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ABSTRACT

Transplantation of an human leukocyte antigen (HLA) mismatched graft can lead to the 

development of donor-specific antibodies (DSA), which can result in antibody mediated 

rejection and graft loss as well as complicate repeat transplantation. These DSA are induced 

by foreign epitopes present on the mismatched HLA antigens of the donor. However, not 

all epitopes appear to be equally effective in their ability to induce DSA. Understanding 

the characteristics of HLA epitopes is crucial for optimal epitope matching in clinical 

transplantation. In this review, the latest insights on HLA epitopes are described with a special 

focus on the definition of immunogenicity and antigenicity of HLA epitopes. Furthermore, the 

use of this knowledge to prevent HLA antibody formation and to select the optimal donor for 

sensitized transplant candidates will be discussed.
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INTRODUCTION

Human leukocyte antigen (HLA) matching in renal transplantation is an important factor 

influencing long-term graft survival.1,2 The chance of finding an unrelated fully matched kidney 

donor is slim due to the high level of polymorphism of HLA antigens.3 So far, matching in renal 

transplantation has mainly been done for HLA-A, -B, and -DR antigens and even then, most 

recipients receive a graft mismatched for at least one or more HLA antigens. Recipients of 

a mismatched graft have an increased chance to develop donor-specific antibodies (DSA), 

which are associated with poor allograft survival.4-6 Furthermore, the development of DSA 

complicates repeat transplantation, a problem that is most obvious for highly sensitised 

patients, who generally experience long waiting times.

Immunisation by a single HLA antigen mismatch can result in antibodies directed against 

numerous other HLA antigens, which is called cross-reactivity.7-9 It has previously been shown 

that this cross-reactivity is caused by sharing of determinants to which an antibody can bind, 

called epitopes, by various HLA antigens.9-11 In the early 1990’s, HLA antigens that shared an 

epitope were assigned to cross-reactive antigen groups (CREG)12,13 and matching based on 

these CREGs appeared to be associated with a better graft survival.14 The antibody-reactivity 

patterns observed in sensitised patients also indicated that a relatively small number of 

epitopes are involved in antibody induction and that the emerging antibodies are directed 

against common epitopes.15,16

Identifying antibody -or B cell- epitopes on HLA antigens and understanding their 

immunogenicity and antigenicity will be imperative for the development of novel matching 

strategies that aim at reduced antibody induction after transplantation, as well as 

identification of acceptable mismatches for highly sensitized patients. The application of 

high resolution molecular HLA typing has resulted in an increased knowledge of the amino 

acid sequences of HLA alleles, enabling the identification of polymorphic positions, as well as 

a better understanding of the quaternary structure of the HLA by modelling of the crystalline 

HLA molecule structures.17-20 These tools have become very useful for defining polymorphic 

areas harbouring theoretical antibody epitopes. In addition, highly sensitive single antigen 

bead (SAB) based HLA antibody identification assays have been introduced, providing 

antibody-reactivity patterns with extensive specificity patterns on the allele level.21 The 

latter is of great importance to determine the actual epitopes recognised by HLA antibodies. 

In this review, we will discuss the latest insights into antibody epitopes and the difference 

between immunogenicity and antigenicity. A proper definition of the immunogenic HLA 
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epitopes and understanding the interaction between HLA antigen and antibody is crucial for 

the improvement of matching strategies in clinical transplantation.

Box 1. Various definitions of epitopes

Eplet/functional epitope: polymorphic amino acid configuration that triggers an antibody response 
(defined by R. Duquesnoy)

Immunogenic epitope: polymorphism that triggers an antibody response

Structural epitope: all polymorphisms that are covered by an antibody footprint

STRATEGIES TO DEFINE HLA EPITOPES

Theoretical epitopes

Epitopes are defined as parts of an HLA molecule that are recognised by the immune system as 

foreign, which implies the involvement of amino acids (or amino acid sequences) not present 

on self-HLA antigens (Box 1). In case of antibody epitopes, the polymorphic amino acids must 

be at sites that are accessible by an antibody molecule. Antibodies recognise conformational 

epitopes, which can be both linear strands of amino acids (linear epitope), or amino acids 

in close proximity in the three-dimensional structure of a molecule (discontinuous epitope). 

In a pioneering attempt to define antibody epitopes on HLA molecules, Duquesnoy et al. 

used linear amino acid sequences of serologically defined HLA antigens together with known 

molecular three-dimensional structures to determine polymorphic amino acids at antibody 

accessible positions for each HLA class I locus.22 These residues were proposed as being the 

critical components of an immunogenic linear epitope and resulted in the identification of 

linear sequences of maximal three polymorphic amino acids at the molecular surface that 

were referred to as triplets.22,23

As mentioned above, antibodies can also recognise epitopes formed by polymorphic amino 

acids from different parts of the molecule that come into close proximity due to the folding of 

the protein. Indeed, analyses of the available quaternary HLA molecule structures with Cn3D 

software (https://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml)19 clearly show that the 

triplet concept does not fully cover all theoretical epitopes, as discontinuous polymorphic 

amino acids form patches, with a radius of approximately 3 angstrom (Å), on or near the 

molecular surface. Consequently, a cluster of polymorphic amino acids, either linear or 

discontinuous, within a 3-3.5 Å radius of an antibody-accessible sequence position was 

defined as being capable of inducing an antibody response and was named an eplet.24,25 So 
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far, many theoretical HLA class I and HLA class II eplets have been defined using this method 

and are listed in the HLA epitope registry (http://epregistry.ufpi.br/terms/index).26,27

It has become clear that each HLA allele consists of a unique combination of epitopes, but 

that the three classical HLA class I loci share certain epitopes. In addition, the location of 

the polymorphic amino acids of the three classical HLA class I loci turned out to be similar. 

Consequently, for epitope analysis, HLA class I alleles should not only be compared with 

alleles from the same locus, called intralocus, but also interlocus by which the alleles are 

additionally compared with the alleles of the other HLA class I loci. This principle has been 

applied for almost every HLA class I epitope study. In contrast, the epitopes of HLA class II loci 

are analysed intralocus due to the fact that HLA-DR has a highly polymorphic beta chain and 

an oligomorphic alpha chain, while HLA-DQ and HLA-DP molecules have two polymorphic 

chains. Therefore, the defined clusters of antibody accessible polymorphic amino acids are 

different between the three loci and thus HLA class II epitope should be analysed separately 

per locus. Regardless, further studies are necessary to prove that the use of interlocus 

comparison of HLA class I and intralocus comparison of HLA class II is the optimal way to 

define the number of eplet/epitope mismatches.

A computer algorithm named HLAMatchmaker was developed by Rene Duquesnoy, originally 

based on triplets, and later modified for eplets as the critical component of immunogenic 

epitopes that can elicit an antibody response (http://www.epitopes.net/). An important 

component of the algorithm is that antibodies cannot be induced against eplets present on 

a self-HLA antigen.22,23,25,28 This algorithm can be used to determine for each mismatched 

donor HLA antigen which eplet is non-self, compared to the repertoire of self-eplets on the 

HLA antigens of the recipient, resulting in a quantification of eplet mismatches. Additionally, 

the algorithm can identify eplets involved in antibody-reactivity patterns detected in patient’s 

serum.

