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Summary   
 

Refinement of immunological pre-transplant risk assessment, specifically by 

improving the molecular compatibility between donor and recipient and by enhancing the 

characterization of the recipient’s pre-established immunological memory, is key to transit to 

an improved organ allocation and a personalized immunosuppression in solid organ 

transplantation (SOT). For both of these diagnostic clarifications, novel conceptual and 

technological achievements have been attained, but still need to be perfected.  This doctoral 

thesis is dedicated to both topics. Publication 1 presents a study on the immunogenicity of 

human leukocyte antigen (HLA) epitopes, the results and insights of which contribute to 

better prediction of newly formed (de novo) immune responses in allograft recipients. The 

study presented in Publication 2 addresses the question of which pre-transplant donor 

specific HLA antibodies (DSA) are clinically relevant and why. The results demonstrate how 

different antibody-IgG compositions affect complement activation, the most detrimental 

antibody effector function in relation to antibody-mediated rejection (AMR). Finally, 

Publication 3 reviews relevant issues in the context of DSA characterization by the Single 

Antigen Bead (SAB) assay, which has become the central assay for HLA-antibody 

characterization in transplant diagnostics. 

 

 

Publication 1  
 

To avoid a violent allogenic reaction of the recipient’s immune system, the 

consequences of which lead to graft-dysfunction and -rejection, the structural dissimilarity 

between donor and recipient HLA must be minimized. The novel concept of ‘Epitope based 

HLA-matching’ (EbHM) serves as a bioinformatic instrument to implement this goal. It has 

significant advantages over the current HLA-matching approach, which simply counts HLA 

mismatch numbers. The prognostic potential of EbHM in predicting the development of de 

novo DSA (dnDSA) was demonstrated in several studies for (immunosuppressed) transplant 

recipients. The majority of these studies, however, focused on the quantitative effect of 

mismatched epitopes, considering each epitope as equally deleterious. Conclusive data on 

the quality of individual mismatched antigenic epitopes, potentially revealing their real 

immunogenicity, are not yet established. Subsequent extension of EbHM with epitope 
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immunogenicity scores could decisively strengthen the concept, as it potentially enhances its 

prognostic value with regard to dnDSA development.  

The core study of this doctoral thesis was therefore to determine the immunogenic 

potential of functional elements on structural HLA epitopes, termed ‘eplets’. For this I 

assessed all currently confirmed HLA class I eplets for their potential to induce child specific 

HLA antibodies (CSA) in previously non-sensitized mothers pregnant with their first child. The 

results of this comprehensive study revealed strongly immunogenic, barely immunogenic and 

non-immunogenic mismatched eplets. Subsequently, I rated their immunogenicity and 

visualized their localization on the topographic surface of HLA-A, -B, and -C molecules. Hence, 

this publication provides a valuable contribution towards the translation of the EbHM concept 

into clinical practice. 

 

Publication 2 
 

For patients pre-sensitized to donor HLA, as measured by the presence of DSA, pre-

transplant risk assessment becomes more complex. Indeed, patients transplanted across DSA 

show various clinical outcomes, ranging from acute AMR followed by allograft loss to 

uneventful or even completely rejection-free courses. This indicates substantial differences 

with regard to the quality of the pre-established immunological memory and the effects of 

circulating DSA. If DSA features were found that accurately predict the net hazardous 

potential of their presence in the periphery, it would be possible to perform only those 

transplantations in which non-pathogenic DSA were involved. A number of research efforts 

to identify such DSA characteristics, however, have been unsuccessful to date. 

The second publication of this thesis focused on one of the most detrimental effects 

of HLA antibodies, complement activation. We first developed an in vitro model to study C1q-

fixation of target bound HLA antibodies. The results of our study demonstrated that dissecting 

patients’ HLA antibodies into their IgG subclasses is necessary to understand the resulting net 

impact on complement activation. An excess of IgG2/IgG4 over IgG1/IgG3, as present in 

approximately a third of investigated genuine HLA-specific IgG subclass-mixtures from 

patients sensitized prior transplantation, exhibited an inhibitory effect on C1q-binding. By 

taking into account the epitope-specificity of the individual components of the antibody 
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mixture, it became apparent that binding of IgG2/IgG4 to an adjacent epitope can even 

synergistically enhance IgG1/IgG3-triggered C1q-binding. 

 

Publication 3  
 

Accurate determination of DSA is an integral part of pre-transplant risk assessment or 

post-transplant monitoring. The SAB assay, a solid-phase multiplex immunoassay, that uses 

the cutting edge xMAP® technology from Luminex, has become the new standard test to 

characterize DSA and has revolutionized HLA antibody diagnostics. SAB results are 

increasingly used for virtual crossmatching, for characterization of HLA epitopes by using 

monoclonal antibodies (mAb) or pre-absorbed/eluted allo-antibodies from patient sera, for 

determination of HLA antibody epitope-specificity, for assessment of DSA 

isotypes/subclasses, or for HLA antibody titre determination.  

As the SAB assay is not without imperfections, and as the further improvement of 

mentioned applications rely heavily on SAB analyses, there is a significant need to better 

understand the assay in many important details. Indeed, the test format and the quality of 

recombinant HLA coated to beads lead to some considerable limitations and challenges that 

must to be considered when interpreting SAB results. The third publication of this thesis 

therefore reviews all important aspects of the SAB test, the Luminex platform, the handling 

of SAB multiplex results and their technical as well as clinical interpretation. We summarized 

the benefits, but also focused on the shortcomings of this assay and emphasized critical points 

for accurate test result interpretation. Furthermore, we suggested improvements for the 

future, especially in light of possible novel applications. 
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Outline of the doctoral thesis  
 

This thesis is organized into eight chapters, including a general introduction (Chapter 

1) in which I am highlighting the immunological aspects of SOT. Furthermore, Chapter 1 

describes the existing knowledge gaps and associated diagnostic requirements with regard to 

the immunological risk stratification performed prior to a kidney transplantation. Chapter 2 

contains the research objectives of my thesis as well as a list of my publications that are 

covered in Chapter 3, 4 and 5. Next, Chapter 3 presents the results of my core study, an 

assessment of the immunogenicity of HLA epitopes, explored in the pregnancy model. In this 

chapter I also describe the investigations regarding the methodological changes that were 

necessary to enable high-resolution 2-field HLA typing (HR-2F), which forms the basis to 

accurately define functional parts of donor HLA epitopes and to interpret HLA antibody 

epitope-specificity. Focusing on one specific HLA epitope, the experimental study presented 

in Chapter 4 demonstrates how DSA IgG-subclass compositions impact complement binding 

in different ways, and its clinical relevance for DSA positive pre-transplant patients. Chapter 

5 comprises a review about the Single Antigen Bead (SAB) assay, which has become the gold 

standard test to characterize DSA, but where many important details need to be better 

understood. Besides summarizing the benefits of this assay, it especially highlights identified 

caveats and proposes improvements for the future. Lastly, Chapter 6 presents integrated 

discussions and conclusions of this doctoral thesis. 
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Chapter 1  General Introduction 
 

 

1.1 Solid organ transplantation: success and burden 
 

SOT has become the treatment of choice for end-stage organ failure and the 

continued improvement of transplant outcomes in SOT can be considered as a success story 

of modern medicine [1]. However, the downside of transplantation is the need to take 

immunosuppressive drugs. These medications, which suppress the recipient’s immune 

system to prevent the recognition of foreign molecules on donor cells, must be taken daily 

and can cause side effects. The majority of such molecules are HLA glycoproteins [2, 3]. HLA 

molecules have been the focus of transplant diagnostics since it was recognized that their 

polymorphism is closely linked to graft rejection [4]. A strong risk factor for rejection episodes 

is the presence of DSA [5] which mediate effector functions that are deleterious for the 

transplanted donor tissue. The development of DSA can be promoted by suboptimal 

immunosuppression. 

 

1.2 Biological function of HLA molecules and their role in the context of SOT 
 

HLA proteins, encoded by the human major histocompatibility complex (MHC), a 

complex of highly polymorphic genes located on chromosome 6, are crucial players in 

adaptive immunity. Two of the three HLA classes are of high relevance in the context of 

transplantation: Class I (HLA-A, -B and -C) and class II (HLA-DPA1/DPB1, -DQA1/DQB1, -

DRB1/DRA1, -DRB3/DRA1, -DRB4/DRA1, -DRB5/DRA1). The expressed molecules of both 

classes consist of highly variable extracellular domains but fairly constant 

transmembrane/cytoplasmic domains. The assembly of the extracellular units of the 

molecules is shown in Figure 1 using one example for each of the two HLA classes. 
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Figure 1. 3D view on extracellular domains of an HLA class I (left) and an HLA class II 
molecule (right). An HLA class I heterodimer consists of a heavy chain (green) comprised of 
three subunits (two peptide-binding domains α1 and α2, and the immunoglobulin-like α3 
domain) and a non-covalently bound light chain, beta-2-microglobulin (blue). The peptide is 
shown in yellow. An HLA class II heterodimer consists of two non-covalently bound chains, 
the (blue) α- and (green) β-chain. Their α1- and β1-subunits form a membrane-distal peptide-
binding domain (peptide indicated in yellow), while the remaining extracellular parts of the 
chains (α2- and β2-subunits) form a membrane-proximal immunoglobulin-like domain. 
 

b2m: beta-2-microglobulin 
 

Protein data bank (PDB; www.rcsb.org) codes of exemplary HLA: HLA-A*01:01: 3BO8; HLA-
DQA1*03:01/DQB1*03:02: 4Z7U 
 

 

The central biological function of HLA molecules is to bind processed antigenic 

peptides of intra-cellular proteins (HLA class I) or of proteins from extra-cellular spaces (HLA 

class II). The peptides are presented to the T-cell receptor (TCR) of CD8+ T-cells (HLA class I) 

or CD4+ T-cells (HLA class II), in order to promote antigen-specific immune-responses [6]. 

Indeed, the core component of both types of molecules resembles a pocket, in which peptides 

formed by degradation (HLA class I: lengths of 8-10 amino acids (AA) [2, 7, 8] and HLA class II: 

lengths of 12-25 AA [9-11] are embedded. Variation in AA composition within the peptide 
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pocket region, which is due to the exceptionally high mutation rate of HLA genes, can 

dramatically alter the binding properties towards peptides [2]. Indeed, continuous changes in 

HLA molecule composition ensure an ongoing presentation of novel peptides from pathogens 

that continuously mutate themselves. The diversity of HLA alleles [12, 13] is therefore the 

foundation of an efficient population-wide disease defence [14]. 

 

1.3 Allorecognition 
 

While HLA variability is biologically immensely important, it is also responsible for 

allorecognition which potentially leads to graft rejection in the context of SOT. Indeed, the fact 

that these molecules are recognized as antigens by the recipient’s immune system is reflected 

in the term: ‘HLA’ (human leukocyte antigen).  

Allorecognition, the ability of the host organism to discriminate between self and non-

self, occurs through different immunological pathways [15], but their detailed mechanisms are 

still the subject of research [16-18] (Figure 2). Briefly, three-dimensional (3D) structures of 

donor-HLA derived allo-peptides, presented by either donor- or recipient- antigen presenting 

cells (APCs), are recognized by allo-specific effector T-cells, which induces an allo-specific 

immune response. 

In the ‘direct pathway of recognition’, donor HLA:peptide complexes are directly 

recognized by the recipient’s CD4+ T-cells on donor dendritic cells (DC). It appears that these 

donor DCs are transplanted as ‘passengers’ [19] with the graft, and migrate into the recipient’s 

secondary lymph nodes where they present donor HLA derived peptides [20-22].  

In the best researched pathway, termed ‘indirect pathway of allorecognition’ [23], 

recipient DCs presenting donor HLA-derived peptides activate allo-specific T follicular helper 

cells (Tfh) [24], which in turn support the generation of allo-specific CD8+ effector T-cells and 

antibody producing B-cells [25-30]. 

The ‘semi-direct pathway of allorecognition’ is the least established. The exchange of 

membrane proteins between immune cells [31] and/or the uptake of exosomes [32, 33] may 

result in the acquisition of allo-peptide presenting donor HLA molecules on recipient DCs, 

which may in turn stimulate the recipient’s cytotoxic or helper T-cells via the two 

allorecognition pathways described above. 
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Figure 2. Indirect, semi-direct, and direct allorecognition. The figure is designed to accord 
with the review article from Hickey et al. [18]. Right: direct pathway, where structures of 
allogenic HLA class I and II on ‘passenger’ donor APCs, mainly dendritic cells, are directly 
recognized by recipient’s cytotoxic or helper T-cells. Middle: semi-direct pathway, where 
donor HLA class I:peptide complexes on recipient APCs (uptaken through either endocytosed 
exosomes or membrane exchange) are recognized by CD8+ T-cells, or processed donor-HLA-
derived peptides are presented to helper CD4+ T-cells. Left: indirect pathway, where donor 
allo-antigens are recognized by the specific BCR of B-cells, resulting in the presentation of 
donor-HLA-derived peptides which are recognized by cytotoxic T-cells and T follicular helper 
cells. The latter process leads to the generation of DSA. 
Recipient cells: light brown, donor cells: light blue, HLA molecules recipient: dark and light 
brown, HLA molecules donor: dark and light blue, recipient-derived peptides: yellow, donor-
derived peptides: blue. 
 

APC: antigen presenting cell, BCR: B-cell receptor, CTL: cytotoxic CD8+ T-cell, Thf: T follicular helper 
cell, Th: helper CD4+ T-cell 
 

 

1.4   Allo-specific immune response 
 

The recognition of peptide structures derived from donor HLA proteins triggers both a 

cellular immune response as well as a humoral immune-response [4, 34, 35]. The specific 

effects of the thereby activated lymphocytes and their products, as well as additional effector 

mechanisms of macrophages and natural killer (NK) cells, lead to tissue injury and ultimately 

to graft-rejection, transplant glomerulopathy and subsequent allograft failure [36-38]. 
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Undisputedly, the greatest damage is caused by the humoral arm of the immune 

response [39], through DSA produced after the interaction of naïve recipient B-cells with donor 

HLA and helper T-cells in germinal centres (GC) of the recipient’s secondary lymphoid tissue 

[40, 41]. The effector functions of DSA substantially contribute to the clinical pathogenesis of 

AMR [4, 42]. The magnitude and durability of the humoral immune response is multi-factorial. 

Besides the central role of the recipient’s repertoire of DSA and their functional diversity, the 

outcome is also impacted by effector cell characteristics of the recipient [i.e. 

cytotoxic/cytolytic capacity, and the type and density of specific receptors on the effector cells 

that bind to the fragment crystallizable (Fc) part of the antibodies (FcgR) [43, 44]]. 

