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Immunopeptidome Analysis of HLA-DPB1 Allelic Variants
Reveals New Functional Hierarchies

Peter van Balen,* Michel G. D. Kester,* Wendy de Klerk,* Pietro Crivello,Jr
Esteban Arrieta-Bolaﬁos,T Arnoud H. de Ru,i Inge Jedema,* Yassene Mohammed,i
Mirjam H. M. Heemskerk,* Katharina Fleischhauer,” Peter A. van Veelen,” and

J. H. Frederik Falkenburg*

HLA-DP alleles can be classified into functional T cell epitope (TCE) groups. TCE-1 and TCE-2 are clearly defined, but TCE-3 still
represents an heterogeneous group. Because polymorphisms in HLA-DP influence the presented peptidome, we investigated
whether the composition of peptides binding in HLA-DP may be used to refine the HLA-DP group classification. Peptidomes
of human HLA-DP-typed B cell lines were analyzed with mass spectrometry after immunoaffinity chromatography and peptide
elution. Gibbs clustering was performed to identify motifs of binding peptides. HLA-DP peptide-binding motifs showed a clear
association with the HLA-DP allele-specific sequences of the binding groove. Hierarchical clustering of HLA-DP immunopepti-
domes was performed to investigate the similarities and differences in peptidomes of different HLA-DP molecules, and this
clustering resulted in the categorization of HLA-DP alleles into 3-DP peptidome clusters (DPC). The peptidomes of HLA-
DPB1#09:01, -10:01, and -17:01 (TCE-1 alleles) and HLA-DPB1%04:01, -04:02, and -02:01 (TCE-3 alleles) were separated in
two maximal distinct clusters, DPC-1 and DPC-3, respectively, reflecting their previous TCE classification. HLA-DP alleles
categorized in DPC-2 shared certain similar peptide-binding motifs with DPC-1 or DPC-3 alleles, but significant differences were
observed for other positions. Within DPC-2, divergence between the alleles was observed based on the preference for different
peptide residues at position 9. In summary, immunopeptidome analysis was used to unravel functional hierarchies among HLA-

DP alleles, providing new molecular insights into HLA-DP classification.

l l nrelated donors for allogeneic stem cell transplanta-

tions who are HLA 10/10 matched with the recipient are

mismatched for HLA-DP in 71-88% of cases (1-4).
Although frequently not taken into account in donor selection,
mismatched HLA-DP can induce potent immune responses, con-
sisting of graft-versus-leukemia reactivity and graft-versus-host
disease (5-7). HLA-DPBI1 alleles were previously categorized
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into T cell epitope (TCE) groups based on in vitro experiments
using recognition patterns of anti-HLA-DP—directed T cells and
amino acid sequences of the binding groove, defining functional
distance among the different HLA-DPBI1 alleles (8-10). Based
on this classification, HLA-DP mismatches have been classified
as permissive (mismatch within the same TCE group) or non-
permissive (mismatch across different TCE groups) with predic-
tive value for the outcome of transplantation (8, 11-14). The
functional groups of TCE-1 alleles (HLA-DPB1#09:01, -10:01,
and -17:01) and TCE-2 alleles (HLA-DPB1*03:01, -14:01,
and -45:01) were clearly defined, but TCE-3 included any HLA-
DPBI allele not belonging to either group 1 or 2 and represents a
relatively heterogeneous group. A first attempt toward the defi-
nition of functional relations within TCE-3 was made previously
by subdividing TCE-3 into a group containing HLA-DPB1*#02 and
a group containing all other HLA-DPB1 alleles (11, 15).

It has been shown that polymorphisms within the peptide-
binding groove of HLA-DP molecules are more important for
HLA-DP-restricted alloreactivity than polymorphisms outside the
peptide-binding groove (9, 16). In addition, we have previously
demonstrated that biologically relevant allo-HLA class I and II
reactivity selected during a graft-versus-host disease response
were peptide specific (17, 18). Therefore, we hypothesize that
differences in composition of peptides bound to the various HLA-
DP molecules determine the potency to induce immune re-
sponses between mismatched HLA-DP molecules. By analyzing
the peptidome of the 12 common HLA-DP molecules, we
investigated whether permissiveness and nonpermissiveness
with respect to alloreactivity in the context of allogeneic stem
cell transplantation could be defined based on the similarity
or differences in their respective immunopeptidomes. In this
study, we analyzed the peptidome of HLA-DP molecules using
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immunoaffinity chromatography, followed by mass spectrome-
try of the eluted peptides. Distinct peptide-binding motifs were
identified correlating with structural differences across HLA-DP
molecules. We demonstrated new functional hierarchies based on
similarities and differences in binding motifs of peptides binding
to different HLA-DP molecules.

