate is acceptable. For HLA-presented peptides 5% is accepted
as the false discovery rate (8, 29). Therefore, it cannot be
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FIGURE 1. Peptide length distribution of the HLA-ligandome and binding affinity. Distribution of all peptides eluted from two EBV-LCL cell lines (A),and a
focus on 15-23-mer peptides (B). A substantial percentage of HLA-ligands are longer than of canonical 8-11-mers. Binding affinity was as determined inan HLA

competition refolding assay (C), and an HLA refolding efficiency assay (D).

excluded that a few peptides might have been incorrectly
assigned, but the large majority will have been correctly
assigned. In addition, we performed our immunopurification
experiments with a pan class I-antibody, w6/32, which might
complicate assignment of peptides to a particular allele. How-
ever, in this study the A alleles and B alleles have clearly distinct
motifs. The known HLA C allele present in our cells, as known
from the SYFPEITHI database, do not fulfill our A and B motifs.

To estimate the number of potentially relevant non-canoni-
cal binders to the HLA molecules we used NetMHC, and ini-
tially used a simple definition of binders by definition of the P2
anchor: HLA-A*02:01 (P2, LMV), HLA-B*0702 (P2, P), HLA-
B*4402 (P2, E). 922 of the 1,145 12—14-mers (81%) fulfilled this
P2 anchor criterion, which compares well with the 75% of bind-
ers as found using NetMHC (with a score <1,000 nm).

Of the listed 15-23-mer peptides 214 of 423 (51%) fulfilled
the P2 anchor criterion (Fig. 1B). Because NetMHC does not
allow calculation of binding affinities beyond 14-mers, we
defined potential binders more stringently, based on the follow-
ing mandatory anchor residues, including the PQ) position:
HLA-A*02:01 (P2, LMV; and PQ), LMIVA), HLA-B*0702 (P2,
Pro and P(), Leu), and HLA-B*4402 (P2, Glu; and P{), FY). This
additional constraint resulted in the selection of 77 peptides

2596 JOURNAL OF BIOLOGICAL CHEMISTRY

with a length of 15-23 amino acids (supplemental Table S2).
Surprisingly, our result indicated that whereas previous studies
on longer epitopes were based on HLA-B molecules, it was evi-
dent from the elution assay and mass spectrometry analysis that
HLA-A molecules, including HLA-A*02:01, also have the abil-
ity to bind longer epitopes (Fig. 1B).

Competition Refolding Assay—From the 10 15-mer peptides
found fulfilling the P2 and P() criteria for HLA-A*02:01, eight
with P2 = Leu were synthesized for further characterization
(Table 1). To show the binding efficacy of these naturally pro-
cessed 15-mer peptides, we performed refolding and competi-
tion assays (Table 1) (19). The two assays are complementary.
The competition refolding assay shows the ability of the peptide
to bind. The refolding assay shows the efficiency of formation
(i.e. the yield of the HLA-monomer folding process). The yield
is an additional important parameter for pHLA stability and a
predictor of efficient tetramer formation. Several other peptides
with known binding affinities were included in the assay to evaluate
the relative binding affinity of the 15-mer peptides. LB-NISCH-
1A (ALAPAPAEV), MART1-M-ELA (ELAGIGILTV), and CMV-
pp65-NLV (NLVPMVATYV) peptides are known high affinity
binders to the HLA-A*02:01 molecule, and were included as con-
trol (18). The MART1-WT-AAG (AAGIGILTV) epitope was
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TABLE 1
HLA-A*02:01 specific peptides
Amino acid
Gene name Protein name Peptide sequence length BMI” IC,,”
nm
GYPC Isoform Glycophorin-C of Glycophorin-C ALQDAGDSSRKEYFI 15 40 414
GNB3 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit -3 ALWDIETGQQKTVFV 15 39 15
RAB9A Ras-related protein Rab-9A FLNKDLEVDGHFVTM 15 76 83
NUDCD2 NudC domain-containing protein 2 KLFDSTIADEGTWTL 15 75 10
NFKB1 Isoform 2 of nuclear factor NF-«B p105 subunit KLLEIPDPDKNWATL 15 36 24
ZNF828 Zinc finger protein 828 KLMEALEPPLEEQQT 15 55 1366
EEF2 Elongation factor 2 LLYEGPPDDEAAMGI 15 92 55
ARPC3 Actin-related protein 2/3 complex subunit 3 SLMDPDTKLIGNM*AL® 15 57 51
LB-SSR1-1S Signal sequence receptor subunit « VLFRGGPRGSLAVA 14 29 78
LB-NiSCH-1A Imidazoline receptor antisera-selected protein2 ALAPAPAEV 9 42 52
CMV PP65 NLVPMVATV 9 28 45
MARTI1-M-ELA Melanoma antigen modified analogue ELAGIGILTV 10 NA“ 46
MART1-WT-AAG Melanoma antigen wild type AAGIGILTV 9 NA 6955

