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Introduction: The immune response after transplantation depends on recipient/
donor HLA allele mismatches. To enhance our understanding of the relations of
HLA alleles in terms of amino-acid polymorphisms and shared epitopes, we
assessed pairwise sequence difference between HLA-alleles.

Methods: We translated amino-acid sequences of confirmed eplets into an atlas
of HLA class I and II antigens, followed by visualization of the pairwise allele
distances bymeans of antigen-specific disparity graphs in differential amino-acid
space. We obtained an overview of relationships of all alleles of an antigen,
corresponding similarity/dissimilarity structures, outliers, alleles with similarity to
different antigen groups. Additionally, we calculated prevalence of the amino-
acids for each polymorphic sequence position and visualized them in amino-acid
motif plots of all alleles belonging to an antigen.

Results: Our visualizations show strongly varying intra-group heterogeneity of
HLA class I and II alleles, as well as shared inter-group and inter-locus eplets and
epitopes, indicating a benefit of epitope-based transplant matching: Single allele
recipient/donor mismatches potentially refer to identical eplets, or to a set of
multiple mismatched eplets.

Discussion: This data reveals inconsistencies in the HLA group nomenclature and
consequently adds a new level of quality to allocation, motivating the definition of
tolerable or taboo mismatches.
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1 Introduction

The products of the Major Histocompatibility Complex (MHC) are predominantly the
targets for immune responses upon pregnancy, transfusion, and transplantation (Thorsby,
2009). These three routes are thought to be themajor activation pathway. Cross-reactivity to
viral or other infections has been described for the cellular component of the immune
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response (D’Orsogna et al., 2012). Scarcely data have been shown for
cross-reactive humoral anti HLA antibodies against other structures
(van Heemst et al., 2015). The immune response towards the non-
self-allo-HLA-antigens depends, as already demonstrated, on the
HLA make-up of the responder and the incompatible epitopes on
the donor. Alignment of the HLA sequences defined to date are
found on the IPD-IGMT/HLA database and the allele frequency net
database, while the antibody-confirmed amino acid sequences are
found on the HLA Eplet Registry (EpRegistry) (HLA, 2024b). We
use the results of the German population presented in the allele
frequencies database (AFND, 2020), and the data provided by the
different groups worldwide attempted to visualize the “cross-
reactivity” of the alleles of the HLA-A, HLA-B, HLA-C, HLA-
DRB1, HLA-DRB345, HLA-DQA1, HLA-DQB1, HLA-DPA1 and
HLA-DPB1 loci.

The term “eplet” denotes small configurations of few
polymorphic amino acid on the HLA molecular surface
(Duquesnoy, 2006). These eplets were collected in the HLA Eplet
Registry (HLA, 2024b) and thoroughly characterized (see, e.g.,
(Bezstarosti et al., 2021; Meng et al., 2023)). Epitopes, on the
other hand, can be defined as the specific antigenic determinant
of an antigen that is recognized and bound by an antibody or a
receptor on a T-cell. In general, epitopes are larger (15–22 amino
acid molecules) than eplets (2-5 residues). We regard eplets as
proxies determining the corresponding epitopes. Accordingly, we
here use the term eplet in the context of the short amino acid
sequences derived from the EpRegistry, and the term epitope for the
antigenic determinant in general. The term “shared epitopes” was
introduced to explain why some HLA antigens are recognized by the
same antibody and is used for alleles with common eplets.

Within the HLA community, the term cross-reactivity has been
used to term a serological reactivity between HLA antigens and a
variety of antibodies. From our computational perspective, we use
the term cross-reactivity when a particular HLA allele is most similar
to one or more alleles of a different allele group by means of our
metric and as visualized by the disparity graphs presented here.

In this report, we will analyze the polymorphic amino acid
sequences of eplets and the pairwise sequence difference between
HLA alleles. Therefore, we will translate amino acid sequences of all
currently antibody-confirmed eplets into a sequence atlas
comprising all classical HLA class I and II alleles. Their
sequences will be transferred into a differential amino acid space,
followed by visualization of the pairwise allele distances by means of
antigen-specific disparity graphs. They will give an overview of
relationships of all alleles of the antigen, corresponding
similarity/dissimilarity structures, outlier alleles, and alleles with
similarity to different antigen alleles.

