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1. Preface 

The herein presented thesis consists of a selection of two published original articles 

and one submitted original article.  

 

The work presented in this thesis was carried out between December 2016 and March 

2020 and was supervised by Prof. Dr. Katharina Fleischhauer at the Institute of 

Experimental Cellular Therapy, University Hospital Essen.  
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2. Zusammenfassung 

Das human Leukozytenantigen (HLA)-DP gehört zu den HLA Klasse-II-Antigenen und 

ist Angriffspunkt für eine T-Zell-Alloreaktivität in der hämatopoetischen 

Stammzelltransplantation (HSZT). Geringere Toxizität und ein verbessertes klinisches 

Ergebnis sind assoziiert mit limitierter T-Zell-Alloreaktivität gegen gut verträgliche 

(permissive) Kombinationen von HLA-DP Diskrepanzen zwischen Spender und 

Empfänger. Zwei gegenwärtige Modelle für HLA-DP Permissivität basieren auf 

strukturellen Differenzen, beziehungsweise auf unterschiedlichen 

Expressionsniveaus. Jedoch ist die biologische Grundlage beider Modelle sowie deren 

Zusammenhang nicht aufgeklärt.  Diese Promotionsarbeit soll Aufschluss zu dieser 

Fragestellung geben anhand folgender vier spezifischer Zielesetzungen: 

1) die Aufgliederung der zugrundeliegenden Mechanismen für die genetische 

Kontrolle der HLA-DP Expression und deren Verbindung zu strukturellen 

Polymorphismen 

2) die Auswirkungen struktureller Polymorphismen zwischen körpereigenen und 

allogenen HLA-DP Antigene auf das Repertoire alloreaktiver T-Zell 

Rezeptoren (TZR)  

3) die Untersuchung der Funktion von strukturellen Polymorphismen und des 

Peptid-Editors HLA-DM bezüglich seiner Funktion in der Anpassung des von 

HLA-DP präsentiertem Peptidrepertoires  

4) die Bestimmung, inwieweit das Ausmaß der Peptiddivergenz zwischen 

körpereigener und allogener HLA-DP Antigene sich auf die T-Zell-

Alloreaktivität auswirkt 

Diese Ziele wurden mit Hilfe molekularer und biochemischer Untersuchungen der 

HLA-DP Expression in Zelllinien und primären Immunzellen, mit Hilfe von Next 

Generation Sequening des TZRs, durch die Analyse des Immunopeptidomes von 

HLA-DP mittels Tandem-Massenspektrometrie und durch die quantitative 

Charakterisierung der T-Zell-Alloreaktivität zu HLA-DP in vitro von gesunden 

Spendern und ex vivo von Patienten nach HSZT verfolgt. Die Ergebnisse zeigen, 

dass die genetische Kontrolle von HLA-DP Expression zwar in B-Zellen besteht, 

jedoch diese in anderen Zelltypen einschließlich Antigen präsentierenden Zellen 

nicht gezeigt werden. Unterschiedliche T-Zell-Alloreaktivitätsniveaus gegen 

strukturell HLA-DP-Varianten wurden unabhängig von Expressionsniveaus 

beobachtet (Meurer, 2018) und waren mit hohem Maß an TZR Diversität (Arrieta-
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Bolanos, 2018) assoziiert. Dagegen war die T-Zell-Alloreaktivität limitiert durch das 

Ausmaß der Peptidabweichung zwischen körpereigenem und allogenem HLA-DP, 

welches wiederum abhängig von strukturellen Polymorphismen und der Aktivität 

des Peptid-Editors HLA-DM war. Diese Mechanismen schienen auch auf HSZT 

Patienten zuzutreffen (Meurer, eingereichtes Manuskript). Zusammenfassend 

konnte das Immunopeptidom und seine Regulierung durch Peptid-Editor HLA-DM 

als zentraler Regulator von T-Zell-Alloreaktivität zu HLA-DP in HSZT identifiziert 

werden. Folglich suggerieren die gemachten Beobachtungen, dass strukturelle 

Diversität die Basis für die HLA-DP Permissivität ist, die jedoch auch durch 

unterschiedliche Expressionsniveaus beeinflusst werden könnten. Diese 

Ergebnisse sind von potenzieller Bedeutung für die Modelle der HLA Permissivität 

in der klinischen Transplantation und suggerieren den Einsatz der gezielten 

Regulierung des Immunopeptidoms, beispielsweise durch HLA-DM, in der 

Zelltherapie. 
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3. Summary 

Human leukocyte antigen (HLA)-DP is an HLA class II molecule target of T-cell 

alloreactivity in haematopoietic stem cell transplantation (HSCT). Reduced toxicity and 

improved clinical outcome are associated with limited T-cell alloreactivity to well-

tolerated (permissive) donor-recipient HLA-DP mismatch combinations. Two current 

models for HLA-DP permissiveness are based on structural differences or differential 

expression levels, respectively. However, the biological basis of both models, and the 

relation between them, is still elusive. This thesis attempts to shed light onto this 

question, with the following four specific aims. 1) To dissect the mechanisms 

underlying genetic control of HLA-DP expression and its relation to structural 

polymorphisms. 2) To elucidate the effects of structural polymorphism between self 

and allogeneic HLA-DP on the alloreactive T-cell receptor (TCR) repertoire. 3) To 

investigate the role of structural polymorphism and the peptide editor HLA-DM in 

shaping the peptide repertoire presented by HLA-DP molecules. 4) To establish how 

the degree of peptide divergence between self and allogeneic HLA-DP impacts T-cell 

alloreactivity. These aims were pursued by molecular and biochemical investigation of 

HLA-DP expression in established cell lines and primary immune cells, by next 

generation TCR sequencing, by analysis of the HLA-DP immunopeptidome in tandem 

mass spectrometry, and by quantitative characterization of T-cell alloreactivity to HLA-

DP in vitro in healthy donors and ex vivo in patients after HSCT. The results show that 

while genetic control of HLA-DP expression could be confirmed in B cells but not in 

other cell types including professional antigen presenting cells, differential levels of T-

cell alloreactivity to structural HLA-DP variants were observed independently from 

expression levels (Meurer, 2018), and were associated with high degrees of TCR 

diversity (Arrieta-Bolanos, 2018). In contrast, T-cell alloreactivity was limited by the 

degree of peptide divergence between self and allogeneic HLA-DP, which in turn was 

dependent on structural polymorphism and on the activity of the peptide editor HLA-

DM. These mechanisms appeared to be operative also in HSCT patients (Meurer, 

under submission). Taken together, these data establish the immunopeptidome, and 

its modulation by the peptide editor HLA-DM, as key regulator of T-cell alloreactivity to 

HLA-DP in HSCT. Thus, the observations suggest structural diversity as the basis for 

HLA-DP permissiveness, which might however be modulated by differential expression 

levels. These findings have potential implications for models of HLA permissiveness in 

clinical transplantation and suggest that immunopeptidome modulation for instance by 

specific targeting of HLA-DM might be exploited in cellular therapy.   
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4. Introduction 

4.1. Human Leukocyte Antigen  

4.1.1. History 

HLA was first described in 1958 independently by Jean Dausset, Jon van Rood and 

Rose Payne. They discovered antibodies in the human serum that agglutinated with 

leukocytes from patients with multiple transfusions or multiparous women1-3. Target of 

these antibodies was the polymorphic HLA, first called ‘MAC’ (the initials of volunteers 

participating in the experiments), which is nowadays known as HLA-A21. In 1980, 

Dausset (together with Snell and Benacerraf) received the Nobel Prize for physiology 

or medicine for his discovery of HLA4. Prior to that also, van Rood and Payne pursue 

their findings and were able to detect a diallelic system of HLA. Van Rood discovered 

HLA-4a (HLA-Bw4) and -4b (HLA-Bw6) by screening sera from multiparous women 

against donor leukocytes resulting in a number of similar agglutination patterns5. As 

well, Payne together with Julia and Walter Bodmer detected a new leukocyte 

isoantigen system LA1 (HLA-A1) and LA2 (HLA-A2) by testing sera from multiparous 

women6. Little by little, more new leukocyte antigens were identified. For solving the 

complexity of HLA, collaboration between the different laboratories around the world 

was required. For this, the International Histocompatibility Workshop (IHWS) was 

established in 1964 organized by Bernard Amos. The IHWS was of importance to 

uncover the relationship, polymorphisms, and genetics of the different HLA alleles. 

This was feasible through exchange of knowledge, techniques, patient material, and 

reagents4. Thus, on the 6th IHWS in 1975 by exchange of Lymphocyte defined 

determinant homozygous typing cells, HLA-Dw1-6 was identified using mixed 

lymphocyte culture typing7. Later studies discovered that the corresponding HLA-D 

locus consists of three different determinants – DR, DC (later DQ) and SB (later DP). 