Antibody-verified epitopes

Eplets have been defined based on sequence comparisons and available quaternary three-

dimensional structures of HLA molecules. However, this does not mean that every eplet 

defined is indeed able to induce antibodies. These potential antibody-inducing patches 

need verification by laboratory tests showing antibody binding to these structures. Studies 

by various groups using monoclonal antibodies (mAbs) directed at defined HLA molecules 

showed that these reagents are very useful to identify shared antibody eplets between HLA 

antigens.29,30 Especially human mAbs have been used in SAB assays to successfully verify 
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an extensive number of eplets.31,32 Despite this, many eplets should for the moment be 

considered as theoretical eplets until it is proven that they are indeed being recognised by 

alloantibodies.

El-Awar et al. used an alternative approach to define antibody-verified epitopes.33 

Alloantibodies and mAbs were absorbed and eluted from recombinant single HLA antigen 

expressing cell lines and HLA antibody specificity was determined with SAB assays. The amino 

acid sequences of the reactive HLA alleles were compared and the exposed polymorphic 

amino acids within an antibody-binding region of approximately 700-900 Å, that were 

exclusively shared between the reactive HLA alleles, were considered to define the antibody 

epitope. The number of unique amino acids of these epitopes is between one and four, located 

in discontinuous positions. The epitopes defined by this method have been named Terasaki 

epitopes (TerEp).34-38 As the TerEps are defined by one or a combination of amino acids it can 

occur that a residue at a specific position of an epitope on the immunising allele is also present 

on an allele of the recipient, yet this is not defined as a self-epitope as the combination of 

amino acids of the epitope is different.39

Similar to the mAb-verified eplets, for TerEps it has formally been proven that these are targets 

for antibodies. Likewise, for this method the limited number of mAbs and allosera studied so 

far makes it likely that the current list of TerEps is not complete. Comparative studies observed 

a huge overlap between eplets and TerEps, with only a small number of TerEps lacking a 

corresponding eplet.40,41 Another limitation of the use of mAbs for the verification of antibody-

verified epitopes is the restriction to common HLA alleles. As a consequence, the epitopes 

that are currently verified are mainly present on common HLA alleles, whereas epitopes on 

rare HLA alleles remain unverified. This poses a disadvantage for ethnic minorities as it will 

be more difficult to identify antibody-verified epitopes for these populations.

Other means of verifying epitopes on HLA antigens have been described, but one should 

be cautious to draw any definitive conclusions from these approaches. In a recent study, 

postpartum sera of women were used to screen for novel antibody-verified eplets.42-44 Sera 

from women after one or two pregnancies were screened with SAB assays and the antibody-

reactivity pattern was analysed for new antibody-verified epitopes. In contrast to the TerEp 

studies, no absorption and elution assays were performed. On basis of this type of reagents 

it is impossible to rule out that the antibodies are produced by more than one B cell clone, 

leaving the possibility that multiple epitopes are involved in the final antibody reactivity. 

Furthermore, analysis of sera obtained after a second pregnancy may be complicated by the 
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interference of antibodies induced after the first pregnancy by a different haplotype. This 

emphasises the importance of strict guidelines for verifying epitopes based on antibody-

reactivity pattern observed in sera. In our opinion, the only way to formally verify an antibody 

epitope is by (human) mAbs and/or absorption-elution studies.

IMMUNOGENICITY OF AN ANTIBODY EPITOPE

For a proper use of epitope matching in clinical transplantation, the immunogenicity and 

antigenicity of epitopes should be defined first. Although these are different characteristics of 

an epitope, these terms are used often interchangeably, which is not correct. Immunogenicity 

is the ability to induce an antibody response while antigenicity is based on the actual 

interaction between an antibody and an antigen, which involves both the polymorphic 

amino acids comprising the immunogenic epitope and other crucial polymorphic amino acid 

configurations that act as contact sites.

Induction of antibodies

In theory, any amino acid on a particular position of a donor HLA molecule that is not present 

on the recipient’s HLA molecules has the ability to trigger an antibody response. However, 

whether an epitope truly induces an antibody response is dependent on the total make up 

of HLA molecules of the recipient. Dankers et al. showed that HLA-A28 positive women who 

delivered an HLA-A2 positive child more often form antibodies against HLA-A2, while women 

who have HLA-A2 themselves and delivered an HLA-A28 child did not develop antibodies 

against this HLA antigen. These observations could be explained by an immunogenic epitope 

that is unique for HLA-A2. Thus, when HLA-A2 is a self-antigen, the unique immunogenic 

epitope is self and will not trigger an antibody, while in case of an HLA-A2 mismatch the 

epitope is more likely to trigger an antibody response.45

In population studies, various groups have shown (a) correlation between the number of 

epitope mismatches between donor and recipient, and DSA development, thus demonstrating 

a quantitative effect of mismatches on the immunogenicity of an HLA molecule. However, 

one or a few epitope mismatches can be sufficient to induce an antibody response.46-48 This 

indicates that immunogenicity is not merely a quantitative issue. The characteristics of the 

amino acid substitution, in relation to the patient’s own HLA molecules, are important for the 

induction of an antibody. A high number of epitope mismatches can be an indicator for the risk 

of forming an antibody because the chance is higher that one of these mismatched epitopes 
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is immunogenic. However, for an individual patient the nature of the epitope mismatch 

determines if an antibody response is actually triggered.

A prerequisite for an epitope to be immunogenic is that the induced DSA reacts with that 

particular epitope. Upon transplantation, patients receive maintenance immunosuppression, 

which may interfere with DSA formation.49,50 It is conceivable that not every epitope mismatch 

results in an antibody response due to the immunosuppressive medication. DSA detected 

in transplant recipient might be restricted to highly immunogenic epitope mismatches that 

escape the suppressive properties of the medication.48

As discussed above, both eplets and TerEps are polymorphic amino acid configurations on 

donor HLA alleles that are non-self. However, while amino acids on a specific position can 

be shared between donor and recipient, the combination of amino acids in a configuration 

can be mismatched. The question is whether such configurations are indeed necessary 

for antibody induction or if a single amino acid difference between recipient and donor on 

an antibody accessible position can already determine its immunogenicity. Possibly both 

scenarios are valid, since some of the eplets and TerEps consist of only a single non-self amino 

acid.26,27,37 Recently, Kosmoliaptsis and colleagues compared the number of eplet mismatches 

and the number of HLA class I and II amino acid mismatches after intralocus and interlocus 

comparison between donor and recipient alleles as predictive parameters for DSA induction. 

