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ABSTRACT

In renal transplantation, polymorphic amino acids on mismatched donor HLA molecules can
lead to the induction of de novo donor-specific antibodies (DSA), which are associated with
inferior graft survival. To ultimately prevent de novo DSA formation without unnecessarily
precluding transplants it is essential to define which polymorphic amino acid mismatches
can actually induce an antibody response. To facilitate this, we developed a user-friendly
software program that establishes HLA class | and class Il compatibility between donor and

recipient on the amino acid level.

HLA epitope mismatch algorithm (HLA-EMMA) is a software program that compares
simultaneously the HLA class | and class Il amino acid sequences of the donor with the HLA
amino acid sequences of the recipient and determines the polymorphic solvent accessible
amino acid mismatches that are likely to be accessible to B cell receptors. Analysis can be

performed for a large number of donor-recipient pairs at once.

As proof of principle, a previously described study cohort of 191 lymphocyte immunotherapy
recipients was analysed with HLA-EMMA and showed a higher frequency of DSA formation

with higher number of solvent accessible amino acids mismatches.

Overall, HLA-EMMA can be used to analyse compatibility on amino acid level between donor
and recipient HLA class | and class Il simultaneously for large cohorts to ultimately determine

the most immunogenic amino acid mismatches.
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Towards HLA epitope matching in clinical transplantation

INTRODUCTION

In renal transplantation, human leukocyte antigen (HLA) antigen matching enhances long-term
graft survival."2 Nonetheless, most recipients receive a graft with one or more HLA antigen
mismatches due to high level of polymorphism of the HLA system and scarcity of donor
organs. In addition, even grafts that are matched on the antigen level can be mismatched
at the allelic level and can therefore induce an alloimmune response.>* The presence of
mismatched HLA antigens on the donor graft can lead to the formation of de novo donor-
specific HLA antibodies (DSA), which are associated with graft loss.>® Moreover, sensitisation

towards HLA significantly reduces the chance of receiving a repeat transplant.”

While current matching algorithms are mainly based on HLA-A, -B and -DR matching at
the antigen level, one should realise that HLA antibodies are not specific for antigens, but
recognise B cell epitopes present on HLA molecules.® In addition, the immunogenicity of
HLA mismatches has been shown to be dependent on configurations of polymorphic amino
acids on antibody accessible positions, which have been theoretically defined and are
called eplets.®'° Indeed, several groups have shown that the chance of developing de novo
DSA after transplantation increases with an increasing number of mismatched eplets."3
However, not every eplet mismatch triggers an immune response, indicative of a difference
in immunogenicity of individual eplet mismatches.'* The immunogenicity of a mismatched
HLA allele is, amongst others, dependent on the HLA class Il phenotype of the recipient as
it determines if a specific eplet mismatch will lead to a full-blown antibody response. B cells
require CD4* T cell help to switch towards IgG antibody producing cells and this help depends
on the recognition of T cell epitopes presented by the recipients HLA class Il molecules on the
B cells.’>'® Furthermore, the type of amino acid substitution (i.e. difference in size, charge) can
play a role in immunogenicity as it can affect the structure and physicochemical properties of
an HLA molecule.”” As eplets are theoretically defined, experimental verification is required to
determine if an antibody can actually bind to an eplet, which has only been done for a limited

number of eplets, mainly present on HLA class [.'82°

Other approaches based on amino acid mismatches and/or physicochemical scores have
shown also to be useful to assess sensitisation risk of HLA allele mismatches on the population
level.'22123 While eplets are predefined entities that are still subject to change,* the amino
acids that are the underlying basis of the eplets are fixed entities on HLA molecules. Therefore,
we aim to define the immunogenicity of specific HLA mismatches based on polymorphic

amino acids rather than eplets on HLA class | and class Il molecules using large datasets of
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donor and recipient pairs. Based on these mismatches and the information on de novo DSA
formation, polymorphic amino acids crucial for the induction of an antibody response can
be defined. For this purpose, we have developed a user-friendly software program, which
analyses HLA class | and class Il compatibility between donor and recipient on amino acid
level focussing on the solvent accessible amino acid mismatches. For the analyses of large

cohorts, a batch analysis option was incorporated into the software program.