“ BMI, best Mascot ion score.

?1C,, and binding affinity of peptides.
¢ Oxidized methionine residue.

NA, not applicable.

included as a low affinity binder to the HLA-A*02:01 molecule.
In the competition assay the fluorescein (F1)-labeled reference
peptide (FLPSDCLFPSV), known to bind efficiently to the
HLA-A*02:01 molecule, and the peptide of interest compete for
binding in the HLA class I groove during folding. The affinities
of the peptides are expressed as IC,, (Table 1). The calculated
percentage of bound fluorescent reference peptide after com-
petition with the 15-mer peptides, and the high and low affin-
ity reference peptides are listed in Table 1, and are plotted in
Fig. 1C.

The results showed that all eight synthesized 15-mer pep-
tides, fulfilling the HLA A*0201 motif, have an IC;, between 10
and 1366 nM, most of which are in the high binding affinity
range (19). For comparison, the low binding affinity peptide
MART1-WT-AAG (AAGIGILTV) has a higher IC, of ~7,000
nM, whereas the high binding affinity peptide pp65-NLV has an
IC,, of 45 nm. These results illustrate that the 15-mer peptides
bind to the HLA-A*02:01 molecule with similar affinity as
8 —11-mer peptides, and some even with higher affinity such as
the KLFDS (IC,, of 10 nm, Table 1). In summary the 15-mer
epitopes exhibited affinities comparable with that of 9-10-
mers bound to HLA-A*02:01, showing that the length was not
an obstacle for peptides to bind the common HLA-A*02:01
allele.

PHLA Complexes Refolding Efficiency Assay—W'e next applied
an HLA refolding efficiency assay to assess the binding of
15-mer peptides to HLA-A*02:01 by measurement of the yield
of formation of pHLA. This assay determined the capacity of
the peptides to support stable refolding of the heavy chain and
B,m recombinant subunits of the HLA-A*02:01 complex. The
yield of folded pHLA-A*02:01 was determined for the classical
length (9-mer) and longer peptides (15-mer) under the same
refolding conditions. HLA recovery levels of 47-59% were
obtained for the eight 15-mer peptides. The yields of the three
known high affinity binders LB-NiSCH-1A, CMV-pp65-NLV,
and MART1-M-ELA were 49, 58.8, and 34% respectively. The
weak binder MART-1-WT-AAG showed a pHLA recovery
yield of 5.4% (Fig. 1D). These results indicate that the 15-mer
peptides have a similar binding efficiency as the classical high
affinity 9-mer peptides, and so are able to stabilize the forma-
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TABLE 2
Thermal stability of peptide-HLA-A*02:01 complexes

Peptide-HLA-A*02:01 T,”

°C
FLNKDLEVDGHFVTM 479 * 0.5
ALQDAGDSSRKEYFI 48.0* 1.0
KLLEIPDPDKNWATL 66.5 + 1.8
ALWDIETGQQKTVFV 58.0 = 1.0
NLVPMVATV 63.9 * 0.5

“T,, represents the temperature required to unfold 50% of the protein.

tion of the HLA-A*02:01-B,m complex as well as canonical
peptides.