Materials and Methods

Expansion and lysis of cells

To investigate peptides presented in HLA-DP molecules encoded by
DPB1%#09:01, -10:01, and -17:01 (TCE-1), DPB1#¥03:01 and -14:01 (TCE-2),
and DPB1*01:01, -02:01, -04:01, -04:02, -05:01, -06:01 and -13:01
(TCE-3), HLA-DP-typed EBV-transformed B lymphoblastic cell lines
(EBV-LCL) were expanded to 2-8 X 10° cells. HLA class II-negative
K562 cells were transduced with seven frequent HLA-DP alleles
using pLZRS vector HLA-DPA1-T2A-HLA-DPB1-IRES-ANGF-R
combinations: DPA1#02:01/DPB1*¥01:01, DPA1*01:03/DPB1#02:01,
DPA1*01:03/DPB1*03:01, DPA1*01:03/DPB1#04:01, DPA1*01:03/
DPB1%04:02, DPA1*02:02/DPB1*05:01, and DPA1*02:01/DPB1*14:01.
After expansion, cells were stored at —80°C as dry cell pellet.

HLA-DP immunoaffinity chromatography

To obtain anti-HLA-DP Abs, hybridoma cell line B7/21 was expanded.
Produced Abs were purified using Protein A Sepharose beads (GE
Healthcare). Purified B7/21 Abs were used to generate an immunoaffinity
column (B7/21-Protein A Sepharose 2.5 mg/ml) (19).

Cell pellets were lysed in 50 mM Tris—HCl (pH 8), 150 mM NaCl, 5 mM
EDTA, and 0.5% ZWITTERGENT 3-12 (Merck) and supplemented with
cOmplete Protease Inhibitor (Merck). Concentration in the lysis buffer was
1 X 10® cells/ml. After 2 h, the supernatant was precleared with CL4B
beads (GE Healthcare, Eindhoven, the Netherlands) and subjected to the
immunoaffinity column with a flow rate of 2.5 ml/min. Bound peptide—
HLA-DP complexes were eluted from the column and dissociated with
10% acetic acid (Merck). Peptides were separated from the HLA-DP
molecules via passage through a 10-kDa membrane (Merck), and the fil-
trate was freeze dried.

Analysis of peptide mix using mass spectrometry

Q-Exactive mass spectrometer. Peptides were analyzed using an Easy-
nLC 1000 (Thermo Fisher Scientific, Bremen, Germany) coupled to a
Q-Exactive mass spectrometer (MS; Thermo Fisher Scientific). Injection
was done onto an homemade precolumn (100 wm X 15 mm; ReproSil-
Pur C18-AQ 3 pm; Dr. Maisch, Ammerbuch, Germany) and elution via a
homemade analytical column (15 cm X 75 pwm; ReproSil-Pur C18-AQ
3 pm). The gradient was 0-30% solvent B (100 acetonitrile/0.1 formic
acid v/v) in 120 min. The analytical column was drawn to a tip of ~5 pm
and acted as the electrospray needle of the MS source. The Q-Exactive
MS was operated in top 10 mode. Parameters were as follows: full scan,
70,000 resolution, 3,000,000 automatic gain control (AGC) target,
maximum fill time 100 ms, and dynamic exclusion of 10 s. For master
scan 2, precursors were isolated with the quadrupole, with an isolation
width of 2 Da. Higher-energy collisional dissociation collision energy
was set to 27 V. Master scan 2 scan resolution was 35,000 at a 1,000,000
AGC target, 128 ms maximum fill time. Apex trigger was set to 1-5 s,
and allowed charges were 1-4 s.

Orbitrap fusion Lumos. Peptides were analyzed by online C18 nano-HPLC
MS/MS with a system consisting of an Easy-nLC 1200 gradient HPLC
system (Thermo Fisher Scientific) and an Orbitrap Fusion Lumos MS
(Thermo Fisher Scientific). Fractions were injected onto an homemade
precolumn (100 pwm X 15 mm; ReproSil-Pur C18-AQ 3 pwm; Dr. Maisch)
and eluted via a homemade analytical nano-HPLC column (15 cm X
75 pwm; ReproSil-Pur C18-AQ 3 wm). The gradient was run from 2 to 36%
solvent B (20/80/0.1 water/acetonitrile/formic acid v/v/v) in 120 min. The
nano-HPLC column was drawn to a tip of ~5 wm and acted as the elec-
trospray needle of the MS source. The Lumos MS was operated in data-
dependent MS/MS (top-N mode with a cycle time of 3 s) with collision
energy at 32 V and recording of the master scan 2 spectrum in the orbitrap.
In the master scan 1, the resolution was 60,000, the scan range 300—1400 at
an AGC target of 400,000, and maximum fill time of 50 ms. Dynamic
exclusion after n = 1 with exclusion duration of 20 s. Charge states 1
(range 800-1400), 2 (range 400-1200), and 3 (range 300-800) were in-
cluded. For MS2, precursors were isolated with the quadrupole with an
isolation width of 1.2 Da. Higher-energy collisional dissociation collision
energy was set to 32 V. First mass was set to 110 Da. The master scan 2

resolution was 30,000 with an AGC target of 50,000 at maximum fill time
of 100 ms.

