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Chapter 1

S

ince the first successful human solid organ transplantation in 1954, solid organ
transplantation has been rapidly evolved from an experimental stage to treating patients on a regular basis1-3. Nowadays, transplantations of various organs are
routinely performed to treat a wide range of potential life-threatening diseases2. In
parallel, the success of organ transplantation has resulted in a growing demand
for organs1. This growing demand for organs and the limited supply of donor organs have led to an expansion of the transplant waiting lists worldwide1. Therefore,
several organ-allocation organizations have been established to facilitate and to
optimize the allocation of organs.
Organ-allocation organizations generally allocate organs based on the compatibility between donor and recipient to ensure the most optimal graft outcome. Only
compatible donors (i.e. donors to which the recipient has not developed antibodies
against) are selected for transplantation. Taking the compatibility into consideration,
organ-allocation organizations allocate organs based on two additional basic rules:
[1] the most optimal use of available donor organs has to be ensured, and [2] patients
on the waiting list the need to have equal access to donor organs4. Overall, there
is a critical balance between these two basic rules, as the optimal use of available
donor organs comes at the costs of equal access to donor organs4,5. Therefore,
organ-allocation organizations generally aim for the best possible match between
donors and the patients that are registered on the waiting list while maintaining the
equal access to donor organs as much as possible4,6,7.
Transplanting donor organs to patients with the best possible match is of utmost
importance8. When patients receive a donor organ that is not properly matched, the
genetic disparities between donor and recipient may lead to several cellular and
humoral immune responses and, consequently, may result in allograft rejection8.
One of the major genetic disparities between donor and recipient that are targets
for these alloreactive immune responses are Human Leukocyte Antigens (HLA)8.
Therefore, organ-allocation organizations generally include HLA matching in their
donor-selection algorithm to maximize graft survival8.

HLA
HLA is a set of proteins located on the cell surface that can present peptides to T
cells9. The HLA system is tightly involved in human immune regulation by presenting
these peptides to T cells. When foreign ‘non-self’ material enters the human body,
HLA can present peptides derived from this ‘non-self’ material. T cell recognition of
these ‘non-self’ peptides will result elimination of ‘non-self’ material. For a proper
immune defense against ‘non-self’ material, HLA diversity is required. HLA diversity is achieved via two specific characteristics of the HLA system. First, the HLA
system is polygenic; each individual has a specific set of different HLA molecules,
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consisting of HLA class I and HLA class II molecules, and these different HLA molecules have different peptide-binding specificities. Second, the HLA system is highly
polymorphic; multiple variants of each individual HLA gene exist at population level.
The highly polymorphic character of the HLA system is reflected by the enormous
amount of identified HLA alleles. Nowadays, a total of 12,021 HLA class I alleles
and 4,230 HLA class II alleles have been identified10. Most of the polymorphisms
between different HLA antigens result in differences in the peptide-binding groove
or are located at positions where interaction with the T cell takes place9. Thus,
different HLA antigens can have a specific peptide-binding groove and, consequently, present a unique repertoire of ‘non-self’-derived peptides to T cells11. Via
the high diversity of HLA at individual level and at population level, the human
immune system has ensured that an adaptive immune response can be elicited
against a very diverse repertoire of antigens.
Structure and function of HLA class I and HLA class II
Due to the polygenic character of the HLA system, each individual expresses a
range of different HLA molecules on the cell surface. These different HLA molecules belong to two different HLA classes: HLA class I and HLA class II (Figure 1).
Both HLA class I and HLA class II have variable extracellular domains and rather
constant transmembrane and cytoplasmic domains12. HLA class I molecules (HLA-A,
HLA-B, and HLA-C) are expressed on all nucleated cells and consist of two polypeptide chains: a polymorphic alpha chain that is encoded by chromosome 6 and
a non-polymorphic β2-microglobulin that is encoded by chromosome 15 (Figure
1A)9. The polymorphic alpha chain consists of several domains. The leader peptide
is encoded by exon 1, the alpha-1, -2, and -3 domains are encoded by exon 2, 3,
and 4 respectively, the transmembrane domain is encoded by exon 5, the cytoplasmic domain is encoded by exon 6 and 7, and the 3’ untranslated region is
encoded by exon 813. The alpha-1 and the alpha-2 domains of HLA class I molecules resemble the cleft to which peptides can bind and thus these domains are
involved in presenting peptides to T cells9. Generally, HLA class I molecules are
able to present small peptides of 8-10 amino acids in length9. The peptides that
are presented by HLA class I molecules are endogenously derived; these proteins
can be cleaved intracellular into peptides by proteasome degradation and these
peptides are subsequently transported into the endoplasmatic reticulum via the
TAP transporter where the peptides are loaded on HLA class I molecules9. Once
loaded on HLA class I molecules, the presented peptide can be recognized by
CD8+ T cells.
HLA class II molecules (HLA-DR, HLA-DQ, and HLA-DP) are generally expressed on
professional antigen-presenting cells and consist of both a potentially polymorphic
alpha chain and a polymorphic beta chain, which are encoded by chromosome 69
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Figure 1: Molecular structure and exon organization of HLA.
HLA class I molecules (A) consist of a polymorphic alpha chain and a non-polymorphic beta 2-microglobulin.
The alpha chain of HLA class I molecules are encoded by 8 exons. HLA class II molecules (B) consist of
both a potentially polymorphic alpha-chain and a polymorphic beta-chain and are encoded by five or six
exons. L = leader peptide; α1/2/3 = alpha-1/-2/-3 domain; β1/2 = beta-1/-2 domain; TM = transmembrane
domain; CYT = cytoplasmic domain; 3’UTR = 3’ untranslated region.

(Figure 1B). Since each individual inherits a maternal and a paternal variant of both the
alpha chain and the beta chain, four potential different proteins can be generated.
Both the alpha and the beta chain consist of four domains: an alpha/beta-1 domain,
an alpha/beta-2 domain, a transmembrane domain, and a cytoplasmic domain13.
The alpha-1 and the beta-1 domain are both encoded by exon 2 and are involved in
antigen presentation to T cells9. HLA class II molecules are able to present larger
peptides compared to HLA class I molecules (i.e. 13-25 amino acids in length) due to
a more open peptide-binding groove structure9,14,15. The peptides presented on HLA
class II molecules are generally exogenously derived; these proteins can be internalized into endosomes, processed via hydrolytic enzymes into peptides and these
peptides are subsequently loaded on HLA class II molecules9. Once loaded on HLA
class II molecules, the presented peptides can be recognized by CD4+ T cells.
10
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HLA nomenclature and HLA typing methodologies
With the rising numbers of identified HLA alleles, a reliable and uniform HLA
nomenclature was needed. Over the past decades, the HLA nomenclature has
strongly evolved based on the used methods of HLA typing. Initially, different HLA
alleles were identified using serological phenotyping16. Serological phenotyping is
based on the fact that HLA antibodies can bind to different epitopes on different
HLA molecules16. In serological phenotyping, the reactivity of HLA on lymphocytes
towards sera containing HLA antibodies is measured, thereby identifying different
HLA antigens16. A serological nomenclature was established to describe the serologically defined HLA antigens16. However, serological defined HLA antigens are a
broad definition of different HLA alleles, as HLA alleles with the same serological
specificity may actually differ in their amino acid sequence16,17. Since allelic variation between different HLA alleles can be serologically undetectable, serological
phenotyping is not an appropriate method to identify all polymorphisms between
different HLA alleles16.
With the rise of DNA genotyping methodologies, the resolution of HLA typing
improved dramatically. DNA genotyping methodologies currently allow the identification of the HLA locus as well as individual HLA alleles by determining their
exact nucleotide sequence16. These DNA typing methodologies have resulted in
the development of an additional, nucleotide-based HLA nomenclature. In this
nucleotide-based HLA nomenclature, the specific HLA locus is indicated followed
by a unique, allele-specific number, which is comprised of up to four fields10. The first
field of this nomenclature refers to the allele group, which often is composed of the
underlying serological specificity of the HLA allele, and the second field refers to a
specific nucleotide sequence difference10,16. This nomenclature can be substituted
with a third and a fourth field, which indicate synonymous nucleotide substitutions
in the coding regions and nucleotide differences in non-coding regions respectively10,16. Since serological HLA phenotyping and DNA genotyping are currently
simultaneously used in clinical practice, both the serological nomenclature and
the DNA-based nomenclature are still being used16. The serological nomenclature
is used to describe HLA alleles at low-resolution level, whereas the DNA-based
nomenclature is used to describe HLA alleles at higher- or allelic-resolution level16.

ALLOREACTIVITY TOWARDS HLA
Since the HLA system is highly polymorphic on population level, finding a fully
HLA-matched donor for transplantation is difficult. When donor and recipient are
mismatched at one of more HLA loci, ‘non-self’ antigens (i.e. mismatched HLA) are
introduced in the patient, which may result in a mismatched HLA-directed allo-immune response. These allo-immune responses may have detrimental effects on
transplant outcome, as it may lead to graft failure after solid organ transplanta11
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tion18-25 and graft-versus-host-disease after hematopoietic cell transplantation26-31.
Despite the development of proper immunosuppressive therapies over the last
decades, alloimmunity, driven by HLA-specific T cells, remains an important cause
for graft failure after solid organ transplantation nowadays8. Therefore, avoidance
of the T cell- and B cell-mediated alloimmune responses towards HLA mismatches
will dramatically improve graft survival after transplantation.
T cell allorecognition pathways
T cells play a pivotal role in both B cell-mediated and T cell-mediated alloreactivity
after solid organ transplantation. Alloreactive T cells can interact with allo-HLA via
three different pathways: via the direct T cell recognition pathway, the indirect T
cell recognition pathway, and the semi-direct T cell recognition pathway32,33. During
direct T cell recognition, mismatched HLA-specific T cells recognize intact allogeneic HLA molecules on the surface of allogeneic donor cells32,33. During indirect T
cell recognition, which is analogous to the T cell recognition of foreign pathogens,
T cells can recognize mismatched HLA-derived epitopes presented on HLA of recipient cells32,33. Thus, indirect T cell responses require processing and subsequent
presentation of mismatched HLA by recipient cells. During semi-direct T cell recognition, complete allogeneic HLA:peptide complexes are transferred from allogeneic
cells to recipient antigen-presenting cells, which can subsequently be recognized
by recipient T cells32. These pathways and the prediction thereof in transplantation
will be further discussed in chapter 2.
The role of indirect T cell allorecognition in allograft rejection
Several studies have shown that indirect T cell allorecognition plays a pivotal role
in allograft rejection after transplantation. Donor MHC-derived peptides presented
by recipient antigen-presenting cells can be detected in vivo during rejection in
experimental animal models34. T cells that recognize these mismatched HLA-derived peptides likely are involved in alloreactivity35; several studies have shown that
indirect T cell allorecognition do play a role in acute and chronic allograft rejection
both in experimental transplantation models and clinical transplantation34,36,37. Indirect T cell allorecognition has been shown to be involved in graft rejection after
kidney transplantation38, lung transplantation39, and heart transplantation40,41.
Both CD4+ and CD8+ T cell alloresponses are involved in graft failure after solid
organ transplantation. CD4+ T cells are able to recognize allo-HLA via the indirect
recognition pathway42. Indirect recognition of allo-HLA by CD4+ T cells may theoretically impact graft function via several pathways (reviewed in32; Figure 2). Type 1
CD4+ T-helper cells may, after indirect recognition of mismatched HLA presented
by a recipient antigen-presenting cell, provide help to allo-HLA-specific CD8+ cyto-
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toxic T cells32, thereby facilitating graft-directed CD8+ T cell responses. However,
both direct pathway CD4+ T cells and indirect pathway CD4+ T cells are able to
provide help to CD8+ cytotoxic T cells42. The relative contribution of both pathways
in providing help to allo-HLA-specific CD8+ cytotoxic T cells is still under debate32,42.
Given the fact that direct pathway CD4+ T cells are very efficient in providing
help to CD8+ T cells and that the mechanism of indirect pathway CD4+ T cells in
providing help to CD8+ T cells remains elusive, the role of the indirect recognition
pathway CD4+ T cells in providing help to CD8+ T cells might be limited32,42. Indirect
pathway CD4+ T-helper cells seem to play a more pronounced role in the formation
of HLA-specific antibodies by providing B cell help. Recent studies suggest that
follicular T-helper cells are presumably the relevant CD4+ T cell subset involved
in providing help to B cells43-45. In this process of providing help, mismatched HLA
is internalized and processed in B cells of the recipient (Figure 3). The B cell can
subsequently present mismatched HLA-derived epitopes on HLA class II molecules. When CD4+ T cells recognize mismatched HLA-derived epitopes presented
by the B cells, CD4+ T cells produce cytokines and provide costimulation towards
HLA antibodies

Donor
organ

Plasma cell

B cell

Cytotoxic T cell

T-helper cell

T-helper cell

T cell

Figure 2: Indirect recognition of allo-HLA by CD4+ T cells may impact graft function.
Both HLA antibody responses and T cell responses may induce kidney graft damage. On one hand,
CD4+ T-helper cells may after recognizing mismatched HLA presented by recipient antigen-presenting
cells, provide help to allo-HLA-specific cytotoxic T cells, thereby facilitating graft-directed CD8+ T cell
responses. On the other hand, CD4+ T-helper cells may activate B cells and induce IgM-to-IgG isotype
switching via the indirect recognition of mismatched HLA presented by HLA class II on the cell surface
of B cells. This T cell help may induce the production of HLA-specific antibodies, which may result in
graft injury.
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B cells, resulting in differentiation of naive B cell into memory B cells and plasma
cells, proliferation, and IgM-to-IgG isotype switching46. Thus, to form IgG HLA-specific antibodies, B cells need to be activated by CD4+ T cells. In this process of HLA
antibody formation, the B cell and the CD4+ T cell respond to epitopes located on
the same antigen, a phenomenon designated as linked recognition47.
Several studies have shown that indirect T cell allorecognition indeed plays a
pivotal role in HLA antibody formation44,46,48,49; the production HLA antibodies of
the IgG isotype was only achieved via the indirect T cell allorecognition pathway49.
Thus, indirect CD4+ T cell recognition is required for the formation of donor-specific
isotype-switched HLA antibodies and, consequently, may impact graft function after
transplantation.

HLA MATCHING STRATEGIES
Minimizing the number of HLA mismatches between donor and recipient is a classical and a powerful method to avoid B cell- and T cell-mediated alloreactivity
after transplantation50-52. Although the number of HLA mismatches is a potent
indicator of post-transplantation complications, recent studies suggest that this
method may be further refined by assessing the immunogenicity of individual HLA
T cell recipient

Costimulation
Cytokines

B cell recipient

Donor- specific IgG
antibodies

Figure 3: T cell help plays a role in HLA antibody formation.
Mismatched HLA can be taken up by the B cell of the recipient. Upon intracellular processing, mismatched
HLA-derived epitopes can be loaded on HLA class II molecules on the cell surface of B cells. Upon
B-T cell interaction, CD4+ T cells will provide help to B cells by providing costimulation and cytokines,
resulting in differentiation and proliferation of B cells and IgM-to-IgG isotype switching. This T cell help
leads to the production of mismatched HLA-specific IgG antibodies.
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mismatches53,54. The immunogenicity of individual HLA mismatches is highly diverse;
some HLA mismatches can be classified as high-risk HLA mismatches (designated
as unacceptable or non-permissible HLA mismatches) and lead to severe clinical alloreactivity, whereas other HLA mismatches are well-tolerated (designated
as acceptable or permissible HLA mismatches)28,29,55,56. This variable immunogenicity of individual HLA mismatches have been described for both hematopoietic
cell transplantation28,29 and solid organ transplantation settings55,56, indicating that
knowledge about the permissibility of individual HLA mismatches can be used to
avoid B cell- and T cell-mediated alloimmune responses and thus further improve
transplant outcome after solid organ transplantation.
Over the last decades, identified HLA alleles have been extensively characterized with regard to their three-dimensional structure and their exact amino acid
sequence54. This extensive characterization allowed the identification of functional
epitopes on HLA that are involved in the alloimmune response after transplantation57,58. Some of these epitopes can be present on multiple HLA antigens57. Epitopes
that are shared between donor and recipient will not induce alloimmune responses,
whereas epitopes that are mismatched between donor and recipient may induce
alloimmune responses. Therefore, quantifying the epitope load between donor and
recipient (i.e. the number of mismatched epitopes) instead of counting the total
number of HLA mismatches may be a more sophisticated method to determine
donor-recipient compatibility, as this method allows the definition of the permissibility of individual HLA mismatches58-61. The concept in which epitopes are used
for recipient-donor matching, rather than the number of HLA mismatches, is designated as epitope-based HLA matching54.
Initially, epitope-based HLA matching focused on differences in B cell epitopes
between donor and recipient62-64. B cell epitopes are small polymorphic amino acid
patches on the molecular surface of HLA, which serve as antibody-antigen recognition sites62-64. These polymorphic amino acid patches, designated as eplets, can be
predicted using the HLAMatchmaker algorithm62-64. More recently, the PIRCHE algorithm (Predicted Indirectly ReCognizable HLA Epitopes) was established to identify
mismatched HLA-derived epitopes that can be recognized by T cells via the indirect T cell recognition pathway65.

PREDICTION OF INDIRECT T CELL RECOGNITION – THE
PIRCHE ALGORITHM
Since indirect T cell recognition plays a pivotal role in graft failure after solid organ
transplantation, identification of mismatched HLA-derived peptides that can be
recognized by indirect pathway T cells allows assessment of the permissibility
of HLA mismatches. Given the highly polymorphic character of HLA, identifying
15
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these indirectly recognizable T cell epitopes in vitro or in vivo for each individual
donor-recipient combination is impossible. Therefore, the PIRCHE algorithm has
been established. This in silico algorithm predicts for each donor-recipient combination which mismatched HLA-derived epitopes can be presented in the context of
HLA65. The mismatched HLA-derived epitopes that can be presented on HLA are
designated as PIRCHE. In the PIRCHE algorithm, both presentation of PIRCHE on
HLA class I and on HLA class II can be predicted. PIRCHE presented on HLA class
I is designated as PIRCHE-I, whereas PIRCHE presented on HLA class II is designated as PIRCHE-II65. Thus, PIRCHE-I and PIRCHE-II classification is irrespective of
the origin of the HLA mismatch; PIRCHE-I and PIRCHE-II can be derived from both
HLA class I and HLA class II mismatches.
In order to elicit indirect T cell recognition, mismatched HLA needs to be processed
into peptides and these peptides need to be presented on HLA class I or II molecules. For determination of PIRCHE-II, both steps are predicted using NetChop
and the NetMHCpan algorithm65-69. For determination of PIRCHE-II, only binding of
mismatched HLA-derived peptides to HLA is predicted using the NetMHCII-pan
algorithm, as the peptide processing patterns for HLA class II presentation cannot
reliably predicted65,70. In the PIRCHE calculations, only epitopes that differ at
least a single amino acid between donor and recipient are counted as PIRCHE65.
Mismatched HLA-derived epitopes that are present in HLA of the donor and in HLA
of the recipient are considered self-epitopes. Since T cells specific for ‘self’ are
suppressed or deleted during thymic selection, these self-epitopes cannot serve
as PIRCHE65.
For each individual donor-recipient combination the total number of PIRCHE can be
calculated, which reflects the total antigenic load for that specific donor-recipient
combination. Theoretically, the total number of PIRCHE is related to the degree of
T cell recognition; high PIRCHE numbers are expected to be associated with a high
risk for alloreactivity, whereas low PIRCHE numbers are expected to be associated
with a low risk for alloreactivity. Thus, by counting the number of PIRCHE-I and
PIRCHE-II for a certain donor-recipient HLA combination, the CD4+ and CD8+ T cell
alloreactieve potential can be estimated, where high PIRCHE-I numbers are theoretically associated with a high level of CD8+ T cell alloreactivity and high PIRCHE-II
numbers are theoretically associated with a high level of CD4+ T cell alloreactivity.

AIM AND OUTLINE OF THIS THESIS
Previous studies have shown that the PIRCHE algorithm can be used to identify
permissible HLA mismatches in hematopoietic cell transplantation71-74. In addition to
hematopoietic cell transplantation, the PIRCHE algorithm may also be applicable in
solid organ transplantation. As mentioned previously, indirect CD4+ T cell allorecog-
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nition of mismatched HLA plays a pivotal role in HLA antibody formation after solid
organ transplantation. Since PIRCHE-II is theoretically associated with indirect CD4+
T cell alloreactivity, PIRCHE-II may play a role in HLA antibody formation in HLA
sensitizing settings, including transplantation and pregnancy. Indeed, as already
shown before, the number of PIRCHE-II was related to HLA antibody formation after
kidney transplantation75. The aim of this thesis was to further unravel and improve
the applicability of the PIRCHE-II algorithm as epitope-based HLA matching method
in solid organ transplantation and to investigate the role of PIRCHE-II in HLA antibody formation and graft failure during several HLA sensitizing events.
This thesis consists of two parts. In Part I we further improved the PIRCHE infrastructure to facilitate the clinical application of the PIRCHE-II algorithm. In Part II we
describe how we might apply the PIRCHE-II algorithm in different HLA sensitization
settings.
Part I: The PIRCHE methodology
In addition to the PIRCHE algorithm, several in silico and in vitro models have been
described that can be used to identify permissible HLA mismatches. Chapter 2
reviews the current knowledge about HLA-directed alloreactivity and gives an
overview of the in silico and in vitro models that can be used to predict alloreactivity,
including the PIRCHE algorithm. After this introduction on the PIRCHE algorithm, the
PIRCHE infrastructure was extended and improved to facilitate clinical application
of the algorithm. The PIRCHE algorithm requires sufficient information to be able
to calculate PIRCHE numbers. Therefore, the complete amino acid sequence has
to be available to exactly identify the amino acid polymorphisms between donor
and recipient. The complete amino acid sequence is required at two levels: [1] the
complete amino acid sequences of all identified HLA alleles need be available for
setting-up the PIRCHE database, and [2] high- or allelic-resolution HLA typing of
both donor and recipient need to be available as input for the PIRCHE algorithm, as
serological typing does not provide detailed information on the exact allelic variation between HLA alleles. Since the HLA database often contains incomplete amino
acid sequences and HLA typing data in solid organ transplantation settings are
often restricted to serological/low-resolution level, we used different approaches
to identify the amino acid polymorphisms between HLA alleles. To solve the first
problem, we used an automated nearest-neighbor-based approach to extrapolate incomplete HLA sequences that were present in the IMGT/HLA database to
obtain the complete amino acid sequence of these incomplete HLA sequences.
This method is described and validated in chapter 3. To solve the second problem,
we developed a computational approach to calculate PIRCHE-II values using serological split level HLA typing as input for the algorithm. This approach is described
and validated in chapter 4.
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Part II: Application of the PIRCHE-II algorithm in HLA sensitizing events
In the second part of this thesis we investigated the role of PIRCHE-II on HLA antibody
formation and graft failure in different settings. In a previous study we demonstrated
that donor-derived PIRCHE-II presented by recipient HLA class II plays a role in de
novo donor-specific HLA antibody formation after kidney transplantation75. Since a
relatively small number of recipients were included in this study, we validated the
observations in a cohort of pregnant women. Pregnant women are an appropriate
cohort to validate the previous observations, as pregnant women can develop
HLA antibodies directed towards inherited paternal HLA antigens of the fetus76.
In chapter 5 we investigated the role of PIRCHE-II in HLA antibody formation after
successful pregnancies that were not preceded by previous miscarriages. In the
next two chapters we shifted from pregnancy to two different solid organ transplantation settings. First, we evaluated the possible association between PIRCHE-II and
kidney graft failure. In chapter 6 we describe PIRCHE-II as a tool to identify permissible HLA mismatches in kidney transplantations. The relation between PIRCHE-II
and HLA antibody formation was subsequently studied in pancreas and pancreatic
islet transplantation in chapter 7. In the next chapter we shift back again to the
pregnancy setting. In chapter 8 we show that a previous miscarriage has a differential effect on HLA antibody formation after a subsequent successful pregnancy
compared to a previous successful pregnancy. This differential effect of a previous
miscarriage may have further implications in the transplantation field. Finally, all the
data has been summarized and discussed in the general discussion of chapter 9.
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ABSTRACT

H

uman Leukocyte Antigen (HLA) mismatching leads to severe complications after
solid organ transplantation and hematopoietic cell transplantation. The alloreactive responses underlying the post-transplantation complications include both
direct recognition of allogeneic HLA by HLA-specific alloantibodies and T cells, and
indirect T cell recognition. However, the immunogenicity of HLA mismatches is highly
variable; some HLA mismatches lead to severe clinical B cell- and T cell-mediated
alloreactivity, whereas others are well-tolerated. Definition of the permissibility of
HLA mismatches prior to transplantation allows selection of donor-recipient combinations that will have a reduced chance to develop deleterious host-versus-graft
responses after solid organ transplantation and graft-versus-host responses after
hematopoietic cell transplantation. Therefore, several methods have been developed to predict permissible HLA-mismatch combinations. In this review we aim to
give a comprehensive overview about the current knowledge regarding HLA-directed alloreactivity and several developed in vitro and in silico tools that aim to
predict direct and indirect alloreactivity.
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INTRODUCTION
Human Leukocyte Antigen (HLA) matching significantly reduces the risk of graft
rejection and graft failure after solid organ transplantation1-3 and graft-versus-host
disease (GvHD) after hematopoietic cell transplantation (HSCT)4-9. These pathological conditions evolve due to an alloreactive immune response that is initiated
through interaction of allogeneic HLA with antibodies or the T cell receptor (TCR).
The subsequent immune response directed against allogeneic HLA impairs transplant outcome, emphasizing the need to avoid alloreactive responses after transplantation.
The highly polymorphic HLA system can subdivided into two major classical classes:
HLA class I and HLA class II. In general, HLA class I molecules (HLA-A, -B, -C) present endogenous peptides of 8-11 amino acids in length that can be recognized by
CD8+ T cells, while HLA class II molecules (HLA-DR, -DQ, -DP) present exogenous
peptides of 13-18 amino acids in length that can be recognized by CD4+ T cells.
HLA class I molecules consist of a polymorphic alpha chain and a non-polymorphic
beta-2-microglobulin, and have a rather closed peptide binding groove. On the
other hand, HLA class II molecules consist of a polymorphic alpha and beta chain,
and have a more open structure.
Acquiring HLA-matched donors for transplantation is very challenging, due to the
high level of polymorphisms in the HLA system. HLA-incompatible transplantations can therefore not be avoided for a large number of patients. In those cases
where a fully HLA-matched donor is not available, there is a clinical need to predict
whether a certain HLA mismatch will elicit severe B cell- and T cell-mediated alloreactive responses or not. There is cumulating evidence that these high-risk HLA
mismatches (so-called non-permissible mismatches/unacceptable mismatches)
and well-tolerated HLA mismatches (so-called permissible mismatches/acceptable mismatches) exist, as epidemiological studies have shown that permissibility
of HLA-mismatched combinations is highly variable6,7,10. For example, HLA-B*44:02
and HLA-B*44:03 mismatching leads to the induction of allospecific CD8+ T cells
in vitro11 and bone marrow-allograft rejection in vivo12. The amino acid sequences
of HLA-B*44:02 and HLA-B*44:03 differ only in one amino acid13, indicating that
even small amino acid changes between HLA molecules can result in major alloreactive immune responses after transplantation. On the other hand, HLA class I
mismatches that are highly diverse may well be tolerated in HSCT14. Differences
in permissibility between HLA-mismatched combinations may be explained by a
different impact of amino acid polymorphisms on peptide-binding features. Some
amino acid sequence polymorphisms will alter peptide-binding motifs and peptide:HLA complex conformation, thereby potentially inducing alloreactive immune
responses, while others will not alter peptide:HLA landscapes.
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Characterizing the permissibility of HLA mismatches prior to transplantation allows
selection of the most optimal donor-recipient match, and thereby will help to diminish the risk of post-transplantation complications after HLA-incompatible transplantations. However, epidemiological studies do not provide a universal tool for
defining permissibility for every HLA-mismatched combination, as these data are
limited to the specific HLA-mismatched combinations studied; very large study populations would be required to study all potential combinations. Several approaches
have therefore been developed to define permissibility of HLA-mismatched combinations; some of these approaches are very useful in predicting alloreactivity. We
here review the current knowledge regarding HLA-directed alloreactivity and the
various in vitro and in silico methods that can be used to predict this alloreactivity.

PATHWAYS OF ALLORECOGNITION
HLA alloreactivity in transplantation involves both B cell- and T cell-mediated
responses. Three mechanisms of alloreactivity directed towards allogeneic HLA
have been described: direct, indirect, and semi-direct allorecognition.
IgG HLA alloantibodies directly recognize intact allogeneic HLA molecules that
are present on the cell surface. These antibodies play a pivotal role in solid organ
transplantation and probably also have a role in HSCT15-18. The humoral response
directed against allogeneic HLA can be established upon exposure to allogeneic
HLA during pregnancies, blood transfusions, or (previous) transplantations. During
this response, allogeneic HLA antigens are internalized by B cells and processed
into peptides. These peptides can subsequently be presented on HLA class II
molecules that are present on the cell surface. Recognition of these HLA class
II-presented HLA-derived epitopes by CD4+ T cells results in B cell activation and
IgM-to-IgG isotype switching19. Donor-specific IgG HLA antibodies (DSA) that are
subsequently produced can bind directly to small polymorphic amino acid residue
patches that are present on the molecular surface of HLA antigens20-22, thereby
inducing rejection of graft tissue/cells, designated as antibody-mediated rejection.
In addition to alloantibodies, alloreactive T cells can also directly recognize intact
allogeneic HLA molecules23. There is compelling evidence that cross-reactive T
cells are involved in direct T cell recognition24-31. These cross-reactive T cells initially
react towards a foreign peptide, for instance a viral peptide, presented by self HLA.
However, these T cells can also respond to allogeneic HLA presenting a self or viral
peptide24-31. Although these cross-reactive T cells can persist over time, direct T cell
recognition is predominantly involved in the acute stage of alloreactivity32.
In contrast to direct T cell recognition, indirect T cell recognition is considered to be
mainly involved in later stages of alloreactivity34. During indirect recognition, T cells
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recognize processed epitopes derived from allogeneic HLA that are presented by
HLA molecules. Indirect T cell recognition is also involved in the formation of HLA
alloantibodies, since T cell recognition of B cell-presented HLA epitopes is required
in this process19,35. Thus, indirect T cell recognition may also partly contribute to early
alloreactivity, as indirect recognition can amplify the direct recognition response.
In semi-direct allorecognition, allogeneic HLA:peptide complexes are transferred from allogeneic cells to autologous dendritic cells, resulting in a chimeric
antigen-presenting cell36. Transfer of allogeneic HLA:peptide complexes can be
achieved through secretion of endosomes containing HLA:peptide complexes37
or through cell-to-cell contact between donor and recipient dendritic cells38. Antigen-presenting cells that acquire intact allogeneic HLA:peptide complexes on
their cell surface may elicit both direct and indirect alloreactive T cell responses.
Although in vivo evidence for the role of the semi-direct allorecognition pathway
in graft rejection and GvHD is limited, it has been shown this pathway is able to
elicit cytotoxic alloimmunity in vitro and in vivo39, and that the transfer of allogeneic
HLA:peptide complexes likely occurs in an in vitro system of GvHD40. These observations suggest that semi-direct allorecognition may be involved in post-transplantation complications.

PREDICTION OF DIRECT HLA RECOGNITION BY ANTIBODIES
Humoral sensitization to HLA class I and class II epitopes and the subsequent production of HLA-specific antibodies can occur upon pretransplant exposure to allogeneic HLA. The presence of DSA before transplantation is related to antibody-mediated rejection, and significantly impairs graft prognosis15,16. Therefore, evaluation
of HLA-sensitizing events (i.e. pregnancies, blood transfusions, and previous transplants) is generally included in standard pretransplantation screening. Pregnancy
is a major contributor to HLA sensitization, as approximately 30% of the pregnancies result in child-specific sensitization towards HLA-A, -B, -C, and/or -DR loci41.
Moreover, the HLA sensitization frequency increases with the number of full-term
pregnancies41. Blood transfusions can induce HLA sensitization in approximately
a third of the solid organ transplantation recipients42. However, blood transfusions
have a less prominent effect on HLA alloimmunization than pregnancy and solid
organ transplantation42,43. In addition to the classical sensitizing events, HLA alloantibodies can also be raised against epitopes in allergens, ingested proteins, and
microorganisms that are cross-reacting with HLA44. Although the presence of these
‘natural’ DSA in kidney recipients is associated with the induction of mild episodes
of antibody-mediated rejection, these patients have favorable graft outcomes45.
Therefore, the existence of these ‘natural’ DSA prior to transplantation is currently
not a contraindication for transplantation45.
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Although DSA-detection methods are important tools for risk assessment prior to
transplantation, pretransplant evaluation of preformed DSA remains challenging.
For example, antibodies might become undetectable at the moment of transplantation due to the decay of antibody levels over time46. The clinical relevance of these
pre-existing low DSA levels is highly variable; some preformed DSA will elicit HLA
alloreactivity in vivo, whereas others will not. Currently used detection methods
may thus not detect the whole repertoire of clinically relevant DSA. Moreover, risk
assessment of high DSA levels is also complicated. The complement-dependent
cytotoxicity (CDC) crossmatch assay (reviewed in47) is a potent manner to measure
the presence of clinically relevant antibodies, whereas other DSA-detection assays,
like the HLA-based enzyme-linked immunoabsorbent assay (ELISA) and Luminexbased assays48,49, provide valuable but limited information about the clinical relevance of identified DSA. Currently, the CDC assay seems to be a potent indicator for alloreactivity, while in vitro DSA-detection methods can further support the
matching procedure for solid organ transplantation. Combining in vitro assays with
an in silico prediction method allows identification of acceptable HLA mismatches
towards which a recipient will likely not develop antibody-mediated responses.
In vitro DSA screening assays
Assessment of humoral sensitization to allogeneic HLA was initially performed by
the CDC crossmatch assay47. This assay measures the presence of preformed or
de novo formed antibodies through their induction of complement-dependent lymphocyte killing. A positive CDC test was associated with a significantly impaired
outcome after kidney transplantation47,50. Despite its potency to mimic the in vivo
situation, CDC crossmatch assays lack sensitivity47 and may show false-positive
results51. To overcome these problems, a more sensitive assay was developed:
the flow cytometry-based crossmatch (FCXM) assay52. However, both FCXM and
the classical CDC crossmatch test correlate equally well to clinical outcome after
kidney transplantation53.
The lack of sensitivity and specificity of cytotoxicity crossmatch assays has led to
development of solid-phase assays, such as the HLA-based ELISA and Luminex
assays48,49. These solid-phase methods, particularly Luminex, are very sensitive
and specific; relevant anti-HLA class I and class II antibody profiles in solid organ
transplant recipients can be identified and monitored over time. Combining antibody profiles that are present in solid organ transplant recipients with HLA typing
of the donor, designated as virtual crossmatching, allows identification of DSA, and
therefore might be useful in risk stratification prior to solid organ transplantation54,55.
Unfortunately, estimation of the clinical relevance of DSA detected with solid-phase
assays remains challenging54, as tools to discriminate between non-detrimental
DSA and deleterious DSA are lacking. Nevertheless, the presence of class I and
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class II DSA detected by Luminex in the absence of positive CDC assay is suggested to be indicative for impaired graft outcome in kidney transplantation56.
HLAMatchmaker
In vitro CDC-based DSA-detection assays have their limitations; these assays are
not suitable to determine HLA-mismatch permissibility for highly sensitized transplantation candidates. Because of the high sensitization levels in those individuals,
CDC assays often become almost completely positive, which complicates selection
of suitable CDC-negative donors that will not elicit HLA alloreactivity in vivo. Therefore, alternative in silico methods were sought to predict acceptability of HLA-mismatched combinations.
An established and well-accepted in silico method is HLAMatchmaker. The in silico
algorithm HLAMatchmaker is based on the principle that HLA-specific alloantibodies can bind to distinct amino acid polymorphisms (immunogenic epitopes) present
on HLA antigens20,21. Multiple polymorphic amino acid residues on the molecular
surface of HLA antigens have been identified. Some of these residues are inaccessible for antibodies, since they are located near the cell membrane or within peptide-binding groove of the HLA molecule, while other residues are fully accessible
for antibodies20,21. HLAMatchmaker uses this knowledge to predict which HLA mismatches are not able to induce complications in transplantation recipients by defining the acceptable mismatches20,21. Initially, HLAMatchmaker defined immunogenic
epitopes as antibody-accessible, linear sequences of amino acid polymorphisms
(triplets)20,21. Triplets that are present in donor HLA antigens, but not in the recipient
HLA antigens, were considered to elicit humoral responses20,21. On the other hand,
triplets that are present in both donor and recipient HLA antigens were considered as acceptable20,21. Thus, HLAMatchmaker provides a tool for identification of
acceptable HLA mismatches.
The clinical applicability of HLAMatchmaker in matching strategies has been extensively evaluated. It has been shown that the triplet version of HLAMatchmaker is a
potent indicator for the presence and magnitude of allogeneic HLA-directed antibody responses in renal transplantation and during pregnancy57,58. In contrast, the
number of triplet mismatches was not indicative for the induction of T cell alloreactivity59. This lack of correlation between triplets and T cell alloreactivity is probably
caused by alternative epitope binding by T cells or by the involvement of larger
polymorphic sequences in T cell alloreactivity59. With regard to HSCT, the number
of triplets did not correlate to acute GvHD, engraftment, or survival60.
Despite its applicability in HLA matching strategies, the triplet version of HLAMatchmaker represents an incomplete repertoire of immunogenic epitopes, as only linear
sequence positions are implemented22. This hiatus has resulted in the development
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of a redefined version of HLAMatchmaker that identifies eplets22. Eplets are immunogenic HLA epitopes that are critical for antibody binding and consist of polymorphic amino acid patches located at the molecular surface of HLA molecules22.
These polymorphic patches may consist of polymorphisms in linear sequence
positions and three-dimensional polymorphic patches in discontinuous sequence
positions. Therefore, implementation of eplets into the algorithm has led to a more
accurate definition of structural HLA epitopes.
Evaluation of the eplet version of HLAMatchmaker has shown a similar performance
in predicting allogeneic HLA acceptability compared to the triplet version58. Nevertheless, the eplet version of HLAMatchmaker provides further discrimination of
highly divergent HLA specificities58. Although conflicting results were reported with
regard to the prognostic information that is provided by HLAMatchmaker on graft
outcome61-65, it is generally accepted that HLAMatchmaker is a suitable tool to analyze serum antibodies and to identify acceptable mismatches in solid organ transplantation65. However, HLAMatchmaker is inappropriate for HSCT donor selection60.
In addition to the number of eplets as determined by HLAMatchmaker, additional
determinants can be used to define allogeneic HLA acceptability, for instance physiochemical properties of polymorphic amino acids66. Differences in physiochemical
properties between mismatches, including electrostatic potential and hydrophobicity, are useful to predict HLA class I- and class II-specific alloantibody responses
prior to solid organ transplantation66-68. With higher physiochemical disparity
between HLA mismatches, the risk of antibody development increases after kidney
transplantation66-68. These observations suggest that differences in physiochemical
properties between polymorphic amino acids may be relevant in defining acceptable HLA mismatches. However, evidence to support clinical relevance is currently
lacking.

