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ABSTRACT: HLAMatchmaker is a structurally based
matching program. Each HLA antigen is viewed as a
string of epitopes represented by short sequences (triplets)
involving polymorphic amino acid residues in antibodyaccessible positions. HLAMatchmaker determines which
triplets are different between donor and recipient, and this
algorithm is clinically useful in determining HLA mismatch acceptability. Triplets provide however an incomplete description of the HLA epitope repertoire and expanded criteria must be used including longer sequences
and polymorphic residues in discontinuous positions.
Such criteria should consider the structural basis of antibody–antigen interactions including contact areas and
binding energy, the essence of antigenicity.
This report describes the development of a structurally
defined HLA epitope repertoire based on stereochemical
modeling of crystallized complexes of antibodies and different protein antigens. This analysis considered also data
in the literature about contributions of amino acid residues to antigen–antibody binding energy. The results
have led to the concept that HLA antigens like other
antigenic proteins have structural epitopes consisting of
15–22 residues that constitute the binding face with
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INTRODUCTION
Humoral sensitization to human leukocyte antigen
(HLA) represents a considerable barrier in organ transplantation. Increasing proportions of kidney transplant
candidates have preformed HLA-specific antibodies that
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alloantibody. Each structural epitope has a functional
epitope of about 2–5 residues that dominate the strength
and specificity of binding with antibody. The remaining
residues of a structural epitope provide supplementary
interactions that increase the stability of the antigen–
antibody complex. Each functional epitope has one or
more non-self residues and the term “eplet” is used to
describe polymorphic HLA residues within 3.0 –3.5 Å of
a given sequence position on the molecular surface. Many
eplets represent short linear sequences identical to those
referred to as triplets but others have residues in discontinuous sequence positions that cluster together on the
molecular surface. Serologically defined HLA determinants correspond well to eplets. The eplet version of
HLAMatchmaker represents therefore a more complete
repertoire of structurally defined HLA epitopes and provides a more detailed assessment of HLA compatibility.
Human Immunology 67, 847– 862 (2006). © American
Society for Histocompatibility and Immunogenetics,
2006. Published by Elsevier Inc.
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decrease the probability of finding a suitably matched
donor, and it is widely accepted that anti-HLA antibodies play an important role in acute and chronic rejection
leading to graft failure.
A better understanding of the epitope structure of
HLA antigens is important not only for the identification
of HLA-specific antibodies but also will permit a more
efficient, structurally based strategy to determine HLA
compatibility. HLAMatchmaker is a matching program
that considers the structural basis of epitopes on class I
HLA antigens [1]. Each HLA antigen is viewed as a
string of short sequences (triplets) involving polymor0198-8859/06/$–see front matter
doi:10.1016/j.humimm.2006.08.001
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phic amino acid residues in antibody-accessible positions; they are considered key elements of epitopes that
can induce the formation of specific antibodies. The
patient’s HLA phenotype represents the repertoire of
self-triplets and HLAMatchmaker determines for each
mismatched HLA antigen, which triplets in corresponding sequence positions are different. HLAMatchmakerbased matching improves transplant outcome [2– 6], and
is useful in serum analysis and the identification of
acceptable mismatches for alloimmunized kidney transplant candidates [7–16] and refractory thrombocytopenic
patients requiring matched platelet transfusions [17, 18]
The original version of HLAMatchmaker considers triplets, i.e., linear sequences of three residues at least one of
which would be polymorphic [1]. This algorithm has
been verified by observations that many serologically
defined private and public epitopes correspond to triplets
and that an HLAMatchmaker-based analysis of serum
reactivity is useful in predicting of cross-match results
with potential donors [8, 10, 12, 13, 16]. Recent studies
on human anti-HLA monoclonal antibodies have however, indicated that HLA epitopes include additional
polymorphic residues located nearby triplets on the molecular surface [19]. Moreover, certain serologically defined antigenic determinants do not have corresponding
triplets. This experience suggests that the structural definition of epitopes should use expanded criteria including longer sequences and residues in discontinuous sequence positions. Such criteria should consider the
structural basis of antibody–antigen interactions including contact areas and binding energy, the essence of
antigenicity [20 –23]. This report describes how these
concepts can be applied to the HLAMatchmaker algorithm to define structural histocompatibility at the humoral immune level.
METHODS AND RESULTS
Structural Analysis Tools
Studies on complexes of protein antigens and antibody
domains (Fab and Fv) have provided detailed stereochemical descriptions of antigen–antibody recognition, interactions and shape complementarity. The Entrez Molecular Modeling Database of the stores on its website
(http://www.ncbi.nlm.nih.gov/Structure) an extensive
collection of crystallographic structures of antibody–antigen complexes that can be viewed with the Cn3D
structure and sequence alignment software program
[24]. The atomic coordinates of these molecular complexes are stored as specific PDB codes in the Protein
Data Bank. The Cn3D molecular viewer identifies the
locations of selected residues and their exposure on the
molecular surface. This determines the shapes of epitopes
defined by clusters of residues in linear and discontinu-

