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1 | INTRODUCTION
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Sebastiaan Heidt

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 I and class II 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 I and class II 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 sol-
vent accessible amino acids mismatches. Overall, HLA-EMMA can be used to
analyse compatibility on amino acid level between donor and recipient HLA
class I and class II simultaneously for large cohorts to ultimately determine the
most immunogenic amino acid mismatches.
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of donor organs. In addition, even grafts that are mat-
ched on the antigen level can be mismatched at the alle-
lic level and can therefore induce an alloimmune

In renal transplantation, human leukocyte antigen
(HLA) antigen matching enhances long-term graft sur-
vival.l'?> Nonetheless, most recipients receive a graft with
one or more HLA antigen mismatches because of high
level of polymorphism of the HLA system and scarcity

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 associ-
ated with graft loss.>® Moreover, sensitisation towards
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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 mis-
matches has been shown to be dependent on configura-
tions 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 transplanta-
tion increases with an increasing number of mismatched
eplets.""""* However, not every eplet mismatch triggers
an immune response, indicative of a difference in immu-
nogenicity of individual eplet mismatches.'* The immu-
nogenicity of a mismatched HLA allele is, amongst
others, dependent on the HLA class II 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 produc-
ing cells and this help depends on the recognition of T
cell epitopes presented by the recipients HLA class II
molecules on the B cells.">'® Furthermore, the type of
amino acid substitution (ie, difference in size, charge)
can play a role in immunogenicity as it can affect the
structure and physicochemical properties of an HLA mol-
ecule."” 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 11820

Other approaches based on amino acid mismatches
and/or physicochemical scores have shown also to be
useful to assess sensitisation risk of HLA allele mis-
matches on the population level.'>?'>* 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 mis-
matches based on polymorphic amino acids rather than
eplets on HLA class I and class II molecules using large
datasets of donor and recipient pairs. Based on these
mismatches and the information on de novo DSA for-
mation, polymorphic amino acids crucial for the induc-
tion of an antibody response can be defined. For this
purpose, we have developed a user-friendly software
program, which analyses HLA class I and class II com-
patibility 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.

2 | METHODS

2.1 | 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).

2.2 | 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, -DQBI1, -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 resolu-
tion 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 posi-
tion 1 to 275 for HLA class I, and position 1 to 226 for
HLA class II, 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.

2.3 | Solvent accessible polymorphic
positions

Solvent accessible polymorphic amino acid positions
were determined using publicly available crystal struc-
tures and open source relative solvent accessibility pre-
diction 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).?” More than 690 PDB HLA struc-
tures 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 ste-
reochemical quality.'”*® 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
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are available with a correct amino acid sequence, not in
complex with other ligands, and with finer atomic resolu-
tion (<2.8 A). 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 I
crystal structures (Table S1) and 20 HLA class II struc-
tures (Table S2). Recently, an online database of HLA
class I modelled structures of HLA molecules became
available at https://www.phla3d.com.br/.>® Here, HLA
class I tertiary structures were predicted by homology
modelling using the amino acid sequences and homolo-
gous HLA class I structures, and then refined to improve
the quality of the structures. From these HLA class I
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
(Table S3).

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 posi-
tions 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 posi-
tions 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 DRBS5 structures and if a posi-
tion 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 II structures
are incomplete, and as a result solvent inaccessible pre-
diction 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 acces-
sible if polymorphic.

24 | 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 that is not present in the IPD-
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IMGT/HLA database, HLA-EMMA will show a warning.
However, incomplete HLA typing information can be
entered, for example, if DQAI typing is missing, an out-
put will still be generated.

In case of serological typing or first field DNA typ-
ing 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, conver-
sion can be based on most common alleles of the pop-
ulation “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 = 81 106).>*** If required, upon request the conver-
sion 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 con-
taining the HLA typing of an individual is present on
each row, and each column represents an allele
(Figure S1). The order of recipient and donor in file is
irrelevant, provided that each recipient-donor couple has
a unique identification code, for example, R1 and D1, for
recipient and donor, respectively.

Upon batch analysis, an export file .xml file is gen-
erated as an output file, which can be opened with
Microsoft Excel (Figure S2). While the output of the
manual entry is generated and presented immediately,
it can also be exported as .xml file for downstream
application.

2.5 | Study cohort for validation

To validate HLA-EMMA, we used a previously described
lymphocyte immunotherapy study cohort (n = 191)."7
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
(llumina, San Diego, CA) and HLA imputation. In
addition, reverse PCR sequence-specific oligonucleo-
tide was used to type HLA-A and HLA-B that were
used as quality control. Antibodies against donor anti-
gen were identified by testing sera, obtained 5 weeks
(median 33 days, SD 4.5) following lymphocyte immu-
notherapy, with luminex single antigen bead (SAB)
assays (One Lambda, Canoga Park, CA) 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
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that were not present in luminex SAB assay were
excluded from analysis.

3 | RESULTS
3.1 | Polymorphic solvent accessible

amino acid positions

The main goal of HLA-EMMA is to analyse HLA class I
and class II compatibility on the amino acid level for a
large number of donor-recipient pairs. The software pro-
gram is based on the hypothesis that any polymorphic
amino acid exposed on the surface of an HLA molecule
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FIGURE 1

Polymorphic solvent accessible amino acid positions. For each locus the defined polymorphic solvent amino acid positions

are indicated in grey for HLA class I (A) and HLA class II (B). C, The polymorphic solvent accessible positions defined by the HLA class I

modelled structures
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3.2

HLA class I and class II 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 I, 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 mis-
matches that are solvent accessible. In case of an incom-
plete HLA allele, indicated by * only amino acid
mismatches are calculated for the known amino acid
sequence.