The discovery of the different HLA alleles as well as the knowledge of its structure, 

genetics and function is the achievement of the HLA pioneers and the international 

network of collaboration4. To date the IHWS persists, where knowledge of HLA is 

distributed and expanded along with new technologies.  
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4.1.2. HLA genetics and structure  

The Major Histocompatibility complex (MHC) is the most polymorphic gene locus in 

humans which accounts for 26,512 HLA alleles (IMGT/HLA database, release 3.39, 

2020/01)8. It covers around 260 genes with a length of ~4 Mbp located on the short 

arm of chromosome 6 (6p21.3). The nine classical HLA genes are classified into two 

regions HLA class I locus, containing HLA-A, -B and –C and HLA class II locus which 

carries genes that code for HLA-DR, - DQ and –DP. Both classical HLA classes are 

involved in antigen presentation. The third region class III, located between class I and 

class II loci, mainly comprises complement genes and a group of tumour necrosis 

factor genes9. In addition to the classical HLA genes, class I and II region comprises 

non-classical HLA genes with low genetic diversity. The non-classical HLA genes HLA-

E, -F, -G and HFE plus HLA-class I chain related MIC-A and MIC-B, involved in 

immune regulation, are located in the class I region. HLA-DM as well as HLA-DO take 

part in the antigen processing of class II and represent the non-classical HLA genes of 

that region10, 11. The inheritance of the MHC follows the Mendelian rules, with extended 

haplotypes being inherited in blocks due to low recombination12. The vast diversity of 

the MHC, is ensured through the polygeny and polymorphism of the MHC and its 

codominant gene expression including allele heterozygosity13. 

 

 

 

 

 

 

 

 

Figure 1: Map of MHC loci 

Classical and Non-classical MHC genes classified into three regions: Class I, II and II region                             

(from Abbas14). 
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The basic structure of classical HLA molecules is compared to the high variability of 

HLA much simpler, including many similarities between HLA class I and II. The HLA 

class I molecule is a heterodimer which is formed by a polymorphic α chain, and a 

short β2-microglobulin chain (Figure 2A). The 45kDa heavy α chain is MHC-encoded 

and composed of three hypervariable Ig-like domains. The α1 and α2 domains build 

up the peptide-binding groove, which accommodates peptides of 8 to 11 residues. The 

transmembrane region and the contact to the CD8 T cell co-receptor is assigned to the 

conserved α3 domain10, 14, 15. The α3 domain is noncovalently linked to the 12 kDa light 

β2-microglobulin chain. The non MHC-encoded β2 chain is not attached to the cell 

membrane but is able to strengthen the stability of the α chain peptide complex14. 

Unlike the class I β2 chain, the MHC class II molecule contains a polymorphic β chain 

attached to the cell membrane (Figure 2B). Similar to class I, the class II molecule is 

also a heterodimer. Here the heterodimer is formed by two noncovalently linked 

polypeptides, the α and β chain with a balanced molecular weight of about 30kDa15. 

Both chains are attached through a transmembrane region to the cell membrane and 

possess two domains. The α1 and β1 form together the open peptide-binding groove. 

Different to the closed peptide-binding groove of class I, it allows the binding of 

peptides with 10-30 or even more residues. The α2 and β2 domains are 

nonpolymorphic Ig domains, β2 domain serve as binding site for the CD4 T cell 

coreceptor14.  

 

Figure 2: MHC molecule structure 

Elements of the MHC molecule (A) Class I MHC structure (left). Crystallography of an HLA-B27 molecule 

with bound peptide (right). (B) Class II MHC structure (left). Crystallography of a HLA-DR1 molecule 

with bound peptide (right) (from Abbas14). 

A B 
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4.1.3. HLA antigen processing  

The main function of the classical HLA class I and II is the antigen presentation to T 

cells that then can discriminate between self and non-self cells. Here one has to 

distinguish the pathway of antigen processing and presentation between HLA class I 

and II16. HLA class I molecule is expressed on all nucleated cells and presents cytosolic 

proteins (e.g. from viral infections or intracellular bacteria) to CD8+ T cells17. Before the 

HLA is expressed on the cell surface, the presented peptide must be processed and 

loaded to the HLA molecule. The antigen processing pathway of HLA class I starts 

from a defective protein by cause of erroneous in translation or a misfolded protein 

(Figure 3). These defective proteins will then be ubiquitylated and transferred to the 

proteasome where the proteolysis will break them down into small fragments of 9 

amino acids18. Subsequently the transport associated with antigen processing (TAP) 

complex delivers the processed peptides to the endoplasmic reticulum (ER). Here the 

chaperone-mediated assembly of the HLA molecule takes place. Calnexin is 

responsible for the right folding of the HLA α chain and ERp57 - a disulphide isomerase 

- mediates the binding to the β2-microglobulin chain19. Next, tapasin, ERp57, 

Calreticulin and TAP form the peptide-loading complex (PLC), which stabilizes the 

empty HLA molecule. Before the PLC loads the peptide to the HLA molecule, the 

peptide is further trimmed by endoplasmic reticulum aminopeptidase (ERAP1 and 2). 

Once the peptide is bound, the PLC disintegrates, and the peptide-MHC complex 

(pMHC) exits the ER. Finally, the Golgi complex mediated the transport to the cell 

surface19, 20. 

Figure 3: HLA class I pathway of antigen processing and presentation  

HLA class I antigen presentation pathway in six main steps. 1) Antigen acquisition. 2) Ubiquitination. 

3) Proteasome dependent proteolysis into peptides. 4) Peptide transport into the ER via TAP. 5) Peptide 

loading onto HLA class I molecule. 6) Cell surface expression of peptide loaded HLA (from Vyas21). 
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By reason of diverse function in adaptive immunity, HLA class I and HLA class II show 

different features in expression profile, antigen processing and presentation16. In 

contrast to HLA class I, HLA class II cell surface expression is restricted to some 

subtypes of professional antigen presenting cells (APCs) including dendritic cells, B-

lymphocytes and macrophages10. However, under inflammatory conditions also 

epithelial cells and endothelial cells can express HLA class II22, 23. Peptides that are 

presented by HLA class II mostly derived from endosomal and lysosomal proteins that 

were internalized from the exogenous compartment. These self and non-self-derived 

peptides will be processed and then presented to antigen specific CD4+ T cells24. 

Unlike HLA class I, the peptide loading of HLA class II does not take place in the ER, 

but in the late endosomal compartment, also known as MHC class II compartment 

(MIIC)25. Afore in the ER, the binding of the invariant chain (li), a non-polymorphic 

protein, to the newly synthesized HLA class II molecule takes place (Figure 4). The Ii 

not only facilitates folding of the HLA class II molecule, its binding also blocks the 

peptide-binding groove hence no premature peptides are able to bind14, 26. Besides, it 

is required for the trafficking through the Golgi into the late endosomal compartment. 

At the plasma membrane, the HLA-Ii complex is internalized by clathrin-mediated 

endocytosis27. From the early endosome the HLA-li complex enters the MIIC 

compartment. Here proteolytic degradation takes place, the result is a small fragment 

named class II-associated li chain peptide (CLIP) which is bound to the peptide-binding 

groove of the proteolysis resistant HLA molecule26. Before antigenic peptides can be 

loaded, the removal of CLIP is required. This process is facilitate through the 

chaperone HLA-DM, a HLA class II like protein, which stabilized the empty HLA 

molecule and allows only the binding of high affinity peptides26, 28. HLA-DM is 

expressed on a broad spectrum of professional APCs29. The activity of HLA-DM is pH 

dependent, and highest in the MIIC compartment at a pH of 4.5-6.028. Additionally HLA-

DM activity can be modulated by its antagonist HLA-DO30. Like HLA-DM, HLA-DO is 

as well as HLA class II like protein, whose expression is restricted to mainly B 

lymphocytes and a sub-group of dendritic cells29. Lastly, the pMHC leaves the MIIC 

compartment in tubulovesicular endosomes and is transported and fused with the 

plasma membrane, finally ready to present the peptide to CD4+T cells31.    
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Figure 4: HLA class II pathway of antigen processing and presentation 

HLA class II antigen presentation pathway in 5 main steps.1) Newly synthesized MHC class II is blocked 

with invariant chain in the ER. 2) Internalization of MHC-Ii complex by clathrin-mediated endocytosis. 3) 

Peptide loading in MIIC compartment regulated by HLA-DM and HLA-DO. 4) Transport of the MHC-

peptide complex to the cell surface. 5) MHC class II antigen presentation on the cell surface (modified 

from Roche31). 

Although classical antigen presentation is defined by HLA class I presenting 

intracellular antigens and HLA class II presenting peptides derived from exogenous 

antigens, still class I is capable to present exogenous peptides in a process which is 

called cross presentation24. Cross presentation is known to occur most efficiently in 

dendritic cells but it also includes macrophages and B lymphocytes32. The result of this 

process is the cross-priming of naïve CD8+ T cells with viral or tumour antigens. 

Meaning exogenous peptides are presented via the HLA class I pathway, a 

mechanisms of great importance for the immunes system to generate self-tolerance 

and immunity to viruses33.  
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4.2. T-cell biology and antigen recognition 

4.2.1. T-cell subsets 

T cells are major drivers of the immune system due to their ability to specifically 

recognize non-self tissue34. T cells can be classified according to their function, 

expression of cluster of differentiation (CD) and cytokine production. The expression 

of different CD divides CD4+ T-helper cells (TH) from CD8+ cytotoxic T lymphocytes 

(CTL)35. The ontogeny of T cells comprises many maturation and differentiation steps. 