PREDICTION OF DIRECT T CELL RECOGNITION
The presence of T cells directly recognizing intact allogeneic HLA molecules was
previously shown in individuals suffering from graft rejection after solid organ transplantation69,70 and GvHD after HSCT71. There is compelling evidence that direct T cell
alloreactivity results from cross-reactive T cells that are initially primed by a foreign
peptide, for instance a viral peptide24-31. For example, the HLA-B*08:01-presented
EBV peptide FLRGRAYGL is recognized by an EBV-specific TCR72, that possesses
cross-reactive capacities towards HLA-B*44:02-presented peptide EEYQAFTY24,73.
Thus, the HLA-B*08:01-presented peptide FLRGRAYGL elicits a public immune
response. During a public immune response, the immune response directed against
an identical epitope is dominated by T cells expressing similar TCRs in multiple
subjects74. Since virus-specific T cells can be detected in high levels in healthy indi-
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viduals75, it is likely that cross-reactive virus-specific T cells may be present in both
solid organ transplantation recipients and HSCT donors prior to transplantation.
The presence of virus-specific T cells that are cross-reactive with allogeneic HLA
in these individuals may significantly contribute to complications after transplantation. However, most virus-specific T cell responses do not have the propensity to
induce public TCR responses nor predictable cross-reactivity with allogeneic HLA76.
A single viral infection can therefore result in the establishment of multiple T cells
that are cross-reactive to multiple HLA molecules, whereas other viral infections do
not give rise to these cross-reactive T cells. In addition, virus-specific T cells with the
same antigen specificity, but different TCRs, elicit different unpredictable patterns
of alloreactivity26,77.
The molecular mechanism behind T cell cross-reactivity is complex and currently
incompletely understood. T cell cross-reactivity assumably arises due to structural
homology of HLA:peptide complexes (reviewed in76) rather than sequence homology of the presented peptides. Despite their sequence dissimilarity, the structure
of FLRGRAYGL and EEYQAFTY epitopes in the context of their presenting HLA
molecules is quite similar73. Therefore, molecular mimicry likely attributes to the
observed cross-reactivity between these epitopes. On the other hand, cross-reactive TCR in mice can dock to self MHC:peptide complexes in a different orientation
than to allogeneic MHC:peptide complexes, suggesting that cross-reactivity can
be established without molecular mimicry78. Thus, direct alloreactivity is a complex
immune response that can only partially be explained by molecular mimicry. Since
the molecular mechanism behind direct T cell recognition is poorly understood,
prediction of alloreactivity based on viral history is complex. Knowledge about
viral history is therefore not sufficient to predict direct T cell alloreactivity directed
towards allogeneic HLA. Since direct T cell allorecognition was studied intensively
over the past decades, several alternative approaches to predict direct T cell alloreactivity in vitro and in silico have been developed.
Cytotoxic T lymphocyte precursor assays
Cytotoxic T-lymphocyte precursor assays (CTLp) determine permissibility of HLA
mismatches through in vitro evaluation of effector cytotoxic T cell induction. This
Chromium 51 (51Cr) release-based assay, initially described by Brunner et al.79, estimates cytotoxic T cell activity directed against allogeneic HLA80. Further development of this assay has resulted in an assay that estimates the extent of alloreactive T
cell responses directed towards allogeneic HLA80. Since individual allogeneic HLA
antigens can be linked to CTLp frequencies, these assays are a useful approach to
distinguish between permissible and non-permissible mismatches in vitro81. More
importantly, a high CTLp frequency correlates reasonably well with clinical outcome
in vivo; high CTLp frequencies were associated with graft rejection after solid organ
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and tissue transplantation71,82,83, and with GvHD and impaired survival after allogeneic HSCT80,81,84. Association between graft failure and the presence of primed cytotoxic T lymphocytes in sensitized transplant candidates (e.g. women after previous
pregnancy) was shown as well85.
Despite the usefulness of CTLp assay in estimating T cell alloreactivity, the time-consuming and laborious character of this assay is a major drawback80. In order to overcome these disadvantages, alternative in silico approaches have been sought that
mimic the CTLp assay result86. To this end, amino acid polymorphisms at TCR-recognition and peptide-binding regions between HLA class I mismatches were analyzed for their physiochemical and/or position characteristics and were correlated to
CTLp outcome86. These analyses resulted in the establishment of a novel algorithm,
which aims to predict HLA class I mismatch-specific CTL alloreactivity86. Although
the algorithm can predict CTLp outcome reasonably well, usage of this model for
donor selection seems limited; this tool does not predict GvHD development in
patients receiving HSCT87.
T cell epitope model
The first clinically relevant model that successfully estimates the effect of direct
recognition in HSCT has recently been developed. This HLA-DPB1-restricted model
is designated as the T cell epitope (TCE) model88. This model has been based on
in vitro data from two alloreactive T cell clones isolated from an HSCT patient with
graft rejection due to an HLA-DPB1 mismatched graft88. Membrane-bound intact
HLA was essential for recognition of the HLA-DPB1 mismatch by the alloreactive T
cell clones; the clones did not respond to B-lymphoblastoid cell lines transduced
with a truncated mismatched-HLA-DPB1 construct that did not lead to cell-surface
expression of HLA-DPB188. Thus, it seems likely that these two alloreactive T cell
clones recognized the HLA-DPB1 mismatched antigen in a direct manner.
In order to identify patterns of recognition of other alleles, the T cell clones were
further tested for their recognition of other HLA-DPB1 alleles88. Alleles were divided
into three different immunogenic levels: highly immunogenic (i.e. both clones recognized the alleles), intermediate immunogenic (i.e. one of the clones recognized
the allele but the other did not), or non-immunogenic (i.e. both clones did not recognize the allele). Since testing of all HLA-DPB1 alleles in vitro is very time-consuming,
the immunogenicity of other HLA-DPB1 alleles was extrapolated, based on similarities between the peptide-binding grooves of the in vitro tested alleles and the
not-tested HLA-DPB1 alleles.
Subsequently, HLA-DPB1 mismatches were labeled as permissive or non-permissive based on their immunogenic level and the concept of thymic education. For
example, when the HLA-DPB1 allele of the donor belongs to the highly immuno38
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genic group, then donor T cells should be educated not to respond to HLA-DPB1
alleles belonging to the highly immunogenic group, and, in theory, will also not
respond to lower immunogenic alleles. Therefore, when the recipient has an HLADPB1 allele belonging to the same or a lower immunogenic group, then the HLADPB1 mismatch will be permissive in the graft-versus-host (GvH) direction. On the
other hand, since the HLA-DPB1 allele of the recipient is not immunogenic, recipient
T cells are able to respond to (higher) immunogenic alleles of the donor. Thus, such
mismatches are non-permissive in the host-versus-graft (HvG) direction.
Non-permissive mismatches defined by the TCE model are highly correlated to alloreactivity as reflected by GvHD, graft rejection, and transplant-related mortality after
HLA-DPB1-mismatched HSCT4,88-90. Counterintuitively, in these situations, the direction of the non-permissiveness appears not to be important: both HvG and GvH
non-permissive mismatches lead to alloreactivity in the GvH direction (i.e. GvHD)4,89.
Therefore, both HvG and GvH non-permissive mismatches are considered as overall non-permissive4,89. The underlying biology of this bidirectional non-permissiveness is currently poorly understood.
HistoCheck
The in silico model HistoCheck has been developed to estimate T cell alloreactivity
between HLA class I and class II mismatches91. HistoCheck calculates a matching
score for any donor-recipient combination based on their HLA typing, the so-called
sequence-similarity matching score91. The sequence-similarity matching score is
determined by comparing differences in amino acids between HLA alleles with
regard to their functional similarity and their location in the HLA molecule; amino
acid positions involved in TCR recognition and HLA-peptide binding are implemented in the sequence-similarity matching score91. As a high sequence-similarity
matching score represents a high level of dissimilarity between donor and recipient91, correlation of the sequence-similarity matching scores with clinical outcome
was expected. However, HistoCheck is not indicative for transplant outcome in vivo,
as sequence-similarity matching scores showed no correlation with GvHD after
HSCT92-94. The inability of HistoCheck to be indicative for T cell alloreactivity may be
explained by several limitations of this model: HistoCheck does not integrate the
presence of alloreactive donor T cells nor viral history in its algorithm. Additionally,
the concepts of aforementioned molecular mimicry between HLA:peptide complexes and unconventional docking of TCR are not included in HistoCheck. Since
these aspects of direct T cell recognition are complex and not fully understood,
establishment of reliable, clinically relevant tools to predict direct T cell recognition
remains challenging.
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Prediction based on specific amino acid changes
An alternative approach to predict direct T cell alloreactivity is to analyze the impact
of amino acids at certain locations within HLA molecules. Several amino acid substitutions in the peptide-binding domain of HLA class I molecules are related to an
increased risk of GvHD6, whereas other amino acid substitutions are related to a
diminished relapse risk7. The effect of specific amino acid changes on alloreactivity
was recently investigated in a large cohort95. In this study, the impact of changes on
HLA class I positions 9, 99, 116, and 156 for peptide binding alteration and position
77 for killer cell immunoglobulin-like receptor binding was investigated in recipients of an allogeneic HSCT with a single allelic mismatch at either the HLA-A, -B,
or -C locus95. Particularly amino acid changes at position 116 in HLA-C were associated with an increased acute GvHD risk95,96, but also changes at position 99 for
HLA-C and position 9 for HLA-B were associated with clinical T cell alloreactivity95.
By determining the effect of specific amino acids within the HLA molecule, multiple
amino acid positions have been identified that influence transplantation outcome;
this knowledge may be used for donor selection.

PREDICTION OF INDIRECT T CELL RECOGNITION
Indirect recognition of allogeneic HLA acts via presentation of peptides derived
from allogeneic HLA molecules. Over 350 of these indirectly recognizable HLA-derived peptides have been eluted from HLA97. T cells recognizing these peptides
likely play a role in alloreactivity; the erection of indirectly recognizing T cells after
solid organ transplantation was strongly correlated to both acute98-100 and chronic
graft failure100,101. Furthermore, the presence of circulating T cells recognizing allogeneic HLA epitopes in an indirect manner was predictive of rejection99. As mentioned previously, indirect T cell recognition is considered to be a slower alloreactive response than direct T cell recognition33,34. The proposed slower rate of indirect
T cell recognition may be related to the idea that indirectly recognizing T cells arise
from the naive pool, whereas directly recognizing T cells likely evolve from the
memory pool, as the latter T cells are supposedly cross-reactive102. Since direct recognition has received most attention historically, not many methods are available to
predict indirect recognition of HLA disparities; there is no in vitro system available,
and only one in silico model.
PIRCHE model
We have recently developed a model for in silico prediction of indirectly recognizable HLA-derived peptides, the so-called PIRCHE model (Predicted Indirectly
ReCognizable HLA Epitopes)103. Indirect T cell recognition that targets allogeneic
HLA depends on HLA-derived peptides that differ between host and graft. In case
of HSCT, these HLA-derived peptides are likely presented on shared HLA. HLA-de40
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rived peptides that are identical between donor and recipient should be ignored
by the alloimmune system, as T cells recognizing these peptides should have been
deleted from the repertoire due to thymic selection. Thus, the HvG reaction of graft
rejection after solid organ transplantation should be evoked by donor-specific peptides, whereas GvHD after HSCT should be evoked by recipient-specific peptides.
We have designated the donor-specific peptides that can be recognized by the
recipient as HvG-PIRCHE, and the recipient-specific peptides that can be recognized by the donor as GvH-PIRCHE.
In order to elicit indirect T cell recognition, allogeneic HLA proteins need to be
processed into peptides and these peptides need to be presented on HLA. Since
both steps are determined by certain motifs in the protein sequences, both antigen processing and antigen presentation pathways can be predicted via several
(computational) tools104-118. Our PIRCHE model uses these predictions to define permissibility of HLA mismatches. For HLA class I peptide presentation (designated
as PIRCHE-I), the PIRCHE model first determines proteasomal cleavage of all HLA
molecules of the donor and recipient into peptides and transport of those peptides
via the transporter associated proteins (TAP) into the endoplasmatic reticulum (ER).
Subsequently, the binding affinities of the predicted cleavage products to HLA class
I alleles are predicted. Prediction of HLA class II-presented epitopes (PIRCHE-II) is
restricted to HLA-binding affinity predictions of peptides, since (enzymatic) cleavage patterns have not been clearly defined yet.
On the basis of their performance, we implemented NetChop, NetMHCPan, and
NetMHC-II or NetMHCIIPan104-107, in our PIRCHE model to predict the number of
PIRCHE-I and PIRCHE-II. NetChop is a potent predictor of proteasomal cleavage
and TAP transport, whereas NetMHCPan predicts binding affinity to HLA class I.
NetMHC-II can predict peptide binding to HLA class II alleles for which binding data
exist, whereas for NetMHCIIPan these data were extrapolated to other alleles. Both
HLA class I- and HLA class II-binding predictors have good predictive capacities104,
and are frequently used to identify viral epitopes119.
The first construction of the PIRCHE model was based on predicting HLA class I-derived peptide presentation on HLA-DR, and used the binding affinity predictions of
NetMHC-II103. After kidney transplantation with HLA class I mismatches, mismatches
that led to allogeneic HLA-specific antibody production correlated to higher numbers of HvG-PIRCHE-II compared to mismatches that did not lead to antibody
production103, suggesting that indirect recognition of HLA-derived epitopes was
required for HLA-specific IgG antibody production. For HSCT, the situation is more
difficult, as alloreactivity post-HSCT not only involves CD4+ T cell recognition and
stimulation of B cells, but clearly involves CD8+ T cell recognition of alloantigens as
well120. The PIRCHE model was therefore extended to PIRCHE-I predictions. Moreover, usage of NetMHCIIPan was incorporated, as NetMHC-II can only predict bind41
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ing to a limited number of HLA-DR alleles. Indeed, after HLA-mismatched HSCT,
high numbers of both GvH-PIRCHE-I and -II are correlated to clinical alloreactivity
(Thus et al., manuscripts in preparation).
In the current PIRCHE model we regard any difference in presentable peptides
derived from donor-versus-recipient alleles as a PIRCHE (i.e. only one amino acid
difference is regarded a difference). The model can likely be improved when the T
cell recognition is more specifically elucidated. It is well known that some positions
of peptides are more important in TCR binding than others121,122, as amino acids that
are lying deep inside the peptide binding groove of the presenting HLA molecule
are likely not seen by the TCR. Furthermore, polymorphisms leading to different
peptide properties (e.g. polar versus nonpolar, hydrophobic versus hydrophilic) may
lead to more pronounced T cell recognition. These refinements are currently being
studied for their effect on the predictive potential of the model.

CONCLUSION
HLA mismatches can cause severe post-transplantation complications such as graft
rejection1 and GvHD5. In these complications, the induction of both antibody production and T cell recognition may play a role. Interestingly, permissibility of HLA-mismatched combinations is highly variable; some mismatches are poorly tolerated,
whereas others are highly permissible. Although the degree of HLA amino acid
sequence disparity varies largely amongst different HLA mismatches depending on
the allelic versus antigenic nature of the mismatch and the HLA locus, the number
of polymorphic amino acid residues in itself is not predictive for the permissibility
of HLA-mismatched combinations, as multiple additional factors are involved. Both
the nature and the position of the amino acid polymorphisms within the mismatched
HLA, as well as their effect on neighboring amino acids determines the permissibility of HLA-mismatched combinations. Several approaches have been developed
to predict the permissibility of HLA mismatches, thereby aiming to improve donor
selection procedures. The objective of all these approaches is to predict the development of above-mentioned antibody and T cell recognition of allogeneic HLA.
Several well-established in vitro assays can be used to detect DSA that are related
to impaired graft survival. In addition to these assays, HLAMatchmaker is a well-validated tool to identify which HLA mismatches do not induce alloreactive humoral
responses in transplantation recipients20. Although HLAMatchmaker is a powerful
predictor for acceptable HLA mismatches in solid organ transplantation, this tool is
not suitable for predicting HLA permissibility in the setting of HSCT60.
With regard to direct T cell recognition, the risk for clinical alloreactivity can be
estimated with the in vitro CTLp assay80. In addition to this in vitro assay, several
approaches aim at predicting direct recognition-based T cell alloreactivity. For
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example, the TCE model can assess non-permissive HLA-DPB1 mismatches for
HSCT88. The relevance of the TCE model has not yet been investigated in solid
organ transplantation. Practically, one should note that HLA-DPB1 is rarely typed
prospectively in the setting of solid organ transplantation, as donor availability is
more restricted than for HSCT. Although HistoCheck has been developed to estimate direct recognition in silico for all HLA loci, this model does not correlate to alloreactivity in vitro nor in vivo93. Alternatively, several studies have identified amino
acid positions that are influencing transplantation outcome95; this information can
be implemented in donor selection procedures.
Indirect T cell recognition can be predicted with the in silico PIRCHE model103. This
model predicts HLA-derived epitopes that can be presented on HLA class I and II.
Both PIRCHE-I and -II are well correlated to alloreactivity after HSCT. With regard to
PIRCHE-II, increasing numbers of PIRCHE-II are correlated to antibody production
after solid organ transplantation103.
Alloreactivity after transplantation can unlikely be attributed to one single pathway
of HLA recognition. To determine the relative contribution of direct and indirect
recognition, combining the different methods of predicting alloreactivity would be
of interest. Direct and indirect recognition may act synergistically and therefore the
combination of a positive CTLp assay and a high number of PIRCHE may lead to a
more pronounced alloreactive response. Furthermore, combining the PIRCHE and
the TCE model for HLA-DPB1 mismatches might allow identification of HLA-DPB1
mismatches recognized in both a direct and indirect manner. Moreover, a combination of low PIRCHE-II and low number of eplets as determined by HLAMatchmaker
may be favorable in solid organ transplantation.
In conclusion, over the past decades, many approaches have been developed to
predict alloreactivity after transplantation in vivo, some attempts leading to more
successful predictors than others. The failure of multiple tools to predict alloreactivity is not surprising, as knowledge about alloreactivity is still limited. However, multiple approaches seem to be clinically relevant and some are currently implemented
in clinical practice. Further improvement of the definition of HLA-mismatch permissibility, and implementation of these definitions into the donor-selection procedure,
will eventually lead to reduced alloreactivity, thereby improving clinical outcome
after solid organ transplantation and HSCT.
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ABSTRACT

T

he IMGT/HLA database contains every publicly available HLA sequence. However, most of these HLA protein sequences are restricted to the alpha-1/alpha-2
domain for HLA class I and alpha-1/beta-1 domain for HLA class II. Nevertheless,
also polymorphism outside these domains may play a role in alloreactivity after
transplantation. Several computational algorithms that aim for predicting alloreactivity after transplantation, HLAMatchmaker and the PIRCHE algorithm, require a
major or the whole part of the HLA protein sequence as input for their prediction.
In this study we describe an automated homology-based nearest-neighbor method
to extrapolate incomplete HLA protein sequences. To get insight in the reliability
of our extrapolation method, we performed a 10-fold cross-validation. The majority
of the amino acid positions of the individual HLA class I and class II proteins were
correctly predicted. Eplets as defined by HLAMatchmaker were located both at
correctly predicted as well as at lower reliably predicted amino acid positions. Moreover, six out of seven completely sequenced HLA alleles with previously unknown
exon sequences were in agreement with the extrapolated amino acid sequences.
In conclusion, incomplete HLA sequences can be completed by a homology-based
nearest-neighbor principle. Since this method is automated, future submitted
incomplete HLA sequences can easily be extrapolated.
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INTRODUCTION
The Human Leukocyte Antigen (HLA) system is a highly polymorphic system in the
human genome. Up to today, 10,574 HLA class I alleles and 3,658 HLA class II alleles
have been identified1. The high level of polymorphisms in the HLA system limits
the chance of finding HLA-matched donors for transplantation. HLA matching is an
important determinant for transplant outcome after hematopoietic cell transplantation2-10 and solid organ transplantation11-13. Even a single amino acid polymorphism
between donor and recipient might have a detrimental effect on transplant outcome14,15. Therefore, accurate determination of the HLA protein sequences of both
donor and recipient is required.
The IMGT/HLA database contains every publicly available HLA sequence1. Historically, these HLA nucleotide sequences have been identified by using techniques
that focused on the highly polymorphic HLA regions: exon 2 and 3 for HLA class I
and exon 2 for HLA class II. These exons encode for the alpha-1 and alpha-2 domain
of HLA class I and for the extracellular alpha-1 and beta-1 domain of HLA class II
and are therefore strongly involved in antigen-presentation and in interaction with
the T cell receptor or with antibodies. The recent development of Next Generation
Sequencing has improved the accuracy and coverage of HLA sequencing substantially. Nevertheless, the minimal requirements for including new sequences in the
IMGT/HLA database are still exon 2 and 3 for HLA class I and exon 2 for HLA class
II16. Thus, despite the widely available polymorphic sequences in the database, a
large part of these polymorphic sequences are restricted to specific regions of the
HLA allele16.
Although exon 2-3 of HLA class I and exon 2 of HLA class II are more polymorphic than the flanking exons, polymorphisms within these remaining exons may be
relevant in alloreactivity after transplantation as well. Two in silico models that aim
for predicting alloreactivity after transplantation, HLAMatchmaker and the PIRCHE
algorithm, are based on amino acid dissimilarities between donor HLA and recipient
HLA17,18. HLAMatchmaker identifies alloantibody-accessible polymorphic patches on
the molecular surface of HLA molecules, the so-called eplets17,19. Therefore, multiple
exons encoding for the molecular surface of HLA molecules are relevant in this
algorithm. Some eplets have been identified in the alpha-3 domain of HLA class I
molecules, which is encoded by exon 4, e.g. 193PI, 207S, and 267PE. The PIRCHE
algorithm predicts indirect T cell recognition of mismatched HLA-derived peptides
and uses the entire amino acid sequence of the HLA protein18. Inclusion of exons
outside exon 2 and 3 in the PIRCHE algorithm is justified, as several HLA peptides
have been eluded from proteins encoded by the flanking exons20. For example,
the AVLGAVVAV peptide is encoded by exon 5 of HLA-C*14:02 and can serve as
a PIRCHE20. Thus, both HLAMatchmaker and the PIRCHE model use a major part
or the whole part of the HLA protein sequence as input for their prediction and
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consider also polymorphisms in exons outside exon 2-3 for HLA class I and exon
2 for HLA class II as potentially clinically relevant. Therefore, the complete amino
acid sequences of all known HLA alleles are required for a concise prediction of
alloreactivity.
For the PIRCHE algorithm, incomplete sequences that are present in the IMGT/HLA
database were extrapolated using a nearest-neighbor principle that was based
upon amino acid homology using protein alignment algorithms. In the present
study we describe the automated homology-based nearest-neighbor extrapolation
of HLA sequences and we validated these extrapolated HLA sequences to check
whether the extrapolation was successful.

MATERIALS AND METHODS
Nearest-neighbor based extrapolation
The HLA amino acid sequence alignments and the complete list of identified HLA
alleles were obtained from the IMGT/HLA database (IMGT/HLA release 3.20.0; April
2015). Of the incomplete sequences that were present in the database, only twofield HLA alleles were completed, whereas three-field or four-field HLA alleles were
merged together to form the belonging two-field HLA alleles. Also null-alleles that
were incompletely present in the HLA database were completed.
HLA sequences were completed assuming that the highly polymorphic positions
in the HLA allele (i.e. exon 2 and 3 for HLA class I and exon 2 for HLA class II)
were already sequenced and that the missing amino acid positions were less polymorphic than the already sequenced amino acid positions. The workflow of the
automated homology-based nearest-neighbor extrapolation that was used for completing the HLA sequences is depicted in Figure 1. ClustalW version 2.1 was used
to find the nearest-neighbors for the incomplete protein sequences. Alignments
were performed for each locus individually. Each HLA with an incomplete amino
acid sequence was aligned with HLA peptide sequences that contain amino acids
at positions that were not sequenced in the incomplete HLA sequence. Alignments
were performed for each missing amino acid of the incomplete sequence and the
missing amino acid position was replaced by the sequenced amino acids of the
best-aligned sequence. When extrapolating the missing amino acid positions, all
amino acids at a particular amino acid position were equally considered. Alignments
were performed until each missing amino acid position was replaced by the bestaligned sequence. At the end, amino acid deletions were removed to guarantee
aligned sequences during completion. Alignments were performed in a parallelized
manner; each HLA sequence ran in a dedicated threat. The total runtime for this
process is less than 60 minutes on 128 CPU cores for all loci. After completing this
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Parse alignment
file by locus
Input: Incomplete
HLA sequence

3

Find best aligned
sequence that is
more complete
than the current
sequence
Repeat until
the sequence
is complete
Replace each
missing amino acid
by the amino acid
of the best aligned
sequence

Store sequence in
FASTA file
with HLA-ID
Output: Complete
HLA sequence
Figure 1: Workflow of the automated homology-based nearest-neighbor extrapolation.

process, complete HLA sequences were stored in FASTA files and these files were
used for further validation. An example of nearest-neighbor extrapolation of an HLA
allele is depicted in Figure 2. For both homologous amino acid positions (i.e. the
amino acid at a certain position is the same for all alleles within the locus) as well
as non-homologous amino acid positions (i.e. the amino acids at a certain position
is not the same for all alleles within the locus) the same nearest-neighbor approach
was used.
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Internal validation
As internal validation, 10% of all complete HLA protein sequences from the IMGT/
HLA database were stripped down to the alpha-1 and -2 domain or the alpha-1, -2,
and -3 domain for HLA class I and to the beta-1 domain or the beta-1 and -2 domain
for HLA class II. These stripped sequences were used as validation set for the
automated homology-based nearest-neighbor extrapolation, while the remaining
complete sequences were used as training set. Null-alleles were excluded from
validation. This 10-fold cross-validation was performed ten times to reduce noise
introduced by random deletions. This approach leads to 100 validation runs per
locus, each having 90% complete training sequences and 10% incomplete validation sequences. For each run, the absolute number of mispredictions per amino
acid position was calculated by comparing the predicted amino acid sequences
with the sequenced amino acid sequences. The error rate for each amino acid
position was calculated by dividing the sum of the number of mispredictions per run
by the number of predictions. Subsequently, the correctness rate was calculated by
taking the inverse of the error rate. The correctness rates represent the percentage
of correct predictions per amino acid position.
Eplet locations of HLAMatchmaker
To investigate the reliability of the amino acid extrapolation with respect to eplets,
as defined by HLAMatchmaker, the eplets that were located outside the alpha-1 and
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Figure 2: Nearest-neighbor extrapolation of HLA-A*23:27.
(A) Position 282 and 283 of the amino acid sequence of HLA-A*23:27 are non-sequenced. The known
amino acid positions of HLA-A*23:27 are aligned with more completely sequenced amino acid positions
of other HLA-A alleles. Among all more completely sequenced HLA-A alleles, HLA-A*23:17 is the
nearest-neighbor of HLA-A*23:27, as reflected by the highest clustal score. (B) Position 282 and 283
of HLA-A*23:27 are replaced by the amino acids at position 282 and 283 from its nearest neighbor
(HLA-A*23:17).
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-2 domain (for HLA class I) or the beta-1 domain (for HLA class II) were compared
with the reliability of the predicted amino acid positions. Reliably predicted amino
acid positions were defined as positions with a correctness rate above 95%. HLAMatchmaker eplet data is available via http://www.epitopes.net/17,21,22.
External validation
In addition to the internal validation, external validation was performed to eliminate
overspecific predictions introduced by the training set. For the external validation, seven HLA alleles that were incompletely present in the IMGT/HLA database
were completely sequenced by Next Generation Sequencing using the NGSGo
sequencing kit (GenDX, Utrecht, The Netherlands) on the Illumina MiSeq platform,
all following the recommendations of the manufacturers. The following HLA alleles
were completely sequenced: A*02:17:02 (GenBank: KP993144), A*02:169 (GenBank: KP941449), A*11:102 (GenBank: KR011262.1), A*66:02 (GenBank: KR019011.1),
B*15:106 (GenBank: KR019012.1), B*27:13 (GenBank: KR052060.1), and HLA-B*44:27
(GenBank: KR071846.1). The amino acid sequence data from these alleles were subsequently compared with the extrapolated HLA sequences.

RESULTS
Overview of the sequences
As of April 2015, the IMGT/HLA database (release 3.20.0) contained a total of 9,577
HLA class I alleles (HLA-A, -B, and -C) and 2,591 HLA class II alleles (HLA-DRB1 and
-DQB1). For our analyses, we only completed two-field resolution HLA sequences.
This left us with a total of 7,225 HLA class I alleles and 1,926 HLA class II alleles.
Table 1 shows the number of complete and incomplete HLA sequences per HLA
locus. The IMGT/HLA database contained 6,523 incomplete HLA class I sequences
and 1,761 incomplete HLA class II sequences. For the individual HLA class I loci,
the percentage of incomplete HLA sequences ranged between 89.3% and 91.3%.
For the individual HLA class II loci, the percentage of incomplete HLA sequences
ranged between 91.2% and 91.5%.
To investigate the coverage of the completed HLA alleles in the Caucasian population, we ranked the HLA alleles for each HLA locus individually from high frequently
present in the population to not frequently present in the population. Population
data were obtained from http://bioinformatics.nmdp.org/haplotype201123.
Subsequently, we counted the number of complete HLA sequences for the alleles
that accumulated to an allele frequency of 95% of the population (Table 1). For both
HLA class I and class II loci, the majority of HLA alleles that were present for 95%
61

3

Chapter 3

in the population were completely sequenced (HLA class I loci: 66.7% - 100%; HLA
class II loci: 76.9% - 85.7%). These data indicate that, despite the low sequence coverage of the majority of the HLA class I and HLA class II alleles, the HLA alleles that are
present in the population with high frequency are mainly completely sequenced.
Internal validation
We validated the nearest-neighbor completion approach by stripping complete HLA
sequences down to the alpha-1 and -2 domains or the alpha-1, -2, and -3 domains
for HLA class I and to the beta-1 domain or the beta-1 and -2 domains for HLA class
II. The remaining sequences were used as input for automated homology-based
nearest-neighbor extrapolation. The extrapolated amino acids from the stripped
sequences were compared with the sequenced sequences. Table 2 shows the
total number of amino acid positions per HLA locus that were in complete agreement with the sequenced HLA sequence and their corresponding percentages.
Since the alpha-1 and -2 domain or the alpha-1, -2, and -3 domain for HLA class I and
the beta-1 domain or the beta-1 and -2 domain for HLA class II were used as input for
the cross-validation, the amino acid sequences at these positions were by default
in complete agreement and thus were not taken into account when calculating
the percentage of agreement. When using the alpha-1 and -2 domain as input for
the validation, the percentage of amino acid positions that were in agreement with
the sequenced HLA sequences was 82% for HLA-A, 86% for HLA-B, and 70% for
HLA-C. When using the beta-1 domain as input for the validation, this percentage
was 71% and 92% for HLA-DRB1 and -DQB1 respectively. An additional domain as
input for the validation resulted in a higher percentage of amino acid positions
that were in agreement with the sequenced HLA sequences for HLA-A, -DRB1 and
-DQB1 (86%, 80%, and 99% respectively). In contrast, this percentage was approximately identical for HLA-B (85%) and diminished for HLA-C (55%).
Table 1: The number of (in)complete sequences for different HLA loci

Locus

Number of complete
sequences (%)

Number of incomplete
Number of complete
sequences (%)
sequences in 95% alleles (%)

HLA class - I
HLA -A
HLA- B
HLA-C

702 (9.7%)
201 (8.7%)
319 (10.7%)
182 (9.4%)

6,523 (90.3%)
2,121 (91.3%)
2,657 (89.3%)
1,745 (90.6%)

88 (75.2%)
28 (66.7%)
39 (72.2%)
21 (100%)

HLA class -II
HLA- DRB1
HLA-DQB1

165 (8.6%)
118 (8.4%)
47 (8.8%)

1,761 (91.4%)
1,275 (91.5%)
486 (91.2%)

30 (85.7%)
20 (90.9%)
10 (76.9%)
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We calculated the correctness rates for each amino acid position of the individual HLA proteins, grouped per locus. The correctness rates were defined as the
percentage of correct predictions per amino acid position. Figure 3 shows the
correctness rates for different amino acid positions of the individual HLA class I
proteins. For HLA-A and HLA-B, amino acid positions that were not in complete
agreement with the sequenced HLA amino acid sequences (i.e. correctness rates
were below 100%) were distributed over the different domains, whereas for HLA-C
the mispredictions were mainly clustered after amino acid position 300. The correctness rates for HLA class I proteins were generally high, ranging from 91% to
99.9%. The minimum correctness rate was 92% for HLA-A (position 245; Figure 3A),
96% for HLA-B (position 211; Figure 3B), and 91% for HLA-C (position 258; Figure
3C). Among the amino acid positions located outside the alpha-1 and -2 domains
the average correctness rate was 99.7% for HLA-A, 99.8% for HLA-B, and 99.3% for
HLA-C. These data indicate that errors occurred in low frequency and that these
errors were not restricted to a particular domain, except for HLA-C.
The average correctness rates for HLA-A and -B were comparable when using the
alpha-1, -2, and -3 domain as input for the extrapolation, indicating that addition of
the alpha-3 domain did not improve the extrapolation reliability. However, for HLA-C
the average correctness rate diminished when including the alpha-3 domain as
input. This observation indicates that using only the alpha-1 and -2 domains as input
for homology-based nearest-neighbor extrapolation might be favorable for HLA-C.
Figure 4 shows the correctness rates for different amino acid positions of the two
individual HLA class II proteins. For HLA-DRB1 the minimal correctness rate was
92% for amino acid position -16 and the average correctness rate among the amino
acid positions outside the beta-1 domain was 99.5% when using the beta-1 domain
as input (Figure 4A). Mispredictions were distributed over all HLA-DRB1 domains
flanking the beta-1 domain. Adding the beta-2 domain to the input sequence slightly improved the correctness rates for 19 amino acid positions. A slight decline was
Table 2: Number of amino acid positions in agreement

Locus

Number of positions
in agreement (%)

HLA class-I
HLA - A
HLA - B
HLA - C

Alpha-1, -2 domain input
150 (82%)
155 (86%)
128 (70%)

Alpha-1, -2, -3 domain input
78 (86%)
75 (85%)
51 (55%)

HLA class-II
HLA -DRB1
HLA - DQB1

Beta-1 domain input
96 (71%)
157 (92%)

Beta-1, -2 domain input
66 (80%)
76 (99%)
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Figure 3: The correctness rates for different amino acid positions of the individual HLA class I loci.
The correctness rates are plotted for HLA-A (A), HLA-B (B), and HLA-C (C). The correctness rates
represent the percentage of correct predictions per amino acid position. The correctness rates when
using the alpha-1 and -2 domains as input are visualized as grey dashed lines. The correctness rates
when using alpha-1, -2, and -3 domains as input are visualized as black solid lines. Eplet locations outside
the alpha-1 and -2 domains are visualized as dots.

observed for one amino acid position and correctness rates for the other amino
acid positions did not change.
For HLA-DQB1, the correctness rates for some amino acid positions, e.g. position
130 and 167, were slightly lower than the correctness rates found for HLA class
I and the average correctness rate among the amino acid positions outside the
beta-1 domain was 99.5% (Figure 4B). The mispredicted amino acid positions were
mainly located in the regions that were encoded by the beta-2 domain. Therefore,
adding the beta-2 domain to the input sequence for extrapolation resulted in a
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Figure 4: The correctness rates for different amino acid positions of the individual HLA class II loci.
The correctness rates are plotted for HLA-DRB1 (A) and HLA-DQB1 (B). The correctness rates represent
the percentage of correct predictions per amino acid position. The correctness rates when using the
beta-1 domain as input are visualized as grey dashed lines. The correctness rates when using the beta-1
and -2 domains as input are visualized as black solid lines. Eplet locations outside the beta-1 domain are
visualized as dots.

higher number of amino acid positions that are in agreement with the sequenced
HLA sequences (Table 2).
Some mispredicted amino acid positions cover potential eplets
Several amino acid positions have been described as part of an eplet, as defined
by HLAMatchmaker. These amino acid positions in particular should be correctly
predicted, as misprediction of the amino acids at these positions may lead to an
incorrect definition of the eplets. Misprediction of these eplets may consequently
lead to an incorrect risk assessment of transplant rejection and organ failure for
certain donor-recipient pairs. Therefore, we compared the eplet locations that have
been described previously within HLA class I and class II loci with the reliability of
the predicted amino acid positions. In Figure 3 and 4, eplets that are located outside the alpha-1 and -2 domains for HLA class I and outside the beta-1 domain for
HLA class II have been visualized as dots. For all HLA class I proteins, several eplets
were located at low reliably predicted amino acid positions, defined as amino acid
positions with correctness rates below 95%, e.g. 245AS (HLA-A) and 267PE (HLAC). However, other eplets were located at correctly predicted amino acid positions,
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e.g. 184A (HLA-A) and 253Q (HLA-B and -C). The percentage of eplet positions that
were are located at reliably predicted amino acid positions is 85% for HLA-A, 100%
for HLA-B, and 92% for HLA-C.
For HLA-DRB1, 89% of the eplet positions outside the beta-1 domain were located at
reliably predicted amino acid positions. One eplet was located at amino acid position 189 that was 100% correctly predicted when the beta-1 and -2 domains were
used as input instead of the beta-1 domain alone. For HLA-DQB1, 78% of the eplet
positions were located at reliably predicted amino acid positions, indicating that the
majority of the eplets at located at reliably predicted amino acid positions. However,
addition of the alpha-3 domain for HLA class I and the beta-2 domain for HLA class
II further lead to improved determination of the amino acid positions that have been
described as being a part of eplets.
External validation
As external validation, we compared the extrapolated amino acid sequences of
seven HLA alleles with their actual amino acid sequences, as deduced from the
locally obtained DNA sequences. These seven HLA alleles were incompletely
present in the IMGT/HLA release 3.20.0 and were therefore initially completed
using our automated homology-based nearest-neighbor method. The amino acid
sequences derived via DNA sequencing were fully identical to the extrapolated
amino acid sequences for six out of seven HLA alleles (i.e. A*02:17:02, A*02:169,
A*11:102, A*66:02, B*15:106, and B*27:13; Supplementary Figure 1). When comparing the sequenced amino acid sequence with the predicted amino acid sequence
of HLA-B*44:27, both sequences were comparable except for three amino acid
positions (282, 305, and 325) (Figure 5). All three amino acid positions were also
positions that were not in complete agreement with the extrapolated HLA amino
acid sequences in the internal validation (Figure 3B). Thus, our results indicate that
extrapolation was successful for six out of seven HLA alleles.