R.J. Duquesnoy

ous sequences. The Cn3D program has also a “select by
distance” (in Ångstroms) command that permits an assessment of the sizes of epitopes and paratopes and the
intermolecular distances between them.
Sequence differences between antigenic proteins and
corresponding self-proteins of the antibody producer
were determined on the website (http://www.ncbi.nlm.
nih.gov/BLAST) with the Basic Local Alignment Search
Tool (BLAST) [25]. The “space fill” command of the
Cn3D molecular viewer was used to identify on antigenic
proteins, surface-exposed residues as potential contact
sites for antibody.
Determinations of epitope structures were based on
experimental findings reported in the literature about
binding energy in antigen–antibody complexes selected
for this analysis. This information was then applied to
develop structural models of functional epitopes with the
Cn3D molecular viewer.
Structural Aspects of the Antigen–Antibody
Interface
The specific reactivity of antibody is determined by
about 50 hypervariable amino acid residues in two variable domains (VH and VL) of heavy and light chains.
Both VH and VL domains display high sequence diversity in three complementarity-determining regions
(CDRs) separated by relatively conserved intervals
termed framework regions [26, 27]. These CDRs form
loops that constitute the antigen-binding site: CDR-H3
and CDR-L3 lie generally in the center of the traditional
antigen binding site and CDR-H1, CDR-H2, CDR-L1,
and CDR-L2 form the outside border [28 –34]. CDR-H3
exhibits by far the greatest sequence diversity and plays
a dominant role in determining the specificity and affinity of antibody. The other CDRs adopt limited sets of
main-chain conformations referred to as canonical structures [29, 35].
Crystallographic models of antigen–antibody complexes have shown that small numbers of residues in the
CDR loops make contact with a protein antigen [33, 36,
37]. Conversely, protein antigens have small clusters of
amino acid residues that constitute the contact sites for
the CDR loops. The resulting interface on average involves about 15–22 amino acid residues of the protein
antigen and a similar number of antibody residues. The
overall contact area on antigen ranges from 650 to 900
Å2. In comparison, an HLA molecule seen from the top
(i.e., binding groove) has a surface area of approximately
750 Å2.
Structural and Functional Definition of an Epitope
Considering this information about the structure of the
antigen–antibody interface we must address the question
what constitutes an epitope. In 1960, Niels Jerne coined
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the term epitope when he proposed that an antigen
particle carries several epitopes [38]. Many epitopes are
antigenic determinants expressed on the molecular surface of antigen [20 –23]. Others are hidden epitopes (or
cryptotopes) that become immunologically available after fragmentation or denaturation of antigen. Processed
antigenic peptides presented by major histocompatibility
complex molecules to T-cells belong to this group and
should be considered cryptotopes rather than T-cell
epitopes [39]. Two groups of protein epitopes have been
proposed: continuous (or linear) epitopes involving a
single continuous amino acid sequence and, discontinuous epitopes that comprise amino acids separated in the
primary sequence but clustered together on the molecular surface by folding of the native protein [40, 41].
Mapping studies of antibody reactivity patterns with
natural variants and mutated protein antigens have generated information about the location of epitopes and
have also suggested that epitopes can generally be defined by small numbers of amino acid residues.
Stereochemical analyses of crystals of antigen–antibody complexes have led to a structural definition of an
epitope as that part of the antigen that is contacted by
the CDR loops of antibody [36]. This means that with
about 15–22 contact residues, a structural epitope comprises a rather large area on the antigen surface and
involves many amino acid residues that make contact
with a large group of residues on CDRs collectively
referred to as the paratope of antibody. Direct contact
between epitope and paratope residues is established
through electrostatic forces such as hydrogen bonds, salt
bridges, van der Waals forces of hydrophobic surfaces,
and shape complementarity [20 –23]. The interface has
also bound water molecules or other co-factors that contribute to the specificity and affinity of antigen–antibody
interactions [42].
The binding energy of an antigen–antibody complex
is primarily mediated by a small subset of contact residues in the epitope-paratope interface [22, 43, 44]. Substitutions of such “energetic” residues [45], as seen in
naturally occurring antigenic variants or induced by sitedirected or alanine scanning mutagenesis, lead often to
dramatic decreases in the binding of antigen to antibody
[46 – 48]. Mapping studies have located energetic residues in “hot spots” of epitopes and paratopes, i.e., regions
made up of small numbers of residues that contribute
most of the binding energy [49]. Energetic residues are
often located in the center of the epitope–paratope interface [50]. Contact residues in periphery of the interface make generally minor contributions to the binding
energy; their replacements have frequently little effect on
the binding with antigen. The considerable flexibility of
CDR3 loops allows a mutual adaptation of both epitopes
and paratopes, making it possible for a single antibody
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molecule to interact with a large number of related
antigens [51]. This concept helps to understand the
structural basis of serologic cross-reactivity.
Thus, the binding or functional activity of an epitope
involves a small subset of energetic residues centrally
located in the structural epitope and contacted by the
specificity-determining CDRs [52]. The assignment of a
functional epitope on an antigenic protein should consider two criteria. To be immunogenic a functional
epitope must have at least one non-self residue, that is,
the antibody producer’s homologous proteins must have
a different residue in the corresponding sequence position. Such residue must be on the molecular surface so it
can make contact with the specificity-determining CDR.
In the epitope–paratope interface, the energetic residues of a functional epitope are often in close contact
with the energetic residues of the specificity-determining
CDRs. The latter can be identified by site directed
mutagenesis of CDR loops [49, 52, 53] and constitute
what might be called the functional paratope. Although
CDR-H3 plays often a dominant role, other CDRs with
energetic residues may provide important contacts with
epitope [33].
The question must be raised how many and which
residues might define a functional epitope. Such information would be useful in the design of a model for
structurally based HLA compatibility.
Topography of Functional Epitopes on Protein
Antigens
There is an extensive literature on the structural analysis
of crystallized antigen–antibody complexes. This report
addresses only antiprotein antibodies that have wellcharacterized reactivity patterns with natural antigenic
variants and mutated antigens. In addition, sequence
information about the antibody producer’s own structurally similar proteins will permit an assessment addressing which residues of the antigenic protein are non-self.
The murine antibody response to Hen Egg Lysozome
(HEL) represents an excellent model to address the assignment of functional epitopes. A great variety of HELspecific monoclonal antibodies (mAbs)have been tested
with structurally defined, naturally occurring antigenic
variants (from different avian species) and HEL variants
produced by site-directed mutagenesis. These findings
have generated information about serologic cross-reactivity patterns between structurally related lysozymes and
residues associated with serologic determinants. Extensive studies of a few dozen crystallized HEL-antibody
complexes have provided detailed information about the
epitope–paratope interface and how residue substitutions
can affect the interactions between antibody and antigen.
HEL is a 129-residue, antiparallel ␣-helical protein
internally cross-linked by four disulfide bonds [53]. A

850

R.J. Duquesnoy

FIGURE 1 Single patch and two-patch
shapes of energetic residues on antigen
surface (functional epitope), antibody surface (functional paratope) and in the
epitope–paratope interface.

