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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 antibody-
accessible positions. HLAMatchmaker determines which
triplets are different between donor and recipient, and this
algorithm is clinically useful in determining HLA mis-
match acceptability. Triplets provide however an incom-
plete description of the HLA epitope repertoire and ex-
panded criteria must be used including longer sequences
and polymorphic residues in discontinuous positions.
Such criteria should consider the structural basis of anti-
body–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 dif-
ferent protein antigens. This analysis considered also data
in the literature about contributions of amino acid resi-
dues 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 t

HLA human leukocyte antigen
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lloantibody. Each structural epitope has a functional
pitope of about 2–5 residues that dominate the strength
nd specificity of binding with antibody. The remaining
esidues of a structural epitope provide supplementary
nteractions that increase the stability of the antigen–
ntibody complex. Each functional epitope has one or
ore non-self residues and the term “eplet” is used to

escribe polymorphic HLA residues within 3.0–3.5 Å of
given sequence position on the molecular surface. Many

plets represent short linear sequences identical to those
eferred to as triplets but others have residues in discon-
inuous sequence positions that cluster together on the
olecular surface. Serologically defined HLA determi-

ants correspond well to eplets. The eplet version of
LAMatchmaker represents therefore a more complete

epertoire of structurally defined HLA epitopes and pro-
ides a more detailed assessment of HLA compatibility.
uman Immunology 67, 847–862 (2006). © American

ociety for Histocompatibility and Immunogenetics,
006. Published by Elsevier Inc.
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NTRODUCTION
umoral sensitization to human leukocyte antigen

HLA) represents a considerable barrier in organ trans-
lantation. Increasing proportions of kidney transplant
andidates have preformed HLA-specific antibodies that
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ecrease the probability of finding a suitably matched
onor, and it is widely accepted that anti-HLA antibod-
es play an important role in acute and chronic rejection
eading to graft failure.

A better understanding of the epitope structure of
LA antigens is important not only for the identification

f HLA-specific antibodies but also will permit a more
fficient, structurally based strategy to determine HLA
ompatibility. HLAMatchmaker is a matching program
hat considers the structural basis of epitopes on class I
LA antigens [1]. Each HLA antigen is viewed as a
tring of short sequences (triplets) involving polymor-
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hic amino acid residues in antibody-accessible posi-
ions; they are considered key elements of epitopes that
an induce the formation of specific antibodies. The
atient’s HLA phenotype represents the repertoire of
elf-triplets and HLAMatchmaker determines for each
ismatched HLA antigen, which triplets in correspond-

ng sequence positions are different. HLAMatchmaker-
ased matching improves transplant outcome [2–6], and
s useful in serum analysis and the identification of
cceptable mismatches for alloimmunized kidney trans-
lant candidates [7–16] and refractory thrombocytopenic
atients requiring matched platelet transfusions [17, 18]
he original version of HLAMatchmaker considers trip-

ets, i.e., linear sequences of three residues at least one of
hich would be polymorphic [1]. This algorithm has
een verified by observations that many serologically
efined private and public epitopes correspond to triplets
nd that an HLAMatchmaker-based analysis of serum
eactivity is useful in predicting of cross-match results
ith potential donors [8, 10, 12, 13, 16]. Recent studies
n human anti-HLA monoclonal antibodies have how-
ver, indicated that HLA epitopes include additional
olymorphic residues located nearby triplets on the mo-
ecular surface [19]. Moreover, certain serologically de-
ined antigenic determinants do not have corresponding
riplets. This experience suggests that the structural def-
nition of epitopes should use expanded criteria includ-
ng longer sequences and residues in discontinuous se-
uence positions. Such criteria should consider the
tructural basis of antibody–antigen interactions includ-
ng contact areas and binding energy, the essence of
ntigenicity [20–23]. This report describes how these
oncepts can be applied to the HLAMatchmaker algo-
ithm to define structural histocompatibility at the hu-
oral immune level.

ETHODS AND RESULTS
tructural Analysis Tools
tudies on complexes of protein antigens and antibody
omains (Fab and Fv) have provided detailed stereochem-
cal descriptions of antigen–antibody recognition, inter-
ctions and shape complementarity. The Entrez Molec-
lar Modeling Database of the stores on its website
http://www.ncbi.nlm.nih.gov/Structure) an extensive
ollection of crystallographic structures of antibody–an-
igen complexes that can be viewed with the Cn3D
tructure and sequence alignment software program
24]. The atomic coordinates of these molecular com-
lexes are stored as specific PDB codes in the Protein
ata Bank. The Cn3D molecular viewer identifies the

ocations of selected residues and their exposure on the
olecular surface. This determines the shapes of epitopes
efined by clusters of residues in linear and discontinu- w
us sequences. The Cn3D program has also a “select by
istance” (in Ångstroms) command that permits an as-
essment of the sizes of epitopes and paratopes and the
ntermolecular distances between them.

Sequence differences between antigenic proteins and
orresponding self-proteins of the antibody producer
ere determined on the website (http://www.ncbi.nlm.
ih.gov/BLAST) with the Basic Local Alignment Search
ool (BLAST) [25]. The “space fill” command of the
n3D molecular viewer was used to identify on antigenic
roteins, surface-exposed residues as potential contact
ites for antibody.