2 Materials and methods

2.1 Eplet amino acid sequences and
motif plots

Data on amino acid polymorphism and positions were
obtained from the HLA Eplet Registry (HLA, 2024b) as of May
2020. We restrained our analyses to antibody-confirmed
eplets, comprising 72 entries for class I, and 74 for class II. For

each allele in the registry, we collected all associated eplets and
marked their polymorphic residues at the corresponding
positions. This way, we generated an atlas of polymorphic
amino acids of all currently antibody-confirmed eplets as proxy
for their antigenic epitopes.

For each polymorphic sequence position, we calculated
prevalence of the different amino acids and visualized them in
term of stacked bar plots, representing amino acid motif plots of
all alleles belonging to an antigen, or of all alleles of a locus
visualizing locus motifs.

2.2 Disparity graphs of HLA alleles based on
polymorphic eplets

Our database contains polymorphic amino acid residues and
positions for all eplets of the HLA class I and II alleles. Hamming
distance of all pairs of each two alleles is computed by means of the
number positions with of differing amino acid.

This numeric allele-by-allele differential amino acid residue
matrix (adjacency matrix) can be translated into an allele
similarity graph using R package “igraph” (Csardi and Nepusz,
2006). The resulting overall graph of all HLA alleles is then split into
subgraphs for better visualization: These subgraphs contain only
alleles of one main allele group as nodes, where each allele/node is
connected to the most similar other allele/node via an edge (1-
nearest-neighbour graph). In case of alleles, which are more similar
to alleles of another group than to any allele of the own group, the
corresponding inter-group cross-reactive alleles are also added to
the subgraph as nodes and connected via edges.

3 Results

3.1 Eplet-derived polymorphic amino acid
sequences of HLA class I alleles

For each allele, we extracted the polymorphic amino acid
residues of their eplets, resulting in an amino acid sequence
(Figure 1A; all sequences are given as Supplementary File S1).
For example, HLA-A*01:01 features the following eplets: 44KM,
62QE, 65RNA, 76ANT, 79GT, 90D, 138MI, 144KR, 163RG, and
166DG. The numbers thereby specify the position of the amino acid
in the mature protein, the letters refer to the 1-letter amino acid
symbols. 44KM consequently refers to lysine and methionine at
positions 44 and 45, respectively. The sequence of polymorphic
amino acids of HLA-A*01:01 is generated by collecting all
polymorphic residues from the 10 epitopes listed above.

The sequences of selected HLA-A alleles show characteristic
patterns, for example, a common KM structure characteristic
for all alleles in the A*01 group, a QUERNA structure found
in most A*01, A*03, and A*11 alleles, and an AAH structure
found in many HLA-A alleles except A*01 group (Figure 1A;
Supplementary File S1). The data reflect the serologically
found cross-reactivity within these allele groups (MacPherson,
1989). Also, monomorphic alleles can be identified as represented
by their eplet sequences, for example, HLA-A*01:01 and HLA-
A*01:02, which show identical (antibody-confirmed) eplets
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however differing by two not antibody-confirmed eplets 9S and
17S. In our study, we restrict to antibody-confirmed eplets
reported in the EpRegistry as a proof of concept.

We then translated the sequences of all HLA-A alleles into a
motif plot, where each bar reflects the prevalence of the different

polymorphic amino acid residue in the mature HLA protein at a
particular position (Figure 1B). It summarizes the patterns observed
in the selected alleles described above, and all currently antibody-
confirmed HLA-A alleles, forming the eplet amino acid repertoire of
this locus.