 

1.5 Antibody-mediated rejection 
 

Understanding the processes leading to AMR requires comprehension of the modes 

of action executed by antibodies. Indeed, the primary function of antibodies is to tag, block 

and/or crosslink the antigen, while their secondary function is to facilitate antigen destruction 

via pathways of the innate immune system [4]. In the transplant setting, the central 

destructive activities caused by DSA are 
 

• HLA crosslinking on endothelial cells of the donor’s graft (triggering 

endothelial cell activation, recruitment of leukocytes and inflammation) [45, 

46] 

• C1q-binding (causing complement activation, augmented leukocyte 

recruitment and T-cell allo-responses) [47, 48]  

• FcgR binding (inducing antibody-dependent cellular cytotoxicity (ADCC) 

through NK-cells, monocytes, macrophages or neutrophils) [44, 49-51] 
 
 

Because immunosuppression as currently applied does not always restrain DSA 

development well [5], AMR can occur at any time post-transplant [42, 52]. AMR is best 

defined in kidney [53], heart [54] and pancreas [55] transplantation. Some leading features 

of AMR include endothelial injury [54, 56], microvascular inflammation with subendothelial 

mononuclear cell infiltration [57, 58], presence of intravascular CD68+ macrophages and 

complement C4d-deposition [53].  
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1.6 HLA diversity: immunological hurdle for SOT 
 

While HLA variability is appropriate to increase the probability of presenting antigenic 

variants of pathogens, it constitutes an immunological hurdle for SOT. Indeed, it is practically 

unfeasible to match all of the 11 highly polymorphic HLA genes (HLA-A, B, C, DRB1, DRB3, 

DRB4, DRB5, DQA1, DQB1, DPA1, DPB1) between (unrelated) donors and recipients. 

Moreover, the limited supply of organs adds to the difficulty [59]. Consequently, disparities 

among HLA molecules of donor and recipient are the leading cause for graft rejection in SOT 

[60-63]. In kidney transplantation, fifteen to twenty-five percent of non-sensitized patients 

will develop dnDSA after receiving the graft [64, 65]. These dnDSA increase the probability of 

clinical or sub-clinical AMR as well as allograft failure [64-66].  

 

1.7 Individual HLA mismatches lead to different clinical manifestations 

Overall, graft loss correlates with the degree of HLA mismatches between the 

recipient and the allograft-donor [67, 68]. However, a closer look reveals that individual HLA 

mismatches cause different clinical manifestations [69-72]. Nevertheless, most transplant 

centres do not modify the administered immunosuppression based on the number of HLA 

mismatches [61, 73]. A more accurate assessment of the structural HLA mismatch load and 

the co-consideration of immunogenic properties of specific structural dissimilarities promises 

a significant potential for patient specific finetuning of the applied immunosuppression. 

 

1.8 From the traditional concept of ‘HLA-matching’ to the novel concept of ‘Epitope 

based HLA-matching’ 
 

Graft survival, as is well documented especially for transplanted kidneys [74], has 

steadily improved over time. An important reason for this development, apart from 

medication, is that pre-transplant risk assessment has been steadily refined by virtue of 

technical and methodological enhancements supporting an accurate immunological risk 

prediction. Particularly noteworthy achievements in this regard are: improvement of HLA 

typing methods, enhancement of HLA antibody assessment, and application of virtual cross-

matching [75, 76]. This process is ongoing. During the last decade, additional non-invasive 

technological and conceptual possibilities emerged out of the research realm with a high 

potential to take pre-transplant risk assessment to the next level. To be mentioned in this 
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regard are in particular full HLA gene sequencing by next generation sequencing (NGS), the 

translation of these sequencing data into the tertiary structure of the expressed HLA proteins, 

the breakdown of their 3D surface into structural epitopes, and the assessment of epitope-

specificity of HLA antibodies.  

The entire structural HLA epitope consists of several structural clusters of AAs 

positioned on the surface of the HLA molecule that can be accessed by complementarity 

determining regions (CDR) located in the fragment of antigen-binding (Fab) from B-cell 

receptors (BCR) or antibodies [77]. On any given HLA, multiple epitopes are present and many 

of them are shared between different HLA protein types [78]. Therefore, some HLA 

mismatches may represent many structural differences, while other HLA mismatches consist 

of relatively few structural dissimilarities [79].  

Recognition of the latter has led in recent years to the development of a new HLA-

matching concept for SOT. This approach is termed ‘Epitope based HLA-matching’ (EbHM) 

[80-82]. Here, HLA types present in the recipient and donor are compared at the structural 

level. Both similarities and differences are considered, in order to define those non-self 3D 

AA patches [83-85] and their physicochemical-properties [86] on donor-HLA that, in theory, 

may trigger an immune-response. At present, every HLA mismatch is classified with an equal 

risk. Contrarily, the EbHM concept calculates the real load of allo-epitopes on donor HLA of a 

given HLA mismatch [79]. The hope that this new approach will further enhance transplant 

outcome is supported by the results of retrospective studies, which demonstrate a clear 

association between the extent of epitope burden and both the development of de novo DSA 

[81, 87-89] and an adverse allograft outcome [81, 88-96]. Moreover, a statistical comparison 

of the current and the new approach clearly shows that the sum of HLA mismatches does not 

predict dnDSA, while the sum of eplet mismatches predicts dnDSA quite accurately. This 

justifies ‘mismatched eplets’ as an effective prognostic biomarker for dnDSA [79, 97, 98], but 

prospective interventional trials to determined their clinical utility are lacking [99]. A 

comparison between the current ‘HLA matching’ concept and the new ‘EbHM’ concept is 

given in an example in Figure 3. 
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Figure 3. Example comparison between the current ‘HLA matching’ concept and the new 
‘EbHM’ concept. For simplicity, only one HLA locus (HLA-DQ) is considered, assuming a 
recipient homozygous for HLA-DQ7 and, as an example, donors only mismatched at the HLA-
DQ locus. The figure shows 3D images of the respective HLA-DQ molecules, each with a 
specific (blue) α- and (green) β-chain, and with the presented peptide (yellow) also visualized. 
According to the traditional HLA mismatch concept, both donors (donor 1 and donor 2) are 
considered as immunologically equal because their expressed HLA-DQ type differs from DQ7 
(resulting in 1 mismatch for each of the two constellations). However, focusing on the real 
structural differences, DQ6 (donor 2) reveals a strikingly higher dissimilarity with DQ7 
compared to DQ9 (donor 1). This difference is already clear from the amino acid (AA) 
mismatch score (only considering AAs of extracellular domains), indicated separately for each 
chain in the corresponding colour. All mismatched AAs located at the surface of the two donor 
HLA-DQ molecule types (top: DQ9; bottom: DQ6) are indicated in red, demonstrating a 
remarkable larger area with structural variation on DQ6 compared to DQ9. When assigning 
these structural differences to eplets present on the respective HLA-DQ type of each donor, 
it becomes obvious that the eplet load on HLA-DQ6 from donor 2 is almost 4-fold higher than 
that on DQ9 from donor 1. Finally, when focusing on the eplet-derived immunogenicity 
(determined using the method presented in Publication 1), the HLA-DQ type from donor 1 
consists of only one high-risk eplet, while the HLA-DQ type from donor 2 reveals six high-risk 
eplets. This demonstrates that the EbHM concept decisively better reveals the effective 
structural differences between donor and recipient HLA. 
 

PDB codes of exemplary HLA: 1UVQ, 4Z7U, 5KSA 
 

 

1.9 Immunogenicity of HLA epitopes 
 

One step further than just measuring the epitope load will be to co-account the 

individual immunogenicity of each epitope [100, 101]. Indeed, several observations have 

indicated that divergent allo-epitopes can elicit immune responses of different strengths [89, 
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102], but comprehensive studies are lacking. Both transplant scientists and transplant 

physicians therefore agree that the characterization of the immunogenicity of each identified 

allo-epitope is the next step forward [95, 103]. Assessment of epitope load combined with 

epitope immunogenicity represents a potentially feasible and clinically justifiable strategy to 

be used for organ allocation schemes and/or for better guidance towards tailoring the 

immunosuppression. 

 

1.10 Pre-sensitization to non-self HLA: another obstacle for SOT 
 

Immune sensitization to HLA prior to transplantation mainly occurs after exposure to 

allogenic tissue, either through pregnancy, transfusion, or previous transplantation [4]. 

Roughly a quarter of healthy blood donors are pre-sensitized to foreign HLA structures, with 

a significantly higher sensitization rate in women [104-106]. For potential solid organ 

recipients, a similar prevalence is observed. If they receive an organ expressing HLA structures 

targeted by pre-formed HLA antibodies, they are at higher immunological risk. Unfortunately, 

allocation of a kidney free of DSA-antigen is not possible for all pre-sensitized allograft 

candidates. Consequently, a proportion of them must be transplanted across DSA. In 

Switzerland, the rate of such affected patients with regard to kidney recipients is currently 

nineteen per cent [107]. Alongside the standard immunosuppression, these recipients receive 

either plasmapheresis to decline present DSA and/or a special induction-therapy. The latter 

consists of T-cell depletion agents to stop T-cell help for DSA production and/or intravenous 

immunoglobulins to replace DSA with alternative antibodies [108, 109]. 

It is well established that a pre-transplant DSA status is associated with an increased 

risk for AMR [110, 111] and inferior graft survival [110-114]. In fact, up to half of DSA positive 

kidney recipients will experience subclinical or clinical AMR within the first year after 

transplantation [75, 115], but AMR can also occur at a later point in time.  However, on the 

level of the individual patient, pre-existing DSA can show very different post-transplantation 

outcomes, from acute AMR to allograft loss or uneventful courses [75, 116-118]. With regard 

to chronic manifestations, pre-existing DSA and subsequent rejection episodes are strongly 

associated with a risk for chronic rejection and with late graft failure [52, 119-121]. 

Consequently, longitudinal monitoring of DSA after transplantation helps to identify patients 

at risk for chronic rejection [122] and to adjust immunosuppression accordingly.
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1.11 Pre-sensitized patients and various post-transplant courses: Different pathogenicity 

of DSA present? 
 

 The fact that about half of patients transplanted across a DSA stay AMR negative 

post-transplantation[75, 115] raises important questions. Does the route and depth of pre-

sensitization induce different stages of immunological memory? How could we better define 

the pre-established immunological memory and its pathological potential for the recall 

immune response? Why are not all DSA detrimental and which properties define their impact 

strength? Which additional factors not yet diagnostically detected are influencing the severity 

of the humoral recall immune response and the magnitude of the subsequent allograft 

rejection process in pre-sensitized patients? Do we need biomarkers beyond DSA or is the 

determination of additional DSA properties sufficient in distinguishing between a profound 

immunological memory and a weaker one? 

 One explanation for the incongruity between the DSA status (established using 

patient serum) of pre-sensitized patients and the clinical transplant outcome may be given by 

the fact that not all immunologically memorized antibody specificities may be represented by 

antibodies circulating in the periphery at the analysed time-point. Indeed, stimulation of 

circulating memory B-cells [123, 124] and subsequent analysis of the released antibodies 

potentially supplements the often incomplete HLA antibody profile of the serum, as has been 

recently shown [125-127]. An interesting approach to be applied in the near future for the 

identification of HLA-specific BCR and antibodies of pre-sensitized patients, is to combine the 

two techniques BCR-seq and Ig-seq [128].  

 The feasibility of sensitive HLA antibody detection by SAB has led to a continuous 

investigation of DSA properties, based on the intention to identify DSA features strongly 

linked with their pathogenicity. However, no such unique DSA property has yet been found. 

Currently intensively examined DSA properties potentially revealing new insights into the 

topic are DSA epitope-specificity [129], as well as DSA binding strength [130-133]. 

 

1.12 Definition of current knowledge gaps  
 

In summary, we can state that the current model of pre-transplant risk stratification, 

which is mainly based on HLA mismatches and HLA pre-sensitization, represents a high 
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potential for improvement. The expanded concept, enabling personalized medicine in SOT, 

should be able to more deeply answer the following two immunological questions: 
 

 

• Patients without pre-sensitization 
 

o What de novo DSA response is expected 

for a given recipient-donor HLA constellation? 

 

• Pre-sensitized patients 
 

o Which recall immune response is expected 

for a given pre-sensitized patient? 
 

o Which pre-transplant DSA are relevant and why? 

 

Once these knowledge gaps are closed, transplant recipients may be treated in 

accordance with the principle of precision medicine: the type and especially the dosage of 

immunosuppression could be adjusted on the basis of the individual risk score elicited. 

Experts agree the key to building this knowledge lies primarily in i) the immunogenic 

characteristics of divergent donor HLA structures which have to be evaluated at the tertiary 

protein structure level for each given donor/recipient HLA constellation [134, 135], and ii) the 

pathological potential of circulating DSA present [136] or of DSA obtained by stimulating 

circulating recipient memory B-cells [126, 137-140]. 

 

1.13 How the present thesis contributes to achieving parts of these goals 
 

The fact that each HLA mismatch can promote a different immune response 

underlines the impact of specific structural differences between HLA molecules of the donor 

and recipient. My thesis is primarily dedicated to this topic. Based on specific de novo 

antibody responses, I was able to identify antigenic structures on expressed HLA molecules 

evoking different immune response reactivities, which allowed definition of their 

immunogenic potential (Publication 1). Thus, this work provides a valuable contribution 

towards the implementation of the EbHM concept [102] into clinical practice. As described in 

chapters 1.8 and 1.9, this new concept promises significant advantages over the current HLA-

matching concept.  
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Immunological pre-sensitization presents a higher risk for transplantation. 

Unfortunately, the origin of sensitization (blood transfusions, pregnancies or previous 

transplantations [108]) is not helpful to better predict post-transplant outcomes of pre-

sensitized patients. Furthermore, none of the so far available DSA test-derived main measures 

(DSA number, DSA HLA-class specificity, DSA HLA locus specificity and cumulative DSA test 

signal strength) allows discrimination between immunologically detrimental or presumably 

irrelevant DSA [108, 115]. The three most potent not yet routinely assessed features of DSA 

that may allow better definition of the hazardous potential of circulating DSA are their target-

specificity, their affinity/avidity and their effector-functionality. With regard to the impact 

of the latter, complement activation appears to be of particular importance ([141, 142]. The 

ability to trigger the classical complement pathway is only given to certain antibody types 

[143, 144], but DSA isotype/subclass composition in patient sera is not yet routinely 

investigated. As part of my thesis, I therefore investigated the influence of different HLA-

specific immunoglobulin G subclass mixtures on complement binding and the significance of 

the findings for a kidney transplant cohort (Publication 2). 

 In view of the importance to identify DSA in pre-sensitized patients [145] and the 

dominant role of DSA in allograft rejection [146], it is not surprising that HLA antibody assays 

are frequently used pre- and post-transplant. Due to the wide target specificities of emerged 

HLA antibodies, HLA antibody tests need to be performed in a multiplex format. Today, this 

is most elegantly realized by using HLA-coated Luminex Beads (SAB) [147]. Indeed, HLA-

antibody assessments on the Luminex platform has become widely accepted in the transplant 

community, especially due to its high specificity, sensitivity and standardization [148]. 

