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ABSTRACT 

 

Alexander Celik: “The basis of HLA-G mediated dysregulation  

of immune effector cells” 

 

The non-classical HLA class Ib molecule HLA-G adopts a specialized role in the immune 

system, especially during pregnancy where HLA-G expression prevents rejection of the 

embryo. Because the embryo constitutes a semi-allograft, localized suppression of the 

immune system is needed to allow for embryonic development. This is facilitated in part 

through the down regulation of classical HLA class Ia molecules and the simultaneous 

upregulation of the non-classical molecules HLA-E and predominantly HLA-G on extravillous 

trophoblasts in the placenta. HLA-G acts as a potent immune suppressor by inhibiting NK 

cell mediated lysis triggered by the lack of HLA class I surface expression, inducing T 

regulatory cells and apoptosis in CD8+ T cells as well as inhibiting the function of B and  

dendritic cells. Potentially due to these broad immune inhibitory functions, ectopic HLA-G 

expression was observed in many different tumor entities; particularly in Hodgkin’s 

lymphoma HLA-G expression is discussed as a potent immune evasion mechanism. HLA-G 

is the most comprehensive characterized HLA class Ib molecule, however the importance of 

allelic subtypes has not been systematically analyzed, yet. HLA-G*01:01, G*01:03 and 

G*01:04 are the most common alleles in Europe and these variants are differentiated from 

one another by single nucleotide polymorphisms that lead to the exchange of amino acids. 

The aim of this study was to characterize the determinants of HLA-G mediated dysregulation 

of immune effector cells. To understand the functional differences, cytotoxicity assays were 

performed that revealed an increased protective potential for HLA-G*01:04 when compared 

to the other two alleles. Sequence analysis of the presented peptides of all three variants 

demonstrated unique repertoires with marginal overlap between alleles. The observed 

functional differences can be clearly attributed to the alterations in peptide anchors that 

appear similar for HLA-G*01:01 and G*01:03, yet exhibit the absence of the auxiliary anchor 

Proline at peptide position p3 for G*01:04-restricted peptides. Modelling of identified peptides 

with and without Proline at p3 highlighted the constraints of HLA-G*01:01 induced peptides in 

comparison to the less confined conformation that G*01:04-restricted peptides can achieve. 

Because of its physiologically restricted tissue distribution, we additionally addressed the 

question whether the HLA-G*01:01 repertoire is affected by ectopic expression in a 

Hodgkin’s lymphoma cell line that exhibits similar features to the Hodgkin-Reed-Sternberg 

phenotype of classic Hodgkin’s lymphoma. Mass-spectrometric peptide analysis revealed a 
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bias within the range of possible amino acids at the p1 anchoring position depending on the 

parent cell line while the C-terminal anchor remained unaffected. This bias, however, could 

not be attributed to limitations of the proteomic content; the proteome of the cell lines was 

comparable suggesting that the recruitment of the respective HLA-G ligandome indicates a 

tissue specific capacity. To ensure that peptide loading was not impaired in these 

transformed cells, immunoprecipitation experiments were carried out that revealed 

comparable association with components of the peptide loading complex, however, 

association with TAP was absent. Transduction of a TAP-deficient cell line showed the 

expression of stable HLA-G molecules on the cell surface further reinforcing the capability of 

HLA-G to select peptides independently of TAP. The ability of HLA-G to recruit and present 

peptides in the absence of such integral parts of the peptide loading complex makes HLA-G 

an exquisite modulator during tumor immune evasion episodes. Combined with its differential 

inhibition against NK cells depending on the specific HLA-G allele, future typing of HLA-G 

might improve the outcome for HLA-G positive lymphoma patients and will guide towards 

individualized autologous treatment strategies. 
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ZUSAMMENFASSUNG 

 

Alexander Celik: “The basis of HLA-G mediated dysregulation  

of immune effector cells” 

 

Das nicht-klassische HLA Klasse Ib Molekül HLA-G übernimmt vor allem während der 

Schwangerschaft eine besondere Rolle innerhalb des Immunsystems, da seine Expression 

die Abstoßung des Embryos verhindert. Der Embryo stellt für das Immunsystem einen Semi-

Allograft dar, weshalb eine lokalisierte Immunsuppression notwendig ist, um die Entwicklung 

des Embryos zu gewährleisten. Dies geschieht zum Teil durch die Herabregulation von HLA 

Klasse Ia Molekülen zusammen mit der gleichzeitigen Hochregulation von nicht-klassischen 

HLA Klasse Ib Molekülen wie HLA-E und vor allem auch HLA-G auf extravillären 

Trophoblasten der Plazenta. HLA-G fungiert hier als potenter Immunsuppressor durch die 

Inhibition der NK-Zell-vermittelte Lyse, ausgelöst durch die fehlende Oberflächenexpression 

von HLA Klasse I Molekülen, aber auch durch die Induktion T regulatorischer Zellen und der 

Apoptoseinduktion in CD8+ Zellen. Darüber hinaus inhibiert HLA-G die Funktion von B- und 

dendritischen Zellen. Vermutlich auch aufgrund dieser breiten immun-inhibitorischen 

Wirkungen wurde eine ektopische HLA-G Expression in unterschiedlichen Tumorentitäten 

beobachtet und insbesondere im Hodgkin Lymphom wird die Expression von HLA-G als 

wichtiger Immunevasionsmechanismus diskutiert. HLA-G ist das am umfangreichsten 

charakterisierte HLA Klasse Ib Molekül, jedoch wurde der Einfluss allelischer Subtypen 

bisher nicht systematisch untersucht. HLA-G*01:01, G*01:03 und G*01:04 sind die 

häufigsten Allele in Europa, wobei sich die verschiedenen Varianten durch Einzelnukleotid-

Polymorphismen unterscheiden die zum Austausch von Aminosäuren führen. Das Ziel dieser 

Arbeit war die Charakterisierung der Faktoren der HLA-G vermittelten Deregulation von 

Immuneffektorzellen. Um die funktionellen Unterschiede zu verstehen wurden 

Zytotoxizitätsassays durchgeführt, die ein erhöhtes protektives Potential von HLA-G*01:04 

im Vergleich zu den anderen beiden Allelen zeigten. Die beobachteten, funktionellen 

Unterschiede können eindeutig Änderungen in den Peptidankern zugeschriebenen werden, 

welche für HLA-G*01:01 und G*01:03 Ähnlichkeiten aufweisen, in G*01:04-restringierten 