This population study showed that both the number of eplet mismatches and the number 

of polymorphic amino acid mismatches are predictors of DSA formation. In this study, no 

advantage of the eplet approach over the number of amino acid mismatches was observed.51-53

Furthermore, the same group demonstrated that physiochemical properties of the amino acid 

substitution can predict immunogenicity. Each amino acid has unique characteristics, which 

are determined by the hydrophobicity and electrostatic charge of the side chains. In addition 

to the number and position of individual mismatched amino acids, the hydrophobicity and 

electrostatic charge can be determined for each mismatched amino acid, resulting in a 

hydrophobicity mismatch score (HMS) and electrostatic mismatch score (EMS). Both HMS 

and EMS appeared to be strong predictors of HLA class I and II de novo DSA formation after 

kidney transplantation.51,53 The HMS and EMS had superior predictive value for DSA formation 

compared to eplet mismatches and amino acid mismatches, which warrants further studies.52

Nonself-self paradigm

The above-mentioned strategies define immunogenic epitopes as mismatched or foreign 

epitopes, which are absent on the HLA alleles of the recipient and trigger an antibody 
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response. Although HLAMatchmaker is also based on this principle, Duquesnoy more recently 

proposed a nonself-self paradigm to explain some antibody reactivity that otherwise remains 

unexplained. According to this paradigm, some antibody responses towards foreign HLA 

cannot solely be induced by an immunogenic eplet mismatch, but require a self-amino 

acid configuration to be present on the mismatched allele.54,55 This theory is based on the 

assumption that B cells with low-affinity immunoglobulin receptors for self-HLA epitopes 

are present but their affinity for mere self-epitopes is too low to trigger B-cell activation 

and antibody production. These B cells do become activated when confronted with the 

combination of a few amino acids which are non-self, and a self-amino acid configuration. The 

hypothesis implies that the presence of a self-eplet is required to induce an antibody response 

for a certain group of epitopes. However, not every eplet present in the epitope registry meet 

the non-self-self criterion and many non-self-eplets are antibody verified.26,27 While the non-

self-self paradigm is interesting, it is difficult to conceive why HLA antibodies would have 

self-reactive properties. Unlike T cell receptors, B cell receptors are not selected on basis of 

a low affinity for self HLA antigens. So far, laboratory data confirming the presence of low 

affinity self-HLA reactive immunoglobulin receptors are lacking. An alternative explanation 

for the involvement of a self-amino acid configuration on the mismatched donor allele is 

that HLA molecules share many amino acids. If an amino acid or eplet induces an antibody 

response, a number of these adjacent nonpolymorphic amino acids will be shared with the 

patient’s own HLA molecules.

T cell epitope

The immunogenicity of antibody epitopes becomes even more complex when considering 

the requirement for CD4+ T cell help for a full-blown B cell response resulting in class-

switched antibodies. Helper T cells play an essential role in the differentiation of B cells into 

IgG producing plasma cells.56 After recognition by the B-cell receptor, the target antigen can 

be internalised and degraded into peptides, finally resulting in peptides being presented 

in context of self HLA class II on the B cell. The presence of peptides that can be presented 

by the particular self-HLA class II molecules determines whether B cell clones receive T cell 

help. Upon cognate interaction between B and T cell, enhanced CD40 ligand expression and 

cytokine production by the T cell results in B cell differentiation into plasma cells. Indeed, it has 

been shown that the HLA class II phenotype of the recipient determines the immunogenicity 

of HLA class I antigens of the donor.57 For instance, the production of HLA-Bw4 antibodies 

preferentially occurred in HLA-DRB1*01 and HLA-DRB1*03 positive patients.58
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Following this work, Spierings and colleagues investigated the role of donor HLA-derived 

T-helper epitopes in formation of de novo DSA in silico. To predict T-helper epitopes, an 

algorithm was developed to determine the number of HLA class II-restricted predicted 

recognizable HLA epitopes (PIRCHE-II) for each HLA class I antigen mismatch. PIRCHE-II are 

theoretical epitopes consisting of nine amino acids present on the mismatched HLA class I 

antigen and absent on all HLA class I antigens of the recipient, which are able to be presented 

in peptide binding groove of the HLA class II molecules of the recipient.

In a cohort study of non-immunised renal transplant patients, a correlation was observed 

between a low number PIRCHE-II, and the lack of de novo antibody responses against specific 

HLA class I mismatches.59 The role of PIRCHE-II in antibody formation was subsequently 

confirmed in a pregnancy cohort.60 Noteworthy, these studies indicate a predictive value 

of PIRCHE-II on the population level, but it does not show any clinical relevance for the 

individual patient. Furthermore, the PIRCHE-II algorithm likely overestimates the number 

over PIRCHE-II as it is unlikely that the proteasome indeed processes all these theoretical 

peptides. Additionally, the functional role of these T-helper epitopes with respect to the 

activation of CD4+ T cells remains to be proven.

Interestingly, in both transplantation and pregnancy cohorts no correlation between the 

number of PIRCHE-II and eplet mismatches was found. This might be explained by the fact 

that the eplet model is restricted to polymorphisms at antibody accessible sites. Furthermore, 

this model does not take into account the restriction of presentation capacity by HLA antigen 

towards helper T cells. An alternative, yet not exclusive explanation could be the involvement 

of noncognate T-helper responses to multiple HLA disparities, in which B cells and T-helpers 

cell do not necessarily have to recognise the same antigen. The group of Pettigrew showed 

in murine models of transplantation that B cells specific for an alloantigen can receive help 

from T-helper cells with another allospecificity. Long-lasting humoral alloimmune responses 

can be explained by this mechanism as memory T-helper cells recognising one alloantigen can 

give CD4-independent help to B cells that are specific for another alloantigen.61 To optimally 

predict the immunogenicity of an HLA mismatch for an individual patient, both antibody 

epitopes and T cell epitopes should be considered.

Immunogenicity of epitopes in clinical renal transplantation

The immunogenicity of epitopes in clinical renal transplantation has been extensively 

studied.22,46-48,51-53 In these studies, the HLAMatchmaker computer algorithm was used to 

determine the epitope load of certain HLA mismatches in order to correlate these with 
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the development of de novo DSA. A significant correlation between the number of epitope 

mismatches between recipient and donor and the chance to develop de novo DSA was 

observed.

Wiebe et al. used HLAMatchmaker in a population study and observed no DSA production in 

recipients with 10 or less HLA-DR eplet mismatches and 17 or less HLA-DQ eplet mismatches.48 

In addition, recipients who were nonadherent to their immunosuppressive medication and 

received a transplant with an HLA class II eplet load above these thresholds were more likely 

to develop DSA, acute rejection and graft failure compared to adherent recipients with an 

epitope load beneath the thresholds, indicating a synergistic effect of nonadherence and HLA 

class II eplet load.62 It is important to note that in this study the HLA class II eplet threshold was 

based on all potential eplets, rather than antibody-verified eplets. Using the same threshold 

another group found that paediatric recipients of a graft with a DQ eplet load below the 

threshold were at a low risk to develop both DR and DQ specific de novo DSA.63

As a possible consequence of the association between the number of HLA class I and II 

epitope mismatches and development of de novo DSA, the number of epitope mismatches 

appeared to be a predictive parameter for the outcome of graft survival and long-term 

outcome of renal transplant recipients.62,64-67 Sapir-Pichhadze et al. even described an 

association between the number of HLA-DR and -DQ eplet mismatches and development 

of transplant glomerulopathy.68 The sum of HLA-DR and -DQ eplet mismatches was found 

to be an independent risk for antibody mediated rejection and transplant glomerulopathy. 

Besides renal transplants, epitope matching appears also to be beneficial for other types of 

solid organ transplants. In both lung transplant recipients and heart transplant recipients the 

number of HLA eplet mismatches correlated with the development of DSA and consequently 

the outcome of the transplantation.69,70

Altogether, these studies indicate the higher the number of HLA class I and II epitope 

mismatches the higher the risk of developing de novo DSA, without yet considering the 

differential immunogenicity of the individual epitopes.
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ANTIGENICITY OF AN ANTIBODY EPITOPE

Reactivity of existing antibodies

So far, we have discussed that the trigger for antibody production by a B cell is the presence 

of a foreign immunogenic epitope on a mismatched donor HLA molecule. Subsequently, the 

reactivity pattern of the induced antibody determines the antigenicity of an epitope. Not only 

the immunogenic epitope, but also other amino acids in its proximity are involved in the actual 

reactivity of the antibody and formation of the antigen-antibody complex.