Furthermore, SAB test results are increasingly used to define HLA epitopes [149-151] or to 

identify epitope-specificities of present DSA [152-156]. It is foreseeable that SAB assays will 

continue to play a decisive role in the future of transplant diagnostics and that supplementary 

DSA properties that may provide potentially revealing information about their pathological 

potential may also be discovered using SAB. Given these facts, it is highly crucial to have a 

comprehensive knowledge about the advantages, disadvantages and limitations of this 

central immunoassay. To complete my thesis, all important aspects of the SAB assay, the 

Luminex platform, the collection of SAB multiplex results and their technical as well as clinical 

interpretation were therefore summarized in a review (Publication 3).  
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Chapter 2 RESEARCH OBJECTIVES AND PUBLICATIONS OF THE THESIS 

  

 

2.1  Research objectives of the doctoral thesis 
 

A high degree of tissue-compatibility between recipient and donor is a leading goal for 

organ allocation. The extent of compatibility is traditionally calculated by summing up the 

number of HLA-matches. As HLA molecules differ greatly in terms of their epitope 

composition, moving from the HLA-matching approach to the new ‘EbHM’ concept, which 

accounts for the real structural differences between donor and recipient HLA, promises an 

improved solid organ allocation with subsequently better clinical outcome, and a patient-

specific adjustment of immunosuppressive drugs. Nevertheless, EbHM has not been 

translated into clinical practice so far. One reason for the delay is that no specific 

immunogenicity has yet been assigned to the various epitopes, due to a lack of systematic 

studies. The core purpose of this doctoral thesis is therefore to contribute to the new concept 

by defining the immunogenicity of individual HLA epitopes based on pregnancy-induced allo-

sensitization. The hypothesis was that different HLA epitopes represent a different degree 

of immunogenicity. This objective could only be achieved if HLA molecules were 

characterized at HR-2F. Therefore, an additional achievement of the presented work has been 

the establishment and validation of accurate HR-2F HLA typing by using an NGS approach. 

Besides the assessment of the relative immunogenicity scores of the most prominent 

individual HLA epitopes, some of the specific objectives of the immunogenicity study were: i) 

to evaluate the degree of restriction with regard to the number of CSA targeted 

immunodominant epitopes  ii) to define the range of epitope-reactivities, iii) to identify highly 

immunogenic (high risk) and lower immunogenic (low risk) HLA epitopes), iv) to study the 

location of different immunogenic epitopes on the tertiary structure of HLA class I molecules, 

and v) to examine topographic aspects of non-, low-, medium-, and high-immunogenic 

epitopes.  

One limitation of the current DSA testing concept is the lack of IgG subclass 

discrimination. Another shortcoming is the relatively imprecise detection of the complement 

binding capabilities of DSA present by cellular assays. Another goal of my research was 

therefore to investigate different IgG subclass compositions of pre-transplant HLA antibodies 
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and their impact on the degree of complement activation by using a robust in vitro test 

system, free from non-specific reactions. The hypothesis was that different ratios of IgG1/3 

: IgG2/4 would exhibit different synergistic or inhibitory effects on complement-binding. 

Some of the more specific questions that were addressed included: i) with regard to IgG 

subclasses targeting the same epitope, what proportion of non-complement binding IgG 

subclasses are necessary to suppress complement activation?, ii) what is the impact of HLA 

antibodies binding to additional epitopes in close proximity?, iii) to which extent do sensitized 

patients exhibit IgG subclass mixtures that critically diminish complement binding?, and iv) 

with respect to the identified IgG subclass mixtures of iii: what is the breadth of their HLA-

specificity? 

Accurate determination of DSA is an integral part of pre-transplant risk assessment 

and is mainly realized by using solid phase assays, especially the SAB test. This assay has 

revolutionized HLA diagnostics but it is not without imperfections. Moreover, the same test-

type is now used for extended DSA characterization (e.g. determination of DSA epitope-

specificity or DSA complement binding). We carried out a review of the utility, applications, 

practical aspects and clinical relevance of the currently used SAB test, which summarizes the 

benefits, and especially focuses on the shortcomings of this assay. This review also 

emphasizes critical points for accurate clinical test result interpretation. Some of the issues 

that we addressed in depth were: i) what is the clinical relevance of DSA tested by SAB?, ii) 

how can DSA testing by SAB enhance pre-transplant risk assessment and post-transplant 

monitoring?, iii) which technical aspects may impact the final test results?, iv) which are the 

existing test modifications and what is their purpose?, and v) what other SAB modifications 

could improve the characterization of pre-existing DSA or dnDSA? 
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Chapter 3  PUBLICATION 1  

 

Towards defining the immunogenicity of HLA epitopes: 

Impact of HLA class I eplets on antibody formation during 

pregnancy 

 

 

3.1 BACKGROUND 
 

3.1.1 Immune recognition of non-self HLA structures at the molecular level 
 

Due to their polymorphism, every individual’s set of HLA molecules is almost unique. 

After the transplantation of foreign graft, the recognition of non-self HLA by the recipient's 

immune system is therefore almost inevitable. Thereby, the immune system applies very 

similar principles as it does when a foreign pathogen is detected. Of particular importance for 

the recognition of foreign HLA are recipient DCs, B-cells and T-cells. It is important to 

understand that the recognition mechanisms of the body’s immune system are designed to 

interact with foreign molecular 3D structures, not with the entire foreign molecules. In the 

context of foreign tissue recognition, this means that surface exposed 3D structures of donor 

HLA molecules are recognized. Three pathways have been described for allo-recognition (see 

Chapter 1.3). They are termed ‘direct’, ‘semi-direct’ and ‘indirect pathway of recognition’ 

[18]. The latter is the process that predominates [6, 28, 32, 157]. Recipient B- and T-cells as 

well as recipient HLA class II molecules are the main actors of this pathway, of which the 

sequence of associated actions can be summarised as follows: 

 

1. recognition and binding to surface exposed structural elements on allo-HLA by 

pre-formed BCRs of B-cells; 
 

2. cellular uptake of the entire antigen by internalization of the BCR-antigen 

complex; 
 

3. enzymatic digestion of the complex within lysosomes; subsequent transfer of 

resulting allo-HLA-derived peptides into endosomes; binding of these peptides 
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to HLA class II molecules; transfer of the formed HLA:peptide complexes via 

late endosomes to the cell membrane; 
 

4. presentation of these allogenic peptides on the cellular surface of the B-cell; 
 

5. recognition/binding of/to structural components of the allo-HLA-peptide by a 

specific TCR from a Tfh cell, followed by the upregulation of further ligands 

(e.g. CD40 ligand) on the corresponding T-cell which are recognized by the 

respective receptors on the B-cell and stabilizes B-cell : T-cell binding;  
 

6. induction of cytokines within the involved Tfh cell; 
 

7. secreted cytokines bind to the respective receptors on the B-cell, providing 

survival signals; 
 

8. proliferation of activated B-cell and production of DSA. 

 
The process is visualized in Figure 4.  

 
 
Figure 4. Individual elements and chronological sequence of the indirect allo-recognition 
pathway leading to the development of DSA. The process is explained above (3.1.1), using 
the same numbers for each intermediate step. Produced DSA consists of the exact same 
antigen-specific hypervariable region as the original BCR (orange). The presented peptide is 
not necessarily from the same region as the one detected by the BCR, which is the case in this 
example (therefore indicated in red). 
 

TCR: T-cell receptor, BCR: B-cell receptor   
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The specificity of the emerged DSA is exactly identical to the specificity of the original 

BCR. Ultimately, such B-cells differentiate into both plasma cells and memory B-cells [158-

163]. Plasma cells produce an even higher output of the specific antibody, and memory B-

cells assure a rapid recall-response upon a future challenge with antigens consisting of the 

same allogenic structures [164].  

Allorecognition is also subject to the variability of the recipient’s pre-existing TCRs and 

BCRs. Indeed, the nature of random TCR and BCR gene rearrangement is responsible for an 

impressive diversity of TCRs and BCRs, and results in an individual- unique BCR- and TCR-

repertoire [165-173]. In view of this fact, one may ask whether antigen recognition is 

guaranteed in each individual. The answer to this question is that the breadth of the individual 

BCR/TCR repertoire is indeed the assurance that virtually any antigen can be recognized [174]. 

We can therefore state that each individual TCR and BCR repertoire impacts a slightly 

different allorecognition, yet this diversity leads to a very similar result. Consequently, non-

self HLA will in any case be specifically recognized and cellularly taken up by B-cells. The key 

question is rather which types of peptides are emerging after cleavage of the non-self HLA 

protein by enzymes like cathepsins  [175] and if the recipient’s individual HLA class II types 

are capable of properly binding these specific peptides so that they will be ultimately 

presented. If the affinity between a given peptide and the respective binding pocket of the 

recipient’s specific HLA class II molecule is high enough, it ends up being presented [176] and 

will be recognized in any case by an individual’s subpopulation of the Tfh cell pool. The 

outcome of the competition between several T-cells for access to the peptide presenting B-

cell will ultimately decide about the immunodominance of the presented peptide [177, 178]. 

Due to the fact that BCR- and TCR-specificity for allo-HLA can be taken as given in each 

individual, the following remaining 2 variables are particularly meaningful (and feasible) to 

determine, in order to estimate the risk of dnDSA production for a given donor-recipient pair: 
 

o Variable 1  =  B-cell epitope 

number and kind of recognizable B-cell epitopes on donor HLA 

(assumingly recognized by recipient BCR pool) 
 

 

o Variable 2  =  T-cell epitope 

number and kind of donor HLA derived allo-peptides 

properly binding/presentable in binding cleft of recipient HLA class II molecules 

(assumingly recognized by recipient TCR pool)  
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Separate bioinformatic algorithms for each variable are available. Importantly, the 

basis for accurate determination for these measures is HR-2F HLA typing of donor and 

recipient [179]. Publication 1 of this thesis deals with variable 1, the B-cell epitope, and the 

chapters following will consequently focus on this subject.  

 

3.1.2 Antibody paratope and the targeted epitope on the antigen 
 

Antibody-antigen interactions can only be truly studied in detail on the basis of 3D 

antibody-antigen complexes. Initial findings were gained with X-ray crystallographic 

assessments of antibodies interacting with egg white lysozyme [180-182], horse cytochrome 

c [183] or human interferon-gamma receptor [184]. These 3D images enabled study of the 

molecular size dimension of the antibody-antigen synapse, as well as the involved structural 

elements and their physicochemical binding properties. These pioneer establishments also 

helped to understand that antibody-binding is accomplished by the functionality of their 

variable regions, located on the Fab of the molecule [77]. The core structures of this region 

are termed ‘complementarity determining regions’ (CDRs). They consist of six hypervariable 

loops (three on the N-terminal of the heavy chain and three on the N-terminal of the light 

chain). The constitution of these CDRs is crucial to the diversity of antigen-specificities [77, 

185]. Some of the involved AAs’ atoms exert weak chemical forces of non-covalent nature, 

namely ionic interactions, hydrogen bonds, hydrophobic interactions or van der Waals forces 

[186]. The totality of these forces mediates the reversible binding to the antigen. Those CDRs 

(not necessarily all six) that participate in a specific antigen-binding represent the ‘paratope’ 

of the antibody. The entire paratope represents a surface area of 500 to 900 square Å [77, 

149, 187-192]. The corresponding structural complement on the targeted antigen, is termed 

as the antigenic determinant, or ‘epitope’ [186, 193-196]. Figure 5 shows the 3D structure of 

an HLA-antibody bound to an HLA molecule and the spatial dimensions of the involved 

paratope and the epitope. 
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Figure 5. 3D structure of an HLA-antibody–HLA complex and the spatial dimensions of the 
involved paratope and epitope. A) The model shows an interaction between an IgG1 
antibody molecule and an HLA-A*01:01 molecule and reveals their relative size relationship. 
The dashed red box indicates the region of the antibody-antigen synapse. Colour code for the 
HLA molecule: heavy chain in green, beta-2-microglobulin in blue, peptide in yellow. Colour 
code for the HLA antibody: heavy chains in black, light chains in grey, hyper-variable region 
on heavy chain in red, on light chain in orange. B) This image provides a view on the unravelled 
antibody-antigen synapse. Left: view on the area of the paratope located in the Fab, 
consisting of the hypervariable region formed by 6 CDRs [H1, H2, H3 at the N-terminus of the 
heavy-chain (red) and L1, L2, L3 at the N-terminus of the light chain (orange)]. The measured 
quantities indicated describe the binding span radius of 1 CDR and the approximate surface 
area of the targeted epitope. Right: view on the area of the epitope on the surface of the HLA 
molecule and the regions potentially interacting with corresponding CDRs. 
 

Å: angstrom (1Å = 0.1nm), b2m: beta-2-microglobulin, CDR: complementarity determining region, 
Fab: fragment antigen-binding 
PDB code of HLA molecule and Fab part of the antibody: 1W72  
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The structural conformations recognized by CDRs of BCRs or antibodies are either 

linear epitopes (residues from AAs on a linear AA strand) or discontinuous epitopes (residues 

from AAs that are disconnected from each other) at surface exposed sites on the antigen. 

Within the structural epitope, a small number of AA residues contribute to most of the free 

binding energy of the antibody-antigen interaction. These “hot-spots” or energetic residues 

predominantly determine the specificity and the affinity of the binding [197, 198] and interact 

almost always with the CDR3 loop of the BCR’s or the antibody’s heavy chain. This CDR 

represent the highest variability and is also termed ‘VH3’or ‘H3’, as it is the third CDR on the 

heavy chain, located in the centrum of the paratope [77, 84, 197] (Figure 5). 

 

3.1.3 In silico definition of HLA epitopes  
 

The first tertiary structure of an HLA class I molecule was published in 1987 [199]. It 

took eighteen more years, before a 3D model of a synapse between an HLA antibody and an 

HLA antigen became available [192]. This allowed study of the real binding interactions 

between HLA structures and CDR loops. The lack of more 3D data of HLA antibodies 

complexed with HLA molecules meant that the findings gained from alternative antibody-

antigen complexes had to be transferred to the subject of HLA. Rene Duquesnoy, from the 

University of Pittsburgh (USA), was one of the pioneers in this regard. At the beginning of the 

new millennium, he defined surface positions on HLA class I molecules that are potentially 

antibody accessible. For this, he used a number of additional X-ray crystallized HLA molecules 

models that had become available in the interim. He then assigned these positions to all 

polymorphic AAs on the linear sequence of the most common (by this time only serologically 

defined) HLA class I proteins. He considered the resulting linear structural components as 

potential immunogenic functional parts of an HLA epitope and divided them into maximal 3 

consecutive polymorphic AAs, termed ‘triplets’ [83, 200]. Intended to offer a tool to 

determine the degree of structural histocompatibility between recipient and donor and 

thereby to reach the higher aim of reducing allo-sensitization and enhancing transplant-

outcome, Duquesnoy continued to develop the algorithm. In coordination with further 

published 3D HLA protein structures, he extended the approach to now include discontinuous 

epitopes [149]. The resulting final definition of the functional unit of a structural HLA epitope, 

capable of inducing a humoral immune response, was the following: a cluster of polymorphic 
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AAs, linear or discontinuous, lying within a 3-3.5 Å radius (the area of the binding span from 

one CDR) of an antibody-accessible position. Such AA patches were termed ‘eplets’.  

Duquesnoy also defined the antibody footprint consisting of the structural epitope involving 

15-22 AAs, with 2-5 AA residues (where at least one must be non-self) located in the centre 

of the epitope and preferentially interacting with the VH3 of the antibody [84, 201, 202]. The 

international registry of HLA epitopes (www.epregistry.com.br) lists all currently defined 

eplets [203]. The structurally based histocompatibility algorithm, applicable by the 

‘HLAMatchmaker’ software, identifies all mismatched eplets on donor HLA for a given 

recipient-donor constellation. To accurately define the mismatched eplets, HR-2F HLA typing 

data from both individuals are needed. The software is available at www.epitopes.net. Due 

to similarities with regard to the assembly of HLA class I molecules and partly HLA class II 

molecules, and the presence of polymorphic AAs at similar locations, the HLAMatchmaker 

software performs inter-locus comparisons between HLA-A, -B, and -C, as well as between 

HLA-DQ and HLA-DP heterodimers. 