Peptiden jedoch durch die Abwesenheit des Hilfsankers Prolin an Peptidposition p3 

gekennzeichnet sind. Die Modellierung der identifizierten Peptide, mit und ohne Prolin an p3, 

heben die konformellen Einschränkungen von HLA-G*01:01-restringierten Peptiden hervor 

im Vergleich zu der offeneren Konformation, die G*01:04-restringierte Peptide einnehmen 

können. Aufgrund der physiologisch eingeschränkten Gewebeverteilung wurde zusätzlich 
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untersucht in wie weit das Peptidrepertoire von HLA-G*01:01 bei ektopischer Expression in 

einer Hodgkin Lymphom-Zelllinie, welche ähnliche Eigenschaften zu einem Hodgkin-Reed-

Sternberg-Phänotyp in klassischem Hodgkin Lymphom aufzeigt, beeinflusst wird. Durch 

massenspektrometrische Peptidanalyse wurde gezeigt, dass es zu einer präferenziellen 

Selektion von Ankeraminosäuren an p1 in Abhängigkeit der parentalen Zelllinie kommt, 

wohingegen der C-terminale Anker unbeeinflusst blieb. Da das Proteom beider Zelllinien 

vergleichbar ist, kann eine Präferenz der Ankerposition nicht durch Limitierungen im 

verfügbaren Proteom erklärt werden, was den Schluss nahelegt, dass die Rekrutierung der 

jeweiligen HLA-G-Ligandome gewebespezifisch erfolgt. Um weiter sicher zu stellen, dass die 

Ankerpräferenz nicht durch eine Beeinträchtigung bei der Peptidbeladung innerhalb dieser 

transformierten Zellen zustande kommt, wurden Immunpräzipitationsexperimente 

durchgeführt. Diese Experimente zeigten eine vergleichbare Assoziation mit den einzelnen 

Komponenten des Peptidladungskomplexes in beiden Zelllinen. Interessanterweise konnte in 

beiden Zelllinien keine Assoziation mit TAP nachgewiesen werden. Durch Transduktion einer 

TAP-defizienten Zelllinie konnte die Expression stabiler HLA-G Moleküle auf der 

Zelloberfläche gezeigt werden, was die Annahme verstärkt, dass HLA-G das Potential besitzt 

Peptide unabhängig von TAP zu selektionieren. Die Fähigkeit Peptide in der Abwesenheit 

eines solch wichtigen Teils des Peptidladungskomplexes zu rekrutieren und zu präsentieren, 

hebt die Bedeutsamkeit von HLA-G als wichtigen Modulator während Tumor-

Immunevasionsepisoden hervor. In Kombination mit der vom spezifischen HLA-G Allel 

abhängigen, unterschiedlich starken Inhibition von NK-Zellen, könnte eine Typisierung von 

HLA-G das Behandlungsergebnis HLA-G-positiver Lymphompatienten verbessern und sollte 

auch im Hinblick auf individualisierte autologe Behandlungsstrategien als wichtiger Faktor 

berücksichtigt werden. 

 



 

viii 
 

TABLE OF CONTENTS 

List of figures.......................................................................................................................ix 

Abbreviations ...................................................................................................................... x 

1 Introduction .................................................................................................................. 1 

1.1 Immune surveillance is enabled by the HLA system ................................................ 1 

1.1.1 Genomic organization of the HLA gene cluster ................................................. 1 

1.1.2 CD8+ T cells and NK cells monitor HLA class I molecules ................................ 3 

1.1.3 The structure of HLA class I molecules determines antigen presentation ......... 4 

1.1.4 HLA class I molecules present peptides of cellular origin ................................. 4 

1.1.5 Peptide binding motifs are specific for HLA class I alleles ................................ 6 

1.2 Non-classical HLA class Ib molecules ..................................................................... 7 

1.2.1 HLA class I histocompatibility antigen, alpha chain G ....................................... 7 

1.2.2 HLA-G as a potent inhibitor of immune cell functions during pregnancy ........... 9 

1.2.3 Peptide presentation is restricted in HLA-G .....................................................10 

1.3 The role of HLA-G in malignancies .........................................................................11 

1.3.1 HLA-G expression is elevated in different tumor entities .................................11 

1.3.2 Hodgkin’s lymphoma as a model of HLA-G mediated immune evasion ...........11 

2 Project Aims ................................................................................................................13 

3 Publications .................................................................................................................14 

3.1 Research Paper 1 ..................................................................................................14 

3.2 Research Paper 2 ..................................................................................................24 

4 Results and Discussion ..............................................................................................34 

5 References ...................................................................................................................38 

6 Danksagung .................................................................................................................50 

7 Curriculum Vitae ..........................................................................................................51 

 



ALEXANDER CELIK  LIST OF FIGURES 
 

ix 
 

LIST OF FIGURES 

Figure 1: Genomic organization of the HLA gene cluster. ...................................................... 2 

Figure 2: HLA class I peptide loading is facilitated by the PLC. ............................................. 5 

Figure 3: Structural features of HLA-G. ................................................................................. 8 

 

 

 



ALEXANDER CELIK  ABBREVIATIONS 
 

x 
 

ABBREVIATIONS 

AA amino acid 

APC antigen presenting cell 

β2m beta-2-microglobulin 

CD160 cluster of differentiation 160 

CD4 cluster of differentiation 4 

CD8 cluster of differentiation 8 

CD94 cluster of differentiation 94 

CDR complementary determining region 

CLL chronic lymphatic leukemia 

CNX calnexin 

CRT calreticulin 

CTL cytotoxic T lymphocyte 

DC dendritic cell 

DRiP defective ribosomal protein 

e.g. exempli gratia 

et al. et alii 

ER endoplasmic reticulum 

ERp57 endoplasmic reticulum resident protein 57 

HL Hodgkin’s lymphoma 

HLA human leukocyte antigen 

sHLA soluble HLA 

HRS Hodgkin-Reed-Sternberg 

HSP heat shock protein 

i.e. id est 

IL interleukin 

ILT Ig-like transcript 

KIR killer cell immunoglobulin-like 

MHC major histocompatibility complex 

MM multiple myeloma 

NHL non-Hodgkin lymphoma 

NK natural killer 

NKC natural killer complex 

PBR peptide binding region 

PLC peptide loading complex 



ALEXANDER CELIK  ABBREVIATIONS 
 

xi 
 

TAP transporter associated with antigen processing 

TCR T cell receptor 

TPN tapasin 

UGT1 UDP-glucuronosyltransferase 1 

UTR untranslated region 

  

List of amino acids 

A Alanine    

C Cysteine    

D Aspartic acid    

E Glutamic acid    

F Phenylalanine    

G Glycine    

H Histidine    

I Isoleucine    

K Lysine    

L Leucine    

M Methionine    

N Asparagine    

P Proline    

Q Glutamate    

R Arginine    

S Sulfur    

T Threonine    

V Valine    

W Tryptophan    

Y Tyrosine    

 

 



ALEXANDER CELIK  INTRODUCTION 
 

1 
 

1 INTRODUCTION 

1.1 Immune surveillance is enabled by the HLA system 

The major histocompatibility complex (MHC) was first described as the genomic region that 

is responsible for the rejection of transplanted tissue grafts between different strains of mice. 