Determinations of epitope structures were based on
xperimental findings reported in the literature about
inding energy in antigen–antibody complexes selected
or this analysis. This information was then applied to
evelop structural models of functional epitopes with the
n3D molecular viewer.

tructural Aspects of the Antigen–Antibody
nterface

he specific reactivity of antibody is determined by
bout 50 hypervariable amino acid residues in two vari-
ble domains (VH and VL) of heavy and light chains.
oth VH and VL domains display high sequence diver-

ity in three complementarity-determining regions
CDRs) separated by relatively conserved intervals
ermed framework regions [26, 27]. These CDRs form
oops that constitute the antigen-binding site: CDR-H3
nd CDR-L3 lie generally in the center of the traditional
ntigen binding site and CDR-H1, CDR-H2, CDR-L1,
nd CDR-L2 form the outside border [28–34]. CDR-H3
xhibits by far the greatest sequence diversity and plays
dominant role in determining the specificity and affin-

ty of antibody. The other CDRs adopt limited sets of
ain-chain conformations referred to as canonical struc-

ures [29, 35].
Crystallographic models of antigen–antibody com-

lexes have shown that small numbers of residues in the
DR loops make contact with a protein antigen [33, 36,
7]. Conversely, protein antigens have small clusters of
mino acid residues that constitute the contact sites for
he CDR loops. The resulting interface on average in-
olves about 15–22 amino acid residues of the protein
ntigen and a similar number of antibody residues. The
verall contact area on antigen ranges from 650 to 900
2. In comparison, an HLA molecule seen from the top

i.e., binding groove) has a surface area of approximately
50 Å2.

tructural and Functional Definition of an Epitope

onsidering this information about the structure of the
ntigen–antibody interface we must address the question

hat constitutes an epitope. In 1960, Niels Jerne coined

http://www.ncbi.nlm.nih.gov/Structure
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849Structurally Based HLA Compatibility
he term epitope when he proposed that an antigen
article carries several epitopes [38]. Many epitopes are
ntigenic determinants expressed on the molecular sur-
ace of antigen [20–23]. Others are hidden epitopes (or
ryptotopes) that become immunologically available af-
er fragmentation or denaturation of antigen. Processed
ntigenic peptides presented by major histocompatibility
omplex molecules to T-cells belong to this group and
hould be considered cryptotopes rather than T-cell
pitopes [39]. Two groups of protein epitopes have been
roposed: continuous (or linear) epitopes involving a
ingle continuous amino acid sequence and, discontinu-
us epitopes that comprise amino acids separated in the
rimary sequence but clustered together on the molecu-
ar surface by folding of the native protein [40, 41].

apping studies of antibody reactivity patterns with
atural variants and mutated protein antigens have gen-
rated information about the location of epitopes and
ave also suggested that epitopes can generally be de-
ined by small numbers of amino acid residues.

Stereochemical analyses of crystals of antigen–anti-
ody complexes have led to a structural definition of an
pitope as that part of the antigen that is contacted by
he CDR loops of antibody [36]. This means that with
bout 15–22 contact residues, a structural epitope com-
rises a rather large area on the antigen surface and
nvolves many amino acid residues that make contact
ith a large group of residues on CDRs collectively

eferred to as the paratope of antibody. Direct contact
etween epitope and paratope residues is established
hrough electrostatic forces such as hydrogen bonds, salt
ridges, van der Waals forces of hydrophobic surfaces,
nd shape complementarity [20–23]. The interface has
lso bound water molecules or other co-factors that con-
ribute to the specificity and affinity of antigen–antibody
nteractions [42].

The binding energy of an antigen–antibody complex
s primarily mediated by a small subset of contact resi-
ues in the epitope-paratope interface [22, 43, 44]. Sub-
titutions of such “energetic” residues [45], as seen in
aturally occurring antigenic variants or induced by site-
irected or alanine scanning mutagenesis, lead often to
ramatic decreases in the binding of antigen to antibody
46–48]. Mapping studies have located energetic resi-
ues in “hot spots” of epitopes and paratopes, i.e., regions
ade up of small numbers of residues that contribute
ost of the binding energy [49]. Energetic residues are

ften located in the center of the epitope–paratope in-
erface [50]. Contact residues in periphery of the inter-
ace make generally minor contributions to the binding
nergy; their replacements have frequently little effect on
he binding with antigen. The considerable flexibility of
DR3 loops allows a mutual adaptation of both epitopes

nd paratopes, making it possible for a single antibody i
olecule to interact with a large number of related
ntigens [51]. This concept helps to understand the
tructural basis of serologic cross-reactivity.

Thus, the binding or functional activity of an epitope
nvolves a small subset of energetic residues centrally
ocated in the structural epitope and contacted by the
pecificity-determining CDRs [52]. The assignment of a
unctional epitope on an antigenic protein should con-
ider two criteria. To be immunogenic a functional
pitope must have at least one non-self residue, that is,
he antibody producer’s homologous proteins must have
different residue in the corresponding sequence posi-

ion. Such residue must be on the molecular surface so it
an make contact with the specificity-determining CDR.

In the epitope–paratope interface, the energetic resi-
ues of a functional epitope are often in close contact
ith the energetic residues of the specificity-determining
DRs. The latter can be identified by site directed
utagenesis of CDR loops [49, 52, 53] and constitute
hat might be called the functional paratope. Although
DR-H3 plays often a dominant role, other CDRs with
nergetic residues may provide important contacts with
pitope [33].

The question must be raised how many and which
esidues might define a functional epitope. Such infor-
ation would be useful in the design of a model for

tructurally based HLA compatibility.

opography of Functional Epitopes on Protein
ntigens
here is an extensive literature on the structural analysis
f crystallized antigen–antibody complexes. This report
ddresses only antiprotein antibodies that have well-
haracterized reactivity patterns with natural antigenic
ariants and mutated antigens. In addition, sequence
nformation about the antibody producer’s own structur-
lly similar proteins will permit an assessment address-
ng 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 as-
ignment of functional epitopes. A great variety of HEL-
pecific monoclonal antibodies (mAbs)have been tested
ith structurally defined, naturally occurring antigenic
ariants (from different avian species) and HEL variants
roduced by site-directed mutagenesis. These findings
ave generated information about serologic cross-reactiv-
ty patterns between structurally related lysozymes and
esidues associated with serologic determinants. Exten-
ive studies of a few dozen crystallized HEL-antibody
omplexes have provided detailed information about the
pitope–paratope interface and how residue substitutions
an affect the interactions between antibody and antigen.