 

3.1.4 Experimental and bioinformatic confirmation of HLA epitopes  
 

It is important to understand that eplets are computably determined functional 

elements of the structural HLA-epitope, not the entire epitope. Nevertheless, more than a 

quarter of all computable eplets have been experimentally confirmed by specific binding 

patterns of existing antibodies [203-205]. These eplets are termed ‘confirmed’ or ‘antibody-

verified’ (AbVer). The method of choice to identify the eplet-specificity of an HLA antibody is 

to simultaneously incubate it with a set of HLA molecules and subsequently analyse and 

interpret the resulting binding pattern. Although originally developed to assign HLA-

specificities of alloantibodies, the SAB assay, available since 2004 [147], is the best suited tool 

to perform such an epitope mapping. Consequently, the HLAMatchmaker software also 

conducts analysis and interpretation of HLA antibody binding patterns on SAB to identify 

epitope-specificity. Using this method, polymorphic AAs on or near the molecule’s surface 

that are located within the radius of 15 Å (the average radius of the binding span of the entire 

paratope) from all positively reacting HLA types in the SAB assay, provide further information 

about crucial structural elements within the remaining area of the epitope that are stabilizing 

the binding and thereby enhancing the binding affinity [149, 200, 206]. Many of these findings 
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have been obtained from studying binding patterns of mAbs [149, 206-208] derived from 

human hybridoma cells (Epstein-Barr Virus transformed B-lymphocyte-clones from selected 

multiparous women) produced by the National reference centre (NRC) for histocompatibility 

research, Leiden, the Netherlands (https://nrc-hla.nl/). 

An even more laboratory-based approach to define HLA epitopes was applied by 

team-members of the Terasaki Foundation Laboratory in Los Angeles, USA. They used cell 

lines expressing single recombinant HLA, to specifically absorb and elute alloantibodies, and 

subsequently analysed their binding patterns with first batches of SAB [147]. All AA sequences 

from SAB reactive HLA types were aligned to identify surface exposed polymorphic AA shared 

between the interacting HLA [150]. Consequently, these AA were considered as crucial 

elements of the epitope and termed ‘Terasaki epitopes’ (TerEp) [85, 150, 209-212]. A 

substantial part of TerEps were defined by additionally analysing SAB patterns of HLA-specific 

mAb generated by hybridoma cell lines [147, 156, 211]. Comparative studies revealed a huge 

overlap between TerEp and AbVer eplets [88, 213, 214]. 

The HLA Epitope Mismatch Algorithm (HLA-EMMA), avalable at www.HLA-

EMMA.com, developed by Sebastiaan Heidt / Dave Roelen / Frans Claas from the Leiden 

University Medical Centre [215], is another algorithm in use to calculate a score for (B-cell) 

allo-HLA epitopes. The special feature of HLA-EMMA is the consideration of the relative 

solvent accessibility of polymorphic HLA protein structures, which implies the exclusion of 

inaccesible AA sequences. 

As exemplified in 3.1.1, B-cells need T-cell help to start producing antibodies. In this 

context it is important to complete the list of HLA epitope prediction tools, by describing the 

existing prediction algorithm for T-cell epitopes (see ‘variable 2’ in Chapter 3.1.1), applicable 

for SOT. The algorithm is termed ‘PIRCHE II’ (Predicted Indirectly ReCognizable HLA class II 

Epitopes) and was developed by Eric Spierings of the University Medical Center Utrecht (The 

Netherlands). It allows counting relevant T-cell epitopes of peptides presented by donor HLA 

class II molecules [216]. This is realized by an in silico calculation of the binding-strength of 

each hypothetical mismatched donor HLA derived peptide to those HLA class II molecules 

expressed by the recipient. The algorithm uses donor and recipient HLA data and the peptide 

binding predictor netMHCIIpan [217]. It only considers allo-peptides revealing a certain level 

of binding-affinity. The sum of the applicable peptides reflects the PIRCHE II score, a proxy for 
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the T-cell epitope mismatch or the potential strength of the ‘indirect immune alloreactivity’ 

[218]. 

 

3.1.5 Antigenicity and immunogenicity of HLA epitopes 
 

The quality of the HLA-epitope is decisive for the capability to interact with structural 

elements of the paratope (antigenicity) and for the inducement of an humoral immune 

response (immunogenicity) [202]. A solely antigenic epitope chemically interacts with the 

paratope but the total binding is insufficient to induce an immune reaction. In contrast, an 

immunogenic epitope will trigger an antibody response [202]. Investigating the feature 

‘immunogenicity strength’ is therefore of paramount importance, but comprehensive studies 

on the specific immunogenicity risk potential of individual HLA epitopes are still lacking. 

Experts in the transplant community agree that only if such information is available, the 

previously described new concept of EbHM could be implemented into the clinical pre-

transplant risk stratification progress [135]. 

Vasilis Kosmoliaptsis and colleagues from the University of Cambridge and NIHR 

Cambridge Biomedical Research Centre (United Kingdom) have developed a method to 

compare HLA structures between donor and recipient that partially reflects the antigenicity 

and immunogenicity of mismatched donor HLA structures [219]. The rationale behind the 

approach is that the quality of each HLA epitope is mainly impacted by physicochemical 

properties of the actual type of critical AA, more precisely their side chains that represent an 

individual hydrophobicity and an unique electrostatic charge. These characteristics can be 

measured and compared between donor and recipient HLA structures, and the calculated 

difference appeared to predict dnDSA development after renal transplantation [86, 220]. The 

two measures are termed ‘HMS’ (hydrophobicity mismatch score) and ‘EMS-3D’ (3D 

electrostatic mismatch score). In healthy female individuals receiving transfusion of 

lymphocytes from their male partners, HLA-DQ specific dnDSA was strongly associated with 

EMS-3D [221]. As the approach needs, however, X-ray crystallized HLA proteins for 

stereochemical modelling, it is not yet adapted to establish a wide data-set. 

Another influence on the quality of an individual mismatched HLA epitope that cannot 

be neglected is the recipient's own HLA phenotype, as the total make up of recipient HLA 

proteins defines the degree of fine-structural difference on donor HLA [71, 72, 222]. This 
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makes consideration of the recipient's own HLA types – for any of the B-cell epitope 

prediction tools – all the more important. 

 

3.1.6 The quantity of mismatched HLA epitopes correlates with dnDSA formation 
 

In contrast to the few data available on the qualitative effects of HLA epitopes with regard to 

their impact on induction of a humoral immune response, many studies have been published 

that investigated the quantitative effect of mismatched epitopes on DSA induction. The 

common approach thereby is to simply sum up the number of mismatched HLA epitopes 

(calculated by means of the prediction models described above) for a given recipient-donor-

pair and to compare this measure with dnDSA formation. Generally, it can be shown that a 

minimum epitope mismatch load reduces the risk for dnDSA formation and for antibody-

mediated rejection. A selection of corresponding results for kidney transplantation or 

pregnancy, summarised according to the prediction algorithms, is given below.  

 

Eplets: 
 

Counting up all mismatched donor HLA derived eplets reveals the ‘eplet-load’ of a 

specific donor-recipient pair. Several studies confirmed a significant correlation between the 

eplet-load and the magnitude of dnDSA or dnCSA formation [81, 87, 98, 223-225]. For kidney-

transplanted patients, it was shown that HLA class II eplet mismatch independently predicts 

development of dnDSA [79] and improves the prediction of AMR [97]. Moreover, for HLA-

DR/DQ it has been demonstrated that the single molecule eplet mismatch score represents a 

precise and reproductible prognostic biomarker, potentially applicable for the tailoring of 

immunosuppression [98, 226]. 

 

HLA-EMMA: 
 

As this prediction tool was developed only recently, there are as yet few studies on it. 

In a recently conducted investigation focusing on HLA-DQ mismatches in pregnancy and the 

presence of CSA at the timepoint of delivery, the mismatched epitope load on HLA-DQ 

heterodimers, as determined by HLA-EMMA, was significantly higher in CSA positive mothers 

[227]. In a retrospective study of a cohort representing non-sensitized simultaneous 
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pancreas-kidney recipients, no significant association between the degree of HLA-EMMA B-

cell epitope load and dnDSA development was found [228]. 

PIRCHE II: 	

 

Several studies showed that the number of donor-derived HLA peptides presentable 

within the binding pockets of the recipient’s HLA class II molecule repertoire, as predicted by 

the PIRCHE II algorithm, significantly predicts dnDSA development [87, 216, 224, 228-232]. 

 

3.1.7 Properties of immunogenic HLA epitopes 
 

The results of the population studies described in the previous section demonstrate 

that over all, the higher the number of HLA class I and II epitope mismatches, the higher the 

risk of dnDSA development. However, these studies all have in common that individual 

epitope immunogenicity was not considered. Indeed, for a distinct patient, the quality of the 

specific epitope mismatch determines whether an antibody response will be truly induced or 

not.  

Researchers from Manitoba, Canada, have plausibly demonstrated that at the patient 

level, the same number of HLA mismatches can cause a different magnitude of immune 

response due to the underlying eplet mismatch load [79, 81, 90, 98]. It was also shown that 

in some cases, one or few epitope mismatches can be sufficient to trigger antibody 

production [81, 233, 234]. In a few cases even a single AA mismatch difference could do so 

[85, 204, 205]. This is in agreement with the fact that some of the defined eplets, as well as 

TerEps, consist of a single non-self AA. 

Moreover, by analysing mAb reactivity patterns established with solid-phase multiplex 

assays, Duquesnoy and colleagues noticed that – beside the principal binding component 

between the central eplet and presumably the VH3 site of the antibody’s paratope – often an 

additional AA configuration, located within the antibody footprint, is necessary to stabilize 

the binding (eplet pairs) [149, 207, 235]. Other reactivity profiles revealed that certain 

polymorphic AA configurations on structural epitopes seem to impact the release of free 

energy, because the involved antibodies were capable of binding C1q and inducing 

complement dependent cytotoxicity (CDC) [206]. Another interesting finding was that in 

cases, where the structural difference between self- and non-self HLA was as little as one 
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single eplet, one or multiple self-eplets were contributing to the final binding [207]. This 

implies the existence of B-cell clones with weak binding to self-HLA structures, which only 

expand and maturate their BCR upon triggering by one or multiple self-AA configuration 

present on the mismatched HLA protein. Duquesnoy termed this principle the ‘Non-self-self 

paradigm’ [235, 236]. 

 

3.1.8 So far established models to determine HLA epitope immunogenicity 
 

The degree of immunogenicity of an HLA epitope or its functional subunit is 

necessarily related to the frequency of the immune response against it. The most obvious 

approach to determine the degree of immunogenicity, namely to assess the immunogenicity 

of HLA epitopes within transplant cohorts, represents a complex challenge. First, each 

transplant pair reveals another immunological risk situation due to variable HLA mismatch 

constellations and possible pre-immunizing events of the recipient. Second, the fact that the 

immune system is suppressed after transplantation is not conducive to such a study. 

Furthermore, a slightly different induction therapy or post-transplant immunosuppression 

regimen would additionally confound findings. The latter would apply if a multi-centre study 

were conducted, which would be almost obligatory given the necessary number of cases. 

A cleaner approach was applied by researchers of the Tambur group (Chicago, USA), 

who focused on transplants with exactly two HLA mismatches within the same HLA locus 

[237]. If dnDSA was detected only against one mismatch, structures on such donor HLA were 

regarded as more immunogenic. This is an elegant way to overcome the confounders 

described above, but the required number of similar cases to establish statistically stable 

declarations remains challenging. 

 

3.1.9 Pregnancy as a model to study the immunogenicity of individual eplets 
 

An alternative approach to study the impact of mismatched HLA-structures on the 

formation of specific antibodies is given by the pregnancy model, where mismatched child-

HLA, inherited through paternal HLA alleles, potentially promotes the production of CSA [72, 

223]. This model displays several advantages over the transplant model, of which four of the 

most important are i) the fact that only one HLA is mismatched per locus which facilitates the 

assignment of epitopes, ii) the development of CSA is not modulated by (exogenous) 



 

 38 

immunosuppression, iii) full-term pregnancies have similar durations, and iv) a large cohort 

can be collected within a reasonable time frame.  

Regarding the material to be studied in the pregnancy model, a single maternal blood-

sample (whole blood for the isolation of peripheral blood mononuclear cells [PBMCs] to 

perform HLA typing of the mother with genomic DNA; serum or plasma to assess HLA-

antibody analysis) and a small quantity of cord-blood to isolate child PBMC for genomic DNA 

isolation in order to perform HLA typing of the child) is required at the time-point of delivery. 

 

3.1.10 Requirement of 2-field high-resolution HLA typing 
 

A striking limitation in studies that investigated the impact of structural mismatches 

on the formation of dnDSA from pre-transplant non-sensitized patients, is the lacking of HR-

2F HLA typing of donor and recipient [81, 87, 95, 98]. Indeed, a molecular HLA typing method 

that sequences all exons coding for extracellular HLA domains enhances the pre-transplant 

risk assessment [238, 239] and enables a more accurate eplet determination [240-243]. 

Moreover, antibody eplet-specificity results, determined by using SAB tests, are given at the 

allele level, thus HLA typing data should be made available at high resolution, too [244].  

Therefore, for this work, the introduction, validation and utilization of a HR-2F HLA typing 

method was of high importance. 

 

3.1.11 Establishment and validation of a 2-field high-resolution HLA typing method 
 

An important difference between a low- and high-resolution HLA typing method is the 

resulting length of the amplified HLA gene [245]. Low-resolution molecular HLA typing 

methods commonly solely determines the core exons of HLA genes (exon 2 and 3 for HLA 

class I genes, and exon 2 for HLA class II alpha- and beta-chain coding genes), which often 

generates ambiguous results [244]. HR-2F HLA typing, appropriate for epitope analysis, 

resolves all exons that codes for extracellular domains of the expressed HLA protein (exons 2 

to 4 for HLA class I genes and exons 2 and 3 for respective alpha- and beta-chain coding HLA 

class II genes). Translating of HR-2F HLA typing results firstly into the AA sequence of the 

respective HLA proteins and secondly into the tertiary protein structure on the basis of 

available 3D HLA models is the basis of HLA epitope assignment. 
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As such high-resolution HLA typing approach was not available locally at the timepoint 

of my doctoral thesis proposal, I planned to establish a sophisticated HLA typing method that 

pursued two goals: first, for it to be used for the described eplet immunogenicity project; 

second, for it to be applied as a new high-throughput allele-level HLA-genotyping method in 

the Laboratory for HLA Diagnostics and Immunogenetics in the Department of Laboratory 

Medicine at the University Hospital Basel.  