DISCUSSION
The number of identified HLA alleles has risen dramatically over the past years16.
Despite the increase of newly identified HLA alleles, extensive characterization of
these alleles remained behind. In the present study we describe an automated
homology-based tool to extrapolate incomplete HLA sequences, using protein
alignment algorithms. Our study is not the first study that uses a computational
approach to fill up the gaps in HLA characterization. A previous study described
a neural-network based approach to predict the serologic specificities of several
HLA class I and class II molecules that had an uncharacterized serological specificity24. Thus, computational approaches can effectively be used in the identification
66

Completion of HLA protein seqeunces

Amino acid position
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Figure 5: Amino acid comparison of HLA-B*44:27 between the sequenced amino acid sequence and
the predicted amino acid sequence.

of appropriate matched unrelated donors for hematopoietic cell transplantation or
solid organ transplantation.
To get insight in the performance of our automated homology-based HLA sequence
extrapolation method, we performed several validations. In a 10-fold cross-validation we showed that majority of the amino acid positions of the individual HLA
proteins were correctly predicted, despite some variation between different HLA
(Figure 3 and 4). Nevertheless, the correctness rates for the individual mispredicted amino acid positions were generally high. This observation indicates that the
majority of the amino acid positions were correctly predicted. The successfully performed extrapolation is also underlined by the fact that six out of seven newly fully
sequenced alleles were in complete agreement with the extrapolated amino acid
sequences.
For the internal validation we used the alpha-1 and -2 domains and the alpha-1, -2,
and -3 domains for HLA class I and the beta-1 domain and the beta-1 and -2 domains
for HLA class II as input. Inclusion an additional domain (i.e. alpha-3 and beta-2) did
not improve the extrapolation reliability for the majority of the amino acid positions,
as reflected by the similar correctness rates that are observed when including or
excluding an additional domain. For HLA-DQB1, the majority of the mispredictions
were located at the beta-2 domain, indicating that addition of the beta-2 domain
is favorable for HLA-DQB1. For HLA-C, addition of the alpha-3 domain to the input
sequence resulted in lower reliable amino acid extrapolation, indicating that the
alpha-1, and -2 domain as input for nearest-neighbor extrapolation is favorable
instead of the alpha-1, -2, and -3 domain.
HLA-C had the lowest percentage of predicted amino acid positions that were in
agreement with the sequenced amino acid positions. However, the top 95% of
the HLA-C alleles that are present in the Caucasian population have already been
sequenced completely (Table 1). Further analysis showed that complete sequence
data is available for those HLA-C alleles that cumulatively cover the top 98% of the
HLA-C alleles (data not shown). This suggest that, despite a lower reliable predictability of the extrapolation of the HLA-C alleles, the majority of the HLA-C alleles that
are frequently present in the Caucasian population do not require extrapolation at
all. Thus, the lower reliable predictability of HLA-C allele extrapolation will have very
little clinical impact for the general population.
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The establishment of different alloreactivity prediction models that use large parts
of the HLA sequences emphasize the clinical need for completing the knowledge
gaps in HLA protein sequences. Both HLAMatchmaker and the PIRCHE algorithm
include domains that are encoded outside the generally sequenced exons. Therefore, omitting the flanking domains might result in an under- or overestimation of the
number of eplets and PIRCHE, leading to incorrect assignment of the alloreactive
potential for certain donor-recipient pairs. Our data show that some of the lower
predictable amino acid locations also were identified as part of an eplet as defined
by HLAMatchmaker (Figure 3 and 4). Misprediction of the amino acid sequence
at these positions may therefore lead to incorrect assignment of eplets and consequently to the incorrect assignment of the serological specificities of certain
donor-recipient pairs. Maiers et al. showed that a neural network-based approach
can predict the serological specificities of HLA-A, -B, and -DRB124. In the present
study, we show that, depending on the HLA locus, 78%-100% of the eplets were
located at reliably predicted amino acid positions. Further research is required to
investigate the prediction reliability for each individual HLA. The nearest-neighbor
extrapolation method described in our study cannot be used as a tool to identify
new epitopes. However, as the method can extrapolate the amino acid positions
that have been described as part of an eplet, it may be a useful tool for defining
the serological specificities of HLA alleles that are not completely sequenced. With
regard to the PIRCHE algorithm, more insight into the PIRCHE peptide positions will
also give insight in the effect of extrapolation reliability on the PIRCHE algorithm.
However, this effect is hard to investigate, due to the enormous amount of designated PIRCHE peptides.
Although extrapolation of HLA was successful in most cases, still low reliably predicted amino acid positions were present in different HLA loci. Some of these
amino acid positions cover potential eplets and are therefore immunological relevant. Since most of these eplets are located at the exons that encode for the
alpha-3 domain for HLA class I and for the beta-2 domain for HLA class II, adding
these exons to the IMGT/HLA database will further avoid eplet misprediction. This
aspect highlights the need for submitting complete HLA sequences to the IMGT/
HLA database, or at least exon 2-3-4 (class I) or exon 2-3 (class II).
In conclusion, we provide a bioinformatic approach to extrapolate incomplete HLA
sequences. Since this approach has been automated, HLA alleles that are newly
submitted to the IMGT/HLA database can easily be extrapolated. Further research
is required to improve the automated homology-based nearest-neighbor extrapolation, thereby improving the number of reliably predicted amino acid positions.
Nevertheless, this model is the next step in rapid prediction of the permissibility
of certain HLA mismatches in solid organ transplantation and hematopoietic cell
transplantation.
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----------

30

120

PRFIAVGYVD
---------PRFIAVGYVD
---------PRFIAVGYVD
---------PRFIAVGYVD
---------PRFIAVGYVD
---------PRFITVGYVD
---------PRFITVGYVD
----------

20

LRGYHQYAYD
---------LRGYHQYAYD
---------LRGYRQDAYD
---------LRGYQQDAYD
---------LRGYDQSAYD
---------LRGYHQDAYD
---------LRGYDQDAYD
----------

110

TSVSRPGRGE
---------TSVSRPGRGE
---------TSVSRPGRGE
---------TSVSRPGRGE
---------TAMSRPGRGE
---------TSVSRPGRGE
---------TAMSRPGRGE
----------

10

AGSHTLQMMF
---------AGSHTVQRMY
---------DGSHTIQIMY
---------AGSHTIQRMY
---------AGSHIIQRMY
---------AGSHTLQNMY
---------AGSHIIQRMY
----------

GSHSMRYFF
--------GSHSMRYFY
--------GSHSMRYFY
--------GSHSMRYFY
--------GSHSMRYFY
--------GSHSMRYFH
--------GSHSMRYFY
---------

1

90

GALALTQTWA
---------GALALTQTWA
---------GALALTQTWA
---------GALALTQTWA
---------GALALTETWA
---------GAVALTETWA
---------GAVALTETWA
----------

-10

TLRGYYNQSE
---------TLRGYYNQSE
---------TLRGYYNQSE
---------TLRGYYNQSE
---------NLRGYYNQSE
---------TLLRYYNQSE
---------TALRYYNQSE
----------

80

APRTLVLLLS
---------APRTLVLLLS
---------APRTLLLLLS
---------APRTLVLLLS
---------APRTVLLLLS
---------EPRTLLLLLW
---------APRTLLLLLW
----------

-24 -20

amino acid
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160
LEGTCVEWLR
---------LEGTCVEWLR
---------LEGRCVEWLR
---------LEGECVEWLR
---------LEGLCVEWLR
---------LEGECVEWLR
---------LEGLCVESLR
---------250
PSGQEQRYTC
---------PSGQEQRYTC
---------PSGEEQRYTC
---------PSGQEQRYTC
---------PSGEEQRYTC
---------PSGEEQRYTC
---------PSGEEQRYTC
----------

amino acid

A*02:17:02 S
A*02:17:02 P
A*02:169 S
A*02:169 P
A*11:102 S
A*11:102 P
A*66:02 S
A*66:02 P
B*15:106 S
B*15:106 P
B*27:13 S
B*27:13 P
B*44:27 S
B*44:27 P

amino acid

A*02:17:02 S
A*02:17:02 P
A*02:169 S
A*02:169 P
A*11:102 S
A*11:102 P
A*66:02 S
A*66:02 P
B*15:106 S
B*15:106 P
B*27:13 S
B*27:13 P
B*44:27 S
B*44:27 P

HVQHEGLPKP
---------HVQHEGLPKP
---------HVQHEGLPKP
---------HVQHEGLPKP
---------HVQHEGLPKP
---------HVQHEGLPKP
---------HVQHEGLPKP
----------

260

RYLENGKETL
---------RYLENGKETL
---------RYLENGKETL
---------RYLENGKETL
---------RYLENGKETL
---------RYLENGKETL
---------RYLENGKETL
----------

170

LTLRWEPSSQ
---------LTLRWEPSSQ
---------LTLRWELSSQ
---------LTLRWEPSSQ
---------LTLRWEPSSQ
---------LTLRWEPSSQ
---------LTLRWEPSSQ
----------

270

QRTDAPKTHM
---------QRTDAPKTHM
---------QRTDPPKTHM
---------QRTDAPKTHM
---------QRADPPKTHV
---------QRADPPKTHV
---------QRADPPKTHV
----------

180

PTIPIVGIIA
---------PTIPIVGIIA
---------PTIPIVGIIA
---------PTIPIVGIIA
---------STIPIVGIVA
---------STVPIVGIVA
---------STIPIVGIVA
--V-------

280

THHAVSDHEA
---------THHAVSDHEA
---------THHPISDHEA
---------THHAVSDHEA
---------THHPISDHEA
---------THHPISDHEA
---------THHPISDHEA
----------

190

GLVLFGAVIT
---------GLVLFGAVIT
---------GLVLLGAVIT
---------GLVLFGAVIA
---------GLAVLAVVVI
---------GLAVLAVVVI
---------GLAVLAVVVI
----------

290

TLRCWALSFY
---------TLRCWALSFY
---------TLRCWALGFY
---------TLRCWALSFY
---------TLRCWALGFY
---------TLRCWALGFY
---------TLRCWALGFY
----------

200

310

DGEDQTQDTE
---------DGEDQTQDTE
---------DGEDQTQDTE
---------DGEDQTQDTE
---------DGEDQTQDTE
---------DGEDQTQDTE
---------DGEDQTQDTE
----------

220

GAVVAAVMWRR KSSDRKGGS
----------- --------GAVVAAVMWRR KSSDRKGGS
----------- --------GAVVAAVMWRR KSSDRKGGS
----------- --------GAVVAAVMWRR KSSDRKGGS
----------- --------GAVVATVMCRR KSSGGKGGS
----------- --------GAVVAAVMCRR KSSGGKGGS
----------- --------GAVVATVMCR RKSSGGKGGS
-----A---- ----------

300

PAEITLTWQR
---------PAEITLTWQR
---------PAEITLTWQW
---------PAEITLTWQR
---------PAEITLTWQR
---------PAEITLTWQR
---------PAEITLTWQR
----------

210

330
QGSDVSLTAC
---------QGSDVSLTAC
---------QGSDVSLTAC
---------QGSDMSLTAC
---------QGSDVSLTA
--------QGSDVSLTA
--------QGSDVSLTA
---------

YSQAASSDSA
---------YSQAASSDSA
---------YTQAASSDSA
---------YSQAASSDSA
---------YSQAASSDSA
---------YSQAACSDSA
---------YSQAASSDSA
-----C----

TFQKWAAVVV
---------TFQKWAAVVV
---------TFQKWAAVVV
---------TFQKWAAVVV
---------TFQKWAAVVV
---------TFQKWAAVVV
---------TFQKWAAVVV
----------

LVETRPAGDG
---------LVETRPAGDG
---------LVETRPAGDG
---------LVETRPAGDG
---------LVETRPAGDR
---------LVETRPAGDR
---------LVETRPAGDR
---------320

240

230

KV
-KV
-KV
-KV
--

340

Completion of HLA protein seqeunces

Supplementary figure 1: Amino acid comparison between the sequenced amino acid sequence and
the predicted amino acid sequence of seven HLA alleles.
The sequenced sequences are indicated with a ‘S’ whereas the predicted sequences are indicated
with a ‘P’. The numbers indicate the amino acid position.
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ABSTRACT

E

pitope-based HLA matching has been emerged over the last few years as an
improved method for HLA matching in solid organ transplantation. The epitope-based matching concept has been incorporated both in the PIRCHE-II and the
HLAMatchmaker algorithm to find the most suitable donor for a recipient. For these
algorithms, high-resolution HLA typing of both donor and recipient is required.
Since high-resolution HLA typing is often not available, we developed a computational method which allows epitope-based HLA matching from serological split
level HLA typing relying on HLA haplotype frequencies. To validate this method, we
simulated a donor-recipient population for which PIRCHE-II and eplet values were
calculated when using both high-resolution HLA typing and serological split level
HLA typing. The majority of the serological split level HLA-determined ln(PIRCHE-II)/
ln(eplet) values do not or only slightly deviate from the reference group of high-resolution HLA-determined ln(PIRCHE-II)/ln(eplet) values. This deviation was slightly
increased when HLA-C or HLA-DQ was omitted from the input and was substantially decreased when using two-field resolution HLA typing of the recipient and
serological split level HLA typing of the donor. Thus, our data suggest that our
computational approach is a powerful tool to estimate PIRCHE-II/eplet values when
high-resolution HLA typing is not available.
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INTRODUCTION
Alloimmunity due to Human Leukocyte Antigens (HLA) mismatches between donor
and recipient significantly impairs graft survival after solid organ transplantation1-3.
The risk on graft failure is significantly associated with the number of HLA mismatches1,4. Therefore, some allocation policies prefer deceased donors with zero
mismatches at HLA-A, HLA-B, and HLA-DR, whereas others select deceased donors
based on the number mismatches at these loci5.
Although the number of HLA mismatches is a potent predictor of transplant outcome,
not every HLA mismatch will have an equal effect on graft failure6,7. Cumulating
evidence suggests that some HLA mismatches may induce alloimmunity, whereas others are well-tolerated6,7. This high variability in permissibility might be due
to differences in the antigenic load between different donor-recipient couples8,9.
Each HLA antigen expresses a unique combination of epitopes, but some of these
individual epitopes may be shared between different HLA antigens8. These shared
epitopes will not induce alloimmunity, whereas those epitopes that are mismatched
between donor and recipient may induce alloimmunity. Thus, quantifying the antigenic load (i.e. the number of epitope mismatches) between donor and recipient
instead of counting the number of HLA mismatches may be a better approach to
predict transplant outcome9-12. This concept of epitope-based HLA matching is
an alternative method to define the most suitable HLA mismatch for each patient,
thereby reducing the risk on donor-specific HLA antibody formation after transplantation and graft failure.
Two in silico methods, HLAMatchmaker and PIRCHE-II, have incorporated the
epitope-based HLA matching concept in their algorithm to find the most suitable
donor for a recipient. HLAMatchmaker determines differences in B cell epitopes
between donor and recipient to estimate the risk of graft failure13-15. These B cell
epitopes, designated as eplets, are groups of polymorphic amino acid positions
on the three-dimensional molecular surface of HLA to which HLA antibodies can
be formed13-15. The PIRCHE-II algorithm determines differences between donor and
recipient in their HLA-derived T-helper epitopes to estimate the risk of transplant
outcome16. These T-helper epitopes, designated as PIRCHE-II (Predicted Indirectly
ReCognizable HLA Epitopes presented by HLA-DRB1), are involved in the production of HLA-specific IgG antibodies17-19, as T-helper epitopes are required for B cell
activation and IgM-to-IgG isotype switching20,21.
To be able to identify the unique set of donor and recipient HLA epitopes, identification
of the exact polymorphisms in donor and recipient HLA is required. Low-resolution
HLA typing is, however, not sufficient to identify these polymorphisms, as low-resolution HLA typing can cover numerous HLA alleles at high-resolution HLA level. Thus,
low-resolution HLA typing will lead to an ambiguous epitope definition. Therefore,
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two-field resolution HLA typing of both donor and recipient is preferably required
to unambiguously determine the HLA compatibility between donor and recipient at
epitope level. Indeed, both HLAMatchmaker and the PIRCHE-II algorithm require
high-resolution HLA typing of both donor and recipient as input for their algorithm.
Although HLA genotyping methodologies have improved over the last few years
and high throughput Next Generation Sequencing technologies became available,
the quick availability of reliable high-resolution HLA typing data remains challenging. High-resolution HLA typing is especially for deceased donors hardly feasible,
as time is a major limiting factor for deceased organ transplantation.
Instead of high-resolution HLA typing of donor and recipients, also alternative
approaches can be used to facilitate epitope-based HLA matching. In the present
study we describe a computational method to perform epitope-based HLA matching using serological split level HLA typing as input. In this computational method,
the most likely high-resolution HLA typings that correspond to a serological split
level HLA typing are identified using HLA haplotype frequency tables. For all of
these high-resolution HLA typings, a PIRCHE-II and eplet value can be calculated,
which can subsequently be weighed against the normalized frequency of the pair of
HLA haplotypes in the general population. To test whether the risk estimation alters
when using our computational approach, we calculated the PIRCHE-II/eplet values
when using serological split level HLA typing (designated as observed PIRCHE-II/
eplet values) and compared these values with the PIRCHE-II and eplet values when
using high-resolution HLA typing (designated as reference PIRCHE-II/eplet values).

MATERIALS AND METHODS
Generation of the representative recipient population
To model a representative recipient population, all HLA typings (n=4,579) that were
performed at the University Medical Center Utrecht between January 2009 until
July 2016 were extracted from the lab system. HLA typings were performed at
different resolution levels and for different loci. High-resolution HLA typings were
performed by SBT (before 2014; SBT kit, GenDX, Utrecht, the Netherlands) or NGS
(2014 and later; NGSGo, GenDX, Utrecht, The Netherlands) whereas PCR-SSO (One
Lambda) was used for lower-resolution HLA typings. HLA typings that did not have
a fully unambiguous high-resolution HLA typing for HLA-A, -B, -C, -DRB1, and -DQB1
were excluded from the population. A total of 2,373 typings had an unambiguous
high-resolution HLA typing data for HLA-A, -B, -C, -DRB1, and -DQB1. These typings
were used to simulate a representative recipient population.
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Generation of the virtual donor population
A virtual Caucasian donor population consisting of 10 million individuals was modeled using HLA haplotype frequency tables from the National Marrow Donor
Program of 200722. The HLA haplotype frequency tables are available via: https://
bioinformatics.bethematchclinical.org/hla-resources/haplotype-frequencies/.
To generate each individual of the 10 million individuals, two HLA haplotypes were
randomly assigned to an individual. This assignment was based on the frequency
of these HLA haplotypes within the HLA haplotype frequency tables. In this procedure sampling of HLA haplotypes was performed without replacement. Combined
with the representative recipient population, this Caucasian population was subsequently used as a virtual donor population to form donor-recipient couples.
Generation of donor-recipient couples
The virtual donor population and the representative recipient population were combined to form potential donor-recipient couples. Since random allocation will lead
to a non-representative distribution of HLA mismatches, donor-recipient couples
were formed using the basic guidelines that are currently used for deceased kidney
allocation at our local center: For each donor, a recipient was selected that had
maximal 3 mismatches at HLA-A and HLA-B and maximal a single mismatch at HLADR. To this end, both the HLA typings of the representative patient population and
the virtual donor population were converted into serological broad level HLA typings, which was used for matching. A donor was randomly selected from the virtual
donor population and this donor was subsequently matched to a recipient. When
for a certain donor-recipient combination four mismatches at HLA-A and HLA-B
and/or two mismatches at HLA-DR were found, another recipient was selected for
that donor until the matching criteria were met for a given donor-recipient couple.
This procedure was followed until a virtual donor was found for each recipient of
the representative recipient population.
This method has resulted in 2,373 donor-recipient couples. A total of 11 donor-recipient couples had zero mismatches, 165 had a single mismatch, 571 had two
mismatches, 890 had three mismatches, and 736 had four mismatches at these loci.
A total of 2,195 mismatches were at HLA-A, 2,823 at HLA-B, and 1,903 at HLA-DR.
Serological split level HLA typing (observation group) and two-field resolution HLA
typings (reference group) of these donor-recipient couples were used to calculate
the number of PIRCHE-II and eplets, as described below. Although donor-recipient couples were formed based on HLA-A, -B, and -DR only, the complete five
loci-haplotypes (HLA-A, -B, -C, -DR, and –DQ) were used to calculated the PIRCHE-II
and eplet values. PIRCHE-II and eplet values were also calculated when HLA-C or
HLA-DQ was removed from the serological split level HLA-A, -B, -C, -DR, and -DQ
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typing or when using two-field resolution HLA typing of the recipient and serological split level HLA typing of the donor as input for the algorithms.
The use of serological split level HLA typing to identify potential highresolution HLA typings
For the serological split level HLA typings of the 2,373 donor-recipient couples, a
high-resolution extrapolation method was used to identify all possible high-resolution HLA typings that correspond to each serological split level HLA typing. To this
end, HLA haplotype frequency tables from the National Marrow Donor Program
from 2007 and 2011 were both used separately to identify all potential high-resolution HLA typings from a serological split level HLA typing22,23.
For every given serologic split level HLA typing, the extrapolation algorithm started
with setting up all potential two-field resolution HLA haplotype pairs (HLA-A, -B, -C,
-DRB1, and -DQB1) that yield the given input serological split level HLA typing. After
mapping antigen/allele names for each serologic value, the haplotype frequency
table was filtered for matching haplotypes. When no matching high-resolution HLA
haplotype was found for a given serological split level HLA typing or subsets thereof, the selection criteria were broadened by removing the link between loci in a
step-wise manner. The following order of HLA loci linkage removal was used: [i]
A-B-C-DRB1-DQB1, [ii] A-B-C | DRB1-DQB1, [iii] A | B-C | DRB1-DQB1, [iv] A | B-C | DRB1 |
DQB1, and [v] A | B | C | DRB1 | DQB1. It has to be noted, that mode [v] is equivalent to
using allele frequencies for the prediction of each individual locus. Supplementary
material 1 shows an example of the linkage breakdown between HLA loci.
Since multiple high-resolution HLA typings may correspond to a single serological
split level HLA typing, a list of potential high-resolution HLA typings was generated for both donor and recipient. For each typing, a frequency was calculated by
multiplying both haplotypes’ frequencies. The resulting absolute frequencies were
normalized within the set of likely high-resolution HLA genotypes for the given input.
This method was applied to both donors and recipients. For all these potential high-resolution HLA typings of donor and recipient, the PIRCHE-II and eplets
values were calculated as described below. The obtained PIRCHE-II values were
subsequently weighted by multiplying the normalized frequency of a certain
high-resolution HLA typing of the recipient with the normalized frequency of a certain high-resolution HLA typing of the donor. Finally, all weighted PIRCHE-II values
were summed up. The same was applied to the eplet values. Thus, the used method
takes all potential high-resolution HLA typings that are present in the HLA haplotype frequency table into account which corresponds to a certain serological split
level HLA typing. By using all these genotypes and by weighing the epitope values,
multiple imputation is used to minimize bias towards common HLA genotypes.
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In this study, the HLA haplotype frequency tables of the Caucasian population (2007)
and the European-Caucasian population (2011) were used in this study to determine
all potential high-resolution HLA typings.
Identification of PIRCHE-II
For both the two-field resolution HLA typings (designated as reference group)
and the serological split level HLA typings (designated as observation group), the
number of PIRCHE-II was determined for each donor-recipient couple as described
previously17. Briefly, the nonameric binding cores of mismatched-HLA derived peptides to recipient HLA-DRB1 (PIRCHE-II) were predicted using the NetMHCIIpan 3.0
algorithm. Peptides that had an IC50<1000 nM were considered relevant HLA-DRB1
binders. Nonameric binding cores of these relevant HLA-DRB1 binders that differed
at least one amino acid with the HLA amino acid sequence of the recipient were
counted as PIRCHE-II. The PIRCHE algorithm is available via https://www.pirche.org.
Identification of HLAMatchmaker eplets
For both the two-field resolution HLA typings and the serological split level HLA
typings, the number of mismatched eplets was determined for each donor-recipient
couple using eplet definitions as provided in HLAMatchmaker algorithm version 2.1
(available via http://www.epitopes.net/). Mismatched eplets were defined as eplets
that were present in donor HLA but absent in recipient HLA. Via interlocus HLA
comparisons the number of mismatched eplets was determined.
Comparison between serological split level HLA typing and two-field
resolution HLA typing
When using serological split level HLA typing as input for the algorithm, PIRCHEII and eplet values were obtained for 2,319 donor-recipient couples (97.7%) when
using the HLA haplotype frequency tables of 2007 or for 2,369 donor-recipient
couples (99.8%) when using the HLA haplotype frequency tables of 2011.
The number of epitopes and alloreactivity are unlikely correlated in a linear fashion; increases from 1 epitope to 10 epitopes are likely to have a higher impact than
increases from 200 epitopes to 210 epitopes and the effects are likely to plateau at
some point. As such we assume an inverse logarithmic effect of epitope numbers
on alloreactivity and we converted the PIRCHE-II and eplet numbers into the natural
logarithm thereof. These transformed PIRCHE-II and eplet values were subsequently
used to identify differences between the two-field resolution HLA typing-determined
PIRCHE-II/eplet values, designated as ‘reference PIRCHE-II/eplet values’, and the
serological split level HLA typing-determined PIRCHE-II/eplet values, designated as
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‘observed PIRCHE-II/eplet values’. The delta between the observed and reference
PIRCHE-II/eplet values was calculated by subtracting the log-transformed reference
PIRCHE-II/eplet values from the log-transformed observed PIRCHE-II/eplet values.
A delta of > +1 or < -1 was considered a high deviation, as it represents a single unit
of ln(PIRCHE-II) or ln(eplet) difference and thus a significant over- or underestimation of the hazard in graft failure. For all tested settings, we calculated the delta that
corresponded to the 50% percentiles, 75% percentiles, 95% percentiles, 99% percentiles, and 99.9% percentiles to test the reliability of our estimations. For example,
for the 75% percentile we calculated to which delta 25% of the values above the
median stretched and to which delta 25% of the values below the median stretched.
A similar approach was used for the other percentiles.

RESULTS
Reliability of epitope matching when using serological split level HLA typing
For all donor-recipient couples we calculated the PIRCHE-II and eplet values when
using two-field HLA typing and serological split HLA typing as input for the module.
The PIRCHE-II/eplet values determined based on two-field resolution HLA typing
were designated as ‘reference PIRCHE-II/eplet values’, whereas the PIRCHE-II/
eplet values determined based on serological split HLA typing were designated as
‘observed PIRCHE-II/eplet values’.
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Figure 1: Deviation of the observed ln(PIRCHE-II)/ln(eplet) values from reference ln(PIRCHE-II)/
ln(eplet) values when using HLA haplotype frequency tables from 2007 or from 2011.
Both for ln(PIRCHE-II) (A) and ln(eplet) (B), the observed values do not deviate or only slightly deviate
from the reference values. The use of haplotype HLA frequency tables from 2007 (gray line) or from 2011
(black line) resulted in similar deviations.
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First we determined whether the use of serological split level HLA typing as input
led to different PIRCHE-II and eplet values compared to the use of two-field resolution HLA typing as input. To this end, the delta between the observed ln(PIRCHE-II)
and ln(eplet) values and the reference ln(PIRCHE-II) and ln(eplet) values was calculated (Figure 1). When using the frequency tables of 2007, 20.5% of observed
ln(PIRCHE-II) values did not show deviation from the reference ln(PIRCHE-II) values
(Figure 1A). Furthermore, 72.8% of the observed ln(PIRCHE-II) values deviated maximal 0.1 from the reference ln(PIRCHE-II) values. When using the frequency tables
of 2007, 28.3% of observed ln(eplet) values did not deviate from the reference
ln(eplet) values and 87.7% deviated maximal 0.1 (Figure 1B). These data indicate that
majority of the observed ln(PIRCHE-II) and ln(eplet) values do not deviate or only
slightly deviate from reference ln(PIRCHE-II) and ln(eplet) values.
For both PIRCHE-II and the eplets, similar results were obtained when using the
frequency tables of 2011 instead of using the frequency tables of 2007. When using
the frequency tables of 2011, 16.4% of observed ln(PIRCHE-II) values did not show
deviation from the reference ln(PIRCHE-II) values and 73.2% deviated maximal 0.1
(Figure 1A). When using the frequency tables of 2011, 25.8% of observed ln(eplet)
values did not deviate from the reference ln(eplet) values and 88.4% deviated maximal 0.1 (Figure 1B). This observation suggests that the use of these more recent
frequency tables in our computational method does not improve or worsen the
observed PIRCHE-II/eplet values.
Next, we investigated whether the delta in ln(PIRCHE-II) values differed from the
delta in ln(eplet) values. To this end, we plotted the delta for ln(PIRCHE-II) against the
delta for ln(eplet). When using serological split level HLA typing of both donor and
recipient, the majority of the donor-recipient couples had a comparable ln(PIRCHEII) and ln(eplet) delta (Figure 2A). However, two donor-recipient couples (0.08% of
total) had a ln(PIRCHE-II) delta below -1, eight donor-recipient couples (0.34% of
total) had a ln(PIRCHE-II) delta above +1, and three donor recipient couples (0.13%
of total) had a ln(eplet) delta below -1. These data suggests that the PIRCHE-II value
is more often over-estimated using the extrapolation approach, whereas the eplet
value is more often under-estimated using the extrapolation approach. For all the
donor-recipient couples who had a high deviation in the ln(PIRCHE-II) or ln(eplet)
values, the corresponding ln(eplet) or ln(PIRCHE-II) values respectively were within
the -1 and +1 range. This observation indicates that an increased delta in ln(PIRCHEII) is not associated with an increased delta in ln(eplet) and vice versa.
Removal of HLA-C or HLA-DQ and reliability of estimation
HLA-B is in strong linkage disequilibrium with HLA-C and HLA-DRB1 is in strong linkage disequilibrium with HLA-DQB1. This strong linkage disequilibrium suggests that
removal of HLA-C or HLA-DQ from the serological split level HLA typing might only
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limitedly affect the observed PIRCHE-II/eplet values and thus the delta between the
observed and the reference ln(PIRCHE-II)/ln(eplet) values. To investigate the effect
of HLA-C or HLA-DQ on the PIRCHE-II and eplet estimations, we removed HLA-C or
HLA-DQ from the serological split level HLA typing that was used as input for both
PIRCHE-II and HLAMatchmaker. Figure 3 shows the percentage of donor-recipient
couples with a delta of zero between the observed and the reference ln(PIRCHE-II)
and ln(eplet) values. When omitting HLA-C or HLA-DQ from the input, the percentage of donor-recipient couples who had a ln(PIRCHE-II) delta of zero dropped from
20.5% to 9.4% or 12.3% for omitting HLA-C or HLA-DQ respectively (Figure 3A). For
the eplets, similar results were obtained. The percentage of donor-recipient couples who had an ln(eplet) delta of zero dropped from 28.3% to 12.7% or 16.8% for
omitting HLA-C or HLA-DQ respectively (Figure 3B).
To investigate the reliability of the epitope estimation when omitting HLA-C or HLADQ, we plotted the ln(PIRCHE-II) and ln(eplet) delta values for different percentiles
(50%, 75%, 95%, and 99.9%). When omitting HLA-C or HLA-DQ from the serological
split level HLA typing, the delta values for the higher percentiles slightly increased
compared to de delta values obtained from serological split level typing with HLA-C
and HLA-DQ (Figure 3C-D). These observations indicate that removal of HLA-C or
HLA-DQ from the serological split level HLA typing diminishes the reliability of the
observed PIRCHE-II/eplet values.
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Figure 2: Comparison of the delta in ln(PIRCHE-II) and the delta in ln(eplet).
(A) When using serological split level HLA typing of both donor and recipient, the majority of the donorrecipient couples had a comparable ln(PIRCHE-II) and ln(eplet) delta. For 13 donor-recipient couples, the
observed ln(PIRCHE-II) or ln(eplet) values deviated substantially (>+1 or <-1) from the reference ln(PIRCHEII) or ln(eplet) values. (B) When using two-field resolution HLA typing of the recipient and serological
split level HLA typing of donor the deviation between the observed ln(PIRCHE-II)/ln(eplet) values and
the reference ln(PIRCHE-II)/ln(eplet) values substantially diminished. The dashed squares indicate the
delta<0.5 and delta<1 borders.
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Effect of higher resolution typing of recipient
Since high-resolution HLA typing is a time-consuming method, high-resolution
HLA typing of deceased donors is hardly feasible using the currently available
typing methodologies. However, in most cases, high-resolution HLA typing of the
recipient is possible. Therefore, we investigated whether a higher resolution HLA
typing of the recipient may improve the reliability of the PIRCHE-II and eplet estimations. To this end, we used two-field resolution HLA typing of the recipient and
serological split level HLA typing of the donor as input for the PIRCHE-II and the
HLAMatchmaker algorithm. The percentage of donor-recipient couples who had a
ln(PIRCHE-II) delta of zero increased from 20.5% to 46.9% when using two-field resolution genotype data of the recipient (Figure 3A). For the ln(eplet), this percentage
of donor-recipient couples who had a delta of zero increased from 28.3% to 50.9%
(Figure 3B). The ln(PIRCHE-II) delta and the ln(eplet) delta diminished at all percentile values when using two-field resolution HLA typing of the recipient instead of
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Figure 3: The reliability of the PIRCHE-II and eplet estimations in different settings.
The percentage of typings with a delta of zero between the observed and the reference values were
plotted for ln(PIRCHE-II) (A) and ln(eplet) (B). For both ln(PIRCHE-II) and ln(eplet), the percentage of
typings with a delta of zero was diminished when HLA-C or HLA-DQ was omitted from the typing. The
highest percentage was observed when using two-field HLA typing of the recipient and serological split
level typing of the donor. The different percentiles observed in the different settings were plotted for
ln(PIRCHE-II) (C) and for ln(eplet) (D). The dashed horizontal lines in (C) and (D) indicate a delta of zero.
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serological split HLA typing (Figure 3C-D). These data indicate that higher-resolution HLA typing of the recipient decreases the delta between the observed and the
reference ln(PIRCHE-II) and ln(eplet) values and thus increases the reliability of the
observed PIRCHE-II and eplet values. The reliability of the estimation was especially improved for PIRCHE-II and to a substantial but lesser extend for eplets. For all
different settings tested, the most reliable PIRCHE-II/eplet estimation was achieved
when using two-field resolution HLA typing of the recipient and serological split
level HLA typing of the donor.
When comparing the delta in ln(PIRCHE-II) values with the delta in ln(eplet) values
for the two-field resolution recipient setting, all donor-recipient couples had comparable ln(PIRCHE-II) and ln(eplet) delta values (Figure 2B). For all couples, no outliers
for ln(PIRCHE-II) and ln(eplet) were observed. Thus, our data suggest that two-field
resolution HLA typing of the recipient further improve the reliability of the PIRCHE-II
and eplet estimations.