Further investigations revealed that the MHC encodes surface glycoproteins that present 

antigens in the form of small peptides. These peptides can be of self- or non-self-origin and 

are recognized by different subsets of T cells that are part of the adaptive immune system. 

The antigen recognition by T cells, however, is further restricted to a distinct set of MHC 

molecules, an observation that could eventually explain the graft rejection that is observed 

after transplantation between incompatible donors-recipient pairs (1, 2). In humans, this 

system was later named the human leukocyte antigen (HLA) system (3). It became apparent 

that the same system is pivotal in aiding the immune system with the recognition and 

subsequent clearing of aberrantly behaving cells, for instance, during pathogenic episodes 

when foreign pathogens invade the cell or in case of cellular mutations that lead to 

anomalous cell proliferation. The immune system differentiates between two classes of cell 

surface glycoproteins: HLA class I and HLA class II. HLA class I molecules are expressed on 

nearly all nucleated cells and platelets and are recognized by natural killer (NK) cells and 

cytotoxic T lymphocytes (CTL). CTLs are T cells expressing a T cell receptor (TCR) and the 

CD8 co-receptor that recognizes the α3 domain of HLA class I molecules. In accordance to 

their function, HLA class I molecules are continuously scanned by CD8+ T cells thus enabling 

constant monitoring of any change occurring inside the cells. HLA class II expression is 

limited to antigen presenting cells (APCs) such as dendritic cells (DCs), macrophages or B 

cells that process and present pathogenic antigens to CD4+ T cells. The β-subunit of HLA 

class II molecules is recognized by the CD4 co-receptor of T helper cells. 

 

1.1.1 Genomic organization of the HLA gene cluster 

The HLA gene cluster is located on the short arm of chromosome 6 (6p21.1- 6p21.3) and 

contains over 220 genes (4, 5), many of which encode genes related to the immune system. 

Based on their main effector types, the HLA gene cluster is divided into three classes (Figure 

1). About 20 genes are encoded in the HLA class I region, encompassing the alpha chain of 

the classical HLA class Ia molecules HLA-A, HLA-B and HLA-C. Notably, the HLA class I 

light chain β2microglobulin (β2m) is encoded on chromosome 15 (15q21.1). Additionally, 

within the HLA class I locus, the non-classical HLA class Ib proteins HLA-E, HLA-F and HLA-
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G are encoded alongside genes for the HLA class I-like genes MICA and MICB. The HLA 

class II region contains the α and β chains of the class II proteins HLA-DQ, HLA-DM, HLA-

DR, HLA-DP as well as further proteins associated with the HLA system such as 

components of the peptide loading complex (PLC) (TPN, TAPBP, TAP1 or TAP2, LMP2, 

LMP7). Finally, at the HLA class III region, proteins of the complement system (C2, C4A/B, 

and CFB), heat shock proteins (HSP), immune receptors (G6b, G6d, G6f) and TNF genes 

(TNFA, LTA/B) as well as genes related to inflammation are encoded (5, 6). The HLA genes 

are among the most polymorphic in the human genome, with HLA class I molecules being 

especially polymorphic counting currently 12,893 different HLA class I alleles (5). Among 

these genes, greatest variability is observed within the HLA class Ia loci whereas HLA class 

Ib genes show very few polymorphisms. 

 

 

Figure 1: Genomic organization of the HLA gene cluster. The HLA gene cluster on chromosome 6 is divided 

into three regions: class I, II and III. Reproduced with permission from (Klein and Sato, 2000), Copyright 

Massachusetts Medical Society (4). 
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1.1.2 CD8+ T cells and NK cells monitor HLA class I molecules 

To achieve effective immune surveillance HLA class I molecules can cover different 

immunological functions by interacting with CD8+ T cells of the adaptive immune system and 

through interactions with NK cells that are part of the innate immune system. The 

presentation of antigenic peptides is recognized by both NK cells (7, 8) and CD8+ T cells (9, 

10). On NK cells, two major gene clusters are distinguished: the natural killer complex (NKC) 

and the leukocyte receptor complex (LRC). Both contain receptors that are known to interact 

primarily with HLA class I molecules (6). In the LRC region, two important classes of 

receptors are the killer-cell immunoglobulin (Ig)-like receptors (KIR) and the leukocyte Ig-like 

receptors (LILR, also known as Ig-like transcripts ILT). Although many KIRs have an 

inhibiting function, activating KIRs are concurrently expressed and in combination with other, 

different kinds of NK cell receptors (e.g. gene products of the NKC) a fine balance between 

activating and inhibiting signals will determine if the NK cells’ inherent cytotoxic activity is 

suppressed (11, 12). KIRs are able to distinguish HLA class I molecules complexed to self-

peptides from HLA class I molecules complexed to pathogenic peptides. More importantly, 

KIRs become activated in case the inhibiting signal is lacking due to the missing self-signal 

provided by the peptide-HLA class I complex (pHLA) (13, 14), e.g. when HLA class I 

expression on the cell surface is down-regulated during pathogenic events.  