METHODS

Development of HLA-EMMA
The HLA Epitope Mismatch Algorithm (HLA-EMMA) was developed in Microsoft Visual Studio
and uses the .NET framework 4.6. It was written in VB.NET language. The software package

is freely available for download (http://www.HLA-EMMA.com).

HLA amino acid sequences

All available HLA amino acid sequences were extracted from the IPD-IMGT/HLA database
version 3.39 for HLA-A, -B, -C, -DRB1,3,4,5, -DQA1, -DQB1, -DPA1 and -DPB1 in January 2020,
and will be periodically updated in the software program. HLA alleles are included up to the
second field typing resolution,?® since higher resolution typing does not affect the amino acid
sequence of the protein. Null alleles, such as DRB4*01:03N, are recognised by the software
program and will not be considered for analysis as these HLA alleles are not expressed on
cells. HLA-EMMA contains the amino acid sequences for position 1 to 275 for HLA class I, and
position 1 to 226 for HLA class Il, the beginning of the mature proteins and regions that are of
interest for antibody induction. For some HLA alleles, amino acid data at the beginning and/
or end of the sequence are lacking. These HLA alleles, often rare HLA alleles, are marked in

the algorithm but not excluded from analysis.

Solvent accessible polymorphic positions

Solvent accessible polymorphic amino acid positions were determined using publicly available
crystal structures and open source relative solvent accessibility prediction tools. HLA crystal
structures were obtained from the Research Collaboratory for Structural Bioinformatics
Protein Data Bank (PDB, https://www.rcsb.org/ accessed on February 4, 2019).2” More than
690 PDB HLA structures were available, with the multiple structures of the same HLA allele.
Therefore, the initial selection was based on previously described HLA structures used for
modelling with accurate structural quality, based on parameters such as atomic resolution, R

factor, total number of crystallographically resolved residues and stereochemical quality.'”2®
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Only HLA structures that are not in complex with a ligand and without any amino acid
mutations were included. The list was extended with other, not yet included, HLA alleles of
which structures are available with a correct amino acid sequence, not in complex with other
ligands, and with finer atomic resolution (<2.8A). In case of multiple structures for a specific
HLA allele the structure with highest atomic resolution was selected. This resulted in a total
of 43 HLA class | crystal structures (Supplementary Table 1) and 20 HLA class Il structures
(Supplementary Table 2). Recently, an online database of HLA class | modelled structures of
HLA molecules became available at https://www.phla3d.com.br/.?® Here, HLA class | tertiary
structures were predicted by homology modelling using the amino acid sequences and
homologous HLA class | structures, and then refined to improve the quality of the structures.
From these HLA class | modelled structures only HLA alleles that were missing from the PDB
list were selected (database accessed on April 11, 2019), resulting in 72 modelled structures

(Supplementary Table 3).

Open source tools NetSurfP2.0°° and Porter Pale4.0%" were used to predict solvent inaccessible
amino acid positions. First, for each HLA structure the relative solvent accessibility of each
amino acid positions was predicted using both tools. Next, if both tools predicted a relative
solvent accessibility of lower than 25% for a specific amino acid position on all HLA structures
of an HLA locus than this position was defined as solvent inaccessible. All the remaining
positions were defined as solvent accessible. Only positions that are polymorphic within a
locus and, in addition, solvent accessible are considered for defining solvent accessible amino

acid mismatches.