DISCUSSION
Several studies have shown that the number of PIRCHE-II and eplets are related
to the clinical outcome after solid organ transplantation9-12. To select donors in an
epitope-based manner, high-resolution HLA typing of both donors and recipients
is currently required. However, high-resolution HLA typing is often not feasible,
particularly for deceased-donor organs. In this study we describe and validate a
computational method to facilitate epitope-based HLA matching using low-resolution HLA typing.
In the present study we provide a methodology for using low-resolution serological split level HLA data to reliably estimate the PIRCHE-II and eplet values for the
majority of the tested donor-recipient couples (Figure 1). Most of the observed
ln(PIRCHE-II) and ln(eplet) values do not deviate or only slightly deviate from the
reference ln(PIRCHE-II) and ln(eplet) values (Figure 2A). These data suggest that
additional high-resolution HLA genotyping may not be necessary for the majority
of the donor-recipient couples when using our described computational approach.
However, furthers validations in other datasets consisting of different ethnicities
are required to identify for which donor-recipient couples additional high-resolution
HLA genotyping is required and for which donor-recipient couples low-resolution
HLA typing is sufficient.
We also showed that the PIRCHE-II/eplet estimation deteriorated or improved in different settings. The removal of HLA-C and HLA-DQ increased both the ln(PIRCHE-II)
delta and the ln(eplet) delta (Figure 3), indicating that the PIRCHE-II/eplet estimation
is deteriorated when HLA-C and HLA-DQ is omitted from the input. Based on these
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results, we suggest that HLA-C and HLA-DQ typing is a valuable addition when
using epitope-based HLA matching algorithms. Two-field resolution HLA typing of
the recipient in combination with serological split level HLA typing of the donor substantially improved the PIRCHE-II/eplet estimation, as reflected by the decreased
delta between the observed and the reference ln(PIRCHE-II)/ln(eplet) values (Figure
2B and 3). Since time allows typing of the recipient at high- or even allelic resolution,
the situation of a two-field resolution HLA genotyped recipient and a serological
split level HLA-typed donor may be a feasible option in many cases and this will
substantially improve the reliability of the PIRCHE-II/eplet estimation. This approach
is now current practice in our center.
When comparing the PIRCHE-II results with the eplet results for the serological split
level data, the delta for ln(PIRCHE-II) was more often positive than negative, whereas for ln(eplet) the delta was more often negative than positive (Figure 2A and 3B-C).
We also showed that a high deviation in ln(PIRCHE-II) values is not related to a high
deviation in ln(eplet) values; some donor-recipient couples had a high ln(PIRCHE-II)
delta and a small ln(eplet) delta and other donor-recipient couples had a high ln(eplet) delta and a small ln(PIRCHE-II) delta (Figure 2A). These observations suggest
that serological epitopes (eplet) can more easily be determined with a serological
split level HLA typing than T-helper epitopes (PIRCHE-II). In addition, these observations might also suggest that PIRCHE-II and eplets are indeed two separate entities,
as already suggested in previous studies17,19.
Our study has several limitations. First, the virtual Caucasian donor population used
in our study was constructed upon the HLA haplotype frequency tables from 2007.
However, these HLA haplotype frequency tables from 2007 also formed the basis
for our PIRCHE-II/eplet estimation approach and therefore may cause bias in our
observations or overfitting of the results. When using the updated HLA haplotype
frequency tables from 2011, similar observed PIRCHE-II/eplet values were obtained
(Figure 1), indicating that the bias is limited. However, usage of the 2007 HLA haplotype frequency tables showed a slightly improved PIRCHE-II/eplet value estimation
compared to the 2011 HLA haplotype frequency tables, which might be due to overfitting of the results. Second, by calculating a delta between natural logarithmic
transformed data, the difference in the actual PIRCHE-II/eplet count may be masked
for several donor-recipient couples. However, since the effect of the PIRCHE-II/
eplet count on alloreactivity is likely natural logarithmic, calculating the delta using
log-transformed data gives more insight into the alterations of the hazard on alloreactivity rather than differences in actual epitope count. Third, our validation is
limited to the Caucasian population and can only limitedly be extrapolated for other
ethnicities. Since the Caucasian HLA haplotype frequency tables were based on a
large-scale dataset22,23, we used these frequency tables to estimate the PIRCHE-II/
eplet values. The estimation of the PIRCHE-II/eplet values might less or more deviate when investigating different ethnicities. Considering all these study limitations,
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further studies, especially with different data sets and with different ethnicities, are
required to validate our observations. Ultimately, fine-details on the donor ethnicity
and the related frequencies, for instance as documented by http://allelefrequencies.net24, may further enhance the reliability of the extrapolations.
Our study showed that the observed PIRCHE-II and eplet values only limitedly
deviate from the reference PIRCHE-II and eplet values in a quantitative manner;
only differences in PIRCHE-II and eplet numbers were investigated in this study.
However, although PIRCHE-II and eplet values do not differ between the observation group and the reference group, both calculations may correspond to different
epitopes. Further analyses are required to identify whether the observed and reference calculations will have qualitative differences in epitopes.
To our knowledge this is the first study that uses this computational approach for
epitope-based HLA matching algorithms. Other studies have been using the HLA
haplotype frequency tables in a similar way but in different settings. For example, a similar approach as our approach has been used by Madbouly et al. for the
imputation of high-resolution HLA genotypes from multilocus unphased genotypes
with ambiguous or missing typing data25. In addition, the HLA Haplotype Validator
described by Osoegawa et al. uses HLA haplotype frequency tables to extract all
potential HLA haplotype constellations to identify potential errors in HLA genotyping26. Furthermore, HaploStats from the National Marrow Donor Program (available
via http://www.haplostats.org/) also estimates the most likely high-resolution HLA
genotypes, but without HLA loci linkage removal when no matching high-resolution
HLA haplotype is found. Thus, imputation of data can only take place when the
HLA haplotypes are present in the HLA haplotype frequency tables. For the HLAMatchmaker algorithm, HLA haplotype frequency tables have been used to identify
the most frequently present HLA haplotype in the population that corresponds to
a given low-resolution HLA typing. This most frequently HLA haplotype is subsequently used as input for the algorithm. By using this approach, other potential
less-frequent HLA haplotypes that also fit with the given low-resolution HLA typing
are excluded. In our multiple imputation approach, high-resolution HLA typings with
reduced likelihood were taken along in the PIRCHE-II and eplet calculations. Since
our approach does not exclude less likely HLA haplotypes, we believe that our
approach is more reliable than selecting the highest frequent high-resolution HLA
haplotype that is present in the general population.
Our algorithm currently only handles serological split level HLA typings, whereas serological broad level HLA typings cannot be used as input for the algorithm.
Likely, serological broad level HLA typing will further deteriorate our estimations
and, consequently, is not preferred for an epitope-based HLA matching setting.
Moreover, since serological split level HLA typing of both donors and recipients is
currently mandatory according to the Eurotransplant guidelines27, serological split
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level HLA typing is available for all donor-recipient couples and thus can be used
in our approach. Extension of the computational method, for example by providing genotype list string (GL string)28 or adding NMDP allele codes29 to the HLA
typing input, might eventually further enhance the estimations of the PIRCHE-II/
eplet values. Further studies are required to investigate whether addition of these
functions will enhance the reliability of the estimations.
Our data show that, although the PIRCHE-II/eplet value estimations are quite reliable, the estimations could be further improved. First, for a few donor-recipient
couples, the PIRCHE-II/eplet values could not be calculated when using serological
split level HLA typing, indicating that our approach cannot be used for a limited
number of donor-recipient couples. One of the major improvements will be extension of the Next Generation Sequencing-based genotype datasets that are used
for establishing HLA haplotype frequency tables. As of November 2016, 11,553
HLA class I alleles and 4,084 HLA class II alleles are registered in the IMGT/HLA
database 3.2630. These high numbers of identified HLA alleles indicate that huge
population HLA genotype datasets are required to reliably estimate the HLA haplotype frequencies. Indeed, a previous study has shown that the HLA haplotype
frequencies are overestimated when small sample sizes are used31. This aspect
stretches that more detailed information and reliable typing of different HLA haplotypes is required. Although the Caucasian HLA haplotype frequency table of the
NMDP is based on the largest dataset, the sample size is still limited considering all
the identified HLA alleles. This limited sample size might bias our results. Indeed,
rare alleles are hardly present in the HLA haplotype frequency tables and, consequently, a rare allele among donor and recipients at high-resolution level can often
not be identified using the current HLA haplotype frequency tables. Moreover, the
NMDP HLA haplotype frequency tables are generally based on exon 2-3 for HLA
class I alleles and on exon 2 for HLA class II alleles. Therefore, sharing of whole
gene Next Generation Sequencing-based high-resolution HLA genotyping may significantly improve the reliability of the HLA haplotype frequency tables and, thus,
the reliability of our epitope-based matching estimations.
In conclusion, we have shown that the currently used extrapolation method is a
powerful and reliable tool to estimate PIRCHE-II and eplet values. This method provides the opportunity to calculate PIRCHE-II and eplet values when using serological
split level HLA typing and, thus, makes high-resolution HLA genotyping presumably
redundant for the majority of the donor-recipient couples. When more Next Generation Sequencing-determined HLA genotype data will become available, HLA
haplotype frequency tables will become more reliable and, consequently, the reliability of our epitope-based HLA matching estimations will be further improved.
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SUPPLEMENTARY MATERIAL
A. Serological split level input typing
: A1, A2, B8, B60, Cw7, Cw10, DR17, DR1, DQ2, DQ5

B. HLA haplotype table including the haplotype frequencies
A*01:01
B*08:01
C*07:01
DRB1*03:01
DQB1*02:01
A*02:01
B*40:01
C*03:04
DRB1*13:02
DQB1*06:04
A*03:01
B*35:01
C*04:01
DRB1*01:01
DQB1*05:01
A*68:02
B*14:02
C*08:02 DRB1*13:03
DQB1*03:01

0.074
0.010
0.013
0.003

C. Potential well-defined haplotype pairs and their frequency in the HLA haplotype frequency
tables:
Haplotype 1
Haplotype 2

A*01:01 B*08:01 C*07:01 DRB1*03:01
A*02 B*40 C*03 DRB1*01 DQB1*05

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*07 DRB1*03
C*03 DRB1*01

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*07
C*03

DRB1*01
DRB1*03

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*07
C*03

DRB1*01
DRB1*03

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*03
C*07

DRB1*03
DRB1*01

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*03
C*07

DRB1*03
DRB1*01

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*03
C*07

DRB1*01
DRB1*03

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*08
B*40

C*03
C*07

DRB1*01
DRB1*03

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*07
C*03

DRB1*03
DRB1*01

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*07
C*03

DRB1*03
DRB1*01

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*07
C*03

DRB1*01
DRB1*03

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*07
C*03

DRB1*01
DRB1*03

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*03
DRB1*01

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*03
DRB1*01

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*01
DRB1*03

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*01
DRB1*03

DQB1*05
DQB1*02

not found
not found
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DQB1*02:01

0.074
not found

D. Search for [ A*02 - B*40 - C*07 | DRB1*01 - DQB1*05 ]:

Haplotype 2A A*02:01
Haplotype 2B A*03:01

B*40:01
B*35:01

C*03:04 DRB1*13:02
C*04:01 DRB1*01:01

DQB1*13:02
DQB1*05:01

0.010
0.013

Merge haplotype 2A and haplotype 2B
Haplotype 2 A*02:01 B*40:01 C*03:04 DRB1*01:01

DQB1*05:01

0.00013
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Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*03
DRB1*01

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*03
DRB1*01

DQB1*05
DQB1*02

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*01
DRB1*03

DQB1*02
DQB1*05

not found
not found

Haplotype 1
Haplotype 2

A*01
A*02

B*40
B*08

C*03
C*07

DRB1*01
DRB1*03

DQB1*05
DQB1*02

not found
not found

D. Search for [ A*02 - B*40 - C*07 | DRB1*01 - DQB1*05 ]:
Haplotype 2A A*02:01
Haplotype 2B A*03:01

B*40:01
B*35:01

C*03:04 DRB1*13:02
C*04:01 DRB1*01:01

DQB1*13:02
DQB1*05:01

0.010
0.013

Merge haplotype 2A and haplotype 2B
Haplotype 2 A*02:01 B*40:01 C*03:04 DRB1*01:01

DQB1*05:01

0.00013

4

E. Merge haplotype 1 and haplotype 2
Haplotype 1
Haplotype 2

A*01 :01
A*02:01

B*08:01
B*40:01

C*07:01 DRB1*03:01
C*03:04 DRB1*01:01

DQB1*02:01
DQB1*05:01

0.074
0.00013

Genotype:

A*01 :01
A*02:01

B*08:01
B*40:01

C*07:01 DRB1*03:01
C*03:04 DRB1*01:01

DQB1*02:01
DQB1*05:01

0.00000962

Normalize frequency:
A*01 :01
A*02:01

B*08:01
B*40:01

C*07:01 DRB1*03:01
C*03:04 DRB1*01:01

DQB1*02:01
DQB1*05:01

1.0

Supplementary material 1: Simplified example of the calculations when linkage breakdown between
HLA loci occurs.
(A) The following serological split level HLA typing is used as an example: A1, A2, B8, B60, Cw7, Cw10,
DR17, DR1, DQ2, and DQ5. The simplified used HLA haplotype table, including the haplotype frequencies
is displayed in (B). (C) First, the algorithm translates the serological split level HLA typing input into
molecular equivalents using the IMGTs translation file of Steve Marsh (version: IPD-IMGT/HLA 3.24.0;
available via http://hla.alleles.org/wmda/rel_dna_ser.txt). These molecular equivalents are subsequently
used to setting up all potential two-field resolution HLA haplotype pairs (HLA-A, -B, -C, -DRB1, and -DQB1)
that yield the given input serological split level HLA typing. In this example, no phasing constellation
was found. However, in one case only a single haplotype was found in the HLA frequency table: A*01:01,
B*08:01, C*07:01, DRB1*03:01, DQB1*02:01. (D) To obtain the second HLA haplotype, the search is
broadened by removing a link between HLA loci: A-B-C | DRB1-DQB1. Haplotype 2A and haplotype
2B are merged and its’ frequency is calculated by multiplying the frequency of haplotype 2A with the
frequency of haplotype 2B. (E) Haplotype 1 and 2 are merged and their absolute frequency is calculated
by multiplying the frequency of haplotype 1 with the frequency of haplotype 2. The resulting absolute
frequency is subsequently normalized as described in the materials and methods section.
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ABSTRACT

P

regnancy can prime maternal immune responses against inherited paternal
HLA of the fetus, leading to the production of child-specific HLA antibodies. We
previously demonstrated that donor-specific HLA antibody formation after kidney
transplantation is associated with donor-derived HLA epitopes presented by recipient HLA class II (PIRCHE-II). In the present study we evaluated the role of PIRCHE-II
in the child-specific HLA antibody formation during pregnancy. A total of 229 mother-child pairs were HLA-typed. For all mismatched HLA class I molecules of the
child, we subsequently predicted the number of HLA epitopes that can be presented by maternal HLA class II molecules. Child-specific antigens were classified
as either immunogenic HLA or non-immunogenic HLA based upon the presence
of specific antibodies and correlated to PIRCHE-II numbers. Immunogenic HLA
contained higher PIRCHE-II numbers than non-immunogenic HLA. Moreover, the
probability of antibody production during pregnancy increased with the number of
PIRCHE-II. In conclusion, our data suggest that the number of PIRCHE-II is related to
the formation of child-specific HLA antibodies during pregnancy. The present confirmation of the role of PIRCHE-II in antibody formation outside the transplantation
setting suggests that the PIRCHE-II concept is a universal principle.
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INTRODUCTION
The presence of donor-specific HLA antibodies before transplantation is strongly
associated with impaired graft outcome in both solid organ transplantation and
allogeneic hematopoietic cell transplantation1,2. These HLA-specific antibodies can
be detected in individuals who have been exposed to allogeneic HLA after transplantation and blood transfusion. Additionally, pregnancy is one of the major HLA
immunizing events3,4.
During pregnancy, the maternal immune system can be primed towards inherited
paternal HLA antigens (IPA) of the fetus5-7. This IPA-induced priming leads to the
production of child-specific HLA antibodies in 10% to 30% of all pregnant women4,68
. The frequency of HLA-specific antibody formation increases with the number of
full-term pregnancies6,9 and depends on the maternal and fetal HLA phenotype10.
Although the clinical relevance of these HLA-specific antibodies in pregnancy outcome has been extensively studied in the recent years, no consistent conclusions
can be drawn from these studies so far11. However, a better understanding of the
immunogenesis of humoral immune responses during pregnancy is of great interest for transplant recipients.
The ability of maternal B cells to produce HLA-specific antibodies highly depends
on the help from CD4+ T cells12. B cells first acquire and process the mismatched
paternal HLA and present the processed HLA epitopes to T-helper cells via HLA
class II molecules12. Subsequently, antigen-specific T cell recognition drives proliferation and differentiation of naive B cells into memory B cells and plasma cells, and
facilitates IgM-to-IgG isotype switching12,13.
The risk for developing HLA-specific antibodies during pregnancy is strongly correlated with the number of amino acid sequence mismatches (triplets) between
the mothers’ HLA and IPA of the fetus as determined by HLAMatchmaker14. These
triplets are potential linear conformational antibody epitopes that are not shared
with the mothers’ HLA14. Currently, a redefined version of HLAMatchmaker identifies three-dimensional polymorphic amino acid patches located at the molecular
surface of HLA molecules, designated as eplets15. Also the number of mismatched
eplets is correlated with HLA sensitization8. Although considerable research has
been devoted to predicting HLA-specific antibody formation, less research has
been devoted to predicting the T cell reactivity involved in HLA-antibody formation.
The production of HLA-specific antibodies against the Bw4 epitope depends on
the recipient’s class II HLA-DR phenotype; an HLA-DRB1*01 or HLA-DRB1*03 background is associated with production of Bw4 antibodies16. Moreover, Bw4 peptides
can bind to HLA-DRB1*01 and HLA-DRB1*03-positive cells in vitro17. These observations suggest that T cells may react to processed HLA fragments presented on
HLA class II. Inspired by these findings, we have developed an in silico model that
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predicts HLA-derived T-helper epitopes. This model identifies allo-peptides presented by HLA class II molecules, designated as PIRCHE-II (Predicted Indirectly
ReCognizable HLA Epitopes presented by HLA class II)18-21.
We previously demonstrated that the number of PIRCHE-II is related to de novo
formation of donor-specific HLA antibodies after kidney transplantation18. The
objective of the present study is to evaluate the role of PIRCHE-II in the formation of
child-specific HLA antibodies during a successful pregnancy. We investigated the
relation between PIRCHE-II and the formation of child-specific HLA antibodies in
two different populations: primigravidae (women who had their first pregnancy) and
multigravidae without prior miscarriage (women who had multiple pregnancies without any prior miscarriage). In order to exclusively ascribe the results to a successful
pregnancy, pregnancies that were preceded by one or more prior miscarriage(s)
were excluded from analysis.

MATERIALS AND METHODS
Population and sample collection
We included 301 women who gave birth at the University Hospital Basel, Switzerland,
between September 2009 and April 2011. All women had either their first full-term
pregnancy or had previous children who had the same father as the newborn child.
Previous blood transfusions and miscarriages were documented. Women who had
received prior blood transfusions (n=3) and/or had prior miscarriage(s) (n=64) were
excluded from further analysis. Three mother-child pairs were fully matched at all
HLA class I loci and were excluded from further analysis. Four children were homozygous for a mismatched locus of the mother. Since in that case no functional HLA
class I IPA was present in these children, we excluded these mother-child pairs from
analysis, leaving us with a cohort size of 229.
Peripheral blood samples from the mothers were obtained 1-4 days after delivery.
These post-delivery blood samples were used for both HLA typing and HLA-antibody analyses. For HLA typing of the newborn child, cord blood samples were
obtained immediately after delivery. The study protocol was approved by the local
ethics committee and written informed consent was obtained from all participating
women.
HLA typing
The peripheral blood samples and the cord blood samples were high-resolution
typed for the HLA-A, -B, -C, and -DRB1 loci using DNA typing methodologies as
described previously8.
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HLA-antibody analysis
The presence of child-specific HLA antibodies in post-delivery blood samples was
determined as described previously8. In short, HLA class I-specific antibodies were
analyzed in the maternal sera using single HLA-antigen beads (SAB) for HLA class I
according to the instructions of the manufacturer (iBeads Lot 1; OneLambda). Mean
fluorescence intensity (MFI) values above 1000 were regarded as positive. Subsequently, the detected HLA-specific antibodies were assigned as child-specific
HLA antibodies by comparing the HLA-antibody specificity of the mother with the
HLA typing of the child. Based on the presence or absence of child-specific HLA
class I antibodies, the HLA of the child were classified as either immunogenic (i.e.
child-specific HLA antibodies were detected in the maternal serum) or non-immunogenic (i.e. no child-specific HLA antibodies were detected in the maternal serum).
Identification of HLA class I derived PIRCHE-II
For all mismatched HLA class I molecules of the child we determined the number
of child-derived epitopes that can be presented by maternal HLA class II molecules
(PIRCHE-II) as described previously18,19. Predicting peptide binding in the HLA class
II binding groove is generally challenging. The more open binding groove structure
of HLA class II molecules allows binding of peptides with different lengths and each
peptide may bind to the HLA class II molecule with different amino acid positions22.
We therefore used the artificial neural network-based netMHCIIpan 3.0 algorithm23
to predict at which position a class I-derived peptide may bind to the binding
groove of maternal HLA class II molecules. This algorithm subsequently predicts
the binding affinity of this predicted nonameric binding core of the peptide to maternal HLA-DRB123. Binding affinities with an IC50 of <1000 nM24 were defined as HLA
class II binders. In our analyses, we included the entire amino acid sequence of
the HLA class I proteins, thus including the leader peptide and the transmembrane
region. Only child-derived HLA class II binders that are not present in any of the
other maternal HLA class I molecules can serve as T-helper epitopes. Therefore,
the predicted nonameric binding cores of child-derived HLA class II binders that differed at least one amino acid with maternal HLA were considered a PIRCHE-II. For
each mother-child couple we calculated the number of PIRCHE-II for all mismatched
HLA class I IPA; only unique child-specific epitope-HLA complexes were counted
as PIRCHE-II. Both maternal HLA-DRB1 alleles were taken into account as potential
PIRCHE-II presenters. Four illustrative examples of different child HLA class I-maternal HLA-DRB1 combinations and their corresponding PIRCHE-II have been depicted
in Table 1. The PIRCHE algorithm is available via https://www.pirche.org.
Matchmaker analysis
For all mismatched HLA class I molecules of the child we determined the number of
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A

44RME
62GE
65RKA
73TD
76VGT
107W
105S
113YH
127K
142MT
144TKH
149AAH
151HV
207S
184A
193AV

Eplets present in
A*02:01

FLRGYHQYA

PIRCHE-II derived
from A*02:01 and
presented by
DRB1*13:02

B

62GE
65RKA
107W
142MT
144TKH
207S
184A
193AV

Eplets present in
A*02:01

LRIALRYYN
IALRYYNQS
DGRFLRGYH
NLRIALRYY
YFSTSVSRP
AVMWRRNSS
MAAQITQRK

PIRCHE-II derived
from A*23:01 and
presented by
DRB1*11:01

C

62EE
65GKA
76ERI
82ALR

Eplets present in
A*23:01

VGPDGRFLR
AVMAPRTLL

PIRCHE-II derived
from A*11:01 and
presented by
DRB1*03:01

Only child-derived HLA class-II epitopes that are not present in any of the other maternal HLA class-I molecules were considered a PIRCHE-II and are shown in the table.
A. HLA typing mother: A*01:01, A*01:01, B*07:05, B*35:03, C*04:01, C*15:05, DRB1*01:03, DRB1*11:01
HLA typing child: A*01:01, A*02:01. B*07:05, B*35:03, C*12:03, C*15:05, DRB1*01:03, DRB1*04:05.
B. Same mismatch as (A), but different HLA-DRB1 as presenter.
HLA typing mother: A*03:01, A*24:02, B*07:02, B*07:02, C*07:02, C*07:02, DRB1*13:02, DRB1*15:02
HLA typing child: A*02:01, A*24:02, B*07:02, B*51:01, C*07:02, C*14:02, DRB1*11:01, DRB1*15:02
C. Different mismatch as (A), but same HLA-DRB1 as presenter.
HLA typing mother:A*01:01, A*02:01, B*08:01, B*35:01, C*04:01, C*07:01, DRB1*03:01, DRB1*11:01
HLA typing child: A*01:01, A*23:01, B*08:01, B*49:01, C*07:01, C*07:01, DRB1*03:01, DRB1*12:01
D. Different mismatch and different HLA-DRB1 as presenter as (A)
HLA typing mother: A*02:01, A*24:02, B*07:02, B*14:02, C*07:02, C*08:02, DRB1*03:01, DRB1*15:01
HLA typing child: A*11:01, A*24:02, B*07:02, B*07:02, C*07:02, C*07:02, DRB1*14:01, DRB1*15:01

SFYPAEITL
RCWALSFYP
LVLLLSGAL
FGAVITGAV
MAAQTTKHK
WRFLRGYHQ
TLRCWALSF
YIALKEDLR
FLRGYHQYA
WALSFYPAE
HRVDLGTLR
LSFYPAEIT
DWRFLRGYH
AVMAPRTLV

PIRCHE-II derived
from A*02:01 and
presented by
DRB1*11:01

Table 1: Examples of PIRCHE-II and eplets for child HLA class-I allele-maternal HLA-DRB1 combinations

Table 1: Examples of PIRCHE-II and eplet for child HLA class I allele-maternal HLA-DRB1 combinations
D

62QE
65RNA
70AQS
113YR
116D
151HA
163R
275EL

Eplets present in
A*11:01
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HLAMatchmaker eplets using HLAMatchmaker version 2.1 (available via http://www.
epitopes.net/)25. Fetal eplets that were absent in the mother’s HLA-A, -B, -C, and
-DRB1 locus were counted as mismatched eplets.
Statistical analysis
Statistical analyses were performed with GraphPad Prism software version 6.02
(GraphPad Software, Inc., La Jolla, CA) and SPSS Statistics software version 20 (IBM
SPSS Software). Differences in the PIRCHE-II numbers between immunogenic HLA
and non-immunogenic HLA were analyzed using Mann-Whitney U tests. To investigate whether the probability of HLA-specific antibody production during pregnancy
is related to the PIRCHE-II numbers in the total cohort, the PIRCHE-II numbers were
divided into quintiles (i.e. 5 equal groups). Gaussian distribution of the number of
PIRCHE-II was tested using the D’Agostino-Pearson omnibus normality test, to justify the division into quintiles. Pearson’s chi-square tests were used to analyze the
overall change in immunogenicity over the quintiles. Pearson’s chi-square tests
with Yates’ correction were used to analyze differences between two individual
PIRCHE-II quintiles. Linear regression analyses were performed to analyze whether
the relation between the probability of HLA-specific antibody production and
PIRCHE-II was present in primigravidae and multigravidae. For the latter populations, percentage of immunogenic antigens was calculated for PIRCHE-II numbers
that were 4 or more times present in the population. The regression lines of primigravidae and multigravidae were compared using calculations that have been
described previously26 and that are equivalent to the Analysis of Covariance test.
Linear regression analyses were also performed to analyze the relation between
the number of PIRCHE-II and the number of eplets. P-values<0.05 were considered
to be statistically significant.

RESULTS
Population characteristics
The characteristics of the study cohort have been summarized in Table 2. Of all 229
women, 67.2% had their first full-term pregnancy, 28.4% had their second full-term
pregnancy, and 4.4% had their third or more full-term pregnancy. HLA mismatches
for three HLA class I alleles (i.e. on the HLA-A, -B, and -C loci) were found in 63.8%
of the mother-child pairs.
The HLA antigens of the child were classified as either immunogenic HLA (specific
antibodies detected in maternal serum) or non-immunogenic HLA (no specific antibodies detected in maternal serum). A total of 99 immunogenic HLA (38 HLA-A,
45 HLA-B, and 16 HLA-C) and 488 non-immunogenic HLA (153 HLA-A, 157 HLA-B,
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and 178 HLA-C) were identified. For all these individual mismatched HLA class I
antigens, we predicted the number of indirectly recognizable HLA class I epitopes
that were derived from the current child and presentable by maternal HLA-DRB1
(PIRCHE-II) (Table 3). The PIRCHE-II numbers ranged from 0 to 72 and were not
Gaussian distributed (p<0.0001) (Supplementary Figure 1).
Immunogenic HLA contains higher PIRCHE-II numbers
To determine whether the production of anti-HLA IgG antibodies depends on the
presence of T-helper epitopes, PIRCHE-II numbers of the immunogenic HLA group
and the non-immunogenic HLA group were compared (Figure 1). When analyzing
the total cohort, immunogenic HLA contained higher PIRCHE-II numbers compared
to non-immunogenic HLA (Figure 1A, p=0.0003). The median PIRCHE-II number of
the immunogenic HLA group was 1.3 fold increased compared to the non-immunogenic HLA group.
Table 2: Population characteristics
Total number of mother- child pairs

229

Number of pregnancies

N (%)

First full-term pregnancy

154 (67.2%)

Second full-term pregnancy

65 (28.4%)

Third or more full-term pregnancy

10 (4.4%)

Number of IPA ( HLA-A,-B, and -C )
- 1 mismatch

17 (7.2%)

- 2 mismatches

66 (28.0%)

- 3 mismatches

146 (61.8%)

Table 3: Number of PIRCHE-II for individual HLA class I IPA

Total number of HLA class-I IPA
- 0-6 PIRCHE-II; n (%)

120 (20.4%)

- 7-11 PIRCHE-II; n (%)

120 (20.4%)

- 12-16 PIRCHE-II; n (%)

119 (20.3%)

- 17-24 PIRCHE-II; n (%)

118 (20.1%)
110 (18.7 %)

- 25+ PIRCHE-II; n (%)
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A

Total cohort

80

p=0.0003

70
Number of PIRCHE-II

60
50
40
30
20
10
0

B
80

Immunogenic HLA Non-immunogenic HLA
(n=99)
(n=488)

Primigravidae

C
80

p=0.0016

60

60

Number of PIRCHE-II

70

Number of PIRCHE-II

70

50
40
30

p=0.1

40
30
20

10

10

Immunogenic HLA Non-immunogenic HLA
(n=58)
(n=340)

Multigravidae

50

20

0

5

0

Immunogenic HLA Non-immunogenic HLA
(n=41)
(n=148)

Figure 1: Comparison of the number of PIRCHE-II between immunogenic HLA and non-immunogenic
HLA.
Immunogenic HLA contained a higher number of PIRCHE-II than non-immunogenic HLA in the total
cohort (A), primigravidae (B), and multigravidae (C). The reported p-values are derived from MannWhitney U tests. The boxes extend from the 25th to 75th percentiles and the middle line represents the
median. The whiskers are drawn from the lowest to the highest PIRCHE-II value.
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The total study cohort consisted of primigravidae and multigravidae. Since these
groups may immunologically respond differently, the cohort was further subdivided
into these two groups. For both the primigravidae (Figure 1B) and the multigravidae
(Figure 1C), immunogenic HLA contained higher PIRCHE-II numbers than non-immunogenic HLA (p=0.0016 and p=0.1 respectively). These results indicate that
primigravidae and multigravidae act immunologically similar, independent of the
number of full-term pregnancies.
The probability of HLA-specific antibody production increases with the
number of PIRCHE-II
We subsequently analyzed whether the probability of HLA-specific antibody production during pregnancy is related to the PIRCHE-II numbers. To this end, we
divided the number of PIRCHE-II into quintiles and for each quintile we determined
the percentage of antigens to which the mother developed HLA antibodies against.
Overall, the percentage of immunogenic antigens increased with the number of
PIRCHE-II (Figure 2A; p=0.001; 0-6 PIRCHE-II vs. 25+ PIRCHE-II: p<0.0001). We
repeated this analysis using different group strategies (e.g. PIRCHE-II numbers
divided into quartiles or tertiles) and similar results were obtained (data not shown).
To test whether the probability of HLA-specific antibody production was different
between primigravidae and multigravidae, we analyzed each group separately. Percentages were calculated for PIRCHE-II numbers with a frequency of ≥4. In both
groups the probability of generating HLA-specific antibodies increased with the
number of PIRCHE-II (Figure 2B). However, multigravidae starts producing HLA-specific antibodies with fewer PIRCHE-II numbers than primigravidae. Although the
slopes of both regression lines are not significantly different (p=0.53), the intercepts
of the lines with the Y axis differed from each other (p=0.01), indicating that the
regression lines of both groups are distinct but parallel. The quintile division graphs
for primigravidae and multigravidae (Supplementary Figure 2) support this observation.
The PIRCHE-II numbers do not correlate with the number of eplets
As reported previously, the frequency of child-specific sensitization towards HLA
class I loci is correlated to the number of mismatched eplets8. Since HLAMatchmaker and our PIRCHE-II model are both based on amino acid dissimilarities
between HLA of the mother and the child, a correlation between the number of
PIRCHE-II and eplets is likely. To investigate this potential correlation, we plotted the
number of PIRCHE-II against the number of eplets for the primigravidae. For immunogenic HLA, no correlation between the number of PIRCHE-II and the number of
eplets was observed (Figure 3A; R2=0.04; p=0.12). For non-immunogenic HLA, a
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A

Total cohort

% of immunogenic antigens

30
25

p<0.0001
p=0.001
p=0.08
p=0.002

20
15
10
5
0

0-6 7-11 12-16 17-24 25+

n=120 n=120 n=119

n=118 n=110

Number of PIRCHE-II

5

B
80

Primigravidae; R 2=0.38; p<0.0001
Multigravidae; R 2=0.21; p=0.03

% of immunogenic antigens

70
60
50
40
30
20
10
0
0
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8

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Number of PIRCHE-II

Figure 2: Relation between the percentage of immunogenic antigens and the number of PIRCHE-II.
The probability of HLA antibody formation increases with the number of PIRCHE-II in the total cohort (A),
and in primigravidae and multigravidae (B). For (A) the number of PIRCHE-II were divided into quintiles
(0-6 PIRCHE-II, 7-11 PIRCHE-II, 12-16 PIRCHE-II, 17-24 PIRCHE-II, and 25+ PIRCHE-II). The reported p-values
in (A) are derived from Chi-square tests with Yates’ correction. For (B) we calculated the percentage
of immunogenic antigens for individual PIRCHE-II numbers. Percentages were calculated for PIRCHE-II
numbers that were 4 or more times present. Percentages that are corresponding to primigravidae are
depicted as black dots and percentages that are corresponding to multigravidae are depicted as open
triangles. Significance of the regression line of primigravidae: p<0.0001; significance of the regression
line of multigravidae: p=0.03.
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weak correlation between the number of PIRCHE-II and the number of eplets was
observed (Figure 3B; R2=0.30; p<0.0001). The regression lines of both groups are
intersecting. Thus, the amino acid dissimilarities between HLA of the mother and
the child that are identified by the HLAMatchmaker model are different than the
amino acid dissimilarities that are identified by our PIRCHE-II model.
The immunogenicity of individual HLA mismatches cannot be explained by
PIRCHE-II numbers
The immunogenicity of individual HLA mismatches is highly diverse; some mismatched HLA molecules lead significantly more frequently to sensitization than other
HLA molecules8,10,27. We investigated whether the immunogenicity of individual HLA
molecules could be explained by the number of PIRCHE-II. To this end, we sorted
the individual HLA molecules from frequently immunogenic (left) to less frequently
immunogenic (right) and calculated the PIRCHE-II numbers for these individual HLA
mismatches. The individual HLA molecules that were highly immunogenic in our
cohort did not contain higher PIRCHE-II numbers than less immunogenic HLA molecules (Figure 4). Thus, we conclude that a difference in immunogenicity of individual
HLA mismatches can, as yet, not be explained by the number of PIRCHE-II.

