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GENERAL DISCUSSION



Since the beginning of solid organ transplantation HLA matching has been shown
to be beneficial for graft survival," which is still the case even in the modern era of
immunosuppressive drugs. However, due to high polymorphism of the HLA system and
scarcity of organs, most recipients receive a (partially) HLA mismatched graft. The allogeneic
HLA molecules of the donor can be recognised as foreign by the immune system of the
recipient, which may result in the development of antibodies directed against donor HLA,
known as donor-specific antibodies (DSA). These de novo DSA can develop early or late after
transplantation,?® and the presence of these antibodies often leads to graft injury and
eventually rejection. In addition, the presence of DSA severely impacts the chance of finding a
suitable donor for repeat transplantation.® This is also the case for patients on the transplant

waiting list that developed HLA antibodies upon pregnancy or blood transfusion.

Towards definition of immunogenic amino acid configurations (epitopes)

Interestingly, not every HLA antigen mismatch leads to a humoral alloimmune response.
As reviewed in Chapter 2 and Chapter 3, while each HLA antigen consists of unique set of
epitopes, or configurations of polymorphic amino acids, epitopes can be shared by several
HLA antigens. Therefore, the number of foreign antibody epitopes present on mismatched
donor HLA antigen varies and depends on the HLA phenotype of the recipient. In addition, the
type and physicochemical properties of the amino acid substitution, as well as the presence
of accompanying T helper cell epitopes contribute to the immunogenicity of a mismatched
antibody epitope. These aspects have been implemented in several algorithms aiming at the
prediction of the immunogenicity of a mismatched HLA antigen, such as eplets,®” amino acid
mismatches, electrostatic mismatch scores,®® and Predicted Indirectly ReCognizable HLA
Epitopes presented by recipient HLA class Il (PIRCHE-I1).">"" Indeed, mismatch scores based
on these approaches have shown to predict the chance of de novo DSA formation on the
population level, while none of these algorithms is superior over the others.'>'> However, we
argue that on the level of the individual patient it is not a numbers game, as a single amino
acid or configuration present on a mismatched HLA allele can already be sufficient to induce
an antibody response. This was observed previously for HLA class | configuration (triplet)
mismatches,' and confirmed in our cohort study on amino acid mismatches for HLA class

Il (Chapter 7).

Therefore, as highlighted in Chapter 2 and Chapter 3, it is essential to define immunogenic
configurations of amino acids (Figure 1), eplets, or single amino acids so that these can be
avoided during donor selection in order to prevent de novo DSA formation. With HLA-EMMA

software, we developed a tool that enables analyses on amino acid compatibility between
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donor and recipient (Chapter 6). This tool can perform analyses for large number of donor-
recipient pairs at once due to batch option, and for HLA class | and HLA class Il simultaneously,
which is either very laborious or impossible with the other available algorithms. Additionally,
HLA-EMMA considers all available HLA alleles from the IMGT, so there are no restrictions
in analysing donor-recipient pairs with rare HLA alleles. Therefore, HLA-EMMA is a very
useful and user-friendly tool, which can be used in cohort studies to define the relevant/
immunogenic amino acids and positions. This software was further validated in a cohort study

of non-immunised male recipients of a first renal allograft (Chapter 7).

While the aim of defining the most immunogenic HLA class Il amino acids and/or positions
was not accomplished in this cohort study due to small numbers, we did observe that a
high number of amino acid mismatches is not always a guarantee for the induction of an
antibody response. The latter suggests that not all mismatches are immunogenic, as previous
mentioned (Chapter 2 and Chapter 3), but also that not all defined polymorphic solvent
accessible positions included in HLA-EMMA are equally important for the induction of an
antibody response. Narrowing down the solvent accessible positions to only those that
are proven to be able to induce an antibody response can be achieved by using human
HLA-specific monoclonal antibodies (mAbs), as reactivity analysis of these mAbs allows
for identification of amino acids and/or positions that are involved in antibody binding
(Chapter 5), and thus amino acid and/or positions that can be immunogenic. Including only
confirmed immunogenic or relevant polymorphic amino acid and/or positions will improve
the prevention of DSA formation without unnecessarily preventing allocation based on non-
immunogenic epitope mismatches.” Additionally, amino acids or amino acid configurations
associated with de novo DSA formation identified in clinical cohort studies can be verified by

human HLA mAbs, using methods described in Chapter 5.