T cells emerge from the bone marrow as lymphocyte precursor and develop in the 

thymus to obtain their functional and phenotypic characteristics (see chapter 4.2.2)14. 

After maturation, T cells are released into the periphery as naïve T cells (TN). Among 

peripheral T cells one distinguishes between naïve, memory and regulatory T cells 

(Tregs). TN provide the recognition of new antigens while previously encountered 

antigens are targeted by memory T cells, maintaining long term immunity. Tregs have 

the capacity to regulate the immune system and maintain self-tolerance34. The priming 

of TN and subsequent differentiation takes place in the secondary lymphoid organs 

(Figure 5). After antigen encountering, T cells proliferate and differentiate into different 

subpopulations of memory T cells depending on the strength of stimulatory signal. After 

elimination of the encountered antigen, a number of memory T cell precursors are 

rescued36. Subpopulations of memory T cells are central memory T cells (TCM) and 

effector memory T cells (TEM) classified by their combinatorial expression of distinct 

surface markers. Gattoni et al have previously identified a new distinct subpopulation 

of memory T cell - T memory stem cells (TSCM)37. 

 

 

 

 

 

 

Figure 5: Naïve T cell priming 

Pathway of differentiation of primed naïve T cells in the secondary lymphoid organs. Differentiation into 

subpopulations of memory T cells depends on signal strength. Subpopulations are divided by the 

combinatorial expression of distinct surface markers. TN, naïve T cells; TCM, central memory T cells; TEM, 

effector memory T cells; TSCM, T memory stem cells (From Sallusto36). 
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Besides the maturation status of T cells, the heterogeneity of CD4+ T cells comprises 

TH1 and TH2 cells as firstly stated by Mossman and Coffman38. While TH1 cells, 

involved in cell-mediated immunity, secret interferon (IFN)-interleukin (IL)-2 and 

tumour necrosis factor (TNF)- TH2 cells produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-

13 and evoke mostly strong antibody responses35 . Later, further subpopulations of TH 

were discovered, including TH9, TH17, TH22 and follicular T helper cells (TFH), defined 

by their cytokine production profile (Figure 6). For example, are TH17 cells able to 

recruit neutrophils and therefore target specific classes of pathogens. In addition this 

subtype is responsible for the protection of mucosal surfaces and is involved in the 

pathophysiology of graft versus host disease (GvHD)39, 40. TFH are required for the 

germinal center formation and provide protection against pathogens via interaction with 

B cells41. Together, all different subsets are key orchestrators of the adaptive immune 

response and are required to maintain the human immunity.  

 

 

 

Figure 6: CD4+ T cell subsets defined by their cytokine production profile 

Schematic representation of the various subsets of CD4+ T cells showing distinct cytokine production 

profiles (from Hayat42). 
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4.2.2. T-cell receptor genomics and education 

Part of the highly efficient antigen recognition and response is the immense diversity 

of the T-cell receptor (TCR) repertoire. Germline organization of TCR genes and 

especially the TCR rearrangements contribute to this diversity16. The TCR is a 

heterodimer expressed on the cell surface of T cells. It is composed of a combination 

of andpolypeptide chains TCR) or andchains (TCRthe latter is less 

abundant14, 43, 44. Each TCR chain again is composed of a constant element (C) and a 

variable (V) element44. The encoding genes for the different chains are distributed on 

different chromosomes and three separate loci. The  and  chain loci are located on 

chromosome 7 and the , chain locus on chromosome 14 (Figure 7). The variable 

region, important for antigen recognition, includes several variable (V) and joining (J) 

genes. Exclusively the TCR and  loci exhibit additionally diversity (D) genes. Fewer 

genes are involved in the constant region, each TCR and TCR  includes two C 

genes, C1 C2 and C1, C2, respectively. Whereas TCR  and TCR each just 

exhibit one C gene – C and C. The four exons of every C gene encode for a short 

hinge region, the cytoplasmic tail, extracellular Ig-like domain and the transmembrane 

segment of the TCR14, 45. 

Figure 7: TCR loci organization 

Simplified schematic representation of the germline organization of the TCR loci. The four different TCR 

chains , , and  are distributed on two chromosomes 7 and 14 and on three different loci. V, variable; 

D, diversity; J, joining; C, constant; L, leader; enh, enhancer; sil, silencer (from Abbas14). 



 Introduction 

18 
 

During thymic ontogeny the TCR genes are assembled by somatic recombination, also 

known as VDJ rearrangement46. The rearrangement of the VDJ segments is a hallmark 

of the immune system to create the huge diversity of TCR repertoire47. Thus, this 

mechanism is able to generate about 1013 T cells with a unique TCR48. In brief, the V 

and J segments are randomly selected and rearranged for the TCR  andFor the  

and  TCR, containing a D element, this process is split in two separate events (Figure 

8A). The first rearrangement joins the D and J segment, subsequently the V segment 

is recombined to the DJ segment14, 44. The recombination process requires four 

sequential steps and is mediated by enzymes (Figure 8B). The first step is called 

synapsis, here the antigen receptor gene and the recombination machinery gather. 

Through chromosomal looping, the coding V segment, and its recombination signal 

sequence (RSS) is brought adjacent to the J segment and its RSS. The RSS are 

conserved heptamer and nonamer sequences which are separated by 12 or 23 

random nucleotides and can be recognized by the recombination activating genes 

(RAG) 1 and 214, 49. The chromosomal loop is enzymatically cleaved via double 

stranded breaks. The two recombinases work interdependent in generating a closed 

hairpin. RAG 1 forms a covalent hairpin by separating on one DNA strand the heptamer 

and the coding segment, RAG 2 generates a blunt end of double stranded DNA. For 

further processing RAG 1 and 2 hold the hairpin ends in position14, 50. In step three the 

endonucleases Artemis opens up the hairpins and template independent GC rich 

nucleotides (N) or template dependent palindromic (P) nucleotides are incorporated by 

the terminal deoxynucleotidyl transferase (TdT)14, 51. Finally, the two segments are 

fused by nonhomologous end joining. This process involves the ubiquitous factors 

Ku70 and Ku80 which are binding to the break, then a DNA-dependent protein kinase 

(DNA-PK) repairs the DNA double strand. The fusion of two encoding segments is 

mediates by the DNA ligase IV and its subunit XRCC414. 

Not only the process of the different possibilities of recombination of the three different 

segments (V, D, J), also the possible insertion and deletion events at the cleavage step 

and later on the pairing of the TCR  and  chains or TCR  and  chains account for 

the huge heterogeneity of the T cell repertoire, essential to cover all  antigen for 

recognition49.  
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Figure 8: V(D)J rearrangement  

Schematic representation of VDJ rearrangement of TCR  (from Hodges45). (B) Four sequential steps 

during VJ rearrangement. 7, heptamer sequence; 9, nonamer sequence (modified from Abbas 14). 

The protein structure of the TCR is built by the constant region, a complex of non-

polymorphic proteins known as CD3, connected to the membrane via a membrane-

spanning region including a short cytosolic tail (Figure 9A) 52. The associated variable 

region is assembled by two diverse polypeptide chains, either  or  which are linked 

via a disulphide bond 52, 53. The specificity of the TCR is given by the complementarity 

determining regions (CDR) which interfere with the antigenic peptide and MHC (Figure 

9A, B). The CDR is a structure of six hairpin loops connecting adjacent -strands 53, 54. 

These CDRs are mostly encoded on the V segment – CDR1 and CDR2. The 

hypervariable CDR3 is encoded between the V and J or D and J segment and includes 

N and P nucleotides44. 

 

 

 

 

 

 
 
 
 
Figure 9: TCR protein and gene structure 

(A) Protein structure of an  TCR (B) Organization of CDR genes in VDJ segments (from Attaf53). 
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The functionality of the TCR is verified by two selection mechanisms in the 

thymus55(Figure 10). Immature thymic T cells, called thymocytes, enter the thymus as 

double negative cells, meaning they do not express the TCR nor CD4 or CD856. At the 

stage of  selection a pre-TCR is generated by a TCR  chain, an invariant T chain, 

CD3 and the cytosolic subunit . Pre TCR signals lead to expression and 

recombination with the TCR  chain14, 57. Subsequently the thymocytes reach their 

double positive stage, expressing the complete TCR and associated CD3 and 

subunit as well as CD4 and CD814. Once the  TCR is expressed, the expression 

of  TCR chains is no longer feasible. Since the TCR  locus is deleted as soon as 

the rearrangement of the TCR  occurs58. To generate  TCR the rearrangements of 

their chains must occur before a productive TCR  rearrangement is generated, a rare 

event occurring in just 10% of the time14. The first selection mechanism to ensure self-

tolerance of the immune system is the negative selection. Primary negative selection 

occurs in the cortex. Here all TCRs that strongly recognize the self-antigen or that do 

not recognize the self pMHC at all will be eliminated by apoptosis or neglection59. 