B

Immunogenic HLA
R2 = 0.04; p=0.12

Number of PIRCHE-II

Number of PIRCHE-II

A
80
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70
65
60
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20
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15

number of eplets
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Non-immunogenic HLA
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75
70
65
60
55
50
45
40
35
30
25
20
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R2 = 0.30; p < 0.0001
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10

15

number of eplets
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Figure 3: Correlation between the number of PIRCHE-II and the number of eplets.
Immunogenic HLA (A) are depicted as dots and the corresponding linear regression line as a solid
line. Non-immunogenic HLA (B) are depicted as dots and the corresponding linear regression line as
a dotted line. Significance of the regression line is p=0.12 for immunogenic HLA and p<0.0001 for nonimmunogenic HLA. For visualization purposes overlapping data have been shifted 0.1 units.
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DISCUSSION
In this study, we evaluated the role of child-derived T-helper epitopes in the formation of child-specific HLA antibodies during pregnancy. We used a computational
approach to predict the binding of HLA-derived epitopes to maternal HLA class
II19-21, 23.
In our cohort of 229 mother-child pairs, PIRCHE-II numbers were higher in HLA
mismatches that did elicit child-specific HLA antibodies than in HLA mismatches
that did not elicit child-specific HLA antibodies (Figure 1). This result is in agreement
with our previous findings that suggested that donor-derived PIRCHE-II is involved
in the de novo formation of HLA IgG antibodies after kidney transplantation18. Thus,
our data indicate that HLA-specific antibody formation is in general associated with
our PIRCHE-II model.
Our cohort consists of women who did not develop child-specific HLA antibodies at all (non-responders), women who developed child-specific HLA antibodies
against all HLA mismatches of the child (full IPA responders), and women who had
at least one immunogenic HLA and at least one non-immunogenic HLA (partial
IPA responders). To investigate whether the partial immunogenicity in the latter
group corresponded to differences in PIRCHE-II numbers, we analyzed the partial
IPA responders separately (data not shown). A Wilcoxon matched pairs analysis
showed that the PIRCHE-II numbers within this group differed significantly between
immunogenic HLA and non-immunogenic HLA (p=0.0002), thus excluding that our
results were biased by data from full IPA responders and non-responders.
As reported previously8,9,28,29, the sensitization frequency increases with the number
of full-term pregnancies. The increased sensitization in multigravidae may be the
result of the increased maternal exposure duration towards (different) IPA29. Our
data suggest that, for multigravidae, lower PIRCHE-II numbers are required to obtain
the same probability of generating HLA-specific antibodies as for primigravidae
(Figure 2). Thus, multigravidae seem more sensitive to PIRCHE-II than primigravidae
in terms of HLA antibody formation. This increased sensitivity to PIRCHE-II in
multigravidae may be explained by the re-exposure towards IPA, and consequently
towards PIRCHE-II as well, during multiple pregnancies.
The number of mismatched HLA antibody-epitopes (eplets) as determined by HLAMatchmaker is strongly correlated with the HLA-specific antibody response during
pregnancy8,14. Our PIRCHE-II model and HLAMatchmaker are based on the same
biochemical principle, i.e. amino acid dissimilarities between HLA of mother and
child invoke an antibody response. Despite this similar basic biochemical principle,
HLAMatchmaker and our PIRCHE-II model are based on a different immunological
principle; HLAMatchmaker is a predictor of B cell epitopes, whereas the PIRCHE-II
model is a predictor of T-helper epitopes. In a kidney transplantation setting, the
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Figure 4: The frequency of sensitization to individual HLA molecules cannot be explained by the
number of PIRCHE-II.
HLA serotypes were derived from high-resolution HLA typing. Individual serotypes were sorted from
frequently immunogenic (left) to less frequently immunogenic (right). Immunogenic HLA are depicted
as black dots and non-immunogenic HLA are depicted as open dots. Black lines represent the median.
Dashed lines indicate the average number of PIRCHE-II for the individual HLA loci. Analyses were
performed on HLA molecules that were at least 3 times mismatched. HLA serotypes that were excluded
from the figure are: A31, A66, A69, B13, B35, B37, B38, B39, B41, B45, B47, B50, B52, B55, B56, B57, B60,
B61, B65, B72, B75, Cw14, and Cw17.

number of eplets correlated only moderately with PIRCHE-II numbers18. The lack
of correlation may have been due to the relatively small number of recipients in
this latter study (n=21). In the current primigravidae population (n=154) we found
no correlation between the number of eplets as defined by HLAMatchmaker and
the number of PIRCHE-II for immunogenic HLA (Figure 3A) and a weak correlation
for non-immunogenic HLA (Figure 3B). These observations in pregnancy confirm
that the PIRCHE-II model and the HLAMatchmaker model are indeed two independent predictors for HLA-specific antibody formation. This independency may be
explained by the different epitopes that are predicted by the two models. Indeed,
the majority of the HLA class I derived PIRCHE-II were not part of an eplet18. Thus,
although both models are related to HLA antibody formation, the two algorithms
define different polymorphic epitopes (as visualized in Table 1). Further research in
larger cohorts is required to investigate whether the two algorithms interact statistically in the predictability of HLA antibody formation.
In this study we found that frequently immunogenic HLA molecules did not contain
necessarily higher PIRCHE-II numbers (Figure 4), indicating that the immunogenicity of individual HLA class I molecules cannot be predicted by the PIRCHE-II
algorithm. However, several studies showed that the immunogenicity of individual
mismatched HLA molecules depends on the HLA phenotype of the responder16,30.
The frequency of antibody production against individual mismatched HLA class
I molecules is highly dependent on the HLA-DR background of the responder30.
These observations suggest that the effect of an identical HLA mismatch may differ
in responders with a different HLA phenotype and that the immunogenicity of individual HLA class I molecules should be analyzed in the context of the maternal
HLA-DR phenotype or might even have to be considered in the context of maternal
HLA-DQ and HLA-DP phenotypes. Due to the limited numbers of mismatched HLA
in the different maternal HLA-DR backgrounds, we were unable to analyze the individual HLA class I molecules in the context of the maternal HLA-DR phenotype for
our cohort.
Alternatively, the lack of relation between the immunogenicity of distinct HLA class
I molecules and the number of PIRCHE-II might be due to using HLA antibody
response as a readout instead of CD4+ T cell responses. However, data about
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CD4+ T cell alloimmune responses is generally hard to obtain. Since numerous
tetramers and function assays are required, measuring the CD4+ T cell alloimmune
responses is practically hardly feasible, as illustrated by the fact that the number of
potential T-helper epitopes can be up to ~72 peptides and that such epitopes are
only marginally overlapping between different mothers. Furthermore, our observations may also be explained by the poorly characterized immunogenicity of
individual PIRCHE-II. Each PIRCHE-II represents a peptide with potential immunogenicity, but with unknown degree of immunogenicity. PIRCHE-II immunogenicity
may well differ per peptide, due to preferential processing and/or binding to HLA.
Defining the immunogenicity of individual PIRCHE-II may give more insight in the
clinical relevance of each individual PIRCHE-II.
Currently, no clear consensus exists over the MFI threshold to classify whether
HLA-specific antibodies are present or absent; different MFI thresholds for assigning
child-specific HLA can be used. Since the MFI threshold determines the classification of child-specific HLA antigens into immunogenic HLA or non-immunogenic
HLA8, the study outcome might depend on the chosen threshold. We therefore
repeated the PIRCHE-II analyses using lower and higher MFI thresholds, but the
outcome did not change (data not shown).
Although immunogenic HLA contain higher PIRCHE-II numbers than non-immunogenic HLA in pregnancies without prior miscarriages, maternal antibody responses
were also raised against HLA that contain low PIRCHE-II numbers or against HLA
where we do not predict any PIRCHE-II for. These immunogenic HLA might contain
epitopes that can bind to different maternal HLA class II molecules than HLA-DRB1,
such as HLA-DRB3/4/5, and HLA-DPA1;HLA-DPB1 or HLA-DQA1;HLA-DQB1 heterodimers. Our HLA-typing data is restricted to HLA-DRB1. Moreover, HLA-DPB1 and
-DQB1 presentation is not implemented in our current PIRCHE model. Therefore,
we were not able to estimate the number of PIRCHE-II that can bind to maternal
HLA-DPA1;HLA-DPB1 or HLA-DQA1;HLA-DQB1 heterodimers. Addition of PIRCHE-II
presented by HLA-DPA1;HLA-DPB1 and HLA-DQA1;HLA-DQB1 heterodimers may
therefore describe more accurately the role of PIRCHE-II in the formation of IPA
antibodies in our cohort.
On the other hand, several HLA containing high PIRCHE-II numbers were non-immunogenic. This observation could reflect the maternal immunological tolerance
towards the fetus during pregnancy31. IPA-specific T cells can be tolerogenic in vivo
during pregnancy32. Thus, PIRCHE-II-specific T cells may be anergized during pregnancy and may therefore not be able to provide T cell help to B cells. Alternatively,
our PIRCHE-II model predicts presentation of child-derived HLA epitopes by maternal HLA class II, but not T cell recognition of these HLA class II-presented epitopes.
Some PIRCHE-II as determined by our model may therefore not be recognized by
CD4+ T cells. Thus, these HLA containing high PIRCHE-II numbers could be non-im114
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munogenic due to a lack of CD4+ T cell recognition.
In addition to the lack of predicting CD4+ T cell recognition of PIRCHE-II and the
unknown degree of immunogenicity of individual PIRCHE-II, our study has several other limitations. As mentioned previously, HLA typing of our study cohort is
restricted to HLA-DRB1, whereas PIRCHE-II presented by HLA-DPA1;HLA-DPB1 and
HLA-DQA1;HLA-DQB1 heterodimers may also occur. Moreover, maternal serum
samples were collected 1-4 days after delivery. Because these maternal serum samples were taken shortly after delivery, our observations with respect to PIRCHE-II
and HLA antibody formation are most likely to be ascribed to the pregnancy, rather
than to effects during delivery. After delivery, HLA antibody formation may increase
due to fetal exposure during delivery. Since maternal serum samples at later time
points are not available for our cohort, we were unable to test this aspect in our
cohort. Furthermore, T helper-independent child-specific IgM antibodies may have
been formed, which may interfere with the detection of child-specific IgG antibodies in our luminex-based SAB assay33. However, the presence of child-specific IgM
antibodies was not tested in the maternal sera.
In summary, we show that the development of child-specific HLA antibodies during
pregnancy is related with higher number of PIRCHE-II. The probability of HLA-specific antibody formation increases with the number of PIRCHE-II. As yet, no firm
conclusions with regard to risk quantification can be drawn based on the current
data. Further studies are required to investigate whether PIRCHE-II can be used in
the future as tool for risk stratification and extrapolation to unacceptable HLA antigens. The present confirmation of the role of PIRCHE-II in antibody formation in a
different setting than transplantation suggests that our PIRCHE-II model may be a
tool to predict HLA-antibody formation in general.
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ABSTRACT

I

ndividual HLA mismatches may have differential effects on graft survival after
kidney transplantation. Therefore, there is a need for a reliable tool to define permissible HLA mismatches in kidney transplantation. We previously demonstrated
that donor-derived Predicted Indirectly ReCognizable HLA epitopes presented by
recipient HLA class II (PIRCHE-II) play a role in de novo DSA formation after kidney
transplantation. In the present Dutch multi-center study we evaluated the possible association between PIRCHE-II and kidney graft failure in 2,918 donor-recipient
couples that were transplanted between 1995 and 2005. For these donors-recipients couples, PIRCHE-II was determined and was related to graft survival in both
univariate and multivariable analyses. Adjusted for confounders, the natural logarithm of PIRCHE-II was associated with a higher risk for graft failure (HR: 1.13, 95%
CI: 1.04-1.23, p=0.003). Univariately analyzed, patients with low PIRCHE-II numbers
had a better 10-years graft survival than patients with higher PIRCHE-II numbers
(p=0.006; PIRCHE-II strata: <9, ≥9-<35, ≥35-<90, and ≥90 with 82%, 76%, 73%, and
70% 10-year graft survival). Our data suggest that the PIRCHE-II algorithm is a valuable tool to discriminate between permissible HLA mismatches and high-risk HLA
mismatches in kidney transplantation. Inclusion of PIRCHE-II in donor-selection criteria may eventually lead to an improved kidney graft survival.
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INTRODUCTION
Kidney transplantation is the preferable treatment option for most patients suffering
from end-stage kidney disease. Kidney transplantation outcome is most optimal
when patient and donor are HLA matched1,2. HLA mismatches may lead to the activation of alloreactive T cells and the development of donor-specific HLA antibodies
(DSA), thereby significantly impairing kidney graft survival3. In HLA-mismatched
kidney transplantation graft survival decreases gradually with increasing numbers
of mismatches on the HLA-A, HLA-B, and HLA-DRB1 loci2,4. Based on this rationale, the European organ exchange organization Eurotransplant has implemented
an algorithm in which the number of HLA-A, HLA-B, and HLA-DRB1 mismatches is
taken into consideration in the allocation strategy.
HLA matching implies that better matched kidney grafts (0-3 mismatches at HLA-A,
-B, and -DRB1) are preferred over poorly matched kidney grafts (4-6 mismatches
at HLA-A, -B, and -DRB1)4. Since this number of HLA-A, -B, and -DRB1 mismatches
is generally calculated using serological level HLA typing4, the actual number of
HLA mismatches may even be higher at high-resolution level. These allelic disparities between donor and recipient may contribute to clinically relevant allo-immune
responses4. Moreover, in the current allocation strategy, mismatches at the different
loci are regarded equally important. Cumulating evidence, however, suggests that
each HLA mismatch may contribute with a different weight to graft survival; some
HLA mismatches seem to be more permissible/acceptable than others5,6. Thus, a
better definition of the acceptable mismatches will improve graft survival.
Immunological graft rejection may originate from allo-specific T cells or antibodies. T-helper cells play a role in both processes; on one hand, CD4+ T-helper cells
can provide help to CD8+ cytotoxic effector T cells that may subsequently induce
kidney graft injury by recognizing mismatched HLA on the kidney via the direct
allorecognition pathway. However, the mechanism and allorecognition pathway of
CD4+ T cells in providing help to CD8+ T cells remains elusive7,8. On the other hand,
CD4+ T-helper cells play an essential role in HLA-specific antibody formation via B
cell activation and IgM-to-IgG isotype switching. During this process, mismatched
HLA is internalized by B cells, intracellularly processed, and HLA-derived epitopes
can subsequently be loaded onto HLA class II molecules on the surface of B cells.
T-helper cells recognizing these HLA-derived epitopes drive B cell differentiation
and IgM-to-IgG isotype switching via cytokine secretion and CD40-CD40L interaction9,10. Thus, the production of HLA-specific IgG antibodies requires the activation
of B cells by T-helper cells. In this process, the T-helper cell and the B cell recognize
different epitopes derived from the same mismatched HLA molecule, a phenomenon called linked recognition11.
T-helper cell activation is antigen-specific. In HLA-mismatched transplantation,
these T-helper cells likely recognize mismatched HLA epitopes in the context of
123
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HLA class II. The PIRCHE-II algorithm is able to predict such HLA-mismatch derived
T cell epitopes by quantifying the number of mismatched donor HLA-derived peptides that can be presented on recipients’ HLA class II molecules, designated as
PIRCHE-II (Predicted Indirectly ReCognizable HLA Epitopes presented by HLA
class II)12-14. Several studies have shown that the number of PIRCHE-II is related to
HLA antibody formation in different HLA sensitization settings: after pregnancy13,
pancreas and pancreatic islets transplantation14, and kidney transplantation15 (Lachmann et al, submitted). Moreover, PIRCHE-II may prime CD4+ T-helper cells that can
provide help to cytotoxic CD8+ T cells as described previously. As such, PIRCHE-II
may affect graft rejection via both pathways. To determine whether the PIRCHE-II
algorithm might refine the definition of permissible HLA mismatches in kidney transplantation, we investigated the role of PIRCHE-II in kidney graft failure in relation to
other HLA mismatch-related factors and possible confounders. This study is part of
the Dutch PROCARE consortium which analyzes the outcome of all kidney transplantations that were performed in the Netherlands between 1995 and 2005 and
aims for improved matching algorithms in kidney transplantation.

6

MATERIALS AND METHODS
Study population
This retrospective cohort study included all kidney transplantations that were
performed between 1995 and 2005 in the seven different Dutch transplantation
centers. At time of analysis, HLA typing was available for the majority of 6,095
kidney transplantations that were included in the PROCARE consortium. For 3,488
donor-recipient couples, typing resolution was at serological split level or higher for
HLA-A, -B, and -DRB1; pairs with lower resolution levels of HLA typing or no typing
results for one or more of these loci were excluded from analyses. When HLA-C
and HLA-DQ (beta chains) typing at serological split level was known, the typing
results for these loci were also used as input for the PIRCHE-II and HLAMatchmaker algorithms, as described in the next sections. When HLA-C and HLA-DQ
(beta chains) typing was not available at serological split level, typings for these loci
were extrapolated using the method described in the next section.
Donor-recipient couples with 5 or more mismatches at HLA-A, -B, and -DRB1 had
an aberrant graft survival, suggesting that the allocations within this group were
not performed according the standard Eurotransplant allocation protocol. Since we
cannot correct for this confounder, we excluded donor-recipient couples with 5 or
more mismatches at HLA-A, -B, and -DRB1 (n=297). Donor-recipient couples which
were fully matched at serological split level HLA-A, -B, -C, -DRB1, and -DQB1 and had
a PIRCHE-II number between 0 and 1 (n=143) were excluded from further analyses,
as these couples are most likely to be fully matched at allelic-resolution level. These
124
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donor-recipient couples lack an immunological target within donor HLA and thus
may have a better graft survival. Inclusion of these donor-recipient couples may
therefore enlarge the PIRCHE-II effect observed in this study. Outcome data regarding graft failure, death with functioning graft, and follow-up time were documented.
The etiology of graft failures and the presence of DSA before transplantation were
not documented. Recipients who never had a functioning graft after transplantation
(n=130) were excluded from analyses, resulting in a final cohort size of 2,918 kidney
transplantations. Informed consent for the evaluation of clinical data was obtained
from all subjects involved in the study.
High-resolution extrapolation method
For both the PIRCHE-II algorithm and the HLAMatchmaker algorithm, allelic-resolution HLA typing of both donor and recipient is required. However, allelic-resolution
HLA typing data is, as yet, unavailable for our cohort. To overcome this issue, we
used the computational method described previously to calculate PIRCHE-II and
eplet values using low resolution HLA typing16. Briefly, HLA haplotype frequency
tables of the National Marrow Donor Program from 2007 were used to identify the
most probable allelic-resolution HLA typings from each donor and recipient low-resolution HLA typing17. The HLA haplotype frequency tables are available via: https://
bioinformatics.bethematchclinical.org/hla-resources/haplotype-frequencies/. First,
the algorithm searched for allelic-resolution haplotypes (HLA-A, -B, -C, -DRB1, and
-DQB1) that corresponded to the low-resolution HLA typing that was used as input.
When no allelic-resolution HLA typing was found, the search criteria in the HLA
haplotype frequency database were broadened by removing the linkage between
loci in a stepwise manner until an allelic-resolution HLA typing was found. Linkage
breakdown between HLA loci was performed in the following order: [i] A-B-C-DRB1DQB1, [ii] A-B-C | DRB1-DQB1, [iii] A | B-C | DRB1-DQB1, [iv] A | B - C | DRB1 | DQB1, and
[v] A | B | C | DRB1 | DQB1.
By using this strategy, a single low-resolution HLA typing of donor and recipient may
result in multiple potential allelic-resolution HLA typings. The PIRCHE-II/eplet values
for all these potential allelic-resolution HLA typings were calculated as described in
the next sections. For each of these typings, the absolute frequency was calculated
by multiplying both haplotype frequencies. Subsequently, the absolute frequencies
were normalized within the set of likely high-resolution HLA genotypes for the given
input. The PIRCHE-II/eplet values were weighted by multiplying the normalized frequency of a certain allelic-resolution HLA typing of the recipient in the population
by the normalized frequency of a certain allelic-resolution HLA typing of the donor
in the population, resulting in a decimal PIRCHE-II number. The HLA haplotype frequency table of the Caucasian population was used in this study to determine the
potential allelic-resolution HLA typings, as this table is based on a large-scale dataset, and the vast majority of our study cohort have a Caucasian ethnicity.
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Identification of HLAMatchmaker eplets
HLAMatchmaker was used to identify three-dimensional polymorphic amino acid
patches on the molecular surface of the HLA molecule to which HLA antibodies
can be directed, designated as eplets18-20. The number of HLAMatchmaker eplets
was determined for each donor-recipient couple using HLAMatchmaker algorithm
version 2.1 (available via http://www.epitopes.net/); both antibody-verified and
non-antibody-verified eplets were taken into account. In the analyses, eplets that
were present in the donor’s HLA and absent in the recipient’s HLA were counted as
mismatched eplets. The number of mismatched eplets was determined via interlocus HLA comparisons.
Identification of PIRCHE-II
For all HLA mismatches, we determined the number of donor mismatched HLA-derived peptides that can be presented by recipient HLA-DRB1 (PIRCHE-II) as
described previously13. Briefly, the NetMHCIIpan 3.0 algorithm was used to predict
the nonameric binding cores of donor mismatched HLA-derived peptides that can
bind to recipient HLA-DRB1. Relevant HLA-DRB1 binders were defined as peptides
with an IC50 <1000 nM, based on the study of Southwood et al.21. Donor-derived HLA
class II binders that differed at least one amino acid in their nonameric binding core
with the HLA sequence of the recipient were counted as PIRCHE-II. In the identification of PIRCHE-II, specific donor-epitope-HLA complexes that were present multiple
times in a certain donor-recipient couple were counted as a single PIRCHE-II. The
PIRCHE algorithm is available via https://www.pirche.org.

6

Since the entire amino acid sequence of relevant HLA molecules is required for
the PIRCHE-II algorithm, incomplete sequences that were present in the IMGT/
HLA database were extrapolated using a nearest-neighbor-based approach as
described previously to obtain the complete amino acid sequence of the incomplete HLA allele22.
Statistical analysis
Statistical analyses were performed using SPSS Statistics software version 21 (IBM
SPSS Software). The time-dependent association of the HLA mismatch-related
factors (i.e. the total number of HLA-A/-B/-DRB1 mismatches, the number of mismatched eplets, and PIRCHE-II) and other covariates (donor age, recipient age,
transplantation year, and recipient immunization status) on graft function was univariately studied with Cox proportional hazard models. Recipient immunization status
was based on the maximum panel reactive activity (PRA) percentage measured
before transplantation. PRA was determined by measuring cytotoxicity against a
minimum of 50 different donors using the basic NIH technique on unseparated
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peripheral blood mononuclear cells. A PRA% of 5 was used as cutoff to distinguish
between immunized and non-immunized recipients, according our generally used
immunization definitions. A multivariable model was constructed using forward
stepwise selection considering all univariately analyzed covariates of p<0.10. Except
for recipient immunization status, all covariates were used as continuous variables
in the Cox proportional hazard models. Kaplan-Meier survival analyses were used
to univariately analyze graft survival among different PIRCHE-II groups and groups
were compared using log-rank tests. Both lost to follow-up and death with functioning graft were considered as censoring events in the Cox proportional hazard
model and Kaplan-Meier survival analyses. Differences in baseline characteristics
between different PIRCHE-II groups were tested with the Kruskal-Wallis test for continuous variables and Pearson’s chi-square tests for categorical variables. For all
analyses, p-values<0.05 were considered statistically significant.

RESULTS
Baseline characteristics
The total analyzable cohort consisted of 2,918 donor-recipient couples. The baseline characteristics of the included donor-recipient pairs have been summarized in
Table 1. The median age at transplantation was 46.5 and 47 years for both donors
and recipients respectively. HLA-C and -DQ typing was available for the majority of
the donor-recipient couples. The median follow-up time of recipients without graft
failure during follow-up was 11 years. A total of 675 recipients (23.1% of total) experienced kidney graft failure during follow-up.
The total number of HLA-A/-B/-DRB1 mismatches is associated with graft
survival
To confirm the role of HLA mismatches on transplant outcome in our cohort, we
first investigated the relationship between the total number of HLA-A, -B, and -DRB1
mismatches and kidney graft survival. HLA-C and HLA-DQ mismatches were not
included in these calculations, as HLA-C and HLA-DQ typing was not mandatory
according the Eurotransplant guidelines in the years 1995 to 2005. In univariate
analysis, the total number of HLA-A/-B/-DRB1 mismatches was significantly associated with an increased risk for graft failure (Hazard ratio (HR): 1.11; 95% Confidence
interval (CI): 1.04-1.18, p=0.002, Table 2).
PIRCHE-II is an independent risk factor for graft failure
Next, we investigated whether HLA mismatch-related factors, including eplets and
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PIRCHE-II, and a set of other covariates have an influence on kidney graft failure.
The number of PIRCHE-II was log-transformed for the analyses, as PIRCHE-II is
logarithmically correlated with HLA antibody formation, as described elsewhere
(Lachmann et al., submitted). In univariate analysis, the natural logarithm of the
number of PIRCHE-II was significantly associated with an increased risk of graft
failure (HR: 1.15; 95% CI: 1.06-1.25; p=0.001; Table 2). Also the number of mismatches
eplets, recipient age, and donor age were significantly associated with kidney graft
failure (Table 2).
A multivariable Cox regression model was constructed considering all univariately
analyzed covariates. Recipient and donor age, transplantation year, and the natural
logarithm of PIRCHE-II were included in the final model (Table 2). The total number
of HLA-A/-B/-DRB1 mismatches and number of mismatched eplets did not end up
in the multivariable model. PIRCHE-II was significantly associated with a higher risk
of graft failure (HR: 1.13; 95% CI: 1.04-1.23; p=0.003; Table 2). According to this multivariable model, for each increase of 1 unit ln(PIRCHE-II), which is equivalent to a
2.718-fold difference in PIRCHE-II, the risk of graft failure increases with 13%. Based
on this multivariable analysis, we plotted kidney graft failure risk as a function of the
number of PIRCHE-II (Figure 1). We observe a non-linear dose-dependent influence
of the number of PIRCHE II on graft failure risk. Thus, PIRCHE-II seems to be a refinement of the definition of HLA mismatching and is an independent risk factor for graft
failure after kidney transplantation.
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Table 1: Baseline characteristics
Median recipient age, years (range)
Median donor age, years (range)

47 (2-80)
46.5 (0-79)

Recipient gender
Female, n
Male, n

1,196 (41.0%)
1,722 (59.0%)

Donor gender
Female, n

1,466 (50.2%)

Male, n

1,452 (49.8%)

Recipients with prior kidney transplantation(s), n

94.9%

% recipients with HLA-DQ typing available

98.4%

% donors with HLA-C typing available

78.2%

% donors with HLA-DQ typing available

89.2%

Median broad HLA mismatches (A/B/DR), n (IQR)

2 (1 -3)

Median broad HLA-A mismatches, n (IQR)

1 (0-1)

Median broad HLA-B mismatches, n (IQR)

1 (0-1)

Median broad HLA-DR mismatches, n (IQR)
Graft loss during follow-up, n
Median follow-up time, years (IQR)

128

414

% recipients with HLA -C typing available

1 (0-1)
675 (23.1%)
11 (8.5 -14)
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Table 2: Univariate and multivariable hazard ratios of graft failure for ln(PIRCHE-II), eplets, number
of HLA-A, -B, and -DR mismatches, age, year of transplantation, and recipient immunization status
Univariate
HR

95%-CI

p-value

ln(PIRCHE-II)

1.15

1.06 - 1.25

0.001

Eplets

1.01

1.00 - 1.01

0.01

Number of A/B/DR
mismatches

1.11

1.04 - 1.18

0.002

Recipient age

0.99

0.99- 1.00

Donor age

1.02

1.02 - 1.03

Transplantation year

0.98

0.96- 1.00

0.06

Recipient immunization
status

1.16

0.99- 1.35

0.06

Multivariable model with forward
stepwise selection
HR
95%-CI
p-value
1.13

1.04 - 1.23

0.003

0.003

0.99

0.99- 1.00

<0.001

<0.001

1.02

1.02 - 1.03

<0.001

0.97

0.95- 0.99

0.009

A multivariable model with forward stepwise selection was generated using the univariate factors. Only
ln(PIRCHE-II), recipient age, donor age, and year of transplantation were included in the model. Eplets,
number of HLA-A, -B, and -DR mismatches, and recipient immunization status were not included in the
multivariable model and, therefore, no hazard ratios were reported for these factors.
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Figure 1: Modeling of the increased hazard on graft failure for each PIRCHE-II.
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Higher PIRCHE-II groups have a lower 10-years graft survival
To visualize the effect of PIRCHE-II on graft survival, the patients were subdivided into
four groups based on the number of PIRCHE-II and univariate Kaplan-Meier analyses were performed. The groups were classified as low PIRCHE-II (<9 PIRCHE-II),
medium PIRCHE-II (≥9 to <35 PIRCHE-II), medium-high PIRCHE-II (≥35 to <90
PIRCHE-II), and high PIRCHE-II (≥90 PIRCHE-II), as described elsewhere (Lachmann
et al., submitted). The baseline characteristics of these groups have been summarized in Table 3. Graft survival significantly differed between the different PIRCHE-II
groups (Figure 2; p=0.006). The low PIRCHE-II group had a higher 10-years graft survival (82%) compared to the other groups (76% for medium PIRCHE-II, p=0.128; 73%
for medium-high PIRCHE-II, p=0.013; and 70% for high PIRCHE-II, p=0.002). Thus,
these data confirm that patients with a low PIRCHE-II number have an improved
10-year graft survival compared to patients who were transplanted with a higher
PIRCHE-II number.

6

DISCUSSION
PIRCHE-II may indirectly impact graft survival after kidney transplantation via the
induction of HLA-specific antibodies that can be directed against the graft or via facilitating kidney-directed CD8 T cell responses. In the present study we investigated
whether the PIRCHE-II algorithm could more precisely classify the permissibility of
HLA mismatches in kidney transplantation.
The total number of HLA-A/-B/-DRB1 mismatches was associated with kidney
graft survival. This observation is in line with previous observations showing that
kidney graft survival gradually decreases when transplanted with increasing numbers of HLA mismatches1,2. We also showed that increasing PIRCHE-II numbers are
associated with a higher risk for kidney graft failure. In the stepwise forward multivariable Cox regression model, PIRCHE-II appeared to be an independent risk
factor for kidney graft failure. A stepwise backward multivariable Cox regression
model showed a similar result (data not shown). The graft survival curves suggest
that these differences in graft survival are set early after transplantation. Thus, our
data support the hypothesis that the number of PIRCHE-II is indeed related to graft
failure after kidney transplantation and confirm the observations of an independent parallel study (Lachmann et al., submitted). We therefore conclude that the
PIRCHE-II classification may provide a better discriminator for the classification of
permissibility of HLA mismatches than the number of HLA mismatches, which did
not emerge as independent risk factors for graft failure in the multivariable model.
In the multivariable analysis we included HLA-mismatch related confounders and a
limited number of additional confounders. However, also other factors, for example
immunosuppressive treatment regimen, cold ischemia time, type of donor, com130
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Table 3: PIRCHE-II distribution and baseline characteristics for different PIRCHE-II groups
PIRCHE-II groups; n (%)
Low; 215 (7.4)

Medium; 742 (25.4) Medium-high; 1,466 (50.2)

High; 495 (17.0 ) P-value

Recipient age; median
(range)

49 (9-74)

47 (3-76)

47 (2-79)

48 (3-80)

0.34

Donor age; median
(range)

44 (9-72)

46 (0-75)

46 (1-77)

49 (2-79)

0.002

Recipient gender
Male; n (%)
Female; n (%)

132 (61.4)
83 (38.6)

425 (57.3)
317 (42.7)

865 (59.0)
601 (41.0)

300 (60.6)
195 (39.4)

0.58

Donor gender
Male; n (%)
Female; n (%)

101 (47.0)
114 (53.0)

392 (52.8)
350 (47.2)

716 (48.8)
750 (51.2)

243 (49.1)
252 (50.9)

0.26

3 (2-3)

3 (3-4)

<0.001

34.1 (28.9-40.3)

<0.001

Number of A/B/DR
mismatches, median
(IQR)
Mismatched eplets,
median (IQR)

0 (0-0)

2 (1-2)

1.4 (0.6-2.8)

14.2 (8.7-23.0)

26.2 (20.0-32.1)

Percent graft survival

100

6

90
Low PIRCHE-II

80

Medium PIRCHE-II
Medium-high PIRCHE-II

70

High PIRCHE-II

p=0.128
p=0.013
p=0.002

60
P=0.006

50
0
Number at risk
<9 PIRCHE-II
9-<35 PIRCHE-II
35-<90 PIRCHE-II
90+ PIRCHE-II

215
742
1466
495

2
190
652
1261
417

4
6
Graft survival years
173
597
1144
378

160
528
1004
342

8

10

150
480
882
297

112
377
670
208

Figure 2: Effect of PIRCHE-II groups on 10-years kidney graft survival.
Patients in the higher PIRCHE-II groups have diminished 10-year kidney graft survival than patients in
the lower PIRCHE-II group
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pliance to therapy, and transplantation center, might have their impact on graft
failure. Since these data are currently being collected for the PROCARE cohort,
further studies are required to investigate the role of PIRCHE-II on graft failure in a
detailed covariate analysis. Moreover, our current PIRCHE-II algorithm is restricted
to PIRCHE-II derived from HLA-A/-B/-C/-DRB1/-DQB1 and presented by HLA-DRB1.
However, PIRCHE-II might also be derived from other HLA alleles and presentation
of PIRCHE-II by other HLA class II alleles may occur. Since HLA-DRB3/4/5, -DQA1,
-DPA1, and -DPB1 are not present in the 2007 HLA haplotype frequency tables17, we
were unable to extrapolate high-resolution HLA typings of these loci for our cohort.
Further research is required whether addition of PIRCHE-II presented by or derived
from these HLA alleles may further improve the definition of permissible HLA mismatches.
The development of de novo HLA-antibody formation is highly associated with a
reduced 10-year graft survival3,23. We have previously shown a relation between
PIRCHE-II and HLA-antibody formation after kidney transplantation15, pancreas and
pancreatic islets transplantation14, and pregnancy13. As shown by Lachmann et al.
(manuscript submitted) the number of PIRCHE-II indeed increased the chance of
developing DSA and impaired kidney graft failure, suggesting that PIRCHE-II at
least partly affects kidney graft function indirectly via HLA-antibody formation. In
our cohort, we were unable to investigate the effect of PIRCHE-II on HLA-antibody
formation, since sera were not collected after transplantation. In addition to driving
HLA-antibody formation, PIRCHE-II might also induce graft failure by providing T cell
help to cytotoxic T cells that are directed towards the kidney graft. Further research
is required to investigate whether donor kidney HLA-derived PIRCHE-specific T
cells may indeed also impact kidney graft function without intervention of the B cell
compartment.
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The PIRCHE-II associated effect on graft failure is more prominent in the present
study than in the study of Lachmann et al. This difference in graft failure might be
explained by differences in donor type, immunosuppressive treatment regimen, or
additional factors such as cold ischemia time and compliance to therapy between
both studies. Moreover, a different HLA-antibody screening procedure after
transplantation and subsequent adaptation of the treatment regimen might also
explain the graft survival differences. In the Dutch transplantation centers, regular
HLA-antibody monitoring and subsequent adaptation of the immunosuppressive
treatment regimen upon HLA antibody detection were not part of the routine follow-up between 1995 and 2005, but was performed prospectively in the German
cohort. In the latter cohort, the immunosuppressive treatment regimen was adapted
(intensified or changed) when HLA antibodies were detected, which might have
reduced the risk for graft failure. Although future research is required to investigate
the effect of immunosuppression adaptation after HLA antibody detection on graft
failure, this difference between both studies might explain the difference in magni132
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tude of PIRCHE-II on graft failure.
High-resolution HLA typings were not yet available for our cohort. Therefore, we
used an HLA extrapolation method to identify all possible allelic-resolution HLA
typings for a given low-resolution HLA typing. In a validation study we showed that
PIRCHE-II and eplet numbers can reliably predicted for the majority of the donor-recipient couples using our method16. The removal of HLA-C or HLA-DQ from the
input slightly diminished the reliability of the PIRCHE-II and eplet estimations16.
Thus, although our approach may have resulted in an over- or underestimation of
the exact PIRCHE-II and eplet numbers for certain recipient-donor combinations,
we believe that the used approach is more reliable than using a single high-resolution HLA typing selected according to the most frequent allelic-resolution HLA
haplotype in the population; our method does not exclude other potential allelic-resolution HLA haplotypes and the data were analyzed at population level, not
at individual donor-recipient level. Nevertheless, the availability of higher-resolution HLA typing of donor and recipient will further enhance the reliability of our
PIRCHE-II calculations.
The study outcome might be biased by basing the HLA locus mismatch assignment
on HLA-A, -B, and -DRB1 alone, as these typings were available for all donor-recipient couples. Ideally, HLA-C and -DQ also need to be included in the mismatch
assignment, as the eplet/PIRCHE-II calculations also include HLA-C and -DQ in the
extrapolation method. However, determining the number of HLA-C and -DQ mismatches via the extrapolation method used in our study may result in unreliable
HLA mismatch assignment. As HLA-C and -DQ typing is now mandatory according the Eurotransplant guidelines, future studies will be able to show the impact of
these loci.
Several studies have shown a high association between the number of mismatched
eplets and donor-specific antibody formation15,18,19,24,25. Therefore, also an association
between the number of mismatched eplets and graft survival is expected. Indeed,
Duquesnoy et al. has shown that increasing numbers of HLA-A and HLA-B triplet
mismatches as determined by HLAMatchmaker were associated with decreasing
graft survival rates in HLA-DR identical kidney transplants26. The number of mismatched eplets was also predictive for graft failure in our study. Detailed research
is required to determine whether a further refinement of the immunogenicity of
individual eplets may improve the predictability of kidney graft failure in our cohort.
Alternative approaches for estimating the immunogenicity of HLA mismatches in
terms of HLA-specific antibodies, such as the number of disparate amino acids or
the physicochemical disparities25, will be included in these detailed future analyses.
In conclusion, our study showed that PIRCHE-II is associated with graft failure after
kidney transplantation. We showed that PIRCHE-II might be a more gradual dis133
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criminator in defining the permissibility of HLA mismatches than the total number
of serological HLA-A/-B/-DRB1 mismatches or the number of mismatched eplets.
In the future, the PIRCHE-II algorithm might be a manner to identify mismatches
that will have a reduced risk for kidney graft failure. Incorporating the PIRCHE-II
algorithm in the donor selection procedure for kidney transplantation may facilitate risk classification of specific mismatches and eventually lead to an improved
graft survival. PIRCHE-II may be used in the donor selection procedure in two ways.
First, PIRCHE-II can be used to select the most optimal donor, thereby replacing the
currently used HLA matchgrade and match probability. Second, the PIRCHE-II algorithm can also be used for assessing the risk for graft failure before transplantation.
Patients who are at higher risk for kidney graft failure due to a high PIRCHE-II score
might benefit from more intense immunosuppression or can be monitored more
closely after transplantation.
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ABSTRACT

T

he aim of the current study was to characterize the HLA antibodies before and
after pancreas and pancreatic islet transplantation. We assessed the risk of
donor-specific HLA antibody (DSA) sensitization in a single-center, retrospective
clinical study at Geneva University Hospital. Data regarding clinical characteristics,
graft outcome, HLA mismatches, donor HLA immunogenicity, and HLA antibody
characteristics were collected. Between January 2008 and July 2014, 26 patients
received pancreas transplants and 18 patients received pancreatic islet transplants.
Twelve out of 26 patients (46.2%) in the pancreas transplantation group and 11 out of
18 patients (61.1%) in the islet transplantation group had HLA antibodies. Ten patients
(38.4%) developed DSA against HLA of the pancreas and six patients (33.3%) developed DSA against HLA of the islets. Most of the DSA were at low level. Several
parameters, such as gender, number of transplantations, HLA mismatches, eplet
mismatches and PIRCHE-II numbers, rejection and, infections, were analyzed. Only
the number of PIRCHE-II was associated with the development of de novo HLA
class II DSA. Overall, the development of de novo DSA did not influence graft survival as estimated by insulin independence. Our results indicate that pretransplant
DSA at low levels do not restrict pancreas or islet transplantation. De novo DSA do
occur at similar rates in both pancreas and islet transplant recipients and are mainly
directed to HLA class II. The immunogenicity of donor HLA is a parameter that
should be taken into consideration. When combined with an adequate immunosuppressive regimen and a close follow-up, development of low levels of DSA did not
result in reduced graft survival or graft function in the current study.
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INTRODUCTION
Isolated pancreas or simultaneous kidney-pancreas transplantation are widely
accepted therapies to treat type I diabetes mellitus (T1D) in a selected group of
patients with or without end-stage renal failure. Pancreatic islet transplantation is
an alternative therapy that is emerging to achieve insulin independence or improve
glycemic control for patients with “brittle” T1D; “brittle” describes a severe form of
diabetes characterized by fluctuation of blood sugar levels that can affect quality of
life and lead to hospitalization. Islet transplantation often requires several infusions
from different donors. Both pancreas and islet transplantation procedures expose
the recipients to multiple human leukocyte antigen (HLA) mismatches, which is a
risk factor for the development of HLA antibodies. Pretransplantation HLA antibodies are associated with acute antibody-mediated rejection that could lead to rapid
graft loss or reduced long-term graft survival1,2. The development of HLA antibodies after transplantation (de novo HLA antibodies) is also associated with reduced
graft survival. In isolated pancreas, simultaneous kidney-pancreas transplantation,
and in islet transplantation, several reports have previously demonstrated that the
development of HLA antibodies after transplantation is a risk factor for impaired
graft function and graft survival1,3-5. However, these studies usually include several
centers with different immunosuppressive strategies and do not compare both procedures (pancreas vs. islet transplantation) with regards to the presence of HLA
antibody as an independent risk factor for graft function and graft survival.
In this single-center study we have compared recipients of pancreas and islet
transplantation and characterized the HLA-antibody specificities before and after
transplantation to assess the specific risk of HLA sensitization with a focus on the
immunogenicity of donor HLA through HLA mismatches, HLA eplet determination,
and Predicted Indirectly Recognizable HLA Epitopes (PIRCHE).

