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Abstract

CD8" T cells identify and kill infected cells through the specific recognition of short viral antigens bound to human major
histocompatibility complex (HLA) class | molecules. The colossal number of polymorphisms in HLA molecules makes it
essential to characterize the antigen-presenting properties common to large HLA families or supertypes. In this context, the
HLA-B*27 family comprising at least 100 different alleles, some of them widely distributed in the human population, is
involved in the cellular immune response against pathogens and also associated to autoimmune spondyloarthritis being
thus a relevant target of study. To this end, HLA binding assays performed using nine HLA-B*2705-restricted ligands
endogenously processed and presented in virus-infected cells revealed a common minimal peptide motif for efficient
binding to the HLA-B*27 family. The motif was independently confirmed using four unrelated peptides. This experimental
approach, which could be easily transferred to other HLA class | families and supertypes, has implications for the validation
of new bioinformatics tools in the functional clustering of HLA molecules, for the identification of antiviral cytotoxic T
lymphocyte responses, and for future vaccine development.
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Introduction

The proteolytic degradation of newly synthesized pathogen
proteins in the cytosol through the combined actions of
proteasomes and different peptidases continuously generates
peptides of typically 8 to 11 residues long, and these fragments
were translocated to the endoplasmic reticulum (ER) lumen
through a transporter associated with antigen-processing (TAP)
molecules. These short peptides are subsequently assembled with
nascent human leukocyte antigen (HLA) class I heavy chain and
Bo-microglobulin  molecules [1]. This assembly likely occurs
through the interaction of the lateral chains of anchor residues
at position 2 (P2) and the C-terminus (PQ) of the antigenic peptide
[2,3], and these chains are inserted deeply into specific pockets of
the antigen recognition groove of the HLA class I molecule [4,5].
The stable HLA/peptide complexes are eventually exported to the
cell membrane and presented for cytotoxic T lymphocyte (CTL)
recognition [6]. The detection of pathogen peptides by specific T
cell receptors results in the killing of pathogen-infected cells.

HLA class I is the largest polymorphic biological system
described. More than 7,000 HLA class I alleles have been
identified to date (Immuno Polymorphism Database, http://www.
ehiac.uk/ipd), and classic HLA serologies have been largely
divided into complex HLA gene families with increasing numbers
of expressed protein subtypes. For example, to date, HLA-B*27 (a
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well-studied HLA class I family) comprises at least 100 different
alleles. Although the presence of Arg at P2 is necessary for HLA-
B*27 ligands (SYFPEITHI Database [3]), only a partial overlap-
ping of the peptide repertoire has been observed in different HLA-
B*27 subtypes [7]. Individual HLA-B*27 subtypes could present
or not specific ArgP2-containing peptides, or the same ligand
could bind to different HLA-B*27 subtypes with a broad range of
affinity values [8]. Thus, the existence of HLA-B*27 ligands with
additional binding motifs for presentation by all or most of the
different HLA-B*27 subtypes remains unknown. To address this
question, the binding affinity of a homogeneous set of nine
naturally processed viral HLA-B*2705 ligands with different
sequences, identified using mass spectrometry analysis of complex
HLA-bound peptide pools isolated from large amounts of Human
respiratory syncytial virus (HRSV)-infected cells [9], was examined
using seven phylogenetically and functionally different major
HLA-B*27 subtypes [10,11]. This analysis revealed a common
minimal peptide motif for efficient binding to different HLA-B*27
subtypes.

Materials and Methods

HLA-B*27 cell lines and antibodies
RMA-S is a TAP-deficient murine cell line that expresses the
mouse H-2" haplotype [12]. Transfected RMA-S cell lines
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Figure 1. HLA-B*2705 stabilization with synthetic HRSV ligands. The stability of HLA-B*2705/peptide complexes on the cell surface of
transfected RMA-S cells was measured through flow cytometry. Panel A: The indicated peptides were used at 200 uM. The CMV pp65 and Flu NP
peptides were used as negative and positive controls, respectively. The mAb ME1 was used for staining. The results, calculated as fluorescence
indexes, show the means =+ SD of 4-5 independent experiments. Significant P values (***, p<<0.001; **, p<<0.01; *, p<<0.05) versus negative or positive
peptide controls are represented as white or black asterisks, respectively. Panel B: The titration curves for the indicated synthetic peptides with HLA-
B*2705 are depicted. The results show the mean values obtained from three or four independent experiments. The calculated ECsy values (uM)

(means £ SD) are shown in the legend of panel B. A representative experiment is depicted in panel C.

doi:10.1371/journal.pone.0106772.g001

expressing HLA-B*2701 [13], -B*2702 [13], -B*2703 [14], -
B*2704 [8], -B*2705 [15], -B*2706 [8], or -B*2709 [16] have been
previously described (summarized in Figure S1). All cell lines were
cultured in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum and 50 uM B-mercaptoethanol.
MEI1, a monoclonal antibody (mAb) specific for HLA-B27, -B7,
and -Bw22 [17] and goat anti-mouse IgG-FITC (AbD Serotec,
Kidlington, UK) were used in this study.