Due to limited availability of structures for HLA-DR, the polymorphic solvent accessible
positions of HLA-DR loci were defined by all positions that are not predicted as solvent
inaccessible for the available DRB1, DRB3, DRB4, and DRB5 structures and if a position is
polymorphic for at least one of the DRB1, DRB3, DRB4 or DRB5 amino acid sequences. In
addition, the amino acid sequences of the HLA class Il structures are incomplete, and as a
result solvent inaccessible prediction was lacking for the positions near the end of the amino
acid sequences (HLA-DR positions 198-226, -DQB1 positions 198-226, -DQA1 position 199-226,
-DPB1 positions 190-226 and -DPA1 positions 183-226). Those positions are currently defined

as solvent accessible if polymorphic.

Input and output of HLA-EMMA
The donor and recipient HLA typing input of HLA-EMMA is preferentially second field HLA

typing, since this resolution describes the specific HLA protein. In case an HLA allele is entered
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thatis not presentin the IPD-IMGT/HLA database, HLA-EMMA will show a warning. However,
incomplete HLA typing information can be entered, e.g. if DQA1 typing is missing, an output

will still be generated.

In case of serological typing or first field DNA typing HLA-EMMA will convert to the most
likely second field typing, based on a panel of high-resolution typing results of a pre-defined
population. Currently, conversion can be based on most common alleles of the population
“the Netherlands, Leiden” (NL n=1305) (http://www.allelefrequencies.net), or most common
HLA alleles of European Caucasians generated from the National Marrow Donor Program
(EURCAU n=81106).323 If required, upon request the conversion option can be extended to

other populations of which high resolution typing data is available and published.

Besides manual entry, a batch analysis option is included for which the input format is a
Microsoft Excel file. For comparing donor and recipient HLA, a file containing the HLA typing
of an individual is present on each row, and each column represents an allele (Supplementary
Figure 1). The order of recipient and donor in file is irrelevant, provided that each recipient-
donor couple has a unique identification code, e.g. R1 and D1, for recipient and donor

respectively.

Upon batch analysis, an export file .xml file is generated as an output file, which can be
opened with Microsoft Excel (Supplementary Figure 2). While the output of the manual entry
is generated and presented immediately, it can also be exported as .xml file for downstream

application.

Study cohort for validation

To validate HLA-EMMA, we used a previously described lymphocyte immunotherapy study
cohort (n=191)."” Briefly, this cohort consists of women that received their first lymphocyte
immunotherapy from their male partner in 2009 and 2010. The HLA type of the women and
their partner was determined by genotyping array (Illumina, San Diego, CA, USA) and HLA
imputation. In addition, reverse PCR sequence-specific oligonucleotide was used to type
HLA-A and HLA-B that were used as quality control. Antibodies against donor antigen were
identified by testing sera, obtained 5 weeks (median 33 days, SD 4.5) following lymphocyte
immunotherapy, with luminex single antigen bead (SAB) assays (One Lambda, Canoga Park,
CA, USA) and DSA were defined as MFI of >2000. HLA mismatches of which HLA second field
typing could not be determined, towards which DSA were present before treatment, or that

were not present in luminex SAB assay were excluded from analysis.
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RESULTS

Polymorphic solvent accessible amino acid positions

The main goal of HLA-EMMA is to analyse HLA class | and class Il compatibility on the amino
acid level for a large number of donor-recipient pairs. The software program is based on the
hypothesis that any polymorphic amino acid exposed on the surface of an HLA molecule can
trigger an antibody response. To this aim, the polymorphic solvent accessible amino acid
positions were defined per HLA locus using all known HLA alleles to determine polymorphic
positions, and available HLA crystal structures to predict the solvent inaccessible positions,
used for deduction of solvent accessible positions. Overall, this led to identification of 174
polymorphic solvent accessible positions for HLA-A, 169 for HLA-B, 162 for HLA-C (Figure
1A), 106 for HLA-DRB1/3/4/5, 149 for HLA-DQB1, 48 for HLA-DQAT1, 86 for HLA-DPB1 and
16 for HLA-DPA1 (Figure 1B). By analysing the HLA class | modelled structures, additional
polymorphic solvent accessible positions were defined; 2 for HLA-A, 3 for HLA-B and 10 for

HLA-C (Figure 1C).