Antigen-antibody complexes are formed by three complementary determining regions (CDR) 

on the variable heavy chain (VH) and three CDRs on the variable light chain (VL)71 that bind to 

six contact sites on the immunising HLA molecule, forming an antibody ‘footprint’ of 700-900 

Å on the molecular surface of an HLA molecule. The VH3 binds to the immunogenic epitope 

and is responsible for the strength and specificity of the antibody reactivity. The remaining 

CDRs are important for stability and affinity of the antibody binding and will bind to amino 

acids within the antibody footprint.

As mentioned, HLA molecules can share amino acid configurations and thus also the contacts 

sites involved in antigen-antibody complexes. This may explain the broad reactivity of 

antibodies observed in SAB assays when screening sera which not only contain DSA but 

also non-donor specific antibodies (NDSA).72,73 All the reactive HLA molecules contain the 

immunogenic epitope of the mismatched HLA molecule that triggered the antibody response 

and often one or more critical amino acid configurations important for antibody binding 

(Figure 1). This immunogenic epitope and/or critical amino acid configurations are absent on 

the non-reactive HLA molecules. So, the actual reactivity of antibodies depends on both the 

immunogenic epitope and the other crucial amino acid configurations of the epitope that act 

as contact sites necessary to form a stable antigen – antibody complex.

Duquesnoy defines the antibody footprint as a structural epitope consisting of 15-22 amino 

acids. In the centre 2-5 amino acid residues reside of which at least one is non-self, also known 

as the eplet, or functional epitope, to which the VH3 of antibodies bind, similar to what we 

described above.24,25,74

Based on this antibody footprint, Duquesnoy analysed the broad reactivity observed in 

SAB assay of various mAbs with the HLAMatchmaker algorithm and proposed different 

reactivity patterns.31,32,55 In one reactivity pattern, all the reactive HLA molecules contain 

the immunogenic eplet that induced the antibody response, which implies that the VH3 site 
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of antibody can bind to this eplet, while the non-reactive HLA molecules do not have this 

immunogenic eplet and as a result the VH3 has no binding site on these molecules.26 In some 

cases, it appeared that the non-reactive HLA molecules do have the immunogenic eplet to 

which the VH3 can bind to, but lack additional crucial amino acid confi gurations within the 

antibody footprint that are present on the reactive HLA molecules (Figure 1). The need for two 

confi gurations to establish an antigen – antibody complex is designated as eplet pairs.31,32,55

An�body footprint 
on HLA molecule

VH3
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VH1

VL3
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Figure 1. Crucial amino acid confi gurations determine the reactivity of an HLA antibody. Schematic 
representation of an antibody footprint present on an HLA molecule. The VH3 of the antibody binds to 
the immunogenic epitope (blue), while binding of other contact sites of the antibody to crucial amino acid 
confi gurations (red) is essential for reactivity. The remaining amino acid confi gurations within the antibody 
footprint are indiff erent to the reactivity.
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Additionally, Duquesnoy et al. showed different reactivity patterns detected when screening 

human HLA-specific mAbs with IgG SAB assays, C1q SAB assays, and complement-dependent 

cytotoxicity (CDC) assays.75 Based on these data, they proposed that certain specific 

polymorphic amino acid configurations of structural epitopes are not only crucial for antibody 

binding, but also affect the release of free energy, which determines whether complement 

can be activated.

Complexity of HLA class II reactive antibodies

Defining epitopes of the HLA class II reactive antibodies is in its infancy, as mainly HLA class 

I-specific human mAbs are currently available. Moreover, epitopes on HLA-DQ and-DP are 

more complex due to the fact that both α and β chains are polymorphic. Tambur et al. have 

touched on this complexity and the importance of understanding the reactivity of HLA-DQ 

antibodies.76,77 Upon analysis of HLA-DQ antibodies, immunogenic eplets are present on 

either the mismatched DQα or DQβ chain. The antibody footprint can cover an additional 

crucial polymorphic amino acid configuration on HLA molecule, as indicated in Figure 1, and 

depending on the location of immunogenic eplet these crucial configurations are located on 

either one or both DQ chains. As a consequence, it appears that antibodies can react with 

a self DQβ chain and a non-self DQα chain or vice versa in SAB assays, which complicates 

the analysis of the reactive antibodies. Tambur emphasises that for assigning the epitope 

specificity of HLA-DQ antibodies both the DQα and DQβ chains should be considered.78,79

Analysis of HLA-DQ antibodies becomes even more complicated when considering the two 

possible forms of the HLA-DQ antigens, which can be expressed on the cell surface. The first 

one is the cis-heterodimer, in which the β-chain and α-chain are derived from genes on the 

same chromosome, the second one is the trans-heterodimer, where the chains are derived 

from genes on two different chromosomes. Thus, HLA-DQ DSA can theoretically be formed 

against a DQβ-chain, DQα-chain, or both in either cis- or trans-heterodimer.80 Extensive 

analysis of HLA-DP antibodies reactivity is lacking, but the structure of DPβ chain seems less 

complicated than that of HLA-DQ.

To simplify analysis of HLA class II antibody reactivity the previously mentioned computer 

model based on physiochemical properties of amino acids can be used.51,53 With this computer 

model, high-resolution three-dimensional structural models of HLA class I alleles have 

been developed to understand the binding of antibodies to an epitope. These models can 

contribute to the prediction of HLA antigenicity by providing more insight in the antigen-

antibody interaction.81-83 This tool together with the antibody-reactivity patterns, especially 
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those of mAbs observed in SAB assays, will contribute to a better understanding of the role of 

both the immunogenic epitope and additional crucial polymorphic amino acid configurations 

in the antigen-antibody interaction.

USING EPITOPE KNOWLEDGE IN THE CLINIC

Epitope matching

Preventing DSA formation is pivotal in clinical transplantation and therefore it is important 

to avoid the antibody trigger, which can be any immunogenic epitope. This is especially 

important for paediatric patients who most likely need more than one transplant in their 

lifetime. Recently, Kausman et al. applied HLA eplet loads for the selection of donors in 

paediatric kidney transplantation.84 This group used HLA class I <10 eplets and HLA class II 

<30 eplets as the threshold for each antigen. In the first year post-transplantation, an excellent 

early graft function and a low de novo DSA incidence was observed. This study indicates that 

paediatric patients benefit from epitope matching.

Implementation of an epitope matching algorithm for donor selection in renal transplantation 

may prevent the allocation of kidneys with highly immunogenic epitopes and prevent the 

induction of DSA. To achieve optimal epitope matching, a proper definition of the actual 

epitopes and their immunogenicity is of great importance.

Virtual crossmatching

As mentioned, the presence of DSA complicates repeat transplantation, especially for highly 

sensitised patients as the antibodies will cause a positive crossmatch with the majority of 

donors. The identification of acceptable and unacceptable HLA antigens on basis of extensive 

antibody screening85,86 is currently used to predict beforehand which donor HLA antigens will 

result in a negative or positive crossmatch87: the so called virtual crossmatch.

