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etermination. V. Eplet Matching for
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ABSTRACT: This report describes the design of the eplet
version of HLAMatchmaker to determine class II compat-
ibility at the structural level. This matching algorithm is
based on the hypothesis, developed from molecular model-
ing of crystallized antigen-antibody complexes, that func-
tional epitopes are represented by patches of surface-exposed
nonself-amino acid residues surrounded by residues within
a 3-Å radius. Patch determinations with a molecular viewer
of crystalline structural models downloaded from the Entrez
Molecular Modeling Database Web site led to the identi-
fication of 44 DRB, 33DQB, 29 DQA, 20 DPB, and 9
DPA unique combinations of polymorphic positions. The
residue compositions of these patches were then determined
from amino acid sequences. This analysis resulted in a
repertoire of 146 DRB, 74 DQB, 58 DQA, 45 DPB, and 19
DPA eplets. In many eplets, the residues are in short linear

sequences, but many other eplets have discontinuous se- t
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uences of residues that cluster on or near the molecular
urface. This analysis has also shown that all serologically
efined DR and DQ antigens detectable by monospecific
ntibodies have unique eplets. Other eplets are present in
roups of class II antigens, many of which appear as cross-
eacting. The eplet version of HLAMatchmaker should be
onsidered as a hypothetical model for the structural assess-
ent of donor-recipient compatibility and the determina-

ion of mismatch acceptability for sensitized patients. This
omputer algorith can be downloaded from the HLA
atchmaker Webside at http://tpis.upmc.edu. Human

mmunology 68, 12–25 (2007). © American Society for
istocompatibility and Immunogenetics, 2007. Published

y Elsevier Inc.

EYWORDS: HLAMatchmaker; HLA; epitope struc-

ure; histocompatibility; eplet
ABBREVIATION
NTRODUCTION
lass II human leukocyte antigens (HLA) play an im-
ortant role in determining donor-recipient compatibil-
ty in solid organ and stem cell transplantation. Class II
ismatching elicits strong alloimmune responses that

mpair transplant success. Preformed donor-specific anti-
lass II antibodies increase the risk of transplant failure
1–5], and the posttransplant development of anti-class
I antibodies is associated with a higher incidence of
cute and chronic rejection [6, 7].

From the Division of Transplantation Pathology, Thomas E. Starzl
ransplantation Institute, University of Pittsburgh Medical Center, Pitts-
urgh, PA, USA.

Address reprint requests to: Dr. Rene J. Duquesnoy, Professor of Pathol-
gy, Immunology and Surgery, University of Pittsburgh Medical Center,
homas E. Starzl Biomedical Science Tower, Room W1552, Pittsburgh, PA
5261; Tel: (412) 647-6148; Fax: (412) 647-1755; E-mail:
Current class II matching strategies in kidney trans-
lantation consider only the serologically defined
LA-DR antigens controlled by the DRB1 locus, al-

hough mismatching for HLA-DQ and HLA-DP appears
ssociated with lower graft survivals [8–13] and the
evelopment of clinically relevant alloantibodies in
ransplant recipients [14]. Moreover, molecular typing
as revealed a high degree of heterogeneity of HLA-DR
ntigens. Newer serum screening methods, such as
nzyme-linked immunosorbent assay, flow cytometry,
nd Luminex, have greatly enhanced the detection and
pecificity analysis of anti-class II antibodies in sensitized
atients.

The evaluation of HLA compatibility and the charac-
erization of anti-HLA antibodies require a better under-
tanding of the HLA epitope repertoire. HLAMatch-

aker is a structurally based matching program that

0198-8859/07/$–see front matter
doi:10.1016/j.humimm.2006.10.003



c
r
t
a
t
r
m
m
A
f
c

m
m
c
p
s
p
s
h
c
v
c

t
h
a
D
c
i
e
g
b
i

M
T
T
p
s
d
M
B
w
o
b
m

M
h
T
D
D

[
D
D
0

m
e
t
c
c
i
t
c
p
i
s
d
t
t
t

a
t
a
a
m
a

F
s
c
(
1
�

13Structurally Based HLA Compatibility
onsiders each HLA antigen as a string of epitopes rep-
esented by short sequences (originally referred to as
riplets) involving polymorphic amino acid residues in
ntibody-accessible positions [15]. HLAMatchmaker de-
ermines which triplets are different between donor and
ecipient, and this algorithm is clinically useful for
atching purposes [16–20] and in determining HLA
ismatch acceptability for sensitized patients [21–31].
lthough many triplets correspond to serologically de-

ined private and public epitopes, they provide an in-
omplete description of the HLA epitope repertoire.

A recent study has led to a new version of HLAMatch-
aker that considers the hypothesis, developed from
olecular modeling of crystallized antigen-antibody

omplexes, that functional epitopes are represented by
atches of surface-exposed nonself-amino acid residues
urrounded by residues within a 3-Å radius [32]. These
atches are referred to as “eplets,” and many of them are
hort linear sequences common to triplets, but others
ave residues in discontinuous sequence positions that
luster together on the molecular surface. The eplet
ersion of HLAMatchmaker therefore considers a more
omplete repertoire of structurally defined epitopes.

This report describes how eplets are assigned in de-
ermining HLA-DR, -DQ, and -DP compatibility at the
umoral immune level. This analysis considers 4-digit
lleles encoded by not only DRB1 and DQB1, but also
RB3, DRB4, DRB5, DQA1, DPA1, and DPB1, be-

ause all of them have antigenic determinants that can
nduce specific antibodies. This paper will show how
plets correspond to serologically defined class II anti-
ens and how the eplet version of HLAMatchmaker can
e used to determine structurally based class II compat-
bility at the humoral immune level.