HEL is a 129-residue, antiparallel �-helical protein

nternally cross-linked by four disulfide bonds [53]. A
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850 R.J. Duquesnoy
LAST analysis of HEL and two mouse lysozymes, type
intestinal [54] and type M milk [55], identifies 49

on-self residues on HEL (they are indicated with the
uperscript NS); 30 of them are visible on the molecular
urface and would therefore be antibody-accessible. This
ather large number of exposed non-self residues is con-
istent with the experimental evidence for multiple
pitopes on HEL antigen [56–59].

Reactivity patterns with various avian lysozymes and
utated HEL antigens have shown that anti-HEL mAbs

eact with serologic determinants in one of four distinct
ntigenic regions that cover most of the lysozyme surface
56, 59]. Detailed structural information has become
vailable on antigen–antibody complexes with mAbs
pecific for epitopes representative of three regions. This
tudy addressed the reactivity of five HEL-specific mAbs
ut this report describes only one example in some
etail.

Reactivity patterns of HEL-D1.3 with natural ly-
ozyme variants and mutated HEL have indicated that
his mAb reacts with an epitope that includes the 117–
21 sequence in one of the loops of HEL [59]. In the
rystalline antigen–antibody complex, the CDRs of D1.3
ake contact with 16 residues in the 18–27 and 117–

25 sequence segments of HEL [60, 61]. The paratope of
1.3 has 9 VH and 8 VL contact residues. Alanine

canning has indicated that HEL residues 121QNS,
25R, 124I, and 119A dominate the energetics of bind-

IGURE 1 Single patch and two-patch
hapes of energetic residues on antigen
urface (functional epitope), antibody sur-
ace (functional paratope) and in the
pitope–paratope interface.
ng with D1.3 [50, 62, 63]. Turkey egg lysozyme differs h
rom HEL by one amino acid in the interface (121H
ersus 121QNS) and has a 400-fold lower affinity with
1.3 than HEL [58, 64]. Other lysozymes that differ at
osition 121 (Glutamine to predominantly histidine) are
on-reactive suggesting that the non-self 121QNS resi-
ue plays a critical role in the binding with D1.3.

Thus, the functional D1.3 epitope can be defined by
he sequence 119A, 121QNS, 124I, and 125R. The func-
ional paratope of D1.3 has five energetic residues; three
f them, H100D, H101Y, and H102R are on CDR-H3.

Cn3D viewing has shown that the four residues of the
unctional HEL-D1.3 epitope form a single patch that is
ell exposed on the HEL surface (Figure 1a). The cen-

rally located 121QNS protrudes from the HEL surface.
he other residues 119D, 124I, and 125R are within 3.0
of 121QNS. The molecular configuration of the func-

ional paratope has three residues H101Y, L92W, and
32Y that are �3.5 Å away from the functional HEL-
1.3 epitope (Figure 1a).
A similar analysis has been done of the reactivity of

Ab E8 against horse cytochrome C (hCytC) [65]. Se-
uence comparison with mouse cytochrome C shows that
his 105-residue antigenic protein has six non-self resi-
ues; all of them are exposed on the molecular surface
nd can elicit specific antibodies [20, 66]. Crystallo-
raphic analysis of the hCytC-FabE8 complex has shown
hat the structural E8 epitope constitutes a patch of
en residues located in three sequence segments of

CytC, namely 36F�37G, 60KNS�61E�62ENS and
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6A�99K�100N�103D [67]. The two non-self resi-
ues 60KNS and 62ENS and are located in the center of
he interface. Rat cytochrome C has an identical sequence
s mouse cytochrome C and does not bind E8 [68].
ighly homologous cytochrome C from cow, rabbit,

uanaco and dog, which have different residues in posi-
ions 60, 62 and/or 103, react poorly with E8 [68, 69].

fourth and evolutionarily conserved residue 104E
akes also a significant contribution to the binding with
8 [67]. Thus, the functional E8 epitope consists of
0KNS and 62ENS and two self-residues 103N and 104E.
he E8 paratope has six VL and five VH residues in the
DR loops, five of which make contact with the func-

ional epitope [67].
Cn3D viewing has revealed that this functional

pitope has two distinct patches (Figure 1b). One patch
omprises 60KNS and 62ENS, which are 3.3 Å apart and
hich make contact with VH residues H50N, H57N,

nd H100D. The second pair consists of two self-residues
03N and 104E, which interact with VL residues L30H
nd L92W. These two patches are well separated, as
hown by the 11.5 Å distance between 60KNS and
03N. The closest distance between the corresponding
H and VL contact residues is approximately 9.5 Å.
This type of analysis of functional epitope topography

as been done for five additional mAbs. The results are
ummarized in Table 1, and more details are shown in a
eport on the HLAMatchmaker website [70]. In these
even crystal models, the structural epitopes consist of
0– 21 amino acid residues in contiguous patterns on
he protein surface. Small subsets ranging from two to
ive highly energetic contact residues in mostly central
ocations are considered to constitute the functional
pitopes. These residues are largely in discontinuous
equences, and at least one of them is non-self. This
nalysis has also shown that about 4– 5 highly energetic
ntibody residues might define the functional paratopes
data not shown). As expected, the CDR-H3 loops play
requently but not always a major role and other CDRs
re involved in the binding with functional epitopes.

Functional epitope residues seem to cluster in two
istinct shapes (Table 1). One reflects a single patch and
here are four examples: HEL-D1.3, HyHEL-5, HyHEL-
3, and IFN�R-A6. They are centrally located within
he structural epitope (not shown) and their residues are
-3.5 A apart from each other. Although a single patch
onsists of a short linear or discontinuous sequence of
esidues clustered closely together, it can make contact
ith several different CDR residues. These CDR residues
ight constitute the “functional” paratope that plays a

etermining role in the specific interaction with the
unctional epitope represented by a patch.