Data processing and Gibbs clustering

Raw data were first converted to peak lists using Proteome Discoverer
version 2.2 (Thermo Electron) and submitted to the Uniprot Homo sapiens
database (20,410 entries) using Mascot v. 2.2.07 (http://www.matrixscience.
com) for protein identification. A false discovery rate of 1% (target decoy)
was set together with Mascot ion score above 10 for data collection and
grouping. Peptide alignment and analysis of nested sets was done in Excel
(20). A nested set is defined as a collection of peptides originating from the
same protein and sharing a sequence of nine or more identical amino acids.
The centers of the peptides belonging to the same nested set were not
allowed to be more than 6 aa apart from each other. The core sequence was
defined as the minimal peptide of a nested set. A region sequence was de-
fined as tens of amino acids containing the identified peptide and, therefore,
always have a fixed start and stop position and mainly a length of 10, 20, 30,
or 40 aa.

To investigate whether the eluted peptides frequently contained certain
amino acids at certain positions, alignment and clustering with Gibbs
sampling approach was performed using the GibbsCluster-1.1a Perl script
(www.cbs.dtu.dk/services/) (21). Statistical analysis was performed using
probability weighted Kullback—Leibler distance (KLD). The height of the
amino acid corresponds to their probability times their log-odds score,
which is also the information contribution of the amino acid given, and the
weight matrix is used for analysis.

Hierarchical clustering

To investigate the presence of identical peptides and the similarity between
the peptidomes of different HLA-DP molecules, agglomerative hierarchical
clustering was performed in which observations are grouped into clusters.
For this, the optimal grouping is found in which similar observations are
grouped together as clusters, but the different clusters are separate from one
another. The similarity between the observation vectors was determined by
Euclidian and Manhattan distances (22). The clustering solutions obtained
by hierarchical clustering are visualized as a dendrogram, with the ob-
servation indices placed along the vertical axis such that no two branches
of the dendrogram cross. Their respective linkage value is denoted by the
horizontal axis such that the most similar observations are connected near
the right end of the tree (23).

Association between peptide motifs and binding groove

of HLA-DP

To quantify the association between amino acids in the groove of HLA-DP
variants and specific amino acids in the bound peptide, we measured the
distances between the binding motifs associated with each variant. To allow
best compatibility and comparability, we used weighted pairwise nor-
malized distance (weighted Canberra) between each two variants and as-
sociation with each position. The weighting corresponds to the normalized
number of observations of the specific amino acids at a specific position.
The higher the distance, the stronger the influence of having the HLA-DP
variant on the binding motif at the corresponding position in the bound
peptide.

Results
Binding motifs of peptides presented by HLA-DP

To investigate the peptidome of peptides bound to HLA-DP, 19
HLA-DP—typed EBV-LCL were expanded to 2-8 X 10° cells.
Fifteen EBV-LCLs were homozygous for HLA-DPBI1, and four
were heterozygous (Table I). After expansion, immunoaffinity
chromatography using anti-HLA-DP B7/21 Abs was performed,
followed by analysis of the peptidome using mass spectrometry,
resulting in the detection of 2010-7260 unique peptides per HLA-
DP allele derived from 587 to 1570 source proteins (Table I). To
investigate whether the eluted peptides frequently contained cer-
tain amino acids at specific positions, Gibbs sampling approach on
all unique peptides per HLA-DP allele was performed (21). Be-
cause the length of such an amino acid motif was not known,
Gibbs clustering was used for analyzing potential motifs with
lengths of 9 or 12 aa. For most EBV-LCL homozygous for HLA-
DPB1, highest KLD were reached when clustering in one clus-
ter was performed, meaning that one dominant motif could be
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Table I. HLA-DP typing of analyzed EBV-LCL and numbers of peptides eluted
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EBV-LCL No. of Unique No. of Source Proteins Median No. of Peptides Average No. of
Sample ID HLA-DPB1 HLA-DPA1 Eluted Peptides for Eluted Peptides per Protein (Range) Peptides per Protein