ETHODS AND RESULTS
opography of Polymorphic Amino Acid Residues
he construction of the eplet repertoire is based on
olymorphic amino acid residues on the HLA molecular
urface. Their locations are easily determined with three-
imensional models of class II molecules. The Entrez
olecular Modeling Database of the National Center for
iotechnology Information stores on its Web site (http://
ww.ncbi.nlm.nih.gov/Structure) an extensive collection
f crystallographic structures of HLA molecules that can
e viewed with the Cn3D structure and sequence align-
ent software program [33, 34].
Five DRB structures have been downloaded from the
olecular Modeling Database Web site, all of them

ave the same monomorphic DRA1*0101 sequence.
hey are DRB1*0101 (PDB Number 1KG0) [35],
RB1*0301 (1A6A) [36], DRB1*0401 (1D6E) [37],

RB1*1501 (1BX2) [38], and DRB5*0101 (1H15) T
39]. There are three models of HLA-DQ heterodimers:
QA1*0501, DQB1*0202 (1S9) [40], DQA1*0301,
QB1*0302(1JK8) [41], and DQA1*0102, DQB1*
602 (1UVQ) [42].

Cn3D viewing of crystalline HLA-DR and HLA-DQ
olecular models shows different patterns of surface

xpression of polymorphic residues (Figure 1). The struc-
ural polymorphisms of HLA-DR are restricted to the �
hains. They are readily visible on the top of the mole-
ule adjacent to the bound peptide, and many of them
nvolve contiguous sequences. Polymorphic residues on
he side of the molecule generally comprise distinct
lusters in both �1 and �2 domains. A few polymor-
hisms are visible at the bottom part of the molecule that
s nearby the cell membrane. DRB and DQB seem to
how similar numbers of polymorphic positions. DQA
isplays somewhat contiguous polymorphic positions on
he top of the molecule near the bound peptide and on
he side of the �1 domain. The polymorphic positions in
he �2 domain seem to be more in distinct clusters.

No crystalline structures of HLA-DP molecules are
vailable in the Molecular Modeling Database. Predicted
hree-dimensional models for HLA-DP and other DR
nd DQ class II alleles can be generated by submitting
mino acid sequences to the Geno3D online molecular
odeling server [43]. This web-based service is located

t http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml.

      Top View -Chain Side View -Chain Side View 

IGURE 1 Visualization of polymorphic amino residue po-
itions on HLA-DRB and HLA-DQ molecules. The following
rystalline models are shown: DRA1*0101, DRB1*0101
PDB # 1KG0), and DQA1*0301, DQB1*0302(PDB No.
JK8). Left � top view; middle � �-chain side view right �
-chain side view.
he Vector NTI-3D Molecular Viewer software (Invitro-

http://www.ncbi.nlm.nih.gov/Structure
http://www.ncbi.nlm.nih.gov/Structure
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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14 R.J. Duquesnoy and M. Askar
en Life Science Software, Frederick, MD) can visualize the
ocations of polymorphic amino acid residues and also
easure intermolecular distances. These prediction models

ield incomplete information about molecular surface ex-
ression of polymorphic residues because they deal only
ith isolated � or � chains without any peptide in the
eptide-binding groove.

etermination of Patches on HLA
lass II Molecules
ach surface-exposed polymorphic residue represents an
ssential element of a potential epitope recognized by
ntibody. The “select by distance” command of the
n3D molecular viewer has been used to identify resi-
ues within a 3-Å radius. A patch defined this way seems
o provide the best estimate of the size of a functional
pitope [32].

Sequence comparisons of 381 most common DRB1,
, 4, 5 alleles have identified 49 polymorphic positions
n the molecular surface. Cn3D viewing has shown that
3 of them are on the top (i.e., the �-helices) and 26 are
n the side of the molecule (Table 1). Six positions have
underside” locations (i.e., underneath the groove) and
our are at the “bottom” near the cell membrane; they
ecome more readily visible if the molecule has been
urned upside down. These positions seem less anti-
ody-accessible if the HLA antigen is anchored in the
ell membrane like in the lymphocytotoxicity test, but
hey might react with antibody if the HLA molecule is
ixed to a different surface like in a solubilized antigen-
inding assay. Molecular surface expression of poly-
orphic residues has been graded as prominent (��),

eadily visible (�), and somewhat visible (�).
Table 1 lists the sequence positions clustered within
3-Å radius of each exposed polymorphic position.

hese patches are combinations of monomorphic and
olymorphic positions (marked in bold, underlined
ont), and they have an average of 4.2 residues. About
ne third are continuous sequences, and the remaining
re discontinuous sequences including several patches
e.g., positions 12, 14, and 16) with residues far re-
oved in sequence. Three patches in positions 6, 34,

nd 57 have monomorphic DRA residues (prefixed
ith A), and five � helix patches (positions 57, 70, 74,
7, and 81) include residues of peptides bound to the
roove; their positions have the prefix “P.” Exposed
eptide residues might contribute to the functional
pitope recognized by alloantibody. Several studies
ave shown the influence of HLA-bound peptides on
he reactivity of class I and class II specific antibodies
44 – 47].