However, this review shows that epitopes determine antibody reactivity. Therefore, future 

virtual crossmatching should be based on epitopes (Figure 2). Epitopes present on the 

non-reactive HLA molecules are instrumental for the definition of acceptable epitopes 

whereas unacceptable epitopes can be defined on basis of antibody reactivity. For virtual 

crossmatching, the combination of self-epitopes, acceptable epitopes, and unacceptable 

epitopes will determine the selection of a suitable donor. Suitable donors will have HLA 

molecules that consist only of self-epitopes and acceptable epitopes, as these will predict 

a negative crossmatch. The advantage of the use of acceptable and unacceptable epitopes 

compared to current strategies of virtual crossmatching, which are based on HLA antigens, 
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is the fact that one can even predict the antibody reactivity with HLA alleles, that are absent 

in antibody detection assays such as SAB assay, and thus have never been tested before.

1 2 3 4

Self epitope

Acceptable epitope

Unacceptable epitope

Predic�ve crossmatch: +-- +

HLA:

Figure 2. The use of epitope knowledge for virtual crossmatching. Each HLA molecule consists of a set 
of epitopes. HLA molecules with self-epitopes (blue triangles) and/or acceptable epitopes (green stars) 
will predict a negative crossmatch, while HLA molecules with unacceptable epitopes (red hexagons) will 
predict a positive crossmatch.

Highly sensitised patients

As indicated earlier, acceptable epitopes defined by the absence of antibody reactivity can 

be used to identify donors with acceptable HLA antigen mismatches for highly sensitised 

patients. The chance of finding a donor with HLA antigens towards which highly sensitized 

patients have no detectable circulating antibodies is very small. In order to increase this 

chance, Eurotransplant runs the Acceptable Mismatch (AM) program, in which the sera of 

highly sensitized patients are screened to determine the acceptable HLA mismatches to 

which the patient did not form any antibodies.85,86 This knowledge is used for the selection 

of compatible donors. A donor kidney with an HLA type consisting of the combination of the 

patient’s own HLA antigens and acceptable HLA mismatches will be mandatorily shipped to 

that specific highly sensitized patient. Nowadays, the AM program uses HLAMatchmaker to 

identify additional HLA class I antigens which are likely to be acceptable mismatches due to lack 

of antibody epitopes. This led to an increased number of HLA class I acceptable mismatches, 

and subsequently increases the chance of finding a suitable donor.88-90 Altogether, defining 
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epitopes absent in antibody-reactivity patterns of sensitized patients will be beneficial for 

the selection of a donor with HLA molecules consisting of acceptable epitopes.

TOWARDS EPITOPE MATCHING

HLA epitope matching will be beneficial for preventing sensitization, selection of donors for 

highly sensitised patients, and improvement of transplant outcomes.

To identify the clinically relevant epitopes, cohort studies on antibody induction are extremely 

useful. However, many studies suffer from limitations, such as restricted numbers of patients 

included in the analysis. Additionally, the (partial) lack of second field HLA typing (current 

allocation is often based on intermediate typing of HLA-A, -B, and -DRB1) is an inhibitory 

factor. To circumvent this problem, HLAMatchmaker contains an algorithm that assigns most 

likely high-resolution typing based on race of the recipient and/or donor (http://www.epitopes.

net/). When second field typing is available for HLA-A, -B, and –DR, the high-resolution typing 

of the other loci are assigned based on common associations of B-C, and DR-DQ antigens in 

the given population. While this approach is useful, to move the field forward, high resolution 

typing is pivotal.91 While the antibody specificities from SAB assays are on the second-field 

level, it can appear that an allele-specific antibody is directed against a self-antigen, in case 

the HLA typing of the patient is only performed at first field level. This is due to differences 

in polymorphic amino acids that exist between alleles of the same serological antigen. 

Thus, for understanding the epitope that induced antibodies to a certain HLA mismatch and 

determining the relevance of these antibodies in transplantation, second field typing of the 

donor is an absolute requirement.

Most epitope studies used SAB assays for the identification of DSA in sera of recipients. 

However, analysis of multispecific sera is challenging, especially when more than one 

immunising event has occurred. In addition, when defining acceptable and unacceptable 

epitopes based on antibody reactivity observed in SAB analysis, it is essential that the data 

are interpreted with caution, and that a possible prozone effect is excluded.92-97

Several approaches are used to determine the immunogenicity of epitopes, but a systematic 

study on a large population of patients has not been performed. Large cohort studies 

combining the different approaches described in this review are essential to discriminate 

the immunogenic and non-immunogenic epitopes. For the patients carrying rare HLA alleles, 

it will be difficult to determine immunogenic epitopes, so for the time being these patients 

will have to take advantage of matching strategies based on theoretical epitopes.
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Definition of antibody epitopes is one of the main subjects of the 17th International HLA and 

Immunogenetics Workshop (IHIWS) that will be held in Palo Alto, CA in September 2017. For 

this collaborative effort, (high resolution) HLA typing of recipient and donor, screening data 

from sera of recipient with various SAB assays, and graft outcome data from transplant 

centres all over the world are collected for various projects, including definition of the 

immunogenicity of individual epitopes (http://ihiws.org/).

Conclusion

The broad antibody reactivity observed in recipients after transplantation of an HLA antigen 

mismatched graft can be explained by the presence of mismatched epitopes on the HLA of 

the donor, which are shared with other HLA alleles. Identification of the immunogenicity of 

the individual epitopes and avoiding transplantation in the presence of highly immunogenic 

epitope mismatches will prevent DSA formation. In addition, understanding the complex 

interaction between the induced antibody and the reactive HLA molecules will contribute 

to the identification of acceptable mismatches and virtual crossmatching even for highly 

sensitised patients. It is to be expected that future HLA matching strategies will change from 

antigen or allele matching towards HLA epitope matching.

Acknowledgements:

The authors thank Dr. Arend Mulder for critical reading of the manuscript.

Conflict of interest

The authors have declared no conflicting interests.

Cynthia_Binnenwerk_V3.indd   38 9-8-2020   14:52:47



39

Towards HLA epitope matching in clinical transplantation

2

REFERENCES

1. Opelz G, Dohler B. Effect of human leukocyte antigen compatibility on kidney graft survival: 
comparative analysis of two decades. Transplantation. 2007;84(2):137-143.

2. Thorogood J, van Houwelingen JC, van Rood JJ, Zantvoort FA, Schreuder GM, Persijn GG. Factors 
contributing to long-term kidney graft survival in Eurotransplant. Transplantation. 1992;54(1):152-158.

3. Marsh SGE, System WHONCfFotH. Nomenclature for factors of the HLA system, update March 2016. 
Human immunology. 2016;77(8):706-709.

4. Everly MJ, Rebellato LM, Haisch CE, et al. Incidence and impact of de novo donor-specific alloantibody 
in primary renal allografts. Transplantation. 2013;95(3):410-417.

5. Meier-Kriesche HU, Scornik JC, Susskind B, Rehman S, Schold JD. A lifetime versus a graft life 
approach redefines the importance of HLA matching in kidney transplant patients. Transplantation. 
2009;88(1):23-29.

6. Lachmann N, Terasaki PI, Budde K, et al. Anti-Human Leukocyte Antigen and Donor-Specific Antibodies 
Detected by Luminex Posttransplant Serve as Biomarkers for Chronic Rejection of Renal Allografts. 
Transplantation. 2009;87(10):1505-1513.