FIGURE 1
Eplet polymorphism of HLA class I alleles: (A) Polymorphic amino acid sequences of selected HLA-A alleles based on eplet information provided by
EpRegistry database. For example, HLA-A*01:01 has antibody-confirmed eplets 44KM, 62QE, 65RNA, and further. Numbers specify the position in the
mature protein, capital letters refer to the 1-letter amino acid symbols. Corresponding polymorphic amino acids are placed at the specified position,
resulting in amino acid sequences for all alleles. (B) Motif plot of the polymorphic amino acid residues across the HLA-A alleles. Height of the bars
represents prevalence of a particular amino acid in the group. Empty bars represent monomorphic amino acid positions. (C–D)Motif plots of HLA-B and
-C, respectively.
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FIGURE 2
Visualization of the differences of HLA-A alleles towards the other members of the same group. (A) The disparity graph shows allHLA-A*01 alleles as
nodes, the numbers by the edges rep-resent Hamming distance between the corresponding amino acid residues. If no number is shown, an edge
connects monomorphic alleles, i.e., alleles with identical amino acid residues of the corresponding eplets. The node cluster in the upper right part of the
graph collects a set of 16 monomorphic alleles. On the other hand, HLA-A*01:07 show a difference of three amino acid residues to monomorphic
alleles HLA-A*01:13 and HLA-A*01:28, which, in turn, are two amino acids distant from the main allele group cluster (see labels in the figure). (B–D)
Corresponding dis-parity graphs for HLA-A*02, A*03, and A*24, respectively. Nodes are colored to distinguish be-tween original and cross-reactive
alleles. Edge labels are omitted for clearance.
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Motif plots of HLA-B and -C were generated in the same manner
(Figures 1C, D). The reveal mainly distinct and characteristic
repertoires for these loci, showing that they generally form specific
antibody binding sites. Only few and subtle commonalities can be
observed, for example, the ILRD motif between positions 80 and 90,
PV at 193 and 194 (HLA-B and -C only), and (M)QQE between
248 and 268 as previously reported (Vittoraki et al., 2021).

3.2 HLA-A allele disparity graphs

Next, we intend to visualize differences between the alleles
of the individual loci with resolution on single alleles. We
therefore count the pairwise differences in polymorphic amino
acid residues between each two alleles and translate this distance
matrix into a disparity graph structure (Figure 2A). As an example,

TABLE 1 Overview of cross-reactivity and most frequent eplets of selected common HLA-A allele groups.

HLA-A group Cross-reactivity Frequent eplets a

Frequency b Other group alleles c

A*01 - - 44KM, 62QE, 65RNA, 76ANT, 79GT, 90D, 138MI, 144KR, 163RG, 166DG

A*02 7 (5%) A*68 (12 alleles); A*24 (2); A*26, A*33, A*69 (1) 62GE, 62GK, 79GT, 107W, 127K, 144TKH, 145KHA, 150AAH

A*03 2 (4%) A*74 (3); A*01, A*11 (2); A*30 (1) 62QE, 65RNA, 79GT, 138MI, 144KR, 150AAH, 161D

A*11 2 (5%) A*03 (5) 62QE, 65RNA, 79GT, 90D, 138MI, 144KR, 150AAH, 151AHA, 163RW

A*24 5 (6%) A*23, A*02 (2); A*33 (1) 62EE, 65GK, 80I, 82LR, 127K, 138MI, 144KR, 150AAH, 166DG

A*25 1 (12%) A*32 (1) 62RR, 65RNA, 76ESI, 80I, 82LR, 90D, 138MI, 149TAH, 163RW

A*26 6 (17%) A*66 (7); A*02 (1) 62RR, 65RNA, 76ANT, 79GT, 90D, 138MI, 145RT, 149TAH, 163RW

A*30 15 (60%) A*74 (4); A*31 (2); A*03 (1) 56R, 62QE, 65RNA, 79GT, 138MI

A*32 2 (11%) A*31 (2) 62QE, 65RNA, 76ESI, 80I, 82LR, 138MI

A*68 2 (4%) A*02 (3) 62RR, 65RNA, 79GT, 127K, 144TKH, 145KHA, 150AAH

aEplets confirmed for >80% of the alleles.
bNumber and percentage of alleles of the group that are most similar to alleles of another group.
cCross-reactive alleles from another HLA-A, group; number of affected single alleles of that group is given in parenthesis; alleles are sorted according to decreasing numbers; alleles separated by

comma have the same frequency (if no value is given the next value applies).

TABLE 2 Overview of cross-reactivity and most frequent eplets of selected common HLA-B allele groups.