CCC 12493 DPB1%#09:01 DPA1%#02:01:01 4,303 976 2 (1-89) 4.41

VNG 12286 DPB1*¥10:01 DPA1%02:01:01 5,127 1,122 2 (1-124) 4.57

ETV 11197 DPB1*#14:01 DPA1%02:01:01 5,868 1,167 2 (1-113) 5.03

CLK 3987 DPB1*03:01 DPA1%#01:03:01 4,417 923 2 (1-129) 4.79

MPF 174 DPB1*#03:01 DPA1*01:03:01 3,733 849 2 (1-113) 4.40

TQP 8275 DPB1*05:01 DPA1%#02:02:02 4211 822 2 (1-149) 5.12

WKD 3639 DPB1*05:01:01 DPA1%02:02:02 6,349 1,366 2 (1-140) 4.65

NAG 12292 DPB1#01:01:01 DPA1*02:01:02 2,766 634 2 (1-71) 4.36

BZQ 12290 DPB1%13:01:01 DPA1%#02:01:01 3,896 838 2 (1-49) 4.65

FAQ 3528 DPB1%02:01:02 DPA1*#01:03:01 5,710 1,126 2 (1-93) 5.07

REE 7929 DPB1*#02:01:02 DPA1*01:03:01; 3,577 836 2 (1-53) 4.28

DPA1#02:01

HHC 5852 DPB1*#04:01 DPA1%#01:03:01 7,260 1,570 2 (1-145) 4.62

MHX 1699 DPB1*#04:01 DPA1*#01:03:01 4,252 998 2 (1-70) 4.26

WEW 12494 DPB1*04:01 DPA1%#01:03:01 4,052 993 2 (1-58) 4.08

AST 5085 DPB1%#04:02:01 DPA1*01:03:01 3,186 760 2 (1-104) 4.19

UKM 7264 DPB1%04:01; DPA1*01:03:01; 5,067 1,112 2 (1-87) 4.56
DPB1*¥17:01 DPA1#02:01

ASY 3436 DPB1*04:01; DPA1*01:03:01; 2,409 619 2 (1-51) 3.89
DPB1*¥10:01 DPA1%#02:01

AZP 2877 DPB1*04:01; DPA1%*01:03:01; 4,456 987 2 (1-67) 4.51
DPB1*#14:01 DPA1*02:01

JTD 5000 DPB1%04:01:01; DPA1%#01:03:01 2,010 587 2 (1-64) 3.42

DPB1#06:01:01
Total 82,649
1D, identifier.

detected in amino acid sequences of eluted peptides, both for a
motif length of 9 and 12 aa. However, for peptides eluted from
EBV-LCL homozygous for DPB1*05:01, two different motifs
were identified. Fig. 1 shows the motifs for all homozygous EBV-
LCL, with the positions of amino acids depicted on the x-axis and
the height of the depicted amino acids corresponding to their
relative frequencies at these positions. In all analyzed samples, a
limited number of peptides were outliers, which did not fit in the
clustering using Gibbs sampling approach. Because clustering
for motifs of lengths of 9 or 12 aa resulted in similar results
(Supplemental Fig. 1), it was concluded that the peptide-binding
motif of HLA-DP consisted primarily of 9 aa. As expected,
clustering of peptides eluted from heterozygous EBV-LCL resul-
ted in optimal clustering into two groups (Fig. 2). Gibbs clustering
of eluted peptides from EBV-LCL heterozygous for DPB1#04:01
and -10:01 and for -04:01 and -14:01 resulted in two motifs for
each EBV-LCL, which were similar to the motifs of the peptidome
of EBV-LCL homozygous for those alleles (Supplemental Fig. 1).
These results illustrate that heterozygous EBV-LCL can be used
for the identification of binding motifs for HLA-DP alleles for
which homozygous EBV-LCL were not available (e.g., DPB1*17:
01 and -06:01), provided that the other allele of the heterozygous
EBV-LCL was of an HLA-DPBI1 type with known binding motif
and that both binding motifs are not similar to each other (Fig. 2).

To further validate the peptide-binding motifs, the peptidome of
HLA-DP—transduced chronic myeloid leukemia cell line K562
was analyzed as alternative cell source of peptides for seven dif-
ferent HLA-DP alleles (24). The results demonstrated identi-
cal binding motifs as identified using EBV-LCL as cell source
(Supplemental Fig. 2), confirming the HLA-DP-binding motifs
and demonstrating that cell source did not influence the binding
motifs of different HLA-DP molecules.

All three alleles from TCE-1 (DPB1%09:01, -10:01, and -17:01)
had a similar motif with, most likely, amino acids K, K, A, Q, and
L at position 1 (p1), p4, p6, p7, and p9, respectively (Figs. 1, 2). This
motif was shared by DPB1#14:01 from TCE-2 at pl, p6, and p9.

However, its motif was different at p4 and p7. The motif of
peptides binding in TCE-2 allele DPB1*03:01 was similar to the
TCE-1 alleles at pl and p6 and similar to DPB1#14:01 at p1, p6,
and p7. Importantly, the peptide-binding motifs of TCE-3 alleles
were more heterogeneous. DPB1#04:01, -04:02, and -02:01 had
largely superimposable motifs, with a dominant F at pl and p6,
whereas other TCE-3 alleles (DPB1*01:01, -05:01, -06:01, and
-13:01) had significantly different motifs.

These results illustrate that, except for HLA-DPB1#05:01, clear
binding motifs for different HLA-DP molecules could be gener-
ated using immunoaffinity chromatography followed by peptide
elution, analysis by mass spectrometry and Gibbs clustering. Al-
though peptide-binding motifs for TCE-1 alleles displayed high
similarity, and motifs for TCE-2 alleles slightly differed from each
other, DP alleles from group TCE-3 demonstrated great hetero-
geneity in their binding motifs.