HLA class | and class Il solvent accessible amino acid mismatches between
donor and recipient

HLA-EMMA compares the amino acid sequence of each donor HLA allele with the alleles from
the same locus of the recipient, known as intralocus comparison, except for HLA-DRB1/3/4/5
which is interlocus compared. For HLA class |, the default setting is intralocus comparison,
but interlocus option can be selected when required. Amino acid mismatches are calculated
for: 1) each donor HLA allele by total amino acid mismatches irrespective of location on the
molecule, and 2) amino acid mismatches that are solvent accessible. In case of an incomplete
HLA allele, indicated by *, only amino acid mismatches are calculated for the known amino

acid sequence.

An example of manual entry for defining HLA solvent accessible amino acid mismatches
between donor and recipient is shown in Figure 2A. After computation, a table containing the
number of amino acid mismatches per donor HLA allele is generated (Figure 2B). In addition,
HLA-EMMA provides detailed information on the position and the type of amino acid that are

mismatched for both total amino acid sequence and solvent accessible positions (Figure 2C).

HLA-EMMA can be used to perform compatibility analysis for large numbers of donor-recipient
pairs simultaneously in the form of a batch analysis. This requires uploading of an input file

containing the HLA typing of the respective donor and recipient pairs (Supplementary Figure
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1). HLA-EMMA generates an output file that consists of both the number of total and solvent
accessible amino acid mismatches for each pair, as well as the position and the type of amino
acid that are mismatched for each donor HLA allele (Supplementary Figure 2). In addition, the
amino acids of the recipient’s HLA on the corresponding positions are provided in a separate

column. This output can then be used for further analysis.

Another option available in HLA-EMMA is an amino acid sequence overview of all HLA alleles
(Supplementary Figure 3). With this overview, multiple HLA alleles can be compared, and it

can also be used to consult which HLA alleles share a specific amino acid.
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Figure 2: HLA-EMMA manual entry with an example of a donor-recipient couple. A) Input field for
HLA typing of donor and recipient. B) After selecting compute, the number of amino acid mismatches are
generated for each donor HLA allele and shown in the result table. C) Details of a mismatched donor HLA
allele shown after selecting the donor HLA allele in result table. Here, the mismatched amino acids and
positions are shown. Residue properties are shown when selecting a specific amino acid.

Proof of principle

For validation of HLA-EMMA we used a previously described cohort of which the HLA-specific
antibody response was defined for women that received lymphocyte immunotherapy from
their male partner.”” Here, for each HLA-A, -B, -DRB1 and -DQ mismatch the number of solvent
accessible amino acids was determined with HLA-EMMA using the default settings. For HLA-DQ
the number of solvent accessible amino acids of DQA1 and DQB1 were combined (Figure

3). We determined how often an HLA mismatch with specific solvent accessible amino acid
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mismatches resulted in DSA formation and observed that the proportion of HLA mismatches

that resulted in DSA formation increased with higher number of solvent accessible amino

acids. For HLA-A, -B, and -DQ mismatches, the incidence of DSA was 80% in the group with

the highest number of solvent accessible amino acid mismatches.
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Figure 3: Association between DSA formation and the number of solvent accessible amino acid
mismatches. The number of solvent accessible amino acid mismatches were defined and DSA were
determined per mismatched donor HLA allele. For HLA-A (A), HLA-B (B), HLA-DRB1 (C) and HLA-DQ (D) an
increased proportion of HLA mismatches formed DSA with higher number of solvent accessible amino
acid mismatches.
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DISCUSSION