A functional epitope may also have a two-patch shape

nd there are two configurations. First, both patches have
 T
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852 R.J. Duquesnoy
t least one non-self residue; examples of these are
CytC-E8 and HEL-F9.13.7 (Table 1). Second, as illus-
rated by HyHEL-10, one patch has one (or more) non-
elf residues, and the other patch consists of only self
esidues. The distance between patches ranges from 7.5

to 13 Å and within each patch the energetic residues
re 3 to 3.5 Å apart from each other (Table 1).

wo-Patch Shape of HLA Epitopes
lthough most literature reports indicate that HLA

pitopes correspond to single residues or clusters of few
esidues, the two-patch shape of a functional epitope may
pply to some HLA epitopes. Our recent study on trip-
et-specific human monoclonal antibodies has shown that
ntibody binding depends on the presence of one or more
dditional residues shared between the immunizing an-
igen and the triplet-carrying reactive alleles [19]. For
nstance, the reactivity of an anti-62QE monoclonal an-
ibody (mAb) requires the presence of a glycine residue
n position 56. 62QE-carrying alleles are nonreactive if
hey have 56R. Similarly, the reactivity of two 142MI-
pecific mAbs require the presence of the GTLRG se-
uence in positions 79–83. These residues are located
bout 10–15 Å from these triplets, and they appear to
erve as critical contact sites for another CDR of antibody
ather than the specificity-determining CDR. Interest-
ngly, 56G and 79GTLRG are self-residues present in
he HLA antigens of the antibody producer.

Absorption–elution analyses of allosera [71] and site-
irected mutagenesis studies on class I HLA antigens
72–74] have identified additional residues that are crit-
cal for antibody-binding to epitope-defining residues.
or instance, the Bw6-specific antibody SFR8-B6 recog-
izes an epitope defined by 75R, 79R, and 82R but its
eactivity requires also the presence of the 90A residue
hich is approximately 10 Å away [74].
The two-patch shape may also explain the technique-

ependency of certain alloantibodies that show negative
eactions in complement-dependent cytotoxicity (CDC)
ut bind to HLA antigens, this refers to the cytotoxicity-
egative, absorption-positive (CYNAP) phenomenon. As
n example, a multiparous woman was sensitized to
LA-A25 during pregnancy and her antibody had CDC

eactivity with HLA-A25 but CYNAP activity with
LA-A26 [75]. These antigens are subtypes of HLA-
10, which carries a unique 150TAH triplet apparently

ecognized by this antibody. It seems likely that the
inding energy of the specificity-determining CDR with
50TAH was not strong enough for the antibody to
ndergo the conformational change necessary for C1q
inding, the first step of complement pathway leading to
DC. Apparently, another part of antigen must bind a

econd CDR so that sufficient energy is released for C1q

ctivation. The only significant difference between HLA- u
25 and HLA-A26 is in the 79–83 sequences, namely
IALR vs GTLRG. At a distance of about 14 Å from
50TAH, 79RIALR appears to be the critical contact
ite for the CDC activity of this antibody. This concept
xplains also the reactivity of antibodies with CDC re-
ctivity against HLA-A26 but CYNAP activity with
25 [75].

tructural Aspects of Immune Complexes
nvolving HLA Molecules
o structural information is available about complexes of
LA antigens with alloantibodies; however Ziegler et al

escribed the first crystallized antigen–antibody complex
nvolving HLA (PDB code 1W72) [76]. These investi-
ators used a human monoclonal antibody specific for a
elanoma-associated nona-peptide (MAGE-A1) bound

o HLA-A1 and a high affinity Fab fragment (Hyb3) was
sed to generate the complex. Its binding interface com-
rises contact residues in 11 VH positions and four VL
ositions. The structural epitope involves four contact
esidues of the MAGE-A1 antigenic peptide and ten
ontact residues in the �-helices of HLA-A1. Hyb3
akes direct contact with MAGE-A1 via its CDR-H2

nd CDR-H3 loops, and with HLA-A1 via all three
-chain CDR loops and CDR-L3. The contributions of
DR-L1 and CDR-L2 are only marginal.
The interactions between Hyb3 and MAGE-A1-

LA-A1 resemble those of T-cell receptor (TCR) with
eptide-HLA [76]. This is not surprising because Hyb3
s specific for an HLA-restricted peptide. Similar to the
DRs of TCR � and � chains [20–23], Hyb3 uses its H
nd L chain CDRs to form an interface with the antigenic
eptide and the � helices of HLA. The interface has
owever a different architecture in that Hyb3 has an
ngled orientation and contact the C-terminus rather
han the center of peptide [76].

Although MAGE-A1 peptide residues 5T, 7H, and 8S
ogether with HLA-A1 �-helix residues 65R and 72Q
ppear to be important contact sites [76], there is insuf-
icient information is about the functional epitope rec-
gnized by Hyb3.

onstruction of a Structural Model for Functional
pitopes on HLA Class I Molecules
he above-mentioned models of antigen–antibody com-
lexes illustrate how structural epitopes contain patches
f surface residues that play a dominant role in deter-
ining recognition by specific antibody. These residues

luster about 3–3.5 Å from each other. Non-self residues
n these patches could be considered the driving force of
unctional epitopes in terms of immunogenicity (i.e., the
bility to elicit antibody formation) and antigenicity (i.e.,
he ability to react with antibodies). The redesign of
LAMatchmaker incorporates these concepts. Instead of
sing triplets (i.e., linear sequences of three amino acid
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853Structurally Based HLA Compatibility
esidues), the new algorithm considers patches of resi-
ues in linear and discontinuous sequences. These
atches comprise residues clustered around polymorphic
esidues on the molecular surface.

Cn3D viewing of crystallized HLA molecular models
tored on the NCBI website shows different patterns of
urface polymorphisms for antigens encoded by HLA-A,
LA-B, and HLA-C loci (Figure 2). The molecular sur-

ace around the bound peptide (see top view) has similar
umbers of exposed polymorphic positions on the �1
elices of HLA-A and HLA-B antigens but more poly-
orphic positions are visible on the �2 helices of HLA-A

ntigens. The � helices of HLA-C antigens have much
ewer polymorphic positions.