Working with Regina Spinnler of the Laboratory for HLA Diagnostics and 

Immunogenetics, we decided to apply an NGS method. The workflow prior to the sequencing 

principally consisted of a long-range polymerase chain reaction (PCR), an amplicon pooling 

step, the enzymatic fragmentation of the amplicon, a ligation step, the indexing of the 

fragments, and a further pooling step. Prior to the sequencing, a clonal amplification was 

performed using either the Ion GeneStudio S5™ or the Illumina-MiSeq®. The sequencing itself 

was realized on the ION TORRENT™ or on the Illumina-MiSeq®. A total of 49 patient samples 

and 4 controls (2 internal controls from healthy donors and 2 external standards from the 

Fred Hutch Specimen Processing/Research Cell Bank) were selected to validate the method. 

The evaluated results were compared with Sanger-Sequencing results (performed at the 

Institute of Transfusion Medicine, Charité-Universitätsmedizin Berlin, Germany) and with 

results generated by two alternative NGS methods (both performed at Baylor University 

Medical Center, Dallas, USA [246]).  

Since 2018, the established HR-2F HLA typing method has been routinely and 

successfully used in the Laboratory for HLA Diagnostics and Immunogenetics of the 

Department of Laboratory Medicine in the University Hospital Basel, and at this point an 

average of 16 high-resolution HLA typings are performed each week. 

 

3.1.12 Aims of this study (Publication 1) 
 

The aim of the study was to determine immunogenicity scores of all currently defined 

AbVer HLA class I eplets [203], by ranking the eplets according to their frequency of measured 

eplet-specific antibody-responses. For this we used a coherent cohort of 159 first pregnancy-

mothers with no history of pre-sensitizing events [223]. Eplet-directed CSA responses were 

assessed at the time of delivery.  
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The data produced are intended to provide an initial basis for risk assessment of 

individual eplets. The risk scores will need validation in the clinical transplant setting. If further 

studies confirm the same eplets to trigger an enhanced DSA response in the post-transplant 

setting, they should be differently scored for pre-transplant risk assessment. 

Another goal of the study was to visualize the eplets and their degree of 

immunogenicity on the tertiary protein structure of HLA class I molecules in order to facilitate 

the understanding of the results from a structural and topographical perspective. 

This is the first study that systematically determines HLA class I eplet immunogenicity 

on the basis of HR-2F HLA typing and a coherent cohort of non-sensitized pregnant women. 

The main overall objective of this study is to strengthen the EbHM concept by providing 

immunogenicity scores of individual eplets, in order to enable an improved immunological 

pre-transplant risk assessment, which in turn will enhance kidney allocation and patient-

specific tailoring of immunosuppression. 
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3.2 PUBLICATION 1 
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Chapter 4  PUBLICATION 2  
 

Effects of weak/non-complement-binding HLA antibodies 

on C1q-binding 

 

 

4.1 BACKGROUND 
 

4.1.1 Are pre-transplant DSA clinically relevant?  
 

In certain cases, especially for hypersensitized recipients, transplantation across low 

level DSA is unavoidable. To accommodate such higher immunological risk constellation, most 

transplant centres apply an enhanced induction immunosuppression [76]. Despite this special 

treatment, some DSA-positive recipients show a very unfavourable post-transplant course. 

Conversely, other DSA positive patients experience uneventful and rejection-free courses [75, 

116-118, 225, 247-249]. Much research has been carried out in the hope of identifying 

relevant factors or biomarkers capable to predict the severity of circulating DSA present and 

the expected recall immune response of pre-sensitized patients. Neither the route of 

sensitization (blood-transfusions, pregnancies, previous transplantations) was found to be 

indicative for a stronger or weaker response, nor did the four readily available pre-transplant 

DSA characteristics (DSA number, DSA HLA-class specificity, DSA HLA locus specificity and 

cumulative DSA test signal strength) predict their pathogenicity [75, 108, 115, 250]. What has 

become clear, is that not the breadth of sensitization but the donor specificity of pre-existing 

antibodies contributes to the immunological risk [251]. 

The answer to the title’s question is therefore yes, some pre-transplant DSA are 

clinically relevant, yet we do not sufficiently know why.  

 

4.1.2 Unrevealed DSA properties may indicate the real injury potential of circulating DSA 
 

In order to distinguish between harmful and presumed relatively irrelevant DSA, 

additional knowledge of yet to be considered antibody properties, may therefore be 

beneficial. Learning from other subject areas in the field of diagnostics, where antibody-

features play a central role (i.e. determination of evidence of immunity to certain pathogens 
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or monitoring of the immune response to vaccination), I see three DSA features that have the 

potential to sustainably improve risk prediction for pre-transplant DSA patients: DSA target-

specificity, DSA affinity/avidity and DSA effector-functionality. Importantly, these antibody 

properties are all interrelated and must therefore be interpreted together. Below, I devote a 

section to each of these three characteristics.  
 

 

DSA target-specificity: The relationship between epitope specificity of pre-existing 

DSA and the severity of the immune response after transplantation across DSA has not yet 

been investigated. In this context it is worth mentioning that both commercial providers of 

HLA antibody multiplex assays, the companies OneLambda and Immucor, have recently 

integrated epitope assignment algorithms into their latest version of HLA antibody test 

evaluation software. As a consequence, all interested HLA laboratory customers worldwide 

are now capable of assessing DSA epitope-specificity, and to integrate this information into 

their centre-specific immunological pre-transplant risk stratification. However, it remains to 

be considered that patient antibodies are potentially polyclonal, resulting in complicating 

binding patterns. Without purification of the patient serum by absorption using the 

appropriate donor HLA of interest and subsequent elusion followed by reanalysis of the 

eluate’s binding profile, there may be a high likelihood of incorrect epitope-specificity 

assignment. 
 

DSA affinity/avidity: It is generally assumed that precise determination of DSA binding 

strength could be a key determinant to estimate the potential for AMR and to adjust 

immunosuppression accordingly [78, 130]. Indeed, antibodies are continuously developing 

their binding-strength in a process termed ‘affinity-maturation’, which takes place in 

secondary lymphoid tissues [252-255]. From studies in infectious diseases, evidence exists 

that antibody binding strength, as determined by antibody avidity assays, correlates with B-

cell clone maturation and consequently with the magnitude of a future memory response 

[256-258]. Several avidity assays have been developed to improve sero-diagnosis for various 

infectious diseases [257-265]. Furthermore, antibody avidity assessment has enabled 

discrimination between primary and secondary infections, and monitoring of vaccination 

efficacy [256, 266-268]. The development of a feasible rapid assay for routine DSA 

affinity/avidity testing of patient serum samples is, however, associated with a number of 

difficulties that are time-consuming to resolve. It is therefore not surprising that the few 
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publications currently available on the topic of HLA antibody affinity/avidity are still almost 

exclusively limited to HLA-specific mAb [133, 269, 270]. 
 

DSA effector functionality: The central effector functions of DSA leading to the 

manifestation of AMR, as described in the Introduction Chapter of this thesis, are HLA 

crosslinking (triggering endothelial activation and recruitment of leukocytes [45], C1q-

binding (causing complement activation, augmented leukocyte recruitment and T-cell allo-

responses [47, 48, 271], and FcgR-binding (causing ADCC) through FcgR expressing NK-cells, 

monocytes, macrophages or neutrophils) [49-51, 271]. While HLA-crosslinking through DSA is 

substantially influenced by the antigen (i.e. HLA density [272] and their epitope constitution) 

and by the concentration and affinity of DSA [18, 46, 273], C1q- and FcgR-binding are strongly 

impacted by the stereo-chemical structure of the antibody-isotype/subclass itself and by their 

specific glycosylation profiles [274-277]. Knowing the isotype/subclass-composition of DSA is 

therefore essential to estimate the types of effector-function that can be executed by the DSA 

present. However, DSA often consists of all four IgG subclasses [278-281] and frequently 

contains immunoglobulins of isotype M (IgM) [278, 280, 282], or of isotype A (IgA) [280, 283-

285] and even of isotype E (IgE) [280]. 
 

Methodologically, the breakdown of DSA into their isotype(s)/subclass(es) is feasible 

by simply replacing the commonly used reporter-antibody (anti-IgGpan) with 

isotype/subclass-specific reporter-antibody-conjugates [279, 280]. Our group has previously 

established a standard operational procedure to simultaneously determine IgG1, IgG2, IgG3 

and IgG4 of HLA antibodies, using SAB technique [279, 286]. Other groups have developed 

similar protocols to assess DSA of IgA- [284] and of IgM-origin [278, 282]. Importantly, 

correlation of Ig isotypes/subclasses of pre-transplant DSA with clinical outcome has revealed 

inconsistent results (reviewed in [287]), indicating that without knowing the DSA 

components’ individual affinities or their epitope-specificities, their isotype/subclass 

composition is not sufficiently predictive for post-transplant events. 

A more direct approach to assess the mediated biological activity of a given DSA 

mixture is to measure the triggered net effect by using functional assays. This applies in 

particular to the immune effector mechanism of complement activation, as mutual 

promotion or inhibition can occur depending on the specific isotype/subclass mixture. The 

result of the cellular CDC-test (described in Chapter 5) describes a functional property of DSA, 
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namely the capability to induce cytotoxicity. Beside the CDC assay, which lacks of specificity 

and sensitivity, cell-free assays to specifically measure antibody-dependent complement 

binding have been developed and used: C1q-binding [141, 286, 288, 289], C3d-deposition 

[290, 291], or C4d-fixation [292, 293] can be assessed by using a modified SAB assay protocol. 

Hope prevailed that the complement activation potential of the DSA as measured by using 

these modified tests, would better predict the clinical outcome [141, 294, 295]. However, 

more in-depth studies have shown that due to the predominance of complement-binding 

IgG1 and IgG3 in DSA, the level of the SAB test signal is directly related to the strength of 

complement binding and that the need for such additional complement-tests is therefore not 

compelling [131, 286, 296]. 

 

4.1.3 IgG subclasses and their effector functions 
 

Even though DSA consists of other isotypes in addition to IgG, the isotype G usually 

represents the largest amount [280] and is clinically the most significant [285]. IgG consists of 

four subclasses, IgG1, IgG2, IgG3, and IgG4, each of which can initiate different effector 

functions [287]. In terms of design and structure, the 4 subclasses differ in i) the length and 

flexibility of their hinge region [297], ii) their type of N-glycans in their CH-2 domain [298] and 

iii) certain AA at several positions in their CH-1, CH-3 and upper part of CH-2 domains [299]. 

Binding sites for both, C1q- and FcgR overlap in the CH-2 domain of IgGs. The mentioned 

structural differences between subclasses imply different mediation of effector cells, 

differences with regard to the phagocytosis of antigen-antibody complexes, and variable 

efficacy in turns of complement activation [143, 276]. A schematic representation of the 

structure of an IgG antibody and its domains is shown in Figure 6. 
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Figure 6. Schematic structure of an IgG Antibody. The figure is designed to accord with the 
publication from Silverton et al. [300]. The schematic cartoon shows the construction of an 
IgG antibody, the domains and their names from the two heavy- and light chains, the location 
of the hinge region and the Fc-attached carbohydrate chain.  
 

Fab: fragment antigen-binding, Fc: fragment crystallizable, CH-1: constant domain 1 of heavy chain, CH-
2: constant domain 2 of heavy chain, CH-3: constant domain 3 of heavy chain, CL: constant domain of 
light chain, VH: variable domain of heavy chain; VL: variable domain of light chain, -S—S-: disulfide 
bond 
 

 

A vital function of IgG is its capability to bind to FcgR on effector cells, specifically 

FcgRIII expressed on eosinophils, neutrophils, macrophages, mast cells and especially on NK-

cells. Engagement of target bound IgG1 or IgG3 with FcgRIII on NK-cells induces ADCC, which 

leads to the killing of the targeted cells [49, 50, 301, 302]. 

Antigens consisting of protein often evoke the development of IgG1 and IgG3 

subclasses, promoted through T-cell help after presentation of antigen peptides through HLA 

class II on the respective B-cell [276]. IgG2 is the dominant subclass involved in responses to 

capsular polysaccharide antigens of bacteria [303, 304]. The relevance of this property for 

DSA of subclass IgG2 targeting epitopes in the glycosylated regions of HLA glycoproteins [305, 

306] remains to be determined. Recent studies have also shown that IgG2 can exchange 

disulfide-linkages and that one of the three resulting isoforms (IgG2-B) provides an extended 

flexibility of the Fab-arms (achieving a ‘T’ form, compared to the conventional ‘Y’ form) [307]. 

Another unique behaviour is displayed by the Ig subclass of type 4: the relatively unstable 
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hinge region of IgG4 (mainly due to AA Serine at position 228) facilitates heavy-chain 

swapping. Therefore, most IgG4 of human serum are monovalent bispecific molecules, no 

longer capable of binding antigen with avidity or of crosslinking their target [276]. Moreover, 

antibodies of subclass IgG4 exhibit a high affinity to the inhibitory receptor FcgRIIb. IgG4 may 

therefore serve to prevent an excessive immune response and is often termed a ‘blocking 

antibody’ [276, 308]. 

Complement activation by the classical pathway is considered the most important 

biological function of IgG and is considered to be a major contributor to the clinical 

manifestation of AMR [47]. The next section is dedicated to this topic. 

 

4.1.4 Complement activation by IgG  
 

Activation of the classical complement pathway is initiated by binding of the globular 

heads of C1q to distinct structural variations (AA 285−292 and 317−340) in the hinge region 

of the IgG’s CH-2 fragment [309]. When C1q approaches these sites, the mentioned structural 

variations induce steric interference by the Fab arms, which impacts C1q-binding capability 

and subsequently leads to different complement reactivity profiles (IgG3 > IgG1 > IgG2) [309, 

310]. C1q to IgG3 binding is about 40 times greater than to IgG2, while IgG4 does not show 

appreciable C1q-binding in vitro [309, 311]. Binding to multiple Fc segments (at least two) in 

close proximity (30-40nm) is a requirement for stable C1q-binding [299, 312, 313], underlining 

an enhanced complement mediated cytotoxicity by repetitive structural patterns in close 

proximity (or antigens clustered on a mobile membrane, as is the case for cell membrane 

embedded HLA). In a survey where IgG binding to clustered antigens on liposomes was 

studied, the most efficient C1q-binding was observed upon formation of IgG hexamers [314]. 

The end products of the classical complement cascade are membrane attack complexes, 

which trigger cell lysis, which in turn promotes inflammation and – in the context of 

transplantation – eventual rejection of the graft [42]. 

 

4.1.5  Aims of this study (Publication 2) 
 

DSA consists of a complex mixture of different isotypes/subclasses, present at 

different concentrations and binding strengths [133, 280], together targeting multiple 

epitopes. In the present study, two of these complexities, ‘epitope-specificity’ and ‘antibody 
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affinity’, were first excluded. For this purpose, IgG1/2/3/4 HLA antibodies of unique epitope-

specificity were used, namely chimeric mAb targeting a public epitope on HLA-DR and HLA-

DP. These mAbs, one of each subclass (IgG1, IgG2, IgG3 and IgG4), were originally engineered 

to treat B-cell lymphoma [315]. These two simplifications allowed us to study the impact on 

C1q-binding solely by the type or concentration of a certain IgG-subclass or an IgG-subclass 

mixture. The aim of this investigation was to reveal the net C1q-binding effect induced by 

different IgG subclass mixtures targeting the exact same HLA epitope.  