Double-positive cells are also able to maturate into CD4+ Tregs by a non-elusive 

process60. Next, positive selection occurs in the medulla and ensures the self-MHC 

restriction of the T cells. Here T cells will be assigned to express either CD4 or CD8 

depending on their recognition of MHC class I or II molecules61. Secondary negative 

selection events also exist in the medulla, eliminating self-reactive single-positive T 

cells. Result of the thymic education mature functionally T cells are released into the 

periphery55. 

 

 

 

 

 

 

 

Figure 10: Thymic education 

Schematic representation of T cell thymic education ensuring TCR functionality and preventing 

autoreactivity (from Abbas14). 
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4.2.3. T-cell receptor function 

T cells are key orchestrators of the adaptive immune response, hence a balanced TCR 

repertoire is essential for specific TCR dependent recognition62. The recognized 

peptides are of exogenous or endogenous origin presented by MHC class I or MHC 

class II, respectively63. The MHC restriction of T cells was first discovered by 

Zinkernagel and Doherty in197464. Hence, T cell can recognize a foreign peptide 

presented by a self-MHC molecule, a feature that is ensured during thymic education. 

Recognition of MHC class II is restricted to CD4 expressing T cells, whereas MHC 

class I is recognized by CD8 T cells (Figure 11A)13, 65. The diversity of the pMHC 

exceeds the diversity of the TCR repertoire, thus an additional feature of T cells is their 

poly-specificity. Meaning they are cross reactive, able to recognize more than just one 

antigenic pMHC66. Thus, the TCR discriminates even single amino acids differences 

between peptides, yet the binding affinity to the pMHC is relatively low 67, 68. The 

structurally binding to MHC is exhibit by the CDR1 and CDR2 loops of the TCR, the 

highly variable CDR3 loop favours the contact with the presented peptide (Figure 

11B)63. The phenomenon of cross reactivity is enabled by the conformational plasticity 

of the CDR loops, especially CDR3 loop 69.  

For activation of the T cell the formation of the immunological synapsis (IS) is required. 

The IS describes the formation of a cellular complex structure at the interface of the T 

cell and pMHC expressing target cell, involving several molecules (Figure 12)70. The 

three most important signals to trigger the T cell activation are 1) the engagement of  

 

 

 

 

 

 

 

 

Figure 11: MHC-restricted T-cell recognition 

(A) Illustration of MHC class I/II-restricted T-cell recognition strengthen by the interaction of the CD 

molecules (CD4, CD8) (from Goodsell71). (B) CD4+ and CD8+ T-cell recognition and the involvement of 

CDR loops (from La Gruta65). 

CD8+ T cell CD4+ T cell A B 
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TCR and pMHC, 2) signals from co-stimulatory molecules like CD28 and CD80/CD86 

3) signals from cytokine or cell bound ligand signals such as TNF or IL6 72,73. Another 

co-stimulatory molecule involved in T cell activation is 4-1BB (also known as CD137)74. 

TCR activation leads to several intracellular signal cascades which trigger eventually 

a T cell response. In brief, engagement of TCR and pMHC leads to activation of the 

kinase Lck. It mediates the phosphorylation of the sequence motifs on the CD3 

subunits, called ITAMs. This triggers the recruitment and activation of protein kinase 

ZAP-70, provoking further downstream phosphorylation of scaffold proteins. 

Phosphorylation of ZAP-70 substrates leads to activation of further signalling pathways 

including the Ras pathway, cytoskeletal reorganization, and calcium mobilization. 

Calcium release involves the MAPK/Erk pathway, NF-B activation, and the activation 

of the protein phosphatase calcineurin promoting in the end the transcription of IL-275. 

Ras activation leads as well to the transcription of various key genes essential for T 

cell immune response. Negative regulation of TCR-mediated signalling is promoted via 

SHP2, an interacting transmembrane adaptor protein, to prevent a hyperactive 

immune response. Additionally, CTLA4 acts as natural inhibitor. In summary, T cell 

response is balanced via activation and negative regulation of the TCR signalling. So 

that the response only to foreign pMHC is assured and T cell activation by self-pMHC 

is inhibited75, 76. 

 

 

 

 

 

 

 

 

 

Figure 12: Immunological synapse 

Schematic representation of the immunological synapse, a cellular complex structure at the interface of 

the T cell and pMHC expressing APC. TCR activation involves interaction with different receptors and 

co-stimulatory molecules leading to activation of several signalling cascades (from Huppa70). 
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Despite the self MHC-restricted T-cell recognition, many T cells can specifically 

recognize non-self, allogeneic MHC molecules15. This T cell alloreactivity especially 

appears in the context of transplantation involving graft rejection and GvHD77. 

Alloreactive T cells display a high precursor frequency with 1 in 103-104, 100-fold to 

1000-fold higher compared to the precursor frequency of conventional recognizing T 

cells66. One differentiates T-cell alloreactivity between direct, indirect, and semi direct 

pathway (Figure 13). The ability of T cells to cross react facilitates the direct 

recognition of an allogeneic MHC expressed on an allogeneic target cell78. Resulting 

in T cells that are restricted by the allogeneic MHC. Via the indirect pathway of 

alloreactivity, peptides of a processed allogeneic MHC molecule or minor 

histocompatibility antigens (see chapter 4.4.1) are presented by an autologous APC 

on a self-MHC class II molecule. The third form of T-cell alloreactivity is the semidirect 

presentation, also known as cross-dressing. An autologous APC presents a peptide 

via an allogeneic MHC molecule, a process used by viruses during infection 79, 80. The 

direct T cell alloreactivity plays a crucial role in stem cell transplantation, promoting the 

beneficial graft versus leukaemia (GvL) but as well GvHD and thereby destroying 

healthy tissue. In an HLA-matched context, minor histocompatibility antigen serves as 

target for indirect T-cell alloreactivity. Further indirect T cell alloreactivity can lead to 

enhancement of allograft immunity or allograft tolerance in tissue and cellular 

transplantation 81.   

 

 

 

 

 

 

 

Figure 13: Forms of T-cell alloreactivity 

Schematic representation of the three forms of T-cell alloreactivity. Direct T-cell alloreactivity represents 

a donor APC dependent recognition. Semi-direct alloreactivity is the peptide presentation via an 

allogeneic MHC molecule expressed by an autologous APC. Indirect T-cell alloreactivity is the 

recognition of an allogeneic MHC derived peptide or minor antigen peptide presented by an autologous 

APC (from Zakrzewski 82).  
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The dependency of TCR interaction is contradictory. Some models reveal that 

exclusively the interaction with the allogeneic MHC molecule accounts TCR 

alloreactivity83. Other models are peptide centric in T-cell recognition of an allogeneic 

MHC complex (e.g. altered-self model)84.Further studies have demonstrated a central 

role of the peptide for alloreactive T cells85, 86. Finally, T-cell allorecognition is 

influenced by polymorphic residues of the MHC molecule, but also indirectly by the 

presented peptide, which is bound by hypervariable peptide-binding groove of the 

MHC molecule87.  

4.3. Clinical relevance of HLA 

4.3.1. Cell Therapy 

Cell therapy is defined as the injection of a cell product into a patient. Among other 

applications, cell therapy is widely used as treatment of cancer, autoimmune diseases, 

and haematological malignancies. This can be either an autologous or allogeneic cell 

product. An autologous cell product is used for ex vivo manipulation and will be 

reinfused into the same patient. A donor allogeneic cell product, not necessarily 

manipulated, is infused into a recipient patient. However, cell therapy has to face many 

obstacles such as safety and ethical issues 88.   

4.3.1.1. Haematopoietic stem cell transplantation  

A well-established type of cell therapy is the haematopoietic stem cell transplantation 

(HSCT), a treatment for malignant and non-malignant conditions. HSCT is the 

transplantation of pluripotent haematopoietic stem cells (HSC). The first HSCT in 

humans was performed by Thomas in 195789, by now more than one million HSCTs 

have been performed, the only cell therapy carried out in a large scale90. There are two 

main types of HSCTs 1) autologous stem cell transplantation and 2) allogeneic stem 

cell transplantation. In the autologous setting the patients cells itself are the source of 

transplanted HSCs. Thus, damaged bone marrow cell after high-dose chemotherapy 

and radiation treatment is replaced by prior extracted autologous cells. By using 

autologous cells high risk factors such as GvHD and graft rejection are excluded via 

self-tolerance. The autologous HSCT is most often used in haematological 

malignancies such as plasma cell disorders (52%), Non-Hodgkin’s lymphoma (28%), 

and Hodgkin’s disease (10%)91. The allogeneic HSCT requires HSCs from a donor 

which are infused into a patient and thereby establish a donor-derived haematopoiesis. 