HLA-B
group

Cross-reactivity Frequent eplets a

Frequency b Other group alleles c

B*07 12 (17%) B*27 (8 alleles); B*42 (6); B*55 (5); B*48 (3); B*56 (2); B*08 (1); C*12 (4); C*01 (1) 65QIA, 69AA, 70IAQ, 76ESN, 80N,
163EW, 180E

B*08 30 (85%) B*07 (6); B*48 (3); B*15 (2); B*35, B*42 (1) 69TNT, 71TTS, 76ESN, 80N, 156DA, 180E

B*13 1 (5%) B*15 (2); B*35 (1) 41T, 44RMA, 69TNT, 80TLR, 82LR, 131S,
144QL, 163EW

B*15 49 (33%) B*35 (47); B*39 (41); B*57 (13); B*14 (9); B*40, B*78 (4); B*27 (3); B*08, B*48, B*50,
B*56 (2); B*37, B*53, B*55, B*59 (1)

69TNT, 71TTS, 76ESN, 80N, 131S, 163LW

B*18 30 (100%) B*37 (6); B*35 (5); B*53 (3); B*38 (2); B*51 (1) 44RT, 69TNT, 71TTS, 76ESN, 80N, 131S

B*27 8 (17%) B*15 (5); B*55 (3); B*07 (2); B*54, B*56 (1) 65QIA, 69AA, 82LR, 131S, 163EW

B*35 85 (90%) B*15 (67); B*18 (28); B*78 (6); B*08, B*39, B*48, B*56 (1) 44RT, 69TNT, 71TTS, 76ESN, 80N, 131S,
163LW

B*40 13 (14%) B*48 (10); B*15 (5); B*47 (4); B*44, B*50 (2) 41T, 45KE, 69TNT, 71TTS, 76ESN, 80N,
163EW

B*44 8 (13%) B*45 (6); B*47 (3); B*51 (2); B*37, B*40, B*49, B*50 (1) 41T, 45KE, 69TNT, 80TLR, 82LR, 131S,
163LS/G

B*51 54 (92%) B*53 (13); B*52 (12); B*37, B*49 (1) 44RT, 69TNT, 80I, 82LR, 131S, 163LW

aEplets confirmed for >80% of the alleles.
bNumber and percentage of alleles of the group that are most similar to alleles of another group.
cCross-reactive alleles from another HLA-A, group; number of affected single alleles of that group is given in parenthesis; alleles are sorted according to decreasing numbers; alleles separated by

comma have the same frequency (if no value is given the next value applies); groups of the HLA-C, locus are highlighted in bold font.
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HLA-A*01:21 differs in 5 positions from the HLA-A*01:13 as
highlighted in the excerpt of the corresponding sequences in
the figure. HLA-A*01:07 is in 3 amino acid positions different
from HLA-A*01:13, which, in turn, differs in 2 positions from the

cluster of monomorphic HLA-A*01 “core alleles” (see arrows in
the figure).

In the same way, we visualized all HLA-A allele groups (see
Figures 2B–D; Supplementary File S2 for interactive disparity

FIGURE 3
Allele distance graphs of selected HLA-B alleles: (A) HLA-B*07, (B) HLA-B*08, (C) HLA-B*51, and (D) HLA-B*52. See description of Figure 2.
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graphs of all alleles). Generally, most of these groups show a
similar graph structure with one or two clusters of monomorphic
alleles, which are surrounded by relatively similar alleles with
approximately up to ten polymorphic positions in difference.
Except for A*01, all HLA-A groups show similarity into other
allele groups. For example, HLA-A*02 alleles form a central
cluster of monomorphic alleles surrounded by a “halo” of
resembling alleles. Some of these, in turn, show similarity to

alleles of the A*24, A*26, and A*33 groups, and especially to
12 alleles of the A*68 group (Figure 2B). Prevalence of these
“cross-reactivities” between allele groups is summarized in
Table 1. The latter form the well-known HLA-A2/A68 cross-
reactivity group. Intriguing here is the close vicinity of
A*24 members to the HLA-A*02 group, and of the group
HLA-A*03 to A*11 alleles described earlier (Dahlke and
Weiss, 1984).