BLAST analysis of HEL and two mouse lysozymes, type
P intestinal [54] and type M milk [55], identifies 49
non-self residues on HEL (they are indicated with the
superscript NS); 30 of them are visible on the molecular
surface and would therefore be antibody-accessible. This
rather large number of exposed non-self residues is consistent with the experimental evidence for multiple
epitopes on HEL antigen [56 –59].
Reactivity patterns with various avian lysozymes and
mutated HEL antigens have shown that anti-HEL mAbs
react with serologic determinants in one of four distinct
antigenic regions that cover most of the lysozyme surface
[56, 59]. Detailed structural information has become
available on antigen–antibody complexes with mAbs
specific for epitopes representative of three regions. This
study addressed the reactivity of five HEL-specific mAbs
but this report describes only one example in some
detail.
Reactivity patterns of HEL-D1.3 with natural lysozyme variants and mutated HEL have indicated that
this mAb reacts with an epitope that includes the 117–
121 sequence in one of the loops of HEL [59]. In the
crystalline antigen–antibody complex, the CDRs of D1.3
make contact with 16 residues in the 18 –27 and 117–
125 sequence segments of HEL [60, 61]. The paratope of
D1.3 has 9 VH and 8 VL contact residues. Alanine
scanning has indicated that HEL residues 121QNS,
125R, 124I, and 119A dominate the energetics of binding with D1.3 [50, 62, 63]. Turkey egg lysozyme differs

from HEL by one amino acid in the interface (121H
versus 121QNS) and has a 400-fold lower affinity with
D1.3 than HEL [58, 64]. Other lysozymes that differ at
position 121 (Glutamine to predominantly histidine) are
non-reactive suggesting that the non-self 121QNS residue plays a critical role in the binding with D1.3.
Thus, the functional D1.3 epitope can be defined by
the sequence 119A, 121QNS, 124I, and 125R. The functional paratope of D1.3 has five energetic residues; three
of them, H100D, H101Y, and H102R are on CDR-H3.
Cn3D viewing has shown that the four residues of the
functional HEL-D1.3 epitope form a single patch that is
well exposed on the HEL surface (Figure 1a). The centrally located 121QNS protrudes from the HEL surface.
The other residues 119D, 124I, and 125R are within 3.0
Å of 121QNS. The molecular configuration of the functional paratope has three residues H101Y, L92W, and
L32Y that are ⬍3.5 Å away from the functional HELD1.3 epitope (Figure 1a).
A similar analysis has been done of the reactivity of
mAb E8 against horse cytochrome C (hCytC) [65]. Sequence comparison with mouse cytochrome C shows that
this 105-residue antigenic protein has six non-self residues; all of them are exposed on the molecular surface
and can elicit specific antibodies [20, 66]. Crystallographic analysis of the hCytC-FabE8 complex has shown
that the structural E8 epitope constitutes a patch of
ten residues located in three sequence segments of
hCytC, namely 36F⫹37G, 60KNS⫹61E⫹62ENS and
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TABLE 1 Residue descriptions of interfaces of seven crystallized protein antigen-antibody complexes