Next, for a subsequent series of experiments the factor ‘epitope-specificity’ was 

reintroduced. This was done to measure and compare C1q-binding of HLA antibodies from 

pre-transplant patient sera. The patient serum samples were used neat, or spiked with the 

model antibody described above (interacting with a public epitope, thus not competing with 

an epitope targeted by the patient antibodies). The goal of this investigation was to clarify to 

which extent HLA antibodies of different IgG subclasses targeting adjacent epitopes may 

impact C1q-binding. 

The third aim of the study was devoted to genuine HLA-specific IgG subclass antibody 

mixtures: HLA antibodies present in 72 pre-transplant patient sera were examined for their 

net C1q-binding and in parallel for their exact IgG subclass composition. This analysis was to 

verify which subclass compositions promote or inhibit complement activation in the clinical 

setting. 

 

4.1.6  Used in vitro model 
 

In order to achieve the first two of the objectives described above, an in vitro model 

was established. The model allowed deliberate study of C1q-binding on a single HLA-molecule 

type. The chosen HLA-class II heterodimer (DRB1*07:01/DRA1*01:01), coated on Luminex 

xMAP®-beads, expressed an epitope that was specifically targeted by each of the four applied 

IgG subclasses of the chimeric human/mouse mAb clone F3.3 [315-317]. While the 

constitution of their hinge region in the Fc part is subclass-specific, they all consist of the exact 

same hypervariable region in their Fab. Consequently, they all interact with the exact same 

epitope and their affinity is per definition identical. The mentioned single HLA-beads were 

subsequently incubated with either i) a separate mAb IgG subclass, or ii) a specific IgG subclass 

mixture, or iii) a human pre-transplant serum spiked with/without mAb. Thereafter, either 
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recombinant human C1q together with fluorochrome conjugated C1q reporter antibody, or 

specific IgG subclass conjugated reporter antibody was added for the secondary incubation. 

Ultimately, the HLA-beads were analysed for their reporter antibody signal on a Luminex 

instrument, to quantify both net degree of C1q-binding and IgG1/2/3/4 content, respectively. 

Figure 7 visualizes the used approach. 

 

 

 
 
 
Figure 7. Visualization of the model assay used and its components. 
HLA-DRB1*07:01/DRA1*01:01 molecules (light grey), immobilized on the surface of a 
Luminex-bead (dark grey), targeted by specific HLA antibodies of different subclasses (IgG1: 
orange, IgG2: blue, IgG3: red, IgG4: green). The complement binding capability of the given 
HLA-specific antibody IgG subclass mixture is assessed by C1q (yellow), which solely binds to 
IgG1 and IgG3, but requires them to be clustered in close proximity. Bound C1q is quantified 
via a C1q specific reporter antibody (brown) conjugated to the fluorochrome R-PE (pink). 
 

R-PE: R-Phycoerythrin, a fluorescent red protein-pigment complex  
 

 

Another important feature of the model was the paratope constitution of the chosen 

mAb used and the expression of the corresponding targeted epitope on the model HLA-

protein used. Important to achieve the second objective of this study (impact on C1q-binding 

by different IgG-subclasses that interact with adjacent epitopes), no concurrent epitope 
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specificity by patient antibodies was allowed to be present. Only when this was guaranteed 

could the spiking experiments (patient serum samples mixed with model antibodies) provide 

the requested information. By choosing a highly conserved epitope motive, targeted by the 

mouse F(ab’) fragments present in the chimeric antibody construct F3.3 [318], this condition 

was fulfilled. There is no published description of the structural epitope of F3.3, but our 

independent analysis of the mAb’s binding profile on LabScreen™ HLA class II multiplex SAB 

identified a glutamic acid at position 46 expressed on the b1-domain of positively reacting 

HLA-DRB1/3/4/5, and HLA-DQB1, or at position 44 for HLA-DPB1 molecules, as the most 

probable predominant antigenic binding motif. For HLA-DR and -DP, the AA polymorphism in 

the immediate vicinity of this position is less pronounced compared to other surface areas on 

the b1-domain. Therefore, the patient antibodies, directed against polymorphic AA clusters, 

did not compete for the exact same binding site as the spiked model mAbs, but assumingly 

interacted with structures in a certain spatial distance. 
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4.2 PUBLICATION 2 
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Chapter 5  PUBLICATION 3  
 

Caveats of HLA antibody detection by solid-phase assays 

 

 

5.1 BACKGROUND 
 

5.1.1 History of HLA antibody testing 
 

In the landmark study carried out by Patel and Terasaki [319], a significant finding was 

that kidney recipients with preformed cytotoxic DSA have a very high prevalence for 

immediate graft failure.  As a consequence, kidney recipients were tested prior to 

transplantation by incubating their serum with donor lymphocytes and complement, 

followed by an analysis of the proportion of lysed cells.  This test was termed ‘complement 

dependent lymphocytotoxicity-test’ because it permitted the exploitation of the complement 

activation function of DSA [319, 320]. For many years, this test was the reference standard to 

assess preformed cytolytic DSA. From the mid-nineties on, availability of recombinant HLA 

facilitated HLA antibody determination with higher specificity and sensitivity by an enzyme 

linked immunosorbent assay (ELISA) [321-323]. This solid-phase assay additionally detected 

the presence of non-complement activating HLA antibodies. Furthermore, the identification 

of the antibodies’ HLA-specificities could now be assessed non-cellularly, although this 

required multiple test reactions. Already before the turn of the millennium, flow cytometry 

became the technique of choice in leading HLA laboratories to assess HLA antibodies at even 

lower detection levels. For this purpose, HLA coated latex microspheres, termed ‘Flow PRA® 

beads’, were used to characterize patient’s HLA antibodies by flow cytometry [324-327]. 

Incubation of patient serum with a panel of HLA-beads, each presenting a cell-line specific set 

of HLA, enabled the simultaneous assessment of the presence of HLA antibodies and their 

specificities within a single test reaction. Shortly thereafter, it became evident that 

recombinant HLA, coated to xMAP® Beads and acquired at the Luminex platform, revealed 

an even better performance to assess HLA antibodies and allowed for better standardization 

[147].  
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5.1.2 HLA coated Luminex beads and their diagnostic relevance in the transplant setting 
 

Luminex HLA antibody testing became the new gold standard for sensitive HLA-

antibody detection in patient sera. The format of the test is a multiplex immuno-assay: patient 

serum is first incubated with up to 100 various fluorescent polystyrene microspheres 

(Luminex xMAP®-beads), each coated with a different HLA-type [termed ‘Single Antigen 

Beads’ (SAB)], to capture HLA antibodies [328]. Bound antibodies are subsequently visualized 

by means of a fluorochrome conjugated reporter-antibody. During the acquisition stage at 

the Luminex instrument, each HLA-bead is excited by two lasers in order to i) directly identify 

the HLA-type (on the basis of the emitted fluorescence, which is specific for each bead) and 

to ii) indirectly assess the degree of bound HLA antibodies (on the basis of the emitted 

fluorescence from bound fluorochrome conjugated reporter-antibodies).  

Given the highly specific and highly sensitive results obtained by SAB assays, a debate 

arose within the transplant community, about whether pre-transplant cross-match (XM) 

tests, routinely performed so far in many HLA diagnostics laboratories, were still necessary 

[329, 330]. XM-tests are applied pre-transplant and simulate the transplantation in vitro. 

Importantly, XM-tests use donor surrogate cells (providing the donor HLA) and serve to 

indicate whether circulating DSA are present or not. Ideally lymphocytes are used for the most 

common XM-tests, the flow-cytometric XM and the CDC-XM, as they express HLA and can be 

drawn non-invasively. While the flow-cytometric XM assay [331, 332] is a classical antibody 

binding test, the CDC-XM assay is considered a functional test [319]. For both tests, donor T-

cells (representing HLA class I) and B-cells (representing HLA class I and II) are isolated from 

whole blood and incubated with recipient serum (potentially containing HLA antibodies). 

Next, the extent of DSA binding to donor HLA is either measured directly by recording the 

signal of a fluorochrome-conjugated reporter antibody (flow-cytometric XM assay), or 

visualized indirectly by assessing the degree of antibody triggered complement reaction (CDC-

XM assay). The problem of these XM-tests is their rather low specificity due to nonspecific 

binding/reaction. 

After the successful introduction of the SAB test, which is largely free of such 

nonspecific reactions, and after the clinical relevance of the test results was proven, many 

kidney transplant centres changed their approach to pre-transplant risk assessment by 

switching from ‘wet’ (physical) XM testing to the ‘virtual’ XM (vXM) test [73, 75, 109, 333]. 
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The vXM simply combines SAB results and HLA donor typing information: the presence of DSA 

can be virtually assigned, as long as the SAB panel consists of all HLA types determined for 

the corresponding donor [334]. Consequently, in the case of a negative vXM (meaning that 

no DSA are present), the wet XM test can be omitted [75, 335-338]. 

HLA antibody assessment by using the SAB technique is at present very common [109] 

and vXM has significantly improved pre-transplant risk stratification [75, 76, 330, 333]. 

Furthermore, additional features of HLA antibodies, for example IgG-subclass composition or 

complement-binding, have been explored mainly on the basis of SAB test modifications [279, 

284, 286, 288, 290-293, 339]. 

 

5.1.3 Limitations of HLA antibody assessment using HLA coated polystyrene Beads 
 

Several critical issues must be considered when Luminex SAB test results are clinically 

interpreted. For example, recombinant HLA molecules are very susceptible to conformational 

changes during their isolation from the cell surface and/or their immobilization to solid 

phases [340-342]. Such denaturation can cause false positive SAB test results due to binding 

of antibodies to neo-epitopes present. Another example concerns the fact that similar HLA-

epitopes are present on multiple HLA-beads, resulting in a decreased signal on donor-relevant 

HLA-beads for SAB multiplex tests (‘shared epitope phenomenon’ [131, 343]). Moreover, 

special attention must be taken when drawing conclusions with respect to the test signal 

level. Indeed, the United States Food and Drug Administration (FDA) has declared the SAB 

test a qualitative test only. Still, the test results are often interpreted quantitatively, assuming 

a superior clinical relevance of high mean fluorescence intensity (MFI) signals. However, the 

results of several studies have demonstrated that the correlation between SAB signal strength 

and the clinical outcome is far from perfect [344-346] and that sera of hypersensitized 

patients often generate false low MFI signals [78, 131, 132, 347], assumedly due to an 

excessively high antibody concentration, leading to steric hindrance. 

 

5.1.4 Aims of this review (Publication 3) 
 

This review on SAB testing summarizes both the strengths and flaws of the test. It 

addresses the issue of the clinical relevance of SAB test results, the possible uses of the assay 

within the pre-transplant risk stratification and the post-transplant monitoring, as well as the 
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technical and clinical interpretation of SAB data. Furthermore, it suggests improvements for 

the future.  

 

Specifically, we have aimed to explain: 
 

o the factors that are contributing to the final test signal 

o why the SAB test signal should not erroneously be associated solely with HLA 

antibody concentration 

o why DSA strengths are potentially underestimated  

o two different approaches on how to set the (technical) SAB assay cutoff 

o the discrimination between the technical and the clinical cutoff 

o the main reasons for false-positive and false-negative SAB test results 

o which endogenous molecules of the patient’s undiluted serum have the potential to 

generate nonspecific positive test reactions 

o the impacts of high titre HLA antibody sera on SAB test results 

o that the SAB test is very susceptible for antibody-mediated complement 

accumulation and how this can be prevented 

o which/how medical drugs can impact SAB results 

o the advantages and disadvantages of HLA presented on SAB as compared to native 

HLA on the cellular surface 

o the occurrence and the impact of slightly denatured HLA on SAB and how antibody 

binding to neo-epitopes can be recognized  

o that SAB antibody reactivity pattern are the result of HLA epitope binding 

o that HLA epitopes are unevenly distributed across the SAB 

o why HR-2F donor HLA typing is important in case of allele-specific DSA 

o why Ethnicity-adapted SAB panels might more accurately assess DSA epitope- 

specificities 

o the value of SAB assay modifications and how their application complete the picture 

of clinical DSA parameters 

o that single SAB, beside the SAB panel, could specifically serve to absorb/elute/re-

analyze DSA from highly poly-specific HLA antibody sera 
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o that the availability of an IgG/IgM/IgA-specific reporter antibody cocktail potentially 

enhances DSA testing 

o what guidelines should be considered for pre-transplant DSA screening by using SAB 

 

 

5.1.5 Placement of Review 
 

The Review was published in Transplant International, the official journal of the European 

Society for Organ Transplantation (ESOT), the European Liver and Intestine Transplant 

Association (ELITA) and the German Transplantation Society (DTG). It is one of the premier 

European-based scientific journals in the field of transplantation and aims to promote 

transplantation research and to distribute subject-specific information. All manuscripts are 

peer-reviewed. Transplant International reaches a wide international readership, mainly 

clinical professionals who are primarily responsible for the accurate interpretation of SAB test 

results. The latter is the main reason why we have chosen this journal to publish our review. 
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5.2 PUBLICATION 3 
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Chapter 6  FINAL DISCUSSION AND PERSPECTIVES 

 

 

This section summarizes the main results of Publications 1 and 2 based on the aims and 

hypotheses addressed in Chapter 2. Furthermore, the findings of all three publications, their 

relevance and future aspects are critically discussed. 

 

 

PUBLICATION 1 
 

Alloimmunity in transplantation is the result of molecular differences between donor 

and recipient.  The new concept of EbHM ensures an enhanced donor-recipient compatibility 

at the molecular level and represents an efficient strategy to reduce immune risk and its 

consequences, as demonstrated by a recent study involving a large number of patients 

investigated [129]. However, before the new concept will become part of clinical routine, 

important shortcomings need to be addressed. 

It is important to realize that, given the large number of identical epitopes on different 

HLAs, it will never be possible to achieve complete epitope matching. It is the immunogenicity 

of eplets that must be given more importance with the aim of circumventing high-risk eplets. 

However, to date, there is scant information on the immunogenic risk of single HLA epitopes. 

Co-consideration of eplet immunogenicity strength will therefore make the HLA-epitope 

matching concept decisively stronger, as allo-sensitization and humoral rejection after SOT 

will be potentially reduced. It will promote acceptable HLA mismatch constellations for a 

given recipient and thereby identify suitable donors, currently considered as poor matches. 

Moreover, EbHM including eplet immunogenicity may guide physicians towards patient-

specific tailoring of immunosuppression. 

Although there is wide acceptance that the way to an improved HLA matching follows 

the epitope track [348], to date the new concept is not routinely used: neither for risk 

stratification, nor for organ allocation or immunosuppression fine-tuning. How can this 

reluctance be understood? It is not only the as yet imperfect definition of individual eplet 

immunogenicity, but rather the awareness that a final classification of the immunological risk 

will have drastic implications: underestimation of eplet-immunogenicity would lead to more 
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rejections and acceleration of graft failure, whereas overestimation of eplet-immunogenicity 

would prevent transplantation inadvertently. These considerations underline the great 

responsibility involved in establishing applicable HLA epitope characteristics. 