FIGURE 4
Allele distance graphs of selected HLA-C alleles: (A) HLA-C*05, (B) HLA-C*03, (C) HLA-C*04, and (D) HLA-C*07. See description of Figure 2.
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3.3 Disparity graphs of HLA-B and -C

Graph visualizations of the amino acid disparities were
analogously generated for HLA-B and -C. For B*07, we observe
strong interconnection of the group with alleles from other HLA-B
groups, especially B*27, B*42, and B*55 (Figure 3A). But also,
similarity to C locus alleles can be found for HLA-B*07:13, which
is most similar to 4 C*12 alleles and HLA-C*01:19 with distance of
three polymorphous amino acids, respectively. Such inter-locus
similarities can also be observed for few other HLA-B groups:
B*46 has alleles most similar to alleles of the HLA-C*03 group
(Zemmour et al., 1992), further pairs are B*67 with C*12 and
B*73 with C*07 (see also Table 2; interactive disparity graphs are
contained in Supplementary File S3). Overall, HLA-B collects most
cross-reactive alleles of all class I loci (see also Table 4). As reported
above for the HLA-A group of alleles, we observe here the vicinity of
HLA-C*12 to the HLA-B*07 alleles in addition to the reported
B*27 and B*54, B*55, B*56 allele groups. Earlier, such cross-
reactivity was not reported probably because of the lack of
serological reagents defining Cw12 in the past. The “R” group
comprising the allele groups of B*18, B*51, B*52, B*53 is also
presented (Schwartz et al., 1980). Astonishing is the occurrence of
B*37 nearby some of these alleles.

HLA-C allele groups partly show close similarity to selected HLA-
B alleles as shown above. In general, C allele group disparity graphs
show the same structure as those of HLA-A and -B, with “hub”
clusters surrounded by more distant allele, which are often linked to
alleles of other groups (Figure 4 & Supplementary File S4). In our
analyses, C*12 particularly emerges as a linking allele group, which
shares similarities towards a variety of other groups such as C*01,
C*04, C*06, C*15, and C*16 (Table 3). Other such “intermediary”
groups are C*14, C*15, and C*16. The well-known cross-reactivities
within the allele groups, e.g., C*05 and C*08, C*04, and C*06 are
readily observed. In addition, we observe yet unreported cross-

reactivities of C*14, C*17 and C*18 allele groups with the ones
reported above.

3.4 Eplet disparity of HLA-class II
allele groups

Disparity analysis of HLA-DRB1 allele groups show similar
pattern to class I graphs (Figures 5A, B; interactive disparity
graphs of class II allele groups are provided as Supplementary
File S5) and similar prevalence of cross-reactivity (Table 4). We
observe highly interconnected disparity graphs for these allele
groups with multiple clusters of monomorphic alleles. Thereby,
cross-reactivity towards other DRB1 groups is less common than in
HLA-B and -C. About 15% of DRB1 alleles reveal cross-reactivity to
other groups, which is comparable to the HLA-A allele groups (see
Table 4). DRB3, 4, and 5 comprise only few allele groups, whereby
DRB3 and 5 groups show frequent cross-reactivity (Table 4)
especially to DRB1*04 and DRB1*16 alleles (Supplementary File S5).

Allele groups of DQ and DP loci were jointly collected in
disparity graphs, respectively, due to the very few groups in these
loci (similar locus-wise disparity graphs for HLA-A, B, C, and
DRB1 are provided as Supplementary File S6). We found that
DQA1 and DQB1 form a clear cluster structure of their groups
(Figures 5C, D). These clusters are, in turn, connected with a
position distance of about 5–20 polymorphic amino acids. The
group-wise disparity graphs show that DQA1 and DQB1 are
relatively homogeneous with cross-reactivity of only 6%–21% of
the alleles (Table 4 and Supplementary File S5).

For the allele groups of the DP locus, our analysis shows that all
alleles of DPA1 are virtually monomorphic (Figure 5E). In contrast,
the more than 600 individual alleles of DPB1 distribute over more
than 600 allele groups with strong inter-connectivity among them
(Figure 5F). Here, cross-reactivity of 100% of all DPB1 alleles is

TABLE 3 Overview of cross-reactivity and most frequent eplets of selected common HLA-C allele groups.