In contrast to NK cell recognition, CD8+ T cells become activated by specific recognition of 

presented non-self-peptides (10). To achieve that, CD8+ T cells have to be able to 

differentiate many different possible antigens. Recognition is facilitated through the T cell 

receptor (TCR) that is comprised of two subunits. Most T cells express the αβ TCR and 

about 2 - 15% of T cells express the γδ TCR (15-17). Each receptor consists of a constant 

and a variable part that is important for antigen recognition. The variable part is encoded in 

the V, D and J gene segments. To build a receptor with a high degree of variability in the 

antigen recognition site, the specificity is modulated through somatic recombination of the V, 

D and J gene segments during T cell maturation in the thymus (18). The rearrangement of 

the VDJ results in 3 complementary determining regions (CDR) that interact with the pHLA 

complex (19, 20). The CDR1 of the α-chain detects the N-terminus of the antigen and the 

CDR1 of the β-chain detects the C-terminus of the antigen. The CDR2 recognizes the α-

helices of the HLA class I molecule and the CDR3 region detects mostly the presented 

antigen (19, 21, 22). T cells with a functional and stable TCR are CD4+CD8+ double positive 

and are then positively selected for either HLA class I or class II recognition. This will decide 

their co-receptor (CD8, CD4) and additionally, in case the TCR binds too strongly to an HLA 

that presents a self-peptide it will undergo apoptosis because it is self-reactive (negative 

selection) (23, 24). This ultimately leads to T cells exhibiting a great variety of very specific 
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TCRs capable of recognizing distinct pHLA complexes that allow for the discrimination of 

self-peptides and peptides of foreign or unusual origin. 

 

1.1.3 The structure of HLA class I molecules determines antigen presentation 

The crystal structure of the HLA class I molecule HLA-A2, first solved in 1987 by Bjorkman et 

al. (10), greatly expanded our understanding of HLA antigen presentation. Mature HLA 

class I molecules are trimeric complexes composed of the HLA heavy chain non-covalently 

associated with the β2m light chain and a peptide bound by the extracellular part of the HLA 

molecule. The peptides presented on HLA class I molecules are usually 8 – 10 amino acids 

(AAs) in length (25, 26). The HLA heavy chain is made up of 3 extracellular α-domains, one 

transmembrane domain and a cytoplasmic tail. The α1- and α2-domains are encoded by 

exon 2 and 3, respectively, and correspond to the part forming the peptide binding region 

(PBR). This region is enclosed by two α-helices that lie on top of an anti-parallel β-sheet 

building a cleft. The biochemical properties of this cleft allow for the binding of short peptides 

in a way that makes them in part accessible from the top (10, 27). Due to the nature of the 

binding, the peptide is anchored at the N-terminus and the C-terminus, whereas the middle 

part has the potential to bulge out of the PBR. This exposes the peptides primarily to the 

CDR3 region of the TCR (21, 28). The Ig-like α3-domain is relatively conserved between 

different HLA alleles and is recognized by the CD8 co-receptor of CD8+ T cells (29). To 

facilitate the presentation of a wide range of peptides from different sources, and therefore 

the potential to present pathogenic antigens, the greatest variability between different HLA 

class I alleles is found in exon 2 and 3. The abundance of polymorphic HLA class Ia variants 

provides the feasibility to detect many different pathogens.  

 

1.1.4 HLA class I molecules present peptides of cellular origin 

The peptides presented on HLA class I molecules constitute an important differentiator for 

the immune system to separate healthy cells, presenting self-peptides, from infected cells 

that are invaded by pathogens. To sample a broad scope of the intracellular proteome, 

peptides for HLA class I presentation are sourced from many different proteins (30). In the 

cytosol, protein degradation continuously takes place by the proteasome that generates 

peptides of 3 – 22 AAs in length (31). Proteins are labelled for degradation via ubiquitination 

and comprise misfolded or aged proteins as well as defective ribosomal products (DRiPs) 

(30, 32, 33). The variety of targets for peptide presentation helps to minimize potential 

restrictions for accessible substrates and also allows for detection of any pathogenic proteins 

or degradation products that may be present in the cytosol. Of these, many are not able to 
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cross the membrane barrier of the endoplasmic reticulum (ER) by themselves and need to 

be actively transported into the ER lumen where peptide loading takes place. Most of the 

peptides are not suitable for HLA class I presentation, hence those are destroyed before 

translocation (34) or are either too small or too large to be effectively transported into the ER 

(35). Only about 15% of the peptides show the appropriate length for presentation on HLA 

class I molecules (36, 37). Peptides significantly longer than 12 AAs are still translocated to 

the ER by the transporter associated with antigen processing (TAP). However, further 

trimming is needed once inside the ER lumen because longer peptides greatly reduce the 

stability of the pHLA complexes. Inside the ER, this is mainly accomplished by N-terminal 

trimming through ERAP1 and ERAP 2 (38, 39). As long as sufficient peptide antigens are 

provided, peptide loading and formation of the pHLA-β2m complex can be facilitated.  

 

Figure 2: HLA class I peptide loading is facilitated by the PLC. Nascent HLA class I heavy chain is 

translocated into the ER where association with β2m and subsequent recruitment into the PLC is realized through 

chaperons CNX and CRT. Through coordinated interaction of CRT and ERp57 and direct interaction with TPN, 

empty β2m/HLA class I complexes are localized to TAP and by further trimming through ERAP peptides suitable 

for peptide loading are provided. Stable pHLA complexes are released from the PLC and reach the cell surface 

through the Golgi route. Adapted from “HLA Class I Polymorphism and Tapasin Dependency” by Badrinath et al., 

2014, "HLA and Associated Important Diseases”, p. 44. CC BY 3.0 (40). 
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The HLA heavy chain is first translated at the ER and subsequent assembly of the pHLA 

complex is facilitated using components of the ER quality control that are available in the ER 

(40, 41). Upon translation, the nascent heavy chain is immediately trimmed by glycosidase I 

and II leaving a single terminal glucose residue. This allows for interaction with the chaperon 

calnexin (CNX) (42) and the subsequent association of β2m (43). Monoglycosylated, peptide-

free HLA class I-β2m dimers are recruited into the peptide loading complex (PLC) by 

calreticulin (CRT) where direct interaction with tapasin (TPN) is established (44, 45). There 

are two TPN molecules one associated with each TAP1 and TAP2 in the PLC (46) that 

localize empty HLA heavy chain-β2m dimers to the source of peptides (Figure 2). 

Additionally, TPN is linked to ERp57 by a disulfide bond between Cysteine 95 of the TPN 

and Cysteine 57 of the ERp57 (47). ERp57 then supports the folding by disulfide bond 

isomerization. Following successful loading of the HLA-β2m complex, it finally becomes the 

trimeric pHLA-β2m complex. The PLC components are sensitive to the HLA class I molecule 

holding a peptide: if a peptide of high affinity is bound, affinity with TPN is reduced releasing 

the trimeric HLA complex from the PLC. Additionally, the terminal glucose is cleaved off after 

dissociation from CRT. The mature pHLA then migrate through the Golgi to the plasma 

membrane. Low affinity peptides dissociate from the binding groove after release from the 

PLC. In that case, the HLA molecule can become a substrate for UDP-

glucuronosyltransferase 1 (UGT1), and re-glycosylated HLA can enter the PLC again by 

association through CRT (41, 48). This will ultimately lead to binding of high affinity peptides 

and thus the presentation of stable pHLA complexes on the cell surface.  