Sequence comparisons of 43 DQB1 alleles and Cn3D
iewing of DQ molecules have identified patches for 36

olymorphic positions on the DQB chain surface (Table f
), 13 of them are on the top and 18 are on the side of
he DQB molecule. There are three underside and two
ottom locations. DQB patches have fewer residues than
RB patches (3.8 vs 4.2, p � 0.04 by two-tailed Stu-
ent’s t-test), and one half of them are continuous se-
uences. Only one patch (in position 30) has a peptide
esidue and another patch (position 53) has a monomor-
hic �-chain residue.

The 21 DQA1 alleles have almost the same number of
olymorphic surface positions as the 43 DQB1 alleles,
amely 37 including 12 on the top and 20 on the side of
he molecule (Table 3). DQA patches have an average of
.1 residues. One contains a peptide residue and two
ave monomorphic �-chain residues.

The determination of patches on DP molecules was
ore difficult because no crystalline structures are avail-

ble for DP, and the Vector NTI-3D Molecular Viewer
an visualize predicted structures of only single DP
hains rather the whole molecule with a peptide inserted.
herefore, we included Cn3D viewing of DR and DQ
olecules and considered positions equivalent to the

olymorphic positions on DP sequences. These positions
ere identified with the Basic Local Alignment Search
ool (BLAST) program [48] available on the National
enter for Biotechnology Information Web site
ttp://www.ncbi.nlm.nih.gov/BLAST.

This patch analysis was limited to the first domain
positions 1–91) of 95 DPB alleles. Insufficient se-
uence information of the second DPB domain pre-
luded any patch determination. The number of
atches is lower for DPB than for DRB and DQB: 19
ersus 32 and 26 patches in the first domains of DRB
nd DQB, respectively (Table 4). The DPB patches
ave an average of 3.9 residues. DPA1 alleles (n � 13)
ave fewer patches than DQA1, 11 versus 37. DPA
atches have an average of 4.4 residues (Table 4).

These findings on HLA-DR, DQ, DP patches are
omparable in size and location to those reported for
LA-A, B, C patches [32]. The polymorphic positions

etermine residue variability within each patch. Class II
atches have between 1 and 4 polymorphic positions. A
ew patches have the same polymorphic positions al-
hough there are differences between the monomorphic
ositions. For instance, the DRB patches in positions 85
nd 86 (see Table 1) have the same two polymorphic
ositions but different monomorphic positions. Such
atches are considered equivalent.

The patch information in Tables 1–4 yielded the
ollowing numbers of unique combinations of polymor-
hic positions: DRB: 46, DQB: 33, DQA: 29, DPB: 20,
nd DPA: 9; they are considered the positional basis for
he class II HLA epitope repertoire. The residue compo-
itions of these polymorphic patches were determined

rom amino acid sequences retrieved from the IMGT/

http://www.ncbi.nlm.nih.gov/BLAST
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15Structurally Based HLA Compatibility
ABLE 1 Polymorphic and monomorphic residue positions in three-Angstrom patches on HLA-DRB1, -DRB3,
-DRB4 and -DRB5 alleles*

Class II
Locus

Sequence
position

Molecular
location

Surface
exposure 3.0 Angstrom patches

RB 4 Side �� 3 4 5
RB 6 Side � 5 6 7 A15 A17
RB 12 Underside � 11 12 13 29
RB 14 Underside � 13 14 15 16 27 29
RB 16 Underside � 15 16 17 18 25
RB 18 Side � 17 18 19 23
RB 25 Side �� 16 24 25 26 43
RB 26 Side � 25 26 27 42
RB 31 Underside � 10 29 30 31 32
RB 32 Underside � 31 32 33 35
RB 33 Underside � 8 32 33 34
RB 34 Side �� 33 34 35 A83
RB 40 Side � 28 39 40 41
RB 41 Side � 40 41 42 43 44 45
RB 44 Side � 41 43 44 45
RB 47 Side � 28 46 47 48 62
RB 48 Side �� 47 48 49
RB 51 Side � 37 50 51 52
RB 57 Top � 56 57 58 61 A76 P13
RB 58 Top � 54 57 58 59 62
RB 59 Top �� 58 59 60
RB 60 Top �� 59 60 61 63
RB 67 Top � 66 67 68 71
RB 70 Top � 67 69 70 71 73 P11
RB 71 Top � 70 71 72 73
RB 73 Top � 69 72 73 74 76 77
RB 74 Top � 70 71 72 73 74 79 P8 P9
RB 76 Top �� 73 75 76 77
RB 77 Top �� 73 76 77 78 P6
RB 81 Top � 80 81 82 85 P4
RB 85 Top � 84 85 86
RB 86 Side � 82 85 86 87 90
RB 96 Side �� 95 96 97 180
RB 98 Side �� 97 98 99 120
RB 104 Side � 103 104 105 107 114
RB 105 Side �� 104 105 106 107
RB 108 Side �� 107 108 109
RB 112 Bottom �� 108 111 112 113
RB 120 Side � 98 119 120 121
RB 133 Bottom �� 132 133 134
RB 135 Bottom �� 134 135 136
RB 140 Side �� 139 140 141
RB 142 Side �� 138 141 142 143
RB 149 Side �� 148 149 150
RB 180 Side � 96 177 179 180 181
RB 181 Side �� 180 181 182
RB 183 Side � 182 183 184
RB 187 Side �� 186 187 188
RB 189 Bottom �� 188 189 190
Polymorphic positions are marked in bold, underlined font.
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16 R.J. Duquesnoy and M. Askar
LA online database [49] with a Microsoft Excel macro
called HLA Patch Generator) developed by Grzegorz
udek (Czestchowa University of Technology, Poland).

ssignments of Class II Eplets
RB. An analysis of the most common four-digit DRB

lleles (122 DRB1 and 18 DRB3, 4, 5 alleles) has
ielded a total of 222 patches with different combina-
ions of polymorphic residues, 91 of them are on the
op of the molecule, and most of them have overlapping
esidues. The remaining 132 polymorphic patches are
argely on the side of the molecule and include 58 at
nderside or bottom locations.