Stability of the 15-mer-HLA-A*02:01 Complexes—We then
assessed the thermal stability, after refolding, of HLA-A*02:01
bound to four distinct 15-mer peptides and compared these
values to HLA-A*02:01 bound to a canonical 9-mer epitope
CMV-pp65-NLV (25). The thermal melting point, or 7,,
observed for HLA-A*02:01 in complex with the CMV-pp65-
NLV peptide was 63.9 °C (Table 2). We then performed the
same assay with the four HLA-A*02:01-15-mer complexes,
along with the HLA-A*02:01-NLV complex. The FLNKD and
ALQDA peptides exhibited the lowest T,, with a value of
~48 °C, which was notably lower than the HLA-A*02:01-NLV
complex. In contrast, the ALWDI and KLLEI T, were 58 and
66.5 °C, respectively (Table 2). Interestingly the two 15-mer
peptides with the lowest T, have non-optimal HLA-A*02:01
anchor residue at P(), namely a valine residue (Table 1). In
summary the HLA-A*02:01-restricted 15-mer epitopes can
exhibit a range of T, with some of them highly stable in the
cleft of HLA-A*02:01.

Crystal Structures of 15-mer-HLA-A*02:01 Complexes—To
date only seven structures of HLA in complex with long
epitopes (>>11 aa) are available (4, 7,12, 13, 31, 32) as well as one
structure of a rat MHC in complex with a 13-mer peptide (33).
The seven pHLA structures include: two 12-mer EBV epitopes
bound to HLA-B*4403 (32) and to HLA-B*3508 (13); a 13-mer
EBV epitope in complex with closely related allomorphs HLA-
B*3501 and HLA-B*3508 (12); a 13-mer epitope bound to HLA-
B*0702 (7), a self 14-mer peptide in complex with HLA-B*3501
(7, 31); and a self 16-mer peptide bound to HLA-B*4102 (4).
These structures solved to date reveal that the N and C termini
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TABLE 3
Data collection and refinement statistics
Values in parentheses are for the highest resolution shell.
HLA-A*02:01'FFLNKD HLA-A*02:01-ALQDA

Data collection statistics
Resolution range (A) 29.44-1.46 (1.51-1.46) 39.53-1.67 (1.73-1.67)
Space group . P2, P2,
Cell dimensions (a,b,c) (A) 50.88, 79.76, 54.84 51.04, 79.06, 54.90

B =111.75 B =111.11°
Total number of observations 392,206 (37,550) 264,156 (24,945)
Number of unique 69,403 (6,859) 46,434 (4,518)
observations
Multiplicity 5.6 (5.5) 5.7 (5.5)
Data completeness (%) 99.79 (98.69) 99.71 (97.75)
I/o(l) 19.3 (2.5) 17.8 (2.4)
Ry (%) 2.5 (29.7) 3.1(31.8)
Refinement Statistics
Reyeror” (%) 16.12 (23.54) 15.49 (21.89)
Rpree” (%) 19.04 (27.17) 19.78 (28.18)
Number of non-hydrogen 4,037 3,859
atoms
Macromolecules 3,472 3,460
Ligands 15 27
Water 550 372
Root mean square deviations
from ideality
Bond lengths (A) 0.009 0.008
Bond angles (°) 1.26 1.13
Ramachandran plot (%)
Allowed region (%) 98 98
Generously allowed region (%) 2 2
Ramachandran outliers (%) 0 0
Average B-factor 21.5 23.7
Macromolecules 19.4 222
Ligands 42.4 59.7
Water 33.8 34.8

“Rpim = e [UN-DIY? Z Ly — L)l il L)
? Renctor = 2niallFol = |EN/Z s |F,| for all data except ~5%, which were used for
Ry,e calculation.

of the peptides bind in similar fashion to the one observed for
the classical length peptides, and that the central part of the
peptide bulges out of the binding cleft.