Unlike the autologous HSCT, the allogeneic HSCT must overcome the barrier of 
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Histocompatibility (see chapter 4.4.1) with arising risks like GvHD92. This treatment is 

applied only for high risk patients with haematological diseases such as acute myeloid 

leukaemia (39%), acute lymphoblastic leukaemia (16%), and Myelodysplastic 

syndromes (12%)91. Similar to the autologous setting, the patient’s immune system is 

destroyed by chemotherapy or radiation prior to allogeneic HSCT. Thereafter donor’s 

granulocyte-colony stimulating factor (G-CSF)-enriched CD34+ HSC are transplanted 

into the patient. Selection of CD34+ HSC can be performed either ex vivo, prior to 

HSCT or in vivo, post HSCT by T and B cell depleting agents like anti-thymocyte 

globulin (ATG)93, 94. Besides ATG, also other antiproliferative agents and calcineurin 

inhibitors are used to supress T cell proliferation, an approach used for GvHD 

prophylaxis92. While T cell depletion can prevent GvHD, the T cells can also be 

beneficial. They promote the eradication of residual malignant cells, an effect named 

graft versus leukaemia (GvL) and are also valuable in preventing opportunistic 

infections. Thus, for example relapsed patients benefit from the GvL effect by the 

administration of donor-lymphocyte infusions (DLI). However, DLI administration can 

lead to sever GvHD95. Yet, the major challenge of HSCT still remains relapse, albeit 

different approaches to eliminate residual malignant cells - the major source of relapse. 

Therefore, shifting the balance between GvHD and GVL towards GvL is the key to 

control the disease and prevent relapse and infections94.   

4.3.1.2. New adoptive cell therapy approaches 

Adoptive cell therapy is a type of cellular immunotherapy in which the treatment of 

cancer is addressed by anti-tumour T cells. The treatment can be either alone or in 

combination with other therapies. The main types of adoptive cell therapies include the 

Tumour-infiltrating lymphocyte (TIL) therapy, Engineered TCR therapy, and the most 

emerging CAR T cell therapy96. The TIL Therapy promotes tumour killing by re-infusion 

of autologous ex vivo expanded and activated TILs. TIL treatment of metastatic 

melanoma revealed effective results in form of tumour regression 97.The engineered 

TCR Therapy involves autologous T cells which are re-infused into the patient after 

they are ex vivo genetically modified to express a TCR that targets a specific cancer 

antigen. A limiting factor of this therapy is the MHC-restriction of conventional TCRs, 

which restricts the applicability to patients with a specific HLA allotype96. Targets 

identified for engineered TCR Therapy are for instance MART-1 for melanoma, and 

NY-ESO-1 expressed by several cancers such as breast cancer, thyroid cancer and 

synovial cell sarcoma98, 99. One main risk factor of engineered TCRs is their cross-
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reactivity to healthy tissue which can lead to severe complications100. The area of 

cellular therapy currently drawing most attention is CAR T cell Therapy. CAR T cells 

are ex vivo genetically modified to express a CAR, a synthetic receptor targeting a 

specific antigen of choice. Compared to engineered TCRs, CARs are advantageously 

MHC-independent resulting in broad applicability. Initially CAR T cell therapy using 

autologous T cells was investigated. Nowadays advanced approaches are being 

exploited using allogeneic, “off-the-shelf” CAR T cells101. The first autologous CD19 

CAR T cell therapy for the treatment of B cell precursor ALL and B cell NHL was 

approved in 2017 in the U.S.102. But CAR T cell treatment also entails side effects. In 

particular the cytokine release syndrome (CRS) which lead to high fever and flu-like 

symptoms, but as well neurological toxicities and B-cell aplasia are reported103. Recent 

studies reveal NK cells as promising immune cell source for adoptive allogeneic cell 

therapy104. 

4.3.2. Other clinical applications 

Clinical relevance of HLA is also confirmed in the field of cancer, autoimmunity, and 

viral infection. Thus, highly polymorphic HLA molecules can affect the outcome of 

infection by their ability to trigger immune responses. Associations of certain HLA class 

I genes have been shown for the clearance of hepatitis B virus (HBV) infection105. Both 

HLA class I and II molecules are associated with several autoimmune disease such as 

Graves’ disease, Celiac disease, Type 1 diabetes, and Multiple sclerosis, displaying a 

predisposing or protective factors106. Also HLA class II DP disparities are associated 

not only with HSCT but also with solid organ transplantation107, 108. Additionally, HLA-

DP single nucleotide polymorphisms (SNP) are involved in associations with different 

autoimmune diseases and the outcome of viral infections, including HIV and 

autoimmune thyroid disease 109, 110. Besides HLA disease associations, HLA also 

influences different approaches of cancer immunotherapy. Immune checkpoint 

blockade represents a treatment strategy for malignant melanoma and squamous non-

small cell lung cancer. Anti-tumour response was demonstrated for inhibitors of 

cytotoxic T-lymphocyte-associated antigen 4 and programmed cell death-1111. Recent 

results have shown that certain HLA class I supertypes or HLA class I impact the 

success of these inhibitors 112. Therapy approaches using personalized neoantigen 

vaccines make use of T cells directed to cancer neoantigens. The binding affinity to 

HLA a key step in identifying neoantigens 113. Another antibody-based immunotherapy 

Milatuzumab targets the invariant chain of MHC II complexes114. 
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4.4. Donor selection in HSCT 

The major barrier in allogeneic HSCT is the immune recognition of HLA 

incompatibilities, playing a major role in engraftment, GvHD severity, and overall 

survival. Preferably used as donor source for allogeneic HSCT are HLA-matched 

siblings. However, in about 70% a suitable HLA-matched sibling donor is not 

available115. Alternatives donor sources to HLA-identical sibling donors are unrelated 

mismatched/matched donors, haploidentical donors, and cord blood. Cord blood has 

a downward trend (Figure 14), albeit decreased association with GvHD due to a 

polyclonal naïve T cell repertoire, but disadvantageously displaying much slower 

immune reconstitution116. Haploidentical donor transplantation provides as high 

availability, donor and recipient share by inheritance one haplotype and are HLA-

mismatched for the unshared haplotype117. In combination with GvHD prophylaxis 

post-transplant cyclophosphamide (PT-Cy) haploidentical HSCT has become a 

promising alternative118. Most used alternative donor source is represented by 

unrelated donors exhibit HLA incompatibilities. HLA mismatches are bearing a high 

risk of GvHD but also promote beneficial T cell alloreactivity against the residual tumour 

cells resulting in lower relapse rates117. HLA incompatibilities are determined by HLA 

high resolution typing. Today’s gold standard defines an “HLA match” as 10/10 match 

including the loci HLA-A, -B, -C, -DRB1, and -DQB1115. Additional typing for HLA-DPB1 

is recommended as results have demonstrated functional importance on HSCT 

outcome (see chapter 4.4.2)119. 

 

Figure 14: Numbers of HSCT by donor type from 1990-2014 

Development of performed HSCTs in Europe between 1990 and 2017 using different donor types 

(from Passweg120). 
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4.4.1. Histocompatibility  

Histocompatibility is defined as concordance of HLA between donor and recipient. As 

already mentioned, HLA disparity-dependent T-cell alloreactivity is the major source of 

complications like GvHD and graft failure. The higher the degree of HLA 

histocompatibility the significantly better the survival of HSCT (Figure 15A). An HLA-

matched donor (10/10) can be found for 50% of the patients in a Caucasian population, 

a number that is limited by the high diversity of HLA. Therefore, the identification of 

well tolerated HLA mismatches is of urgent need to provide the best suitable donor for 

a successful HSCT outcome (see chapter 4.4.2). An adverse outcome of HSCT was 

already demonstrated in association with HLA-A, -B, -C, and -DRB1 mismatches121. In 

that regard, single mismatches at HLA-A or HLA-DRB1 are not tolerated as good as 

HLA-B or HLA-C single mismatches122. Since HLA-DQB1 mismatches are less 

common, a significant clinical relevance could not be shown. One characteristic of HLA 

impacting histocompatibility is the phenomenon of linkage disequilibrium (LD)115. 

Accordingly, different HLA loci exhibit a non-random association of different alleles 

promoted by adjacent located loci of the HLA genes123. By implication of the strong LD 

to the well-matched HLA-DRB1, the low frequency of HLA-DQB1 mismatches can be 

explained. Whereas HLA-A to HLA-DQ exhibit strong LD, HLA-DP is separated by at 

least one recombination hot spot and only demonstrate a weak LD to other class II loci. 

Therefore the frequency of HLA-DPB1 mismatches (>80%) is very high in HSCT108. 

Significant higher relapse rates and lower incidence of acute GvHD after HLA-DPB1-

matched HSCT provide evidence of its immunogenic role (Figure 15B)124.  

 

 

 

 
 

 
 

Figure 15: Impact of HLA histocompatibility on HSCT outcome 

(A) Quantitative impact of HLA-A, -B, -C, and -DRB1 mismatches on survival of patients with early 

disease (Form Lee122). (B) Relapse probability (cumulative incidence) of HLA-DPB1 allele-mismatched 

or HLA-DBP1-matched patients (From Shaw125). 
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Histocompatibility can be also influenced by minor histocompatibility antigens 

(mHAgs). MHAgs are processed proteins deriving from nonsynonymous SNPs in the 

coding sequence that differ between donor and recipient126. In contrast to major 

mismatches that present allopeptides on the non-self HLA to donor T cells, mHAgs 

(host peptides) are displayed by APCs on self-HLA class I and II molecules to donor 

derived T cells127. Especially in HLA-identical allogeneic HSCT, mHAgs are target of 

T-cell alloreactivity able to mediate GvHD and GvL effect128, 129. T-cell alloreactivity 

against mHAgs derives from the naïve T cell subset whereas major mismatched-

mediated T-cell alloreactivity can be elicited by naïve and memory T cells127. Since 

mHAgs can mediate GvHD and GvL, they are exploited as target for adoptive T cell 

therapy or vaccination. Interference with mHAgs presentation is a potential strategy to 

prevent GvHD in HLA-identical HSCT. Another approach is mHAg vaccination and 

thereby trigger target immunization. When mHAg expression is restricted to leukemic 

cells, they can be targeted and eliminated using mHAg-specific T cells clones129. 