Synthetic peptides

The peptides were synthesized in a peptide synthesizer (model
433A; Applied Biosystems, Foster City, CA) and subsequently
purified through reversed-phase HPLC. The molecular mass of
the peptides was established using MALDI-TOF MS, and the
peptide composition was determined through pLC-MS/MS.

HLA/Peptide Stability Assays

The synthetic peptide CMV pp65994-302 (VAFTSHEHF, HLA-
C*012-restricted)[18] was used as a negative control in complex
stability assays. In addition, for some HLA-B*27 subtypes, the Flu
NP peptide (SRYWAIRTR, HLA-B27-restricted) [19] was used as
a positive control. The transfected RMA-S B*27 cell lines were
incubated at 26°C for 16 h to promote the expression of empty
HLA class I molecules (without antigenic peptide) at the cell
membrane, as these molecules are stable at 26°C but not at 37°C.
The cells were washed and incubated for 2 h at 26°C with various
concentrations of peptide in medium without fetal bovine serum.
The cells were maintained at 37°C for an additional 2 h to
facilitate the internalization of empty MHC class I molecules.
Subsequently, the cells were collected for flow cytometry to
discriminate between bound or unbound peptides. MHC: expres-
sion was measured using 100 pl of hybridoma culture supernatant
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containing the ME1 (anti-HLA-B27) mAb and the secondary
antibody as previously described [20]. The data were acquired
using a FACSCanto flow cytometer (BD Biosciences, San Jose,
CA, USA) and analyzed using BD FACSDiva software version 6
(BD Bioscience). The cells alone exhibited peak fluorescence
intensities similar to the background staining observed with
secondary Ab alone. The fluorescence index was calculated as
the ratio of the mean peak channel fluorescence of the sample to
that of the control incubated without peptide. Peptide binding was
expressed as the EC5g, the molar concentration of the peptide at
50% of the maximum fluorescence obtained at a concentration
range of 0.01-200 pM.

Statistical analysis
Unpaired Student’s ¢ test was used to analyze statistical
significance. P values<<0.05 were considered significant.

Results

HRSV specific ligands bind to the B*2705 molecule with a
broad range of affinities

Nine HLA-B*2705-restricted ligands endogenously processed
and presented in the HRSV-infected cells were previously
identified (Table S1) [9]. To confirm that HLA-B*2705 is the
Major Histocompatibility Complex (MHC) class I molecule
responsible for the presentation of these ligands, MHC/peptide
complex stability assays were performed using TAP-deficient
RMA-S cells transfected with the HLA-B*2705 molecule. Four
HRSV synthetic peptides (L 9089-2097, M2 150.159, NP 100-109 and
NP 1g4.194) showed stable numbers of HLA-peptide surface
complexes similar to those of the well known HLA-B*2705
epitope from influenza virus (Figure 1A and Table 1). For the

September 2014 | Volume 9 | Issue 9 | 106772



Anchor Motifs for Efficient HLA-B*27 Binding

T00¥7££9010"3uod lewnof/LZgL°0L:10p
‘|o1u0d 3A1eHAU BYy1 01 pasedwod XIpuUl SDUIDSDION]} Ul SDUIIBYIP [BDIISIILIS OU SDILDIPUIl — "PaullIdpuUn os|e ale (AT 0z=05)3) sapndad
Anuye ybiy bunedipul sanjea pue pjog ul payiew ae (W1 09=°3>0¢) sepidad Ajuiyje sreipawiaiul Buiedipul sanjea Alulyy ‘syuswuadxa Juspuadapul 9Al) 01 834Y3 JO ueSW 3Y1 aJe pue 'S (M) 953 se passaidxe ale eleq,

£79C 00T< - v¥slL 6761l €7 €T vFoL YLYIVMAYS dN N4
1¥¢ oL¥8Z L 1¥¢ L 33 T IVYYYYVYHY 1“4y
1¥¢ PEq) T 4 156 34 FETS WDALVIVHY VTRET | g4 Ny
1=v =L (£ 1¥¢ PETY) 2 z¥¢€ TAAVAdAYY 99w BEY 4 AW
1+8 991 €FLL 5L 8FbT LFYL €xClL TYOIDAVYH 805005 091 db AIH
T1798 = - 00z< - 00z< SE786 MYIWNMISTANYT BozEC
6FEE YLFLL - 6LFSt €€¥8/ SFOL v¥L HNITAIJHH STLE TSN
TFL 156 178 IFL e ITE1A S¥L IANATIDONAUN S0z56L g
5L L[TFEY 676€ E33 oLF6L 62709 8702 WINXTANNYYHY v6Lv8L gN
LF¥T €SFCEL 00T< (=3 LTFL9 €7F96 SL¥0S W3INONIQOYH 601-00L 4N
6FTT €97 9¢1L - 00Z< 6F€L 0L¥8L €¥8L MNTAQYJTHN 6SL0SL ZIy
L¥6L STFY6 002< 7€ 9LF9S 002< 0z+8 TLNTAYNYA AR [y
[ET) 00z< e 5L oFsL €79 FET WOVTIVSYS vEoL |y
¥Z+89 00T< = 00Z< L5769 8T+ 1L . 9FCE MNS4AINYD (etlasiaq
60,28 T0LZ+8 L0£Z+8 90£Z+8 v0sZ+8 €0£Z+8 S0.Z+8 @duanbas apndad