MATERIALS AND METHODS
Patient cohort
This study is a single-center, retrospective clinical study. It included all pancreas
and islet transplantations (including combined transplantation, i.e. kidney-pancreas,
kidney-lung etc.) performed between January 2008 and July 2014 at the Geneva
University Hospital, Switzerland. We collected demographic and graft outcome
data. Data were collected regarding pancreas or islet rejection episodes, insulin
independence status, mortality, fasting C peptide, and hemoglobin A1c (HbA1c)
levels. The ethical committee of the Geneva University Hospital approved the study
(No. 6-208), which is in accordance with the regulations of the Geneva University
Hospital.
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HLA antibody analysis
Before transplantation, HLA antibodies were monitored when the patients were
registered on the transplantation waiting list, then three times a year until transplantation, and finally on the day of the transplantation. Subsequent HLA antibody
detections were performed at the hospital discharge, every 6 months during the
first year after the transplantation, and once a year afterward. Additional HLA antibody detections were performed whenever major clinical events, such as rejection
or infection, occurred. Sera of the patients were analyzed for the presence of HLA
class I and class II antibodies by solid phase assays on the Luminex, using the
Labscreen Mix assay for HLA class I and HLA class II, following the recommendations of the manufacturer (One Lambda, Thermo Fisher Scientific, Canoga Park,
CA, USA). For all positive individuals, sera were subsequently tested for HLA class
I and class II-specific antibodies using Luminex single-antigen beads (one Lambda).
Briefly, color-coded microspheres coated with the major HLA class I and II antigens
were incubated with 10 μl serum for 30 minutes at room temperature (RT) in the
dark. After three washes, samples were incubated with 100 μL of 1:100 phycoerythrin-conjugated goat anti-human immunoglobulin G (IgG; One Lambda). Finally, after
two washes, fluorescent signal intensity for each microsphere was measured using
LABScan 100 Flow analyzer (One Lambda). The cutoff for positive samples was the
normalized background (NBG) ratio recommended by de manufacturer, which was
calculated by HLA Fusion software (One Lambda). A Mean Fluorescence Intensity
(MFI) above 1000 was considered as positive. Donor-specific antigens were classified as either immunogenic HLA or non-immunogenic HLA based on the presence
of donor-specific antibodies (DSA) in the recipient. Immunogenic HLA was further
subdivided into preformed DSA and de novo DSA.

7

HLA-typing
HLA-A, -B, -C, -DRB1, and -DQB1 typing of the recipients and their donors was
performed either by PCR-SSO (sequence-specific oligonucleotide) DNA-typing
(LABType HD; OneLambda) or PCR-SSP (sequence-specific-primer) typing (Olerup
SSP, Vienna, Austria).
HLA eplet determination
The HLAMatchmaker program was used to calculate and summate the number of
mismatched eplets between recipient and pancreas/islet donors at the HLA-A, -B,
-DRB1, and -DQB1 loci (http://www.epitopes.net). High-resolution HLA determination was deduced from the medium-resolution HLA typing (SSO or SSP typing) by
selecting the most frequent allele and haplotype for the given population of recipients and donors from Switzerland.
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Identification of Predicted Indirectly Recognizable HLA Epitopes presented
by HLA-DRB1 (PIRCHE-II)
For all mismatched HLA-A, -B, -DRB1 and -DQB1 molecules of the donor we determined the number of donor-derived epitopes that can be presented by recipient
HLA-DRB1 molecules (PIRCHE-II), as described previously6. Briefly, we predicted
at which position a mismatched HLA-derived peptide may bind to the binding
groove of recipient HLA-DRB1 by using the netMHCIIpan-3.0 algorithm7. The algorithm predicts the binding affinity of the nonameric binding core of the mismatched
HLA-derived peptide to recipient HLA-DRB1 molecules, considering IC50 binding
values <1000 nM as relevant HLA-DRB1 binders. The relevant HLA-DRB1 binders
that differed at least one amino acid with the recipient HLA were classified as a
PIRCHE-II. Only unique donor-derived peptide-HLA complexes were considered
PIRCHE-II. In our analysis, the major part of the HLA amino acid sequence was
included; only leader peptide sequences were excluded from the HLA amino acid
sequence. The PIRCHE-II algorithm is available online via https://www.pirche.org.
Statistical analysis
Data are represented using median and interquartile range. Mann-Whitney U test
was used to compare quantitative data. Graft survival was assessed by KaplanMeier curves and compared with the log-rank test. Mann-Whitney U tests were
used to analyze differences in the PIRCHE-II numbers between different groups.
Values of p<0.05 were considered statistically significant. Statistical analyses were
made using GraphPad Prism version 6.00 software (La Jolla, CA, USA).

7

RESULTS
Study population
Forty-five pancreas or islet transplantations were performed in 43 patients between
January 1, 2008 and July 1, 2014. Eighteen patients received islets transplants and
26 patients received a pancreas transplant (among whom one patient received two
pancreas transplantations and one patient received both pancreas and islet transplantations). All patients were transplanted with a negative complement dependent
cytotoxicity (CDC) crossmatch. Patient characteristics are shown in Table 1. Among
the 27 pancreas transplantations, 18 (66.7%) were simultaneous pancreas-kidney
(SPK) transplantations, 6 (22.2%) were pancreas-after-kidney (PAK) transplantations,
2 (7.4%) were a pancreas transplant alone (PTA) transplantations, and 1 (3.7%) patient
received a simultaneous pancreas-intestine (SPI) transplant. Except for one patient
who received Basiliximab (Novartis, Basel, Switzerland), each patient (96.3%)
received anti-thymocyte globulin (ATG; Sanofi, Paris, France) as part of the induc-
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tion therapy. Maintenance therapy was composed of short-term steroids for each
patient, calcineurin inhibitors for 26 patients (100%), and antimetabolites for 21 out
of 26 patients (80.8%).
Among the 18 islet-transplanted patients, 6 (33.3%) received an islet transplant alone
(ITA), 5 (25.8%) a simultaneous islet-kidney (SIK) transplant, 4 (22.2%) an islet-after-kidney (IAK) transplant, 2 (11.1%) an islet-after lung or liver (IAL) transplant, and 1
(5.6%) a simultaneous islet-lung-liver (SILL) transplant. The first transplant induction
included ATG therapy for 13 patients (72.2%) or Basiliximab for 2 patients (11.1%).
Maintenance therapy included steroids for 3 patients (16.7%), calcineurin inhibitors
for 13 patients (72.2%), and antimetabolite for 16 patients (88.9%).

Table 1: Baseline characteristics

Factor
No. Recipient
Age (range)
Gender
Male
Female
Autoantibodies
Anti-islets
Anti-GAD (range)
Anti-IA2 (range)
Anti-insulin (range)
Treatment
Induction therapy
Basiliximab
Thymoglobulin
Maintenance therapy
Steroid
Calcineurin Inhibitor
Antimetabolite
Outcomes
Insulin independence
Pancreactectomy
Death
Rejection
Loss to follow-up
Fasting C-peptide (pmol/L)
;;;; median (SD)
HbA1C (%) median (SD)
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Islets
N (%)
18
47 (15-63)

Pancreas
N (%)
26
42 (27-57)

6 (33.3%)
12 (66.7%)

13 (50%)
13 (50%)

1⁄18
7⁄18 (0 -69)
4⁄18 (0-5.4)
6⁄18 (0 -200)

1⁄23
15⁄23 (0-73500)
2⁄23 (0-0.8)
2⁄24 (0-57.1)

0.99
0.12
0.38
0.11

2 (11.1%)
13 (72.2%)

1 (3.8%)
25 (96.2%)

0.55
*

8 (44.4%)
13 (72.2%)
16 (88.9%)

26 (100%)
25 (96.2%)
20 (76.9%)

***
0.03
0.45

9⁄18 (50%)
0
1 (5.6%)
1 (5.6%)

23⁄26 (88%)
4 (15.3%)
2 (7.7%)
5 (3 patients)
1 (3.8%)

*
0.51
0.64
0.99

Pre-Tx/post-Tx

Pre-Tx/post-Tx

Pre-Tx/post-Tx

73 (197) / 592 (229)

33 (270) / 813 (791)

0.08/**

7.0 (0.67) / 6.0 (0.59)

7.0 (1.4) / 6.0 (0.5)

0.30/0.14

p
0.16
0.37
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HLA antibodies
Twelve out of 26 pancreas transplant recipients (46.2%) and 11 out of 18 islet transplant recipients (61.1%) had pretransplant HLA antibodies (Figure 1). Among the
pancreas transplant recipients, 4 recipients (15.4%) were transplanted across DSA
(3 recipients across HLA class I antibodies only and 1 recipient across HLA class II
antibodies only). Among the islet transplant recipients, 5 recipients (27.8%) were
transplanted across DSA (3 recipients across HLA class I antibodies only, 1 recipient
across HLA class II antibodies only, and 1 recipient across HLA class I and II antibodies). Except for one recipient in the pancreas transplant group, preformed DSA were
still detected after transplantation. The specificities and the MFI of pretransplant
DSA are indicated in Table 2. Ten recipients (38.4%) developed DSA antibodies
directed against HLA of the pancreas and 6 recipients (33.3%) developed de novo
DSA directed against HLA of the islets. The specificities and the MFI of de novo
DSA are indicated in Table 2.
Clinical parameters in relationship with the occurrence of de novo DSA
The following parameters were included in a statistical analysis to establish factors that could predict the development of HLA antibodies after transplantation:
recipient gender, recipient age, number of infections occurring after transplantation, number of rejections (including cellular and humoral rejection), number of HLA
mismatches between donors and recipients, eplet mismatches for HLA class I and/
or class II, and immunosuppressive therapy (Table 3). There were no statistical significant differences for these factors when comparing patients who developed de
novo DSA to those who did not develop de novo DSA, neither in the pancreas

Islets n=18

No DSA n=7
(38.9%)

De novo DSA n=6
(33.3%)

7

Pancreas n=26

DSA n=11
(61.1%)

No DSA n=14
(53.8%)

Preformed DSA n=5
(27.8%)

HLA class I n=5 HLA class II n=1
(27.8%)
(5.6%)

DSA n=12
(46.2%)

De novo DSA n=10
(38.4%)

Preformed DSA n=4
(15.4%)

HLA class I n=3 HLA class II n=4 HLA class I and II
n=3 (11.5%)
(11.5%)
(15.3%)

Figure 1: Risk of HLA sensitization after islet of pancreas transplantation.
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Table 2: First mean fluorescence intensity of donor-specific HLA
antibodies (DSA)
Patient

DSA anti -class II by luminex

DSA anti-class I by luminex
Pancreas

1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6
7
8
9
10
11

B51(1854) B44(4090)
B35 (1391)*
B44 (1433)
B35(1003)
A68(1152)

DQ6(4284)
DQ7(4799)
DQ5(4207) DQ6 (3369)
DR12(2409)
DR16(1030)*
DQ7(2147)

A68(1135)
A32(2387)
A1(4611) C6(1890)

A32(2347) B44(1057)B51(1920)

Islet

A11(1195)
B44(3391)
A2 (1026)
A11(4085) A30(1034) B7(2048)
B8(>10000)
B53(1847)*
B51(1699) B53(1344)

DQ6(1207) DR10 (1136)
DQ5(7805)*
DR15(1100) DQ6(2811)

7

DQ2(3922) DQ7(5910)
DQ7(2635) DQ8(2430)
DR4(1513)

Preformed DSA are in italics, * transplant complicated of rejection(s)

Table 3. Evaluation of common risk factors of alloimmunization after pancreas or islet
transplant.

Islets

Gender
Male
Female
Age
Rejection

DSA de novo

Non DSA

P

3
3

1
6

0.27
0.27

4
6

8
7

0.69
0.69

49 (15-59)

54 (46-65)

0.60

44 (30-56)

49 (31-62)

0.18

0 (0-1)

0

0.46

0 (0-2)

0

0.05

3 (0-8)

0.17

2 (0-11)

1(0 -10)

0.20

3 (2-3)

0.48

-

-

-

13 (9-16)

0.86

7 (5-8)

4.5 (4-7)

0.16

0.60 50.5 (34-99) 49 (17-91)
0.87 17.5 (11 -23) 16 (4-24)
0.51
33 (20-83) 34 (0-70)

0.30
0.52
0.47

1 (1 -4)
Infections
Number of
2.5 (1-3)
transplants
13 (8-17)
HLA mismatch
Eplet mismatch
126 (33-157)
Total
43 (15-60)
Class I
68 (18-122)
Class II

123 (74-222)
41 (21 -62)
82.5 (45-182)

Values are expressed as median (range)
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% of insulin-independence patients

Pancreas Transplant graft survival
Pancreas transplant graft survival
de novo DSA
no DSA
preformed and de novo DSA

100

50

0

0

500 1000 1500 2000 2500

% of insulin-independence patients

Days
Islet transplant graft survival

100

de novo DSA
no DSA
preformed and de novo DSA

50

0

0

500 1000 1500 2000 2500
Days

Figure 2: Pancreas and islet graft survival among patients with and without
donor specific antibodies.

transplanted-patients nor in the islet-transplanted patients. As shown in Figure 2,
the development of de novo DSA did not influence graft survival as estimated by
insulin independence.
De novo HLA class II DSA development is PIRCHE-II dependent
In order to determine whether HLA antibody formation after pancreas and islet transplantation is related to the number of T-helper epitopes, we evaluated the number
of PIRCHE-II in the two transplantation settings. First, we determined whether
PIRCHE-II numbers differed between pancreas transplantation and islet transplantation. Since the de novo DSA group is rather small, the number of PIRCHE-II in
the non-immunogenic HLA group was analyzed. For non-immunogenic HLA class I
(Figure 3A), the PIRCHE-II numbers were higher for islet transplantation compared
to pancreas transplantation (p=0.0095). For non-immunogenic anti-HLA class II
(Figure 3B), the PIRCHE-II numbers between both transplantations were compa147
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rable (p=0.68). These observations suggest that in islet transplantation settings a
higher number of HLA class I-derived PIRCHE-II is tolerated compared to a pancreas transplantation setting.
To investigate whether this difference is due to simultaneous transplantations,
pancreas and islet transplantations were further subdivided into pancreas transplantation alone, pancreas transplantation combined with another type of organ
transplantation, islet transplantation alone, and islet transplantation combined
with another type of organ transplantation (Figure 3C). For both pancreas transplantation and islet transplantation, no difference was observed between a single
transplantation and a combined transplantation (p=0.14). When comparing pancreas transplantation alone with islet transplantation alone, the PIRCHE-II numbers
were higher for the islet transplantation (p=0.02). The PIRCHE-II numbers were also
higher for the islet transplantation combined with another type of organ transplantation compared to pancreas transplantation combined with another type of organ
transplantation (p=0.03). These results indicate that the difference in PIRCHE-II numbers for non-immunogenic HLA class I is not due to simultaneous transplantations.

7

To confirm that HLA antibody formation is not related to the number of mismatched
eplets as determined by the HLAMatchmaker program, we compared the de novo
DSA group and the non-immunogenic HLA group. For both HLA class I and HLA
class II, the number of mismatched eplets did not differ between the de novo DSA
group and the non-immunogenic HLA group (p=0.42 for HLA class I and p=0.40 for
HLA class II) (Supplementary Figure 1).
Finally, we compared the number of PIRCHE-II between HLA mismatches to which
de novo antibodies were formed and HLA mismatches to which no antibodies
were formed. For HLA class I (Figure 4A), the number of PIRCHE-II was comparable
between the de novo DSA group and the non-immunogenic HLA group (p=0.48).
For HLA class II (Figure 4B), the de novo DSA group contained a higher number of
PIRCHE-II than the non-immunogenic HLA group (p=0.005). These data indicate
that the formation of HLA class I antibodies is PIRCHE-II unrelated, whereas the formation of HLA class II antibodies is PIRCHE-II related in this transplantation setting

DISCUSSION
In this study we compared the sensitization situations in our cohort of pancreas and
islets transplant recipients. Our data indicate first, that, before transplantation, islet
transplant recipients had more DSA (preformed HLA anti-donor specific antibodies)
than pancreas transplant recipients (27.8% versus 15.4% for islet transplants and
pancreas transplants respectively). Second, the development of DSA posttransplantation was similar in both groups (33.3% in islets transplants versus 38.4% in
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A

B

Non-immunogenic HLA class I

50

50

P=0.0095

Number of PIRCHE-II

Number of PIRCHE-II

P=0.68

40

40
30
20
10
0

Non-immunogenic HLA class II

Pancreas

Islet

30
20
10
0

Pancreas

Islet

C Non-immunogenic HLA class I
50

P=0.02

Number of PIRCHE-II

P=0.14

P=0.03
P=0.14

40
30

7

20
10
0

Single Simultanous Single Simultanous

Pancreas

Islet

Figure 3: Comparison of the number of PIRCHE-II for non-immunogenic HLA class I
(A) and non-immunogenic HLA class II (B) between pancreas transplantation and islet
transplantation. In (C) the non-immunogenic HLA class I group was further subdivided into
single transplantations or into transplantations combined with another organ type. The
reported p-values were derived from Mann-Whitney U tests.
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A

B

HLA class I

50

P=0.48

P=0.005

40

Number of PIRCHE-II

Number of PIRCHE-II

40

30

20

10

0

HLA class II

50

30

20

10

de novo DSA

Non-immunogenic HLA

0

de novo DSA

7

Non-immunogenic HLA

Figure 4: Comparison of the number of PIRCHE-II between HLA mismatches to which de novo
DSA are formed (de novo DSA) and HLA mismatches to which no HLA antibodies are formed (nonimmunogenic HLA).
(A) For HLA class I mismatches, the PIRCHE-II numbers do not differ between de novo DSA and nonimmunogenic HLA. (B) For HLA class II mismatches, de novo DSA contains a higher number of PIRCHE-II
compared to non-immunogenic HLA. For (A), the closed symbols represent HLA-A and the open symbols
represent HLA-B. For (B), the closed symbols represent HLA-DQB1 and the open symbols represent
HLA-DRB1. The reported p-values were derived from Mann-Whitney U tests.

pancreas transplants). Third, the presence of pretransplant DSA and the de novo
development of post-transplant DSA were not associated with a reduced graft survival and a reduced graft function. Finally, we found that the de novo development
of posttransplant HLA class II antibodies was related to the number of PIRCHE-II.
In kidney transplantation, DSA is associated with antibody mediated rejection (AMR)
and a reduced long term graft survival8,9. An adverse effect of DSA developed after
other organ transplant modalities, such as heart10 and lung11 transplantations, has
also been reported. Among pancreas transplant recipients, the presence of HLA
antibodies was associated with an impaired pancreas graft survival3,12. In 1997,
Olack et al. already suggested that HLA sensitization has a significant impact on
islet graft function when compared to non-sensitized patients5. Other reports have
also demonstrated an association between DSA and islet graft deterioration and
graft failure1. More recently, the collaborative Islet Transplant Registry published
data on the largest cohort of islet transplantation recipients (n=303). In this study,
HLA class I sensitization, defined by the percentage panel reactive antibodies (%
of PRA), was associated with significant worse islet graft function when compared
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to the patients without HLA sensitization13. However other reports have indicated
that DSA could not be deleterious for islet function14 or pancreas function15. We
previously concluded that the addition of islets does not represent a risk factor for
the development of HLA antibodies when combined with kidney transplantation16.
Our current data confirmed this first publication and do not detect a significant difference between islet and pancreas transplantation.
Our data seem to be in contradiction with several reports that show a clear association between increased HLA sensitization among patients with failed islet grafts1,5
and with worse graft survival in pancreas transplantation3,12. However, we have to
be very cautious when comparing different studies, published at different time, with
single or multiple centers, with different immunosuppression protocols, and with
different technologies with regards to HLA antibody analysis. A major limitation of
our work is the small number of patients that were included in this study, which limits
conclusions about transplant outcome.
In the present study we have evaluated pancreas and islets transplantations under
immunosuppression. In islet transplantation the development of HLA antibodies is
strongly associated with immunosuppression withdrawal, which frequently occurs
in ITA when the graft is not functional anymore1,16. In the islet group, the majority of
transplantations were combined with transplantation of other organs (66.6%), which
precludes any minimization or withdrawal approach with regard to the immunosuppression. Therefore, intensification of the immunosuppressive treatment might
be more common in our cohort than in previous reported studies. This could also
explain why we did not find statistically significant differences in terms of insulin
independence in the follow-up between patients who were DSA positive and
patients who were DSA negative.
HLA antibody determination has been strongly affected by the development of the
single beads antigen assay (or solid phase assay; SPA). This technology is very
sensitive, and a significant number of DSA detected by SPA are not clinically relevant. It is still difficult to discriminate between clinically relevant and irrelevant DSA.
Factors such as MFI, a semiquantitative measure of the HLA antibody titer, complement-binding capability of DSA, or the DSA specificity against distinct HLA classes
and loci have been considered to stratify the risk of sensitization and clinical events.
Several studies still determine immunization with the CDC technology (i.e. PRA
alone)13. Analysis based on PRA alone could lead to different interpretation and,
as this technique is less sensitive, any positive PRA is associated with high HLA
antibody titers.
When determining HLA antibody formation with the SPA assay, between 20% and
30% of patients develop de novo DSA posttransplant17. In the present study the rate
of de novo DSA formation in both pancreas and islet transplantation was slightly
151
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higher than in the previously reported studies. This difference is mainly due to the
fact that in our center the cutoff for determining clinically relevant DSA is at MFI
1000, which is lower than the cutoffs used in previous studies. As displayed in Table
2, most DSA have a MFI below 2500 (19/24) for HLA class I and below 5000 for HLA
class II (15/17). Only one recipient had a DSA (anti-B8) above MFI 10,000 in the islets
cohort. This patient is still without clinical problems. The role of HLA class II antibodies remains controversial: pancreas and islets endocrine tissue do not express HLA
class II molecules18, but cytokines, such as Interferon-gamma, could have induced
HLA class II expression in any tissue. Any clinical event, such as rejection or infection, could induce the expression of HLA class II in the transplant tissue and favored
the binding of DSA against HLA class II. In our cohort the rate of rejection was low
(11% in the pancreas group and 5.6% in the islets group), and the number of infections were limited and treated promptly.
Finally, this study highlights that the number of PIRCHE-II is related to de novo
DSA formation in pancreas and islet transplantation. The number of PIRCHE-II has
already been associated with de novo DSA development after kidney transplantation19 and HLA antibody formation after pregnancy6, but it is the first time that it is
reported in pancreas and islet transplantation. Interestingly, only HLA class II antibody formation was related to the number of PIRCHE-II and the number of PIRCHE-II
for non-immunogenic HLA class I was higher for islet transplantation. The latter
observation suggests different immune tolerance mechanisms between pancreas
and islet transplantation settings. Such difference could be partly explained by the
different environment endured by the grafts after transplantation due to different
graft localizations.

7

In conclusion, we believe that evaluation for the presence of HLA antibodies before
transplantation by SPA is critical, and, depending on the level of DSA, pancreas or
islet transplantation across DSA seems to be possible in some situations with an
appropriate immunosuppression protocol. Before transplantation, evaluation of the
number of PIRCHE-II could be considered to assess the risk for de novo HLA class
II DSA development. After transplantation, regular HLA antibody monitoring should
be part of the routine follow-up. Detection of de novo DSA is critical after pancreas
or islet transplanted patients to take adequate decisions with regards to immunosuppression modification.
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novo DSA are formed (de novo DSA) and HLA mismatches to which no HLA antibodies are formed
(non-immunogenic HLA).
For both HLA class I mismatches (A) and HLA class II mismatches (B), the eplet numbers do not differ
between de novo DSA and non-immunogenic HLA. The reported p-values were derived from MannWhitney U tests.
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ABSTRACT

I

nherited paternal HLA antigens from the semi-allogeneic fetus may trigger maternal
immune responses during pregnancy, leading to the production of child-specific HLA antibodies. The prevalence of these HLA antibodies increases with the
number of successful pregnancies. In the present study we investigated the effect
of a single prior miscarriage on HLA antibody formation during a subsequent successful pregnancy. Women with a successful pregnancy with one or more prior
miscarriages (n=58) and women with a successful pregnancy without a prior miscarriage (n=229) and their children were HLA-typed. HLA-antibody analyses were
performed in these women to identify whether HLA antibodies were formed against
mismatched HLA class I antigens of the last child. The percentage of immunogenic
antigens was significantly lower after a single successful pregnancy that was preceded by a single miscarriage (n=18 women) compared to a successful pregnancy
that was preceded by a first successful pregnancy (n=62 women). Thus, our data
suggest that a previous miscarriage has a different impact on child-specific HLA
antibody formation during a subsequent successful pregnancy than a previous successful pregnancy. The lower immunogenicity in these women cannot be explained
by reduced numbers of immunogenic B cell and T cell epitopes. In conclusion, our
observations indicate that increasing gravidity is not related to an increased prevalence of HLA antibodies in a single successful pregnancy that was preceded by a
single prior miscarriage.
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INTRODUCTION
A successful pregnancy requires an optimal interplay between the maternal immune
system and the semi-allogeneic fetus. Break-down of the maternal immune tolerance may result in fetal rejection. Thus, the maternal tolerance towards the fetus
has to be maintained both locally at the fetal-maternal interface and systemically,
since bidirectional trafficking of cells and soluble HLA between the mother and the
fetus takes place1-3. As early as 4 weeks of gestation, semi-allogeneic fetal DNA can
be detected in the maternal circulation2 and the presence of this fetal microchimerism can persist for decades after delivery4.
Inherited paternal HLA antigens (IPA) of fetal origin are able to prime maternal
immune responses at the fetal-maternal interface as well as in the maternal circulation5,6. These immune responses may lead to the production of child-specific
HLA antibodies7-9. The maternal production child-specific HLA antibodies of the IgG
isotype requires interaction between activated B cells and primed T-helper cells.
First, B cell activation occurs upon antigenic uptake of IPA by the B cell receptor10.
Subsequently, upon T cell recognition of degraded IPA presented on HLA class II
molecules, T-helper cells provide costimulation via CD40-CD40L interaction and
secrete cytokines10,11. These signals drive proliferation and differentiation of naive B
cells into memory cells and plasma cells and induce IgM-to-IgG isotype switching10,11.
Thus, the maternal production of child-specific IgG HLA antibodies requires the
activation of B cells by T-helper cells where both B cells and T-helper cells respond
to the same antigen, a phenomenon called linked recognition12.
Despite abundant allogeneic fetal contact, only 10-40% of the mothers develop
child-specific HLA antibodies8,9. The exact mechanism behind HLA antibody formation is currently unclear. Increasing gravidity13,14 and the fetal and maternal HLA
phenotype combination15 may be important determinants in the immunogenicity
towards IPA. We previously showed that HLA antibody formation during a successful pregnancy without prior miscarriages is related to the number of predicted
HLA-derived T-helper epitopes as determined by the PIRCHE-II model (Predicted
Indirectly ReCognizable HLA Epitopes)16. This model identifies the number of mismatched-HLA derived peptides that can be presented by HLA class II molecules,
designated as PIRCHE-II17.
HLA antibodies play an important role in organ transplantation; the presence of
pretransplantation donor-specific HLA antibodies is associated with antibody-mediated rejection and an impaired graft survival18-21. Therefore, more insight into the
immunogenicity of mismatched HLA after pregnancy may have has implications
in the transplantation field. In contrast to transplantation, the effect of IPA-specific
HLA antibodies on the fetus is presumably rather harmless, as the prevalence of
IPA-specific HLA antibodies is relatively high in normal pregnancies. However, both
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beneficial and harmful effects of HLA antibodies on pregnancy outcome have been
described, indicating that the role of IPA-specific HLA antibodies on pregnancy outcome is debatable22. Most of these studies focused on HLA antibody formation in
(recurrent) miscarriage(s), whereas studies about the effect of a prior miscarriage
on HLA antibody formation during a subsequent successful pregnancy are limited.
In the present study we investigate for the first time the effect of a single previous
miscarriage on HLA antibody formation during a subsequent first successful pregnancy.

MATERIALS AND METHODS
Population and sample collection
We included in this study 301 mothers who gave birth between September 2009
and April 2011 at the University Hospital Basel, Switzerland. All women included had
either their first full-term pregnancy or gave birth to children from the same partner
before. Fully HLA class I matched mother-child pairs (n=3) were excluded from the
analyses. In some mother-child pairs the child was homozygous for a HLA class I
IPA for which the mother was heterozygous (n=8). These mother-child pairs were
also excluded from analyses, as these HLA class I IPA was identical to the mother
and thus not immunogenic. From all participating women, blood transfusions and
previous miscarriages were documented. Three women had previous blood transfusions and these mother-child pairs were excluded from further analysis. From the
remaining 287 mother-child pairs, a total of 58 women had one or more prior miscarriages. These women with one of more prior miscarriages were used to study
the effect of a prior miscarriage on HLA-antibody formation during a subsequent
successful pregnancy.

8

After obtaining informed consent from all the participating women, blood samples
were taken from the mother 1 to 4 days after delivery. Cord blood of the child was
sampled directly after delivery. HLA antibody analysis was performed on the maternal blood samples and HLA typing was performed on blood samples that were
obtained from both the mother and the cord blood. This study was approved by the
local ethics committee (EKBB; reference number 23/09).
HLA typing
High-resolution HLA typing was performed on maternal blood samples and cord
blood samples using either sequence-based typing (SBT; http://histogenetics.com)
or SSO DNA typing (LABType HD; OneLambda). Identification of mismatched IPA
was based on two-field resolution HLA typing of both mother and child.
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HLA antibody analysis
Maternal post-delivery blood samples were analyzed for the presence of HLA antibodies using single HLA class I-antigen beads according to the instructions of the
manufacturer (iBeads Lot 1; OneLambda) as described previously9. For the analyses
presented in this paper, we consider Mean Fluorescence Intensity >1000 as positive.
Mismatched HLA class I IPA against which the mother had developed HLA-specific
antibodies were classified as immunogenic HLA, whereas mismatched HLA class
I IPA against which the mother had not developed HLA-specific antibodies were
classified as non-immunogenic HLA. The percentage of immunogenic antigens was
calculated for individual groups by dividing the number of immunogenic HLA by the
total number of HLA class I IPA mismatches multiplied by 100%.
Identification of HLA class I-derived PIRCHE-II
The numbers of HLA class I-derived epitopes from the child presented by maternal HLA class II molecules, PIRCHE-II, were determined as described previously16.
Briefly, for all mismatched HLA-A, -B, and -C antigens of the child we used the netMHCIIpan-3.0 algorithm to predict how mismatched HLA-derived peptide may align
in the binding groove of maternal HLA-DRB1 (algorithm available via http://www.
cbs.dtu.dk/services/NetMHCIIpan-3.0/23). Subsequently, the binding affinity of this
peptide to maternal HLA-DRB1 was predicted by the algorithm, considering binding
affinities with an IC50 of <1000 nM as relevant HLA-DRB1 binders. HLA-DRB1 binders
were designated as a PIRCHE-II when the predicted binders differed at least one
amino acid with the maternal HLA amino acid sequence. Only unique child-specific
epitope-HLA complexes were counted as a PIRCHE-II. The PIRCHE algorithm is
available via https://www.pirche.org.
HLAMatchmaker
HLAMatchmaker version 2.1 was used to determine the number of HLAMatchmaker
eplets for all mismatched HLA class I molecules of the child. Eplets that were present in HLA of the child and absent in the mother’s HLA-A, -B, -C, and -DRB1 locus
were counted as mismatched eplets. The HLAMatchmaker software is available via
http://www.epitopes.net24.
Statistical analysis
We used GraphPad Prism software version 6.02 (GraphPad Software, Inc., La Jolla,
CA) and SPSS Statistics software version 20 (IBM SPSS Software) for the statistical analyses. Pearson’s chi-square tests were used to analyze differences in
percentage of immunogenic antigens between different groups. Mann-Whitney U
tests were used to analyze differences in the number of mismatched eplets and
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PIRCHE-II between different groups. P-values < 0.05 were assumed to indicate statistical significance.

RESULTS
Population characteristics
Table 1 summarizes the characteristics of the study population. Of all 287 women,
the majority of the women (79.8%) did not have any prior miscarriage. A total of 58
women had one or more prior miscarriages. The majority of these women with a
prior miscarriage had a single prior miscarriage. In all 287 women, 738 HLA-class I
IPA mismatches were identified.
Table 2 summarizes the number of mismatched IPA for pregnancies with and without prior miscarriage(s) and the percentage of immunogenic HLA per locus. The
percentage of immunogenic IPA between these groups did not significantly differ
(p=0.72, p=0.64, and p=0.08 for HLA-A, -B, and -C respectively in Pearson’s chisquare tests with Yates’ correction).

8

Table 1: Population characteristics
Number of pregnancies

Without prior miscarriage

With prior miscarriage(s)
1 prior miscarriage 2 prior miscarriages 3+ prior miscarriages

First full-term pregnancy

154 (53.7%)

18 (31%)

7 (12.1%)

4 (6.9%)

Second full-term pregnancy

65 (22.6%)

25 (25.9%)

5 (8.6%)

2 (3.4%)

10 (3.5%)

4 (6.9%)

2 (3.4%)

1 (1.7%)

Third or more full-term pregnancy

Table2: Number of mismatched IPA per locus; n (%immunogenic IPA per locus)

Pregnancies without prior miscarriage
Pregnancies with prior miscarriage

162

HLA-A

HLA-B

HLA-C

234 (16%)
40 (20%)

259 (17%)
54 (20%)

245(6%)
48 (15%)
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First pregnancy and first miscarriage a have different impact on HLA antibody formation during a subsequent successful pregnancy
Multiple successful pregnancies and prior miscarriages may have a differential effect on HLA immunization during a subsequent successful pregnancy. To
investigate the effect of a first pregnancy and a first miscarriage on HLA antibody
formation during a subsequent successful pregnancy, we compared secundigravidae without a prior miscarriage (i.e. these women had two successful pregnancies
without a prior miscarriage; n=65 women) with secundigravidae with a prior miscarriage (i.e. these women had a single successful pregnancy that was preceded
by a single miscarriage; n=18 women) (Figure 1). The secundigravidae without a
prior miscarriage group had a total of 162 HLA class I mismatched IPA, whereas
the secundigravidae with a prior miscarriage had 44 HLA class I mismatched IPA.
The percentage of immunogenic antigens was higher for secundigravidae without a prior miscarriage (21%) compared to secundigravidae with a prior miscarriage
(2.3%) (Figure 1; p=0.003). For the secundigravidae with a prior miscarriage only a
single HLA was immunogenic (HLA-C*01:02), while the other 43 mismatched HLA
were non-immunogenic. When using a lower Mean Fluorescence Intensity cutoff
(>500), the percentage of immunogenic antigens for secundigravidae with a prior
miscarriage increased marginally (4.5%). These observations indicate that the HLA

Secundigravidae

% of immunogenic antigens

30
25

Figure 1: The effect of first pregnancy
and first miscarriage on subsequent
successful pregnancy.
The percentage of immunogenic antigens
is higher for secundigravidae without
a prior miscarriage (black bar) than
secundigravidae with a prior miscarriage
(grey bar). The dotted line represents the
percentage of immunogenic antigens
for primigravidae (women with a single
successful full-term pregnancy; 14.6%).
Primigravidae For each group, n represents the number
of mismatched antigens. The P value is
derived from Pearson’s Chi-Square test.

Without prior miscarriage
With prior miscarriage
P=0.003

20
15
10
5
0

n=162

n=44

Number of antigens

163
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immunogenicity is significantly lower during a subsequent successful pregnancy in
women who experienced a prior miscarriage compared to women who had a prior
successful pregnancy. The percentage of immunogenic antigens in the secundigravidae with a prior miscarriage group was also lower than the percentage of
immunogenic antigens in the primigravidae group (i.e. these women had a single
successful pregnancy without a history of prior miscarriages) (dotted line in Figure
1; 14.6%; primigravidae versus secundigravidae with a prior miscarriage: p=0.02),
indicating that the immunization pattern observed in secundigravidae with a prior
miscarriage is not similar to the immunization pattern observed in primigravidae.
Next, we investigated the effect of the number of prior miscarriages on HLA sensitization during a subsequent successful pregnancy. We compared the percentage
of immunogenic antigens between women with a single successful pregnancy that
was preceded by a single prior miscarriage (i.e. secundigravidae with a prior miscarriage) and women with a single successful pregnancy that was preceded by
multiple prior miscarriages (Figure 2). For women with multiple prior miscarriages,
the percentage of immunogenic HLA was higher (23.3%) compared to women with
a single prior miscarriage (2.3%) (Figure 2; p=0.004), indicating that the number of
prior miscarriages may influence HLA sensitization during a subsequent successful
pregnancy.