Upon transplantation antibodies directed against HLA class Il and more specifically against
HLA-DQ are most prominent. Therefore, understanding of the immunogenicity of especially
HLA-DQ is of great interest. One of the features of HLA-DQ is that both the alpha and beta
chain are polymorphic. Therefore we analysed the HLA-DQ chains separately with respect to
their ability to induce an antibody response (Chapter 7), in contrast to previous studies that
consider the whole HLA-DQ molecule.'®"® Of course, once an antibody is formed the whole
HLA molecule should be considered as the antibody-footprint could cover both alpha and beta
chain of the HLA-DQ molecule. However, we observed that a single amino acid mismatch on
either the alpha or beta chain was sufficient to induce an antibody response that was clearly

directed against that specific chain. In addition, we often detected an antibody response in
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case only the HLA-DQB1 or HLA-DQAT1 allele was mismatched. Important to note that this
analysis was performed on first transplant recipients that did not have any detectable HLA
antibodies prior to transplantation by sensitive single antigen bead assays. This indicates that
for predictingimmunogenicity not the whole HLA-DQ molecule should be considered, because

then recipients can be incorrectly classified as being at low risk for allloimmunisation."”"

One could argue that our tools are of no additive value, as on the group level eplets have
shown to be good predictors of sensitization,'®2°22 graft damage,?* and subsequently
rejection.?*2> This has resulted in the introduction of cut-offs of numbers of eplets to identify
alloimmunisation risk,"”'¢2627 which has even been applied in allocation strategy for paediatric
patients.?® However, as discussed in Chapter 2 and Chapter 3 eplets are theoretically defined
and not every eplet mismatch is immunogenic.? Furthermore, eplets require experimental
verification to establish if an antibody indeed can bind to the eplet. Both absorption and
elution studies®®3'" as well as human mAbs3233 have been shown to be very useful for
antibody-verification of eplets.?*3> However, we emphasised that there is a need for HLA
class Il eplet verification, and as shown in Chapter 5 the newly generated human HLA-DR
mAbs contribute to antibody-verification of eplets. More importantly, our antibody reactivity
analysis also highlighted that the current list of eplets on HLA Epitope Registry contains
inaccuracies and is subject to change without valid reasoning and validation. In addition, when
defining polymorphic solvent accessible positions to incorporate in HLA-EMMA (Chapter 6)
we observed discrepancies between our definition of surface exposed positions and those
considered for defining eplets,®”3 This clearly indicates there is a need for standardisation for
defining antibody-verified eplets. Both HLA-EMMA and human HLA mAbs will contribute to
define the immunogenic polymorphic amino acids and subsequently immunogenic or relevant

amino acids configurations in a more standardised and validated manner.

Our cohort study already highlighted that for defining immunogenic polymorphic amino
acids a large number of donor-recipient pairs of diverse population is required (Chapter 7).
The latter is essential, as currently the proposed cut-offs are based on Caucasian population
studies, but just like HLA allele frequency the frequency of the most immunogenic epitope
can differ between populations (Chapter 3). One of such studies will be the upcoming
International Immunogenetics and Histocompatibility Workshop, in which not only HLA-
EMMA but all factors that regulate antibody induction will be included, such as T cell epitopes

(PIRCHE-I1) and physicochemical properties (EMS-3D), for a comprehensive analysis.
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Immunogenicity
Amino acid configuration
induces an antibody response

O

Antigenicity
Antibody-footprint on HLA molecule involves
additional configurations required for binding