's9dA1qNs £7g-VTH 1ua19ip 10y spuebi| ASHH JO sanjeA Auulyy °Z ajqel

L00¥Z££9010"3u0d [euwinol/L Z€1°0L:10p
‘(s24nbly 99s) pauliapun sanjea usAes ay) 1dadxa ‘spndad
G9dd AD [043U0D DAEGRU BU1 SNSIDA SANJBA d JuedIUBIS MOYs Blep ||y sluswliadxa Juspuadapul aAl) 01 9311 JO UBIW Y1 MOYS S)NSaI YL "A’S F T 00z 1e pasn a1am sapndad uaym xapul aduadsalonyy se passaidxa aie eleq,

L'0FS'L LOFLL 10501 T079¢ T050C TOFLL L0FLT Y1HIVMAYS dN ni4
LoFLL L'0F0'L L'0F0'L L'0F0'L L'0F0'L L'0F0'L L'0F0'L 4HIHSLAVA sodd AWD
LOFSL To0x0L 10501 LoFTL TorLL LOFEL LOFL L MYWNISTINYT G
1051 L'0FSL ToFLL 1070 L'0FSL L'0F6'L L'0FLL HNITAIJYH STLE TSN
1'0F9'L L0FLL L'0FLL ¥0F9T TOFLT L'0FLL 1'0¥8'L IANdTIONAYN S0s6l gN
108l L'0FSL 1'0F9'L €070 T0F6'L 10781 T0¥6'L WANXTANNYYHY veLvEL gN
L'0FS'L L'0F€EL L'0FTL L'0FET TOFLL 1'0F8'L 1'0F LT WINDNIAOYH 601-00L 4N
1'0¥9'L L'0F¥'L ToT0L 1'0¥S'L 1'0¥8'L [NoEFA 1'0F LT MNTAQYdTEN 6SL0SL ZIN
1'0¥9'L L'0F¥'L ToxTL T0F0€ To+8lL 1'0FS'L (NOEVAl TLNTAYNYA AR [y
L'0FL'L L'0F€'L 1'0F9'L ¥0F79C 1'0¥8'L 08l L'0FLL WOVTIVSYS vEOL N
L0F9'L LOFTL 10501 LOFLL T0FSL 10FgL L0FTT YNSJAINYD UETE G
60,28 T0LZ+8 L0£Z+8 90£Z+8 v0LZ+8 €0£Z+8 S0LZ+8 a>uanbag apndad

‘spuebi| d13aY3uAs Buisn sAesse uonezijigels yH jo Alewwns *L a|qeL

September 2014 | Volume 9 | Issue 9 | 106772

PLOS ONE | www.plosone.org



Anchor Motifs for Efficient HLA-B*27 Binding

L 2089-2097

M 169-177

M2 150-159

NP 100-109

NP 184-194

NP 195-205

NS2 37-45

P 198-208

CMV pp65

Flu NP

1.0 15 2.0
Fluorescence Index

2.0
L 2089-2007 (71 £28)
M 76.84 (6+3)
M 469.177 (> 200)
M2 450.159 (78 +10)
NP 100-109 (96 +43)
NP 4g4.104 (60 £29)
NP 195205 (20 +11)
NS2 3745 (10 £5)
P 198208 (> 200)
CMV pp65
Flu NP

Slenmdedtme

(23 +3)

1.51

Fluorescence Index

1.0

0.1 1 10 100

Peptide concentration ( 1 M)

Figure 2. HLA-B*2703 stabilization with synthetic HRSV ligands. The stability of HLA-B*2703/peptide complexes on the cell surface of
transfected RMA-S cells was measured using flow cytometry. The results shown in left and right panels are depicted as in Fig. 1A and 2B, respectively,
showing the mean values obtained from three or four independent experiments.

doi:10.1371/journal.pone.0106772.g002

other five HRSV synthetic peptides (M 76-84> M 169-177» NP 195-2055
NS2 3745 and P j9g.008), the induction of HLA-peptide surface
complexes was somewhat lower than that of the positive control
(Figure 1A and Table 1). In addition, the relative MHC class 1
affinity was determined for all HRSV peptides, according to the
ECsq value. The peptides bound to HLA-B*2705 class I molecules
at a broad range of ECj;y values commonly observed among
natural ligands: high (M 76.84, M2 150.159, NP 1g84.194, NP 195905
and NS2 37.45), medium (L 90g9.0097, and NP 1gg.109) or low affinity
(M 169-177 and P 19g.908) (Figure 1B and Table 2). A representative
experiment is shown in Figure 1C. These data confirm that all
ligands detected in HRSV-infected cells were endogenously
presented in association with the B¥2705 molecule.