96A⫹99K⫹100N⫹103D [67]. The two non-self residues 60KNS and 62ENS and are located in the center of
the interface. Rat cytochrome C has an identical sequence
as mouse cytochrome C and does not bind E8 [68].
Highly homologous cytochrome C from cow, rabbit,
guanaco and dog, which have different residues in positions 60, 62 and/or 103, react poorly with E8 [68, 69].
A fourth and evolutionarily conserved residue 104E
makes also a significant contribution to the binding with
E8 [67]. Thus, the functional E8 epitope consists of
60KNS and 62ENS and two self-residues 103N and 104E.
The E8 paratope has six VL and five VH residues in the
CDR loops, five of which make contact with the functional epitope [67].
Cn3D viewing has revealed that this functional
epitope has two distinct patches (Figure 1b). One patch
comprises 60KNS and 62ENS, which are 3.3 Å apart and
which make contact with VH residues H50N, H57N,
and H100D. The second pair consists of two self-residues
103N and 104E, which interact with VL residues L30H
and L92W. These two patches are well separated, as
shown by the 11.5 Å distance between 60KNS and
103N. The closest distance between the corresponding
VH and VL contact residues is approximately 9.5 Å.
This type of analysis of functional epitope topography
has been done for five additional mAbs. The results are
summarized in Table 1, and more details are shown in a
report on the HLAMatchmaker website [70]. In these
seven crystal models, the structural epitopes consist of
10 – 21 amino acid residues in contiguous patterns on
the protein surface. Small subsets ranging from two to
five highly energetic contact residues in mostly central
locations are considered to constitute the functional
epitopes. These residues are largely in discontinuous
sequences, and at least one of them is non-self. This
analysis has also shown that about 4 – 5 highly energetic
antibody residues might define the functional paratopes
(data not shown). As expected, the CDR-H3 loops play
frequently but not always a major role and other CDRs
are involved in the binding with functional epitopes.
Functional epitope residues seem to cluster in two
distinct shapes (Table 1). One reflects a single patch and
there are four examples: HEL-D1.3, HyHEL-5, HyHEL63, and IFN␥R-A6. They are centrally located within
the structural epitope (not shown) and their residues are
3-3.5 A apart from each other. Although a single patch
consists of a short linear or discontinuous sequence of
residues clustered closely together, it can make contact
with several different CDR residues. These CDR residues
might constitute the “functional” paratope that plays a
determining role in the specific interaction with the
functional epitope represented by a patch.
A functional epitope may also have a two-patch shape
and there are two configurations. First, both patches have
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at least one non-self residue; examples of these are
hCytC-E8 and HEL-F9.13.7 (Table 1). Second, as illustrated by HyHEL-10, one patch has one (or more) nonself residues, and the other patch consists of only self
residues. The distance between patches ranges from 7.5
Å to 13 Å and within each patch the energetic residues
are 3 to 3.5 Å apart from each other (Table 1).
Two-Patch Shape of HLA Epitopes
Although most literature reports indicate that HLA
epitopes correspond to single residues or clusters of few
residues, the two-patch shape of a functional epitope may
apply to some HLA epitopes. Our recent study on triplet-specific human monoclonal antibodies has shown that
antibody binding depends on the presence of one or more
additional residues shared between the immunizing antigen and the triplet-carrying reactive alleles [19]. For
instance, the reactivity of an anti-62QE monoclonal antibody (mAb) requires the presence of a glycine residue
in position 56. 62QE-carrying alleles are nonreactive if
they have 56R. Similarly, the reactivity of two 142MIspecific mAbs require the presence of the GTLRG sequence in positions 79 – 83. These residues are located
about 10 –15 Å from these triplets, and they appear to
serve as critical contact sites for another CDR of antibody
rather than the specificity-determining CDR. Interestingly, 56G and 79GTLRG are self-residues present in
the HLA antigens of the antibody producer.
Absorption– elution analyses of allosera [71] and sitedirected mutagenesis studies on class I HLA antigens
[72–74] have identified additional residues that are critical for antibody-binding to epitope-defining residues.
For instance, the Bw6-specific antibody SFR8-B6 recognizes an epitope defined by 75R, 79R, and 82R but its
reactivity requires also the presence of the 90A residue
which is approximately 10 Å away [74].
The two-patch shape may also explain the techniquedependency of certain alloantibodies that show negative
reactions in complement-dependent cytotoxicity (CDC)
but bind to HLA antigens, this refers to the cytotoxicitynegative, absorption-positive (CYNAP) phenomenon. As
an example, a multiparous woman was sensitized to
HLA-A25 during pregnancy and her antibody had CDC
reactivity with HLA-A25 but CYNAP activity with
HLA-A26 [75]. These antigens are subtypes of HLAA10, which carries a unique 150TAH triplet apparently
recognized by this antibody. It seems likely that the
binding energy of the specificity-determining CDR with
150TAH was not strong enough for the antibody to
undergo the conformational change necessary for C1q
binding, the first step of complement pathway leading to
CDC. Apparently, another part of antigen must bind a
second CDR so that sufficient energy is released for C1q
activation. The only significant difference between HLA-
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A25 and HLA-A26 is in the 79 – 83 sequences, namely
RIALR vs GTLRG. At a distance of about 14 Å from
150TAH, 79RIALR appears to be the critical contact
site for the CDC activity of this antibody. This concept
explains also the reactivity of antibodies with CDC reactivity against HLA-A26 but CYNAP activity with
A25 [75].
Structural Aspects of Immune Complexes
Involving HLA Molecules
No structural information is available about complexes of
HLA antigens with alloantibodies; however Ziegler et al
described the first crystallized antigen–antibody complex
involving HLA (PDB code 1W72) [76]. These investigators used a human monoclonal antibody specific for a
melanoma-associated nona-peptide (MAGE-A1) bound
to HLA-A1 and a high affinity Fab fragment (Hyb3) was
used to generate the complex. Its binding interface comprises contact residues in 11 VH positions and four VL
positions. The structural epitope involves four contact
residues of the MAGE-A1 antigenic peptide and ten
contact residues in the ␣-helices of HLA-A1. Hyb3
makes direct contact with MAGE-A1 via its CDR-H2
and CDR-H3 loops, and with HLA-A1 via all three
H-chain CDR loops and CDR-L3. The contributions of
CDR-L1 and CDR-L2 are only marginal.
The interactions between Hyb3 and MAGE-A1HLA-A1 resemble those of T-cell receptor (TCR) with
peptide-HLA [76]. This is not surprising because Hyb3
is specific for an HLA-restricted peptide. Similar to the
CDRs of TCR ␣ and ␤ chains [20 –23], Hyb3 uses its H
and L chain CDRs to form an interface with the antigenic
peptide and the ␣ helices of HLA. The interface has
however a different architecture in that Hyb3 has an
angled orientation and contact the C-terminus rather
than the center of peptide [76].
Although MAGE-A1 peptide residues 5T, 7H, and 8S
together with HLA-A1 ␣-helix residues 65R and 72Q
appear to be important contact sites [76], there is insufficient information is about the functional epitope recognized by Hyb3.
Construction of a Structural Model for Functional
Epitopes on HLA Class I Molecules
The above-mentioned models of antigen–antibody complexes illustrate how structural epitopes contain patches
of surface residues that play a dominant role in determining recognition by specific antibody. These residues
cluster about 3–3.5 Å from each other. Non-self residues
in these patches could be considered the driving force of
functional epitopes in terms of immunogenicity (i.e., the
ability to elicit antibody formation) and antigenicity (i.e.,
the ability to react with antibodies). The redesign of
HLAMatchmaker incorporates these concepts. Instead of
using triplets (i.e., linear sequences of three amino acid
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FIGURE 2 Polymorphic residues on class I molecules controlled by HLA-A, B, and C loci.