Interestingly of the long epitopes characterized none of them
were in complex with the HLA-A molecule. To understand how
the HLA-A*02:01 molecule can present long epitopes of 15 res-
idues in length, we determined the structure of the HLA-A*02:
01-FLNKD and HLA-A*02:01-ALQDA complexes at high reso-
lution (Table 3). The two peptideHLA complexes were
crystallized in the same space group with the same unit cell
dimension. Therefore, the difference in peptide structures was
attributable to the peptide sequence. The two peptides bind
with the canonical P2-Leu into the B pocket and with non-
canonical PQ)-Val residues in the F-pocket for HLA-A*02:01, a
methionine for the FNLKD peptide, and an isoleucine for the
ALQDA peptide (Fig. 2, A and B). The FNLKD peptide density
was clear and unambiguous in the cleft of the HLA-A*02:01
molecule (Fig. 2, A and C), whereas the central part of the
ALQDA was poorly defined (Fig. 2, B and D). Despite the two
15-mer peptides exhibiting a similar T, value to the same HLA-
A*02:01 (Table 2), conformation of the two peptides were nota-
bly different (Fig. 3).

The ALQDA was mobile in the cleft of the HLA-A*02:01
molecule (Fig. 2D), and as a result the central region from P6 to
P10 was not built in the final model of the pHLA complex.
Flexibility is often associated with a long peptide presentation
by HLA class I molecules, as exemplified by the 16-mer AEMY
self-peptide presented by the HLA-B*41:03 molecule (4). The
ALQDA binds the HLA-A*02:01 molecule via 9 of its residues
and forms 188 contacts with the HLA (9 salt-bridges and 16
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hydrogen bonds). The number of bonds formed by the 15-mer
ALQDA was similar to the 9-mer NLV peptide (185 contacts, 2
salt bridges, and 14 hydrogen bonds), despite the extra 6 resi-
dues. A small amino acid such as valine is optimal at the C-ter-
minal part of the peptide sequence as it fits well in the F pocket
of the HLA-A*0201 cleft. As observed in the NLV peptide struc-
ture (PDB code 3GSO (25)), whereby the P9-Val sat on top of
tyrosine 116 of the HLA-A*0201 molecule. The change to larger
amino acids, such as methionine or isoleucine, at the C-termi-
nal position of the peptide leads to rotation of tyrosine 116 to
avoid steric clashes that pushes arginine 97. This rearrange-
ment of buried amino acids within the antigen binding cleft
appears to be less favorable to the overall stability of the pHLA-
A*0201 complex (Table 2).

Contrasting the flexible ALQDA 15-mer, the FNLKD pep-
tide was well defined in the cleft of the HLA-A*02:01 molecule
(Fig. 2C), and is the longest well defined epitope observed in
complex with a HLA class I molecule to date. The FNLKD
bulges out of the HLA-A*02:01 cleft forming a 3-sheet hairpin
structure from P7 to P12 residues (Fig. 34). The secondary
structure formation in the bulged part of the peptide made
intra-molecular contacts, constraining and rigidifying the pep-
tide (34), and probably explains how the FNLKD can be such a
long peptide and being so rigid in HLA-A*02:01 cleft. Interest-
ingly the B-sheet hairpin formation is higher than the hinge of
the a2-helix of the HLA-A*02:01 and would represent an
immediate contact point for the T-cell receptor. The stable
conformation of the FLNKD was also associated with a higher
number of contacts with the HLA-A*02:01 molecule, with the
peptide engaging 11 of its residues to interact with the HLA,
and making a total of 215 contacts (6 salt bridges and 14 hydro-
gen bonds). This B-sheet hairpin structure is the first reported
for an epitope bound to class I HLA. An a-helix has been pre-
viously reported in the 12-mer CPS bound to the HLA-B*3508
complex (13). The crystal structures of the two 15-mers in com-
plex with HLA-A*02:01 show that, like the HLA-B molecule,
HLA-A can present long peptides in a diverse array of confor-
mations from mobile to highly stable, and could represent some
new antigen for T-cells.