The His59Tyr change in the A pocket induces a moderate
decrease in the binding of HRSV-specific ligands to HLA-
B*27

The B*2703 molecule differs from the prototypical subtype
HLA-B*2705, reflecting a single amino acid change at heavy-
chain residue 59, which is responsible for anchoring the N-
terminus of the peptide within the A pocket of the class I molecule
(Figure S1). The analysis of MHC/peptide complex stability assays
using RMA-S cells transfected with the HLA-B*2703 molecule
showed either no effect (M 76.84, NP 195005 and NS2 5745) for
three HRSV synthetic peptides or a moderate decrease in the
ECs value (L 2089-2097, M 169-177, M2 150-150, NP 100-109, NP 134
194 and P 195 00g) for six HRSV synthetic peptides in response to
the His59Tyr change (Figure 2 and Tables 1 and 2).

PLOS ONE | www.plosone.org

Basic, but not nonpolar, C-terminal residues reduce
binding to the B¥2704 molecule of viral B¥2705-restricted
ligands

In the binding groove, the B*2704 subtype differs from the
B*2705 molecule, reflecting two amino acid changes at residues 77
(Asp to Ser) and 152 (Val to Glu) located in the F and E pockets,
respectively (Figure S1). The analysis of peptide binding to HLA-
B*2704 in transfected RMA-S cells showed almost no effect with
the five HRSV synthetic peptides harboring nonpolar amino acids
at the PQ residue (M 76.84, M 169-177, NP 100-109, NP 1g4.194, and
NP 195.905; Tables 1 and 2, and Figure 3) compared with HLA-
B*2705 affinity. In contrast, according to the B*2704-EC5, three
HRSV ligands with basic PQ residues showed a moderately
decreased affinity to B*¥2704 compared with B*2705 (L 90892097,
M2 150159, and NS2 37.45). Moreover, P 195003, the low affinity
ligand for the B*2705 molecule, did not bind to the B*2704
subtype (Figure 3 and Tables 1 and 2).

HRSV B*2705-restricted ligands with nonpolar PQ
residues exhibit high-affinity binding to B¥*2706

B*2704 and B*2706 differ at two amino acids, His1 14Asp and
Aspl16Tyr, located in the same strand of the B-pleated sheet floor
of the peptide binding site of HLA-B*27 (Figure SI1). These
changes highly stabilized (in the range of pM) the binding of the
five HRSV ligands harboring nonpolar PQ residues (M 7684, M
160-177> NP 100-109, NP 184194, and NP 195.905) to B¥2706 (Figure 4
and Tables 1 and 2). In contrast, a moderate increase (NS2 3745
and P 195 90g) or decrease (L 99g9.2097, and M2 150.150) in affinity to
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Figure 3. HLA-B*2704 stabilization with synthetic HRSV ligands. The stability of HLA-B*2704/peptide complexes on the cell surface of
transfected RMA-S cells was measured through flow cytometry. The results shown in left and right panels are depicted as in Fig. 1A and 2B,
respectively, showing the mean values obtained from three or four independent experiments.
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respectively, showing the mean values obtained from three or four independent experiments.
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B*2706 was observed for HRSV peptides containing basic amino
acids in the PQ residue compared with binding to B*2704. Thus,
nonpolar PQ residues could be used as additional strong auxiliary
anchor motifs in B*2706 ligands.

High-affinity binding to B*2709 of viral ligands with
nonpolar PQ residues

B*2709 differs from B*2705 by a single amino acid change,
Aspl16His, located in a strand of the B-pleated sheet floor of the
peptide binding site of HLA-B*27 (Figure S1). This change
stabilized (M 76.84, NP 184.194, and NP 195.905) or increased (M 149.
177, and NP 1p0.109) the binding of the five HRSV ligands
harboring nonpolar PQ residues to B*2709 compared with
binding to the prototypical subtype B¥2705 (Figure 5 and Tables 1
and 2). In contrast, a moderate decrease in affinity was observed
for two HRSV peptides containing basic amino acids in the PQ
residue (L 90g9-2097, and NS2 3745) compared with binding to
B*2705, except with M2 50159 ligand where a basic amino
terminal residue could compensate the loss of interaction in the F
pocket. Thus, nonpolar PQ residues are sufficient for efficient
binding to the B*2709 class I molecule.