Given this responsibility, our study results were established in an immunologically 

coherent cohort of non-sensitized healthy women that were exposed to a similar 

immunological event, namely pregnancy with their first child. It is well established that during 

pregnancy, paternal HLA can trigger CSA production [223, 233]. In comparison to transplant 

recipients, which are often pre-sensitized, represent varying HLA mismatches with their 

respective donor, as well as being immunosuppressed by various medications, the pregnancy 

model offers several advantages to study allo-immunization on the basis of generated CSA: i) 

time and type of HLA exposure are similar, ii) children are haplotype-mismatched only, and 

iii) HLA antibody development is not impacted by exogenous immunosuppression [349]. 

Our study was established on highly resolved mother/child HLA as well as highly-

resolved antibody-specificity data from maternal serum at the time-point of delivery. This is 

of critical importance. Most eplet-DSA association studies published so far are based on 

presumed 2-field high-resolution genotypes translated from low-resolution HLA genotypes. 

As recently demonstrated by Senev at al., such inference produces notable misclassification 

of DSA [244]. Consequently, using incorrectly inferred recipient- or donor-HLA genotypes 

falsifies the assignment of eplets and DSAs’ eplet-specificities. Our CSA study data do not 

suffer from these shortcomings as we established HLA-genotyping data of mothers and 

children on the allelic level, which required full validation and standardisation of a 

sophisticated NGS HLA typing method. The results thus enabled the characterisation of 3D 

structural differences between donor- and recipient-HLA and assured accurate eplet-calling 

as well as exact eplet-specificity assignment of CSA. Furthermore, our study used iBeads, a 

special version of SAB, which have been shown to be largely devoid of denatured HLA class I 

molecules [342, 350-352]. 

Multiple studies have linked eplet load and graft outcome, but this comparison is 

rather indirect. Another strength of our study is the fact that we investigated the impact of 

eplet-mismatches directly on the emergence of de novo CSA. Through our study results, we 

gained four main insights: i) the observed child-specific immunization was limited in its 

breadth, ii) the individual mismatched eplets responded differently, iii) highly reacting eplets 

were localised at specific sites on the molecule and often represented a special 
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geomorphological shape, and iv) although classified as AbVer, some eplets were 

unresponsive. 

Referring to i) the narrow breadth of epitope-specificities from arisen CSA, our results 

present signatures of classic humoral immune responses. Epitope-mapping of the analysed 

CSA generally revealed rather low numbers of targeted epitopes and allowed for a relatively 

clear analysis. The narrow binding-specificity of analysed CSA indicates an expansion of only 

a minority of the significant numbers of existing B- and T-cell clones [175].  This observation 

is in line with the performance characteristics of an alloimmune response, generally directed 

against a restricted number of immunodominant epitopes [20, 178, 353], at the expense of 

other existing epitope-specific B- and T-cell clones [178, 354]. It is well established, that, 

within the ‘indirect pathway of allorecognition’, applicable for DSA (or CSA) development, T-

cell epitope immunodominance is highly dependent on the affinity between antigenic 

structures on presented peptides and TCRs of T helper cells [176].  

With regard to ii), concerning the different reactivity of individual eplets, our study 

results strengthen the presumption that different AbVer eplets represent dissimilar 

immunogenic potentials. The study’s main target was to classify the immunogenic risk of 

AbVer HLA class I eplets. The established immunogenicity scores of the 72 currently defined 

AbVer class I eplets represent a first guideline with regard to low-, medium- and high-risk HLA 

epitopes for Caucasian donor-recipient constellations. All eplets were present in the 

population studied. Calculation of immunogenicity scores on statistically sufficiently high 

number of mismatched cases was, however, applicable for 34 AbVer eplets (47.2%) only. To 

include risk potentials of rarer eplets, larger studies are needed. The immunogenic reactivity 

evaluated for the 34 AbVer eplets ranged from 4 to 46 per cent, and ten eplets revealed 

reactivities above 25 per cent. Although the data should be considered preliminary, the 

established numerical immunogenicity scores can be regarded as a proxy for the detrimental 

nature of the respective mismatched HLA structures, and are proposed to be incorporated 

into centre-specific pre-transplant risk stratification algorithms.  

Clearly, the established results must be validated in the transplant setting. We cannot 

exclude a slightly different recognition of HLA epitopes induced by immunoregulatory 

processes active during pregnancy [349]. Indeed, the fact that only about a third of the 

examined women developed IgG-type CSA, directed against structures on approximately a 

fifth of mismatched HLA, indicates a rather suppressed immune-recognition.  
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In reference to iii), the preferred shape and localization of highly reacting eplets, our 

observation reflects the role of the molecule’s geomorphic landscape in the context of CDR 

accessibility [355]. Some examples are the protruding shapes represented by eplets 41T, 

107W or 90D, which are all situated at flank positions of outward AA loops and revealed an 

accentuated immunodominance. The latter eplet was recently reported as the putative 

immunodominant determinant targeted by an alloantibody binding to HLA-A*11:01. The 

binding interactions involved between 90D and the respective antibody’s CDR were stereo-

chemically described from the respective X-ray crystallographic data [356]. Another 

occurrence was that although the investigated eplets are fairly homogeneously distributed 

over the lateral surface of the a1- and a2- subunits of the HLA class I heavy chain, eplets on 

a2, located on the opposite side of the nonpolymorphic beta-2-microglobulin (b2m), revealed 

higher reactivities. This underlines the importance of unhindered accessibility of BCRs’ or 

antibodies’ CDRs to the antigen surface. Nevertheless, it is important to note that, as 

exemplified in the publication mentioned above [356], monomorphic b2m structures are not 

always excluded as CDR targets. For other reactive eplets, however, no similar explanations 

could be found. If our findings would have been analysed with regard to physicochemical 

properties of eplets, we hypothesize that this could have potentially provided further 

clarifications in that regard. Indeed, the two most instructive features in this context are 

hydrophobicity of the involved mismatched AA side chains and their electrostatic charge [357, 

358]. Two algorithms, HMS and EMS-3D (described in Chapter 3.1.5) focus on these 

characteristics and promise enhancement of humoral alloimmunity risk prediction [221], but 

this sophisticated approach needs further development.  

The observation iv) that some AbVer eplets were non-responsive (i.e. five eplets in our 

study), shows that the classification ‘AbVer eplets’ does not automatically mean noticeable 

activity in the general human population. It is important to remember that such classification 

is allocated upon a single proof of an HLA-specific antibody binding pattern. Four of the five 

eplets that did not induce a humoral immune response in our setting, although present at 

high case numbers, were originally determined using the absorption/elusion technique and 

did reveal an equivalent TerEp, according to the information provided by the HLA epitope 

register. Vice versa and in line with other studies [95, 359], our data indicate some relevance 

with regard to CSA-development for eplets classified as non-AbVer (data not shown). 

Generally, and given the growing interest in including epitope compatibility for patient care, 
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it is essential to establish a standardised and reproducible procedure for justifying 

additions/changes/deletions of epitopes from the HLA epitope register in the future. This 

progress and the maintenance of a list with clinically relevant epitopes needs active effort of 

the HLA community. 

With regard to further enhancements of current epitope matching concepts, I believe 

that previously established T-cell memory (Tmem) [360] and shared T-cell epitopes (STEP) 

[361] will gain in importance. Consequently, ‘linked T and B-cell recognition’ [348, 362] will 

be key. From an immunobiological point of view, chaining the B-cell and T-cell epitope is 

indispensable. Current epitope matching models, however, ignore this link. They only focus 

on B-cells (HLAMatchmaker, HLA-EMMA, EMS-3D) or on T-cells (PIRCHE), and they disregard 

the other component. Indeed, any DSA response is due to linked B- and T-cell recognition. 

Without T-cell confirmation, the B-cell response is less pronounced. Vice versa, without B-cell 

recognition, PIRCHE II scores are irrelevant, as no allo-HLA is internalized into B-cells. It was 

also shown that high HLA mismatch degrees lead to accelerated DSA formation, because 

‘linked recognition’ works very efficiently. By contrast, if only few eplet mismatches (and high 

PIRCHE II) are present, or few PIRCHE II but a high eplet load, the feedback mechanism is 

weaker [354, 363]. As a follow-up of this doctoral thesis project, we consequently analysed 

the contribution of T-cell epitopes to CSA production, using data of the very same pregnancy 

cohort [364]. By linking B-cell and T-cell epitopes, we identified mismatched HLA derived 

peptides that contributed strongly to antibody formation in the presence of highly 

immunogenic eplets, indicating the potential for a refined aggregation of eplet and PIRCHE II 

matching beyond numeric chaining. 

Another significant optimization potential concerns the composition of the SAB panel. 

The large number of identical epitopes on different HLAs in the current panel, originally 

composed to assess HLA-specificities of antibodies, often results in overlapping binding 

patterns and the calling of multiple eplet-specificities. Every SAB based eplet-specificity 

analysis suffers this deficiency, including ours. A more balanced HLA set (i.e. including rare 

HLA alleles) would reduce such ambiguous results. Importantly, assumption of multiple eplet-

specificities becomes a disadvantage for DSA positive patients, as it proposes to avoid certain 

HLA mismatches. This, however, is the opposite of the new concept’s intended goal, namely 

to identify non-targeted eplets and low-risk eplets, aiming to raise more donor opportunities. 

We have addressed this issue in the review about SAB-derived antibody characterization in 
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Publication 3. Moreover, in the follow-up study of Publication 1, where we focused on 

immunodominant HLA class II eplets, we described this phenomenon in detail [227]. 

Our study represents considerable restrictions: Firstly, the investigated number of 

first-pregnancies was rather low and only HLA class I eplets were evaluated. Secondly, we did 

not perform absorption/elusion experiments, which could have potentially helped to confirm 

or rule out certain CSA eplet-specificities. The reason for this omission is that relatively rare 

HLA molecule types (either soluble or solid phase bound) would have been necessary to 

separate antibodies of slightly different specificities. Unfortunately, such HLAs are currently 

not available. Thirdly, our study lacks in longitudinal observation. Especially post-delivery 

samples could have provided valuable information on whether pre-delivery non-responding 

mothers develop dnCSA post-delivery, or how CSA properties change over time. However, 

recalling the mothers back to the hospital for blood drawing is challenging. Fourthly, our 

study, as with most eplet studies so far, disregards inter-individual aspects of the hosts’ 

immune system, which potentially alter the immune-response, and may therefore give an 

incomplete picture of eplet immunogenicity [365]. Finally, the available study material did 

not contain infantile or paternal cells to perform epitope-specificity profiles of CSA on natural 

HLA glycoproteins consisting of fucosylated biantennary structures (HLA class I) or bi-, tri- and 

tetra-antennary or high-mannose structures (HLA class II) [305, 306]. To date, no studies have 

examined to what extent glycosylation differs between recombinantly produced HLA on SAB 

and native cellular HLA. It remains to be elicited to which degree N-glycans on HLA, bound in 

close proximity to certain eplets impact CDR binding of BCR and the resulting generation of 

CSA/DSA. 

In summary, our study data suggests a clear hierarchy between currently defined 

AbVer HLA class I eplet mismatches with regard to their capability to individually trigger child-

specific alloimmune responses. After validation in the transplant setting, consolidated 

immunogenicity risk scores for individual eplets can be applied for organ allocation for patient 

specific immunosuppression in order to minimize the risk for dnDSA development and graft 

loss by avoiding high risk HLA epitope mismatches in SOT. 
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PUBLICATION 2 

 

In Switzerland, about twenty per cent of kidney recipients receive transplants across 

DSA [107]. To meet their increased immunological risk, the composition and dose of their 

(induction-) immunosuppression is adapted. However, a better definition of the individual 

pre-established B-cell memory of each of these patients would help to personalize the 

immunosuppression. DSA features not yet considered might provide more insight into the 

preformed immunological memory and predict the severity of the effector functions of 

circulating DSA present. Since one of the most detrimental effects of DSA is complement 

activation, this study focused on complement binding capabilities of pre-established DSA. 

Indeed, complement binding represents an effector mechanism of DSA that substantially 

participate in AMR and subsequently to allograft damage. 

 In the first part of this research study, we focused on the functional capability of DSA 

interacting with C1q, the molecule that initiates the classic complement reaction. This 

mechanistic investigation required the establishment of a robust in vitro assay. This assay 

served as a model to study the impact of different antibody mixtures (simulating DSA 

mixtures) on C1q-binding and thus on complement activation. The results generated were 

devoid of interference from serum components, as all reactants were dissolved in buffer with 

low bovine serum albumin (BSA) content. Moreover, the assay was strictly standardized 

(constant experimental conditions with regard to the total amount of beads, reaction-

volumes, incubation times, temperature, concentration of reporter antibody, etc.). Finally, 

using a definite HLA (DRB1*07:01/DRA1*01:01) and specifically reacting mAb allowed us to 

directly attribute differences of measured C1q-binding solely to the ‘concentration’ of the 

applied model antibody or model antibody mixture. The four model antibodies (IgG1, IgG2, 

IgG3, IgG4) all targeted the exact same (public HLA-DR/DP-) epitope. Indeed, the assay output 

was very informative with regard to the determined IgG-subclass complement-activation 

thresholds and the assessed dose responses (dose: IgG subclass concentration; response: 

C1q-binding). For example, we observed a slightly lower concentration of IgG3 (as compared 

to IgG1) necessary to initiate C1q-binding, which is in line with previously published data [143, 

366] and indicates high accuracy of our in vitro model.  
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 The main purpose of the functional assay was, however, to simulate different DSA 

constitutions and to measure the resulting net complement reaction effect. The most striking 

finding of this research was that HLA-specific IgG2 and – to an even higher extent – IgG4, 

when competing with IgG1/3 for binding against the same HLA target, were capable of 

strongly inhibiting C1q-binding. While it is well established that IgG2/4 per se exhibit low/no 

complement-binding performance [143, 312, 366], our results demonstrate their effect on 

coexisting IgG1/3: High concentration of IgG2/4 can abolish the effects of coeval strong 

complement-binders IgG1/3. Specifically, a two-fold excess of IgG4 over IgG3 or IgG1 already 

resulted in a decrease of C1q-binding of fifty to sixty-five per cent, while a six-fold excess 

exhibited an inhibition rate of eighty per cent or higher, and a ten-fold excess almost 

completely abolished complement binding.  This suggests an interesting general (i.e. not 

restricted to HLA-specific antibodies) regulatory mechanism of IgG2/4: by class switching to 

IgG2/4, followed by high proliferation of corresponding IgG2/4 clones, an IgG1/3-inducced 

over-reaction can be diminished or corrected. 

 Given the fact that the IgG1/2/3/4 used were composed of the exact same 

hypervariable Fab region and thus presented the exact same affinity profile [315], measured 

C1q-binding could be solely attributed to the parameter ‘concentration’ of applied IgG 

subclass/(-mixture). Unfortunately, we could not examine the impact of ‘affinity’ on C1q-

binding, since mAb targeting the exact same epitope but differing in their affinity are barely 

available. However, we speculate that HLA antibody affinity exerts an even enhanced effect 

on complement binding. Another missing clarification is whether or not in vivo IgG2/4 DSA 

have an increased affinity. Contrarily to IgG3/1, in vivo IgG2 and IgG4 often appear during a 

later phase of the humoral immune-response and some may emerge from cell clones with a 

history of several class switches. However, such cell clones do not necessarily produce 

antibodies with a comparably higher affinity, since immunoglobulin class switching [367-369] 

and affinity maturation [174, 370, 371] are independent processes [367, 372]. Our results 

indicate that IgG2 and especially IgG4, even if present at equal affinity, inhibit IgG1/3 

triggered C1q-binding very efficiently, suggesting a protective mechanism of these two more 

terminal subclasses against complement-induced damage [311].  It is crucial to realize that 

these conclusions are only applicable to antibody mixtures targeting the same epitope. 