7. Longo A, Tosi RM, Ferrara G, Azzolina G, Carminati G. Constancy of cross reactivity patterns during 
the anti-HL-A response. Transplantation. 1975;20(6):503-511.

8. Scalamogna M, Mercuriali F, Pizzi C, Sirchia G. Cross-reactivity between the first and second segregant 
series of the HLA system. Tissue antigens. 1976;7(2):125-127.

9. Schwartz BD, Luehrman LK, Lee T, Rodey GE. HLA serological cross-reactivity: HLA-B15 has two public 
antigens. Human immunology. 1980;1(4):331-345.

10. Claas F, Castelli-Visser R, Schreuder I, van Rood J. Allo-antibodies to an antigenic determinant shared 
by HLA-A2 and B17. Tissue antigens. 1982;19(5):388-391.

11. Schwartz BD, Luehrman LK, Rodey GE. Public antigenic determinant on a family of HLA-B molecules. 
The Journal of clinical investigation. 1979;64(4):938-947.

12. Fuller AA, Rodey GE, Parham P, Fuller TC. Epitope map of the HLA-B7 CREG using affinity-purified 
human alloantibody probes. Human immunology. 1990;28(3):306-325.

13. Fuller AA, Trevithick JE, Rodey GE, Parham P, Fuller TC. Topographic map of the HLA-A2 CREG epitopes 
using human alloantibody probes. Human immunology. 1990;28(3):284-305.

14. Sijpkens YW, Doxiadis, II, De Fijter JW, et al. Sharing cross-reactive groups of MHC class I improves 
long-term graft survival. Kidney international. 1999;56(5):1920-1927.

15. Rodey GE, Neylan JF, Whelchel JD, Revels KW, Bray RA. Epitope specificity of HLA class I alloantibodies. I. 
Frequency analysis of antibodies to private versus public specificities in potential transplant recipients. 
Human immunology. 1994;39(4):272-280.

16. Papassavas AC, Iniotaki-Theodoraki A, Boletis J, Kostakis A, Stavropoulos-Giokas C. Epitope analysis 
of HLA class I donor specific antibodies in sensitized renal transplant recipients. Transplantation. 
2000;70(2):323-327.

17. Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, Wiley DC. Structure of the human 
class I histocompatibility antigen, HLA-A2. Nature. 1987;329(6139):506-512.

18. Saper MA, Bjorkman PJ, Wiley DC. Refined structure of the human histocompatibility antigen HLA-A2 
at 2.6 A resolution. Journal of molecular biology. 1991;219(2):277-319.

19. Hogue CW. Cn3D: a new generation of three-dimensional molecular structure viewer. Trends in 
biochemical sciences. 1997;22(8):314-316.

20. Robinson J, Malik A, Parham P, Bodmer JG, Marsh SG. IMGT/HLA database--a sequence database for 
the human major histocompatibility complex. Tissue antigens. 2000;55(3):280-287.

21. Pei R, Wang G, Tarsitani C, et al. Simultaneous HLA Class I and Class II antibodies screening with flow 
cytometry. Human immunology. 1998;59(5):313-322.

Cynthia_Binnenwerk_V3.indd   39 9-8-2020   14:52:47



40

22. Duquesnoy RJ. HLAMMATCHMAKER: a molecularly based donor selection algorithm for highly 
alloimmunized patients. Transplantation proceedings. 2001;33(1-2):493-497.

23. Duquesnoy RJ. HLAMatchmaker: a molecularly based algorithm for histocompatibility determination. 
I. Description of the algorithm. Human immunology. 2002;63(5):339-352.

24. Duquesnoy RJ. A structurally based approach to determine HLA compatibility at the humoral immune 
level. Human immunology. 2006;67(11):847-862.

25. Duquesnoy RJ, Askar M. HLAMatchmaker: a molecularly based algorithm for histocompatibility 
determination. V. Eplet matching for HLA-DR, HLA-DQ, and HLA-DP. Human immunology. 2007;68(1):12-25.

26. Duquesnoy RJ, Marrari M, Mulder A, Sousa LC, da Silva AS, do Monte SJ. First report on the antibody 
verification of HLA-ABC epitopes recorded in the website-based HLA Epitope Registry. Tissue antigens. 
2014;83(6):391-400.

27. Duquesnoy RJ, Marrari M, Tambur AR, et al. First report on the antibody verification of HLA-DR, HLA-DQ 
and HLA-DP epitopes recorded in the HLA Epitope Registry. Human immunology. 2014;75(11):1097-1103.

28. Duquesnoy RJ, Marrari M. HLAMatchmaker: a molecularly based algorithm for histocompatibility 
determination. II. Verification of the algorithm and determination of the relative immunogenicity of 
amino acid triplet-defined epitopes. Human immunology. 2002;63(5):353-363.

29. McMichael AJ, Parham P, Rust N, Brodsky F. A monoclonal antibody that recognizes an antigenic 
determinant shared by HLA A2 and B17. Human immunology. 1980;1(2):121-129.

30. Mulder A, Kardol M, Blom J, Jolley WB, Melief CJ, Bruning H. A human monoclonal antibody, produced 
following in vitro immunization, recognizing an epitope shared by HLA-A2 subtypes and HLA-A28. 
Tissue antigens. 1993;42(1):27-34.

31. Duquesnoy RJ, Mulder A, Askar M, Fernandez-Vina M, Claas FH. HLAMatchmaker-based analysis of 
human monoclonal antibody reactivity demonstrates the importance of an additional contact site 
for specific recognition of triplet-defined epitopes. Human immunology. 2005;66(7):749-761.

32. Marrari M, Mostecki J, Mulder A, Claas F, Balazs I, Duquesnoy RJ. Human monoclonal antibody reactivity 
with human leukocyte antigen class I epitopes defined by pairs of mismatched eplets and self-eplets. 
Transplantation. 2010;90(12):1468-1472.

33. El-Awar N, Cook D, Terasaki PI. HLA class I epitopes: A and B loci. Clinical transplants. 2006:79-94.
34. Cai J, Kohanof S, Terasaki PI. HLA-DR antibody epitopes. Clinical transplants. 2006:103-114.
35. Deng CT, Cai J, Tarsitani C, El-Awar N, Lachmann N, Ozawa M. HLA class II DQ epitopes. Clinical 

transplants. 2006:115-122.
36. Deng CT, El-Awar N, Ozawa M, Cai J, Lachmann N, Terasaki PI. Human leukocyte antigen class II 

DQ alpha and beta epitopes identified from sera of kidney allograft recipients. Transplantation. 
2008;86(3):452-459.

37. El-Awar N, Terasaki PI, Cai J, et al. Epitopes of HLA-A, B, C, DR, DQ, DP and MICA antigens. Clinical 
transplants. 2009:295-321.

38. El-Awar NR, Akaza T, Terasaki PI, Nguyen A. Human leukocyte antigen class I epitopes: Update to 103 
total epitopes, including the C locus. Transplantation. 2007;84(4):532-540.

39. El-Awar N, Nguyen A, Almeshari K, et al. HLA class II DQA and DQB epitopes: recognition of the likely 
binding sites of HLA-DQ alloantibodies eluted from recombinant HLA-DQ single antigen cell lines. 
Human immunology. 2013;74(9):1141-1152.