Nonpolar C-terminal residues in high affinity B*2705-
restricted viral ligands preserve the binding affinity to the
B*2701 molecule

B*2701 differs from B*2705, reflecting three amino acid
changes, Asp74Tyr, Asp77Asn, and Leu81Ala, located in the C/
F cavity of the HLA-B*27 peptide binding site (Figure S1). These
changes destabilized the binding of all HRSV peptides except

PLOS ONE | www.plosone.org

those ligands with nonpolar amino acids in the PQ residue, which
exhibited high affinity for the B¥2705 molecule (M 76.g4, NP 154
194, and NP 195.905) (Figure 6 and Tables 1 and 2). Thus, nonpolar
PQ residues are necessary, but not sufficient, for efficient binding
to the B*2701 class I molecule.

Hydrophobic C-terminal residues, such as Leu or lle,
preserve the binding to the B*2702 molecule of HRSV
B*2705-restricted ligands

The B*2702 subtype differs from the B*2705 molecule,
reflecting three amino acid changes at positions 77 (Asp to Asn),
80 (Thr to Ile) and 81 (Asp to Tyr), located in the F pocket (Figure
S1). Only the two HRSV peptides with Leu/Ile PQ residues, M
169-177 and NP 195905, similarly stabilized the binding to both
B*2705 and B*2702 molecules (Figure 7 and Tables 1 and 2). In
contrast, the binding affinity to B¥2702 was moderately decreased
for the NP)g4.194 peptide, and strongly reduced for the other six
viral ligands (Tables 1 and 2). Thus, hydrophobic PQ residues,
such as Leu/Ile, serve as additional auxiliary anchor motifs for

B*2702-binding.

A common minimal motif for ligands of the seven
different HLA-B*27 subtypes

Table 3 summarizes the HLA-B*27-binding patterns of the
different HRSV B*2705-restricted ligands used in this study (Table
S1). Most of the viral ligands bound to various HLA-B*27
subtypes, despite amino acid differences in relevant residues that
contribute to the antigen binding site; however, only two of these
ligands (NP 184194, and NP 195.9¢5) efficiently bound to all seven
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HLA-B*27 subtypes studied. Both ligands contain basic amino
acids in the N-terminus and a large and hydrophobic lateral chain
in the C-terminal residues. This structure establishes the Arg/Lys-
Arg-X,-Ile/Met sequence as the common minimal peptide motif
for efficient binding to seven different HLA-B*27 subtypes. To test
this prediction three different peptides, HIV gp160 500508 [21],
MV F 435446 [22], and Influenza virus PB1 935 046 [23], harboring
the identified minimal peptide motif (basic residue at P1 and large
hydrophobic aliphatic residue at PQ), were studied. Interestingly,
MHC/peptide complex stability assays showed efficient binding of
these synthetic peptides to all seven HLA-B*27 subtypes tested
(Tables 2 and 3). In addition, a synthetic peptide with only the
common minimal peptide motif (RRAAAAAAAI) efficiently
bound to all seven HLA-B*27 subtypes analyzed (Tables 2 and
3). Conversely, the exchange for Ala of the Met residue at CQ
position in both NP ;g4 194, and NP 95905 peptides abolished the
interaction with B*2701 subtype (Table 4). Also, this monosubsti-
tution significantly decreased the binding of AlI-NP 95.905
peptide to B*2702 subtype (Table 4). Moreover the exchange for
Ala of the Arg residue at Pl position in NP 44194 peptide
considerably decreased the binding to B¥2703 subtype (Table 4).

Compared with the affinity of the nine HRSV ligands for
B*2705, 7 ligands exhibited decreased affinity for B*2701 and
B*2702, 6 ligands showed decreased affinity for B*¥2703, 4 ligands
showed reduced affinity for B*¥2704 and B*2706, and only 3
ligands exhibited decreased affinity for B*2709 (summarized in
Table 3). These data do not correlate with either the amino acid
differences between subtypes or the individual interactions in the
respective pockets, indicating compensatory effects of changes in

PLOS ONE | www.plosone.org

some residues. These effects were more evident with the B*2706
subtype, showing increased affinity for some HRSV ligands with
nonpolar PQ residues compared with the B¥2705 subtype. Thus,
based on the affinity patterns with HLA-B*27 subtypes, a
functional relationship between B*2705 and the other subtypes
could be established as B*2705>B*2709>B*2706>B*2704>
B*2703>B*2701 = B*2702.

Discussion

Using large scale mass spectrometry analysis, an extensive
knowledge of HLA-B*2705 ligandome (with approximately 2,000
peptides identified) has been reported [7,24]. In contrast, few
endogenous natural ligands have been identified in other HLA-
B*27 subtypes: 32, 49, 38 and 50 from B*2703, B*2704, B*2706
and B*2709, respectively, and only 8 and 15 from B*2701 and
B*2701, respectively (summarized in [7] and SYFPEITHI
database [3]). Except for the ArgP2 residue, no additional anchor
or auxiliary anchor motifs were identified in these studies. Thus, in
the present study the Arg/Lys-Arg-X,-Ile/Leu/Met sequence was
identified as the minimal common peptide motif for efficient
binding to the seven major, phylogenetically (Figure S2) and
functionally different HLA-B*27 subtypes [10,11], thereby estab-
lishing the criteria to analyze the influence of the HLA-B*27
polymorphism on pathogen peptide presentation and T cell
epitope predictions for the rational design of vaccines to treat large
HLA families.