In contrast, HLA-C antigens have the most polymor-
hic positions in the membrane-proximal region, which
ecomes visible upon side viewing (Figure 2). HLA-A
ntigens have also more surface-exposed polymorphic
ositions in that region than HLA-B antigens. It should
e noted that the sequence positions 200 to 275 of
LA-B antigens are all monomorphic.
Each surface-exposed polymorphic residue might be

onsidered an essential element of a functional epitope
hat makes contact with the specificity-determining
DR of antibody. With reference to the findings with

IGURE 2 Polymorphic residues on class I molecules con-
rolled by HLA-A, B, and C loci.
ther protein antigens, one can expect that such residue l
ight form a patch with other nearby residues. The
select by distance” command in Cn3D has been applied
o identify residues around each exposed polymorphic
osition on representative class I molecules. Two dis-
ance parameters, 3.0 and 3.5 Å were chosen because, as
hown above, they provide the best estimate of the size of
functional epitope.
Sequence comparisons of the most common four-digit

LA class I alleles including all World Health Organi-
ation–listed serologic antigens have identified 75 poly-
orphic positions on the molecular surface; 47 of them

nvolve one locus, 14 include two loci, and 14 apply to
ll HLA-A, -B, -C loci (Table 2). Polymorphic positions
re mostly on the top (N � 25) or the side (N � 36) of
he molecule. Eight positions have “underside” locations
i.e., underneath the groove), and six are at the “bottom”;
hey become more readily visible if the molecule has been
urned upside down. These positions seem less antibody-
ccessible if the HLA antigen is anchored in the cell
embrane like in the lymphocytotoxicity test, but they
ight react with antibody if the HLA molecule is fixed

o a different surface like in a solubilized antigen-bind-
ng assay. Molecular surface expression of polymorphic
esidues has been graded as prominent (��), readily
isible (�), and somewhat visible (�/�).

Table 2 lists the sequence positions clustered within a
.0-Å and 3.5-Å radius of each exposed polymorphic
osition. These patches are combinations of monomor-
hic and polymorphic positions; the latter are marked in
oldface and are underlined. The 3.0-Å patches have an
verage of 3.4 residues. Many of them correspond to
riplets whereas others are slightly longer linear and
iscontinuous sequences. As expected, the 3.5-Å patches
ave more residues (average, 5.2); many of them have
onger linear or discontinuous sequences. The vast ma-
ority of patches with multiple positions are in the
2–83 and 142–167 sequences of the �1 and �2 helices.
his is not surprising because as Figure 2 illustrates,

esidue polymorphisms concentrate in the �- helices.
oreover, �- helical structures have more residues in

lose proximity than �-sheets and the membrane-proxi-
al domain. Many patches in �- helical regions share the

ame residue positions and this increases the likelihood of
verlapping epitopes recognized by different antibodies.
few 3.0-Å and 3.5-Å patches in side locations comprise

he same residue positions.
Several patches in the � helices include residues of

eptides bound to the groove; their positions have the
refix. For example, the 3.0-Å patch of position 66 has a
artially exposed residue in peptide position 2 (P2) and
he 3.0-Å patch of position 77 has two exposed peptide
ositions P8 and P9. Exposed peptide residues might
ontribute to the functional epitope recognized by al-

oantibody. Several studies have shown the influence of
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ABLE 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

Positions in 3.0 angstrom
patches* Positions in 3.5 angstrom patches*

1 C side �� 1 2 1 2 3
6 C side � 5 6 27 5 6 27
9 ABC side � 8 9 10 8 9 10 23

12 BC underside � 11 12 13 21 11 12 13 21 92 94
14 C side � 14 15 16 19 39 14 15 16 17 18 19 39
17 A side �� 14 16 17 18 14 15 16 17 18
21 C underside � 20 21 22 39 14 19 20 21 22 23 39
30 B underside � 29 30 31 211 29 30 31 210 211
32 B underside � 31 32 33 27 31 32 33 48
35 C side � 35 36 48 853 35 36 46 48 853
41 B side �� 40 41 42 40 41 42 43
44 A side �� 43 44 45 36 42 43 44 45 61
45 B side � 44 45 46 35 44 45 46 64
46 B side � 35 45 46 47 35 44 45 46 47 48
56 A side � 55 56 57 59 54 55 56 57 58 59
62 A top �� 61 62 63 59 61 62 63 64 65 66
63 ABC top � 59 62 63 64 P2 59 61 62 63 64 65 66 P2
65 ABC top �� 61 64 65 66 69 61 62 64 65 66 68 69
66 ABC top �� 65 66 70 P2 62 64 65 66 68 69 70 P1 P2
69 B top �� 65 68 69 70 73 65 66 68 69 70 72 73
70 ABC top � 66 69 70 66 68 69 70 72 73
71 B side � 70 71 72 68 69 70 71 72 73 75
73 AC top � 72 73 77 69 70 72 73 77
76 A top �� 75 76 77 80 72 73 75 76 77 79 80 P9
77 ABC top � 73 76 77 78 P8 P9 73 75 76 77 78 79 80 P8 P9
79 ABC top �� 78 79 80 76 78 79 80 82
80 ABC top �� 76 79 80 84 76 78 79 80 82 83 84
82 AB side � 80 82 86 87 79 80 82 83 86 87 88 89
83 AB top �� 82 83 84 86 79 80 82 83 84 85 86
90 ABC side �� 89 90 91 88 89 90 91
94 BC underside � 93 94 95 119 93 94 95 118 119