4.4.2. Permissive mismatching for HLA-DP by T cell epitope and 

Expression 

Modulating T-cell alloreactivity or identify well-tolerated mismatches is an objective 

tackled by different models. Favourable target molecule of these models is HLA-DP 

since it is often mismatched in allogeneic HSCT due to its weak linkage disequilibrium 

to other HLA loci and its clinical association with HSCT outcome. The T cell epitope 

(TCE) model is based on the observation that structural differences in the peptide-

binding groove encoded by exon 2 SNPs of HLA-DPB1 alleles influence the strength 

of T-cell alloreactivity130. HLA-DP mismatches from different TCE groups have been 

associated with increased risk of mortality. It was shown that a single HLA-DPB1*09:01 

mismatch in an allogeneic HSCT was target of T cell mediated-allograft rejection119. 

Several T-cell clones of this patient cross recognized structural similar HLA-DP 

alloantigen. Based on this observation HLA-DPB1 alleles were group into three 

different TCE groups, predicted of being high (TCE1), intermediate (TCE2), or low 

immunogenic (TCE3). These results lead to the establishment of an algorithm 

predicting well tolerated “permissive” HLA-DPB1 mismatches or detrimental, “non-

permissive” mismatches in allogeneic HSCT. Permissive mismatches arise from HLA-

DPB1 alleles within the same TCE group and non-permissive mismatches across 

different TCE groups (Figure 16). Depending on donor-recipient combination of the 

non-permissive HLA-DPB1 mismatch, T-cell alloreactivity can be directed either in 
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GvH or host versus graft (HvG) direction130. The TCE based algorithm predicting 

permissive or non-permissive HLA-DPB1 mismatches has been demonstrated to have 

clinical impact in allogeneic HSCT. The detrimental effect of non-permissive 

mismatches returns into lower probability of survival and transplant-related mortality 

compared to HLA-DPB1 matched or permissive mismatches (Figure 17A)131, 132. The 

probability of relapse has been shown to be significant higher in HLA-DPB1 matched 

compared to HLA-DPB1 mismatched patients (Figure 17B)131. Permissive 

mismatches are suggested to elicit limited alloreactivity sufficient to promote GvL and 

thereby shifting the balance from GvHD to GVL108. 

 

 

 

 

Figure 16: Classification of permissive and non-permissive HLA-DP mismatches 

TCE group assignment of the first allele is represented before the slash, and TCE assignment of the 

second allele is represented after the slash, both for donor and recipient. Mismatches can be predicted 

as permissive or non-permissive (GvH or HvG) mismatch (modified from Zino130).  

 

 

 

 

 

 

 

 

Figure 17: Clinical relevance of non-permissive HLA-DPB1 mismatches 

Comparison of HLA-DPB1 matched and permissive and non-permissive HLA-DPB1 mismatches in 

Kaplan Meier estimates of overall survival (A) and of relapse (B) (modified from Fleischhauer131). 

 

A
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Another model predicting permissive mismatches is the Expression model. This model 

is based on the observation that the cell surface expression levels of HLA-DPB1 are 

genetically regulated by a SNP (rs9277534) in the 3’untranslated region (UTR). 

Rs9277534 variants of HLA-DPB1 were first described by Thomas et al. in relation to 

HBV recovery, distinguishing most protective and most susceptible HLA-DPB1 alleles. 

Rs9277534 A is linked to lower HLA-DPB1 expression and higher HLA-DPB1 

expression is linked to rs9277534G133. Furthermore, a strong association with another 

SNP rs2281389 was shown134. In the clinical setting of unrelated allogeneic HSCT the 

expression marker demonstrated an impact on the risk of aGvHD. Thus, the risk of 

GvHD was higher for recipients with the high expression-linked SNP (G) in combination 

with a donor with low expression-linked SNP (A) (Figure 18). This significant 

association is limited to donors with rs9277534 A linked HLA-DBP1135. 

 

 

 

 

 

 

Figure 18: Clinical impact of high HLA-DPB1 expression linked SNP rs9277534 

Probability of acute GvHD of recipients either with rs9277534A-linked HLA-DPB1 (solid line) or 

rs9277534G-linked HLA-DPB1 receiving a transplant from a donor with rs9277534A-linked HLA-DPB1 

(from Petersdorf135). 
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Interestingly, HLA-DPB1 expression levels and TCE associated differences in 

immunogenicity show a strong overlap (Figure 19). Thus, high expression variant 

rs9277534 G is found in almost all HLA-DPB1 alleles assigned to TCE 1 and 2 

associated with higher immunogenicity and accordingly worse clinical outcome. Most 

TCE 3 assigned HLA-DPB1 alleles are linked to the low expression SNP variant A 

identified as well tolerated mismatch136.  

 

 

 

 

 

 

 

 

Figure 19: Overlap of TCE and Expression model 

Association of HLA-DPB1 alleles and expression levels linked to SNPs rs9277534 and rs2281389. High 

immunogenic TCE group1 HLA-DPB1 alleles are depicted in red, intermediate immunogenic TCE group 

2 alleles are depicted in orange, and low immunogenic TCE group 3 alleles are depicted in green (From 

Fleischhauer136).  
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5. Objective of this thesis  

HLA-DP is a molecule frequently mismatched in unrelated HSCT. Interestingly, HLA-

DP mismatches can induce limited T-cell alloreactivity mediating beneficial GvL and 

thereby lower the risk of relapse. However, the factors regulating differential T-cell 

alloreactivity against HLA-DPB1 are elusive.  

Thus, the goal of this thesis is to determine key regulators modulating T-cell 

alloreactivity against HLA-DPB1 and informing the prediction of permissive 

mismatches in HSCT. For this, the following investigations were addressed:  

(i) In vitro approaches to evaluate the relative role of expression vs structural 

variation in T-cell alloreactivity against HLA-DP molecules. 

(ii) An analysis of TCR diversity in relation to structurally characteristics of HLA-

DP antigens. 

(iii) A comprehensive study of the HLA-DP immunopeptidome and the effect of 

the peptide editor HLA-DM 

(iv) and how Immunopeptidome shaping impacts T-cell alloreactivity in healthy 

donors and transplanted patients and its relevance for permissive prediction 

assessment. 

 

Altogether the results should elucidate how permissive T-cell alloreactivity could be 

predicted to shift the balance towards GvL effect in HSCT. Moreover, it should give 

rise how to harness T-cell alloreactivity in fields of cancer immunology and 

Autoimmunity, as well for translational applications.  
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7. Discussion 

In this thesis, I have used different approaches to investigate the fundamental features 

of T-cell alloreactivity to HLA-DP in order to unravel the basis of mismatch 

permissiveness in HSCT and to identify targets to modulate its strength and that can 

be used translationally. We tried to dissect the effects of structural differences and 

SNP-linked expression levels of HLA-DPB1 to assess the relative role of these factors 

in differential T-cell alloreactivity. Interestingly, differential T-cell alloreactivity could be 

determined also in independently of differential expression levels, suggesting that 

structural features of HLA-DP play a predominant role over expression levels in 

eliciting T-cell alloreactivity. By means of deep TCR sequencing of alloreactive T cells 

against structurally similar and dissimilar HLA-DPB1 alleles, we showed that TCR 

repertoire diversity can be high, despite differences in the strength of T-cell 

alloreactivity. Lastly, I investigated the impact of the HLA-DP immunopeptidome on T-

cell alloreactivity through the peptide editor HLA-DM. Results of mass spectrometry 

analysis and functional assays showed evidence for a central role of the peptide that 

is presented by HLA-DP in regulating T-cell alloreactivity.  

For most patients undergoing HSCT, an unrelated donor is required since a matched 

related donor is not always available, especially in ethnic minorities. HLA-DP is very 

often mismatched in 9/10 or 10/10 matched unrelated donors. Thus, the definition of 

well-tolerated HLA mismatches is needed to achieve successful HSCT outcome. For 

that, HLA mismatch permissiveness prediction has been extensively sought by various 

groups to tackle the challenge of matching of the highly polymorphic HLA. Several 

proposed prediction models for HLA in general or specific for HLA-DPB1 have 

emerged. Apart from the expression levels-based models, which are based on 

differential SNP-associated expression levels135, 137, most of the current models such 

as HistoCheck138, PIRCHE139, HLAMatchmaker140, and the HLA-DP TCE130 and 

functional distance (FD) models141 are based on structural features of HLA molecules. 

HistoCheck is a sequence dissimilarity matching score originally based on HLA class 

I molecules taking into account amino acid relevance for antigen presentation and 

number of amino acid differences138. Its internet-based software tool claims it can 

predict allogenicity of HLA class I and II mismatches142. Epitope-based matching 

algorithms include the PIRCHE (Predicted Indirectly Recognizable HLA Epitopes) and 

the HLAMatchmaker (eplet) models. The PIRCHE model considers epitopes that are 

target for indirect T-cell allorecognition139, whereas HLAMatchmaker is based on direct 
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recognition of so-called eplets, i.e. polymorphic key residues of HLA epitopes140. 