Further comparisons have shown that certain overlap-
ing polymorphic patches can be grouped together be-
ause they belong to a single allele or a distinct group of

ABLE 2 Polymorphic and monomorphic residue pos

Class II
Locus

Sequence
position

Molecular
location

Surface
exposure

QB 3 Side ��
QB 14 Underside �
QB 23 Side ��
QB 26 Underside �
QB 30 Side �
QB 45 Side ��
QB 46 Side ��
QB 47 Side �
QB 49 Side ��
QB 52 Side ��
QB 53 Top ��
QB 55 Top ��
QB 56 Top ��
QB 57 Top �
QB 66 Top ��
QB 67 Top �
QB 70 Top ��
QB 71 Top �
QB 74 Top �
QB 75 Top �
QB 77 Top ��
QB 84 Top �
QB 85 Top ��
QB 87 Side �
QB 89 Side �
QB 90 Underside �
QB 116 Side �
QB 125 Side �
QB 126 Side ��
QB 130 Side ��
QB 135 Side ��
QB 140 Side ��
QB 167 Bottom ��
QB 168 Bottom �
QB 182 Side ��
QB 185 Side ��

Polymorphic positions are marked in bold, underlined font.
lleles including cross-reacting antigens. The term eplet 1
s used to describe a given patch or an overlapping group
f patches.

For example, DRBI*1501, DRB1*1502, DRB1*1503
nd DRB5*0202 share the same three overlapping patches:
0IQAA, 71QAA, and 74QAAA. They are collectively re-
erred to as one eplet assigned as 71QAA. In other cases, an
plet represents a single polymorphic patch. For instance, the
8QS patch shared between DRB3*0101, DRB3*0201,
RB3*0202, and DRB3*0301 has been assigned as the
8QS eplet. This eplet corresponds to the serologically de-
ined DR52 determinant.

Several polymorphic patches are shared between ei-
her all DRB1 alleles or all DBB3, 4, 5 alleles, and they
annot be considered immunogenic. For example, there
re two polymorphic patches in position 108. One is

s in three-Angstrom patches on HLA-DQB1 alleles*

3.0 Angstrom patches

3 4
13 14 15 27
18 22 23 24
25 26 27 42
29 30 31 37 38 P9
41 44 45 46 72
45 46 47
46 47 48 62
48 49 50
51 52 53 54
52 53 54 A78
52 54 55 56
55 56 57
56 57 58
65 66 67
64 66 67 68 71
69 70 71
67 70 71 72
73 74 75
74 75 76 80
73 76 77 78 81
83 84 85
84 85 86 89
83 86 87 88 92
85 86 88 89 90 92
86 89 90 91
02 115 116 117
24 125 126
24 125 126 127
29 130 131 174
34 135 136
39 140 141
66 167 168 190
67 168 169
81 182 183
84 185 186
ition

1
1
1
1
1
1
1
1
1
1

00T found on DRB5 molecules, and specific antibod-
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17Structurally Based HLA Compatibility
es would react with the serologically defined DR51,
hich corresponds to DRB5. The other one is 108P
resent on all DRB1, DRB3, and DRB4 molecules.
his patch cannot induce alloantibodies because it is
lways a self-sequence. The patches in position 34
epresent another example: 34HQ is shared between all
R4 alleles and 34NQ is shared between all DRB3,
RB4, and DRB5 alleles plus all DRB1 alleles that are
ot DR4. Thus, 34NQ must be considered as a self-
equence and cannot be immunogenic. This analysis
as yielded 17 self-DRB patches, and they have been
eleted from the eplet repertoire.

This analysis yielded a total of 146 DRB eplets, 52
f them are on the � helices on the top of the molecule.
here are 59 eplets on the side surface, including 8 at

ABLE 3 Polymorphic and monomorphic residue pos

Class II
Locus

Sequence
position

Molecular
location

Surface
exposure

QA 2 Side ��
QA 18 Side ��
QA 21 Side �
QA 25 Side �
QA 40 Side �
QA 41 Side ��
QA 44 Side ��
QA 45 Side �
QA 47 Side �
QA 48 Side �
QA 50 Side ��
QA 51 Underside �
QA 52 Side �
QA 53 Top ��
QA 54 Top ��
QA 55 Top �
QA 56 Top ��
QA 59 Top �
QA 61 Top ��
QA 64 Top ��
QA 66 Top �
QA 69 Top �
QA 75 Top ��
QA 76 Top �
QA 79 Top ��
QA 80 Side �
QA 107 Side �
QA 129 Side �� 1
QA 130 Side � 1
QA 138 Side � 1
QA 139 Side �
QA 153 Side � 1
QA 156 Bottom � 1
QA 160 Bottom � 1
QA 161 Bottom �� 1
QA 163 Bottom � 1
QA 175 Side �� 1

Polymorphic positions are marked in bold, underlined font.
he bottom. A total of 38 eplets are beneath the pep- b
ide-binding groove and they cluster in two underside
ocations, namely positions 12, 14, and 16 (n � 19) and
ositions 31, 32, and 33 (n � 19). Eplets in bottom
nd underside locations seem less antibody accessible if
he HLA molecule is bound to the cell membrane.