8

Single successful pregnancy

% of immunogenic antigens

30
25

With single prior miscarriage
With multiple prior miscarriages
P=0.004

20
15
10
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0

n=44

n=30
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Figure 2: The effect of the number of prior
miscarriage on HLA sensitization during
a subsequent successful pregnancy.
HLA sensitization in women with a
single successful pregnancy that was
preceded by a single prior miscarriage
was compared with HLA sensitization
in women with a single successful
pregnancy that was preceded by multiple
prior miscarriages. The percentage of
immunogenic antigens is higher for
women with multiple a prior miscarriages
(dark grey bar) than for women with a
single prior miscarriage (light grey bar).
For each group, n represents the number
of mismatched antigens. The P value is
derived from Pearson’s Chi-Square test.
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We previously showed that the probability of HLA antibody formation increases with
the number of PIRCHE-II in successful pregnancies without a prior miscarriage16.
Thus, we showed that in these pregnancies, including secundigravidae without a
prior miscarriage, a higher number of PIRCHE-II was related to a higher percentage of immunogenic antigens. Therefore, one could hypothesize that the single
immunogenic HLA-C*01:02 in the secundigravidae with prior miscarriage group has
a higher number of PIRCHE-II compared to the other non-immunogenic HLA. To
investigate this aspect in the secundigravidae with a prior miscarriage group, the
PIRCHE-II numbers for the mismatched antigens were divided into quintiles (i.e. 5
equal groups) (Figure 3). For each of these quintiles we plotted the percentage of
immunogenic antigens and we investigated in which quintile the single immunogenic HLA-C*01:02 of secundigravidae with a prior miscarriage was present. The
single immunogenic HLA-C*01:02 is not an outlier, as it was present in the central
quintile (12-16 PIRCHE-II). This observation indicates that the lower percentage of
immunogenic HLA in the secundigravidae with a prior miscarriage group cannot be
explained by having an increased or a reduced number of PIRCHE-II compared to
non-immunogenic HLA.

Secundigravidae
with prior miscarriage

% of immunogenic antigens

20

Figure 3: The single immunogenic HLA
in the secundigravidae with a prior
miscarriage group has a median number
of PIRCHE-II.
The number of PIRCHE-II were divided into
quintiles (0-4 PIRCHE-II, 5-11 PIRCHE-II, 12-16
PIRCHE-II, 17-21 PIRCHE-II, and 22+ PIRCHEII). For each individual quintile the percentage
of immunogenic antigens was plotted. All
HLA mismatches present in the 0-4 PIRCHEII, 5-11 PIRCHE-II, 17-21 PIRCHE-II, and the 22+
PIRCHE-II quintile were non-immunogenic,
resulting in 0% immunogenic antigens. The
single immunogenic HLA-C*01:02 is present
in the 12-16 PIRCHE-II quintile, whereas
the other HLA mismatches present in this
PIRCHE-II quintile were non-immunogenic,
resulting in 11.1% immunogenic antigens. For
each group, n represents the number of
mismatched antigens.

15

10

5

0
0-4 5-11 12-16 17-21 22+

(n=9)

(n=10)

(n=9)

(n=8)

(n=7)

Number of PIRCHE-II
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The lower immunogenicity in secundigravidae with a prior miscarriage is likely not due to lower numbers of immunogenic B cell and T-helper cell epitopes
The ability to develop HLA antibodies against child-specific HLA mismatches is
determined by allo-epitopes that are present on mismatched HLA. The HLAMatchmaker algorithm identifies the number of antibody-accessible allo-epitopes (eplets)
on mismatched HLA that are not present on self-HLA. To investigate whether the
lower immunogenicity in secundigravidae with a prior miscarriage is due to a lower
number of immunogenic B cell epitopes in this population, we calculated the
number of mismatched eplets for secundigravidae with a prior miscarriage and for
secundigravidae without a prior miscarriage (Figure 4A). Since only a single HLA of
the secundigravidae with a prior miscarriage is immunogenic, analyses were performed on the non-immunogenic HLA groups of both populations. The number of
eplets did not differ between non-immunogenic HLA of secundigravidae with a prior
miscarriage and non-immunogenic HLA of secundigravidae without a prior miscarriage (p=0.51). When analyzing the number of PIRCHE-II (T-helper cell epitopes) in
both groups (Figure 4B), the number of PIRCHE-II was similar for non-immunogenic
HLA of secundigravidae with a prior miscarriage compared to non-immunogenic
HLA of secundigravidae without a prior miscarriage (p=0.54). Thus both the eplet
and PIRCHE-II numbers are comparable between secundigravidae with a miscarriage and secundigravidae without a miscarriage, indicating that the number of
immunogenic factors (i.e. B cell and T-helper cell epitopes) are not altered in secundigravidae with a prior miscarriage.

8

DISCUSSION
Maternal immune responses can be formed against IPA of the fetus during pregnancy, leading to IPA-specific antibodies and T cells5,7. Despite the clinical relevance
of HLA-specific antibodies in transplantation outcome, the clinical relevance of
paternal HLA-specific antibodies in pregnancy outcome is currently unclear22. The
present study was initiated to investigate the effect of a first pregnancy and a first
miscarriage on HLA antibody formation during a subsequent first successful pregnancy.
In our cohort of 287 mother-child pairs, we investigated HLA immunization against
mismatched IPA of the most recent child in secundigravidae with or without a single
prior miscarriage. The percentage of immunogenic HLA was significantly lower in
secundigravidae with a prior miscarriage compared to secundigravidae without a
prior miscarriage. Several studies have shown that the prevalence of HLA antibodies increases with the number of successful pregnancies9,25. Our data show that the
relation between increasing gravidity and the prevalence of HLA antibody formation
is absent in secundigravidae with a prior miscarriage, indicating that a previous miscarriage behaves differently when compared to a previous successful pregnancy.
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Figure 4: Comparison of the number of immunogenic factors between secundigravidae without a
prior miscarriage and secundigravidae with a prior miscarriage.
Non-immunogenic HLA of secundigravidae with a prior miscarriage contains a similar number of
mismatched eplets (A) and PIRCHE-II (B) compared to non-immunogenic HLA of secundigravidae without
a prior miscarriage. For the secundigravidae with a prior miscarriage group, the single immunogenic HLA
is depicted as a dot. The reported p-values are derived from Mann-Whitney U tests. The boxes extend
from the 25th to 75th percentiles and the middle line represents the median. The whiskers are drawn from
the lowest to the highest eplet/PIRCHE-II value.
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Our results suggest that a prior miscarriage has a different immunological impact on
a subsequent successful pregnancy than a prior successful pregnancy. The lower
immunogenicity observed in secundigravidae with a prior miscarriage cannot be
explained by altered numbers of mismatched eplets and PIRCHE-II (Figure 4). Alternatively, the lower percentage of immunogenic antigens among secundigravidae
with prior miscarriage in our population may result from tolerizing effects of a first
short allogeneic interaction during the prior miscarriage. These tolerizing effects
may be caused by fetal microchimerism, as the increased occurrence and longterm persistence of fetal microchimerism in the maternal system after or during
fetal loss has been described previously26,27. Alternatively, the low percentage of
immunogenic antigens among secundigravidae with a single prior miscarriage
might also be explained by natural selection of a particular HLA genotype during a
subsequent pregnancy. The chance of inheriting an alternative paternal haplotype
during a subsequent successful pregnancy compared to the previous miscarriage
is fifty percent. However, a previous miscarriage may further stimulate HLA genotype diversity by putting additive selective pressure on a subsequent pregnancy.
Either directly or via modulating the maternal immune system, the HLA genotype of
the miscarried fetus may discriminate against that particular HLA genotype during
or shortly after conception28. If this hypothesis is correct, a previous miscarried fetus
facilitates the selection of the HLA genotype of a subsequent child. Such a selection may be achieved via a maternal immune response directed against the HLA
genotype that is similar to the HLA genotype of the miscarriage itself, resulting in
either selective abortion of the fetus or via a female alloimmune response against
certain HLA genotypes present in seminal fluid, as seminal plasma contains soluble HLA29 and spermatozoa also express both HLA class I and class II30. However,
currently no data is available to support such a natural selection of a particular HLA
genotype. To challenge this hypothesis, the HLA typing of the current child should
be compared with the HLA typing of the previous miscarried fetus. HLA typing of
the miscarried fetus is not available for the current cohort and is in general hard to
obtain. Alternatively, inclusion of paternal HLA typing may provide a better insight
in this mechanism.

8

The duration of maternal exposure to allo-epitopes is significantly shorter during
a miscarriage compared to a full-term pregnancy. Therefore, one might argue that
allo-immunization is negligible in pregnancies that end in a miscarriage and that the
allo-immunization pattern of secundigravidae with a prior miscarriage is more comparable to the allo-immunization pattern of primigravidae. In this study we showed
that the percentage of immunogenic antigens for secundigravidae with a prior miscarriage was also lower than the percentage of immunogenic antigens observed
for primigravidae (Figure 1), demonstrating that the immunization pattern in secundigravidae with a prior miscarriage differs from the immunization pattern that was
observed in primigravidae. Thus, despite a shorter duration of maternal allo-exposure during pregnancy loss, the effect of a prior miscarriage on a subsequent
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pregnancy cannot be neglected in terms of HLA antibody formation.
Although our investigation on the differential effect of a first pregnancy and a first
miscarriage on a subsequent successful pregnancy are unprecedented, our observation might be supported by previous reports. For example, Triulzi et al. showed
that women with a single pregnancy that ended in a miscarriage had a diminished
HLA alloimmunization compared to women with a single pregnancy that ended in
a successful delivery14. Furthermore, Masson et al. reported that the HLA immunization incidence was diminished in women with a single successful pregnancy that
was preceded by one or more miscarriages compared to women with a single successful pregnancy that was not preceded by one or more miscarriages31. However,
the latter study did not take the number of prior miscarriages into account. In our
population we observed that women with a single successful pregnancy that was
preceded by two or more miscarriages had a higher percentage of immunogenic
antigens than women with a single successful pregnancy that was preceded by a
single miscarriage (Figure 2). This observation indicates that the number of prior
miscarriages may have impact on HLA sensitization during a subsequent successful
pregnancy.
The probability of HLA antibody formation increases with the number of PIRCHE-II
in pregnancies that were not preceded by one or more miscarriages, including
secundigravidae without a prior miscarriage16. In our cohort of secundigravidae with
a prior miscarriage, the single immunogenic HLA had a number of PIRCHE-II that
was comparable to the other non-immunogenic HLA (Figure 4), indicating that the
PIRCHE-II effect is absent in pregnancies that were preceded by miscarriages.
Our study has limited details about the miscarried fetus itself, as the paternity, HLA
typing, and cause of the miscarriage were not documented. Furthermore, the miscarriages in our cohort were self-reported. Since a majority of the miscarriages are
unnoticed32, it may well be that the number of prior miscarriages is underestimated.
Therefore, also in the secundigravidae without prior miscarriage group and in the
primigravidae group some women might have previous miscarriages, which may
led to underestimation of immunization towards IPA in normal pregnancies. Moreover, serum samples for HLA antibody analysis after the miscarriage are lacking
for our cohort. These latter serum samples may answer the question whether the
mother had developed HLA antibodies against the miscarried fetus or not and
would provide more insight in the possible mechanisms behind our observations.
In summary, we showed that a previous miscarriage and a previous successful
pregnancy have a different impact on HLA antibody formation during a subsequent
successful pregnancy. In contrast to successful pregnancies, increasing gravidity
is not related to increased child-specific HLA antibody formation in secundigravidae with a prior miscarriage. Further details about the miscarried fetus itself or
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paternal HLA typing will be required to explain the observed different impact of a
previous miscarriage and a previous successful pregnancy on child-specific HLA
antibody formation during a subsequent successful pregnancy. These data may
help to understand the mechanism of child-specific HLA antibody formation during
a successful pregnancy that was preceded by a miscarriage and therefore will have
implications in the transplantation field.
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A

lloreactivity due to HLA mismatches between donor and recipient remains the
major limiting factor in successful graft outcome after solid organ transplantation1. Therefore, most of the organ-allocation systems aim for minimizing the number
of HLA mismatches between donor and recipient1-3. However, with advent of extensive molecular HLA typing, we are now able to identify amino acid sequences on
HLA that may be clinically relevant in alloreactivity4. Using this knowledge on clinically relevant epitopes and their location on HLA, rather than counting the number
of HLA mismatches between donor and recipient, allows a more sophisticated
matching method for solid organ transplantation. This thesis describes PIRCHE-II
as a method for epitope-based HLA matching in solid organ transplantation. Here,
we will provide a more detailed discussion of each of the chapters, give a summary
of the potential further improvements of the PIRCHE-II algorithm, and conclude by
giving some future perspectives on the implementation of the PIRCHE-II algorithm
in the organ-allocation system.

9

PART I: THE PIRCHE-II METHODOLOGY
Identifying polymorphisms in incomplete amino acid sequences
In the first part of the thesis we focused on the PIRCHE-II methodology. To perform
epitope-based HLA matching, the exact location of the polymorphisms between
different HLA needs to be available. The amino acid sequences of all different
identified HLA are centrally stored in the IMGT/HLA database. As shown in chapter 3, the complete amino acid sequences are unavailable for ~90% of the HLA
alleles that are present in the IMGT/HLA database. The majority of the amino acid
sequences in the IMGT/HLA database are restricted to amino acid sequences that
are encoded by exon 2-3 for HLA class I alleles and exon 2 for HLA class II alleles.
However, polymorphisms between different HLA alleles may also occur outside
these generally sequenced exons. For example, HLA-A*02:09 has a polymorphism
located at amino acid position 236, which is encoded by exon 45. Since PIRCHE-II
can be derived from various positions of the HLA molecule, the complete amino
acid sequences of different HLA alleles have to be available. To obtain the complete amino acid sequence of incomplete HLA alleles, we used a homology-based
nearest neighbor method to extrapolate the unknown amino acid sequences for
HLA alleles that are incompletely present in the IMGT/HLA database in chapter
3. Although internal and external validation showed that unknown amino acid
sequences can reliably predicted using this method, some mispredictions may
occur. Since the majority of the incomplete sequences are not part of HLA antigens
that are frequently present in the Caucasian population, mispredictions in the general population will limitedly occur and thus will have a limited clinical impact for the
general population. Only mispredictions at positions that are part of an epitope
(either a HLAMatchmaker eplet or a PIRCHE-II) may have clinical implications, as
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these mispredictions may lead to an incorrect estimation of the alloreactive potential of a certain donor-recipient couple. Therefore, our data highlight that gaps in
HLA characterization (i.e. incompletely sequenced HLA alleles) need to be filled up
by completely sequenced HLA alleles to minimize epitope misprediction. With the
recent development of Next Generation Sequencing in the HLA genotyping field,
we are now able to fully characterize HLA sequences, allowing the identification
of full-length unambiguous HLA sequences of incomplete HLA sequences as well
as the identification of novel HLA alleles6-8. Obtaining whole gene Next Generation Sequencing-based high-resolution HLA genotyping of not fully characterized
HLA alleles and sharing these data internationally is also one of the major goals of
the 17th International HLA and Immunogenetics Workshop9. These efforts within the
HLA community will eventually lead to an improved and a more complete IMGT/
HLA database. With the availability of more complete amino acid sequences in the
IMGT/HLA database, extrapolation using the nearest-neighbor method will be necessary for fewer HLA alleles and the reliability of the extrapolation will likely improve
for the remaining incomplete amino acid sequences.
Identifying polymorphisms using low-resolution HLA typing
The resolution of HLA typing is one of the major limitations in epitope-based
HLA matching. In hematopoietic cell transplantation settings, very stringent HLA
matching at high-resolution typing level is performed10. However, in solid organ
transplantation, HLA matching is often reported at serological (split) level. Despite
the development of high-throughput Next Generation Sequencing technologies,
the rapid availability of reliable high-resolution HLA typing data remains challenging11. Due to the long turnaround time of NGS-based HLA typing, high-resolution HLA
typing of deceased donors is often not feasible. However, to apply epitope-based
HLA matching in solid organ transplantation, high-resolution HLA typing data are
required. Thus, the absence of high-resolution HLA typing is one of the major
challenges in epitope-based HLA matching, both for HLAMatchmaker12,13 and the
PIRCHE-II algorithm.
In chapter 4 we showed that we even may not require high-resolution HLA typing
to perform epitope-based HLA matching in the solid organ transplantation field, as
we can use computational approaches to perform epitope-based HLA matching
based on serological split level HLA typing. For the majority of the donor-recipient couples we could reliably predict the PIRCHE-II and eplet numbers using this
approach. However, for some donor-recipient couples, the calculated PIRCHE-II/
eplet values using serological split level HLA typing deviated substantially from the
calculated PIRCHE-II/eplet values using high-resolution HLA typing, leading to a
significant over- or underestimation of the hazard on graft failure. When using this
extrapolation method in clinical practice, an overestimation of the PIRCHE-II/eplet
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values will have to unnecessary consequences for the patient, as either transplantation with that particular donor organ will be avoided or an intensified or modified
immunosuppressive treatment regimen will be used for this patient. On the other
hand, an underestimation of the PIRCHE-II/eplet values may substantially increase
the risk on graft failure for the patient. This latter option highlights that the extrapolation method requires further improvements. The reliability of our approach can
be improved by improving the reliability of the HLA haplotype frequency tables
itself. With more than 16,000 HLA alleles identified5, enormous numbers of data are
required to establish more reliable HLA haplotype frequency tables. The availability
of more whole-gene HLA genotype data at high-resolution level will further improve
the reliability of the HLA haplotype frequency tables and, thus, the reliability of the
used approach.
Our data also showed high-resolution HLA typing of the recipient instead of serological split level HLA typing combined with serological split level HLA typing of
the donor may lead to a major improvement of the PIRCHE-II/eplet extrapolation
(chapter 4). Since more tissue typing laboratories are able to perform high-resolution HLA typing and time is generally sufficient to type recipients at higher
resolution HLA level, this approach may be feasible for the majority of the transplantation centers. High-resolution HLA typing of deceased donors will only be an
option when the sequencing time will be reduced. Over the past years, several
methods have been sought to allow high-resolution HLA typing within a reasonable timeframe. One of these methods is minION, a third generation sequencing
technology of Oxford Nanopore technologies. The minION is an instrument relying
on nanopore sequencing technology, which identifies DNA bases by measuring
changes in electrical conductivity when DNA bases pass the pore14. MinION can
perform single-molecule sequencing and is very suitable to study the HLA complex
due to the very long reads that are obtained15. Moreover, since reads are generated
in a real-time sequencing manner, the sequencing time is reduced from several
days to several hours, thereby allowing fast sequencing of HLA15. Pilot experiments
in our lab indicate that allelic typings may become available after approximately
2 hours of running on the minION (data not shown). One of the drawbacks of this
method is that the sequencing accuracy is currently limited and further development is required to improve the sequencing accuracy11. Nevertheless, when these
limitations in sequencing accuracy will be overcome, minION may be a very promising tool for high-resolution HLA typing of deceased donors.

9

PART II: APPLICATION OF PIRCHE-II IN HLA SENSITIZING
EVENTS
In the second part of this thesis we focused on the application of PIRCHE-II in HLA
sensitizing events. Previously, the impact of PIRCHE-II on de novo HLA antibody for178

General discussion

mation was shown in a small cohort consisting of 21 kidney transplant recipients16. In
chapter 5 we confirmed this observation in a different setting; after successful pregnancies, the number of PIRCHE-II presented by maternal HLA-DRB1 was related to
the formation of HLA antibodies directed towards fetal HLA class I. These data indicate that PIRCHE-II also play a role in HLA antibody formation after pregnancy. This
confirmation of the previous observations in a different setting than transplantation
suggests that the PIRCHE-II algorithm is universal applicable and that PIRCHE-II is
related to HLA antibody formation in general.
In contrast to successful pregnancies that were not preceded previous miscarriages, the number of PIRCHE-II was not related to HLA antibody formation in women
with a successful pregnancy that was preceded by previous miscarriages (chapter
8 and unpublished data). However, women with a successful pregnancy that was
preceded by a single prior miscarriage also show an aberrant HLA sensitization
pattern, as hardly any HLA antibodies were formed against the inherited paternal
antigens of the last liveborn child. A better understanding of the mechanism behind
the low HLA immunization levels in these women may have direct implications in
the transplantation field.
In this thesis we only investigated the effect of a prior miscarriage on HLA sensitization during a subsequent successful pregnancy, whereas we did not investigate
HLA sensitization in women with primary recurrent miscarriages (i.e. these women
have repeated miscarriages with no history of live birth) and in women with secondary recurrent miscarriages (i.e. these women have repeated miscarriages with
history of live birth). Previous studies have investigated the effects of HLA sensitization on pregnancy outcome, including recurrent miscarriages. These studies
describe both beneficial and harmful effects of HLA sensitization on pregnancy
outcome17. A recent meta-analysis of these studies showed that no firm conclusions can be drawn with regard to the effects of HLA sensitization on pregnancy
outcome, due to the clinical and statistical heterogeneity of the included studies17.
Nevertheless, some studies have shown an association between HLA sensitization
and risk of pregnancy loss in women with recurrent miscarriages18,19 ; a recent study
also showed a higher incidence of HLA-C antibodies in a homogeneous cohort
of women with recurrent miscarriages19, suggesting that HLA-C antibodies may be
involved in antibody-mediated rejection of the fetus. Although recurrent miscarriages can be caused by a wide range of factors20, studying the role of PIRCHE-II in
women with recurrent miscarriages may give more insight into the etiology of some
forms of recurrent miscarriages.
In chapter 7 we showed that PIRCHE-II was also involved in the formation of HLA
class II specific antibodies after pancreas and pancreatic islet transplantation. In
contrast to our previous observations in successful pregnancies (chapter 5), the
formation of HLA class I specific antibodies after pancreas and pancreatic islet
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transplantation appeared to be PIRCHE-II independent in this setting. This latter
observation might be due to the limited recipients that were included in this study
(n=43 recipients). The specific role of PIRCHE-II in HLA class II specific antibody
formation after pancreas and pancreatic islet transplantation is remarkable, as HLA
class II expression is generally lacking in both pancreatic tissue and pancreatic
islet tissue21. Thus, the role of HLA class II antibodies in pancreas and pancreatic
islet transplantation remains controversial. However, Interferon-γ may act on the
promotor regions of class II transactivator, thereby inducing the expression of HLA
class II in any tissue, including in beta cells22,23. Possibly, HLA class II expression is
upregulated in pancreatic tissue under influence of inflammatory events or stress.
Consequently, due to binding to the expressed HLA class II molecules, HLA class II
antibodies may have a harmful effect on graft outcome after pancreas or pancreatic
islet transplantation. In our small cohort, de novo formed HLA antibodies were not
related to an impaired graft survival. In contrast, other larger studies have shown
that de novo HLA antibody formation was related to an impaired graft survival after
pancreas transplantation24-26.

9

A more clear relation between HLA antibody formation and graft failure has been
described for kidney transplantation27. Since a major part of the patients with
donor-specific HLA antibody formation will develop antibody-mediated rejection
within the first year after transplantation28,29, we investigated the role of PIRCHE-II in
graft failure after kidney transplantation in chapter 6. We showed that the number
of PIRCHE-II was related with graft failure after kidney transplantation. In this study
we used the same extrapolation tool that was described and validated in chapter 4, as HLA typing for this cohort was restricted to serological level HLA typing.
Although we show a relation between the number of PIRCHE-II and graft failure in
both univariate and multivariable analyses, additional studies are required to investigate the relation between the number of PIRCHE-II and graft failure in a more
detailed covariate analysis. Furthermore, we showed that both PIRCHE-II and eplets
were associated with an increased risk on graft failure after kidney transplantation
in univariate analyses. Only PIRCHE-II was implemented in the stepwise forward
multivariable Cox regression model. Nevertheless, both eplets and PIRCHE-II may
contribute to HLA antibody formation and, consequently, may impact graft function.
Further studies are required to investigate what the individual impact of both algorithms is on graft failure and to investigate whether the PIRCHE-II algorithm and the
HLAMatchmaker algorithm interact statistically in the predictability of graft failure.
Given the relation between the number of PIRCHE-II and HLA antibody formation
and, more importantly, graft failure, PIRCHE-II may be a useful tool to identify permissible HLA mismatches. In this thesis we show that PIRCHE-II may be a useful tool
to identify permissible HLA mismatches in kidney transplantation. Further research
is required to investigate whether PIRCHE-II may also be a tool to identify permissible HLA mismatches in other forms of transplantation.
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FURTHER IMPROVEMENTS OF THE PIRCHE-II ALGORITHM
This thesis describes the role of PIRCHE-II in HLA antibody formation and graft
failure after transplantation. PIRCHE-II was related to HLA antibody formation after
pregnancy (chapter 5) and pancreas and pancreatic islet transplantation (chapter
7), and to graft failure after kidney transplantation (chapter 6). As already shown in
chapter 5, maternal immune responses can be formed towards HLA mismatches
containing low or even zero PIRCHE-II numbers, suggesting that PIRCHE-II algorithm can be further refined and improved. Thus, the PIRCHE-II algorithm can likely
be further improved to estimate graft failure after solid organ transplantation for
an individual donor-recipient pair more precisely. Some improvement may be the
extension of the PIRCHE-II algorithm with other HLA loci, improving the prediction of
HLA class II processing pathways and presentation, defining the type of association
of PIRCHE-II with clinical alloreactivity, and defining the immunogenicity of individual
PIRCHE-II. These potential improvements will be discussed below.
Extension of the PIRCHE-II algorithm with other HLA loci
In the current PIRCHE-II calculations, the prediction of PIRCHE-II is restricted to the
presentation of epitopes by HLA-DRB1. However, immunogenic epitopes may be
able to bind to other HLA class II molecules as well, including HLA-DRB3/4/5, HLADPA1;HLA-DPB1 heterodimers, and HLA-DQA1;HLA-DQB1 heterodimers. At the time
of development, the PIRCHE-II algorithm used the NetMHCIIpan version 2.0 software, which could not reliably predict peptide presentation by HLA class II molecules
other than HLA-DRB130. With the newer NetMHCIIpan versions, other presenting
alleles than HLA-DRB1 were implemented31. In the current PIRCHE-II algorithm other
presenting HLA class II alleles are still not included. Since HLA antibody responses
can also be directed towards HLA mismatches containing zero PIRCHE-II, it may well
be the case that these HLA mismatches contain epitopes that can be presented by
HLA-DQ and/or HLA-DP. To more accurately describe the role of PIRCHE-II in HLA
antibody formation and its association with graft failure, extension of the PIRCHE-II
algorithm with different HLA class II alleles as presenting alleles is required. In addition to this extension of the PIRCHE-II algorithm, HLA typing of different HLA class
II alleles of both donor and recipient have to be available. The latter issue may be
more challenging, as HLA-DPA1;HLA-DPB1 heterodimers and HLA-DQA1;HLA-DQB1
heterodimers consists of both a polymorphic alpha chain and a polymorphic beta
chain and, consequently, typing of both chains is required to predict the presentation of epitopes by HLA-DP and HLA-DQ32. Nevertheless, inclusion of HLA-DP
typing in the standard typing procedure may be useful for additional reasons, as
HLA-DP antibodies are regularly formed after kidney transplantation and that these
HLA-DP antibodies potentially impact kidney graft outcome as well33,34.
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Improving the prediction of HLA class II presentation
For the HLA class I presentation pathway, antigen processing is clearly described;
antigen processing is performed by the proteasome, which consists of the constitutive proteasome and the immunoproteasome35,36. Since the peptide processing
pathways are clearly described, algorithms have been developed to predict antigen
processing for the HLA class I presentation pathway36. For the HLA class II presentation pathway, the endocytic protease activities and specificities that are involved
in the proteolytic destruction of antigens are still poorly characterized37,38. Generally,
peptide processing and loading of the peptide on the HLA class II molecule may
occur concurrently, indicating that prediction of HLA class II presentation is more
challenging37. Since antigen processing pathways remains elusive, no algorithms
currently exists to predict antigen processing for the HLA class II presentation pathway. Further unraveling the mechanisms of antigen processing in the HLA class II
presentation pathway and implementation thereof in the PIRCHE-II algorithm will
likely further improve the correlation between the PIRCHE-II numbers and clinical
alloreactivity.

9

In addition to further unravel the antigen processing pathways for HLA class II
presentation, the prediction of HLA class II presentation itself can also be further
improved, as HLA class II presentation is generally more challenging than HLA class
I presentation. Overall, HLA class II molecules have a more open binding groove,
resulting in a more liberate peptide binding. Therefore, HLA class II molecules are
able to present peptides longer than 9 amino acids long39, and even may present
intact proteins40. The binding affinity and specificity of peptides to HLA class II molecules is mainly determined by a core peptide region of approximately nine amino
acid residues that interact with the HLA class II molecule41 and to a lesser extend
determined by the amino acid residues that are flanking this core region and that
extend from the HLA class II binding groove42. Since HLA class II-binders differ
in amino acid length, peptides can differently align with HLA class II molecules.
Therefore, NetMHCIIpan identifies the core motif consisting of nine amino acids43.
Prediction of this nonameric binding core has become more and more reliable43,44.
However, the identification of the correct nonameric binding core still can be further
improved. By better predicting the nonameric binding cores of epitopes that bind
to HLA class II molecules, the PIRCHE-II algorithm will presumably also improve.
Defining the type of association between PIRCHE-II and clinical
alloreactivity
Theoretically, the number of PIRCHE-II is related to the degree of T cell recognition, and, consequently, to the degree of HLA antibody formation. High PIRCHE-II
numbers will result in a high probability of T cell recognition, whereas low PIRCHE-II
numbers will result in a low probability of T cell recognition. Both in hematopoietic
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cell transplantation settings as well as in solid organ transplantation settings we
initially considered a linear relation between the number of PIRCHE and clinical
alloreactivity. Both in chapter 5 and chapter 7 we investigated the role of PIRCHEII on HLA antibody formation as a dose-dependent effect, assuming that PIRCHE-II
is linearly associated with HLA antibody formation. Theoretically, it is questionable
whether PIRCHE-II is linearly associated with clinical alloreactivity or whether it has
a different association with clinical alloreactivity. It may well be the case that the
increase in hazard on alloreactivity gradually decreases with increasing numbers of
PIRCHE-II; an increase from 0 to 10 PIRCHE-II may have more impact on the hazard
on alloreactivity than an increase from 100 to 110 PIRCHE-II. Furthermore, a plateau
in hazard is also likely. A recent study by Lachmann et al. (manuscript submitted)
showed that the effect of PIRCHE-II on HLA antibody formation is following a natural
logarithmic function in kidney transplantation. Therefore, we also log-transformed
the PIRCHE-II values used in chapter 4 and chapter 6. In contrast, in another study,
log-transformed PIRCHE-II values were not related to alloreactivity after hematopoietic cell transplantation (Thus et al. manuscript in preparation). Therefore, further
studies are required to investigate the type of association between PIRCHE-II and
clinical alloreactivity.
Defining the immunogenicity of individual PIRCHE-II
In the current PIRCHE-II module we assign an equal immunogenic weight to each
individual PIRCHE-II. Subsequently, we calculate the total antigenic load for each
individual donor-recipient combination by counting all the PIRCHE-II numbers
together. This approach probably needs revision in the future, as PIRCHE-II is currently based on theoretical epitopes and not all of these theoretical epitopes will be
clinically relevant. Furthermore, among the clinically relevant epitopes, the grade
of immunogenicity between different epitopes may also be highly variable. Thus,
each individual PIRCHE-II might have a differential effect on clinically alloreactivity.
Several aspects may influence the immunogenicity of different PIRCHE-II. A better
definition of these aspects and implementation thereof in the PIRCHE-II algorithm
will presumable lead to an improved algorithm. The aspects that may influence the
immunogenicity of individual PIRCHE-II will be discussed below.
Expression level
First, the expression level of the epitope and the presenting allele may highly influence the immunogenicity of PIRCHE-II. The expression level of different HLA loci
is highly variable; HLA-A, -B, and -DRB1 are abundantly expressed on the cell surface, whereas HLA-C, HLA-DP, HLA-DQ, and HLA-DR3/4/5 are expressed on the
cell surface at lower levels45-47. The cellular expression may differ between allelic
variants that belong to the same HLA locus48. Lower expressed HLA loci will theoretically have less impact on clinical alloreactivity after solid organ transplantation,
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as [1] lower expressed HLA alleles are less likely to be presented as a PIRCHE-II
to T cells, and [2] HLA antibodies are presumably less frequently formed towards
lower expressed HLA alleles. The latter has already been shown in pregnancy settings; the rate of sensitization towards HLA-C was lower compared to other HLA
loci after pregnancy49, indicating that less HLA antibodies are formed towards lower
expressed HLA-C compared to other higher expressed HLA loci. In this thesis we
showed that the different sensitization rate towards individual HLA mismatches
as well as individual HLA loci could not be explained by the number of PIRCHEII (chapter 5). Further research is required to investigate whether weighing of the
PIRCHE-II numbers by the expression levels of individual HLA better correlate with
the HLA sensitization rate in different HLA sensitizing events.
Binding affinity
Second, the binding affinity of the epitope to HLA class II may highly determine
the immunogenicity of PIRCHE-II. In the current PIRCHE-II algorithm, we used the
IC50 < 1000 nM as cutoff to define relevant HLA class II binders, based on the study
of Southwood et al.50. Different PIRCHE-II may have different binding affinities
towards HLA and, consequently, may have a differential immunogenicity. Furthermore, the stability of different peptide-HLA complexes may also highly contribute to
the PIRCHE-II immunogenicity51. The interaction between peptides and HLA class II
molecules is a dynamic process consisting of association and dissociation of peptides to HLA class II molecules51. Therefore, even competition between different
PIRCHE-II for an HLA class II molecule may occur, which may have an impact on the
immunogenicity. Extensive investigation is required to investigate these aspects.
Further research is also required to investigate whether the use of an uniform IC50
cutoff is the most optimal method to define relevant HLA class II binders52, as several studies have shown that the affinity of binders to HLA may vary among different
HLA molecules53,54. Thus, a better definition of relevant HLA class II binders will aid
to identify the immunogenicity of different PIRCHE-II.
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T cell recognition
The third determining factor in PIRCHE-II immunogenicity is the interaction of the
peptide-HLA complex with CD4+ T-helper cells. Several parts of the T cell receptor
are involved in the interaction between the peptide-HLA complex and the T cell; the
CDR1 and CDR2 loops of the T cell receptor interacts with the HLA complex, whereas the CDR3 loops of the T cell receptor interact with the peptide that is presented
on the HLA molecule (reviewed in55). The interaction between the T cell receptor
and the peptide-HLA complex is generally characterized by a weak affinity and by
fast kinetics56. This binding affinity between the T cell receptor and HLA is even
weaker for HLA class II compared to HLA class I, which is probably due to the more
flat conformation of the peptides presented by HLA class II57.
Some amino acid residues of the peptides presented by HLA class II seem to be
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more involved in T cell recognition than others58. Recent studies have shown that
modifications of the amino acid residues that are flanking the core peptide region
can alter the T cell receptor binding affinity, leading to a stronger T cell response59,60.
These observations indicate that T cell receptor interaction is not only restricted to
the core peptide region, but that some flanking amino acid residues may as well
be involved in T cell receptor interaction and the subsequent T cell response. How
the flanking amino acid residues may alter T cell recognition is still under investigation. It has been hypothesized that these flanking amino acid residues may alter T
cell recognition either by affecting the stability of the peptide-HLA complex or by
modifying the binding affinity of the T cell receptor to the peptide-HLA complex57.
Since multiple amino acid positions of the presented peptide are involved on T cell
receptor recognition, it is likely that some amino acid positions may have a greater
impact on PIRCHE-II immunogenicity than others and that these positions are not
restricted to the core peptide region. A better definition of the amino acid positions
that are involved in T cell recognition and implementation of T cell recognition of
epitopes bounded to HLA class II molecules may further allow a more precise definition of the immunogenicity of different PIRCHE-II.