residues), the new algorithm considers patches of residues in linear and discontinuous sequences. These
patches comprise residues clustered around polymorphic
residues on the molecular surface.
Cn3D viewing of crystallized HLA molecular models
stored on the NCBI website shows different patterns of
surface polymorphisms for antigens encoded by HLA-A,
HLA-B, and HLA-C loci (Figure 2). The molecular surface around the bound peptide (see top view) has similar
numbers of exposed polymorphic positions on the ␣1
helices of HLA-A and HLA-B antigens but more polymorphic positions are visible on the ␣2 helices of HLA-A
antigens. The ␣ helices of HLA-C antigens have much
fewer polymorphic positions.
In contrast, HLA-C antigens have the most polymorphic positions in the membrane-proximal region, which
becomes visible upon side viewing (Figure 2). HLA-A
antigens have also more surface-exposed polymorphic
positions in that region than HLA-B antigens. It should
be noted that the sequence positions 200 to 275 of
HLA-B antigens are all monomorphic.
Each surface-exposed polymorphic residue might be
considered an essential element of a functional epitope
that makes contact with the specificity-determining
CDR of antibody. With reference to the findings with
other protein antigens, one can expect that such residue
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might form a patch with other nearby residues. The
“select by distance” command in Cn3D has been applied
to identify residues around each exposed polymorphic
position on representative class I molecules. Two distance parameters, 3.0 and 3.5 Å were chosen because, as
shown above, they provide the best estimate of the size of
a functional epitope.
Sequence comparisons of the most common four-digit
HLA class I alleles including all World Health Organization–listed serologic antigens have identified 75 polymorphic positions on the molecular surface; 47 of them
involve one locus, 14 include two loci, and 14 apply to
all HLA-A, -B, -C loci (Table 2). Polymorphic positions
are mostly on the top (N ⫽ 25) or the side (N ⫽ 36) of
the molecule. Eight positions have “underside” locations
(i.e., underneath the groove), and six are at the “bottom”;
they become more readily visible if the molecule has been
turned upside down. These positions seem less antibodyaccessible if the HLA antigen is anchored in the cell
membrane like in the lymphocytotoxicity test, but they
might react with antibody if the HLA molecule is fixed
to a different surface like in a solubilized antigen-binding assay. Molecular surface expression of polymorphic
residues has been graded as prominent (⫹⫹), readily
visible (⫹), and somewhat visible (⫺/⫹).
Table 2 lists the sequence positions clustered within a
3.0-Å and 3.5-Å radius of each exposed polymorphic
position. These patches are combinations of monomorphic and polymorphic positions; the latter are marked in
boldface and are underlined. The 3.0-Å patches have an
average of 3.4 residues. Many of them correspond to
triplets whereas others are slightly longer linear and
discontinuous sequences. As expected, the 3.5-Å patches
have more residues (average, 5.2); many of them have
longer linear or discontinuous sequences. The vast majority of patches with multiple positions are in the
62– 83 and 142–167 sequences of the ␣1 and ␣2 helices.
This is not surprising because as Figure 2 illustrates,
residue polymorphisms concentrate in the ␣- helices.
Moreover, ␣- helical structures have more residues in
close proximity than ␤-sheets and the membrane-proximal domain. Many patches in ␣- helical regions share the
same residue positions and this increases the likelihood of
overlapping epitopes recognized by different antibodies.
A few 3.0-Å and 3.5-Å patches in side locations comprise
the same residue positions.
Several patches in the ␣ helices include residues of
peptides bound to the groove; their positions have the
prefix. For example, the 3.0-Å patch of position 66 has a
partially exposed residue in peptide position 2 (P2) and
the 3.0-Å patch of position 77 has two exposed peptide
positions P8 and P9. Exposed peptide residues might
contribute to the functional epitope recognized by alloantibody. Several studies have shown the influence of
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TABLE 2 Polymorphic and monomorphic residue positions in 3.0 and 3.5 angstrom patches of HLA class I
antigens
Sequence
position

Class I
locus

Molecular
location

Surface
exposure

1
6
9
12
14
17
21
30
32
35
41
44
45
46
56
62
63
65
66
69
70
71
73
76
77
79
80
82
83
90
94
103
105
107
109
113
114
116
127
131
138
142
143
144
145
147
149
150
151
152
158
161
163
166
167
173
177
178

C
C
ABC
BC
C
A
C
B
B
C
B
A
B
B
A
A
ABC
ABC
ABC
B
ABC
B
AC
A
ABC
ABC
ABC
AB
AB
ABC
BC
BC
A
A
A
BC
ABC
ABC
A
B
C
A
B
A
AB
BC
A
A
A
ABC
AB
A
A
A
AB
C
ABC
B

side
side
side
underside
side
side
underside
underside
underside
side
side
side
side
side
side
top
top
top
top
top
top
side
top
top
top
top
top
side
top
side
underside
side
side
side
side
underside
underside
underside
side
side
side
top
top
side
top
top
top
top
top
top
top
top
top
top
top
side
side
side

⫹⫹
⫹
⫾
⫹
⫹
⫹⫹
⫾
⫹
⫾
⫾
⫹⫹
⫹⫹
⫹
⫹
⫹
⫹⫹
⫾
⫹⫹
⫹⫹
⫹⫹
⫹
⫹
⫹
⫹⫹
⫾
⫹⫹
⫹⫹
⫹
⫹⫹
⫹⫹
⫾
⫾
⫹⫹
⫹⫹
⫹
⫹
⫾
⫾
⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫾
⫹
⫹⫹
⫾
⫹⫹
⫹
⫹⫹
⫾
⫹⫹
⫹⫹
⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫹

Positions in 3.0 angstrom
patches*
12
5 6 27
8 9 10
11 12 13 21
14 15 16 19 39
14 16 17 18
20 21 22 39
29 30 31 211
31 32 33
35 36 48 853
40 41 42
43 44 45
44 45 46
35 45 46 47
55 56 57 59
61 62 63
59 62 63 64 P2
61 64 65 66 69
65 66 70 P2
65 68 69 70 73
66 69 70
70 71 72
72 73 77
75 76 77 80
73 76 77 78 P8 P9
78 79 80
76 79 80 84
80 82 86 87
82 83 84 86
89 90 91
93 94 95 119
2 103 104
104 105 106
106 107 108 169
108 109 110
102 112 113 114
113 114 115 126
115 116 123 124
127 128 132
129 130 131 132
137 138 139 141
138 141 142
142 143 144 P9
144 145 148
141 144 145 146 149
146 147 148
145 148 149 150
149 150 151
150 151 152
151 152 155
157 158 159
157 161 162
162 163 167
162 165 166 167
163 166 167
169 172 173 174
176 177 178
177 178 181