Table 5 shows serologically defined DR antigens that
ave one or more corresponding eplets. These antigens
an be readily identified with monospecific allosera
nd/or monoclonal antibodies as demonstrated during
he 1984–1997 International Histocompatibility Work-
hops [50–54]. Seven serologically defined DR antigens,
amely DR5, DR6, DR13, DR14, DR15, DR16, DR17,
nd DR18, do not have corresponding eplets. None of
hem except DR15 and DR17 can be identified with
onospecific antibodies; their serologic determination is

s in three-Angstrom patches on HLA-DQA1 alleles*

3.0 Angstrom patches

2 3
18 19 B7
21 22
24 25 26 27 37 P5
40 41
40 41 42
44 45
44 45 46
46 47 48
48 49 51
50 51
50 51 52 53
51 52 53
52 53 54
53 54 55
55 56
55 56 57
59 60 61 62
59 60 61 62 65
63 64 65
65 66 67 70
68 69 70
75 76 79
75 76 77 80
78 79 80 B32
79 80 81

106 107 108
128 129 130
130 131
138 139 141
138 139 140 141
152 153 154 B150
155 156 157
160 161
161 162
162 163 164
175 176
ition

1
17
20
14
39
38
43
36
34
47
49
48
49
51
51
54
53
58
58
60
62
65
74
72
75
75
97
26
29
37
33
36
06
59
60
27
74
ased on reactivity patterns of antibodies specific for
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18 R.J. Duquesnoy and M. Askar
pitopes shared between different groups of antigens. For
nstance, serologic assignments of the serologic DR6
plits DR13 and DR14 can be deduced from antibodies
eactive with different groups, such as DR2�6, DR3�6,
R3�5�6, DR5�13, DR3�8�13, and antigens, such

s DR8 and DR11 [55]. The reaction patterns of these
ntibodies are often too complex for reliable serologic
ssignments of individual DR13 and DR14 alleles.

The DR2 split DR15 and the DR3 split DR17 can be
efined serologically by monospecific antibodies. It is
ossible that the DR15 and DR17 antigens correspond
o a pair of eplets whereby one is the specific recognition
ite and the other functions as a critical contact site for
ntibody. As described elsewhere [32, 56], certain HLA
ntibodies react with epitopes represented by combina-
ions of two eplets separated 6–15 Å from each other.
or DR17, the most likely pair of eplets appears to be
3GRDN, present on all DR3 molecules, and 48FR,
resent on DR17, DR11, DR13, and DR15. These

ABLE 4 Polymorphic and monomorphic residue pos
HLA-DPA1 alleles*

Class II
Locus

Sequence
position

Molecular
location

Surface
exposure

PB 8 Underside �
PB 11 Side �
PB 28 Side �
PB 33 Underside ��
PB 35 Underside �
PB 36 Underside �
PB 43 Side �
PB 56 Side �
PB 57 Side ��
PB 64 Top �
PB 65 Top �
PB 69 Top �
PB 70 Top ��
PB 76 Top �
PB 84 Side �
PB 85 Side ��
PB 86 Side �
PB 87 Side ��
PB 91 Side ��

PA 18 Side �
PA 28 Underside �
PA 31 Underside �
PA 50 Top ��
PA 51 Top �
PA 72 Top �
PA 73 Top �
PA 83 Side �
PA 111 Side ��
PA 127 Side �
PA 160 Bottom �

Polymorphic positions are marked in bold, underlined font.
plets are about 9.5 Å apart. Similarly, the DR15 spec- u
ficity might be represented by the combination of
1QAA (on DR15 and DRB5*0202) with 40DFD (on
R4, DR8, DR11, DR13, DR14, DR15, DR16, DR17,

nd DRB3*01) or 48FR (on DR17, DR11, DR13, and
R15).
Table 5 also lists unique eplets that correspond to the

erologically defined antigens encoded by the DRB3,
RB4, and DRB5 loci. DR53 has a relatively large num-
er of unique eplets in nonoverlapping positions. There are
lso unique eplets that distinguish DRB3*01 from
RB3*02 alleles. These eplets appear to correspond to the
R52 subtypes serologically defined as DR52a and
R52b [57, 58]. Similarly, the 31QDIY and 6C eplets can
ifferentiate between DRB5*01 and DRB5*02.

QB1. An HLA Patch Generator analysis of 43 DQB1
lleles has yielded 106 DQB1 patches with different
ombinations of polymorphic residues, 48 of them are on
he top and 46 are on the side of the molecule; 12 are in

s in three-Angstrom patches on HLA-DPB1 and

3.0 Angstrom patches

7 8 9 31
10 11 12 A11
26 27 28 29 36 P8
30 32 33 34
7 34 35 36 48

28 35 36 37
39 42 43 44 70
52 55 56 57 60
56 57 58
63 64 65
64 65 66 69
65 68 69 70
43 66 69 70 71
72 75 76 77
83 84 85 88
81 84 85 86
85 86 87
86 87 88
90 91 92

14 16 17 18 67
25 26 27 28 29
20 30 31 32
49 50 51
47 50 51 52
68 71 71 73 75 76
72 73 74 75 76 77
82 83 84 B37
86 110 111 112
21 126 127 128
24 159 160 161
ition

1
1

nderside or bottom locations.
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19Structurally Based HLA Compatibility
As shown for DRB, we have assigned eplets from
roups of overlapping DQB1 patches shared between
ombinations of DQB1 alleles. For instance, the 55RPL
plet represents the combination of overlapping 55RPL,
6 RLD, and 57LD patches on DQB1*0401 and
QB1*0402.
This analysis has resulted in a repertoire of 74 distinct

QB1 eplets. Table 6 shows which eplets correspond to
Q1-DQ7 specificities; all of them can be defined sero-

ogically with monospecific antibodies. The DQ3 sub-
ype DQ8 has a unique 56PPA eplet that is structurally
imilar to the 55PPP eplets that correspond to DQ3.
here is no unique eplet for the DQ3 subtype DQ9, and

his is consistent with the experience that there are no
onospecific antibodies against DQ9 [54].