FUTURE PERSPECTIVES OF THE APPLICATION OF THE
PIRCHE-II ALGORITHM
In this thesis we investigated the applicability of the PIRCHE-II algorithm in solid
organ transplantation settings. Our ultimate goal is to implement PIRCHE-II as
epitope-based matching method in the organ-allocation system to improve graft
outcome after solid organ transplantation. In addition to the different HLA sensitization settings described in this thesis, we here discuss the possible applicability
of the PIRCHE-II algorithm in other settings, the possible extension of the PIRCHE-II
algorithm and the application thereof in solid organ transplantation, and the clinical
implementation of the PIRCHE-II algorithm in transplantation.
PIRCHE-II applicability in different settings
In this thesis we showed that the PIRCHE-II algorithm may be applicable in different
transplantation settings. Further research is required to investigate the applicability
of PIRCHE-II in other transplantation settings than kidney transplantation and pancreas and pancreatic islet transplantation. These forms of transplantation may be
lung transplantation and cornea transplantation, as previous research showed that
an epitope-based HLA matching approach may be beneficial for lung transplantation patients61 and cornea transplantation patients62. Also heart transplantation
patients may benefit from the PIRCHE-II algorithm, as an epitope-based HLA matching approach may contribute to the identification of patients who are at high risk for
graft loss63.
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In addition to the application of the PIRCHE-II algorithm in other forms of transplantation, the PIRCHE-II algorithm may also be applicable in other settings than
transplantation. One of these settings may be pregnancy49, and the role of PIRCHEII in HLA antibody formation after pregnancy has clearly been described in this
thesis. However, PIRCHE-II might also be applicable in additional settings, such as
platelet transfusion. Platelet transfusion has been used for decades to treat patients
with hematological diseases or patients with thrombocytopenia who are at high risk
for thrombocytopenic bleedings64. One of the major complications of multiple platelet transfusions is platelet refractoriness, which is defined as the failure to achieve
sufficient platelet counts after platelet transfusion. Platelet refractoriness can be
caused by both non-immune factors and immune factors and the vast majority of
immunological platelet refractoriness is caused by alloimmunization towards HLA65.
Platelets generally express HLA class I molecules, whereas they are devoided of
HLA class II molecule expression66. Since HLA-C expression is generally low on
platelets, HLA-A and HLA-B are considered to be predominantly involved in immunological platelet refractoriness67.
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In order to prevent alloimmune refractoriness, platelet refractory patients may be
transfused with HLA-identical platelets. However, similar as for solid organ transplantation, selecting HLA-identical platelets is challenging. In those patients where
HLA-identical platelets are unavailable, epitope-based HLA matching may be an
opportunity to select HLA-compatible platelets for transfusion. As already has
been show previously, HLAMatchmaker can successfully be used to select platelet
donors that will not lead to platelet refractoriness in refractory patients68,69. Several
studies have shown that upon platelet transfusion indirect allorecognition of mismatched HLA presented by HLA class II of the recipient is critical in the generation
of IgG HLA antibodies70-72. This suggests that PIRCHE-II might also be a tool for epitope-based HLA matching for platelet refractory patients.
Extension of the PIRCHE-II algorithm with minor histocompatibility antigens
HLA-identical transplantations are associated with the most optimal graft outcome73.
However, also HLA-identical transplantations may lead to antibody-mediated rejection and eventually graft failure, suggesting that clinical alloreactivity cannot be fully
explained by HLA alone. Minor histocompatibility antigens are genetic disparities
between donor and recipient and therefore may also lead to B cell and T cell-mediated responses, including the development of an alloantibody response74. One of
the minor histocompatibility antigens that may play a role in alloimmune responses
after transplantation are the H-Y antigens. H-Y antigens are located on the Y chromosome and, consequently, are absent in the female X chromosome homolog.
Therefore, female recipients of male kidneys may recognize H-Y-derived epitopes
in an indirect manner, resulting in the development of allo-HLA antibodies directed towards H-Y antigens of the donor kidney. Several studies have shown that
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H-Y-derived epitopes can be presented in the context of specific HLA molecules75.
Although literature on alloreactivity due to minor histocompatibility antigens in solid
organ transplantations is still scarce, de novo antibody formation towards H-Y may
occur in female patients receiving a male kidney and this H-Y antibody formation was
associated with acute rejection76. In addition to H-Y antigens, other minor histocompatibility antigens may be clinically relevant after solid organ transplantation as well.
Major histocompatibility complex class I-related chain A (MICA) antigens and major
histocompatibility complex class I-related chain B (MICB) antigens are highly polymorphic among individuals and may also induce an alloimmune response. Indeed,
MICA mismatches between donor and recipient are associated with a higher risk for
graft-versus-host disease and non-relapse mortality after hematopoietic cell transplantation77. With regard to solid organ transplantation, MICA antibodies can be
formed after transplantation, which are associated with graft rejection after kidney
transplantation78-82 and might also be associated with graft rejection after heart and
liver transplantation83-85.
The current PIRCHE-II algorithm is restricted to presentation of epitopes derived
from mismatched HLA. In addition to HLA, processed minor histocompatibility antigens may as well be presented by HLA class II molecules to recipient CD4+ T cells,
thereby triggering an antibody response. Since non-HLA antibodies, such as H-Y
antibodies and MICA antibodies, may have clinical implications in graft failure after
solid organ transplantation as well, extension of the PIRCHE-II algorithm by predicting presentation of H-Y-derived epitopes, MICA-derived epitopes or even other
minor histocompatibility antigens may allow an even more sophisticated matching
in solid organ transplantation. We have recently extended the PIRCHE-II algorithm
with the presentation of H-Y-derived epitopes and MICA-derived epitopes and the
role of these H-Y-and MICA-derived epitopes in antibody formation and transplant
outcome is currently under investigation.
In addition to solid organ transplantation, implementation of these minor histocompatibility antigens as presented epitopes in the PIRCHE-II algorithm might also be
useful in pregnancy settings. Maternal immune recognition of H-Y antigens derived
from male fetuses may in some cases have harmful effects on pregnancy outcome.
Several H-Y-restricting HLA class II alleles, but not HLA class I alleles, have been
described to be associated with secondary recurrent miscarriages in women with
a firstborn boy75,86, indicating that indirect T cell recognition of H-Y antigens are
important in secondary recurrent miscarriages. The application of the PIRCHE-II
algorithm with inclusion of H-Y-derived epitopes may thus give more insight in the
pathophysiology of secondary recurrent miscarriages.
Clinical implementation of the PIRCHE-II algorithm in transplantation
In this thesis we showed that PIRCHE-II plays a role in HLA antibody formation
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and also may impact transplant outcome. This indicates that implementation of the
PIRCHE-II algorithm in the donor-selection criteria may have beneficial effects on
transplant outcome. The PIRCHE-II algorithm can be clinically used in two ways.
First, for each donor-recipient couple the total number of PIRCHE-II can be determined. The total PIRCHE-II number is a measure of the total antigen load for that
specific donor-recipient combination and this number can be used for risk assessment. Patients with high PIRCHE-II numbers have a higher risk to develop harmful
immune responses directed towards the graft and thus are at risk for graft failure
(Chapter 6). These patients can subsequently be more closely monitored after
transplantation and may probably also benefit from a more intense or modified
immunosuppressive treatment regimen. These measures can be used as interventions to avoid graft loss and thus to prolong the graft survival. Second, the PIRCHE-II
algorithm can also be directly implemented in the donor-selection procedure. HLA
mismatches that yield a lower PIRCHE-II number are expected to lead to a better
transplant outcome than HLA mismatches that yield high PIRCHE-II numbers. By
using the PIRCHE-II algorithm in the donor-selection procedure, donors leading to
low PIRCHE-II numbers are preferred over donors leading to high PIRCHE-II numbers. This approach of directly implementing PIRCHE-II has two advantages: [1] the
graft survival is prolonged, and [2] HLA sensitization is minimized, which provides
more transplant opportunities for retransplantation candidates. Thus, in the allocation phase, the PIRCHE-II algorithm may replace the classical HLA (mis)matching
strategy. In the classical HLA matching strategy, the match probability can be prospectively calculated; for each patient can be determined what the most optimal
donor is and what the probability is of getting such a donor1. In addition to the
classical way of calculating the match probability, the match probability can also be
prospectively calculated based on PIRCHE-II, which will be further described later
in this paragraph.
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Whether the PIRCHE-II algorithm will be used as risk assessment after transplantation or will be directly implemented in the donor-selection criteria highly depends
on the type of organ transplantation as well as individual patients. For example,
HLA typing is currently only implemented in the donor-selection criteria for kidney
transplantation, whereas HLA typing is not implemented in the donor-selection criteria for other solid organ transplantations87. Since HLA typing is not used to select
donors in some forms of organ transplantation, the PIRCHE-II algorithm may be
used in those transplantation settings for risk assessment and determination of
the post-transplant surveillance and management rather than for the selection of
donors. For pediatric patients, selecting donors based on low PIRCHE-II numbers
may be favorable rather than using the PIRCHE-II algorithm for risk assessment for a
given donor. The average graft survival is limited after solid organ transplantation88,
indicating that retransplantation may be often necessary for these young patients.
Since HLA sensitization significantly impairs the transplant opportunities, avoidance
of HLA sensitization during the first organ transplantation is of utmost importance.
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By selecting the first donor organ based on low PIRCHE-II numbers, HLA sensitization is minimized and, consequently, the chance of finding a suitable donor organ
for a second transplantation is increased.
For each individual patient the potential application of the PIRCHE-II algorithm has
to be investigated. For some patients it may well be the case that selecting donors
with low PIRCHE-II numbers may be hardly possible, whereas for other patients
selecting donors with low PIRCHE-II numbers is possible. To estimate the chance
of finding a donor with low PIRCHE-II numbers, we can prospectively calculate a
match probability based on PIRCHE-II numbers, as mentioned previously. We
have recently established a solid organ transplantation risk profile module, which
allows calculating the match probabilities using either low-resolution HLA typing or
high-resolution HLA typing as input for the module. In this module, a virtual donor
population has been generated based on the NMDP haplotype frequency tables.
For each patient that is entered in the module, virtual donors that correspond to
a certain allocation scheme are selected and PIRCHE-II values are subsequently calculated for each donor-recipient combination. Eventually, a histogram graph
is generated which gives an estimation of the chance of having a donor with low
PIRCHE-II. Two examples of histogram graphs that are generated based on prospective match probability calculations are depicted in Figure 1. The histogram graph of
example 1 (Figure 1A) shows that the chance of finding a donor with low PIRCHE-II
numbers is relatively high for this patient, whereas the histogram graph of example
2 (Figure 1B) shows that the chance of finding a donor with low PIRCHE-II numbers is
extremely low for this patient. Thus, risk profiles can be used to estimate the chance
of finding a donor with low PIRCHE-II numbers for various patients.

CONCLUDING REMARKS
Epitope-based HLA matching is a relatively new concept in the transplantation
field. The PIRCHE-II algorithm provides the opportunity to identify permissible HLAmismatches, thereby minimizing HLA sensitization and prolonging graft survival.
High-resolution HLA typing is currently the best option for epitope-based HLA matching. However, computational approached may also facilitate epitope-based HLA
matching from low-resolution HLA typing, indicating that epitope-based matching
is a feasible method in solid organ transplantation settings. Although the PIRCHE-II
concept is still under development and can be further extended and improved as
discussed previously, the algorithm allows a more sophisticated manner of determining donor-recipient compatibility. Implementation of the PIRCHE-II algorithm into
the organ-allocation system requires extensive revision of the old paradigms of
HLA matching in solid organ transplantation, which are solely based on the HLA
matchgrade. Further modeling studies are required to investigate whether implementation of the PIRCHE-II algorithm in solid organ transplantation will lead to a
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lower immunological risk of graft rejection without limiting the accessibility to donor
organs for all different transplantation groups, especially for patients with rare HLA
alleles.
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Figure 1: Examples of match probability calculations based on PIRCHE-II numbers.
Two examples of match probability calculations based on PIRCHE-II numbers are shown. The x-axes
represent the PIRCHE-II numbers and consider a ln-scale, whereas the y-axes represent the approximation
of getting a donor with the specified search profile. For these examples the following search profile was
used to select virtual donors: maximal 1 HLA-A mismatch, maximal 1 HLA-B mismatch, and maximal 1
HLA-DR mismatch. Each blue bar represents the approximation of having a donor between the specific
PIRCHE-II range (e.g. the blue bar at 39 PIRCHE-II represents the approximation of having a donor
between 28 and 39 PIRCHE-II). The red line represents the accumulated approximation for specific
PIRCHE-II values. Example 1 (A) shows the match probability calculations for an individual having the
following HLA typing: A*02:01, A*24:02, B*07:02, B*44:02, C*05:01, C*07:02, DRB1*15:01, and DRB1*15:01.
For this individual, the chance of finding a donor with low PIRCHE-II numbers is relatively high; with the
used search profile, there is 11.4% chance that this patient gets a donor with a PIRCHE-II value below 28.
Example 2 (B) shows the match probability calculations for an individual having the following HLA typing:
A*01:01, A*02:01, B*27:05, B*37:01, C*02:02, C*06:02, DRB1*01:01, and DRB1*10:01. For this individual, the
chance of finding a donor with low PIRCHE-II numbers is very low; with the used search profile, there is
0.02% chance that this patient gets a donor with a PIRCHE-II value below 28.
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SUMMARY

A

lloreactivity due to HLA mismatches between donor and recipient remains
the major limiting factor in successful graft outcome after solid organ transplantation. To avoid B cell- and T cell-mediated alloreactivity after transplantation,
the number of HLA mismatches between donor and recipient is preferably as low
as possible. However, the immunogenicity of individual HLA mismatches is highly
variable. Therefore, a more sophisticated matching method for solid organ transplantation is epitope-based HLA matching. In epitope-based HLA matching, donor
and recipient are matched based on clinically relevant epitopes that are located on
HLA. In this thesis we describe PIRCHE-II (Predicted Indirectly ReCognizable HLA
epitopes) as a method for epitope-based HLA matching in solid organ transplantation. The PIRCHE-II algorithm predicts indirect T cell recognition by predicting
mismatched HLA-derived epitopes that can be presented on HLA class II molecules of the recipient. The aim of this thesis was to elucidate and to improve the
applicability of PIRCHE-II in solid organ transplantation and to investigate the role
of PIRCHE-II in HLA antibody formation and graft failure in different HLA sensitizing
events.

9

In the first part of the thesis we further improved the PIRCHE infrastructure to facilitate the clinical application of the PIRCHE-II algorithm. In the PIRCHE algorithm,
PIRCHE numbers are calculated based on amino acid polymorphisms between
donor and recipient. To be able to identify these amino acid polymorphisms
between donor and recipient, the complete amino acid sequence has to be available. The complete amino acid sequence is required at two levels: [1] the complete
amino acid sequence of all identified HLA alleles need be available for setting-up
the PIRCHE database, and [2] high- or allelic-resolution HLA typing of both donor
and recipient need to be available as input for the PIRCHE algorithm, as serological
typing does not provide detailed information on the exact allelic variation between
HLA alleles.In chapter 3 we showed that the IMGT/HLA database, in which all HLA
amino acid sequences are stored, often contains incomplete amino acid sequences.
To solve this problem, we used an automated nearest-neighbor-based approach to
extrapolate incomplete HLA sequences that were present in the IMGT/HLA database
to obtain the complete amino acid sequence of these incomplete HLA sequences.
An internal and external validation of this approach showed that the majority of the
unknown amino acids sequences positions can be reliably predicted. To solve the
second problem, we developed a computational approach to calculate PIRCHE-II
values using low resolution HLA typing as input for the algorithm, which is described
in chapter 4. A validation of the used approach showed that for the majority of the
donor-recipients we were able to reliably predict PIRCHE-II and eplet numbers.
200

Summary

Since PIRCHE-II is theoretically associated with indirect CD4+ T cell alloreactivity,
PIRCHE-II may play a role in HLA antibody formation in HLA sensitizing settings.
In the second part of the thesis we describe how we might apply the PIRCHE-II
algorithm in different HLA sensitization settings. Previously, the impact of PIRCHEII on de novo HLA antibody formation was shown in a small cohort consisting of
21 kidney transplant recipients. In chapter 5 we confirmed this observation in a
different setting; after successful pregnancies, the number of PIRCHE-II presented
by maternal HLA-DRB1 was related to the formation of HLA antibodies directed
towards fetal HLA class I. In chapter 8 we showed that the number of PIRCHE-II
was not related to HLA antibody formation in women with a successful pregnancy
that was preceded by previous miscarriages. However, women with a successful
pregnancy that was preceded by a single previous miscarriage show an aberrant
HLA sensitization pattern, which may have implications in the transplantation field.
In chapter 7 we investigated the role of PIRCHE-II in HLA antibody formation after
pancreas and pancreatic islet transplantation. In contrast to the previous observations during pregnancy, the development of HLA class I specific antibodies after
pancreas and pancreatic islet transplantation was independent to the number
of PIRCHE-II. However, the development of HLA class II specific antibodies was
PIRCHE-II dependent after pancreas and pancreatic islet transplantation.
Since we confirmed the role of PIRCHE-II in HLA antibody formation and since a
major part of the patients with donor-specific HLA antibody formation will reject
their graft within the first year after transplantation, we also investigated the role of
PIRCHE-II in graft failure after kidney transplantation in chapter 6. We showed that
the number of PIRCHE-II was related with graft failure after kidney transplantation,
indicating that PIRCHE-II may be a useful tool to identify permissible HLA mismatches in solid organ transplantation.
In the final chapter of this thesis, chapter 9, the above mentioned observations
are further discussed and some future perspectives on the implementation of the
PIRCHE-II algorithm in the organ-allocation system are provided. In conclusion, the
findings in this thesis suggest the PIRCHE-II algorithm may provide the opportunity to identify permissible HLA mismatches in solid organ transplantation, thereby
minimizing HLA sensitization and prolonging graft survival.
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O

rgaantransplantatie wordt momenteel op regelmatige basis uitgevoerd om
verschillende, potentieel levensbedreigende ziektes te behandelen. Een
van de belangrijkste risico’s van orgaantransplantatie is de afstoting van het
getransplanteerde orgaan. Afstoting wordt veroorzaakt doordat het immuunsysteem van de patiënt reageert op lichaamsvreemde antigenen die aanwezig zijn op
het getransplanteerde orgaan. De belangrijkste antigenen die betrokken zijn bij
deze immunologische reactie zijn de antigenen die onderdeel uitmaken van het
HLA-systeem (Humane Leukocyten Antigenen). Elk mens heeft verschillende HLA
klasse I antigenen (HLA-A, HLA-B en HLA-C) en HLA klasse II antigenen (HLA-DR,
HLA-DQ en HLA-DP) en ook tussen verschillende mensen zijn de HLA antigenen
zeer divers. Wanneer het HLA van het getransplanteerde orgaan niet hetzelfde is
als het HLA van de ontvanger (er is een zogenaamde HLA mismatch), is de kans
op afstoting groter dan wanneer de HLA van de ontvanger en het donororgaan
volledig gematched zijn. Maar door de diversiteit in ons HLA systeem, is het lastig
om voor ontvangers een donor te vinden die HLA-gematched is. Ondanks dat het
aantal HLA mismatches tussen donor en ontvanger een belangrijke voorspeller is
voor de transplantaatoverleving, heeft niet elke HLA mismatch een gelijk effect op
de transplantaatoverleving. Sommige HLA mismatches tussen donor en ontvanger
leiden tot een ernstige immunologische reactie, terwijl andere HLA mismatches tot
geen immunologische reactie leiden. Om de kans op afstoting te verminderen is
het dus van belang om voor de patiënt de meest optimale HLA mismatch te identificeren.

9

Tijdens een afstotingsrespons kunnen de immuuncellen van de patiënt het lichaamsvreemde HLA op verschillende manieren herkennen. In hoofdstuk 2 van
dit proefschrift worden deze verschillende manieren van immuuncel-herkenning
in detail beschreven. Wanneer de immunologische respons op een HLA mismatch
voorspeld kan worden, kan deze kennis gebruikt worden om voor patiënten de
meest optimale HLA mismatch te bepalen. In dit hoofdstuk worden dan ook verschillende methodes besproken die als doel hebben om de immunologische
respons op een HLA mismatch te voorspellen. Een van de methodes om de immunologische respons op een HLA mismatch te voorspellen is het PIRCHE (Predicted
Indirectly ReCognizable HLA Epitopes) model. Dit model en de toepassing ervan in
orgaantransplantatie wordt verder uitgewerkt in dit proefschrift.
Tijdens afstoting spelen verschillende immuuncellen een rol: B cellen en T cellen.
B cellen zijn de cellen die een rol spelen bij de vorming van antistoffen en T cellen
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zijn de cellen die een rol spelen bij het bestrijden van lichaamsvreemde cellen.
Wanneer een ontvanger getransplanteerd wordt met een donororgaan wat niet
HLA-gematched is, kunnen de B cellen van de ontvanger het lichaamsvreemde
HLA opnemen en vervolgens peptiden afkomstig van het lichaamsvreemde HLA
presenteren op hun eigen HLA klasse II moleculen. T cellen van de ontvanger
kunnen deze gepresenteerde, van lichaamsvreemd HLA afkomstige peptiden,
herkennen. Vervolgens worden de B cellen door de T cellen gestimuleerd zodat
er HLA-specifieke antistoffen worden geproduceerd. Deze T cellen worden ook
wel T-helper cellen genoemd, omdat ze hulp bieden aan de B cellen bij het produceren van HLA antistoffen. De HLA-specifieke antistoffen die gevormd worden,
zijn schadelijk voor het getransplanteerde orgaan en kunnen afstoting veroorzaken. Het PIRCHE model kan voorspellen welke peptiden afkomstig uit het
lichaamsvreemde HLA herkent kunnen worden door de T-helper cellen. De hoeveelheid peptiden afkomstig uit het lichaamsvreemde HLA welke gepresenteerd
kunnen worden op de HLA klasse II moleculen van de ontvanger kan worden berekend; deze peptiden worden PIRCHE-II genoemd. Wanneer een lichaamsvreemd
HLA veel PIRCHE-II bevat, is er een grotere kans op een immunologische respons
tegen het lichaamsvreemde HLA dan wanneer een lichaamsvreemd HLA weinig
PIRCHE-II bevat. Op deze manier kan er voor elke ontvanger bepaald worden wat
de kans op een afstotingsreactie is.
Dit proefschrift bestaat uit twee onderdelen. In deel 1 (hoofdstuk 3 en 4) worden de
verschillende aanpassingen beschreven die aan het PIRCHE model zijn gedaan,
zodat de klinische toepassing van het PIRCHE model mogelijk is. In deel 2 (hoofdstuk
5-8) wordt beschreven hoe het PIRCHE model toegepast zou kunnen worden in
verschillende situaties waarin er een immuunrespons tegen lichaamsvreemd HLA
kan ontstaan.

DEEL I: DE PIRCHE METHODOLOGIE
Voor het PIRCHE model is er voldoende informatie nodig om de PIRCHE aantallen
voor elke HLA mismatch tussen donor en patiënt te kunnen berekenen. Om de
PIRCHE aantallen te kunnen berekenen, moeten we de complete aminozuur volgorde van het hele HLA eiwit weten. De aminozuur volgorde van een eiwit wordt
ook wel de aminozuur-sequentie genoemd. Momenteel zijn er in totaal meer van
16.000 HLA allelen geïdentificeerd, en voor ongeveer 90% van deze allelen is de
aminozuur-sequentie van het complete HLA eiwit niet bekend. In hoofdstuk 3 wordt
een methode beschreven waarbij we deze incomplete aminozuur-sequenties
aanvullen op basis van de overeenkomsten tussen de aminozuur-sequenties van
verschillende HLA allelen. Op deze manier kunnen we voor alle geïdentificeerde
allelen de volledige aminozuur-sequentie verkrijgen en hebben we voldoende informatie om de PIRCHE aantallen te berekenen. Een validatie van deze methode
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laat zien dat de meeste aminozuur-sequenties voor verschillende HLA eiwitten
correct voorspeld worden. De gebruikte methode is dus een betrouwbare methode
om complete aminozuur-sequenties van verschillende HLA allelen te verkrijgen.
Naast dat de complete aminozuur-sequentie van verschillende HLA allelen nodig
is om de PIRCHE aantallen te berekenen, is het ook van belang dat de aminozuurverschillen tussen HLA van de donor en HLA van de ontvanger bekend zijn. Deze
aminozuur-verschillen kunnen worden bepaald door het HLA van de donor en de
ontvanger te typeren. Echter is de mate van detail van HLA typering erg divers
door de verschillende manieren waarop HLA getypeerd kan worden; lage-resolutie HLA typeringen geven weinig detail en hoge-resolutie HLA typeringen geven
veel detail. Om de PIRCHE-II aantallen te kunnen berekenen, moeten donoren en
ontvangers op hoge-resolutie niveau getypeerd zijn. Het kost echt veel tijd om
HLA op hoge-resolutie niveau te typeren. Omdat tijd een limiterende factor is in
het transplanteren van organen van overleden donoren, is het HLA typeren op
hoge-resolutie niveau vaak niet mogelijk voor organen afkomstig van overleden
donoren. In hoofdstuk 4 wordt daarom een methode beschreven gebaseerd op
HLA frequentie tabellen waarbij we toch PIRCHE-II aantallen kunnen berekenen
op basis van lage-resolutie HLA typeringen van donor en ontvanger. Om deze
methode te valideren hebben we een virtuele donor-ontvanger populatie gegenereerd waarvoor we zowel hoge-resolutie als lage-resolutie HLA typeringen
hebben. Voor deze populatie zijn vervolgens PIRCHE-II waardes berekend op basis
van hoge-resolutie HLA typeringen en lage-resolutie HLA typeringen. De meerderheid van de PIRCHE-II waardes die bepaald zijn met behulp van lage-resolutie
HLA typeringen week niet of nauwelijks af van de PIRCHE-II waardes die bepaald
zijn met behulp van hoge-resolutie HLA typeringen. Uit de validatie is gebleken dat
de gebruikte methode een goede methode is om PIRCHE-II waardes te berekenen
vanuit lage-resolutie HLA typeringen wanneer hoge-resolutie HLA typeringen niet
beschikbaar zijn.

9

DEEL II: DE TOEPASSING VAN PIRCHE-II IN VERSCHILLENDE
SITUATIES
In de volgende hoofdstukken van dit proefschrift is de rol van PIRCHE-II op
HLA-specifieke antistofvorming en transplantaat afstoting onderzocht in verschillende situaties. Een eerdere studie heeft laten zien dat PIRCHE-II een rol speelt in
HLA antistofvorming na niertransplantatie; hoe meer PIRCHE-II een lichaamsvreemd
HLA bevatte, hoe groter de kans was dat er HLA-specifieke antistoffen gevormd
werden tegen het lichaamsvreemde HLA. Echter, deze studie omvat maar een
klein aantal patiënten. Daarom hebben we de observaties van deze studie gevalideerd in een groep zwangere vrouwen. Tijdens een zwangerschap erft een foetus
HLA antigenen van zowel de vader als de moeder. Aangezien de overgeërfde
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HLA antigenen van de vader lichaamsvreemd kunnen zijn voor de moeder, kan
de moeder HLA-specifieke antistoffen ontwikkelen tegen het HLA van het kind.
In hoofdstuk 5 is de rol van PIRCHE-II in HLA-specifieke antistofvorming onderzocht tijdens zwangerschap in 301 moeders en bijbehorende kinderen. Het aantal
PIRCHE-II bleek gerelateerd te zijn aan de vorming van HLA-specifieke antistoffen
tijdens zwangerschap; hoe meer PIRCHE-II een lichaamsvreemd HLA bevatte,
hoe groter de kans dat er HLA-specifieke antistoffen gevormd werden tijdens de
zwangerschap. Deze studie bevestigt de observaties van de eerdere studie onder
niertransplantatie-patiënten en suggereert dat het PIRCHE-II model universeel toepasbaar is. Dus, het PIRCHE-II model kan ook toegepast worden in andere situaties
dan transplantatie.
In hoofdstuk 8 is er een korte uitstap gemaakt naar een specifieke groep zwangere
vrouwen: vrouwen die een enkele succesvolle zwangerschap hebben gehad met
daaraan voorafgaand een enkele miskraam. Deze vrouwen vormen significant
minder HLA-specifieke antistoffen tegen het lichaamsvreemde HLA van het kind
dan vrouwen die een of twee succesvolle zwangerschappen hebben gehad
zonder een voorafgaande miskraam. Deze verminderde vorming van HLA-specifieke antistoffen kon niet gerelateerd worden aan verlaagde PIRCHE-II aantallen.
Verder onderzoek naar het onderliggende mechanisme van de verlaagde vorming
van HLA-specifieke antistoffen tegen het lichaamsvreemde HLA van het kind in
vrouwen met een enkele succesvolle zwangerschap en een voorafgaande enkele
miskraam is nodig en zal ook implicaties hebben in het veld van orgaantransplantatie.
Naast zwangerschappen is er in hoofdstuk 7 ook gekeken naar de rol van PIRCHE-II
in HLA-specifieke antistofvorming na alvleeskliertransplantatie en eilandjes van
Langerhans transplantatie. Beide vormen van transplantatie worden uitgevoerd bij
patiënten met diabetes mellitus type I, vaak in combinatie met nierfalen. In deze
patiënten bleek PIRCHE-II ook een rol te spelen bij de vorming van HLA klasse
II-specifieke antistoffen na transplantatie.
In de genoemde hoofdstukken hebben we gezien dat PIRCHE-II een rol speelt bij
de vorming van HLA-specifieke antistoffen. Aangezien HLA-specifieke antistoffen
schadelijk zijn voor het getransplanteerde orgaan, hebben we de hypothese
gesteld dat het aantal PIRCHE-II ook gerelateerd is aan orgaanafstoting na transplantatie. In hoofdstuk 6 is daarom de rol van PIRCHE-II op orgaanafstoting na
niertransplantatie onderzocht. In deze studie is PIRCHE-II bepaald en gerelateerd
aan orgaanafstoting na niertransplantatie in 2918 niertransplantatiepatiënten die
getransplanteerd zijn tussen 1995 en 2005 in één van de Nederlandse transplantatie centra. Het aantal PIRCHE-II bleek gerelateerd te zijn aan een hoger risico op
orgaanafstoting na niertransplantatie. Ook wanneer we gecorrigeerd hebben voor
andere factoren die bij zouden kunnen dragen aan orgaanafstoting, bleef het aantal
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PIRCHE-II een risico factor voor orgaanafstoting na niertransplantatie. Wanneer we
de ontvangers onderverdeelden in 4 verschillende groepen op basis van PIRCHE-II
aantallen, hadden ontvanges in een hogere PIRCHE-II groep een slechtere 10jarige orgaanoverleving na niertransplantatie dan ontvangers in de lage PIRCHE-II
groep. We stellen daarom dat donor selectie op basis van het aantal PIRCHE-II bij
kan dragen aan een langere transplantaatoverleving na niertransplantatie.

SAMENVATTING
Samenvattend, dit proefschrift laat zien dat het PIRCHE-II model een nieuwe
methode is om de meest optimale HLA mismatch tussen donor en ontvanger te
bepalen, waarbij de vorming van HLA-specifieke antistoffen geminimaliseerd wordt
en transplantaatoverleving verlengd. Hoewel het PIRCHE-II model nog steeds in
ontwikkeling is en ook verder uitgebreid en verbeterd kan worden, zoals ook beschreven is in de algemene discussie van hoofdstuk 9, lijkt het PIRCHE-II model
een verfijndere manier te zijn om de meest optimale HLA mismatch tussen donor
en ontvanger te bepalen. Het PIRCHE-II model zou in de toekomst op twee verschillende manieren toegepast kunnen worden in de donor selectie procedure: [1]
PIRCHE-II kan gebruikt worden om de meest optimale donor te selecteren waarbij
een donororgaan met een lage PIRCHE-II de voorkeur heeft. [2] PIRCHE-II kan
gebruikt worden voor het inschatten van het risico op transplantaatafstoting. Ontvangers met een hoger risico op transplantaat afstoting door een hoge PIRCHE-II
waarde kunnen beter gevolgd worden na transplantatie en hebben mogelijk ook
baat bij extra afweeronderdrukkende medicatie.
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Eric Spierings, bedankt dat je mij de kans hebt gegeven om onderzoek te kunnen
doen naar dit interessante onderwerp. Je enthousiasme voor onderzoek en jouw
vaardigheid om op alternatieve manieren naar data kijken, werkt aanstekelijk.
Bedankt voor alle werkbesprekingen, die vaak resulteerden in talloze volgetekende
A4’tjes met nieuwe ideeën, waarvan ik me later afvroeg wat je er ook alweer mee
bedoelde. Ik heb veel van je geleerd op het gebied van wetenschap en onderzoek. Erik Hack, bedankt dat je de taak als promotor op je hebt willen nemen. Dank
voor alle kritische vragen die je regelmatig over het proefschrift en het onderzoek
stelde. José Borghans en Edward Knol, bedankt dat jullie plaats wilden nemen in
de OIO-begeleidingscommissie.
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De leden van de leescommissie, prof. Kuball, prof. Verhaar, prof. Bontrop, prof. Claas
en prof. Prakken, wil ik hartelijk bedanken voor het beoordelen van de inhoud van
dit proefschrift.
Can Keşmir, bedankt dat je mij zoveel geholpen hebt aan het begin van mijn PhD.
Het was een hele leerzame tijd en daar heb ik de rest van mijn promotieperiode
van kunnen profiteren. Hanneke van Deutekom, bedankt dat ik voor alle vragen
over het PIRCHE-script bij jou terecht kon. Everybody from PIRCHE AG, great that
PIRCHE algorithm has been transformed into a valuable module. Special thanks
to Matthias Niemann. Vielen dank for your help, your inspiring ideas, and for your
contribution to several chapters of this thesis.
Dank aan iedereen die betrokken is (geweest) bij de Spierings group. Kirsten Thus,
wat was het fijn om jou als voorganger te hebben. Ik heb veel van je geleerd over
de achtergronden van het PIRCHE algorithme. Eric Borst, voor computervragen kan
ik altijd bij je terecht. Wat fantastisch dat je altijd bereid bent om te helpen met
scripts en verschillende Excel-macro’s. Mijn dank is zeer groot. Het hele HLA-lab
wil ik bedanken voor het beantwoorden van vragen, de hulp bij experimenten en
het uitvoeren van typeringen. Maria Krog, it was really nice having you here at the
lab for a few weeks. You performed an enormous amount of HLA typings during
your stay in the Netherlands. I am curious to see what results will come out of it. To
be continued! Verder wil ik alle studenten bedanken die in de groep stage hebben
gelopen tijdens mijn promotieperiode. Iris Geboers, ik heb je dan niet persoonlijk
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begeleid, maar onze regelmatige lunches worden zeker gewaardeerd. Laura Timmerman, Inge Vrinds, Wouter Fitski, Titus de Hond en Linda Dehing, wat fijn dat
ik jullie mocht begeleiden tijdens jullie stage en/of honours programma. Heel erg
bedankt voor jullie inzet!
Onderzoek doe je niet alleen. Daarom wil ik ook iedereen bedanken die direct
meegewerkt heeft aan het PIRCHE-onderzoek en aan de artikelen gepubliceerd
in dit proefschrift. Van dataverzameling tot het schrijven en reviseren van papers,
heel veel dank! Stefan Schaub and Gideon Hönger, thank you for the collaboration on the pregnancy and miscarriage manuscripts. Jean Villard, thank you for the
collaboration on the pancreas and islet transplantation manuscript. Iedereen die
betrokken is bij het PROCARE consortium, veel dank dat wij de rol van PIRCHE-II in
niertransplantaties konden onderzoeken. Jeroen Wissing, bedankt voor je inzet bij
de extrapolatiestudie. Dirk Koppenaal, bedankt voor het runnen van alle queries in
GLIMS.
Wat heb ik het getroffen met de AIO/post-doc kamer in het AZU. Alle huidige, tijdelijke en ex-kamergenootjes wil ik hartelijk bedanken: Arianne Brandsma, Brigitte
van den Broek, Febilla Fernando, Martin de Smet, Nagesha Appukudige, Nathalie
Mazur, Peter Boross, Saskia Meyer, Shamir Jacobino en Toine ten Broeke. Bedankt
voor alle wetenschappelijke input maar zeker ook voor de gezelligheid.
Alle collega’s binnen en buiten het LTI, bedankt voor alles! Jullie hebben er mede
aan bijgedragen dat ik met plezier mijn proefschrift kon afronden. Bedankt voor
het beantwoorden van de vele vragen op de werkvloer, maar zeker ook voor alle
borrels, etentjes en andere uitjes. Jullie hebben mijn PhD-tijd nog leuker gemaakt.
Groep Kuball, bedankt dat jullie mij wilden adopteren in jullie groep. Jürgen Kuball,
bedankt voor de kritische vragen tijdens werkbesprekingen. Lotte van der Wagen,
heel erg bedankt voor het verzorgen van de huidbiopten voor de HSCT biobank
wanneer ik niet aanwezig was en voor het beantwoorden van alle SPSS vragen.
Saskia ter Braak, Yvonne Schemkes en Pauline de Vries, bedankt voor alle hulp bij
het regelen van praktische zaken. Julia Drylewicz, thank you so much for answering
all the statistical questions during my PhD. Saskia Meyer, thanks for giving all the
InDesign tips and tricks. Nina Blokland, Ester Dünnebach, Rowena Melchers en
Marleen Schiffler, wat waardeer ik onze regelmatige etentjes bij El Mundo. En niet
te vergeten ons hoogtepunt: het weekendje Duitsland. Ik hoop dat er nog veel
uitjes aan komen.
Wing Ho Man en Dani Heesterbeek, wat was het leuk om de I&I PhD retreat 2016
met jullie te mogen organiseren!
Arianne Brandsma en Rowena Melchers, wat ben ik blij dat jullie mijn paranimfen
willen zijn! Arianne, nadat we studiegenoten zijn geweest, zijn we ongeveer tegelijk
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aan onze PhD-avontuur begonnen. Wat was het leuk om van begin af aan ook
kamergenootjes te zijn. Ondanks dat er vrij weinig overlap in ons onderzoek is,
kunnen we altijd met elkaar discussiëren over onze data. Daarnaast was er genoeg
tijd voor een kop thee en een praatje. Wat heb ik dat gemist in al die maanden dat
je er niet was! Rowena, nog niet zo heel lang geleden ben je bij de research komen
werken. Maar al snel kwamen de regelmatige etentjes, thee-drink (en cocktail)
momentjes en merkten we dat we het goed met elkaar kunnen vinden. Het is fijn
om iemand te hebben waarmee je kunt overleggen. Bedankt voor alles.
Daarnaast zijn er nog vele mensen die niet direct bijgedragen hebben aan dit
proefschrift, maar die mij wel altijd gesteund hebben. Lieve vrienden, kennissen
en familie, bedankt voor alle gezelligheid en het meeleven. Of het nu ontspannen
etentjes zijn, dansavonden, goede gesprekken, of andere uitjes, ik waardeer het
enorm. Ook bedankt voor iedereen die ervoor gezorgd heeft dat ik mij welkom
voel in Utrecht. Lieve schoonfamilie, dank jullie wel voor het warme welkom in jullie
familie, de belangstelling en betrokkenheid.
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Lieve mam, jij hoort een eigen plek te krijgen in het dankwoord. Ik vind het geweldig
hoe je mij altijd zo gesteund hebt en altijd achter mijn keuzes staat. Ook al was het
lang niet altijd duidelijk voor je waar ik nu precies onderzoek naar doe, je bent er
altijd voor mij geweest. Jaap en Linda, wat fijn om een grote broer en zus te hebben
die altijd mij altijd steunen en om jullie, samen met Madelon en Lodie, als familie te
hebben. Lieve kleine Kobus, wat ben ik trots dat ik jouw tante mag zijn.
Ten slotte, lieve Kristian, wat ben ik blij dat jij in mijn leven bent. Wat fijn dat je mij
altijd stimuleert om mijzelf te ontwikkelen. Bedankt voor je liefde, relativeringsvermogen, en onvoorwaardelijke steun tijdens stressvolle momenten. Het is een hele
geruststelling dat ik elke Nederlandse spelfout in dit proefschrift aan jou kan wijten.
Nu mijn proefschrift af is, kan ik niet wachten om nieuwe uitdagingen samen met
jou aan te gaan.
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