Extensive analyses of alloreactive T' cell responses from HLA-
B*27-negative individuals against B*2702 [25], B*2703 [10],

September 2014 | Volume 9 | Issue 9 | 106772



Anchor Motifs for Efficient HLA-B*27 Binding

L 2089-2097

Lakk

M 76-84 Kk

M 169-177 oK

M2 150-159

KK

NP 100-109

Kk

NP 184-194

NP 195-205

NS2 37-45

P 198-208

CMV pp65

Flu NP S

Fluorescence Index

1.0 1.2 14 16 1.8

1.8
@ Logo2007  (>200)
M M7ggs (>200)
A Migga77 (94 £25)
W M2 450459 (136 +63)
@ NP jgp.109 (132 £53)
1.6 NP igsgs (43£27)
B NP gss  (9%1)
A NS2 445 (77+14)
- P 198208
‘>”< — CMV pp65
3 < FluNP (> 200)
o 141
8
c
[]
(&
(7]
(]
S
o
=)
('S
1.2
1.0
01 1 10 100

Peptide concentration (M)

Figure 7. HLA-B*2702 stabilization with synthetic HRSV ligands. The stability of HLA-B*2702/peptide complexes on the cell surface of
transfected RMA-S cells was measured through flow cytometry. The results shown in left and right panels are depicted as in Fig. 1A and 2B,
respectively, showing the mean values obtained from three or four independent experiments.

doi:10.1371/journal.pone.0106772.g007

B*2704 [26], B*2705 [10], and B*2709 [27] subtypes at the clonal
level to assess T cell epitope sharing among HLA-B*27 subtypes
have been previously described. These studies defined the
functional relationship as B*2705>B*2709>B*2703>B*2702>
B*2701>B*2704>B*2706, reflecting amino acid differences
between subtypes. However, in contrast to self-restricted pathogen
recognition in normal cellular immune responses, the allogenic
anti-B*27 CTL clones recognized both polymorphic allo-MHC
residues and self-derived peptides [14]. Thus, the direct contribu-
tion of these polymorphic HLA-B*27 residues to the C'TL epitope
could disguise both cross-presenting antigen peptide properties
and the degree of functional relationship between the different
HLA-B*27 subtypes. As the antigen processing and presentation
machinery is similar, if not identical, in all cell lines expressing the
different HLA-B*27 subtypes, the nine HLA-B*2705-restricted
ligands endogenously processed and presented in the HRSV-
infected cells might also be presented by the diverse HLA-B*27
subtypes according to affinity. Thus, the functional relationship
between subtypes established with the HRSV ligands through
affinity assays in the current report could be a better approxima-
tion to determine the antigen peptide-presenting properties of
HLA-B*27 class I molecules, and this information could be
applicable to the rational design of vaccines.

Few studies have analyzed antigen binding and/or presentation
of the same viral ligands to different HLA-B27 subtypes. Four
EBV hgands (EBNA?)C 258-266 RRIYDLIEL, EBNABB 9243-953,
RRARSLSAERY; LMP2 936944, RRRWRRLTV; EBNA3C 343
351, FRKAQIQGL) in B*2702, B*2704, and B*2705 subtypes

PLOS ONE | www.plosone.org

were tested, and only the EBNA3C 955 966 ligand tended to be
immunodominant and was recognized in the context of all three
B27 subtypes studied, whereas the LMP 935944 ligand was only
recognized associated to B*2704 [28]. In contrast, in another
study, the LMP 936944 ligand was recognized by one of four CTL
clones in the context of five HLA-B*27 (B*2702, B*2704, B*2705,
B*2706 and B*2709) subtypes analyzed [29]. In addition two
ligands, HIV gag 965979 (KRWIILGNKIVRMYC) and Flu NP
380-303 (ELRSRYWAIRTRSG), were presented by both B*2702
and B*2705 subtypes [30]. Only one of these six viral epitopes
harbors the minimal peptide motif for the efficient binding
described in the current study, and this peptide was restricted by
the three HLA-B27 subtypes analyzed (B*2702, B*2704 and
B*2705). However, only an endogenous ligand derived from
human histone H3.3 has been previously described for binding to
B*2701 [13], B*2702 [31], B*2703 [32], B*2704 [33], B*2705
[34], B*2706 [33] and B*2709 [16] subtypes. This ligand,
containing the RRYQKSTEL sequence, also harbors a basic
amino acid in the N-terminal residue and a large and hydrophobic
lateral chain in C-terminal residue, consistent with the motif
defined in the present study.

Thus, studies examining different HLA class I families and
supertypes are needed to determine the conserved anchor or
auxiliary motifs common to these HLA clusters and validate new
bioinformatics tools for the functional clustering of MHC
molecules [35]. These data are also relevant for the identification
of antiviral cytotoxic T lymphocyte responses and vaccine
development.
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Figure S1 Scheme of the polymorphisms in each HLA-
B*27 subtype.
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Figure S2 Phylogenetic tree of the HLA-B*27 subtypes
[36,37].