No influence of length variants on binding motifs

Because HLA class II ligands can have various different lengths, we
investigated the potential influence of these length variants on the
DP peptide-binding motifs. For this, Gibbs clustering was per-
formed on the dataset of all unique peptides but also on a set that
measured length variants of the same region as one peptide
(i.e., core peptides). The HLA-DP ligandome consisted predomi-
nantly (49.4%) of peptides of 14—16 aa in length, the other half of
the peptidome ranging from a minimum of 9 aa to a maximum of
47 aa (Fig. 3). Two methods to investigate the influence of length
variants were used and explained visually in Fig. 3. In the first
method, core sequences were determined, in which the over-
lapping sequence of length variants was only counted once in the
clustering. To determine core sequences, nested sets of peptides
consisting of a collection of peptides originating from the same
protein region and sharing a sequence of 9 or more identical aa
were first identified. By definition, the centers of the peptides
belonging to the same nested set cannot be more than 6 aa apart
from each other. The core sequence is defined as the minimal
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Motifs of peptides eluted from EBV-LCL homozygous for different HLA-DPBI1 alleles. The position of amino acids in the peptide is

depicted on the x-axis, and the height of the depicted amino acids corresponds to their relative frequency at this position. Motifs were derived using Gibbs
clustering of eluted peptides as described previously (21). For the optimization of the fitness of the sequence alignment, KLD was used. KLD was highest
when clustering in one cluster was performed, meaning that one dominant motif could be detected in amino acid sequences of eluted peptides of ho-
mozygous EBV-LCL, except for DPB1#05:01, for which two dominant motifs were identified. Left from the y-axis, sample identifiers (ID) of EBV-LCL,
number of peptides used in the clustering, number of outlier peptides not used in the clustering, and KLD are shown. The sequence of depiction of motifs of
peptides binding in different HLA-DP alleles follows the current classification into TCE groups.

peptide of a nested set. Per HLA-DP allele, 79-89% of unique
peptides belonged to nested sets (Table II). Peptides without
length variants were counted as unique core sequences. Core se-
quences of 777-2258 could be detected per HLA-DP allele
(Table II). Gibbs clustering was performed on these core se-
quences, and the same binding motifs were found as after clus-
tering of all unique peptides (Fig. 3). The second method to
investigate the potential influence of length variants on the binding
motif was to assign the identified peptides to a 10-aa region in the
protein and subsequently use each string of 10 aa just once for
clustering (Table II). This method resulted also in identical
binding motifs as compared with clustering of all unique peptides

(Fig. 3). These results demonstrate that the identified binding
motifs were not influenced by overrepresentation of peptides of
which many length variants were present in the eluted peptide
pool.

Similarity in peptidome of HLA-DPBI alleles

In addition to the analysis of the HLA-DP-binding motifs, the
composition of the HLA-DP peptidomes was analyzed by per-
forming hierarchical clustering using Euclidian distance (shortest
distance between two points) calculation (22). Because Gibbs
clustering of the HLA-DPB1*05:01 peptidome revealed two
different binding motifs, this HLA allele was excluded from
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hierarchical clustering. The results of the hierarchical clustering
are shown in Fig. 4A. As expected, the peptidomes of different
EBV-LCL expressing the same HLA-DP molecules displayed
high similarity. The peptidomes of the TCE-1 alleles HLA-
DPB1%#10:01, -09:01, and -17:01 displayed more similarity to
each other than the peptidomes of all other HLA-DP alleles. The
peptidomes of TCE-3 alleles HLA-DPB1*02:01, -04:01, and
-04:02 displayed similarity but were most separate from the
TCE-1 alleles. However, the peptidome of these TCE-3 alleles
was very different from the peptidome of the other TCE-3 al-
leles. The peptidomes of TCE-3 alleles HLA-DPB1*¥13:01
and -01:01 cluster together more to HLA-DPB1*14:01, -03:01,
and -06:01 than to the cluster containing HLA-DPB1*02:01,
-04:01, and -04:02. Based on the results of this analysis, a new
categorization in different DP peptidome cluster (DPC) groups
could be made (Fig. 4A). However, strict categorization into
groups is not possible because the peptidomes can have simi-
larities with several other HLA-DP peptidomes also across the
borders of a DPC group. DPB1*14:01, for instance, can be
clustered into DPC group 1 or 2 depending on the method used.
Indeed, when using hierarchical clustering based on Manhattan
distance (sum of perpendicular distances on all axes between two
points) (22), this allele clustered with the DPC-1 alleles instead
of with DPB1*03:01 and -06:01 (Fig. 4B), illustrating that the
peptidome of DPB1*14:01 showed similarity to both DPC-1 and
DPC-2 alleles. We therefore propose functional hierarchies in-
stead of categorization into different groups. The peptidome of
DPB1*09:01, -10:01, and -17:01 are similar and can be grouped
together in DPC-1. These peptidomes are most different com-
pared with the peptidomes of DPB1*04:01, -04:02, and -02:01,
which can be clustered in DPC-3. All other HLA-DP peptidomes
can be categorized in DPC-2, although this still represents a
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relatively heterogenous group. However, classification in func-
tional hierarchies is preferred because strict categorization into
groups is not possible.

Association between peptide motifs and binding groove
of HLA-DP

To investigate the relation between the binding motifs and the
hypervariable regions in the HLA-DP molecules, we searched the
literature for peptide residues known to interact with specific amino
acids in the HLA-DP-binding groove and aligned these. Based on
a binding core of 9 aa, interactions between pl and aa 31 of the
HLA-DP a-chain (31a) and aa 76 and 84-87 of the HLA-DP
B-chain (763 and 84-87(); between p4 and 693 and 76(3; be-
tween p6 and 11a and 113; between p7 and 558, 653, and 693;
and between p9 and 9B, 3583, 36(3, and 558 are described (8, 25—
31). Amino acids at these positions of the binding groove of dif-
ferent HLA-DP molecules are depicted in Fig. 5A together with
amino acids identified to be preferred at certain positions of the
binding peptide based on the matrix score of the Gibbs clustering.
The results show clear association between amino acids in the
binding groove with amino acids in the bound peptide. To quantify
this association, we measured the distances between the binding
motifs associated with each variant using weighted Canberra
distance. The higher the distance, the stronger the influence of
having the HLA-DP variant on the binding motif at the corre-
sponding position. The relevant associations are depicted in
Fig. 5B.