103 BC side � 2 103 104 2 103 104 108 110
105 A side �� 104 105 106 1 104 105 106 107
107 A side �� 106 107 108 169 105 106 107 108 169 173 180
109 A side � 108 109 110 108 109 110 111 112
113 BC underside � 102 112 113 114 98 102 112 113 114
114 ABC underside � 113 114 115 126 98 113 114 115 125 126
116 ABC underside � 115 116 123 124 115 116 123 124
127 A side �� 127 128 132 127 128 129 132 133 134
131 B side �� 129 130 131 132 129 130 131 132
138 C side �� 137 138 139 141 137 138 139 140 141
142 A top �� 138 141 142 138 139 141 142 144 145 146
143 B top � 142 143 144 P9 141 142 143 144 145 146 P9
144 A side � 144 145 148 133 141 142 144 145 146 148
145 AB top �� 141 144 145 146 149 141 142 144 145 146 148 149
147 BC top � 146 147 148 144 145 146 147 148 149 150 151 P8
149 A top �� 145 148 149 150 145 146 148 149 150 151
150 A top � 149 150 151 146 148 149 150 151
151 A top �� 150 151 152 148 149 150 151 154 155
152 ABC top � 151 152 155 150 151 152 154 155 P7
158 AB top �� 157 158 159 154 155 157 158 159
161 A top �� 157 161 162 157 159 161 162
163 A top � 162 163 167 159 162 163 166 167 P1
166 A top �� 162 165 166 167 162 163 165 166 167 169 170
167 AB top �� 163 166 167 163 165 166 167 169 170
173 C side �� 169 172 173 174 169 170 172 173 174 176
177 ABC side �� 176 177 178 176 177 178

178 B side � 177 178 181 176 177 178 180 181
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855Structurally Based HLA Compatibility
LA-bound peptides on the reactivity of class I–specific
nd class II–specific antibodies [77–80]. The patterns
isted in Table 2 might predict which HLA-specific
ntibodies might be peptide-dependent. Only the
atches in position 32 include a �2-microglobulin posi-
ion B53.

These findings on HLA patches are comparable to the
unctional epitopes reported for other protein antigens
uch those described in a previous section of this report.
specially, the 3.0-Å patches provide informative de-
criptions of HLA epitope structure. The polymorphic
ositions determine residue variability within each
atch. The 3.0-Å patches have an average of 1.8 poly-
orphic positions (range 1–4) and 3.5 Å patches have

etween one and six polymorphic positions. Several
atches have the same polymorphic positions, although
here differences between the monomorphic positions
e.g., the 3.0-Å patch in position 14 and the 3.0-Å and
.5-Å patches in position 17 have same combination of
olymorphic positions, namely 14 and 17). Such patches
re considered equivalent.

The patch information in Table 2 yielded 94 unique
ombinations of polymorphic positions and they appear
o represent the basis of the complete repertoire of
unctional class I HLA epitopes. The residue composi-
ion of these polymorphic patches was determined with
Microsoft Excel macro developed by Grzegorz Dudek

Czestchowa University of Technology, Poland). This
rogram is called HLA Patch Generator and can be
ownloaded from the HLAMatchmaker website

ABLE 2 Continued

Sequence
position

Class I
locus

Molecular
location

Surface
exposure

180 B side ��
184 AC side �
193 AC bottom ��
194 ABC side �
199 B bottom �
207 A side �
211 C side �
219 C bottom ��
246 A side �
248 C side ��
253 AC bottom ��
261 C side �
267 C side ��
270 C side �
273 C side ��
275 C bottom ��
276 A bottom ��

Polymorphic positions are marked in bold underlined font.
ttp://tpis.upmc.edu r
plet Version of HLAMatchmaker
n analysis of serologically defined HLA-A, B, and C

ntigens, and the more common four-digit class I alleles
as shown a total of 530 patches with different combi-
ations of polymorphic residues. Most of them are in the
helix sequences 62–73 (N � 192), 76–83 (N � 91),

nd 142–152 (N � 122) on the top of the HLA molecule
nd involve overlapping residues. The remaining 124
olymorphic patches are largely on the side of the mol-
cule and include 39 at underside or bottom locations.

This rather extreme diversity and residue overlap
mong polymorphic patches especially in the � helices,
ight suggest that a structural definition of many func-

ional epitopes might be too problematic. Further com-
arisons have shown, however, that many overlapping
olymorphic patches can be grouped together because
hey belong to a single antigen or a distinct group of
ntigens including those that are members of so-called
ross-reacting groups (CREGs).

For example, the 62–70 sequence has seven overlap-
ing patches shared by all six common HLA-A2 sub-
ypes included in this analysis: A�0201, A�0202,
�0203, A�0205, A�0206, and A�0211 (Table 3). Two
.0 Å patches (63GEK and 66ERKH) and three 3.5 Å
atches (66GERK, 65GERKA, and 66GERKAH) are
nique to A2 and antibodies against any of them would
e considered monospecific for A2. The 65RK patch is
hared with A�3401 and the 62GE patch with B17 and
ntibodies against these patches would be considered
pecific for A2�A�3401 and A2�B17, respectively.
2GE readily explains the well-known serologic cross-

sitions in 3.0 angstrom
patches* Positions in 3.5 angstrom patches*

176 180 181 172 176 178 180 181
184 185 183 184 185 266
193 194 192 193 194 198

3 194 195 198 193 194 195 198 200
199 249 192 198 199 249
207 208 206 207 208 240
211 212 30 208 210 211 212 213

9 220 222 219 220 221 222 224 256
245 246 247 228 229 245 246 247
248 249 247 248 249
252 253 256 250 251 252 253 256 257
261 262 270 214 260 261 262 269 270
267 268 266 267 268
270 271 260 261 269 270 271
273 274 255 258 272 273 274
275 276 274 275 276

5 276 278 274 275 276 278
Po

172
183
192
19
198
206
210
21
229
247
251
260
266
269
272
274
27
eactivity between A2 and B17 [81]. An immune re-
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856 R.J. Duquesnoy
ponse to an HLA-A2 mismatch might involve antibod-
es against all seven patches, except 65RK if the antibody
roducer types for A�3401 and 62GE if the antibody
roducer types for B17. Conversely, antibodies induced
y a B17 mismatch might react with 62GE provided the
ntibody producer does not type for A2.