QA1. Complete sequence information (positions
–180) is available for 18 DQA1 alleles. HLA Patch
enerator identified 91 DQA patches with different
olymorphic residue combinations, 38 are on the top and
1 are on the side of the molecule. There are 12 poly-
orphic patches on underside and bottom locations.

imilar to DRB and DQB, eplets have been assigned to
escribe single polymorphic patches and overlapping
atches that belong to the same group of DQA1 alleles.
ltogether, there are 58 distinct DQA1 eplets.
Although DQA1 polymorphisms have never been de-

ined serologically, several two-digit DQA1 alleles have
ultiple unique eplets (Table 6). Especially, DQA1*01

an be distinguished with seven nonoverlapping eplets.
o unique eplets have been identified for DQA1*04 and

ABLE 5 Serologically defined HLA-DR antigens wit

DR Antgen

RB1
DR1 12LKF 31QCIY
DR2 12PKR 133L 1
DR3 73GRDN
DR4 12VKH 34HQ 9
DR7 14YKH 25HQF 3
DR8 25YRF 73ALDT
DR9 12DKF 70FRRA
DR10 12VKF 31ERVH 4
DR11 57DE
DR12 25YRL 31YHFH 4

RB3,4,5
DRB3 (DR52) 98QS
DRB3*01 (DR52a) 12RKS 183A
DRB3*02 (DR52b) 31LHFH 51R
DRB4 (DR53) 25HWN 44NL 4
DRB5 (DR51) 12DKY 104AR 1
DRB5*01 (DR51a) 31QDIY
DRB5*02 (DR51b) 6C
QA1*06.
PA and DPB. An HLA Patch Generator analysis of
PB1*01 through DPB1*99 has generated 62 polymor-
hic patches, 31 of them are on the top and 23 are on the
ide of the DPB1 chain. Further comparisons of overlap-
ing patches led to the assignment of a total of 45 DPB
plets, 15 of which are on one or few DPB1 alleles all of
hich appear to have low frequencies. The identification
f DPB eplets is confined to the first domain (positions
–91), because insufficient sequence information is
vailable for the second domain of DPB chains.

The 13 DPA1 alleles have only nine polymorphic
ositions, and an HLA Patch Generator analysis has led
o the assignment of 19 eplets, 5 of which are on the top

ABLE 6 Serologically defined DQ antigens and
2-digit DQA1 alleles with their
corresponding eplets

DQ locus Unique eplets

Q Antigen
DQ1 52PQ

DQ5 30HYV 71VGA 87AY 116I
DQ6 87AF 125GQ

DQ2 30SIV 45GE 52LL 70RK
DQ3 55PPP

DQ7 45EV
DQ8 56PPA

DQ4 55PRL

QA1 Allele
DQA1*01 18F 48WF 56KGG 69A 76IM 175Q
DQA1*02 47EKL 52FHR
DQA1*03 25YS 47EQL 52FRR 75IVR

iquely corresponding eplets

Unique eplets

180LT
FY 71DRE

D 74RRAA

81YV 96QM 180MM 187Q
h un

42M

6YL
1QL

0EY

7EFR

8YQ
08T
DQA1*05 76SL 107I 156L 163S 175K
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20 R.J. Duquesnoy and M. Askar
nd 10 are on the side of the DPA chain. DQA1*02 has
unique 111R, and DQA1*04 has two unique eplets,

8T and 73IA. There are no unique eplets for DQA1*01
nd DQA1*03.

Although no DPA1 or DPB1 allele-specific antibodies
ave been identified [59], there are several murine and
uman monoclonal antibodies that recognize DP
pitopes that appear to eplets, such as 31M and 51RA on
PA1, and 56ED and 85DEA on DPB chains [59].

xample of Eplet-Based Determination of
lass II Compatibility
able 7 represents an illustration of eplet mismatches

or HLA-DR and HLA-DQ. This analysis was done
or the phenotype DRB1*1101, 1501; DRB3*0202;
RB5*0101; DQA1*0102, 0501; DQB1*0301, 0602,
hich is serologically equivalent to DR11,15; DR51,52;
Q6,7. The incompatible DR antigens in the left col-
mns of Table 7 show varying numbers of mismatched
plets. The highest range of 9–12 eplet mismatches
ccurs with DR7, DR9, DR10, DR12, and DR14. The
owest range of 1–3 eplet mismatches is seen for DR3,
R13, and DR16. These low numbers are not surprising
ecause DR3 and DR13 cross-react with DR11 since
hey share several epitopes that correspond to eplets.
oreover, DR15 and DR16 are serologic splits of DR2,
hereas DRB1*1601 and DRB1*1602 have one and

hree mismatched eplets, respectively. It should be noted
owever, that DR12—which together with DR11 is a
plit of DR5—has nine mismatched eplets.