However, assessment of the clinical relevance of most of these models showed 

weaknesses characterized by studies with limited size, retrospective design, lack of 

validation assessment, and inconsistent association with improved clinical outcome 

prediction143-145.  Other models focused on HLA-DPB1 mismatches, such as the TCE, 

FD, and Expression models estimate the allogenic potential of HLA-DPB1 disparities. 

Correlation for the 3’UTR high HLA-DPB1 expression level marker rs9277534 with 

higher risk of GvHD was demonstrated in clinical studies135. However, functional 

testing of the SNP association with HLA-DPB1 expression levels was not performed, 

so it remains unclear whether differential expression levels are the direct cause of the 

observed association. The high overlap (80%)136 between HLA-DPB1 allele 

classification according to the Expression and TCE models does not exclude that 

expression levels are a surrogate for structural differences. The TCE model was 

experimentally proven to predict different strengths of T-cell alloreactivity initially 

explained via T-cell cross-recognition patterns and allowing for the classification of 72 

HLA-DPB1 alleles into three T-cell epitope groups determining permissive or non-

permissive HLA-DPB1-mismatches associated with clinical outcome of unrelated 

HSCT108, 130. Further investigation into the basis of the TCE model led to the conception 

of the FD model, which integrated the impact of single amino acids at specific positions 

of the HLA-DP peptide-binding groove on T-cell alloreactivity patterns. The FD risk 

prediction was also demonstrated to be associated with GvHD and mortality after 

unrelated HSCT146, 147. By means of in silico FD prediction, the quantitative limitation 

of TCE HLA-DPB1 allele classification was solved and shown to predict outcome in 

HSCT for all described alleles141. However, these two models still have some 

limitations since they are based only on one reference allele (HLA-DPB1*09:01) and 

only single amino acid changes were investigated for the establishment of the FD 

scoring, missing potential effects of additive amino acid changes. 

Overall, one fundamental aspect to generate clinically informative models that can 

effectively predict permissiveness of HLA mismatches and clinical outcome after HSCT 

is a thorough understanding of the biological principles of alloreactive responses 

against HLA. The results of my thesis shed light onto some of these unknown aspects 

for alloreactivity against HLA-DP. 

First, we aimed to dissect the relative role of HLA-DPB1 expression levels and TCE on 

T-cell alloreactivity. Although we confirmed previous data regarding rs9277534 SNP-



 Discussion 

140 
 

linked differences in HLA-DPB1 expression levels in B cells and BLCLs, we 

demonstrated that this effect was abrogated under in vitro-simulated inflammatory 

conditions (Article II, Figure 1). According to our in vitro data we could not find evidence 

for a direct impact of HLA-DPB1 expression levels on differential T-cell alloreactivity. 

On the contrary, despite similar HLA-DP expression levels, distinct strengths of T-cell 

alloreactivity were elicited due to structural variation across HLA-DPB1 alleles (Article 

II, Figure 8B). Since functional studies showing evidence for the direct impact of the 

rs9277534 SNP on differential expression levels are missing, we performed a thorough 

testing of the SNP and its direct relationship to HLA-DPB1 expression levels. Our data 

could not confirm a direct impact of the 3’UTR SNP on HLA-DPB1 RNA expression 

levels. Furthermore, we could exclude a role for alternative splicing mechanisms 

(Article II, Figure 4C and 5B, respectively). These results suggest that the SNP could 

be a surrogate for another SNP outside of the 3’UTR or for another mechanism 

impacting expression levels. For instance, post-transcriptional mechanisms could play 

a role since the 3’UTR contains many regulatory regions that can influence gene 

expression. Hence, non-coding RNAs such as microRNAs (miRNA) could modulate 

expression levels of HLA-DPB1. Recently, miRNA binding to the rs9277534 A/G SNP 

in the 3’UTR of HLA-DPB1 was computationally assessed showing that the A-variant 

linked to low HLA-DPB1 expression was associated with higher miRNA interaction. 

Furthermore, miRNAs targeting other polymorphisms that are in linkage disequilibrium 

with rs9277354 A/G148 have been identified. These findings hint to a dynamic process 

impacting differential expression levels. However, our observations suggest a 

predominant role of the structural characteristics defined by the TCE model, which also 

shows even greater applicability in unrelated allogeneic HSCT compared to the 

Expression model (Article II, Figure 6C). Hence, expression levels might be a surrogate 

of structural variations of the TCE model as both models have a significant overlap136 

as explained above. We were not able to fully separate these two models, but others 

have directly and indirectly addressed this association. Morishima et al. reconstructed 

the evolutionary relationship of HLA-DPB1 alleles based on next-generation 

sequencing data of the HLA-DPB1 gene region and multi-SNP data of 19 HLA-DPB1 

alleles149. Their results provide a new classification that separated DP2-like and DP5-

like polymorphism patterns supported by the SNP-linked expression levels but showing 

discrepancies in association with the structural based TCE model. For example, HLA-

DPB1*05:01 classified in TCE group 3 exhibits structural similarities to the DP5-like 

group and not the DP2-like group, which contains most TCE group 3 alleles. These 
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findings point to the limitations of the TCE model as TCE group 3 is an exclusion group 

including structurally divergent alleles. Recently, another study from Al Malki et al. 

addressed the combined impact of TCE permissive and non-permissive mismatches 

and expression levels of HLA-DP  in a retrospective study150. They could demonstrate 

that in patients that were matched 11/12 with a permissive mismatch combined with 

low HLA-DP expression levels had the best outcome in allogeneic HSCT. This 

suggests that both models contribute to better outcome in HSCT. More importantly, 

however, these findings might reflect the fact that mismatches involving alleles from 

TCE group 3, some of which differ structurally and which are associated with the high-

expression variant, could have to be reclassified as less permissive. Whether or not 

and to what extent the Expression model complements or refines the TCE model 

warrants further investigation. 

Second, we addressed the influence of structural differences between HLA-DP 

allotypes on alloreactive TCR diversity. Despite quantitative differences in T-cell 

alloreactivity against structurally similar and dissimilar HLA-DPB1 alleles, the diversity 

of T-cell clones from healthy subjects able to respond to these mismatches was 

comparably high in both cases (Article I, Figure 3A). A limited T-cell response but with 

the presence of a diverse TCR repertoire is a desirable combination for effective 

malignant disease control, as it is for efficient immune responses against viral 

infections and other pathogens. Taken together, these data illustrate one of the 

possible mechanisms by which permissive mismatches according to the TCE model 

confer better HSCT outcome, since these kinds of mismatches confer lower relapse 

rate with comparable overall survival when compared to HLA-DPB1 allele matches131, 

132.  

Third, we pursued a comprehensive study of the HLA-DP immunopeptidome and the 

effect of the peptide editor HLA-DM and their role for T-cell alloreactivity and 

permissive mismatch prediction assessment in healthy donors and transplanted 

patients. A role for the immunopeptidome for T-cell alloreactivity is supported by the 

fact that crucial amino acid changes that impact T-cell alloreactivity are known to be 

peptide contacts in the peptide-binding groove146, potentially representing a biological 

basis responsible for permissiveness and a possible approach for T-cell alloreactivity 

modulation. Our analysis of the peptide repertoires revealed a significant overlap 

between structurally similar compared to structurally divergent HLA-DPB1 alleles 

showing distinct immunopeptidomes (Article III, Figure 1C) suggesting that structural 
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differences of HLA-DPB1 are reflected in the similarity of their immunopeptidomes. 

Furthermore, we could verify our hypothesis that HLA-DM-mediated shaping of the 

immunopeptidome modulates T-cell alloreactivity with strong effects in the context of 

permissive mismatches in healthy individuals and patients after allogeneic HSCT 

(Article III, Figure 4A, 6A). In responses against structurally very similar HLA-DPB1 

alleles the alloreactive TCR diversity is reduced if HLA-DM is active (Article III, Figure 

5B, C). Moreover, inhibition of HLA-DM via antagonist HLA-DO also increased T-cell 

alloreactivity in the permissive situation (Article III, Figure 4C). 

In summary these findings suggest a central role of the immunopeptidome presented 

by HLA-DPB1, able to modulate T-cell alloreactivity in an allotype-specific manner. 