Here, we present a software program HLA-EMMA that allows to determine the molecular HLA
class | and class Il compatibility between donor and recipient. Since amino acids are fixed
entities on HLA molecules not dependent on assumptions or preconceptions, as well as the
fact that single surface exposed amino acid mismatches can already be sufficient to induce
an antibody response, HLA-EMMA was developed to analyse compatibility on the amino acid
level. The software program focuses on solvent accessible amino acids mismatches, since B
cell epitopes are known to consist of polymorphic amino acids that are surface exposed.343¢
Data from recent studies showed no significant differences between eplet and amino acid
mismatch scores for the prediction of DSA,'>% indicating that both strategies are potentially
useful. The benefit of HLA-EMMA is that large datasets of donor-recipient pairs from diverse
populations can be analysed for both HLA class | and class Il simultaneously. Since the position
and type of amino acid mismatches are provided these can be used to identify relevant

mismatches that are associated with development of de novo DSA.

Currently, HLAMatchmaker is the main tool used to determine HLA compatibility on structural
level by analysing eplet mismatches. Eplets are defined as patches of polymorphic amino
acids on surface exposed areas of the HLA molecules. The definition of surface exposure in
HLAMatchmaker is based on the analysis of polymorphic positions on a select number of HLA
crystal structures with Cn3D structure viewer.>'° Surface exposure was labelled as prominent,
readily visible or somewhat visible. In contrast, in HLA-EMMA, solvent accessible amino acid
positions were defined per HLA locus and by excluding positions that were predicted by two
validated tools to be solvent inaccessible for the available HLA structures per locus. These
tools are neural network-based models trained to predict secondary structural features, such
as relative solvent accessibility.3%3' The reason to define accessibility in this way and not by
predicted solvent accessibility is the fact that not for every HLA allele a crystal structure is
available, which may result in an amino acid position being incorrectly classified as solvent
accessible for a specific HLA allele. When more HLA crystal structures or models become

available, the solvent accessible amino acid position database in HLA-EMMA will be updated.

Besides solvent accessible amino acid mismatches, HLA-EMMA also calculates the total
number of amino acid mismatches. This is useful in cases where no solvent accessible amino
acid mismatches are defined for a donor HLA antigen mismatch that has resulted in DSA.
Such antibody responses may be explained by non-exposed amino acid mismatches as they

could have been induced by surface changes due to buried amino acid polymorphisms.2837
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A previously described tool, the Cambridge HLA immunogenicity algorithm developed by
Kosmoliaptsis and colleagues, also determines the number of total amino acids mismatches

as well as hydrophobicity and electrostatic mismatch scores.?*%

The default setting of HLA-EMMA is intralocus comparison for HLA class I. This is in contrast
with HLAMatchmaker that performs interlocus comparison to determine the eplet mismatches
for HLA class 1.8 This difference in strategy is due to the fact that eplets are combinations
of amino acids, while HLA-EMMA considers individual amino acids. A possible consequence
of interlocus comparison on the individual amino acid level may be that polymorphic amino
acids shared by HLA alleles are incorrectly classified as being compatible. With the interlocus
comparison option for HLA class | the relevance of inter- versus intralocus comparison and
antibody induction can be further investigated. In contrast, for HLA-DR the amino acid
sequences are interlocus compared. This is due to the difference in expression of DRB3/4/5
molecules of which an individual can have no more than two of the three possible alleles.
Thus, if a donor carries one of the DRB3/4/5 loci that the recipient lacks, all amino acids on this
allele would be mismatched by intralocus comparison. This will result in an overestimation of

the number of mismatches without any indication of the relevant mismatches.

A previously described clinical cohort was used to validate HLA-EMMA as a tool to determine
the immunogenicity of HLA mismatches on basis of a large data set. As expected, this cohort
showed a higher frequency of DSA induction with a higher number of solvent accessible
amino acid mismatches, indicating the validity of the software. Strikingly, for two HLA class |
mismatches DSA were observed while there were no amino acid mismatches at the solvent
accessible level nor at the total amino acid level, when analysed in the default intralocus
manner. Interestingly, these cases were analysed with HLAMatchmaker, no eplet mismatches
were observed (data not shown). It is important to note that the HLA typing of the individuals
of this cohort was not all based on HLA sequencing but was largely done by a genotyping array
and HLA imputation, which may have led to false classification of the second field HLA data,

potentially resulting in zero amino acid mismatches, whilst DSA were formed.