Positions in 3.5 angstrom patches*
123
5 6 27
8 9 10 23
11 12 13 21 92 94
14 15 16 17 18 19 39
14 15 16 17 18
14 19 20 21 22 23 39
29 30 31 210 211
27 31 32 33 48
35 36 46 48 853
40 41 42 43
36 42 43 44 45 61
35 44 45 46 64
35 44 45 46 47 48
54 55 56 57 58 59
59 61 62 63 64 65 66
59 61 62 63 64 65 66 P2
61 62 64 65 66 68 69
62 64 65 66 68 69 70 P1 P2
65 66 68 69 70 72 73
66 68 69 70 72 73
68 69 70 71 72 73 75
69 70 72 73 77
72 73 75 76 77 79 80 P9
73 75 76 77 78 79 80 P8 P9
76 78 79 80 82
76 78 79 80 82 83 84
79 80 82 83 86 87 88 89
79 80 82 83 84 85 86
88 89 90 91
93 94 95 118 119
2 103 104 108 110
1 104 105 106 107
105 106 107 108 169 173 180
108 109 110 111 112
98 102 112 113 114
98 113 114 115 125 126
115 116 123 124
127 128 129 132 133 134
129 130 131 132
137 138 139 140 141
138 139 141 142 144 145 146
141 142 143 144 145 146 P9
133 141 142 144 145 146 148
141 142 144 145 146 148 149
144 145 146 147 148 149 150 151 P8
145 146 148 149 150 151
146 148 149 150 151
148 149 150 151 154 155
150 151 152 154 155 P7
154 155 157 158 159
157 159 161 162
159 162 163 166 167 P1
162 163 165 166 167 169 170
163 165 166 167 169 170
169 170 172 173 174 176
176 177 178
176 177 178 180 181
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TABLE 2 Continued
Sequence
position

Class I
locus

180
184
193
194
199
207
211
219
246
248
253
261
267
270
273
275
276

B
AC
AC
ABC
B
A
C
C
A
C
AC
C
C
C
C
C
A

Molecular
location

Surface
exposure

side
side
bottom
side
bottom
side
side
bottom
side
side
bottom
side
side
side
side
bottom
bottom

⫹⫹
⫹
⫹⫹
⫹
⫹
⫹
⫾
⫹⫹
⫹
⫹⫹
⫹⫹
⫹
⫹⫹
⫹
⫹⫹
⫹⫹
⫹⫹

Positions in 3.0 angstrom
patches*

Positions in 3.5 angstrom patches*

172 176 180
183 184 185
192 193 194
193 194 195
198 199 249
206 207 208
210 211 212
219 220 222
229 245 246
247 248 249
251 252 253
260 261 262
266 267 268
269 270 271
272 273 274
274 275 276
275 276 278

172 176 178 180 181
183 184 185 266
192 193 194 198
193 194 195 198 200
192 198 199 249
206 207 208 240
30 208 210 211 212 213
219 220 221 222 224 256
228 229 245 246 247
247 248 249
250 251 252 253 256 257
214 260 261 262 269 270
266 267 268
260 261 269 270 271
255 258 272 273 274
274 275 276
274 275 276 278

181
198

247
256
270

* Polymorphic positions are marked in bold underlined font.

HLA-bound peptides on the reactivity of class I–specific
and class II–specific antibodies [77– 80]. The patterns
listed in Table 2 might predict which HLA-specific
antibodies might be peptide-dependent. Only the
patches in position 32 include a ␤2-microglobulin position B53.
These findings on HLA patches are comparable to the
functional epitopes reported for other protein antigens
such those described in a previous section of this report.
Especially, the 3.0-Å patches provide informative descriptions of HLA epitope structure. The polymorphic
positions determine residue variability within each
patch. The 3.0-Å patches have an average of 1.8 polymorphic positions (range 1– 4) and 3.5 Å patches have
between one and six polymorphic positions. Several
patches have the same polymorphic positions, although
there differences between the monomorphic positions
(e.g., the 3.0-Å patch in position 14 and the 3.0-Å and
3.5-Å patches in position 17 have same combination of
polymorphic positions, namely 14 and 17). Such patches
are considered equivalent.
The patch information in Table 2 yielded 94 unique
combinations of polymorphic positions and they appear
to represent the basis of the complete repertoire of
functional class I HLA epitopes. The residue composition of these polymorphic patches was determined with
a Microsoft Excel macro developed by Grzegorz Dudek
(Czestchowa University of Technology, Poland). This
program is called HLA Patch Generator and can be
downloaded from the HLAMatchmaker website
http://tpis.upmc.edu

Eplet Version of HLAMatchmaker
An analysis of serologically defined HLA-A, B, and C
antigens, and the more common four-digit class I alleles
has shown a total of 530 patches with different combinations of polymorphic residues. Most of them are in the
␣ helix sequences 62–73 (N ⫽ 192), 76 – 83 (N ⫽ 91),
and 142–152 (N ⫽ 122) on the top of the HLA molecule
and involve overlapping residues. The remaining 124
polymorphic patches are largely on the side of the molecule and include 39 at underside or bottom locations.
This rather extreme diversity and residue overlap
among polymorphic patches especially in the ␣ helices,
might suggest that a structural definition of many functional epitopes might be too problematic. Further comparisons have shown, however, that many overlapping
polymorphic patches can be grouped together because
they belong to a single antigen or a distinct group of
antigens including those that are members of so-called
cross-reacting groups (CREGs).
For example, the 62–70 sequence has seven overlapping patches shared by all six common HLA-A2 subtypes included in this analysis: Aⴱ0201, Aⴱ0202,
Aⴱ0203, Aⴱ0205, Aⴱ0206, and Aⴱ0211 (Table 3). Two
3.0 Å patches (63GEK and 66ERKH) and three 3.5 Å
patches (66GERK, 65GERKA, and 66GERKAH) are
unique to A2 and antibodies against any of them would
be considered monospecific for A2. The 65RK patch is
shared with Aⴱ3401 and the 62GE patch with B17 and
antibodies against these patches would be considered
specific for A2⫹Aⴱ3401 and A2⫹B17, respectively.
62GE readily explains the well-known serologic crossreactivity between A2 and B17 [81]. An immune re-
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TABLE 3 Examples of antigen groups with multiple patches in the 62–73 sequence
Alleles
A*0201 A*0202 A*0203 A*0205 A*0206 A*0211
A*0201 A*0202 A*0203 A*0205 A*0206 A*0211
A*3401
A*0201 A*0202 A*0203 A*0205 A*0206 A*0211
B*5701 B*5703 B*5801 B*5802
B*5701 B*5703 B*5801 B*5802
B*1516 B*1517 B*5701 B*5703 B*5801 B*5802
B*1516 B*1517
A*2301 A*2402 A*2403 A*2407
A*2301 A*2402 A*2403
A*2407
A1, 3, 11, 30, 31, 32, 36, 74
B7, 22, 42, 67, 81, 82, 83