Figure 1: Immunogenicity and antigenicity. An immunogenic amino acid configuration (epitope) on
mismatched donor HLA induces alloantibody response and determines the specificity of antibody as it
interacts with CDR-H3 of the antibody. However, the antibody-footprint on HLA molecules involves addi-
tional configurations required for binding, which is the antigenicity of HLA antibody.
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Antigenicity of formed HLA antibodies

Besides immunogenicity, definition of relevant amino acid configurations is also essential for
understanding the antigenicity of HLA antibodies (Figure 1), which is imperative for sensitised
patients to determine acceptable and unacceptable HLA antigen mismatches to predict a
negative crossmatch (Chapter 2). HLAMatchmaker was developed to identify uniquely shared
eplets by reactive HLA antigens in single antigen bead assay and used for reactivity analysis
of mAbs3233 and sera®-* for antibody-verification of eplets. In recent years, eplets have been
incorporated in analysis software of both single antigen bead assay used by HLA laboratories,
and also a software tool to perform epitope analysis and virtual crossmatching based on
eplets was developed.*’ However, as depicted in Chapter 2, reactivity of HLA antibodies is
determined by crucial amino acid configurations in addition to the eplet or functional epitope.
While some antibody reactivity patterns can indeed be explained by a single eplets/amino
acid configuration, which is the functional epitope as it determines the specificity of antibody,
this is not always the case as shown for both human HLA class | (Chapter 3) and HLA class Il
(Chapter 5) mAbs. In addition, not every reactive HLA antigen detected with single antigen
bead assay is relevant, as mAbs can bind to HLA expressed on beads, but not to natively HLA
expressed on cells (Chapter 5). Many HLA laboratories assign every HLA allele with a mean
fluorescence intensity (MFI) value in single antigen bead assay as unacceptable, but our data

shows that not every reactive HLA allele is relevant.

In addition, polyclonal serum consists of multiple antibodies, including HLA antibodies
recognising different epitopes on same HLA antigen. This is nicely illustrated by our findings
on mAbs directed against different epitopes on same HLA antigen that were generated from
single memory B cell clones isolated from one individual with one tetramer specificity. The
different memory B cell clones obtained showed different V(D)J usage indicating that the
clonotypes are unique and not caused by somatic hypermutation (Chapter 5). Functional
assays with cell expressing the target HLA showed differences in binding strength and
differential efficiency in complement mediated cell lysis of the generated mAbs and therefore
we surmised that the antibodies had different affinity for target HLA. Overall, this indicates
that the abovementioned methods to interpret single antigen bead assay data of neat serum
based on shared eplets is not so straightforward, as multiple factors such as immunising
event, both immunogenic/functional epitopes and additional crucial configurations, and

dilutions*? should be taken into account to determine the true and relevant HLA alleles.

MFI values are often interpreted as being indicative of the relative concentration of HLA

antibodies. However, the different level of reactivity of HLA antigens observed for mAbs
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could also reflect the affinity the mAbs for specific HLA alleles (Chapter 5). It has been
shown that the affinity for immunising antigen is often higher than for other antigens,
which might be due to the presence of the optimal set of crucial amino acid configurations.
Additionally, amino acid substitution within the structural epitope can affect the affinity as
well,* on the other hand if amino acid substitution does not affect surface area structure
due to similar electrostatic potential, hydrophobicity or size than binding ability most likely
remains the same.*“¢ Defining the affinity of HLA antibodies for various reactive HLA alleles
will both elucidate on the interaction between antigen and antibody and the corresponding
crucial additional contact sites and thus the antibody reactivity patterns observed in single
antigen bead assays. Additionally, it will contribute in the understanding of the differential
pathogenicity of HLA antibodies. This is essential because while de novo DSA are associated
with graft rejection, not every recipient with detectable de novo DSA has clinical signs of
rejection.>#” In addition, antibody-mediated rejection is mainly associated with complement
activation,*®*¢ but also complement independent graft injury has been observed.>** Human
HLA class | mAbs have shown to be useful for methodological studies of HLA antibodies
to establish the clinical effect of IgG isotype and epitopes recognised.>#557 However,
as mentioned HLA class Il antibodies are the dominant type of antibody to develop upon
transplantation and recent studies demonstrated that non-human pan-HLA class Il antibodies
can induce endothelial cell damage independent of complement system.>*545¢ The newly
generated human HLA class Il mAbs can be used to more specifically study the effect of HLA
class Il antibodies on graft injury, especially the effect of mixture of antibodies recognising
different epitopes on same HLA antigen. Additionally, the role of different IgG subclasses can
be studied as this method allows for the generation of mAbs of all four IgG subclasses, fully