(PDF)

Table S1 Summary of HRSV ligands.

(PDF)

References

1.

16.

Shastri N, Schwab S, Serwold T (2002) Producing nature’s gene-chips: the
generation of peptides for display by MHC class I molecules. Annu Rev
Immunol 20: 463-493.

. Parker KC, Bednarek MA, Coligan JE (1994) Scheme for ranking potential

HLA-A2 binding peptides based on independent binding of individual peptide
side-chains. J Immunol 152: 163-175.

. Rammensee HG, Bachmann J, Emmerich NPN, Bachor OA, Stevanovic S

(1999) SYFPEITHI: database for MHC ligands and peptide motifs. Immuno-
genetics 50: 213-219.

. Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, et al. (1987)

Structure of the human class I histocompatibility antigen, HLA-A2. Nature 329:
506-512.

. Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, et al. (1987)

The foreign antigen binding site and T cell recognition regions of class I
histocompatibility antigens. Nature 329: 512-518.

. York IA, Goldberg AL, Mo XY, Rock KL (1999) Proteolysis and class I major

histocompatibility complex antigen presentation. Immunol Rev 172: 49-66.

. Lopez de Castro JA, Alvarez I, Marcilla M, Paradela A, Ramos M, et al. (2004)

HLA-B27: a registry of constitutive peptide ligands. Tissue Antigens 63: 424—
445.

. Galocha B, Lamas JR, Villadangos JA, Albar JP, Lopez de Castro JA (1996)

Binding of peptides naturally presented by HLA-B27 to the differentially disease-
associated B*2704 and B*2706 subtypes, and to mutants mimicking their
polymorphism. Tissue Antigens 48: 509-518.

. Infantes S, Lorente E, Barnea E, Beer I, Cragnolini JJ, et al. (2010) Multiple,

non-conserved, internal viral ligands naturally presented by HLA-B27 in human
respiratory syncytial virus-infected cells. Mol Cell Proteomics 9: 1533-1539.

. Lopez D, Garcia Hoyo R, Lopez de Castro JA (1994) Clonal analysis of

alloreactive T cell responses against the closely related B*2705 and B*2703
subtypes. Implications for HLA- B27 association to spondyloarthropathy.

J Immunol 152: 5557-5571.
. Lopez D, Rojo S, Calvo V, Lopez de Castro JA (1992) Peptide-presenting

similarities among functionally distant HLA-B27 subtypes revealed by
alloreactive T lymphocytes of unusual specificity. J Immunol 148: 996-1002.

. Ljunggren HG, Karre K (1985) Host resistance directed selectively against H-2-

deficient lymphoma variants. Analysis of the mechanism. J Exp Med 162: 1745
1759.

Garcia F, Galocha B, Villadangos JA, Lamas JR, Albar JP, et al. (1997) HLA-
B27 (B*2701) specificity for peptides lacking Arg2 is determined by
polymorphism outside the B pocket. Tissue Antigens 49: 580-587.

. Paradela A, Garcia-Peydro M, Vazquez J, Rognan D, Lopez de Castro JA

(1998) The same natural ligand is involved in allorecognition of multiple HLA-
B27 subtypes by a single T cell clone: role of peptide and the MHC molecule in
alloreactivity. J Immunol 161: 5481-5490.

. Villadangos JA, Galocha B, Lopez de Castro JA (1994) Unusual topology of an

HLA-B27 allospecific T cell epitope lacking peptide specificity. ] Immunol 152:
2317-2323.

Vazquez MN, Lopez de Castro JA (2005) Similar cell surface expression of
beta2-microglobulin-free heavy chains by HLA-B27 subtypes differentially
associated with ankylosing spondylitis. Arthritis Rheum 52: 3290-3299.

Ellis SA, Taylor C, McMichael A (1982) Recognition of HLA-B27 and related
antigen by a monoclonal antibody. Hum Immunol 5: 49-59.

. Kondo E, Akatsuka Y, Kuzushima K, Tsujimura K, Asakura S, et al. (2004)

Identification of novel CTL epitopes of CMV-pp65 presented by a variety of
HLA alleles. Blood 103: 630-638.

. Wang M, Lamberth K, Harndahl M, Roder G, Stryhn A, et al. (2007) CTL

epitopes for influenza A including the H5N1 bird flu; genome-, pathogen-, and
HLA-wide screening. Vaccine 25: 2823-2831.

PLOS ONE | www.plosone.org

10

Anchor Motifs for Efficient HLA-B*27 Binding

Acknowledgments

The authors would like to thank Dr. J. A. Lopez de Castro (Centro de
Biologia Molecular Severo Ochoa, Madrid, Spain) and Dr. David Yu
(University of California, Los Angeles, CA) for providing the cell lines, Dr.
M. Ramos for helpful discussions and Dr. J. Martinez-Laso for their help
with the phylogenetic and molecular evolutionary analyses.