An example of manual entry for defining HLA sol-
vent 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
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addition, HLA-EMMA provides detailed information on
the position and the type of amino acid that are mis-
matched 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 simul-
taneously 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 (Figure S1).
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 (Figure S2). In addition, the amino
acids of the recipient's HLA on the corresponding posi-
tions 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 (Figure S3).
With this overview, multiple HLA alleles can be com-
pared, and it can also be used to consult which HLA
alleles share a specific amino acid.

Residue Properties
Positior: 66 Sclvent Accessibiliy: Exposed Amino Acid Group: Positive
78] 76| 77| 95| 97 105] 107] 114] 116] 127] 142]
Fle N
N

]

G

Doner

A02:01

W

[
[
H
H

Total A Mismeiches

"

K

Salvent Accessible A Mismaiches

ol o|o(o o/B

- EBEED

olo|lo|lw = 3
(<<= s

4;
1
)
K[ T
T
T

~| <| <|© o

EEEEE]

M
R
R
R

P
B H
S|wW|H
S[W|H K

Subtotal perlocus | IMGT/HLA aleles n=14770)  NL Population  17-122013

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
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3.3 | 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 lympho-
cyte immunotherapy from their male partner.'” Here,
for each HLA-A, -B, -DRB1 and -DQ mismatch the
number of solvent accessible amino acids was deter-
mined 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 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.

4 | DISCUSSION

Here, we present a software program HLA-EMMA that
allows to determine the molecular HLA class I and class II
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.**>® Data from recent studies showed no signifi-
cant 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 I
and class II simultaneously. Since the position and type of

(A) HLA-A (B) HLA-B
1004 1001
> >
9 S
:g 80 _g 80
& g
[$)
£ 60 £ 60+
(3]
Q o
z g
L L
§ 40 g 401
S 3
£ ES
20 204
[ 0-
0 17 8-12 >12 0 14 57 >7
(n=5)  (n=78) (n=76) (n=83) (n=9)  (n=78) (n=83)  (n=96)

Number of solvent accessible amino acid
mismatches per mismatch donor HLA allele

Number of solvent accessible amino acid

mismatches per mismatch donor HLA allele

© HLA-DRB1 (D) HLA-DQ
100+ 100
> >
§ 80+ § 80 - FIGURE 3 Association between
'g 'g DSA formation and the number of
L 6o £ 404 solvent accessible amino acid
§ § mismatches. The number of solvent
¢ ¢ accessible amino acid mismatches
o 404 o 40
5 5 was defined and DSA were
; ; determined per mismatched donor
207 209 HLA allele. For HLA-A (A), HLA-B
(B), HLA-DRBI (C) and HLA-DQ
0- 0- (D) an increased proportion of HLA
0 14 57 >7 0 17 8-19 >19 . . .
(n=21)  (n=74) (n=70) (n=92) (n=0)  (n=76) (n=84) (n=87) mismatches formed DSA with higher

Number of solvent accessible amino acid
mismatches per mismatch donor HLA allele

Number of solvent accessible amino acid

mismatches per mismatch donor HLA allele

number of solvent accessible amino
acid mismatches



KRAMER ET AL.

HLA _WILEY_L_*

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 ana-
lysing 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 visi-
ble. In contrast, in HLA-EMMA, solvent accessible amino
acid positions were defined per HLA locus and by exclud-
ing positions that were predicted by two validated tools
to be solvent inaccessible for the available HLA struc-
tures per locus. These tools are neural network-based
models trained to predict secondary structural features,
such as relative solvent accessibility.*>*' The reason to
define accessibility in this way and not by predicted sol-
vent 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 because of buried amino acid poly-
morphisms.?®?” A previously described tool, the Cam-
bridge HLA immunogenicity algorithm developed by
Kosmoliaptsis and colleagues, also determines the num-
ber of total amino acids mismatches as well as hydropho-
bicity and electrostatic mismatch scores.****

The default setting of HLA-EMMA is intralocus com-
parison for HLA class I. This is in contrast with
HLAMatchmaker that performs interlocus comparison to
determine the eplet mismatches for HLA class 1.'%*® This
difference in strategy is because of the fact that eplets are
combinations of amino acids, while HLA-EMMA con-
siders 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 I the rele-
vance of inter- vs intralocus comparison and antibody
induction can be further investigated. In contrast, for

Immune Response Genetics

HLA-DR the amino acid sequences are interlocus com-
pared. This is because of 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 over-
estimation of the number of mismatches without any
indication of the relevant mismatches.

A previously described clinical cohort was used to val-
idate HLA-EMMA as a tool to determine the immunoge-
nicity 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 I mismatches
DSA were observed while there were no amino acid mis-
matches 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, while 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. Immuno-
genicity depends on the HLA phenotype of the recipient
but also of the donor, and HLA allele frequencies differ
between populations and even within regions.***' This
population difference is important to consider as amino
acids that are highly immunogenic in one population,
might be less immunogenic in another because of differ-
ence in HLA allele distribution in the populations.*?
Therefore, HLA-EMMA is one of the tools that will be
used during the 18th International HLA and Immunoge-
netics 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 knowl-
edge, we want to define specific polymorphic amino acid
configurations similar as what has been done for the defi-
nition 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
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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 maximising graft sur-
vival 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 I and class II compatibility analysis
on amino acid level for recipient and donor couple indi-
vidually and for large population studies that will con-
tribute to the identification of these immunogenic
polymorphic amino acid mismatches.
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