The common B17 subtypes B�5701, B�5703,
�5801, and B�5802 have four unique overlapping
atches: 63GEN, 62GERN, 65GERNA, and 66GER-
AS (Table 3). An antibody against any of them would

e considered monospecific for B17. Interestingly, an
ntibody against 62GE will react with A2�B17 whereas
n antibody against 63GEN will react with only B17.

hen compared with 62GE, the overlapping 63GEN
atch has one extra polymorphic residue, namely aspar-
gine in position 66. This difference seems sufficient to
istinguish antibody specificity against B17 vs
2�B17.
B17 shares eight overlapping patches with the B63-

elated alleles B�1516 and B�1517 (Table 3). An anti-
ody against any of these patches will react with
17�B63, a known cross-reacting antigen combination

82]. B�1516 and B�1517 share three unique 3.5 Å
atches, and this may explain the specific recognition of
reviously reported monospecific anti-B63 antibodies
82].

As another example, four overlapping patches in the
2-73 sequence are unique to A9 subtypes A�2301,
�2402, A�2403, and A�2407 (Table 3). Three addi-

ional patches are shared by all A9 subtypes except
�2407. The latter allele has four unique patches; all of

hem have a glutamine in position 70 whereas A�2301,
�2402, and A�2403 have a histidine in position 70. As
o monospecific antibodies against A�2407 have been

ABLE 3 Examples of antigen groups with multiple

Alleles 3.0 A

*0201 A*0202 A*0203 A*0205 A*0206 A*0211 63GEK 66ER
*0201 A*0202 A*0203 A*0205 A*0206 A*0211
A*3401

65RK

*0201 A*0202 A*0203 A*0205 A*0206 A*0211
B*5701 B*5703 B*5801 B*5802

62GE

*5701 B*5703 B*5801 B*5802 63GEN
*1516 B*1517 B*5701 B*5703 B*5801 B*5802 66ERNS 69A
*1516 B*1517
*2301 A*2402 A*2403 A*2407 63EEK 65GK
*2301 A*2402 A*2403 66EGKH
*2407 66EGKQ
1, 3, 11, 30, 31, 32, 36, 74 62QE 63QEN
7, 22, 42, 67, 81, 82, 83 66NQIQ 70I

The number indicates the sequence position of the exposed polymorphic re
isted in Table 2.
eported, it is possible that H70Q substitutions contrib- v
te little to the functional epitopes defined by these
atches. Permissible residue substitutions have also been
bserved for protein epitopes [22].

Table 3 shows also two examples of antigen groups
ith overlapping patches in the 62–73 sequence. The

irst is a group of antigens in the A1 CREG that share
our patches. We have recently described a human mono-
lonal antibody reacting with this antigen group [19].
he second is a well-known group of B7-CREG antigens

hat has the same six overlapping patches.
The term “eplet” is used to represent one or an over-

apping group of polymorphic patches shared by the
ame antigen(s). Table 3 shows the eplet assignments.
he five 62–73 patches unique for A2 (63GEK,
6ERKH, 62GERK, 65GERKA, and 66GERKAH) are
ollectively referred to as one eplet assigned as 63GEK.
lthough at this time, it is not known whether the
5RK patch shared between A2 and A�3401 represents
real epitope, this patch has also been converted to an

plet.
Table 3 shows that serologically defined antigens such

s B17 and B63, and public epitopes represented by the
1 and B7 CREGs, have corresponding eplets. The A9

lleles A�2301, A�2402, A�2403, and A�2407 have the
3EEK eplet that represents 63EEK, 65GK, 62EEGK
nd 65EEGKA. As no monospecific antibodies against
�2407 have been identified, it seems reasonable that

he 65GK eplet represents also the patches unique to
�2407 and the A�2301, A�2402 and A�2403 group.
Eplet conversions of overlapping patches have permit-

ed an assessment of the repertoire of structurally defined
unctional epitopes. Interestingly, many eplets represent-
ng multiple and often overlapping patches seem to
orrespond with well-known, serologically defined, pri-

es in the 62–73 sequence

hes* 3.5 A Patches* Eplet

62GERK 65GERKA 66GERKAH 63GEK
65RK

62GE

62GERN 65GERNA 66GERNAS 63GEN
NASA 71SA 69RNAST 70NASAT 71SAT 73ASATEN 69AS

62RERN 65RERNA 66RERNAS 65RN
62EEGK 65EEGKA 62EEK
66EEGKAH 69GKAHT none
66EEGKAQ 69GKAQT 73AQSTEN none
62QERN 65QERNA 62QE
66RNQIAQ 69QIAQT 70IAQAT
73AQATES

70QA

and the letters represent polymorphic residues in the corresponding patch as
patch

Patc

KH

S 70

AQA
ate and public determinants. The presence of such mul-
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857Structurally Based HLA Compatibility
iple patches might add to the immunogenicity of these
ntigenic determinants.

This analysis yielded a total of 199 distinct eplets; 110
f them are on the � helices on the top of the molecule.
here are 60 eplets on the side surface, including 29 in

ess accessible positions at the bottom and under the
eptide-binding groove. The HLAMatchmaker website:
ttp://www.tpis.upmc.edu has a detailed description of
plets and downloadable Excel programs on eplet-based
LA compatibility.

ISCUSSION
his study addresses the concept that HLA antigens, like
ther antigenic proteins, have structural epitopes con-
isting of 15–20 residues that constitute the binding face
ith alloantibody. Each structural epitope has a func-

ional epitope of about two to five residues that dominate
he strength and specificity of binding with antibody.
he remaining residues of a structural epitope provide

upplementary interactions that increase the stability of
he antigen–antibody complex. Each functional epitope
as one or more non-self residues, and the term eplet is
sed to describe polymorphic HLA residues within 3.0
o 3.5 Å of a given sequence position on the molecular
urface. Many eplets represent short linear sequences
dentical to those referred to as triplets [1], 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.