40. Duquesnoy RJ, Marrari M. Correlations between Terasaki’s HLA class I epitopes and HLAMatchmaker-
defined eplets on HLA-A, -B and -C antigens. Tissue antigens. 2009;74(2):117-133.

41. Marrari M, Duquesnoy RJ. Correlations between Terasaki’s HLA class II epitopes and HLAMatchmaker-
defined eplets on HLA-DR and -DQ antigens. Tissue antigens. 2009;74(2):134-146.

42. Duquesnoy RJ, Honger G, Hosli I, Marrari M, Schaub S. Identification of epitopes on HLA-DRB alleles 
reacting with antibodies in sera from women sensitized during pregnancy. Human immunology. 
2016;77(2):214-222.

Cynthia_Binnenwerk_V3.indd   40 9-8-2020   14:52:47



41

Towards HLA epitope matching in clinical transplantation

2

43. Duquesnoy RJ, Honger G, Hosli I, Marrari M, Schaub S. Detection of newly antibody-defined epitopes 
on HLA class I alleles reacting with antibodies induced during pregnancy. International journal of 
immunogenetics. 2016;43(4):200-8.

44. Duquesnoy RJ, Honger G, Hosli I, Marrari M, Schaub S. Antibody-defined epitopes on HLA-DQ alleles 
reacting with antibodies induced during pregnancy and the design of a DQ eplet map. Human 
immunology. 2016;77(10):824-831.

45. Dankers MK, Roelen DL, Van Der Meer-Prins EM, et al. Differential immunogenicity of HLA mismatches: 
HLA-A2 versus HLA-A28. Transplantation. 2003;75(3):418-420.

46. Dankers MK, Witvliet MD, Roelen DL, et al. The number of amino acid triplet differences between 
patient and donor is predictive for the antibody reactivity against mismatched human leukocyte 
antigens. Transplantation. 2004;77(8):1236-1239.

47. Kosmoliaptsis V, Bradley JA, Sharples LD, et al. Predicting the immunogenicity of human leukocyte 
antigen class I alloantigens using structural epitope analysis determined by HLAMatchmaker. 
Transplantation. 2008;85(12):1817-1825.

48. Wiebe C, Pochinco D, Blydt-Hansen TD, et al. Class II HLA epitope matching-A strategy to minimize de 
novo donor-specific antibody development and improve outcomes. American journal of transplantation. 
2013;13(12):3114-3122.

49. Heidt S, Roelen DL, Eijsink C, et al. Calcineurin inhibitors affect B cell antibody responses indirectly by 
interfering with T cell help. Clinical and experimental immunology. 2010;159(2):199-207.

50. Heidt S, Roelen DL, Eijsink C, van Kooten C, Claas FH, Mulder A. Effects of immunosuppressive drugs 
on purified human B cells: evidence supporting the use of MMF and rapamycin. Transplantation. 
2008;86(9):1292-1300.

51. Kosmoliaptsis V, Chaudhry AN, Sharples LD, et al. Predicting HLA class I alloantigen immunogenicity 
from the number and physiochemical properties of amino acid polymorphisms. Transplantation. 
2009;88(6):791-798.

52. Kosmoliaptsis V, Mallon DH, Chen Y, Bolton EM, Bradley JA, Taylor CJ. Alloantibody Responses After 
Renal Transplant Failure Can Be Better Predicted by Donor-Recipient HLA Amino Acid Sequence and 
Physicochemical Disparities Than Conventional HLA Matching. American journal of transplantation. 
2016;16(7):2139-2147.

53. Kosmoliaptsis V, Sharples LD, Chaudhry AN, Halsall DJ, Bradley JA, Taylor CJ. Predicting HLA class 
II alloantigen immunogenicity from the number and physiochemical properties of amino acid 
polymorphisms. Transplantation. 2011;91(2):183-190.

54. Duquesnoy RJ. The antibody response to an HLA mismatch: a model for nonself-self discrimination 
in relation to HLA epitope immunogenicity. International journal of immunogenetics. 2012;39(1):1-9.

55. Duquesnoy RJ, Marrari M, Mulder A. Usefulness of the Nonself-Self Algorithm of HLA Epitope 
Immunogenicity in the Specificity Analysis of Monospecific Antibodies Induced during Pregnancy. 
Frontiers in immunology. 2015;6:180.

56. Steele DJ, Laufer TM, Smiley ST, et al. Two levels of help for B cell alloantibody production. The Journal 
of experimental medicine. 1996;183(2):699-703.

57. Dankers MK, Roelen DL, Nagelkerke NJ, et al. The HLA-DR phenotype of the responder is predictive 
of humoral response against HLA class I antigens. Human immunology. 2004;65(1):13-19.

58. Fuller TC, Fuller A. The humoral immune response against an HLA class I allodeterminant correlates 
with the HLA-DR phenotype of the responder. Transplantation. 1999;68(2):173-182.

59. Otten HG, Calis JJ, Kesmir C, van Zuilen AD, Spierings E. Predicted indirectly recognizable HLA epitopes 
presented by HLA-DR correlate with the de novo development of donor-specific HLA IgG antibodies 
after kidney transplantation. Human immunology. 2013;74(3):290-296.

60. Geneugelijk K, Honger G, van Deutekom HW, et al. Predicted Indirectly Recognizable HLA Epitopes 
Presented by HLA-DRB1 Are Related to HLA Antibody Formation During Pregnancy. American journal 
of transplantation. 2015;15(12):3112-3122.

Cynthia_Binnenwerk_V3.indd   41 9-8-2020   14:52:47



42

61. Conlon TM, Cole JL, Motallebzadeh R, et al. Unlinked memory helper responses promote long-lasting 
humoral alloimmunity. Journal of immunology. 2012;189(12):5703-5712.

62. Wiebe C, Nevins TE, Robiner WN, Thomas W, Matas AJ, Nickerson PW. The Synergistic Effect of Class 
II HLA Epitope-Mismatch and Nonadherence on Acute Rejection and Graft Survival. American journal 
of transplantation. 2015;15(8):2197-2202.

63. Bryan CF, Chadha V, Warady BA. Donor selection in pediatric kidney transplantation using DR and DQ 
eplet mismatching: A new histocompatibility paradigm. Pediatric transplantation. 2016;20(7):926-930.

64. Duquesnoy RJ, Takemoto S, de Lange P, et al. HLAmatchmaker: a molecularly based algorithm for 
histocompatibility determination. III. Effect of matching at the HLA-A,B amino acid triplet level on 
kidney transplant survival. Transplantation. 2003;75(6):884-889.

65. Kosmoliaptsis V, Sharples LD, Chaudhry A, et al. HLA class I amino acid sequence-based matching 
after interlocus subtraction and long-term outcome after deceased donor kidney transplantation. 
Human immunology. 2010;71(9):851-856.

66. Silva E, Alba A, Castro A, et al. Evaluation of HLA Matchmaker compatibility as predictor of graft survival 
and presence of Anti-HLA antibodies. Transplantation proceedings. 2010;42(1):266-269.

67. Haririan A, Fagoaga O, Daneshvar H, et al. Predictive value of human leucocyte antigen epitope 
matching using HLAMatchmaker for graft outcomes in a predominantly African-American renal 
transplant cohort. Clinical transplantation. 2006;20(2):226-233.