Author Contributions

Conceived and designed the experiments: DL. Performed the experiments:
AB EL CJ CM. Analyzed the data: AB MV DL. Wrote the paper: DL.

20. Samino Y, Lopez D, Guil S, Saveanu L, van Endert PM, et al. (2006) A long N-
terminal-extended nested set of abundant and antigenic major histocompatibility
complex class I natural ligands from HIV envelope protein. J Biol Chem 281:
6358-6365.

21. Roberts CG, Meister GE, Jesdale BM, Lieberman J, Berzofsky JA, et al. (1996)
Prediction of HIV peptide epitopes by a novel algorithm. AIDS Res Hum
Retroviruses 12: 593-610.

22. Herberts CA, Stittelaar KJ, van der Heeft E, van Gaans-Van den Brink, Poelen
MC, et al. (2001) A measles virus glycoprotein-derived human CTL epitope is
abundantly presented via the proteasomal-dependent MHC class I processing
pathway. J Gen Virol 82: 2131-2142.

23. Terajima M, Cruz J, Leporati AM, Orphin L, Babon JA, et al. (2008) Influenza
A virus matrix protein l-specific human CD8+ T-cell response induced in
trivalent inactivated vaccine recipients. J Virol 82: 9283-9287.

24. Ben Dror L, Barnea E, Beer I, Mann M, Admon A (2010) The HLA-B*2705
peptidome. Arthritis Rheum 62: 420-429.

25. Marti M, Alvarez I, Montserrat V, Lopez de Castro JA (2001) Large sharing of
T-cell epitopes and natural ligands between HLA-B27 subtypes (B*2702 and
B*2705) associated with spondyloarthritis. Tissue Antigens 58: 351-362.

26. Montserrat V, Marti M, Lopez de Castro JA (2003) Allospecific T cell epitope
sharing reveals extensive conservation of the antigenic features of peptide ligands
among HLA-B27 subtypes differentially associated with spondyloarthritis.
J Immunol 170: 5778-5785.

27. Garcia-Peydro M, Marti M, Lopez de Castro JA (1999) High T cell epitope
sharing between two HLA-B27 subtypes (B*2705 and B*2709) differentially
associated to ankylosing spondylitis. J Immunol 163: 2299-2305.

28. Crotzer VL, Christian RE, Brooks JM, Shabanowitz ], Settlage RE, et al. (2000)
Immunodominance among EBV-derived epitopes restricted by HLA-B27 does
not correlate with epitope abundance in EBV-transformed B-lymphoblastoid cell
lines. ] Immunol 164: 6120-6129.

29. Fiorillo MT, Greco G, Maragno M, Potolicchio I, Monizio A, et al. (1998) The
naturally occurring polymorphism ASP(116)-HIS(116), differentiating the
ankylosing spondylitis-associated HLA-B-2705 from the non-associated HLA-
B-2709 subtype, influences peptide-specific CD8 T cell recognition. European
Journal of Immunology 28: 2508-2516.

30. Pazmany L, Rowland-Jones S, Huet S, Hill A, Sutton J, et al. (1992) Genetic
modulation of antigen presentation by HLA-B27 molecules. J Exp Med 175:
361-369.

31. Raghavan M, Lebron JA, Johnson JL, Bjorkman PJ (1996) Extended repertoire
of permissible peptide ligands for HLA-B*2702. Protein Sci 5: 2080-2088.
10.1002/pro.5560051014 [doi].

32. Boisgerault F, Tieng V, Stolzenberg MC, Dulphy N, Khalil I, et al. (1996)
Differences in endogenous peptides presented by HLA-B-2705 and B-2703
allelic variants - Implications for susceptibility to spondyloarthropathies. Journal
of Clinical Investigation 98: 2764-2770.

33. Garcia F, Marina A, Lopez de Castro JA (1997) Lack of carboxyl-terminal
tyrosine distinguishes the B*2706-bound peptide repertoire from those of
B*2704 and other HLA-B27 subtypes associated with ankylosing spondylitis.
Tissue Antigens 49: 215-221.

34. Jardetzky TS, Lane WS, Robinson RA, Madden DR, Wiley DC (1991)
Identification of self peptides bound to purified HLA-B27. Nature 353: 326-329.

35. Thomsen M, Lundegaard C, Buus S, Lund O, Nielsen M (2013) MHCcluster, a
method for functional clustering of MHC molecules. Immunogenetics 65: 655
665.

36. Robinson J, Halliwell JA, McWilliam H, Lopez R, Parham P, et al. (2013) The
IMGT/HLA database. Nucleic Acids Res 41: D1222-D1227.

37. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGAS5:
molecular evolutionary genetics analysis using maximum likelihood, evolution-
ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731-2739.

September 2014 | Volume 9 | Issue 9 | 106772