 

1.1.5 Peptide binding motifs are specific for HLA class I alleles 

While the PLC ensures the loading of optimized peptides, the nature of the peptide binding 

groove naturally determines the sequence of the bound peptide. These peptides are bound 

by non-covalent interactions such as van der Waals forces, ionic interactions or hydrogen 

bonds within the binding groove. High resolution crystallographic studies identified six 

specificity pockets (A – F) alongside the binding cleft that can host distinct AA side chains 

(27, 49, 50). The properties of those pockets greatly depend on the composition of proximate 

AAs. The region corresponding to the peptide binding groove is encoded by exon 2 and 3, 

which are the most polymorphic regions within a specific HLA gene (5) and determine 

immunogenic variability. For most HLA class I alleles, peptides of canonical length, i.e. 9 

AAs, are anchored at fixed positions within the peptide sequence. Preferred anchoring 

positions for most alleles include the peptides p2 and C-terminal pΩ position where the AA 

side chains extend into the B and F pocket, respectively (25, 27, 50, 51). While most HLA 

class I molecules exhibit a strong preference for stringent peptide anchors, distinct alleles 
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exhibit secondary anchoring positions that enable certain alleles to present a broader scope 

of peptides. The nature of the bound peptides is further dictated by the available proteome 

and although the protein sources can shift corresponding to the tissue where the HLA 

molecule is expressed, the pattern of the peptide binding motif remains unaltered.  

 

1.2 Non-classical HLA class Ib molecules 

The non-classical HLA class Ib molecules HLA-E, HLA-F and HLA-G differ from their 

classical HLA class Ia counterparts in many key aspects. First, the highly polymorphic nature 

of class Ia molecules is greatly reduced in HLA class Ib molecules. To date, 27, 30 and 58 

different alleles are known for HLA-E, HLA-F and HLA-G, respectively (5). Because many of 

these polymorphisms contain synonymous substitutions or single nucleotide polymorphisms 

(SNP) located in introns, the amount of different, functional proteins is even more decreased. 

The low number of variance appears to correlate with the observation that these non-

classical HLA molecules adopt very specialized immune functions and usually interact with 

conserved receptors on specialized immune cells. HLA-E, for instance, is known to present a 

very narrow set of peptides originated from the signal sequence of other HLA class I 

molecules (52). Additionally, HLA-E appears to be the main interaction partner for the 

NKG2A/CD94 heterodimer expressed on NK cells. Thus, HLA-E expression allows for 

indirect surveillance of the cellular HLA expression through NK cells (53), potentially as a 

second line of defense against pathogens that try to evade the immune system by interfering 

with HLA class I expression. Nevertheless, in recent years it became apparent that HLA-E is 

able to select and present non-canonical peptides of diverse origin depending on the cellular 

condition and that the immune system is equally capable to recognize this shift in the 

presented peptide repertoire (54-57). HLA-F is the most enigmatic of the non-classical HLA 

molecules, however, it was implicated that HLA-F is protective during pregnancy (58), as well 

as during the antiviral response to HIV-I (59). However, until recently the biochemical 

framework and mode of peptide presentation were unclear (60). Latest structural evidence 

points to different modes of operation for peptide bound HLA-F and HLA-F in an open 

conformation that could potentially support the presentation of unusual long peptides (60). 

 

1.2.1 HLA class I histocompatibility antigen, alpha chain G 

HLA-G differs in many regards not only from other HLA class Ia molecules but also from 

HLA-E and HLA-F. With 58 different alleles encoding for 17 distinct proteins, HLA-G is the 

most polymorphic of the non-classical HLA molecules. Allele distribution in various 
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HLA-G interacts with different types of receptors and thus with different types of immune 

effector cells (63-65). HLA-G was proposed to be a classical peptide presenter (66), featuring 

nonameric peptides bound in the peptide binding groove of the full length, membrane-bound 

HLA-G molecule (Figure 3). However, several alternative splice forms of the HLA-G mRNA 

were discovered (67, 68). These variants lead to four membrane-bound isoforms termed 

HLA-G1, that constitutes a full-length trimeric HLA molecule; HLA-G2, -G3 and -G4 are 

characterized by the loss of one or more α-domain. Corresponding soluble forms are 

generated through the retention of a stop codon after exon 4 or exon 2 that leads to the 

corresponding HLA-G5, -G6 and -G7 isoforms (Figure 3). Additionally, through a highly 

specific cleavage site present in the α3-domain, HLA-G1 is also a target for the matrix 

metalloproteinase MMP-2 that can cleave off HLA-G1 from the cell surface (69). While the 

occurrence of different HLA-G splice variants and their potential specifications is intriguing, 

very little data exists on the trimeric protein forms of these variants. Based on mRNA 

expression data and immunohistochemical stainings the HLA-G1, cleaved soluble HLA-G1 

and HLA-G5 isoforms appear to be the most prevalent forms in human tissue (70). 

 

1.2.2 HLA-G as a potent inhibitor of immune cell functions during pregnancy 

Pregnancy poses the immunological dilemma that the embryo has to be tolerated by the 

maternal immune system even though it basically constitutes a semi-allograft. To avoid 

rejection, a T helper 2 (Th2) response characterized by secretion of IL-4, IL-5 and IL-10 

aides local immune suppression at the maternal-fetal interface in order to manage the 

plethora of immune cells such as CD56+CD16- NK cells, macrophages, CD4+ and CD8+ T 

cells that are present in the placenta (71-73). In addition, to induce a state of perceived self, 

fetal tissue down regulates HLA-A and HLA-B expression and villous trophoblasts start to 

express membrane-bound as well as soluble HLA-G molecules (74, 75). Additionally, an 

upregulation of HLA-E expression and low amounts of HLA-C is observed (76). In the 

placenta, HLA-G is thought to be a key player for the induction of a localized 

immunosuppressive environment because of its ability to induce immune tolerance and 

modulate the local environment through induction of cytokine secretion (75, 77, 78). To 

achieve this, HLA-G has to interact with many different types of immune effector cells that 

are present at the fetal-maternal interface. Through receptor binding, HLA-G can directly 

inhibit NK and T cells. It could be observed early on that HLA-G alone is sufficient to inhibit 