Analyzing the data per hypervariable region interacting with an
amino acid in the peptide, an association was observed between the
amino acid in the binding groove and the preferred amino acid at
that position in the peptide. For instance, a positively charged K or
R at pl interacts with the negatively charged DEAV motif in the
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Influence of peptide length variants on the DP-binding motif. Gibbs clustering was performed on all unique peptides, on core sequences, and

on region sequences. To determine core sequences, nested sets of peptides were identified first. A nested set is a collection of peptides originating from the
same protein and sharing a sequence of 9 or more identical aa. The centers of the peptides belonging to the same nested set cannot be more than 6 aa apart
from each other. The core sequence is defined as the minimal peptide of a nested set. To determine region sequences, peptides were assigned to a 10-aa
region in the protein. Gibbs clustering performed on all unique peptides, core sequences, and region sequences resulted in the same binding motifs, il-
lustrating that the identified motifs for peptides binding in HLA-DP were not influenced by overrepresentation of peptides of which many length variants

were present in the eluted peptide mix.
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Table II.  Clustering of length variants of eluted peptides into nested sets and region sequences
No. of No. of Mean No. Median No. of Mean No. of
No. of Peptides Consensus Median No. of of No. of Peptides in Peptides in
EBV-LCL Unique in Nested Core Peptides per Peptides Region Protein Region Protein
Sample ID HLA-DPB1 Peptides Sets Peptides Core (Range) per Core Sequences (Range) Region
CCC 12493 DPB1*09:01 4303 3715 1358 2 (1-60) 3.17 1668 2 (1-28) 2.58
VNG 12286 DPB1*10:01 5127 4436 1634 2 (1-49) 3.14 2043 1 (1-35) 2.51
ETV 11197 DPB1*14:01 5868 5149 1726 2 (1-69) 34 2141 2 (1-53) 2.74
CLK 3987 DPB1*03:01 4417 3886 1185 2 (1-46) 3.73 1504 2 (1-32) 2.94
MPF 174 DPB1*#03:01 3733 3233 1100 2 (1-57) 3.39 1308 2 (1-34) 2.85
TQP 8275 DPB1*05:01 4211 3661 1313 2 (1-43) 3.21 1647 2 (1-25) 2.56
WKD 3639 DPB1*05:01 6349 5329 2167 2 (1-34) 2.93 2572 1 (1-34) 2.47
NAG 12292 DPB1*01:01 2766 2377 888 2 (1-64) 3.11 1073 2 (1-47) 2.58
BZQ 12290 DPB1*13:01 3896 3476 1060 2 (1-34) 3.68 1312 2 (1-29) 2.97
FAQ 3528 DPB1*02:01 5710 5017 1634 2 (1-62) 3.49 1996 2 (1-43) 2.86
REE 7929 DPB1*02:01 3577 3044 1146 2 (1-37) 3.12 1359 2 (1-29) 2.63
HHC 5852 DPB1*04:01 7260 6167 2258 2 (1-49) 3.22 2665 1 (1-40) 2.72
MHX 1699 DPB1*04:01 4252 3566 1432 2 (1-69) 2.97 1736 1 (1-41) 245
WEW 12494 DPB1*04:01 4052 3472 1285 2 (1-33) 3.15 1559 1 (1-29) 2.6
AST 5085 DPB1*04:02 3186 2698 1031 2 (1-44) 3.09 1241 1 (1-31) 2.57
UKM 7264 DPB1%04:01; 5067 4325 1638 2 (1-45) 3.09 2014 1 (1-30) 2.52
DPB1*17:01
ASY 3436 DPB1*04:01; 2409 1986 863 2 (1-38) 2.79 1014 1 (1-21) 2.38
DPB1#10:01
AZP 2877 DPB1*04:01; 4456 3774 1452 2 (1-33) 3.07 1745 1 (1-30) 2.55
DPB1*14:01
JTD 5000 DPB1*04:01; 2010 1592 777 1 (1-29) 2.59 865 1(1-21) 2.32
DPB1*06:01
1D, identifier.

binding groove. In addition, the presence of M at position 31a
coincided with preference of R at p1 instead of K. The diverging
GGPM motif at 84-87( was associated with preferred F, W, and
Y at pl.