human glycosylated, recognising the same epitope with identical binding affinity (Chapter 4).

Besides these methodological studies, crystal structures of antigen-antibody complex are
pivotal for studying both the pathogenicity of HLA antibodies as well as defining antigenicity of
HLA antibodies. These structures will provide insight on how paratope of the antibody exactly
binds to the epitope on the HLA antigen and so which amino acid configurations interact with
the different complementary-determining regions of the antibody.>® This will be especially
of interest for HLA-DQ antibodies and how they bind to HLA-DQ molecule. Currently, we are
working on isolating HLA-DQ-specific memory B cells similar as described in Chapter 5 but
using a sorting strategy with HLA-DQ monomers instead.>® Preliminary data implies that

specificities of memory B cell clones are often directed to one chain, which supports our
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HLA-DQ dnDSA findings in clinical cohort study (Chapter 7), but we suspect to isolate B cell

clones that produce antibodies direct against both chains as well.

Clinical application

Once immunogenic epitopes are defined these can be avoided during allocation of kidneys
to prevent the formation of de novo DSA after transplantation (Chapter 2 and Chapter
3). By basing allocation only on truly immunogenic epitopes, patients will not be denied
an organ based on non-immunogenic polymorphisms. Besides allocation, immunogenic
epitope mismatch scores can also be used for personalised medicine as these may serve as
a biomarker for alloimmunisation risk.”' For individuals at low risk the immunosuppressive
drugs can potentially be lowered, which will diminish the risk of side effects.®® Personalised
medicine based on immunogenic epitope mismatch scores will not only apply to kidney
transplantation, but also to liver,*"®2 lung,%® and heart transplant.54-% While allocation based
on avoiding the most immunogenic epitopes may not always be feasible for these organs
due to the necessity of short cold ischemia times and the lower number of available donor
organs, immunogenic epitope mismatch scores may be used as indicator of the risk for

alloimmunisation and therefore as a parameter upon which treatment can be adjusted.

As discussed, the presence of HLA antibodies complicates repeat transplantation, especially
for highly sensitised patients. The Eurotransplant Acceptable Mismatch program has shown
to be successful in determining acceptable mismatches to which the patient did not form
antibodies, and which are used for selection of compatible donors.®”®® Highly sensitised
patients transplanted through this program had a superior graft survival compared to
patients transplanted based on merely avoiding unacceptable mismatches.®’ In this
program epitope analysis to define acceptable/unacceptable mismatches has already been
incorporated, but will benefit from an inventory of well-defined immunogenic HLA class | and
HLA class Il epitopes. However, while it is important to note that for defining acceptable and
unacceptable HLA mismatches understanding the exact antibody-antigen interaction and the
crucial configurations involved are essential, this is extremely complex and requires additional
research. Eventually, this knowledge can be used to define acceptable and unacceptable
epitopes to be used for virtual crossmatching, as described in Chapter 2. Importantly, this
approach allows for defining acceptability of HLA alleles not present in single antigen bead
assays. Currently, we are working on implementing defining acceptable and unacceptable

HLA mismatches in HLA-EMMA.
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While HLA epitope matching is becoming a hot topic in the transplant community and clinicians
are eager to start epitope matching, more research is required to introduce HLA epitope

matching properly. This thesis forms the basis for these additional studies to be performed.
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