NK cell mediated lysis (79). To facilitate NK inhibition, HLA-G interacts with the KIR2DL4 

receptor (63). Similar to the exclusive HLA-E-NKG2A/CD94 interaction, HLA-G is the only 

known ligand for this NK cell receptor. Additionally, HLA-G was also shown to bind ILT-2 and 

ILT-4. ILT-2 is expressed on most immune cells such as NK, T, B and also dendritic cells 
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(80-83). ILT-4 is expressed mainly on APCs of the myelomonocytic lineage (83-85). Both 

receptors are able to bind other HLA class I molecules, however, affinity of both ILT-2 and 

ILT-4 appears highest when ligated to HLA-G (65). It could be demonstrated that HLA-G 

itself induces expression of these receptors on effector cells (86). HLA-G also triggers long 

lasting effects through immune regulation by inducing CD4+CD25highFOXP3+ T regulatory 

cells (87) as well as type 1 T regulatory cells (86) and HLA-G is able to arrest maturation of 

ILT-4 positive dendritic cells (88). HLA-G is further capable to induce apoptosis of CD8+ T 

cells via CD8 and of endothelial cells via interaction with CD160 (65). Most interactions with 

the ILT receptors are thought to be facilitated by the α3-domain, however, in congruence to 

the binding of KIRs to HLA class Ia molecules, an interaction of KIR2DL4 with the α1 domain 

is assumed (89, 90). 

 

1.2.3 Peptide presentation is restricted in HLA-G 

First observations about peptide presentation in non-classical HLA molecules were made in 

the mid-1990s. Lee et al. (91) and Diehl et al. (66) demonstrated through peptide elution 

studies from transfected LCL721.221 cells that HLA-G*01:01 presents a restricted peptide 

repertoire. Identified peptides were mainly anchored by Leucine at pΩ and Isoleucine or 

Leucine at p2. Proline was identified as an auxiliary anchor at p3 as well as a preference for 

hydrophobic side chains at p7. Ishitani et al. (92) expanded the knowledge of the peptide 

repertoire by showing that in term placenta, peptides presented on HLA-G*01:01 appear to 

be even more restricted being derived practically only from a cytokine receptor-like molecule. 

However, due to technical limitations, peptide sequencing was focused on the identification 

of nonameric peptide ligands. The crystal structure of HLA-G complexed with the peptide 

RIIPRHLQL was solved in 2005 (90) and showed a peptide binding groove with very similar 

properties to that of HLA-E. Similar to other HLA class I molecules, AA side chains of peptide 

anchors p2 and pΩ are nested inside pockets B and F, respectively. However, the rest of the 

peptide binding groove appears more stringent resulting in an additional interaction of p2 with 

pocket D as well as interactions between p6 and p7 with pocket D and E, respectively. 

Additional structures using different peptides highlighted a greater conformational flexibility of 

the peptide binding region that can even lead to a widening of the cleft depending on the 

bound antigen. Additionally, the bound peptide directly influences the stability of the pHLA 

complex, meaning that the bound peptide not only directly affects recognition but also 

impacts the half-life of the molecule on the cell surface (93). 
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1.3 The role of HLA-G in malignancies 

Due to its unique immune modulatory features, HLA-G was implicated in a wide range of 

different malignancies. HLA-G polymorphisms were shown to be associated with pregnancy 

complications (94-96), implicated in rheumatoid arthritis (97, 98) and multiple sclerosis (99, 

100), and more recently it was observed that in end-stage renal disease higher levels of 

HLA-G5 and -G6 are present, although lower levels of -G5 are found in acute rejection (101). 

After lung transplantation higher levels of HLA-G expression were found in patient plasma, 

potentially mediating graft acceptance (102). Since HLA-G molecules are readily detectable 

in human plasma and serum, many attempts were made to utilize HLA-G as a biomarker; 

however, due to the complex nature of HLA-G biology, HLA-G levels are not yet used 

comprehensively. 

 

1.3.1 HLA-G expression is elevated in different tumor entities 

Ectopic expression of HLA-G was found in many different tumor entities, ranging from 

hematological to solid organ malignancies. Elevated levels of soluble HLA-G associated with 

extracellular vesicles were found in the plasma of breast cancer patients and were related to 

disease progression; however, free soluble HLA-G appears to be correlated with better 

outcome after neoadjuvant chemotherapy (103). Additionally, it was observed that HLA-G is 

inducible by IL-10 (94) and IL-10 is also elevated in non-Hodgkin Lymphoma (NHL) (104, 

105) and lung cancer (106). In esophageal squamous cell carcinoma elevated HLA-G and IL-

10 levels were observed in the plasma, and here, HLA-G expression was associated with 

poor prognosis (107). In colorectal cancer, Guo et al. observed elevated HLA-G expression 

in 70.6% of the analyzed tumor samples and concluded that HLA-G serves as an 

independent factor for overall survival (108). Soluble HLA-G levels were increased in plasma 

of patients with different hematological malignancies such as chronic lymphatic leukemia 

(CLL), T-NHL, B-NHL (104) and in multiple myeloma (109). It was further shown that in CLL 

a 14bp polymorphism correlates with increased HLA-G expression and that a higher 

percentage of T regulatory cells is present in 14bp del/del patients (110). 