15-mer Epitopes Presented by HLA-A*02:01 Can Activate
CD8™" T-cells—We demonstrate that HLA-A*02:01 can bind
longer peptides with high binding affinity, forming stable pHLA
complexes, and determined how HLA-A*02:01 can present
15-mer peptides. To establish if 15-mer-HLA*0201 complexes
were antigenic and recognized by T-cells, we used pHLA-tet-
ramers with the two structurally characterized 15-mer peptides
FLNKD and ALQDA (RAB9A}, yp:HLA-A*02:01 and GYP-
CaropaHLA-A*02:01, respectively). Because negative selec-
tion during thymic development depletes T-cells recognizing
such self-antigens bound to self-HLA, T-cells were isolated
from HLA-A*02:01-negative healthy individuals, which con-
tain a naive T-cell repertoire capable of recognizing such self-
antigens presented in HLA-A*02:01. From peripheral blood
mononuclear cells of HLA-A*02:01-negative individuals,
CD8™" T-cells clones were expanded that bind pHLA-tetramers
RAB9A ., yp:HLA-A02:01 and GYPC,, opa:HLA-A*02:01
by first enriching pHLA-tetramer binding cells by magnetic-
associated cell sorting followed by immediate single-cell FACS
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FIGURE 2. Electron density map of 15-mer epitopes bound to HLA-A*02:01. The A and B panels show the omit map (F, — F_) at 3o°in green for the FLNKD and
ALQDA peptides in complex with HLA-A*02:01, respectively. The C and D panels show the 2F, — F_map contoured at 1o in blue after the final refinement for
the FLNKD and ALQDA peptides, respectively. The HLA-A*02:01 is represented as a white schematic; the peptides are represented in stick and colored in orange

for FLNKD and pink for ALQDA.

sorting. Among the isolated T-cells, clone PVO A5 showed spe-
cific binding of GYPC ,; op:HLA-A*02:01-tetramer, whereas
binding to RABYA[, \p:HLA-A*02:01-tetramer was absent
(Fig. 4A). In contrast, T-cell clone PVO A7 specifically bound
to tetramer RABIA; \ip:HLA-A*02:01, whereas binding to
GYPC,; opa:HLA-A*02:01 was absent (Fig. 44). In addition,
both T-cell clones did not bind to two control tetramers com-
posed of HLA-A*02:01 displaying either EBV-derived peptide
GLCTLVAML or human cytomegalovirus (CMYV)-derived
peptide NLVPMVATYV, further indicating specific binding of
both T-cell clones to their respective pHLA-tetramer display-
ing a 15-mer peptide (Fig. 4B). Next, peptide-dependent recog-
nition for both T-cell clones was assessed by pulsing HLA-
A*02:01-positive T2 cells with the two 15-mer peptides.
GYPC,; gpa-specific T-cell clone PVO A5 did not recognize
peptide pulsed T2-cells indicating insufficient sensitivity for
HLA-bound ALQDA (data not shown). In contrast, T-cell
clone PVO A7 recognized T2-cells pulsed with peptide FLNKD
(Fig. 4C). This recognition was peptide-specific because no rec-
ognition of T2-cells pulsed with ALQDA was observed (Fig.
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4D). In addition, the T-cell clone PVO A7 recognized three
HLA-A*02:01-positive B-LCLs, which naturally express RAB9A
and were used to elute the 15-mer peptide FLNKD (Fig. 4D).
Lack of recognition of three HLA-A*02:01-negative B-LCLs
indicates that the observed reactivity of T-cell clone PVO A7
was HLA-A*02:01-dependent (Fig. 4D). These data indicate
that the 15-mer peptide FLNKD presented in HLA-A*02:01 on
the cell surface can be recognized by T-cells in a peptide-depen-
dent manner.