An epitope has two characteristics: namely antigenic-
ty (i.e., the reactivity with antibody) and immunogenic-
ty (i.e., the ability to induce an antibody response).
mmunogenicity depends on the structural difference
etween an immunizing protein and the antibody re-
ponder’s homologous proteins [20]. Certain structural
ifferences lead to immunodominant epitopes whereas
thers are associated with low immunogenicity. Antige-
icity reflects the structural requirements for an epitope
o react with a specific antibody. Sequence variability,
econdary structure, and conformational influences of
earby residues may affect epitope antigenicity.

The distinction between immunogenicity and antige-
icity is important for the determination of HLA com-
atibility. HLAMatchmaker is based on the concept that
given eplet cannot induce specific alloantibodies if such
plet is present on any antigen of the antibody producer.
uppose three HLA antigens X, Y, and Z have the eplet
QR in a given sequence location. Exposure to mis-
atched X will not lead to PQR-specific antibodies in

ecipients who type for Y or Z. This concept has been
erified by observations that highly sensitized patients

o not have antibodies against intralocus and interlocus S
riplet matches [7, 10, 11, 15]. On the other hand, PQR
an be immunogenic for a recipient who does not type for
, Y, or Z. Anti-PQR antibodies will react with the

mmunizing X and also with Y and Z, but there might
e exceptions for two reasons.

First, nonreactivity of the PQR eplet of antigens Y
nd/or Z might be caused by a significantly altered
onformation caused by nearby polymorphic residues
ifferent from those on the immunizing antigen X. Such
esidues are below the molecular surface and cannot make
irect contact with antibody. Several reports have de-
cribed a conformational effect of hidden residues on
LA epitope reactivity with antibody [78, 83–85, 86].
his scenario would apply only to epitope antigenicity
ut not to immunogenicity because highly sensitized
atients do not produce antibodies to self-epitopes ex-
ressed on mismatched HLA antigens [7, 10, 11, 15].

The second explanation reflects the two-patch shape of
ertain functional epitopes. In this scenario the reactivity
f an anti-eplet antibody also requires contact with cer-
ain critical residues in another location on the immu-
izing antigen. This critical contact site must be within
sufficient distance from the eplet (�15 Å) so it can

ind to other CDR loops of antibody. Suppose the PQR-
arrying immunizing antigen X has the LMN sequence
s a critical contact site and that Y but not Z has the
ame LMN sequence. In this scenario, anti-PQR anti-
odies will react only with X and Y because the PQR-
arrying Z lacks the critical contact site necessary for
inding with antibody. Recent studies have verified the
ole of critical contact sites in reactions with HLA anti-
odies [19], and other reported data are consistent with
his notion [87–89]

Depending on the HLA type of the antibody pro-
ucer, the polymorphic residues of a critical contact site
n the immunizing antigen can be self or non-self. In the
atter case, this might lead to antibodies against epitopes
efined by combinations of non-self eplets and non-self
ritical contact sites. Such combinations may explain the
w4/6 defined serologic splits of HLA-B antigens. For

nstance, the Bw4-associated B38 and the Bw6-associ-
ted B39 splits of B16 share a distinct 158T eplet. These
plits have identical sequences except in the 79–83
egion that has the Bw4/6 epitopes [90, 91]. Immuni-
ation with 158T may lead to antibodies recognizing
nly B38 or B39; such antibodies require also reactivity
ith the Bw4 or Bw6 sequence. Other 158T-specific

ntibodies react with B16 (B38�B39) because they do
ot require interaction with a Bw4/6 defined critical
ontact site.

The critical contact site concept may also apply to
ntibodies against eplets shared by HLA antigens con-
rolled by different loci, i.e., the interlocus matches.

ome antibodies against these eplets may require a locus-
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858 R.J. Duquesnoy
pecific sequence present on the immunizing antigen.
or instance, the 82ALR eplet is shared by all Bw4-
ssociated HLA-B antigens and the HLA-A antigens
23, A24, A25, and A32. Patients sensitized to 82ALR
n a mismatched HLA-B antigen may have antibodies
hat react with both 82ALR -carrying HLA-A and
LA-B antigens [92] and/or they may anti-82ALR an-

ibodies that react with only HLA-B antigens because
hey must react with a critical contact site unique to
LA-B antigens.
The different features of HLA immunogenicity and

ntigenicity are relevant to the application of structurally
ased algorithms for histocompatibility testing. HLA-
atchmaker can be used as a quantitative tool to deter-
ine the degree of a mismatch. Recent studies have

hown that the magnitude of kidney transplant–induced
umoral sensitization correlates with the number of mis-
atched triplets on donor antigens [9]. Moreover, cer-

ain HLA antigen mismatches are compatible at the
tructural level and they are associated with similar kid-
ey transplant survival rates as zero-antigen mismatches
2].

Eplet immunogenicity, as determined by the fre-
uency of a specific antibody response, is important for
istocompatibility [7]. High immunogenicity eplet mis-
atches should be avoided, whereas low-immunogenic-

ty eplets might be considered permissible mismatches.
his information permits an expanded donor selection in
latelet transfusions [17]. There is no structurally based
rediction model for determining epitope immunogenic-
ty. Possible factors include location and exposure of an
pitope on the molecular surface, the relative difference
n amino acid residue composition, and the (HLA) ge-
etic make up of the antibody responder. For the latter,
he HLA-DR phenotype of the responder has been re-
orted to influence antibody formation to class I mis-
atches [93]. At present, a practical approach is to

ollect information about the frequencies of epitope-
pecific antibody responses in context with the exposure
ate to epitope mismatches [94].

HLAMatchmaker can be used to analyze serum
creenings for sensitized patients. HLA typing differ-
nces between antibody producer and immunizer(s) will
efine the mismatched eplet repertoire the patient has
een exposed to and this information facilitates the in-
erpretation of serum screening results. Analysis of the
ntibody reactivity patterns with HLA panels may dis-
inguish reactive and nonreactive eplets so that HLA
ismatch acceptability can be established for sensitized

atients.
The eplet versions of HLAMatchmaker can be down-
oaded from the website http://tpis.upmc.ed.
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