 

1.3.2 Hodgkin’s lymphoma as a model of HLA-G mediated immune evasion 

Hodgkin’s lymphoma (HL) is a cancer that results from the malignant transformation of B 

cells. Often, these transformed cells are detected first in lymph nodes from where they 

spread throughout the body. Most cases are categorized as classic HL, in which 
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multinucleated cells, the so called Hodgkin-Reed-Sternberg (HRS) cells, are observed in the 

lymph node. Notably about this cancer is that inside the reactive infiltrate within the lymph 

nodes there are many different immune effector cells surrounding a comparatively small 

amount of HRS cancer cells (111, 112). Down regulation of HLA class I expression is an 

important step in tumor immune evasion, however, at the same time NK cells should 

recognize the loss of HLA expression and become activated. HRS cells lack HLA class Ia 

surface expression but at the same time Diepstra et al. (113) found HLA-G expression in 

54% of HRS cells in lymph nodes of HL patients. These findings were further expanded by 

Caocci et al. (114) who could show similar expression patterns in HRS cells from cHL 

patients, where HLA-G expression also correlated with disease progression. Little is known 

about the genotype of the expressed HLA-G variants, however, De Re et al. could recently 

link a specific HLA-G genotype in the 3’UTR region (+3027-C/A) to reduced event-free 

survival in comparison to a C/C genotype, even though actual HLA-G expression in the HL 

cells was only found in about 20% of C/C genotyped patients (115), suggesting that a strong 

linkage disequilibrium with other critical genes that impact prognosis could exist (115, 116). 
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2 PROJECT AIMS 

Over the last years, HLA-G came into the focus of tumor biology due to its broad immune 

regulatory features and although HLA-G is the best characterized of the non-classical HLA 

class I molecules, many of these features and their mode of action remain elusive. HLA-G 

splicing results in different isoforms, even soluble HLA-G molecules. Since the HLA-G heavy 

chain appears in large parts invariant due to the low degree of polymorphisms and, in 

addition, certain features of the HLA-G genomic sequence located at the 5’ and 3’ UTRs 

were shown to influence expression and mRNA stability, the importance of individual HLA-G 

alleles have not been comprehensively investigated, yet. Cellular viability is governed by 

dynamics between immune effector cell receptors and their cognate ligands; therefore the 

presentation of peptides complexed with a certain HLA molecule determines the individual 

fate of a cell. Understanding the mechanism of how such HLA-mediated recognition events 

translate to cellular immunity will guide towards safe and personalized cellular therapies.    

To understand how HLA-G interacts with a diverse set of conserved receptors the first aim 

was to understand the properties of the antigens presented by HLA-G. Therefore, the focus 

was put on the three most common alleles in Europe (HLA-G*01:01, G*01:03, G*01:04) and 

a model system that allows for the analysis of a single HLA class I allele on NK cell 

recognition was used. Additionally, the presented peptide repertoire of each allele was 

analyzed and exemplary peptides were modelled by using available crystallographic 

structures to elucidate the constrained peptide features (research paper 1). 

Following the discovery of an unexpected peptide diversity bound to the mostly invariant 

HLA-G molecule, the aim was to further investigate whether the peptide repertoire would also 

be subjected to alterations when expressed in a cancerous malignancy. HLA-G is 

characterized as an immune evasion mechanism in classic Hodgkin’s lymphoma, hence the 

HL cell line HDLM-2 was used for peptide fishing and compared to the peptide repertoire of 

HLA-G*01:01 derived from the erythroleukemic cell line K562. The results exhibit a clear shift 

in the preferred anchor residue at p1 for HDLM-2 derived HLA-G-restricted peptides. To 

exclude whether this confinement would be imposed by the cellular proteome, the proteomic 

data from both cell lines were compared to the identified peptide sources and additionally, to 

exclude impairment of PLC components in transformed cells, association of the HLA-G 

heavy chain with components of the PLC were investigated (research paper 2). 
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4 RESULTS AND DISCUSSION 

HLA class I molecules are highly polymorphic and pivotal for the immune system to surveille 

the health status of every single cell in the body. T cell receptors scan the intracellular 

proteome through the presentation of antigens on the surface of HLA class Ia molecules 

(HLA-Ia). The simultaneous focus of the receptors interactions with host MHC class Ia and 

fragments of foreign antigens is unique in receptor-ligand interactions. The inability of cells 

during foreign invasion episodes to further present HLA-Ia/peptide complexes (117) support 

the expression of HLA-Ib/peptide complexes that depict ligands for the innate immune 

receptors (118). The requirement of a deep understanding of the biological and biophysical 

function of HLA-Ib molecules becomes clear. The lack of diversity in the AA composition of 

the heavy chain underpins the assumption that the tissue restriction of HLA-Ib molecules 

might be compensated through peptide diversity. We could previously demonstrate that the 

interaction between NK receptors and HLA-E molecules is based on the same peptide-

mediated biological system as TCR/HLA-Ia interactions (57). 

In comparison to HLA-E and HLA-F, HLA-G is the most polymorphic of the non-classical HLA 

molecules, while it simultaneously exhibits the most restricted tissue distribution (5, 77). Of 

the 58 alleles, HLA-G*01:01 is by far the most prevalent allele in any population worldwide,  

followed by HLA-G*01:03 and G*01:04 as most common alleles in European populations 

(61). Compared to HLA-E, where a very specialized role by presenting a constrained set of 

peptides derived from the signal sequence of other HLA molecules (62) could be assumed, 

HLA-G features a greater variability in its repertoire allowing the interaction with a diverse set 

of immune effector cells. However, almost any interaction leads to an inhibition of the 

immune system  (77-79). It was proposed early on that HLA-G*01:01 constitutes a classical 

peptide presenter whose potential for antigen presentation is constrained through its 

restricted tissue distribution (66). Because of the low degree of polymorphisms between 

HLA-G*01:01, G*01:03 and G*01:04, each distinguished by a single AA difference located 

outside the peptide binding region (PBR), it was assumed that a functional difference 

between these variants is unlikely. Nevertheless, we could previously demonstrate that a 

single AA exchange in the loop region of the α2-domain of HLA-E*01:03 impacts peptide 

presentation (56, 57). HLA-Ib molecules are part of a conserved system including mostly 

invariant receptors; hence it becomes obvious that any structural peptide-mediated alteration 

has the potential to greatly impact the dynamics of interaction with their cognate receptors. 

The first part of this project was focused on the molecular basis of immune recognition 

mediated by HLA-G variants and the impact of single AA exchanges on NK cell recognition. 

Since HLA-G expression was proposed to be an important immune evasion mechanism in 
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Hodgkin’s lymphoma (113, 114), the second part of this study was focused on the expression 

of HLA-G in an Hodgkin’s lymphoma (HL) model cell line that exhibits the Hodgkin-Reed-

Sternberg (HRS) phenotype. 