By contrast, clinical samples often present HLA antibodies mixtures consisting of 

various affinities and epitope-specificities. In the context of the latter, complement responses 
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may be critically influenced by the spatial distances between the DSA targeted epitopes. Our 

results reflect the requirement of a critical distance between Fc residues of bound IgG 

molecules and C1q for an efficient C1q fixation [312, 314]. By increasing the concentration of 

IgG1 or IgG3 in our in vitro model, the constraint of critical proximity of bound antibody 

molecules were suddenly fulfilled, manifested by a rapid increase of C1q-binding. 

Furthermore, and in agreement with the conclusions of a mouse study conducted by Murata 

et al. [47], our spiking experiments demonstrated that IgG2/4 can synergistically enhance 

C1q-binding when they bind to epitopes adjacent to IgG1/3 targeted epitopes. This finding 

emphasizes the importance of HLA epitope location and the spatial distance between HLA 

epitopes. It also reassures of the benefit of DSA epitope-specificity analyses as conducted in 

Publication 1. 

After having gained the described insights into the model experiments, we explored 

the IgG subclass distribution of HLA antibodies in genuine pre-transplant patient sera. The 

rational of this investigation was to assess the extent of antibody mixtures representing 

elevated IgG2/4, capable of critically modulating the complement reaction. By measuring the 

resulting C1q-binding on each relevant targeted HLA in the SAB panel, we explored the impact 

of IgG2/4 containing HLA antibody mixtures on complement activation. This retrospective 

analysis indicated that slightly more than a third of the investigated sensitized patients indeed 

exhibited HLA antibody mixtures with an excess of IgG2/4. Such mixtures, however, only 

targeted about thirteen per cent of HLA present in used HLA class I and II SAB panels. While 

IgG2/4 in some of these mixtures contributed to an increased complement reaction, they 

demonstrated an inhibitory effect in others. Overall, the net complement binding effect of 

high content IgG2/4 HLA antibodies was slightly inhibitory. Importantly, these measurements 

were realized for all HLA antibodies present in pre-sensitized patients. Only a proportion of 

these antibodies are of clinical relevance, namely those with Fab against structures on 

mismatched donor HLA. Therefore, justifying the introduction of subclass examinations and 

C1q tests for all patients, with an ultimate benefit for only a small proportion of patients, 

remains difficult. However, while we have shown here only the value of DSA subclass 

information in the context of the expected complement response, DSA subclass information 

was shown to be quite conclusive in terms of FcgR binding and the associated recruitment of 

immune effector cells [44, 51, 373].  
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With regards to the restrictions of this study, we are aware that the C1q-binding 

capability of single IgG subclasses does not necessarily fully reflect an equivalent ability to 

activate the classical complement cascade. For example, although IgG3, in comparison to 

IgG1, binds C1q more efficiently, it was demonstrated that IgG1 is more effectual in triggering 

the complement reaction towards cell lysis, compared to IgG3 [143, 366]. Another limitation 

of the study is given by the fact that although the model IgG subclasses used were unique 

with regard to their equal Fab constitution, the very same restriction did not allow further 

exploration of the reported synergistic effect of IgG2/4 in vitro. To continue studying binding 

competition and the resulting effector function output of different co-existing HLA antibodies 

targeting different epitopes, I am currently specifying further HLA-specific mAb for their 

epitope-specificity, as well as for their affinity (manuscript in preparation).  

 In summary, our study has shown that DSA IgG subclass composition provides 

information on whether complement binding is triggered or suppressed. Our established in 

vitro model confirmed the following C1q-binding capability of each single IgG subclass: IgG3 

> IgG1 > IgG2/4. An interesting finding was that IgG2 and especially IgG4 inhibited IgG1/3-

induced C1q-binding when competing for binding to the same epitope. By way of contrast, 

IgG2/4 synergistically enhanced C1q-binding if bound to an epitope adjacent to bound IgG1/3. 

Our analysis of sera from sensitized pre-transplant patients identified HLA antibody mixtures 

with an excess of IgG2/IgG4 over IgG1/IgG3, present in about a third of pre-transplant 

patients and directed against thirteen per cent of Caucasian HLA-specificities. These clinical 

HLA antibody mixtures exhibited a slightly inhibitory effect overall on C1q-binding. 

 

The scientific achievements from Publication 1 and 2 lead to several propositions that may 

potentially contribute to a personalized pre-transplant risk assessment. However, the benefit 

of the improoved diagnostic procedures (summarised in Figure 8) may only become apparent 

after an evaluation phase. 
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Figure 8. Personalized pre-transplant risk assessment. Using an example of a recipient with 
pre-established DSA, this overview shows the most important elements (and results) of an 
improved pre-transplant risk assessment. Points 1 and 2 are concerned with the 
immunological risk in the context to the structural mismatch constellation given by the 
potential donor, whereas the remaining points describe features of the circulating DSA 
present. Points 1,2,5,7,8,9,11,12 are elements that constitute the content of this doctoral 
thesis and are proposed to be potentially used in order to enhance the immunological risk 
assessment prior to a transplantation of DSA positive recipients. The text below provides 
additional information or explains the purpose of each investigation. 
 

1) HR-2F HLA-Typing provides the basis to accurately determine the structural differences 
between donor and recipient. Mismatched donor HLA appears in red.  

 

2) Epitope-mismatch load quantifies the burden of epitope subunits. The three colours indicate 
the immunological risk based on the work from Publication 1 and from Ref 227 (green: low, 
medium: orange, high: red). 
 

  

Personalized pre-transplant risk assessment:

DSAIgG HLA-specificity: anti-HLA-DQB1*03:01/DQA1*05:05

DSAIgG SAB test signal: 19’153 MFI (HLA-DQB1*03:01/DQA1*05:05 single-beads)

DSAIgG Eplet-specificity: anti-45EVbeta , anti-52PLbeta , anti-55PPbeta , anti-75Salpha , anti-84QLbeta

DSA concentration: [ 65.0 µg/mL ]

DSA affinity: KD = 2.14*10-8 M

DSA isotypes:
IgG pos
IgM pos
IgA  neg

DSA IgG subclasses:

IgG1 pos
IgG2 neg
IgG3 pos
IgG4 pos

DSA C1q-binding:

positive

HLA class II antibody binding profile:

DSAIgG_SAB-Panel 14’756 MFI

C) Pre-sensitization
Potentially immunizing events: 2 pregnancies, 1 previous transplantation
HLA class I antibodies: no
HLA class II antibodies: yes

A) HR-2F HLA-Typing (mismatches in red)

recipient

donor

HLA class I:   5 MM
HLA class II:  6 MM

Total: 11 MM

B) Epitope-mismatch load

HLA-ABC 21H, 44RMA, 62LQ, 65RNA, 71TTS, 76ESN, 76ANT, 80TLR, 80K, 138MI, 138K, 156DA, 163LS, 173K, 177KT
HLA-DRB1/3/4/5 37YV, 51R, 57DE
HLA-DQB1/DQA1 45EV, 52PL, 55PP, 75S, 84QL
HLA-DPB1/DPA1 56A, 85GPM

Eplet-Load HLA class I:   15
Eplet-Load HLA class II:  10  

Total: 25 Eplets
2 high-risk Eplets 

1

2

3
4

5

6

7

8

9

10
11
12
13
14

A B C DRB1 DRB345 DQB1 DQA1 DPB1 DPA1
A*02:01 B*49:01 C*07:01 DRB1*13:02 DRB3*03:01 DQB1*06:02 DQA1*01:02 DPB1*14:01 DPA1*01:03
A*02:01 B*51:01 C*14:02 DRB1*15:01 DRB5*01:01 DQB1*06:04 DQA1*04:01 DPB1*14:01 DPA1*02:01

A B C DRB1 DRB345 DQB1 DQA1 DPB1 DPA1
A*02:01 B*15:01 C*03:03 DRB1*11:04 DRB3*02:02 DQB1*03:01 DQA1*05:05 DPB1*04:01 DPA1*01:03
A*29:02 B*44:02 C*05:01 DRB1*15:01 DRB5*01:01 DQB1*06:02 DQA1*01:02 DPB1*04:02 DPA1*01:03

DSA targeted mismatched donor-HLA
HLA representing DSA targeted eplets
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3) Number and route of pre-sensitization: helps to explain a pre-existing immunological 
memory or indicates potential immunological memory no longer measurable. 
 

4) HLA class specific pre-sensitization: indicates the HLA class specificity of diagnostically 
assessed circulating HLA antibodies 

 

5) HLA antibody binding profile: according to the results from point 4, only HLA class II specific 
antibodies of present Ig isotypes (point 8) are shown here, to visualize the extent of pre-
sensitization. In the context of a transplantation with the given donor, only antibodies that 
are targeting structures on mismatched donor HLA are relevant. The results of this epitope-
mapping (as applied in Publication 1) indicate the eplet-specificities given under point 12. A 
notable part of the pattern is due to the presence of HLA molecules carrying the eplets (blue 
dots) present on the relevant mismatched HLA-DQB1*03:01/DQA1*05:05 (red dot). Of note, 
this example indicates a high similarity between the IgM- and IgG-profile. 

 

6) Resulting MFI value of DSAIgG from the Luminex bead coated with the mismatched HLA. As 
explained in 5.1.3, this value should not be overinterpreted, as the SABpanel (multiplex)-test 
result is not suitable for quantification. 

 

7) DSA isotypes: the presence of IgA and/or IgM indicates a broader immunological memory but 
also impacts the MFI signal in IgG tests (binding competition) as pointed out in Publication 3. 
 

8) DSA IgG subclass distribution: Presence of IgG2 and/or IgG4 in the DSA mixture can impact 
the complement binding behaviour, as demonstrated in Publication 2. 
 

9) DSA C1q-binding status: the test result indicates the net impact of the DSA mixture on 
complement-binding as illustrated in Publication 2. 
 

10) DSAIgG HLA-specificity: indicates the mismatched donor-HLA that represents the DSAIgG-
targeted eplets 
 

11) DSAIgG SAB test signal: The MFI value generated by using solely the SAB coated with the 
donor-HLA of interest (SABmono), represents a more reliable quantitative measure, because – 
in contrast to the SABpanel – the ‘shared epitope phenomenon’ (explained in 5.1.3) does not 
apply. 
 

12) DSAIgG Eplet-specificity: provides the information about the eplets that are targeted by 
circulating DSA 

 

13) DSA concentration is a not yet determined measure that provides the information about the 
current DSA production activity of present HLA-specific plasma cells.  
 

14) DSA affinity: is one of the three features (see chapter 4.1.2) that has potential to better 
predict the hazardous potential of circulating DSA. We have recently developed a method to 
quantify DSA and to determine their affinity (manuscript in preparation). The serum of this 
example is one of which both characteristics have been determined. DSA affinity has 
substantial diagnostic potential and holds great promise to provide a novel clinically relevant 
assessment of transplant patients. 
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PUBLICATION 3 
	

Microparticles coupled with recombinant HLA have completely overtaken traditional 

determination of HLA antibodies in coated ELISA plate wells. The SAB assay is considered the 

standard of care for the assignment of DSA in sensitized patients prior to transplantation [73] 

or to monitor DSA post-transplant [115].  

Beside their simple determination, DSA can also be examined for their epitope-

specificity [147] on the basis of the SAB binding pattern, if properly separated from third party 

HLA antibodies by absorption/elusion [155]. Thanks to their availability in transplant 

laboratories and their ease of use, SAB assays have steadily been used to characterize 

additional DSA qualities or to expand DSA measurements. As an example, SAB testing has 

been proposed to assess HLA antibodies obtained by in vitro activation of circulating memory 

B-cells [123, 124] from sensitized recipients to complete HLA antibody analysis from serum, 

in order to detect pre-established DSA no longer measurable by circulating antibodies 

anymore [126, 127, 374]. 

 These multiple applications, as well as potential future purposes, give an immense 

importance to SAB tests. This makes it all the more important to know exactly the up- and 

downsides of the test method, to use it professionally and to assess SAB test results with the 

right expertise. Having been working with this assay since its birth, I have a clear awareness 

of the benefits but also the downsides of SAB tests. By writing this review, I and my author 

colleagues have taken on the responsibility to clearly explain the shortcomings of SAB testing 

and to propose appropriate improvements for the future. 

The review first highlights the benefits of SAB testing. Clearly, HLA antibody detection 

has become much more standardized and sensitive by using SAB. Moreover, virtual cross-

matching, as well as calculation of the sensitization broadness by means of cPRA (calculated 

panel reactive antibodies) has been highly promoted by the SAB technique and are very 

beneficial especially for pre-transplant risk assessment and organ allocation. Furthermore, 

SAB tests – in combination with HR-2F HLA typing – are of particular value for accurate DSA 

assignment and thus are of great value to prevent or to diagnose AMR. 

The review continues to describe the Luminex bead technology, the reading platform, 

and how the test signal is generated. We explain the two thresholds that can be applied (the 

technical and the clinical cutoff) in order to discriminate positive from negative reactions. 
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Based on this, we highlight technical issues that critically impact the test result and we 

describe important limitations in the context of SAB testing. We further elucidate why the 

currently used test format does not reveal quantitative antibody results and we provide all 

known factors that impact the test outcomes towards false positive as well as false negative 

results. At the same time, we provide concrete advice on how to circumvent certain 

interfering factors. 

Another major theme that we raise in the review concerns the presence of abnormal 

HLA-variants on SAB and the fact that recombinant HLA coated to SAB reacts slightly different 

in comparison to HLA expressed on cells. We have illustrated the differences between bead-

based and cell-based tests and their behaviour in various situations (e.g. low/high HLA 

antibody concentration or low/high antibody affinity), as these different tests are often used 

and evaluated in parallel when clarifying the sensitization status of the patient.  

Another topic of the review concerns SAB test modifications in order to discriminate 

between Ig isotypes or IgG subclasses of HLA antibodies or to measure antibody binding 

induced complement factors. We discuss the clinical relevance of these properties when used 

to characterize existing DSA. 

At the conclusion of the review, we made various suggestions regarding the future of 

SAB testing, knowing that the technology will be increasingly used to further characterize 

DSA. Our propositions aim to significantly improve the use of SAB for HLA antibody epitope-

specificity and to expand the measurement of all DSA (e.g. all isotypes/subclasses) in the near 

future. 

The review was written especially for transplant medicine physicians who are involved 

in transplant diagnostics. It provides them with a guide to better understand the SAB test, its 

position in comparison to other existing HLA antibody tests and, in particular, helpful 

explanations regarding the test results’ interpretation. We have received some appreciative 

feedback from the HLA community on this piece of work and we are pleased that this review 

seems to be fit for purpose. 
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