As expected, all eplets that are unique for the antigens
isted in Table 7 are mismatches for this phenotype. It

ay also be seen that many mismatched eplets have
verlapping sequences. For instance, DR1 has this pair of
verlapping eplets: 12LKF, which is unique on DR1 and
4FEH, which is present on DR1, DR9, and DR10.
hey may represent distinct epitopes because specifically

eactive antibodies have been identified [54]. On the
ther hand, it is also possible that the combination of
2LKF and 14FEH comprises a single structural deter-
inant that could induce an antibody that reacts with

nly DR1.
The right columns of Table 7 list examples of eplet

ismatches for class II alleles with the same two-digit
ypes as in the above phenotype. DRB1*1104 and
RB1*1502 are zero-eplet mismatches. The other
RB1*11 and DRB1*15 alleles have one or two—but
ot necessarily the same—mismatched eplets.

Antigens controlled by the DRB3, 4, 5 loci have
arying numbers of mismatched eplets. DRB4*0401
DR53) has the most (n � 16), and this is partially due
o the large number of eplets unique to DR53 (Table 5).
t should be noted that the other two-digit DRB3 and

RB5 alleles have mismatched eplets. Especially g
RB3*0101, which corresponds to the serologically de-
ined DR52a specificity [57, 58], has seven mismatched
plets, including two that are unique for this allele.
hese eplet differences are clinically relevant because our
xperience has shown several cases whereby a
RB3*0202- or DR52b-positive patient makes antibod-

es reactive with DRB3*0101 or DR52a (unpublished
ata). Good matches can be present for DRB3 and DRB5
lleles with the same two-digit types. For instance,
RB3*0201, DRB3*0203, and DRB5*0105 are zero-

plet mismatches, and others have one or two mis-
atched eplets.
DQ antigens seem structurally more mismatched than

RB antigens because they have two polymorphic
hains: DQB antigens have 7–10 mismatched eplets and
QA alleles have 4–7 mismatched eplets (Table 7).
lthough DQ5 (DQB1*0501) and DQ6 (DQB1*0602)

re serologic splits of DQ1, there is a high degree of
tructural incompatibility of DQ5 as indicated by 10
ismatched eplets. The phenotype of this example con-

ains the DQ3 split DQ7 (DQB1*0301). With one
ismatched eplet, the DQ3 split DQ9 (DQB1*0303)
ismatches seems structurally the most compatible

mong the DQB1*03 mismatches. DQB1*0603,
QA1*0101, DQA1*0502, and DQA1*0503 are zero

r one eplet mismatches.

ISCUSSION
his report describes the design of the eplet-based class

I version of HLAMatchmaker and how this algorithm
an be used to determine structural compatibility for
ntigens encoded by HLA-DR, HLA-DQ, and HLA-DP.
or each of these loci, an eplet repertoire has been de-
eloped from patches of residues within a 3-Å radius of
ach polymorphic residue exposed on the molecular sur-
ace. In many eplets, the residues are in short linear
equences, but many other eplets have discontinuous
equences of residues that cluster on or near the molec-
lar surface. This analysis has identified eplets that cor-
espond to serologically defined DR and DQ antigens
ecognized by monospecific antibodies. Other eplets are
resent on groups of class II antigens, many of which are
onsidered cross-reacting.

The class II version of HLAMatchmaker considers all
olymorphisms in the HLA-D regions that lead to al-
oantibody responses, and they should be defined by
NA-typing methods, preferably at the four-digit allelic

evel. Most clinical laboratories type for DRB and DQB
ntigens and other class II alleles are not considered.
nterestingly, DQA1 alleles can be putatively assigned to

given phenotype on the basis of common DRB1-
QB1-DQA1 haplotypes reported in various ethnic

roups [60–62]. HLA-DP typing is almost never done



TABLE 7 Example of an HLAMatchmaker Analysis to Determine HLA-DR and HLA-DQ Compatibility at the Eplet Level

Mismatched
Antigen

Number of
mm Eplets Mismatched Eplets

Same 2-Digit
Allele

Number of
mm Eplets Mismatched Eplets

DRB1*0101 (DR1) 8 12LKF, 14FEH, 25HRL, 26RL, 31QCIY, 67LR, 71QRA, 74QRAA DRB1*1102 2 67IE, 71DEA
DRB1*0301 (DR3) 3 25HRY, 31YYFH, 73GRDN DRB1*1103 2 67IE, 71DEA
DRB1*0401 (DR4) 6 12VKH, 34HQ, 47DYR, 71QKA, 96YL, 180LT DRB1*1104 0
DRB1*0701 (DR7) 9 4Q, 14YKH, 25HQF, 31QLFY, 59AES, 67IR, 71DRG, 98ES, 180VM DRB1*1105 2 12STG, 14GEH
DRB1*0802 (DR8) 5 12STG, 14GEY, 25YRF, 47DYR, 73ALDT DRB1*1106 1 81HA
DRB1*0901 (DR9) 12 4Q, 12DKF, 14FEH, 25HRY, 31QGIY, 59AES, 70FRRA, 71RRA, 73AEDT,

74RRAE, 98ES, 180VM
DRB1*1001 (DR10) 11 12VKF, 14FEH, 25HRL, 26RL, 31ERVH, 40EYD, 67LR, 70LRRA, 71RRA,

74RRAA, 180VM
DRB1*1502 0

DRB1*1201 (DR12) 10 12STG, 14GEY, 25YRL, 26RL, 31YHFH, 47EFR, 59AES, 67IR, 70IDRA,
81HA

DRB1*1503 1 31QHFY

DRB1*1301 (DR13) 3 31YYFH, 67IE, 71DEA DRB1*1504 1 67FA
DRB1*1401 (DR14) 9 31 YYFH, 47DYR, 57AA, 67LR, 70LRRA, 71RRA, 73AEDT, 74RRAE,