To analyze HLA-G*01:01, G*01:03 and G*01:04, the HLA negative cell line K562 was stably 

transduced with lentiviral constructs encoding for either HLA-G variant. K562 cells represent 

the gold standard for the analysis of NK cell based cellular assays and are therefore suitable 

to analyze the protective impact of HLA-G allelic variants. K562 cells producing soluble HLA-

G (sHLA-G) molecules were cultivated in bioreactors for large scale protein production. The 

gene construct for these sHLA-G molecules is missing the transmembrane domain and thus 

corresponds to the HLA-G1 isoform that is expressed on the cell surface. To analyze the 

presented peptide repertoire, sHLA-G molecules were harvested and trimeric complexes 

subsequently purified using affinity purification. After elution, the bound peptides were 

sequenced utilizing mass spectrometry. Peptide sequencing revealed that the majority of the 

peptides are 9 AAs in length, while the presentation of longer peptides could also be 

detected. The peptide binding motif of HLA-G*01:01 derived from K562 cells is comparable 

to the motif described by Diehl et al. (66), however strikingly, HLA-G*01:04 differed in its 

peptide properties from the other allelic variants, whereas G*01:01 and G*01:03 featured 

several similarities. All variants exhibit Leucine at pΩ and Lysine at p1. HLA-G exhibits a 

restricted repertoire, however, very little overlap is observed between HLA-G*01:04 and 

G*01:01 or G*01:03, even though the proteomic content available is the same for all variants. 

A potential reason for that is found in the dissimilarities of the anchor motif, where in HLA-

G*01:04 derived peptides the Proline auxiliary anchor at p3 was absent. Modelling of the 

HLA-G*01:01 derived peptides RQPYAVSEL and RSPPPGMGL that contain Proline at p3 

and the HLA-G*01:04 derived peptide FLNGQNLGI into the available crystal structures of 

HLA-G*01:01 (PDB: 2DYP) and G*01:04 (PDB: 3KYO) showed that Proline at p3 introduces 

a constraint to the peptide alignment from p3 to p6 that appears less stringent in the G*01:04 

derived peptide conformations. Such conformational differences may also explain the 

observation that HLA-G*01:04 proved to be more protective against NK cell mediated lysis 

than G*01:03 or G*01:01, when using isolated NK cells from HLA-G typed donors (HLA-

G*01:01/G*01:01, G*01:01/G*01:04) or a NK cell line (NKL, HLA-G*01:01/G*01:01). The 

biological function of HLA heavy chain variability is to extend the pool of available peptide 

antigens and thus the variability of accessible peptide/HLA surfaces for immune receptors 

(119). Therefore, DNA typing is compulsory for donor-recipient matching. In the field of 

cellular therapeutics, NK cell-based therapies for the treatment of certain leukemia (120, 121) 

are on the rise. The HLA-G allele-specific peptide binding motifs suggest that patient typing 

for HLA-G pre-treatment might be a way to improve NK cell-based immunotherapeutic 

strategies.  
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The marginal polymorphic nature of HLA-G in comparison to HLA-Ia molecules and the 

differentiated NK cell receptor capture raised the question if HLA-G would select and present 

peptides in a tissue specific manner. To address this question, the HLA-G*01:01-restricted 

peptide repertoire derived from K562 cells was compared to those of an HL model cell line 

that exhibits the typical HRS phenotype of classic HL. HDLM-2 cells were stably transduced 

with lentiviral constructs encoding for sHLA-G*01:01; HDLM-2- and K562-derived peptide 

data were compared with available peptide data deposited in the SYFPEITHI (122) 

database. The data demonstrated a bias for tissue specific peptide anchors. At pΩ, peptides 

from both cell lines were anchored by Leucine, however, at p1 a clear bias for either Arginine 

or Lysine depending on the parent cell line could be detected. The spectrum of presented 

peptides depends on the available proteome. To exclude the possibility that differences in 

the anchor motif are due to limited proteomic content, we correlated source protein 

availability to expression data available from the human protein atlas (123). Strikingly, 

peptides restricted to one cell line were often derived from proteins that show equal or even 

higher expression levels in the other cell line and vice versa. Yet, presentation inside the cell 

appeared to be restricted to a specific anchor at p1. This lead to the question whether 

association with the peptide loading complex (PLC) may be impacted in HDLM-2 cells and 

thus influences the selection of peptides, however, after performing immunoprecipitation 

experiments we found comparable associations with PLC components in both cell lines, 

although, in both cases TAP appears unused for peptide loading, suggesting that HLA-G has 

the capability to facilitate TAP independent peptide selection in these transformed cells. 

The major findings from this study extend our understanding of how HLA-G impacts NK cell 

recognition, potentially by the presentation of a broader spectrum of peptides than previously 

thought, even though, the restricted tissue distribution would suggest a highly conserved 

peptide binding motif. This further results in functional differences, with an increased 

protective potential of HLA-G*01:04 in comparison to G*01:01 or G*01:03. Although HLA 

typing is routinely performed, typing of non-classical HLA molecules is not widely adopted, 

even though newer studies highlight the rising clinical importance of non-classical HLA 

molecules. Studies on HLA-E, for instance, strongly suggest that prospective typing in 

unrelated hematopoietic stem cell transplantation could improve post-transplant prognosis in 

acute leukemia patients (124, 125). HLA-G as well as soluble HLA-G variants are readily 

detected in many different tumor entities and combined with our findings that HLA-G*01:04 

exerts a greater protective function against NK cell mediated lysis, HLA-G typing might 

provide an intelligent step forward to optimize treatment for lymphoma patients where NK cell 

based anti-tumor strategies are considered. 
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Furthermore, the finding that HLA-G selects different peptide pools in a tissue-specific 

manner may hint to the possibility that in transformed cells the selection of unconventional 

peptides is favored, increasing the chance that tumor specific antigen presentation occurs. 

Many attempts are made to predict and refine tumor neo-antigens using in silico prediction 

tools, however, these are usually based on the assumption that the biochemical properties of 

the PBR only allow for a rigid peptide binding motif (126). Newer studies combining 

experimental data from the sequenced individual RNA mutanome with peptide prediction 

were able to identify neo-epitope-specific T cells (127). Additionally, in recent years evidence 

also emerged that HLA class I peptide presentation is much less stringent than previously 

assumed (128). HLA-E, for instance, is capable to elicit CD8+ T cell responses by presenting 

peptides of non-canonical length derived from Mycobacterium tuberculosis, even though 

these constitute only a very small percentage of the peptide pool and do not adhere to the 

proposed binding motif established from leader peptides (129). Therefore, appreciation of 

unconventional peptide selection and presentation of not only non-classical but also classical 

HLA class I molecules may guide further efforts concerning the establishment of HLA tissue 

specific ligandomes. The present work allows for the consideration of new strategies for anti-

tumor therapies particularly with regard to HLA-G interference and the necessity for HLA-G 

genomic typing. 
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