HLA-C group Cross-reactivity Frequent eplets a

Frequency b Other group alleles c

C*01 11 (4%) C*12 (15); C*07 (12); C*16 (7); C*14 (6); C*04 (3); C*15 (2); C*06, C*08 (1) 65QKR, 73TVS, 76VRN, 80N

C*02 1 (5%) C*03 (2) 21H, 65QKR, 80K, 163EW

C*03 4 (8%) C*02 (16); C*01 (13); C*14 (2); C*04 (1) 21H, 65QKR, 73TVS, 76VRN, 80N, 163LW, 173K

C*04 31 (89%) C*12 (12); C*06 (7); C*14 (5); C*01, C*18 (3) 65QKR, 73AN, 80K, 90D

C*05 2 (9%) C*08 (4) 65QKR, 80K, 138K, 177KT

C*06 11 (55%) C*07 (9); C*04 (8); C*12, C*16 (2); C*01, C*18 81) 65QKR, 73AN, 80K, 90D

C*07 12 (18%) C*04, C*06 (8); C*01, C*08, C*15 (1) 76VRN, 80N, 90D

C*12 20 (100%) C*06 (9); C*15 (5); C*01, C*07 (3); C*05, C*16 (2); C*04 (1) 65QKR, 80N

C*15 3 (17%) C*12 (2); C*01 (1) 21H, 80K, 193PV

C*16 10 (100%) C*01 (4); C*12 (2); C*14 (1) 65QKR

aEplets confirmed for >80% of the alleles.
bNumber and percentage of alleles of the group that are most similar to alleles of another group.
cCross-reactive alleles from another HLA-A, group; number of affected single alleles of that group is given in parenthesis; alleles are sorted according to decreasing numbers; alleles separated by

comma have the same frequency (if no value is given the next value applies).
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FIGURE 5
Disparity graphs of HLA-class II loci: (A) HLA-DRB1*04, (B) HLA-DRB1*11, (C) HLA-DQA1, (D) HLA-DQB1, (E) HLA-DPA1, and (F) HLA-DPB1. For DQ
and DP, all allele groups are shown in integrated graphs. See also description of Figure 2.
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trivial, underlining the special structure of DPB1 group
nomenclature.

4 Discussion

The HLA class I antigens and disparities of their allele groups can
be visualized as shown in the present report. Our approach allows to
evaluate similarities and disparities between the alleles of an allele
group. In the early days of HLA typing, the cross-reactive groups were
used to show the similarity of serological specificities to each other
(Rodey and Fuller, 1987). However, their value in solid organ
transplantation is disputed. While in the US in some instances
they are included in the matching procedure, in mainland Europe
reports show that they have an adverse effect (Stobbe et al., 2000a;
Stobbe et al., 2000b). Meanwhile, eplet mismatches are on the
way to be considered in the allocation procedure in Canada
(Mohammadhassanzadeh et al., 2021).

We based our approach on already confirmed eplets to generate
most reliable disparity graphs, but which also limits our study in terms
of potentially missing differential and/or shared eplets. Moreover,
EpRegistry will continue to evolve like any nomenclature database and
additional eplets will be defined and antibody-confirmed in the future.
We therefore see our study as a proof of concept, which could be
updated upon public release of new data and potentially extended to
all eplets contained in the data base.Whether our findings will allow in
some instances to help patients at need of a suitable graft remains still
open until reliable data are available. Yet it is a potential alternative to
use cross-reactive mismatched alleles for patients without proper
donor because of the very low number of incompatibilities in
terms of eplets and epitopes. Following the general understanding
that the more incompatibilities are worse for the patient (Wiebe and
Nickerson, 2018), we propose an adjustment: The less
incompatibilities the better for the patient (Schawalder et al., 2021;
Tambur and Das, 2023).

The data and graphs presented here makes also clear that the
current molecular-based nomenclature does not reflect the biological
one when immunological responses are in the focus. We do not opt

for a radical change of the currently used nomenclature, but we
advocate the use of a more clinic-oriented addendum in which similar
alleles are grouped to offer to the fellow clinicians a better understand
of the topic and to a better treatment to the patients. Mismatches with
immunological similarities could be treated with lower doses of
immunosuppressant than higher disparities. This shall be discussed
between the different faculties involved in transplantation.