By using HLA-EMMA we aim to establish the ability of specific amino acid mismatches to induce
an antibody response by determining the incidence of de novo DSA in case of a mismatch of
that specific amino acid. Immunogenicity depends on the HLA phenotype of the recipient
but also of the donor, and HLA allele frequencies differ between populations and even within
regions.3*# This population difference is important to consider as amino acids that are highly

immunogenic in one population, might be less immunogenic in another due to difference in
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HLA allele distribution in the populations.* Therefore, HLA-EMMA is one of the tools that will
be used during the 18™ International HLA and Immunogenetics Workshop (IHIWS) to identify
immunogenic amino acid mismatches for a large group of donor-recipient pairs from diverse

populations with information on de novo DSA development.

Ultimately, defining the immunogenic polymorphic amino acids is just the beginning. Based
on this knowledge, we want to define specific polymorphic amino acid configurations similar
as what has been done for the definition of the eplets. The immunogenic polymorphic amino
acids will serve as a basis for the definition of the relevant amino acid configurations involved
in antibody binding. While single amino acid can induce an antibody response, indicating
immunogenicity, configurations of amino acids are involved in antibody-antigen interaction,

which is antigenicity.*?

Preventing the induction of de novo DSA formation after transplantation is essential for
maximizing graft survival and the chance of potential repeat transplantation and therefore
of utmost importance in paediatric setting where children will certainly need a repeat
transplant. With HLA-EMMA, we developed a software program to perform HLA class | and
class Il compatibility analysis on amino acid level for recipient and donor couple individually
and for large population studies that will contribute to the identification of these immunogenic

polymorphic amino acid mismatches.
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ABBREVIATIONS

DSA: Donor-specific antibodies

HLA: Human leukocyte antigen

HLA-EMMA: HLA epitope mismatch algorithm

IHIWS: International HLA and Immunogenetics Workshop

PDB: Protein Data Bank
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SUPPLEMENTAL MATERIAL

Supplementary Figure 1: An example of HLA typing input file for batch analysis with HLA-EMMA
Code

Al A2 Bl B2 c1 ca2  DRei1 DRBL2 _ DRB3/4/s1 |DRB3/4/52 DQBL1 _ DQBL2 _ DQAL1 _ DQAL2 _ DPBL1 P81 2 DPAL1  DPAL2
RL A"0101 A'3201 8'0801 8'4002 (C'0202 C'0701 DRBL*ILOL  DRBI*1301 DRB30201 DQB1'0301 DQBI'06:03 DOAI'0L03 DOAL'05:05 DPBI‘0401 DPBI*105:01 DPAL*0LO3
R303  A'0LO1 A%0201 B'07.02 B'37.01 C'0602 (C'07.02 DRBI'0801  DRBI*1501 DRBS'OLOL DQB170402 DQBI'06:02 DOAI'0L02 DOAL'0401 DPBI'0201 DPBL'0A01  DPAL'0LO3
o1 A*0201 B*07.02 B*35:03 (C°0401 (C°07.02 DRBI*0401  DRBI*11:04 DRB4*OLON DQB1°0301 DQBI‘03:02 DQAI°0301 DQAL*05:05 DPBI‘0501 DPBL'05:01  DPAL*0L:03
D303 A*0LO1 A%6B01 B*40:02 B'SLOL |C*0202 DRBI'0701  DRBI*1301 DRB30202  DRBA°0LO3N DQB1°03:03 DQBI°0603 DOA1°0L03 DQAL*0201
R20Ser AL A 87 837 w6 w7 DR DRI1S DRS1 pas pas
D2oser AL Aes Bel  BS1  Cw2 OR7 DR13 DRS2 DRS3. pa9 bas

Supplementary Figure 1: An example of an HLA typing input file for batch analysis with HLA-EMMA.
For batch analysis the input format is a Microsoft Excel file according to the template as indicated in the
figure. Donor and recipient pairs are indicated by corresponding codes, here indicated by same number,
thus compatibility analysis between D1 and R1 will be performed and same applies for D303 and R303,
and D20Ser and R20Ser. Both second field typing, and serological typing can be entered, as shown for
D20Ser and R20ser.