After correlating amino acids in the peptide with amino acids in
the binding groove, we tried to correlate the results of the hier-
archical clustering in Fig. 4 with the results in Fig. 5. All three
HLA-DP alleles of DPC-1 are nearly identical in the hypervariable
regions and preferred amino acids in the peptide, except for a
difference in 763, interacting with p1 and p4. This difference only
slightly altered the preferred amino acids in p1 and p4. The HLA-
DP alleles of DPC-3, being DPB1*02:01, -04:01, and -04:02, are
structurally similar for the hypervariable regions interacting with
pl, p6, and p9. However, both their preferred amino acids in the
bound peptide as well as their binding groove sequence differed
significantly from DPC-1 alleles, most prominently at pl and p6.
The hierarchy within DPC-3 can be explained by differences in
amino acids interacting with p4 and p7. Regarding DPC-2 alleles,
the preferred amino acids in the binding peptide showed high
similarity with DPC-1 alleles for pl and p6, with the exception of
DPB1*#01:01, which differs from the DPC-1 alleles for p6. Within
DPC-2, there are three dominant patterns at p9. HLA-DP alleles
with the same preferred amino acid at p9 cluster together in the
hierarchical clustering (Fig. 4). Regarding DPB1%14:01, the pre-
ferred amino acid at pl, p6 and p9 were identical to the DPC-1
alleles. However, for p4 and p7, there was more resemblance
between DPB1%14:01 and the peptides bound to DPC-2 allele
DPB1*03:01, explaining the clustering of these peptidomes in
Fig. 4A.

These results illustrate that there is a clear association between
peptide-binding motifs of different HLA-DP alleles and the se-
quence of their binding grooves. Preferred amino acids at p1, p6,
and p9 were associated with amino acids in the binding groove of
HLA-DP, and similarity at these positions seemed to have an
important influence to the hierarchical clustering. Preferred amino
acids at binding positions differ the most between DPC-1 and DPC-
3. Within DPC-2, preferred amino acids at binding positions can be

similar to DPC-1 alleles, especially for pl, but also to DPC-3
alleles, as is the case for p6 in DPB1*01:01. Preferred amino
acids at p9 seemed to play an essential role in the hierarchical
clustering within DPC-2.

Discussion
The aim of our study was to investigate whether the composition of
peptides bound to different HLA-DP alleles can be used to better
understand functional clustering of HLA-DP alleles, previously
categorized into TCE groups based on the relevance of HLA-DP
variability on T cell alloreactivity (8, 9). By analyzing HLA-DP
peptide-binding motifs and investigating similarities between the
peptidomes of different HLA-DP molecules, we were able to
produce an hierarchical clustering of HLA-DP alleles. Based on
the results of this hierarchical clustering, a new categorization in
three different DPC groups could be made. We were able to partly
confirm but also to refine the existing TCE group categorization.
However, instead of strict categorization into closed groups, our
data suggest a more gradual categorization. The peptidomes of
DPB1%*09:01, -10:01, and -17:01, previously classified as TCE-1
alleles, are most similar and can be grouped together in DPC-1.
These peptidomes are most different from the peptidomes of
DPB1%*04:01, -04:02, and -02:01, previously assigned to TCE-3,
which can be clustered in DPC-3. All other HLA-DP peptidomes,
including some originally assigned to TCE-3, can be categorized
in DPC-2, among which further stratification can be made, mainly
based on similarities or differences at p9 of the bound peptides.
In unrelated stem cell transplantation, it has been shown that
donor-recipient HLA-DP mismatching for alleles belonging to the
same TCE group according to the previous definition (permissive
mismatch) is associated with better clinical outcomes than mis-
matching for HLA-DP alleles from different TCE groups (non-
permissive mismatches) (8, 10, 13, 32). It could be suggested that
in the setting of allogenic stem cell transplantation patient—donor
HLA-DP mismatches between alleles clustering together in hier-
archical clustering are more permissive than mismatches between
alleles not clustering together. It is thus tempting to speculate that
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FIGURE 4. Hierarchical clustering dendrogram of similarity between peptidomes of different HLA-DP alleles. (A) Analysis using Euclidian distances
(22). The peptidome was most similar when the different EBV-LCL expressed the same HLA-DP molecule. The peptidomes of DPB1%10:01, -09:01,
and -17:01 (DPC-1) were more similar to each other than to the peptidomes of all other HLA-DP alleles. The peptidomes of DPB1*%02:01, -04:01,
and -04:02 (DPC-3) cluster together. The peptidome of DPB1*06:01 was more similar to the peptidome of DPB1*¥03:01 and -14:01 within DPC-2, whereas
within DPC-2, the peptidomes of DPB1#13:01 and -01:01 cluster together. (B) Analysis using Manhattan distances (22). The results are nearly identical
regarding clustering of HLA-DP alleles. However, with this approach, DPB1#14:01 was clustered together with DPB1#*10:01, -09:01, and -17:01 instead of

with DPB1#03:01 and -06:01.

previous associations might be further improved by our refined
classification in DPC groups based on the peptide similarity be-
tween HLA-DP peptidomes. This speculation is based on the
hypothesis that HLA-DP molecules that are more similar to each
other and present more similar peptides in the binding groove are
less immunogenic to each other and therefore will be more per-
missive in case of a patient—-donor mismatch than HLA-DP mol-
ecules that are clearly different from each other, presenting more
different peptides. Based on the new categorization proposed from
our results, is it then expected that a mismatch between patient

and donor is nonpermissive
and DPC-3 alleles. Whether

A

if the mismatch is between DPC-1
other mismatches are permissive or

nonpermissive depends on the differences in the peptidome and
whether these alleles cluster close to each other or not. We hy-
pothesize that permissiveness is not a black-and-white phenome-
non but rather gradual based on similarities and differences in the
peptidomes. Further studies are warranted to test this important
point.