In practice, alleles with the same amino acid sequence in the
respective positions could be considered as equally recognizable by the
immune system. Earlier, organ allocation organizations such as
Eurotransplant, considered some antigens as being “logical
identical”, for example, DR1 and DR103, or in molecular terms
DRB1*01:01 and DRB1*01:03. Their definition at that time was
done serologically. The data presented here were obtained by the
two state-of-the-art methods next-generation sequencing (NGS) and
real-time polymerase chain reaction. It could be used by researchers
and organ allocation organization to redefine “identical” alleles and
acceptable mismatches. Surely, we need clinical data sets to verify that
such different alleles do not provoke an immune response in the set up
proposed here as, for example, shown for DRB1*14:01 and DRB1*14:
54 (Pasi et al., 2011). We could envisage an introduction of functional
matching especially for the HLA alleles provoking a humoral
response. That means that alleles bearing the same eplet and
therefore - according to current knowledge - not provoking an
antibody production could be regarded as compatible. In the case
of “allele-specific” antibodies, which are mainly due to a not shared
epitope between the two alleles, should be avoided due to epitope
incompatibility. Our findings (Lehmann et al., 2023; Lehmann et al.
manuscript in preparation) clearly show that repeated eplet
mismatches can be deleterious and should be also avoided.

Selected donor-recipient-pairs of a cohort of kidney transplants
(HLA, 2024a) are summarized in terms of the number of HLA-class
I allele mismatches and the corresponding eplet (Table 5). This data
supports the key finding of our allele disparity analyses: It shows that
some single allele mismatches imply only one or very few
mismatched eplets (rows 1, 4 and 7 in Table 5), but a single
allele mismatch can also lead to a multitude of up to eight eplet
mismatches (rows 2, 5, and 8). Even more, mismatch of both alleles

TABLE 4 Prevalence of cross-reactivity in HLA-class I and II loci.

Locus # Groups # Alleles Avg. # Alleles per group Cross-reactive alleles (#/%)

A 21 586 28 70/12

B 36 978 27 516/53

C 14 331 24 120/36

DRB1 13 858 66 131/15

DRB3 3 46 15 24/52

DRB4 1 8 8 0/0

DRB5 2 17 9 13/76

DQA1 6 29 5 6/21

DQB1 5 125 25 7/6

DPA1 4 16 4 16/100

DPB1 653 655 1 655/100

Frontiers in Genetics frontiersin.org10

Doxiadis et al. 10.3389/fgene.2024.1449301

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1449301


of a locus sometimes leads to fewer mismatched eplets compared to
other single allele mismatches (rows 3, 6, and 9).

In summary, we find a disparity-driven variability of the number
of eplet mismatches in a series of real kidney allocations, revealing
the need to further evaluate data of transplant cohorts in this respect
and to correlate quantity and quality of eplet mismatches with
outcome and graft survival.

5 Conclusion

Disparity graphs of polymorphic amino acid sequences of HLA
epitopes visualize similarity and dissimilarity patterns in the allele
groups. They can be seen as a strictly data-driven reminiscence of
the cross-reactivity maps of Darke (1984), Mayr (1988), now
functionally based on polymorphic, antibody-confirmed binding
sites as represented by the epitopes. Our results show that the
historically grown HLA allele nomenclature is inconsistent and
motivate their amendment with focus on eplets.
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TABLE 5 HLA-class I characteristics of selected donor-recipient pairs from a living kidney transplant cohort. Each row represents an individual pair with
varying HLA-A, -B, and -C allele and eplet discrepancies, respectively.

Id Recipient Donor Antigen/Allele mismatches Eplet mismatches

1 A*02:01/A*03:01 A*02:01/A*30:01 1 1 56R

2 A*02:01/A*68:02 A*01:01/A*02:01 1 8 44KM, 62QE, 76ANT, 138MI, 144KR, 163R, 163RG, 166DG

3 A*02:05/A*32:01 A*03:01/A*24:02 2 5 62EE, 65GK, 144KR, 161D, 166DG

4 B*35:03/B*44:02 B*35:03/B*39:01 1 1 158T

5 B*35:01/B*56:01 B*35:01/B*44:02 1 6 41T, 45KE, 80TLR, 82LR, 156DA, 163LS/G

6 B*07:02/B*35:02 B*15:01/B*44:02 2 6 41T, 44RMA, 45KE, 80TLR, 156DA, 163LS/G

7 C*04:01/C*07:02 C*07:02/C*15:02 1 1 21H

8 C*07:01/C*07:04 C*03:04/C*07:01 1 6 21H, 73TVS, 163LW, 173K, 193PV, 219W

9 C*04:01/C*07:02 C*03:04/C*05:01 2 5 21H, 73TVS, 138K, 173K, 177KT
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