Supplementary Figure 2: An example of output file of ba is with HLA-EMM,
e T :

Supplementary Figure 2: An example of output file of batch analysis with HLA-EMMA. The output file
of HLA-EMMA batch analysis is a Microsoft Excel file. Here the output file of input file from supplementary
figure 1 is shown. In the output file the HLA alleles of donor and recipient are presented. The first six col-
umns show the information of the input file, thus code_recipient, Locus_recipient, HLA _allele_recipient,
code_donor, Locus_donor, and HLA_allele_donor. Then each column provides information of the analysis.
Allele_Mismatches column indicates if the donor allele of that specific row is mismatched with recipient
by the number 1 and if the donor allele is matched than a 0 is given. Next, in Total_AA_mismatches the
number of total amino acid mismatches is provided for the donor allele, and the number of solvent ac-
cessible amino acid mismatches can be found in Solvent_Accessibility column. The Total_AA_Mismatch-
es_Value and Solvent_Accessibility_Value columns list the positions and the type of amino acid that are
mismatched. Next column, Profile_Recipients, shows the amino acids of the recipient’s HLA allele on the
mismatched positions, divided by | to separate each HLA allele within the locus. The HLA-EMMA version,
run date, and other additional information can be found in the last column.
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Supplementary Figure 3: Amino acid sequence overview. HLA-EMMA also provides all the amino acid
sequences in an overview. This can be used to compare different alleles on full amino acid sequence
(A) or compact and therefore only showing the positions that are different (B). In addition, filter option
is present to filter on HLA alleles or on a specific amino acids (C) to view only the HLA alleles with that

specific amino acid.
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Supplementary Table 1: HLA class | crystal structures used to predict solvent accessibility

PDB Resolution Antigen
3B0O8 1.8A A*01:01
114F 1.4A A*02:01
30X%8 2.16A A*02:03
30XR 1.7A A*02:06
30XS 1.75A A*02:07
3RL1 2A A*03:01
1X7Q 1.45A A*11:01
3WL9 1.66A A*24:02
4HWZ 2.397A A*68:01
4HX1 1.802A A*68:02
4U1TH 1.59A B*07:02
3SPV 1.3A B*08:01
3BXN 1.864A B*14:02
1XR9 1.788A B*15:01
4XXC 1.426A B*18:01
SDEF 1.6A B*27:04
2A83 1.4A B*27:05
5DEG 1.83A B*27:06
1K5N 1.09A B*27:09
2CIK 1.75A B*35:01
3BWA 1.3A B*35:08
6MT6 1.31A B*37:01
402C 1.802A B*39:01
5IEK 1.8A B*40:02
3LN4 1.296A B*41:03
3LN5 1.9A B*41:04
4U1N 1.77A B*42:02
T™M60 1.6A B*44:02
1N2R 1.7A B*44:03
1SYV 1.7A B*44:05
4Lcy 1.6A B*46:01
1E27 2.2A B*51:01
3W39 ERD B*52:01
1A10 2.3A B*53:01
3VRI 1.6A B*57:01
2BVP 1.35A B*57:03
S5VWH 1.648A B*58:01
S5IND 2.132A B*58:11
4U1S 1.76A B*81:01
1QQD 2.7A C*04:01
5VGD 2.4A C*05:01
SW6A 1.74A C*06:02
4ANT6 1.84A C*08:01
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Supplementary Table 2: HLA class Il structures used to predict solvent accessibility