3.0 A Patches*
63GEK 66ERKH
65RK

3.5 A Patches*
62GERK 65GERKA 66GERKAH

Eplet
63GEK
65RK

62GE

62GE

63GEN
62GERN 65GERNA 66GERNAS
66ERNS 69AS 70NASA 71SA 69RNAST 70NASAT 71SAT 73ASATEN
62RERN 65RERNA 66RERNAS
63EEK 65GK
62EEGK 65EEGKA
66EGKH
66EEGKAH 69GKAHT
66EGKQ
66EEGKAQ 69GKAQT 73AQSTEN
62QE 63QEN
62QERN 65QERNA
66NQIQ 70IAQA
66RNQIAQ 69QIAQT 70IAQAT
73AQATES

63GEN
69AS
65RN
62EEK
none
none
62QE
70QA

* The number indicates the sequence position of the exposed polymorphic residue and the letters represent polymorphic residues in the corresponding patch as
listed in Table 2.

sponse to an HLA-A2 mismatch might involve antibodies against all seven patches, except 65RK if the antibody
producer types for Aⴱ3401 and 62GE if the antibody
producer types for B17. Conversely, antibodies induced
by a B17 mismatch might react with 62GE provided the
antibody producer does not type for A2.
The common B17 subtypes Bⴱ5701, Bⴱ5703,
Bⴱ5801, and Bⴱ5802 have four unique overlapping
patches: 63GEN, 62GERN, 65GERNA, and 66GERNAS (Table 3). An antibody against any of them would
be considered monospecific for B17. Interestingly, an
antibody against 62GE will react with A2⫹B17 whereas
an antibody against 63GEN will react with only B17.
When compared with 62GE, the overlapping 63GEN
patch has one extra polymorphic residue, namely asparagine in position 66. This difference seems sufficient to
distinguish antibody specificity against B17 vs
A2⫹B17.
B17 shares eight overlapping patches with the B63related alleles Bⴱ1516 and Bⴱ1517 (Table 3). An antibody against any of these patches will react with
B17⫹B63, a known cross-reacting antigen combination
[82]. Bⴱ1516 and Bⴱ1517 share three unique 3.5 Å
patches, and this may explain the specific recognition of
previously reported monospecific anti-B63 antibodies
[82].
As another example, four overlapping patches in the
62-73 sequence are unique to A9 subtypes Aⴱ2301,
Aⴱ2402, Aⴱ2403, and Aⴱ2407 (Table 3). Three additional patches are shared by all A9 subtypes except
Aⴱ2407. The latter allele has four unique patches; all of
them have a glutamine in position 70 whereas Aⴱ2301,
Aⴱ2402, and Aⴱ2403 have a histidine in position 70. As
no monospecific antibodies against Aⴱ2407 have been
reported, it is possible that H70Q substitutions contrib-