This observation could be transferred to a novel permissive mismatch and outcome 

prediction model in unrelated HSCT. More precisely, a high immunopeptidome overlap 

between two HLA-DPB1 alleles predicts permissiveness, whereas mismatches 

involving alleles with low immunopeptidome overlap would represent non-permissive 

mismatches. In addition, such an immunopeptidome-based prediction model (Figure 

20) would be able to integrate existing models such as FD scoring, TCE, DP2-DP5, 

and Expression levels. According to this proposed model, decreasing 

immunopeptidome similarity caused by structural differences in the HLA-DP peptide-

binding groove would lead to increasing levels of alloreactive response and alloreactive 

TCR diversity. For instance, HLA-DPB1*05:01, currently classified as a TCE group 3 

allele, would be classified as a permissive mismatch for an individual homozygous for 

allele HLA-DPB1*04:01 according to the current TCE algorithm. However, 

classification according to the immunopeptidome-based prediction model would take 

the structural divergence (presence of 84DEAV87 motif) and the strength of T-cell 

alloreactivity into account. T-cell alloreactivity to HLA-DPB1*05:01 was shown to be 

significantly higher compared to other TCE 3 alleles (Article II, Figure 8B). Moreover 

HLA-DPB1*05:01 shows a distinct peptide binding motif compared to of HLA-

DPB1*04:01 (unpublished data – Peter van Balen, personal communication), 

indicating that also the immunopeptidome will be different with reduced overlap. 

Showing strong alloreactivity, small immunopeptidome overlap with different peptide 

binding motifs and likely higher alloreactive TCR diversity, HLA-DPB1*05:01 would 

probably be classified as a non-permissive HLA-DPB1 allele for DPB1*04:01-

homozygous responders according to the immunopeptidome prediction model. The 

Expression model also predicts HLA-DPB1*05:01 as high expression allele135 and 
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hence non-permissive for DPB1*04:01 responders. The same occurs with the 

evolutionary based Japanese model, where DP5 is even the representative allele of 

one of the allele groups, with DPB1*04:01 being classified within the DP2 group149. 

Taken together, an immunopeptidome overlap-based classification of HLA-DP 

mismatches would represent an integral, direct approach for gradual identification of 

permissiveness in unrelated HSCT capable of consolidating all present algorithms. The 

data presented in this thesis would support a rationale for intelligent HLA-DP 

mismatching that combines controlled levels of alloreactivity with sufficient TCR 

diversity to maximise the anti-leukaemia therapeutic effects of HSCT. 

In addition to their relevance for HSCT outcome prediction models, our results hold a 

potential for translational impact of T-cell alloreactivity modulation. HLA-DP is an 

interesting target for immunotherapy due its capability of eliciting leukaemia-specific T-

cell alloreactivity. Earlier an ex vivo study demonstrated the anti-leukemic response 

against HLA-DP expressing B cell leukaemia151. Moreover, it was shown that the 

repertoire of HLA-DP-specific T cells exhibits restricted recognition of haematopoietic 

cells152 and AML blasts153, supporting the applicability of HLA-DP as a target for 

adoptive T-cell therapy. Furthermore, our results demonstrated the modulation abilities 

of HLA-DM impacting the strength of alloreactivity. Targeting of the immunopeptidome 

could be used to modulate T-cell alloreactivity against HLA-DP. Thus HLA-DM could 

be used as a target for pharmacological inhibition (e.g. via small molecules) to increase 

the strength of alloreactive T cells against DM positive leukemic cells. Modulation of 

HLA-DM activity using small molecules was earlier demonstrated for HLA-DR154. In 

addition, the ability of a drug mediating structural changes in the peptide-binding 

groove was demonstrated for HLA-B*57:01 and abacavir treatment155. A similar 

approach could potentially be applied to HLA-DP, which could produce 

immunopeptidome changes, mimicking HLA-DM negative conditions and allowing the 

induction of harnessed, cell-specific T-cell alloresponses. Alternatively, HLA-DM could 

be knock-out using CRISPR/Cas technology156. 

Moreover, the results presented in this thesis regarding the regulation of T-cell 

alloreactivity by HLA-DM could also have implications in the field of tumour 

immunology. Intuitively, the same immunotherapy approaches for leukaemia could 

also be applied for the treatment of solid tumours. Several tumour-specific antigens 

are used for TCR immunotherapy providing encouraging results for instance for the 

treatment of melanoma157, 158. As suggested above, alteration of the immunopeptidome 
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via HLA-DM could modulate T-cell alloreactivity against the tumour cells. The knockout 

of HLA-DM in tumour cells could lead to enhanced T-cell allorecognition and thereby 

improve autologous immune responses and eradication of the tumour. Another report 

identified HLA class II-restricted peptides as a potential therapeutic reagent (vaccine) 

for cancer patients showing that unique peptides presented by invariant chain-negative 

cancer cells can activate tumour specific T cells 159. In this context and in view of the 

data presented in this thesis, HLA-DM-negative cancer cells could have the same 

effect for anti-cancer immunization strategies. 

Our results are not only of importance in cancer therapy but also have implications for 

autoimmunity as antigen presentation is an essential process triggering autoimmunity. 

HLA-DP has been associated with autoimmune diseases like Graves Disease160 or 

multiple sclerosis161. In contrast to other HLA class II loci, HLA-DP provides special 

features for antigen presentation. In particular, it is able to present a broader array of 

peptides in the absence of HLA-DM, whereas many HLA-DR allotypes are highly 

dependent HLA-DM activity for the exchange of CLIP162. This might mean for example 

that peptide changes due to inflammatory conditions might lead to a distinct peptide 

repertoire allowing the presentation of HLA-DM independent peptides in the periphery 

that were not presented in the thymus before and thus lead to auto-reactive T cells 

activation163. Beside the reported association of HLA-DM164 and HLA-DO with 

autoimmune disease, the relevant role of HLA-DM and HLA-DO and their influence on 

self-peptide presentation on HLA class II molecules in the pathogenesis of 

autoimmune disease has been experimentally shown165, 166.  

In conclusion, the results presented in this thesis shed light onto the mechanism of 

modulation of T-cell alloreactivity against HLA-DP, providing the basis for the 

establishment of a refined model for permissiveness prediction in unrelated HSCT. 

Despite the fact that we used an in vitro HeLa cell system as artificial APC to assess 

the impact of the immunopeptidome on T-cell alloreactivity, strong evidence supports 

a central role of the presented peptides and their editing by HLA-DM and DO in this 

process. These results must be confirmed in haematopoietic APCs, and beyond the 

representative HLA-DPB1 alleles tested, something which would very likely enlighten 

the classification of alleles, especially within the heterogeneous TCE group 3, and 

contribute to solve the discrepancies regarding HLA-DPB1 allele and mismatch 

classification across the various available models in HSCT. Finally, the findings 
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regarding the regulation of T-cell alloreactivity against HLA-DPB1 summarized in this 

thesis are also of potential importance for cancer immunotherapy and autoimmunity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Immunopeptidome-based prediction model for permissiveness 

A peptide repertoire similarity-based model unites immunopeptidome with TCR diversity (red curve) and 

structural similarities, which all together impact the strength of T-cell alloreactivity. Red box shows 

theoretical optimal conditions for limited T-cell alloreactivity (i.e. harnessed response with sufficient TCR 

diversity). Bar on the bottom presents HLA-DPB1 alleles according to their increasing immunogenicity 

for a self-DPB1*04:01 reference allele. Model is based experimental observation of two model alleles 

HLA-DPB1*04:02 and HLA-DPB1*10:01. Absence of HLA-DM modulates immunopeptidome overlap, 

hence could be used to achieve the range of optimal conditions.  
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9. Appendix 

9.1. Abbreviations   

A  

APC Antigen presenting cell  

C  

C Constant 

CAR Chimeric antigen receptor 

CD Cluster of differentiation 

CDR Complementary determining region 

CLIP class II-associated li chain peptide 

CRS Cytokine release syndrome 

CTL Cytotoxic T lymphocytes 

D  

D Diversity 

DLI Donor-lymphocyte infusions 

DNA-PK  DNA-dependent protein kinase  

E  

ER Endoplasmic reticulum 

ERAP Endoplasmic reticulum aminopeptidase 

G  

G-CSF Granulocyte-colony stimulating factor 

GvHD Graft versus host disease  

GvL Graft versus leukaemia  

H  

HBV Hepatitis B virus 

HLA Human leukocyte antigen 

HSC Haematopoietic stem cell  

HSCT Haematopoietic stem cell transplantation  

HvG Host versus graft 

I  

IFN Interferon 

IHWs International Histocompatibility Workshop 

Ii Invariant chain  

IL Interleukin 

IS Immunological synapse 

J  

J Joining 

K  

kDa Kilo Dalton  

L  

LD Linkage disequilibrium  
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M  

Mbp Mega base pairs 

mHAg Minor histocompatibility antigens 

MHC Major histocompatibility complex 

miRNA MicroRNA 

MIIC MHC class II compartment 

MMUD Mismatched unrelated donors 

N  

N GC rich nucleotides 

NA Not applicable  

NK Natural killer 

P  

P Palindromic nucleotides 

PLC Peptide-loading complex 

pMHC Peptide/MHC complex 

PT-Cy Post-transplant cyclophosphamide ( 

R  

RAG Recombination activating genes 

RSS Recombination signal sequence 

T  

TCM Central memory T cells  

TEM Effector memory T cells 

TH T helper cells 

TN Naïve T cells  

TSCM T memory stem cell 

TAP Transporter associated with Antigen Processing 

TCE T cell epitope 

TdT Terminal deoxynucleotidyl transferase 

TIL Tumour-infiltrating lymphocyte 

Tregs Regulatory T cells 

TCR T-cell receptor 

TNF Tumour necrosis factor  

U  

UTR Untranslated region  

V  

V Variable 
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