DISCUSSION

Classically, HLA class I molecules present 8 —11-mer pep-
tides, although, an expanding list of lengthy (>11 aa) HLA-
restricted peptides have emerged (6). Crystallographic studies
have reported on seven pHLAs structures involving 12- to
16-mer epitopes (4, 7, 12, 13, 31, 32). These previous studies
were all focused on HLA-B molecules, and here we describe the
ability of the HLA-A*02:01 molecule to bind long epitopes too,
with 538 12—14-mers being defined. Furthermore, 77 peptides
are listed of 15-23 amino acids long that fulfill both the P2 and
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FIGURE 3. Crystal structures of 15-mer peptides in complex with HLA-A*02:01 molecule. Side view (A, G, and E panels) and top view (B, D, and F panels) of
the HLA-A*02:01 cleft (white schematic) bind to the FLNKD peptide (orange stick and loop) or the ALQDA peptide (pink stick and loop). The bottom panels (E and
F) show a superimposition of the two peptides in the cleft of the HLA-A*02:01 molecule in the same orientation as the upper panels.

PQ anchors criteria in either HLA-A*02:01, HLA-B*0702, or
HLA-B*44. A comparable percentage of longer peptides was
found in the reprocessed data of Mommen et al. (9), in partic-
ular in HLA-A*0301 and HLA-B*0702, and to a lesser extent in
HLA-A*0101 and HLA-B*2705. The listing of peptides shows
that HLA-A molecules appear to be just as suitable for present-
ing longer peptides as the HLA-B alleles. Both the intensity and
the hydrophobicity of the longer peptides resemble that of the
canonical 8- to 11-mer peptides. There was a steady decline in
the number of longer peptides for every additional amino acid,
which probably represents the probability of a peptide to sur-
vive in the cellular proteolytic environment. Longer peptides
have an increasing chance of being cut by a protease. Of note,
the amino acids between the P2 and P() anchors are not gener-
ally enriched for specific amino acid residues, so, the amino acid
stretch between the anchors does not seem to be specifically
resistant to proteolytic degradation on the basis of its primary
structure. Longer peptides can be translocated by TAP into the
ER, although generally somewhat less efficiently (35). In the ER,
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peptides are protected from being trimmed to short peptides
for presentation in HLA by the nature of ERAAP (30). The fact
that there seems to be no clear-cut length limitation (on the
long side) imposed by the HLA class I binding groove can be
explained by the phenomenon of (super)bulging of the peptide,
with the P2 and PQ) anchor residues position fixed in the pep-
tide binding groove, but with freedom to “leave” the binding
groove for (part) of the peptide between these anchors residues.
The two refolding assays we employed, both showed that the
behavior of the 15-mer peptides resembled that of the canoni-
cal 8—11-mer peptides, ie. the 15-mer peptides just as easily
formed pHLA complexes and competed to the same degree as
known good binders of 8 —11-mer length. From the two 15-mer
peptides solved in complex with the HLA-A*02:01, we observed
two different conformations of the long epitopes in the cleft of
HLA-A*02:01. First the ALQDA peptide was highly mobile, and
its central region was poorly defined, reminiscent of the 16-mer
self-peptide observed in complex with the HLA-B*4103 (4).
Contrasting with the high flexibility of the ALQDA, the FLNKD
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FIGURE 4. Specific T-cell clone recognition of 15-mer peptide FLNKD presented by HLA-A*02:01. T-cell clones PVO A5 and PVO A7 were isolated using
pHLA-tetramers composed of GYPC-derived peptide ALQDA- or RAB9A-derived peptide FLNKD bound to HLA-A*02:01 (GYPC, qpaHLA-A*02:01 or
RAB9A \kp:HLA-A*02:01) from an HLA-A*02:01-negative individual. A, T-cell clones PVO A5 (left) and PVO A7 (right) specifically bound to GYPCp opa:HLA-
A*02:01-tetramer and RAB9A \«p:HLA-A*02:01-tetramer, respectively, after staining with PE-labeled RABIA \xp:HLA-A*02:01 and APC-labeled GYPC, opa:
HLA-A*02:01-tetramer. B, the panel shows the lack of staining with two control tetramers composed of HLA-A*02:01 displaying two virus-derived epitopes for
T-cell clones PVO A5 (left) and PVO A7 (right). All plots are shown with bi-exponential axis. Numbers in corners indicate percent cells in each quadrant. C, GM-CSF
production was measured after co-culturing T-cell clone PVO A7 with HLA-A*02:01-positive T2 cells loaded with decreasing concentration of FLNKD peptide.
D, GM-CSF production was measured after co-culturing T-cell clone PVO A7 with T2 cells, T2-cells loaded with 500 nm peptide (+GYPC, opa OF +RABIAL ko)s
three HLA-A*02:01-positive B-LCLs (A2+), which naturally express and present RAB9A, or three HLA-A*02:01-negative B-LCLs (A2—). Experiments were

performed in triplicate. Shown is one representative experiment of two independent experiments. Error bars indicate S.D.