112Y
DRB1*1601 (DR16) 1 47DYR
DRB1*1602 (DR16) 3 47DYR, 67LR, 70LDRA
DRB3*0101 (DR52a) 7 12RKS, 25HRY, 31LYFH, 47DYR, 59AES, 73GRDN, 183A DRB3*0201 0
DRB3*0301 (DR52c) 2 31LYFH, 59AES DRB3*0203 0
DRB4*0101 (DR53) 16 4Q, 16HLW, 25HWN, 31QYIY, 40IYN, 44NL, 48YQ, 67LR, 70LRRA,

71RRA, 73AEDT, 74RRAE, 81YV, 96QM, 180MM, 187Q
DRB3*0204 1 73GRDN

DRB5*0202 (DR51b) 3 6C, 31QGIY, 81HA DRB5*0102 1 31QGIY
DRB5*0103 2 31QGIY, 67FT
DRB5*0104 1 73ALDT
DRB5*0105 0

DQB1*0201 (DQ2) 8 30SIV, 45GE, 52LL, 56LPA, 57PA, 66DI, 70RK, 77DR DQB1*0302 (DQ8) 3 56PPA, 57PA, 185I
DQB1*0401 (DQ4) 7 23L, 26G, 55PRL, 66DI, 70ED, 74SV, 185I DQB1*0303 (DQ9) 1 185I
DQB1*0501 (DQ5) 10 14GL, 26G, 30HYV, 57PV, 70GA, 74SV, 77DR, 87AY, 116I, 125SQ DQB1*0304 2 56PPA, 57PA

DQB1*0305 4 26G, 56PPA, 57PA, 185I
DQB1*0601 4 3P, 30YDV, 66DI, 67DIT
DQB1*0603 1 30HYA
DQB1*0604 4 30HYA, 57PV, 87GY, 130Q
DQB1*0609 3 57PV, 87GY, 130Q

DQA1*0201 7 25FT, 47EKL, 48LF, 52FHR, 76IL, 79IRS, 175E DQA1*0101 1 47ERW
DQA1*0301 7 25YS, 47EQL, 48LF, 52FRR, 75IVR, 79IRS, 175E DQA1*0103 3 25FT, 40EK, 129HA
DQA1*0401 4 69T, 76IL, 79IRS, 175E DQA1*0104 2 2G, 47ERW
DQA1*0601 5 25FT, 69T, 76IL, 79IRS, 175E DQA1*0502 0

DQA1*0503 1 160SE

Recipient Type: DRB1*1101, 1501; DRB3*0202; DRB5*0101; DQA1*0102, 0501; DQB1*0301, 0602
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22 R.J. Duquesnoy and M. Askar
n the clinical setting, although there is evidence that
LA-DP matching affects kidney transplant survival

12, 13] and that transplant patients can produce anti-
LA-DP antibodies [14, 63–65]. Such antibodies are

pecific for epitopes defined by short sequences and
hared between groups of DP alleles [59, 64].

For the time being, the clinical use of HLAMatch-
aker will primarily focus on determining structural

ompatibility for the HLA-DR and HLA-DQ loci. As
llustrated in Table 7, certain antigens have many more
ismatched eplets than others, and this might correlate

o their ability of inducing specific antibodies. Applying
he original HLAMatchmaker program, Dankers et al.
ave demonstrated that the frequency of HLA class I
ntibody production during pregnancy and after kidney
ransplantation correlates with the number of mis-
atched triplets on exposed HLA-A and HLA-B anti-

ens [23]. No data are available on such correlations for
ismatched class II eplet numbers.
This study has also generated information about the

ocation, the surface expression, and the amino acid com-
osition of each eplet. These factors undoubtedly play an
mportant role in the immunogenicity of an eplet, i.e., its
bility to induce a specific antibody response. Recent
tudies have shown considerable differences in eplet (or
riplet) immunogenicity [21, 28, 66]. Highly immuno-
enic eplets will increase sensitization and the risk for
ntibody-mediated rejection. An international collabora-
ive study is underway to determine class I and class II
plet immunogenicity in kidney transplant patients
66].

Eplet versions of HLAMatchmaker for antibody anal-
sis are slightly different from the matching programs
ecause they incorporate the notion that antibody reac-
ivity patterns cannot determine the differential recog-
ition of individual eplets within a group of eplets
nique for a given antigen (see Tables 5 and 6) or a
ombination of alleles. In such cases, the program uses a
ingle eplet that represents a group of eplets. HLA
yping differences between antibody producer and im-
unizer will define the mismatched eplet repertoire, and

his information facilitates the interpretation of antibody
eactivity patterns with HLA panels. The identification
f reactive and nonreactive eplets permits a determina-
ion of HLA mismatch acceptability for sensitized
atients.

At present, the eplet version of HLAMatchmaker
hould be considered as a hypothetical model for deter-
ining structural HLA compatibility and mismatch ac-

eptability. Its validation depends on the outcome of
linical data.

The eplet versions of HLAMatchmaker and the HLA
atch Generator can be downloaded from the website

ttp://tpis.upmc.edu. There is also an Eplets and Patches
ile that shows how eplets have been assigned from
olymorphic patches.
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