68. Sapir-Pichhadze R, Tinckam K, Quach K, et al. HLA-DR and -DQ eplet mismatches and transplant 
glomerulopathy: a nested case-control study. American journal of transplantation. 2015;15(1):137-148.

69. Sullivan PM, Warner P, Kemna MS, et al. HLA molecular epitope mismatching and long-term graft loss in 
pediatric heart transplant recipients. The Journal of heart and lung transplantation. 2015;34(7):950-957.

70. Walton DC, Hiho SJ, Cantwell LS, et al. HLA Matching at the Eplet Level Protects Against Chronic Lung 
Allograft Dysfunction. American journal of transplantation. 2016;16(9):2695-2703.

71. Kabat EA. The structural basis of antibody complementarity. Advances in protein chemistry. 1978;32:1-75.
72. Cai J, Terasaki PI, Mao Q, et al. Development of nondonor-specific HLA-DR antibodies in allograft 

recipients is associated with shared epitopes with mismatched donor DR antigens. American journal 
of transplantation. 2006;6(12):2947-2954.

73. Mao Q, Terasaki PI, Cai J, El-Awar N, Rebellato L. Analysis of HLA class I specific antibodies in patients 
with failed allografts. Transplantation. 2007;83(1):54-61.

74. Duquesnoy RJ. Human leukocyte antigen epitope antigenicity and immunogenicity. Current opinion in 
organ transplantation. 2014;19(4):428-435.

75. Duquesnoy RJ, Marrari M, Jelenik L, Zeevi A, Claas FH, Mulder A. Structural aspects of HLA class I epitopes 
reacting with human monoclonal antibodies in Ig-binding, C1q-binding and lymphocytotoxicity assays. 
Human immunology. 2013;74(10):1271-1279.

76. Tambur AR, Leventhal JR, Friedewald JJ, Ramon DS. The complexity of human leukocyte antigen (HLA)-
DQ antibodies and its effect on virtual crossmatching. Transplantation. 2010;90(10):1117-1124.

77. Tambur AR, Rosati J, Roitberg S, Glotz D, Friedewald JJ, Leventhal JR. Epitope analysis of HLA-DQ 
antigens: what does the antibody see? Transplantation. 2014;98(2):157-166.

78. Barabanova Y, Ramon DS, Tambur AR. Antibodies against HLA-DQ alpha-chain and their role in organ 
transplantation. Human immunology. 2009;70(6):410-412.

79. Tambur AR, Leventhal JR, Zitzner JR, Walsh RC, Friedewald JJ. The DQ barrier: improving organ 
allocation equity using HLA-DQ information. Transplantation. 2013;95(4):635-640.

80. Habig DF, Gaspari JL, Lokhandwala PM, et al. Donor-specific antibody to trans-encoded donor HLA-DQ 
heterodimer. Human immunology. 2015;76(8):587-590.

81. Kosmoliaptsis V, Dafforn TR, Chaudhry AN, Halsall DJ, Bradley JA, Taylor CJ. High-resolution, three-
dimensional modeling of human leukocyte antigen class I structure and surface electrostatic potential 
reveals the molecular basis for alloantibody binding epitopes. Human immunology. 2011;72(11):1049-
1059.

Cynthia_Binnenwerk_V3.indd   42 9-8-2020   14:52:47



43

Towards HLA epitope matching in clinical transplantation

2

82. Mallon DH, Bradley JA, Taylor CJ, Kosmoliaptsis V. Structural and electrostatic analysis of HLA B-cell 
epitopes: inference on immunogenicity and prediction of humoral alloresponses. Current opinion in 
organ transplantation. 2014;19(4):420-427.

83. Mallon DH, Bradley JA, Winn PJ, Taylor CJ, Kosmoliaptsis V. Three-Dimensional Structural Modelling and 
Calculation of Electrostatic Potentials of HLA Bw4 and Bw6 Epitopes to Explain the Molecular Basis 
for Alloantibody Binding: Toward Predicting HLA Antigenicity and Immunogenicity. Transplantation. 
2015;99(2):385-390.

84. Kausman JY, Walker AM, Cantwell LS, Quinlan C, Sypek MP, Ierino FL. Application of an epitope-based 
allocation system in pediatric kidney transplantation. Pediatric transplantation. 2016;20(7):931-938.

85. Claas FH, Gijbels Y, van der Velden-de Munck JJ, et al. A special strategy to increase the chance of 
finding cross-match negative kidneys for highly sensitized patients. Transplantation proceedings. 
1988;20(5):947-948.

86. Heidt S, Witvliet MD, Haasnoot GW, Claas FH. The 25th anniversary of the Eurotransplant Acceptable 
Mismatch program for highly sensitized patients. Transplant immunology. 2015;33(2):51-57.

87. Johnson CP, Schiller JJ, Zhu YR, et al. Renal Transplantation With Final Allocation Based on the Virtual 
Crossmatch. American journal of transplantation. 2016;16(5):1503-1515.

88. Duquesnoy RJ, Witvliet M, Doxiadis, II, de Fijter H, Claas FH. HLAMatchmaker-based strategy to identify 
acceptable HLA class I mismatches for highly sensitized kidney transplant candidates. Transplant 
international. 2004;17(1):22-30.

89. Goodman RS, Taylor CJ, O’Rourke CM, Lynch A, Bradley JA, Key T. Utility of HLAMatchmaker and single-
antigen HLA-antibody detection beads for identification of acceptable mismatches in highly sensitized 
patients awaiting kidney transplantation. Transplantation. 2006;81(9):1331-1336.

90. Claas FH, Rahmel A, Doxiadis, II. Enhanced kidney allocation to highly sensitized patients by the 
acceptable mismatch program. Transplantation. 2009;88(4):447-452.

91. Duquesnoy RJ, Kamoun M, Baxter-Lowe LA, et al. Should HLA mismatch acceptability for sensitized 
transplant candidates be determined at the high-resolution rather than the antigen level? American 
journal of transplantation. 2015;15(4):923-930.

92. Bosch A, Llorente S, Diaz JA, et al. Low median fluorescence intensity could be a nonsafety concept 
of immunologic risk evaluation in patients with shared molecular eplets in kidney transplantation. 
Human immunology. 2012;73(5):522-525.

93. Schnaidt M, Weinstock C, Jurisic M, Schmid-Horch B, Ender A, Wernet D. HLA antibody specification using 
single-antigen beads--a technical solution for the prozone effect. Transplantation. 2011;92(5):510-515.

94. Tambur AR. Hiding in Plain Sight-A New Look at HLA Epitopes: A Case Report. American journal of 
transplantation. 2016;16(11):3286-3291.

95. Tambur AR, Herrera ND, Haarberg KM, et al. Assessing Antibody Strength: Comparison of MFI, C1q, 
and Titer Information. American journal of transplantation. 2015;15(9):2421-2430.

96. Weinstock C, Schnaidt M. The complement-mediated prozone effect in the Luminex single-antigen 
bead assay and its impact on HLA antibody determination in patient sera. International journal of 
immunogenetics. 2013;40(3):171-177.

97. Zachary AA, Lucas DP, Detrick B, Leffell MS. Naturally occurring interference in Luminex assays for 
HLA-specific antibodies: characteristics and resolution. Human immunology. 2009;70(7):496-501.

Cynthia_Binnenwerk_V3.indd   43 9-8-2020   14:52:47