ute little to the functional epitopes defined by these
patches. Permissible residue substitutions have also been
observed for protein epitopes [22].
Table 3 shows also two examples of antigen groups
with overlapping patches in the 62–73 sequence. The
first is a group of antigens in the A1 CREG that share
four patches. We have recently described a human monoclonal antibody reacting with this antigen group [19].
The second is a well-known group of B7-CREG antigens
that has the same six overlapping patches.
The term “eplet” is used to represent one or an overlapping group of polymorphic patches shared by the
same antigen(s). Table 3 shows the eplet assignments.
The five 62–73 patches unique for A2 (63GEK,
66ERKH, 62GERK, 65GERKA, and 66GERKAH) are
collectively referred to as one eplet assigned as 63GEK.
Although at this time, it is not known whether the
65RK patch shared between A2 and Aⴱ3401 represents
a real epitope, this patch has also been converted to an
eplet.
Table 3 shows that serologically defined antigens such
as B17 and B63, and public epitopes represented by the
A1 and B7 CREGs, have corresponding eplets. The A9
alleles Aⴱ2301, Aⴱ2402, Aⴱ2403, and Aⴱ2407 have the
63EEK eplet that represents 63EEK, 65GK, 62EEGK
and 65EEGKA. As no monospecific antibodies against
Aⴱ2407 have been identified, it seems reasonable that
the 65GK eplet represents also the patches unique to
Aⴱ2407 and the Aⴱ2301, Aⴱ2402 and Aⴱ2403 group.
Eplet conversions of overlapping patches have permitted an assessment of the repertoire of structurally defined
functional epitopes. Interestingly, many eplets representing multiple and often overlapping patches seem to
correspond with well-known, serologically defined, private and public determinants. The presence of such mul-
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tiple patches might add to the immunogenicity of these
antigenic determinants.
This analysis yielded a total of 199 distinct eplets; 110
of them are on the ␣ helices on the top of the molecule.
There are 60 eplets on the side surface, including 29 in
less accessible positions at the bottom and under the
peptide-binding groove. The HLAMatchmaker website:
http://www.tpis.upmc.edu has a detailed description of
eplets and downloadable Excel programs on eplet-based
HLA compatibility.
DISCUSSION
This study addresses the concept that HLA antigens, like
other antigenic proteins, have structural epitopes consisting of 15–20 residues that constitute the binding face
with alloantibody. Each structural epitope has a functional epitope of about two to five residues that dominate
the strength and specificity of binding with antibody.
The remaining residues of a structural epitope provide
supplementary interactions that increase the stability of
the antigen–antibody complex. Each functional epitope
has one or more non-self residues, and the term eplet is
used to describe polymorphic HLA residues within 3.0
to 3.5 Å of a given sequence position on the molecular
surface. Many eplets represent short linear sequences
identical to those referred to as triplets [1], but others
have residues in discontinuous sequence positions that
cluster together on the molecular surface. The eplet
version of HLAMatchmaker therefore considers a more
complete repertoire of structurally defined epitopes.
An epitope has two characteristics: namely antigenicity (i.e., the reactivity with antibody) and immunogenicity (i.e., the ability to induce an antibody response).
Immunogenicity depends on the structural difference
between an immunizing protein and the antibody responder’s homologous proteins [20]. Certain structural
differences lead to immunodominant epitopes whereas
others are associated with low immunogenicity. Antigenicity reflects the structural requirements for an epitope
to react with a specific antibody. Sequence variability,
secondary structure, and conformational influences of
nearby residues may affect epitope antigenicity.
The distinction between immunogenicity and antigenicity is important for the determination of HLA compatibility. HLAMatchmaker is based on the concept that
a given eplet cannot induce specific alloantibodies if such
eplet is present on any antigen of the antibody producer.
Suppose three HLA antigens X, Y, and Z have the eplet
PQR in a given sequence location. Exposure to mismatched X will not lead to PQR-specific antibodies in
recipients who type for Y or Z. This concept has been
verified by observations that highly sensitized patients
do not have antibodies against intralocus and interlocus
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triplet matches [7, 10, 11, 15]. On the other hand, PQR
can be immunogenic for a recipient who does not type for
X, Y, or Z. Anti-PQR antibodies will react with the
immunizing X and also with Y and Z, but there might
be exceptions for two reasons.
First, nonreactivity of the PQR eplet of antigens Y
and/or Z might be caused by a significantly altered
conformation caused by nearby polymorphic residues
different from those on the immunizing antigen X. Such
residues are below the molecular surface and cannot make
direct contact with antibody. Several reports have described a conformational effect of hidden residues on
HLA epitope reactivity with antibody [78, 83– 85, 86].
This scenario would apply only to epitope antigenicity
but not to immunogenicity because highly sensitized
patients do not produce antibodies to self-epitopes expressed on mismatched HLA antigens [7, 10, 11, 15].
The second explanation reflects the two-patch shape of
certain functional epitopes. In this scenario the reactivity
of an anti-eplet antibody also requires contact with certain critical residues in another location on the immunizing antigen. This critical contact site must be within
a sufficient distance from the eplet (⬍15 Å) so it can
bind to other CDR loops of antibody. Suppose the PQRcarrying immunizing antigen X has the LMN sequence
as a critical contact site and that Y but not Z has the
same LMN sequence. In this scenario, anti-PQR antibodies will react only with X and Y because the PQRcarrying Z lacks the critical contact site necessary for
binding with antibody. Recent studies have verified the
role of critical contact sites in reactions with HLA antibodies [19], and other reported data are consistent with
this notion [87– 89]
Depending on the HLA type of the antibody producer, the polymorphic residues of a critical contact site
on the immunizing antigen can be self or non-self. In the
latter case, this might lead to antibodies against epitopes
defined by combinations of non-self eplets and non-self
critical contact sites. Such combinations may explain the
Bw4/6 defined serologic splits of HLA-B antigens. For
instance, the Bw4-associated B38 and the Bw6-associated B39 splits of B16 share a distinct 158T eplet. These
splits have identical sequences except in the 79 – 83
region that has the Bw4/6 epitopes [90, 91]. Immunization with 158T may lead to antibodies recognizing
only B38 or B39; such antibodies require also reactivity
with the Bw4 or Bw6 sequence. Other 158T-specific
antibodies react with B16 (B38⫹B39) because they do
not require interaction with a Bw4/6 defined critical
contact site.
The critical contact site concept may also apply to
antibodies against eplets shared by HLA antigens controlled by different loci, i.e., the interlocus matches.
Some antibodies against these eplets may require a locus-
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specific sequence present on the immunizing antigen.
For instance, the 82ALR eplet is shared by all Bw4associated HLA-B antigens and the HLA-A antigens
A23, A24, A25, and A32. Patients sensitized to 82ALR
on a mismatched HLA-B antigen may have antibodies
that react with both 82ALR -carrying HLA-A and
HLA-B antigens [92] and/or they may anti-82ALR antibodies that react with only HLA-B antigens because
they must react with a critical contact site unique to
HLA-B antigens.
The different features of HLA immunogenicity and
antigenicity are relevant to the application of structurally
based algorithms for histocompatibility testing. HLAMatchmaker can be used as a quantitative tool to determine the degree of a mismatch. Recent studies have
shown that the magnitude of kidney transplant–induced
humoral sensitization correlates with the number of mismatched triplets on donor antigens [9]. Moreover, certain HLA antigen mismatches are compatible at the
structural level and they are associated with similar kidney transplant survival rates as zero-antigen mismatches
[2].
Eplet immunogenicity, as determined by the frequency of a specific antibody response, is important for
histocompatibility [7]. High immunogenicity eplet mismatches should be avoided, whereas low-immunogenicity eplets might be considered permissible mismatches.
This information permits an expanded donor selection in
platelet transfusions [17]. There is no structurally based
prediction model for determining epitope immunogenicity. Possible factors include location and exposure of an
epitope on the molecular surface, the relative difference
in amino acid residue composition, and the (HLA) genetic make up of the antibody responder. For the latter,
the HLA-DR phenotype of the responder has been reported to influence antibody formation to class I mismatches [93]. At present, a practical approach is to
collect information about the frequencies of epitopespecific antibody responses in context with the exposure
rate to epitope mismatches [94].
HLAMatchmaker can be used to analyze serum
screenings for sensitized patients. HLA typing differences between antibody producer and immunizer(s) will
define the mismatched eplet repertoire the patient has
been exposed to and this information facilitates the interpretation of serum screening results. Analysis of the
antibody reactivity patterns with HLA panels may distinguish reactive and nonreactive eplets so that HLA
mismatch acceptability can be established for sensitized
patients.
The eplet versions of HLAMatchmaker can be downloaded from the website http://tpis.upmc.ed.
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