Our data allowed a new functional classification of HLA-DP
alleles based on the relatedness of their peptide repertoires.
Interestingly, the resulting clusters are very similar to the evolu-
tionary clades identified recently based on Ag recognition domain-
based variation in HLA-DPB1 (33). These authors found that
HLA-DPB1 exhibits two deeply divergent conserved clades of
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FIGURE 5. Association between amino acid polymorphism in the DP-binding groove and preferred amino acids in the peptide. (A) Overview of amino
acids in the peptide-binding groove of different HLA-DP alleles and the preferred amino acids at specific positions of the bound peptide. Amino acid matrix
score was a result of the Gibbs clustering, and the higher this matrix score, the more frequent a certain amino acid was observed at this position. Colors are
used to make differences and similarities more easily detectable. (B) Weighted pairwise normalized distance (weighted Canberra) between each 2 aa
variants in the binding groove and amino acids in the bound peptide. The weighting corresponds to the normalized number of observations of the specific
amino acids at a specific position. The higher the distance, the stronger the influence of having the HLA-DP variant on the binding motif at the corre-
sponding position. A mixture modeling to allow hypothesis testing on the obtained distances resulted in separation between relevant and not-relevant
associations at 1.7 U on weighted Canberra distance.
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alleles correlating with the rs9277534A/G polymorphism, a
known expression marker (34). The low-expression A clade in-
cluded HLA-DPB1*02:01, -04:01, and -04:02 and showed re-
duced nucleotide diversity compared with the high-expression G
clade (33). Of note, low-expression allele HLA-DPB1*17:01 is
not mentioned in their analysis, and the peptidome of this allele is
clustered far away from HLA-DPB1*02:01, -04:01, and -04:02 in
our study.

Some previous studies have reported DP peptide-binding
motifs. Using binding assays with synthetic biotinylated pep-
tides on DPB1¥09:01, a binding motif similar to the one
characterized in the current study could be identified (35).
Peptide-binding motifs for DPB1*04:01, -04:02, and -02:01
determined in our study were similar to previously identified
motifs at pl and p6 and, to lesser extent, at p4 and p9 (36-42).
Although focused mainly on these alleles, we characterized in
detail the binding motif of several previously not studied DP
alleles. Our study resulted also in more detailed characteriza-
tion of binding motifs than previous studies, not only for amino
acids at pl and p6 but also at p4, p7, and p9. In contrast to
previous studies, our results were obtained after analysis of
naturally processed and presented peptides in different HLA-
DP molecules. In two recent publications, others found an
identical binding motif for HLA-DPB1*06:01, -17:01, and
-03:01 as we did (42, 43). For motifs of peptides bound to
DPB1*01:01 and -05:01, there are conflicting data from pre-
vious studies.

In contrast to our results, previous studies using synthetic
peptides and single-substitution analogs revealed importance of F
at pl and p6 also for peptides binding in DPB1#01:01 and -05:01
(37, 38, 44), whereas others assign important binding properties for
K and R at pl for peptides in DPB*05:01, as observed by us (45).

Our results showed clustering in two possible motifs of peptides
binding in DPB1#05:01 (Fig. 1). The motifs appeared to be mirror
images. Based on these motifs, we hypothesize that a peptide can
be bound in HLA-DPB1*05:01 both in the canonical orientation
and in inversed alignment. This phenomenon has been de-
scribed previously for CLIP in HLA-DR1 (46). Further analy-
ses using binding assays or crystallography are needed to
confirm this hypothesis.

In this project, we focused on the role of the HLA-DP (-chain.
However, also, the a-chain is known to have a role in T cell
recognition (47) and in interaction with peptide (25). Our re-
sults suggest that different amino acids in the a-chain might also
have an impact on the preferred amino acids at pl and p4 of the
binding peptide. Although certain a- and B-chain combinations
occur together naturally, different a- and B-chain combinations
can be formed in heterozygous cells (48-50). It is likely that
pairing with another a-chain can slightly alter the peptidome
of HLA-DP alleles. The binding motifs identified in this study
therefore only hold to the specific a—f3 HLA-DP molecules
investigated.

Taken together, the results of our study shed, to our knowledge,
new light on the influence of allelic variation in HLA-DP on the
molecular nature of presented peptides. We show that functional
clustering can be performed in DPC groups, based on peptidomics
data, with potential impacts in clinical fields such as allogeneic
stem cell transplantation. However, instead of strict categorization
into groups, we argue that it is better to regard differences in
HLA-DP peptidomes as gradual. This novel approach could thus
be useful for improving our understanding of the functional het-
erogeneity of polymorphic HLA and its consequences in different
fields, including transplantation, autoimmunity (51-55), infections
(56), allergy (45), and cancer (57-59).
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