was well defined and adopted one single rigid conformation
when bound to HLA-A*02:01, similar to the 13-mer EBV
epitope in complex with HLA-B*3508 (12). The FLNKD pep-
tide central region formed a B-hairpin secondary structure that
bulged out of the HLA-A*02:01 cleft, and could be a potential
contact point for FLNKD-specific T-cells, and it will be of high
interest to know how T-cells can engage a highly rigid bulge
peptide like the FLNKD epitope. The TCR could potentially
“struggle” to bind it or it will mostly focus on the peptide (like
SB27,(15)) or might bind on the side of the peptide.

T-cells could be isolated from HLA-A*02:01-negative
healthy individuals that contain a naive T-cell repertoire capa-
ble of recognizing self-antigens presented in HLA-A*02:01.
T-cell clones demonstrated specific binding of pHLA-tetramer
and furthermore, peptide-dependent recognition was observed
for selected T-cell clones with HLA-A*02:01-positive T2-cells
pulsed with the peptides as well as recognition of endogenously
processed peptide on HLA-A*02:01-positive B-LCLs. Clone
PVO A5 lacks functional reactivity against peptide-loaded tar-
get cells although there is specific staining of that clone with
GYPC, gpa:A2 pHLA-tetramer. We have previously demon-
strated that pHLA-tetramer staining alone is a poor indicator of
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functional avidity of a T-cell clone (18). Therefore, it is most
likely that the clone avidity of the PVO A5 for the HLA-bound
peptide GYPC,, o, is insufficient to trigger T-cell activity,
whereas binding of pHLA-tetramer is possible. To circumvent
the depletion of high avidity T-cells targeting self-peptides pre-
sented in self-HLA during thymic development, pHLA-
tetramer binding T-cells were isolated from a healthy HLA-A2-
negative individual. Based on previous results we estimated to
isolate both high as well as low affinity T-cells (18). The results
demonstrate that PVO A5 represents a low avidity T-cell clone
for GYPC,; opa:A2, whereas clone PVO A7 represents a high
avidity T-cell clone specific for RABIA L p:A2.

Clone PVO A7 demonstrated peptide-dependent recogni-
tion of a peptide-loaded T2 stimulator cells in the nanomolar
range. Virus-specific T-cells demonstrate peptide sensitivity as
low as in the picomolar range. However, caution must be
exerted when comparing sensitivity between T-cell clones rec-
ognizing different epitopes based solely on recognition of pep-
tide-loaded stimulator cells. Not only affinity of the TCR for its
cognate peptide is important but also binding properties of the
peptide to its respective HLA-molecule is critical, because
exogenously loaded peptide need to compete with already
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HLA-bound peptide. These properties can differ between pep-
tides. Furthermore, PVO A7 is able to recognize the endoge-
nously processed and presented peptide on three HLA-A2-pos-
itive B-LCL indicating high functional avidity comparable with
virus-specific T cells.

From these findings, T-cells appear to be capable to specifi-
cally recognize longer peptides. So far, there seems to be no
clear limitation on peptide length for T-cell recognition of HLA
class I presented peptides.

Altogether our data show that HLA class I restricted presen-
tation and recognition is less restrictive than previously antici-
pated. Our data expand our understanding of HLA class Iligand
presentation, and show that longer peptides are regular mem-
bers of the HLA-ligandome, and should not be discarded in
epitope discovery experiments, because these peptides might
be useful in immunotherapy. Furthermore, the non-canonical
peptide sequences presented here provide insight in antigen
presentation and antigen processing.
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