PDB Resolution Antigen

3PDO 1.95A DRB1*01:01

TABA 2.75A DRB1*03:01

4MD4 1.95A DRB1*04:01

4MD5 1.65A DRB1*04:04

4MD) 1.7A DRB1*04:02

6BIR 2.3A DRB1*04:05

6CPN 2A DRB1%11:01

6ATF 1.9A DRB1%14:02

5V4M 2.1A DRB1%15:01

6CPO 2.4A DRB1#15:02

2Q6W 2.25A DRB3*01:01

3C5) 1.8A DRB3*03:01

TFV1 1.9A DRB5*01:01

1S9V 2.22A DQB1*02:01 / DQA1*05:01
1JK8 2.4A DQB1*03:02 / DQA1*03:02
2NNA 2.1A DQB1*03:02 / DQA1*03:01
muvaQ 1.8A DQB1*06:02 / DQA1*01:02
3WEX 2.4A DPB1*05:01 / DPA1*02:02
4P5M 1.7A DPB1*02:01 / DPA1*01:03
4P57 2.6A DPB1*105:01 / DPA1*01:03
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Supplementary Table 3: HLA class | modelled structures

PDB used for modelling Resolution Antigen
3BH9 1.7A A*02:02
3HH9 1.7A A*02:05
2HN7 1.6A A*11:02
4F7T 1.7A A*23:01
4F7T 1.7A A*24:03
1X7Q 1.5A A*25:01
2HN7 1.6A A*26:01
3LR1 2.0A A*29:01
3LR1 2.0A A*29:02
2HN7 1.6A A*30:01
1X7Q 1.5A A*30:02
3LR1 2.0A A*31:01
5E00 1.7A A*32:01
4HWZ 2.4A A*33:01
4HWZ 2.4A A*33:03
4HX1 1.8A A*34:01
1X7Q 1.5A A*34:02
3B0O8 1.8A A*36:01
1X7Q 1.5A A*43:01
1X7Q 1.5A A*66:01
4HWZ 2.4A A*66:02
4WJ5 1.6A A*69:01
3LR1 2.0A A*74:01
1X7Q 1.5A A*80:01
4U1TH 1.59A B*07:03
4)QX 1.9A B*13:01
1M60 1.6A B*13:02
3BXN 1.9A B*14:01
1XR9 1.8A B*15:02
1XR9 1.8A B*15:03
3C9N 1.9A B*15:10
3C9N 1.9A B*15:11
1XR9 1.8A B*15:12
1XR9 1.8A B*15:13
3VRI 1.6A B*15:16
3C9N 1.87A B*15:18
51B2 1.44A B*27:03
1UXS 1.5A B*27:08
402C 1.8A B*38:01
3LN4 1.3A B*40:01
5IEK 1.8A B*40:06
3LN4 1.3A B*41:01
4U1) 1.4A B*42:01
3LN4 1.3A B*45:01
4)QX 1.9A B*47:01
4U1S 1.8A B*48:01

127




Supplementary Table 3: (Continued)

PDB used for modelling Resolution Antigen
3L3I 1.7A B*49:01
51EH 1.5A B*50:01
1E27 2.2A B*51:02
4U1N 1.8A B*54:01
4U1) 1.4A B*55:01
4U1) 1.4A B*56:01
1E27 2.2A B*59:01
402C 1.8A B*67:01
10GT 1.5A B*73:01
1E27 2.2A B*78:01
4U1) 1.4A B*82:01
4NT6 1.8A C*01:02
4ANT6 1.8A C*02:02
4ANT6 1.8A C*03:02
ANT6 1.8A C*03:03
4ANT6 1.8A C*03:04
4NT6 1.8A C*04:03
4NT6 1.8A C*07:02
4NT6 1.8A C*08:02
4NT6 1.8A C*12:02
4ANT6 1.8A C*12:03
ANT6 1.8A C*14:02
ANT6 1.8A C*15:02
ANT6 1.8A C*16:01
ANT6 1.8A C*17:01
ANT6 1.8A C*18:02
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